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1 Introduction
Global climate change has grown into one of the major
concerns in global industrialization and economic development. Carbon dioxide 
(CO2), one of the six Kyoto
Protocol greenhouse gases (GHGs), is the most difficult
to contain due to its closeness with energy generation
and consumption [1]. With an earlier awareness of climate change, developed countries tended to displace the
resource- and energy-intensive industries to other countries, thus emissions have not been reduced but relocated
[2], which can be further magnified if production shifts to
countries using carbon-intensive energy or low-energyefficient technologies. Developing countries are responsible for 63% of GHGs emissions and get hit the hardest,
i.e., 78% of the cost of climate change, and predicted to
rise to 87% by 2035 [3]. For example, people in tropical countries are more exposed to natural disasters, e.g.,
storms and extreme weather. Poorer living conditions
make them fragile to disaster strikes. Common measures of controlling GHG emissions are pricing the emissions and adopting cleaner energy. Even if a price can be
offered, it is unlikely to convince developing countries to
instantly give up fossil fuel or to pursue nuclear energy
while ignoring non-proliferation and nuclear waste. A
more acceptable solution, at least in the near future, is
circular economy [4] or to reduce emissions without substantial changes in energy infrastructure using intelligent
technologies.
Manufacturing, a core of the product provision system and a major source of GHG and other emissions,
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has substantial influences on both economic and sustainability issues. Years ago, before the topic of Industry
4.0 become the dominating theme of the Hanover Trade
Fair, its motto had been “Greentelligence” [5]. The objective is to capture and monitor manufacturing activities
and shift them into a greener and more eco-efficient
paradigm while holding competing costs [6]. A greener
paradigm may offer opportunities for cost reduction
and eco-friendly development [7]. Industry 5.0, a new
industrial paradigm from the European Commission’s
consensus has been proposed to strategically plan the
production and economic growths accounting for the
planetary boundaries and societal goals. But exploiting
these opportunities involves more than technological
issues, which requires identifying priorities and finding
ways to align them with existing infrastructures and technologies [8]. Over the last decade, intelligent technologies have been growing rapidly for increasing production
efficiency and flexibility. There are many ways to benefit manufacturing facilities and workplace practices with
improved environmental performance [7]. It requires
the current manufacturing system to go beyond producing goods and/or services for profit and highlights the
importance of long-term service to environmental and
societal benefits, including human-centricity, sustainability and resilience [9, 10].
Evolving smart manufacturing systems into a greener
paradigm in Industry 5.0 era is both timely and critical. The implications of intelligent technologies to green
objectives are deemed controversial and the greenness
assessment of intelligent technologies also remains to
be addressed. In this study, we propose “Greentelligent
manufacturing (GIM)” as a novel integrated manufacturing paradigm that uses intelligent techniques
as the enabler for green objectives. Various green and
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sustainable objectives are potentially accompanied by
intelligent technologies, and the sustainability of intelligent systems should also be assessed and enhanced by
green metrics.

2 Evolution and Framework of Greentelligent
Manufacturing
The evolution of greentelligent manufacturing can be
sorted into three stages, including emerging stage, transitional stage, and synergetic stage (Figure 1). At the
emerging stage, green manufacturing (GM) and intelligent manufacturing (IM) were proposed separately to
some extent despite their overlapped goals, e.g., optimal
resource allocation, focusing on sustainability and intelligence, respectively. At the transitional stage, GM and
IM start to leverage the merits of each other to address
their own goals. At the synergetic stage, GM and IM start
to merge with aligned goals and tools designed for the
objectives in both paradigms. For the rest of the paper,
greentelligent manufacturing (GIM) is referred to as an
intelligent, human-centered, and eco-friendly manufacturing paradigm to emerge and lead at the synergetic
stage.
The primary goal of greentelligent manufacturing is to
integrate intelligent technologies and green methods to
achieve superior control, productivity and sustainability
in manufacturing systems. Greentelligent manufacturing framework is designed accordingly to encompass
a continuously evolving group of methods and materials, from techniques for clean energy generation to
the design of green products, as shown in Figure 2. The
term ‘(in)telligent’ refers to (1) smart infrastructure,
software, and networked solutions for advanced sensor, instrumentation, control technologies and process
optimization that implement with the manufacturing
environment; (2) information and communication technologies (ICT) developed for real-time monitoring of
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waste, consumptions and GHG emissions, as well as
real-time management of energy, productivity, and costs
across facilities [11]. The adaptation of intelligent technologies helps to better reach sustainable objectives while
remaining competitive and value-adding to advanced
manufacturing sectors.
Our greentelligent manufacturing addresses the term
‘green’ in several aspects [12]: (1) to deliver greener products by changing industrial processes and product design;
(2) to green the manufacturing process by reducing emissions and waste, minimizing natural resource use, and
improving the energy and manufacturing efficiency; (3)
to assess the greenness of abovementioned intelligent
techniques. In the following section, we discuss greentelligent manufacturing in detail organized by enabling
mechanisms and supporting tools/methods.

3 Enabling Mechanisms towards Greentelligent
Manufacturing
3.1 Change Manufacturing Processes
3.1.1 Change the Nature of Process

Switching from a chemical process to a physical or a biological process often becomes more beneficial for the
environment [9]. For example, using a controllable pressure to create the flexible polyurethane foam, rather than
a chemical process involving chlorofluorocarbons can
reduce GHG emissions [13].
3.1.2 Advanced Manufacturing Processes

Intelligent technologies can be used directly to reduce
GHG emissions from industrial processes. In the largescale production of hydrogen, GHG emissions are produced as a side product during the steam reforming and
heating of reactors. Electrification technology can reduce
GHG emissions and offer flexible and compact heat generation [14].

Figure 1 Evolution of greentelligent manufacturing. IM: intelligent manufacturing; GM: green manufacturing; GIM: greentelligent manufacturing
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Figure 2 Framework of greentelligent manufacturing

3.1.3 Greener Inputs

3.2.1 Lean Manufacturing

Both major and minor ingredients which contribute
to the production and are not included in the end product are worth changing. As one of the major sources of
producing energy with CO2 as a byproduct, fossil fuels
are depleting rapidly. There is an urgent need of finding
alternative energy from renewable sources, including
hydrogen, biobutanol and bioethanol.

Lean manufacturing is a fundamental concept to reduce
waste in production with assured quality. Creating continuous material flows from customers to suppliers and
using tact time and pull system to manage the workflow
provide continuous improvement in all stages of a manufacturing process towards zero-waste [15].

3.1.4 Advanced Product Design

Intelligent tools, e.g., Autodesk Inventor and Ansys
Granta Selector, have been developed to support the
design of green alternatives based on the analysis of
material properties, traceability, configuration, and environmental impacts. From the analysis, greener materials
and production plans can be optimized.

3.2.2 Selective Use of Automation

Smart sensors and machines take over parts of what
humans used to do, which reduces the dependence of
manufacturing processes on active human intervention. Automated process control, human-robot collaboration, and numerically controlled machine tools can
effectively reduce human errors and defections, thus
reducing wastes.
3.2.3 Advanced Manufacturing Process

3.2 Reducing Production Waste

In order to reduce waste and emissions, IM technologies
can be deployed to improve the efficiency and quality in
making existing products, thus controlling the amount of
waste to be placed.

Additive manufacturing (3D printing) makes a physical
object from a three-dimensional digital model. Unlike
a subtractive process, where only a small percentage of
the material goes into the final part, the material wastes
in 3D printing are minimized [16].
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3.2.4 Greener Cleaning Materials

3.4.1 Remanufacturing

Cleaning is the source of water waste from manufacturing processes. These impacts can partly be reduced by
changing inputs from solvents to water- and bio-based
cleaners.

Remanufacturing aims to restore the returned product to
full functionality and use it for another lifecycle and has
huge potentials for energy and waste reduction. Studies
discovered that remanufacturing has the potentials for
reducing carbon emissions, improving the product quality, eco-efficiency, and service level [20–22].

3.3 Improving Energy Efficiency

Increased adoption of intelligent technologies that
combine advanced manufacturing technologies and
intelligent efficiency management is promising to help
manufacturers reduce facility-level energy intensity
[17]. Besides the aforementioned technologies, including advanced manufacturing processes, greener inputs,
advanced product design, lean manufacturing, we identified the following IM technologies as additional enablers for improving energy efficiency.
3.3.1 Equipment and Factory Design

Greener high-end equipment has been designed to
reduce the energy consumption in cutting and grinding. Moreover, a factory can be continuously improved
for better energy efficiency, from the aspect of air conditioning, e.g., arranging air circulation fan and optimizing
airflow, lighting, and logistics, e.g., minimizing material
transportation distance.
3.3.2 Internet of Things (IoT)

The increasing capabilities of internet-connected sensors and the associated IoT techniques provide advanced
metering and sub-metering solutions, which substantially improve the performance of energy management
systems. Some enterprises have implemented a highly
digitalized manufacturing system, which monitors and
controls the production and energy usage, projecting a
20% average reduction in energy consumption per industrial facility in 2035 [18].
3.3.3 Intelligent Scheduling and Artificial Intelligence

Intelligent scheduling and artificial intelligence help manufacturers unlock energy efficiency from the equipment
level to the entire supply chain. For example, the intelligent scheduling process of multiple connected manufacturing systems is modeled for adaptively configuring lines
and scheduling the jobs based on the stochastic demands
to increase the utility rate of energy [19].
3.4 Making Manufacturing Sustainable

Sustainable manufacturing targets to increase operational
efficiency, respond to new customers’ requirements, and
build long-term business viability and success.

3.4.2 Service‑oriented Manufacturing (SOM)

SOM aims to share manufacturing capabilities and
resources through a cloud platform [23]. SOM offers
a solution to leverage the intelligent decision-making
capacities from the cloud, to provide the most sustainable
and robust options in manufacturing. For instance, Plex
Manufacturing Cloud [24] is a software that packages the
enterprise resource planner (ERP) as a service (SaaS) help
manufacturers to organize their manufacturing process
more efficiently and intelligently.
3.4.3 Reconfigurable Manufacturing

Reconfigurable manufacturing (RM) was initially
designed to enhance responsiveness to unpredictable
market changes and recently showed its superiority in
managing wastewater and emissions using system reconfiguration. Khezri et al. proposed an optimization model
for sustainable operation in a reconfigurable manufacturing environment with mathematical modeling of hazardous waste and emissions [25]. Meanwhile, combining
the IoT technologies and artificial intelligence, machine
failure can also be detected and inferred earlier in RMS
to reduce the defect rate and to improve manufacturing
efficiency [26].

4 Supporting Tool/Methods toward Greentelligent
Manufacturing
4.1 Life Cycle Assessment and Carbon Pricing Strategies

Life cycle assessment (LCA) is a standardized approach
to evaluating the environmental impacts of a product,
process or activity by tracking material and energy usage
and waste outputs at every life stage [27]. It is critical to
have an accounting of inputs, wastes, and their associated costs at each point in the manufacturing process.
The actual efficiency greatly depends on the automation
level of this process. The assessment can be enhanced by
artificial intelligence to pinpoint costs, particularly track
costs back to specific manufacturing processes to project
future costs. Advanced ICTs enable the real-time monitoring of CO2 from fuel combustion, and airflow sensing
in various parts of the furnaces [28]. Networks of energy
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and CO2 emission can be designed using IoT to enhance
services in the manufacturing process and to address the
complex energy consumptions [29].
Greentelligent manufacturing can leverage carbon
emission as an ingredient to design the entire supply chain. In a consumer viewpoint, producers are not
directly motivated to reduce emissions, while consumers, instead, should assume responsibility for choosing
the best strategies and policies by showing a preference
for eco-friendly producers. IoT techniques and digital
supply chain connect the entire supply chain, from raw
material suppliers to customers and pricing the products considering the environmental costs to morph the
market dynamically. Other pricing strategies to encourage greener development are carbon taxes and emissions
trading systems (ETS).
A carbon tax directly sets a price on carbon by defining a tax rate on CO2 emissions. ETS caps the total level
of greenhouse gas emissions and allows those industries
with low emissions to sell their extra allowances to larger
emitters. Compared to carbon tax, ETS of a carbon tax
is not often pre-defined but the carbon price negotiated
among enterprises. This enterprise-level carbon market
helps to reach the required emission reduction target by
keeping the emitters reweighing the investment costs of
greener technologies and carbon purchase. More than
40 countries and 20 cities, states and provinces already
use carbon pricing mechanisms, with more planning to
implement them in the future [30].
4.2 Carbon Capture and Storage

All the aforementioned methods aim to reduce carbon
emission, either in a short or long term. Carbon capture
and storage (CCS) is identified as an effective technique
for compensating the existing CO2 emissions. Norway
was the first nation to take CCS seriously for the implementation of CCS devices on all fossil-fired power plants
and declared CCS would be Norway’s “Moon mission”
[31]. Recent developments in polymeric membranes have
successfully achieved carbon capture on a demonstration
scale [32].
CCS has not yet been widely deployed on a commercial
scale owing to a variety of technical, economic and political challenges, which makes the prospects for CCS technologies are at a complete standstill in many countries.
Two main cost drivers to CCS: 1) energy penalty to separate and compress the CO2 (costs due to the loss of power
generation efficiency), and 2) capital costs (costs required
to build, install and operate the equipment). There are
several benefits gained from intelligent technologies
to address the challenges in CCS: (1) Use digital twins
to evaluate electrical load and energy consumptions of

Page 5 of 6

CCS technologies. (2) Use the IoT to monitor and control plant contribution to CO2 emissions. Vatopoulos and
Tzimas have designed a mathematical model as a digital
twin to evaluate three CCS technologies [33], in terms of,
oxy-combustion, amine scrubbing, and chemical looping
in a cement-making process. In comparison, the chemical
looping shows a lower energy consumption than amine
scrubbing with 18% increased efficiency.

5 Conclusions
This highlight article proposes greentelligent manufacturing as a novel integrated manufacturing paradigm towards Industry 4.0 and Industry 5.0, not only
for prioritizing green technology innovations but also
for achieving a smoother transition to a greener future.
A framework, critical technical enablers, and promising research directions are discussed in detail. At present, manufacturing industry is at the transitional stage
where green manufacturing and intelligent manufacturing technologies are conceptualized and experimented with to better achieve each other’s goals. With
increasing awareness of greener development and the
popularization of intelligent technologies, it is foreseeable that greentelligent manufacturing will become a
promising manufacturing paradigm that addresses the
issues in eco-friendly, human-centric and economic
development of our society.
Challenges remain in realizing the greentelligent
manufacturing. Compared to the advanced manufacturing technologies, the advantages of greentelligent
manufacturing are mostly the value added to the society and environment which will be visible in the long
run. To promote greentelligent manufacturing, a comprehensive assessment tool for green technologies
for different industrial compositions and technology
readiness levels is critical but missing. In future work,
authors will explore the life cycle assessment to dynamically evaluate the carbon footprint and greenness of a
product. Moreover, the additional emissions from the
intelligent equipment and systems, including controllers, sensors and chips, will be accounted to gain more
actionable insights into greentelligent manufacturing.
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