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Chapter 3
Technological Dimensions for Sustainable 
Business Development: An Integrated 
Framework Covering Energy, Materials, 
Circularity, and Digitalization

Manuel Lämmle

Abstract  This chapter presents a comprehensive exploration of the technological 
dimensions for developing and innovating sustainable business models. Historically, 
sustainability frameworks have centered around three key dimensions—environ-
mental, social, and economic—as introduced in the Brundtland report from 1987 
and further reinforced by the UN Sustainable Development Goals. Technological 
dimensions of sustainability are often overlooked, despite rapid technological and 
digital innovations and the increasing significance of technology in enabling or hin-
dering sustainability. Focusing on the technological domains of energy, materials, 
and the circular economy, this chapter highlights their relevance in conserving 
resources and driving circular business concepts. Digital technologies—such as 
data science, machine learning (ML), and digital twins—are emphasized as cross-
disciplinary tools that enable, accelerate, and optimize digital processes. These four 
technological dimensions are methodologically derived from the broader definition 
of sustainability in the context of technology. The chapter also outlines the core 
competencies required for sustainability leaders, proposing a T-shaped skill model 
that combines broad technological literacy with deep sustainability expertise. In 
doing so, the technological sustainability framework serves as the curricular foun-
dation for the technology pillar in the trinational study program “Sustainable 
Business Development” at Fachhochschule Nordwestschweiz (FHNW), Hochschule 
Offenburg, and EM Strasbourg Business School.
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�Introduction

Sustainability is a broad, evolving concept aiming to ensure long-term human and 
ecological well-being. The Limits of Growth by the Club of Rome marked the first 
global call for awareness about the environmental limits to continuous economic 
growth (Meadows et  al., 1972). The Brundtland report (Brundtland et  al., 1987) 
popularized the idea of sustainable development, defining it as “development that 
meets the needs of the present without compromising the ability of future genera-
tions to meet their own needs.” Historically, the concept of sustainability has focused 
on three key dimensions: environmental, social, and economic. Over time, strategic 
elements were incorporated into the framework, emphasizing efficiency, sufficiency, 
and consistency.

In today’s technology-driven world, we propose an extension to this frame-
work by integrating a technological dimension. Technology is increasingly 
becoming a driver and enabler of sustainability, particularly in the transformation 
toward sustainable businesses. This chapter introduces an integrated technologi-
cal sustainability framework that explicitly incorporates technology as a core 
dimension of sustainability. By extending the classical three-pillar model, the 
framework seeks to more accurately reflect the realities of contemporary sustain-
able business transformation, where digitalization, renewable energy sources, 
sustainable materials, and circular economy principles can be a strong driver of 
sustainability.

Within this framework, we argue that technological competencies are an impor-
tant skill set for sustainability managers and decision-makers. In addition to a deep, 
fundamental understanding of business administration and sustainability, techno-
logical literacy is becoming increasingly essential. For each of the four technologi-
cal domains, we identify the most important subdomains and the technical 
competencies that managers should possess.

The key questions guiding this work are as follows:

•	 How can technology be systematically integrated into sustainability frameworks 
to reflect its transformative potential, and what are the critical technological 
domains?

•	 What skills and competencies are required of sustainability managers to effec-
tively lead technological transformation within businesses?

In the following chapter, we first derive the proposed framework and integrate 
technology as a new dimension. Section 3.3 defines and explores the four techno-
logical domains of energy, materials, circular economy, and digitalization, while 
Sect. 3.4 discusses these technological domains in greater depth, identifying key 
competencies necessary to implement their full potential in practice. Finally, Section 
3.5 discusses the strengths and limitations of the proposed framework and outlines 
directions for future work.
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�Integrated Technological Sustainability 
Definitions Framework

In the following section, we develop an integrated technological sustainability 
framework that builds upon the environmental, societal, and economic dimensions. 
Our proposed framework expands upon these dimensions by incorporating strate-
gies of efficiency, consistency, and sufficiency. In the final step, we integrate the 
technological domains of energy and material resources, along with transformative 
strategies of circularity and digitalization.

�Dimensions: Environment, Society, and Economy

Sustainability, in its widest and most broadly accepted definition, encompasses the 
environmental, social, and economic dimensions (Brundtland et al., 1987).

•	 Environmental Sustainability focuses on the responsible use and management of 
natural resources, to meet present needs while ensuring future generations can 
also meet their own.

•	 Social Sustainability aims to maintain the societal resource base by investing in 
social infrastructure, which helps ensure equitable access to basic needs. It pro-
motes adequate fulfillment of societal needs and employment, fostering social 
well-being and stability.

•	 Economic Sustainability involves transforming existing business models to focus 
on lifecycle and use-orientation rather than short-term profits. This strategy 
ensures fairness within and between generations, promoting both economic jus-
tice and long-term prosperity.

While the Brundtland definition is historical, it still forms the foundational basis 
for most contemporary interpretations of sustainability, particularly in policy and 
academic discourse.

The definition of the 17 Sustainable Development Goals (SDGs) outlined by the 
United Nations (UN General Assembly, 2017) is based on this framework, with 
each SDG aligning with one of these dimensions. The three dimensions are often 
visually depicted as three intersecting circles, as the three pillars of sustainability, or 
in nested ellipses with a hierarchical dimension. Figure  3.1 illustrates the three 
dimensions as a triangle, indicating the interconnectedness of the dimensions. The 
arrows symbolize the interactions that may manifest as trade-offs or amplifying 
effects.

Kuhlman and Farrington (2010) critically examine the definition of sustainabil-
ity, particularly the relationship between sustainability and sustainable develop-
ment. They argue that the common three-pillar model can create ambiguity and that 
a clearer distinction is needed. Their work highlights the tension between economic 
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Society

Environment

Economy

Fig. 3.1  Dimensions of 
sustainability (own 
illustration)

growth and environmental conservation, emphasizing the need for trade-offs and a 
more precise conceptual framework.

Let us discuss the sustainability dimensions with the example of the building 
construction industry. Environmental sustainability focuses on reducing natural 
resource use by prioritizing renewable materials and circular design practices to 
preserve ecosystem functions and ensure resource justice. Economic sustainability 
encourages creating resilient business models that can adapt and succeed for 
decades. Future transformations might involve prioritizing circular methods and 
use-orientation, ensuring fair economic practices both within and between genera-
tions, thereby promoting long-term viability in the sector. Social sustainability 
would involve, for example, investing in social infrastructure, such as affordable 
housing and community development, ensuring adequate needs fulfillment and 
employment opportunities for society. The latter is not always a direct goal of the 
company but is increasingly shaped by regulatory frameworks that require private 
actors to contribute to broader societal objectives, such as those outlined in the UN 
SDGs or the EU Taxonomy for Sustainable Activities (EU, 2020). All three dimen-
sions—environmental, economic, and social—are deeply interrelated, meaning 
progress or neglect in one area inevitably influences outcomes in the others.

�Strategies: Efficiency, Consistency, and Sufficiency

Sufficiency, efficiency, and consistency are three elementary approaches to achieve 
a transformation of the current practices to sustainable business models. According 
to Huber (2000):

•	 Efficiency aims at improving material and energy use, thereby achieving a rela-
tive, possibly even absolute reduction of environmental impact in the economy.
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•	 Sufficiency aims at self-limitation of energy and material and thus an equal dis-
tribution of remaining resources, thereby keeping an economy within environ-
mental limits.

•	 Consistency aims at a qualitative change in industrial metabolism through tech-
nological leaps that mimic the natural resource cycle, thereby allowing for pro-
duction over the long term on a large scale with negligible negative 
environmental impact.

Figure 3.2 illustrates the three strategies, addressing principal questions to 
achieve a more sustainable resource-based system. Rudolf and Schmidt (2025) 
build upon this concept but stress the fact that two additional dimensions have to be 
considered: the time scale in which the respective strategy can be implemented, and 
the feasibility, what can be realistically achieved by each strategy regarding envi-
ronmental impact and consumption levels.

For the example of the building industry, efficiency focuses on optimizing 
resource use through sustainable materials, and advanced technologies that reduce 
construction waste in the construction phase and energy-efficient design and renew-
able heating technologies in the utilization phase. Consistency involves redesigning 
construction processes to integrate natural material cycles, for example, using urban 
mining. Urban mining is the process of reclaiming raw materials from existing 
buildings and infrastructure, which can be a game-changer when it comes to reduc-
ing environmental impacts, particularly in the construction industry. One major 
material of interest is concrete as a primary contributor to global CO₂ emissions due 
to its production process (Koutamanis et al., 2018). Urban mining reduces long-
term environmental harm and supports a regenerative, circular resource flow across 
the building’s lifecycle. Sufficiency advocates for reducing the overall demand for 

Efficiency

Sufficiency

Consistency

What do I really need,
and why?

How do I minimize the
ressource use at 

production and use?
How do I design what I 

need sustainably?

Fig. 3.2  Three strategies to achieving sustainability (own illustration based on Fischer et al. (2023))
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buildings, such as encouraging smaller, more adaptable structures or promoting 
shared living spaces to minimize resource consumption.

The three strategies, sufficiency, efficiency, and consistency, must be evaluated 
within the broader context of sustainability, encompassing the environmental, eco-
nomic, and social dimensions. Strategies and dimensions are interconnected and 
should be integrated into a comprehensive sustainability framework for the transfor-
mation of businesses.

�Technological Dimensions of Sustainable Businesses

Technologies are an underrecognized dimension of sustainable businesses. While 
not explicitly integrated into the original sustainability framework, technological 
advancement can significantly accelerate sustainable innovation. Sustainable busi-
ness models may or may not have a technological component, depending on the 
specific business case, and therefore touch upon diverse domains. We therefore 
extend the existing sustainability frameworks with a new dimension: technology.

�Technologies: Energy, Material, Circularity, and Digitalization

We identify four cross-cutting domains of specific interest to any sustainable busi-
ness model, with the goal of clustering the most significant technological dimen-
sions. According to Kuhlman and Farrington (2010), among others, resources play 
a central role in sustainability. In our definition, we differentiate between energy 
and materials as the two key technological resources regarding sustainable 
businesses:

	1.	 Energy: Transitioning from fossil fuels to renewables is crucial for cutting 
greenhouse gas (GHG) emissions. This requires sourcing renewable energy 
sources while boosting energy efficiency in industry, transportation, and build-
ings through renewable technologies and energy efficiency measures.

	2.	 Material: Sustainable material use means considering the footprint of all mate-
rials along the supply chain. This involves the two main material groups of 
metallic and non-metallic materials. Polymeric and bio-based materials offer a 
large potential for sustainable transitions, but lifecycle impacts matter. 
Additionally, eco-design, material optimization, and closed-loop recycling are 
vital for minimizing waste and resource depletion.

Next to minimizing the use and footprint of resources, technological strategies 
may enable a scalable and impactful transformation to sustainable businesses. We 
propose two central methods:
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	3.	 Circular Economy is “a model of production and consumption, which involves 
sharing, leasing, reusing, repairing, refurbishing and recycling existing materials 
and products as long as possible”, and thus “the life cycle of products is extended” 
(EU, 2023). Circularity can be considered a key technological dimension, due to 
its central role in sustainable businesses and its impact on product and service 
design. Achieving circularity requires analysis of materials and energy use, and 
advancements in material science, design for disassembly, and waste processing, 
such as bio-based plastics and closed-loop recycling.

	4.	 Digitalization is a core discipline, encompassing data analysis, modeling, artifi-
cial intelligence (AI), machine learning (ML), and digital twins (DT). These 
tools optimize resource use, boost efficiency, and enable sustainable operations. 
AI-powered energy management and digital twin simulations of complex sys-
tems minimize waste and environmental impact. Advanced analytics enable pro-
active resource management.

Figure 3.3 illustrates the technological dimensions of sustainability: as a starting 
point of a business idea, one has to analyze the resource usage of materials and 
energy. Circularity and digitalization can be considered as transformative strategies, 
acting as both implementation enablers and accelerators. All four dimensions need 
to be considered to fully realize the potential of sustainability and implement strate-
gies into existing and new business models.

The technological dimensions of sustainable businesses depend on the particular 
focus area and are not confined to specific domains or disciplines. For instance, a 
sustainable agriculture business might focus on technologies related to precision 
farming, while a sustainable transportation company might prioritize electric vehi-
cle technology and smart logistics. Therefore, it is necessary to also consider the 
interplay between different technological dimensions and their impact on the spe-
cific sustainability goals of the specific business.

As an example of the building sector, a sustainable construction business inte-
grates energy-efficient heating systems (e.g., heat pumps) with eco-friendly materi-
als (e.g., recycled concrete and high-performance insulation) to minimize the 
environmental impact of its resources during construction and operation. Circularity 
principles are applied by reusing construction waste and implementing modular 
building components for easy disassembly and reuse. Digitalization supports these 

Resources
Technological  

Strategies

Energy

Materials

Circularity

Digitalization
Sustainable

Business 
Models

Business 
Idea

Fig. 3.3  Technological dimensions of sustainable business models: energy and materials as 
resources and circularity and digitalization as technological strategies (own illustration)
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efforts through digital twin technology, enabling real-time monitoring and effective 
installation, for example, leveraging building information modeling. However, all 
individual measures and adaptations have to be viewed on a consistent basis, weigh-
ing the energy and environmental costs in a broader sustainability context that also 
involves potential added costs by new and more expensive materials or processes. 
Together, these technological dimensions might help in creating a sustainable busi-
ness model that reduces resource consumption, lowers carbon emissions, and 
extends building lifespans.

�Integrated Technological Sustainability Framework

Developing sustainable business models requires a multi-dimensional perspective 
that integrates environmental, social, and economic dimensions with strategic and 
technological considerations. This section introduces an integrated sustainability 
framework that brings together these essential elements, providing a structured 
approach for developing sustainable businesses with a technological focus.

This integrated framework in Fig. 3.4 comprises four layers:

•	 The inner layer forms the objective to develop a sustainable business model.
•	 The second layer represents the technological dimensions that enable and accel-

erate sustainability transformations. Energy and material resources are the 

Environment

Economy

Efficiency

Consistency

Sufficiency

Energy

Materials

Circularity

Digitalization

Sustainable
Business 

Development

Dimensions: 
Environment, Society, Economy 

Strategies: 
Efficiency, Consistency,  Sufficiency

Technologies:
Energy, Materials
Circularity, Digitalization

Society

Fig. 3.4  Integrated technological sustainability framework for sustainable business development, 
including dimensions, strategies, and technologies
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primary technological dimensions, with circularity and digitalization serving as 
key enablers.

•	 The third layer consists of the strategic approaches of efficiency, sufficiency, and 
consistency, guiding businesses in transitioning from conventional models 
toward sustainable operations.

•	 The outermost layer represents the integration with the three fundamental sus-
tainability dimensions—environmental, social, and economic. These dimensions 
ensure that business ideas are not only profitable but also contribute to ecological 
conservation and societal well-being.

•	 Additional layers can be integrated into this framework, such as political, legal, 
or governance dimensions, depending on the specific use case, or some layers 
may be less emphasized.

Figure 3.4 provides a comprehensive visualization of this integrated sustainabil-
ity framework, illustrating how businesses can systematically incorporate dimen-
sions, strategies, and technologies into their sustainable transformation pathway. 
This structured approach ensures that sustainability is not an isolated goal but an 
embedded principle guiding long-term business success.

�Domains and Competencies of Technological Dimensions

In the following section, we discuss the four technological dimensions in more 
detail. In doing so, we also describe key competencies, sustainable business manag-
ers need to acquire to apply the central principles.

�Energy

Energy technologies play a critical role in achieving sustainability goals by driving 
efficient energy use and reducing GHG emissions. To successfully implement 
energy-efficient technologies, a business and sustainability manager must adopt a 
strategic approach, based on a deep understanding of energy flows and technologi-
cal opportunities. Key areas with high CO2 intensity often include transforming 
existing buildings, mobility solutions, processes, and energy consumption to renew-
able and sustainable sources. For instance, this could involve transitioning from 
conventional grid electricity to solar photovoltaic (PV) panels, adopting an electric 
vehicle fleet, or decarbonizing the company’s buildings and industrial processes. 
While some changes can be implemented onsite, others may require larger-scale 
adaptations on a regulatory or infrastructure level.

We identified the following subdomains and competencies (see Fig.  3.5) as 
essential for understanding sustainable energy technologies:
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Energy

Competencies

Assess GHG Emissions, e.g. 
measuring carbon footprints

Analyse Energy Balance and 
Energy Flows, e.g. efficiency 

Compare Energy Solutions, 
e.g. evaluating renewable 
supply options

Subdomains

Thermodynamic Basics
e.g. energy conversation, Carnot

Renewable Energy Technologies 
e.g. wind, solar PV

Mobility solutions
e.g. batteries, hydrogen

Buildings and Industry
e.g. heat pumps, sector coupling 

Fig. 3.5  Subdomains and competencies of energy as the first technological sustainability 
dimension

•	 Thermodynamic basics describe the fundamental principles, such as energy 
conservation and conversion, heat transfer, and Carnot efficiency, which are 
essential for understanding energy processes. Concepts such as efficiency limits 
and entropy help assess the potential and limitations of different energy solutions.

•	 Renewable energy technologies such as solar PV, wind power, and hydropower 
are pivotal in reducing reliance on fossil fuels. A basic understanding of the tech-
nology behind renewable energy is essential for future sustainable business leaders.

•	 Mobility solutions such as electric batteries, hydrogen fuel cells, and hybrid 
systems contribute to decarbonizing the transportation sector. Innovations in 
energy storage, charging infrastructure, and fuel cell efficiency are critical to 
achieving sustainable mobility.

•	 Buildings and industrial processes involve heating and cooling technologies, 
including energy-efficient technologies such as heat pumps, combined heat and 
power (CHP) systems, and sector coupling (integrating electricity, heating, and 
mobility sectors), which aim at reducing energy consumption and emissions in 
residential, commercial, and industrial settings.

By exploring these technological domains, business managers should cultivate 
the following competencies:

•	 Analyzing the energy balance and flow of processes, products, and plants is a 
key ability to evaluate energy input, conversion processes, and output efficien-
cies. These physical and thermodynamic principles form the basis for energy 
audits, understanding system losses, and identifying areas for optimization.

•	 Assessing GHG emissions involves measuring and analyzing carbon footprints 
from energy consumption to support climate impact assessments. This 
competency involves applying methods such as carbon accounting and energy 
life cycle analysis (LCA) to quantify and reduce emissions.
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•	 Comparing different energy solutions involves comparing efficiency, cost, 
environmental impact, and reliability. For this purpose, renewable and conven-
tional energy supply options have to be considered side-by-side. Decision-
making tools such as cost–benefit analysis and multi-criteria analysis support the 
selection of optimal energy technologies.

Integrating energy technology knowledge and sustainable energy management 
into business education empowers future leaders to implement sustainable energy 
strategies. Quaschning (2019) provides a comprehensive coverage of technological 
concepts even for non-engineering audiences.

�Materials

Materials are central to sustainable business development, particularly in material-
intensive sectors such as manufacturing, production, construction, electronics, and 
packaging. The choice of materials directly impacts resource efficiency, carbon 
emissions, and waste generation, directly through scope 1 but also indirectly through 
their supply chains. While the service sector typically does not produce physical 
goods, materials can still play a significant role in the company’s sustainability bal-
ance through the materials it uses, both directly and indirectly.

Sustainability managers should not only be aware of the trade-offs between per-
formance, cost, and environmental impact in material selection but also understand 
the financial and environmental costs associated with resources and material usage.

Materials science is a relevant discipline for designing and producing environ-
mentally responsible products and processes. We identified the following subdo-
mains as most generally relevant to the field of sustainable materials (Fig. 3.6):

Materials

CompetenciesSubdomains

Metallic materials
e.g. steel, aluminum

Non-metallic materials
e.g. polymers, bio-materials

Manufacturing and eco design, 
e.g. casting, 3D printing

Life Cycle Analysis
e.g. carbon footprint, certification

Materials performance and 
failure analysis

Selection and evaluation of 
sustainable materials 

Life cycle thinking of materials

Fig. 3.6  Subdomains and competencies of materials as the second technological sustainability 
dimension
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•	 Metallic materials, such as steel and aluminum, are widely used in construction 
and manufacturing, requiring innovations in low-carbon production, alloy devel-
opment, and recycling technologies. These advancements help reduce energy 
consumption and emissions while improving material longevity.

•	 Non-metallic materials, including polymers, ceramics, and bio-based alterna-
tives, offer sustainable solutions with lower environmental impact. Biodegradable 
polymers, natural fiber composites, and recycled plastics are gaining prominence 
as industries seek alternatives to fossil-based materials. Understanding the trade-
offs between performance, cost, and sustainability is key to material selection.

•	 Sustainable processing and manufacturing techniques such as eco-design, 
additive manufacturing (3D printing), or innovative casting help reduce resource 
consumption and waste. Innovations in remanufacturing and closed-loop pro-
duction systems enable companies to minimize their carbon footprint while 
extending product lifespans.

•	 Material LCA evaluates the environmental impact of materials across their life-
cycle, from extraction to disposal. Carbon footprint assessments, eco-
certifications (e.g., ISO 14040), and circular economy principles play a key role 
in sustainable business strategies. Companies must integrate supply chain trans-
parency and traceability to ensure responsible material sourcing and compliance 
with international sustainability regulations.

Integrating sustainable materials science into business education ensures that 
future leaders make informed, environmentally responsible decisions. With exper-
tise in materials selection, processing, and LCA, graduates will be able to develop 
strategies that promote environmental stewardship and business success. From these 
subdomains, business managers should develop essential competencies, including:

•	 Materials performance and failure analysis to understand the technical con-
cepts of durability, degradation, and failure mechanisms with the corresponding 
material properties and how they longevity and reliability of materials and 
designs.

•	 Selection and evaluation of sustainable materials to identify, compare, and 
implement environmentally responsible alternatives based on recyclability, 
renewability, and life cycle impact.

•	 Life cycle thinking of materials by applying LCA methodologies to optimize 
resource use, reduce emissions, and drive circular economy strategies. Materials 
should be viewed and evaluated along their entire life cycle from cradle to grave.

�Circularity

Circularity, or the circular economy, is not purely a technological dimension but 
also a business strategy. However, we include it as a technological dimension due to 
its central importance in sustainable business practices and due to its technological 
implications on products and services. Industrial ecology is a similar domain that 
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provides a framework for understanding and optimizing resource flows within pro-
duction systems (Huber, 2000).

A core concept within circularity is the 9R Framework (Will, 2019), which out-
lines nine key strategies for resource efficiency: Refuse, Rethink, Reduce, Reuse, 
Repair, Refurbish, Remanufacture, Repurpose, and Recycle. These strategies guide 
businesses in minimizing resource extraction and maximizing material recovery.

However, implementing circular business models can involve significant uncer-
tainties. Linder and Williander (2017) highlight that, despite the potential for cost 
savings and environmental impact, reduction through reuse and remanufacturing, 
widespread adoption remains limited due to challenges in uncertainty reduction and 
capital commitments in product–service systems.

Nonetheless, circular business models are essential for sustainable business 
models by reducing resource consumption, minimizing waste, and extending prod-
uct lifespans. The following subdomains outline the technological and strategic 
aspects of circularity (Fig. 3.7):

•	 The 9R framework with its nine strategies forms the foundation of circularity 
by promoting resource efficiency and extending product lifecycles through 
actions ranging from refusing unnecessary products to recycling materials at the 
end of life.

•	 Waste and toxicity management includes techniques such as sorting, compost-
ing, and hazardous material reduction to minimize environmental impact and 
maximize material recovery.

•	 Material and product life cycle management involves strategies such as main-
tenance, refurbishment, and end-of-life recycling contribute to closed-loop sys-
tems and sustainable product design.

Circularity

CompetenciesSubdomains

9R Framework,
e.g. reuse, repair, remanufacture

Waste and Toxicity Management
e.g. sorting, composting, 
hazardous material reduction

Product Life Cycle Management
e.g. closing material loops

Circular System Thinking, 
e.g. cradle-to-cradle design

Life Cycle Analysis
e.g. resource flow assessment

Creating Circular Business 
Models, e.g. product-as-a-
service, reuse strategies

Fig. 3.7  Subdomains and competencies of circularity as the third technological sustainability 
dimension
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Essential competencies for circularity include:

•	 Implement LCA by assessing resource flows and environmental impacts 
throughout the product lifecycle.

•	 Circular system thinking and innovation by creating cradle-to-cradle and 
closed-loop designs to minimize waste and maximize resource reuse.

•	 Circular business model creation by developing innovative models such as 
product-as-a-service and reuse-based solutions that decouple business growth 
from resource consumption.

Naturally, circular concepts build upon the knowledge of energy and material 
resources, which is why LCA recurs across all three technological domains.

�Digitalization

Digitalization plays a crucial role in sustainable development by enabling real-time 
decision-making, improving resource management, and supporting scalable solu-
tions to environmental challenges (George et al., 2021). According to the authors, 
digital innovations can address grand challenges such as climate change and sus-
tainable development by enabling entrepreneurial organizations to implement novel 
digital sustainability activities. Integrating sustainability into technology design and 
employing digital tools such as AI, Internet of Things (IoT), and DT can drive inno-
vation and support business implementation processes.

As a cross-cutting competence, digitalization is critical for advancing sustainable 
technologies and achieving SDGs. Leveraging digital solutions can drive innovation 
and support implementation processes in businesses.

On the other hand, digitalization is highly energy-intensive and hence comes 
with significant environmental and economic costs (van Wynsberghe, 2021). AI 
models demand vast amounts of power for training, deployment, data processing, 
and storage, and thus contribute to the global rise in energy use. Moreover, the pro-
liferation of IT and IoT devices increases the demand for semiconductors, rare earth 
materials, and other resources, raising concerns about sustainability. While tools 
like video conferencing can reduce the need for travel, they still rely on energy-
intensive infrastructure. This creates a trade-off between the benefits of digital solu-
tions and their environmental impact, highlighting the need for more sustainable 
approaches, such as Green IT or Green Computing. Sustainability managers should 
be capable of analyzing the benefits and trade-offs of digital technologies, ensuring 
that their adoption aligns with both business goals and environmental objectives.

In a dynamic and rapidly changing digital age, identifying and defining the most 
relevant subdomains and competencies is challenging, if not impossible. 
Nevertheless, Fig. 3.8 aims to highlight the most prominent ones:
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Digitalization

CompetenciesSubdomains

Data Analytics
e.g. trend analysis 

AI and Machine Learning 
e.g. automated decision-making

Large Language Models (LLMs) 
e.g. prompt engineering

Modelling and Digital Twins
e.g. virtual modeling with IoT devices

AI and ML Literacy, e.g. 
understanding ML model outputs

Data Interpretation, e.g. 
extracting insights from data

Utilization of Digital Tools
e.g. using LCA simulations

Basic coding skills,
e.g. Python

Fig. 3.8  Subdomains and competencies of digitalization as the fourth technological sustainability 
dimension

•	 Data Analytics: Techniques such as trend analysis and predictive modeling help 
extract actionable insights, supporting data-driven decision-making for sustain-
ability improvements.

•	 AI and ML: Automated decision-making, pattern recognition, and process opti-
mization drive efficiency and innovation across industries.

•	 Large Language Models (LLMs): Applications such as text generation and 
conversational interfaces enhance customer support and streamline communica-
tion processes.

•	 DT and Modeling: Virtual simulations of processes and systems enable real-
time optimization, improving operational efficiency and reducing resource waste.

Incorporating digitalization into business education ensures that future leaders 
can harness digital tools to implement sustainable strategies effectively. By devel-
oping these competencies, business leaders can effectively harness digital technolo-
gies to advance sustainable business practices and support informed decision-making 
in the digital economy. The most essential digital competencies involve the 
following:

•	 Basic programming skills to understanding coding principles and using pro-
gramming languages, such as Python, to manipulate data and develop digital 
solutions with the help of coding assistants.

•	 Data literacy for interpreting data, extracting meaningful insights from analyti-
cal outputs, and applying critical analysis for decision-making.

•	 AI and ML literacy to understand the principles behind AI models, recognizing 
their outputs, and effectively deploying tools like LLM-powered chatbots.

•	 Utilization of digital tools to apply methods such as LCA and DT to evaluate 
sustainability impacts and optimize processes.

3  Technological Dimensions for Sustainable Business Development: An Integrated…



54

�Cross-Domain Synergies in Sustainable Technologies

The four key domains—Energy, Materials, Circularity, and Digitalization—are not 
perfectly separable but overlap in several aspects, applications, and subdomains. 
Figure 3.9 illustrates some cross-domain applications of the overlapping technical 
dimensions. The integration of these technological dimensions can serve as a foun-
dation for cross-disciplinary innovations, driving solutions to complex environmen-
tal, societal, and economic challenges.

•	 Energy and Digitalization converge to drive efficiency and intelligence in 
energy systems. Innovations such as smart grids, DT, and AI-driven energy man-
agement systems optimize energy distribution and consumption and support the 
integration of fluctuating renewable energy technologies.

•	 Similarly, the intersection of Energy and Materials includes energy-efficient 
manufacturing processes, where new materials and industrial technologies 
reduce energy use and emissions.

•	 The overlap between Materials and Circularity fosters innovations in sustainable 
production and resource management. Concepts such as the 9R Framework and cir-
cular material systems aim to minimize resource use and extend material lifecycles.

•	 At the intersection of Digitalization and Circularity, tools such as blockchain for 
supply chain transparency, AI for predictive maintenance, and DT for circular prod-
uct design enable more efficient resource management and closed-loop systems.

•	 The convergence of Materials and Digitalization, while not being shown in the 
diagram, underpins advancements such as Industry 4.0 technologies and digital 
product passports, which enhance traceability and promote sustainable sourcing.

Energy

Materials Circularity

Digitalization

Life Cycle 
Assessment

LCA

Smart 
Grids,
Energy 

Management

Energy-Efficient
Manufacturing

9R, 
Circular
Material 
Systems

Digital Tools for
Circular Economy

Fig. 3.9  Cross-sectional 
aspects of sustainable 
technologies
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•	 The intersection of Energy and Circularity is less direct, as energy cannot be 
recycled in a circular way, but only conserved. Nonetheless, digitalization and 
circular principles can reduce energy demand through process optimization and 
energy recovery techniques.

At the heart of these overlaps lies LCA, a central methodology that can integrate 
all four domains. LCA provides a holistic perspective by evaluating environmental 
impacts across the entire lifecycle of products, processes, and systems. It highlights 
trade-offs and opportunities for improvement across energy use, material efficiency, 
circular strategies, and digital innovation.

�Discussion

The technological dimensions of sustainability play a crucial role in addressing global 
environmental challenges, yet they are not included in most existing sustainability 
frameworks in favor of environmental, social, or policy-oriented perspectives. To bridge 
this gap, we propose a framework that integrates energy, materials, circularity, and digi-
talization as the four key technological pillars of sustainability. This integrated techno-
logical sustainability framework in Fig. 3.4 highlights the importance of technology in 
sustainable business development and integrates the four major technological dimensions.

In the subsequent discussion, we critically reflect on the framework’s boundaries 
by identifying additional technological domains that remain unaddressed. 
Furthermore, we explore the evolving role of sustainability managers in this context, 
focusing on whether technological competencies should be viewed as a valuable 
complement or as an essential core skill set in leading sustainability initiatives.

�Technological Dimensions Not Explicitly Included 
in the Integrated Sustainability Framework

While the four technological dimensions capture key aspects of sustainable innova-
tions, other technological domains are not yet integrated into this framework but 
also play vital roles in advancing sustainable development. An incomplete and non-
exhaustive list of technological topics not addressed includes the following:

•	 Sustainable agriculture with innovations such as eco-friendly fertilizers, 
organic farming techniques, and bioenergy production may reduce environmen-
tal impact and promote long-term agricultural viability.

•	 In life sciences, such as biotechnology and healthcare, the social and human 
dimensions of sustainability are crucial, emphasizing equitable access to health 
resources and advancements that benefit communities.

•	 Water management, such as wastewater recycling and desalination technolo-
gies, is critical to ensuring sustainable water resources for both industry and 
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society. Circular principles can be applied to water management, but the previous 
technological dimensions do not capture the full extent.

•	 Resilience describes technologies that enhance system resilience, from disaster-
resistant infrastructure to adaptive technologies for climate change mitigation, 
which help societies withstand environmental and technological disruptions.

In future work, the integrated technological sustainability framework should be 
developed further to also integrate the above domains.

Ultimately, sustainability transcends individual technological fields, requiring a 
cross-cutting, interdisciplinary approach. Every engineering domain must develop 
tailored solutions that align with their industry’s unique challenges, applying the 
core dimensions—material, energy, circularity, and digitalization—to their specific 
contexts. Sustainability must therefore be considered as a foundational competence 
across all technological disciplines.

�Technological Competencies for Sustainability Managers: 
Useful Add-On or Mandatory Core Skills?

As the sustainability and digital transitions increasingly converge, the role of sus-
tainability managers is undergoing a transformation and is becoming more and 
more interdisciplinary. What was once a function rooted primarily in environmental 
compliance and reporting is now becoming highly interdisciplinary, integrating 
strategy, technology, and systems thinking. This shift raises a key question: should 
technological and digital literacy be considered a core competency for sustainability 
managers, or is it enough for them to rely on external experts?

Technical domains such as thermodynamics, material science, or advanced digital 
tools like LLMs are complex and require deep, specialized expertise. This domain 
expertise can be handled by engineers and domain-specific professionals. Outsourcing 
such expertise remains essential in supporting the sustainability transformation.

However, a basic and foundational understanding of relevant technologies is 
becoming increasingly indispensable. Sustainability leaders must be able to com-
prehend the capabilities and limitations of technologies related to energy systems, 
material cycles, and digital infrastructures. This literacy enables them to make 
informed, strategic decisions that integrate sustainability goals with economic via-
bility and technological innovation potential.

We believe that a T-shaped skill profile is ideal: broad literacy in technological 
domains with deep expertise in sustainability strategy. This vision aligns with 
Saviano et al. (2015), who advocate for a rethinking of education to cultivate trans-
disciplinary skillsets. Their work highlights systems thinking and boundary-crossing 
competencies as critical for navigating complex global challenges such as climate 
change, social inequality, and unsustainable resource use.

Sustainability managers must cultivate the capacity to bridge technology, sustain-
ability, and strategy. They should develop a technical mindset with the ability and 
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competency to understand and steer technological innovations, and lead in a world 
where sustainable transformation is deeply intertwined with digital and technologi-
cal transformation.

�Summary

This chapter presents a comprehensive framework for sustainable business models, 
integrating the key dimensions of sustainability (environmental, social, and eco-
nomic) with strategic approaches (efficiency, consistency, and sufficiency) and tech-
nological dimensions (energy, materials, circularity, and digitalization). We propose 
recognizing technology as a fundamental addition to traditional sustainability defi-
nitions, highlighting its transformative impact on business practices.

The four technological dimensions are examined in detail: energy, focusing on 
renewable technologies and energy-efficient systems; materials, emphasizing sus-
tainable sourcing and LCA; circularity, promoting closed-loop systems through the 
9R framework; and digitalization, which leverages digital tools such as AI, IoT, and 
DT to enhance resource efficiency.

Additionally, we explore essential subdomains within each dimension and high-
light the critical competencies required for business leaders to drive sustainable 
practices effectively. A T-shaped skill profile combining basic technological literacy 
with deep sustainability expertise is essential for managers to effectively bridge 
strategy, innovation, and systems thinking in the face of complex global challenges.

These subdomains and competencies form the curricular basis for the technology 
pillar in the newly developed trinational study program “Sustainable Business 
Development” of Fachhochschule Nordwestschweiz, Hochschule Offenburg, and 
Ecole Management Strasbourg.

By integrating these technological dimensions with strategic and sustainability 
principles, businesses can systematically advance resource efficiency, drive innova-
tion, and contribute to long-term sustainable business development.
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