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Abstract: The U.S. government aims to achieve net-zero greenhouse gas emissions by 2050 to reduce
the severe impacts of climate change. The U.S. industrial sector will become a focal point for decar-
bonization since it accounts for 33% of the nation’s primary energy use and 30% of its energy-related
CO; emissions. Industrial emissions are also expected to increase by 15% through 2050, making the
industrial sector a logical target for decarbonization efforts. Energy efficiency technology pathways
provide low-cost, foundational routes to decarbonization that can be implemented immediately.
Energy efficiency technology pathways, such as strategic energy management, system efficiency,
smart manufacturing, material efficiency, and combined heat and power, are well established and
would immediately reduce energy use and emissions. However, their role in the aggressive net-zero
decarbonization pathway for the industrial sector is still unclear. This study aims to address energy
efficiency pathways for decarbonization, and reviews studies related to these technologies for in-
dustrial decarbonization through 2050. This study identifies different strategies for the industrial
sector in general and that are specific to six energy-intensive industries: iron and steel; chemical; food
and beverage; petroleum refining; pulp and paper; and cement. Finally, a path toward the successful
implementation of energy efficiency technologies is outlined.

Keywords: decarbonization; energy intensive industries; smart manufacturing; material efficiency;
strategic energy management; industrial energy savings

1. Introduction

Around the world, efforts are increasing to drastically reduce greenhouse gas (GHG)
emissions by 2050, with the Paris Agreement on Climate Change calling for critical and
transformative actions [1]. The Paris Agreement calls to keep the global average temper-
ature rise below 2 °C compared to pre-industrial levels, specifically aiming to limit it to
1.5 °C. As of 2017, the global average temperature rise reached approximately 1 °C and is
expected to hit the 1.5 °C mark by 2040 if the same trend continues. Limiting the tempera-
ture to 2 °C will require reaching net zero emissions in the latter half of the 21st century,
whereas for limiting it to 1.5 °C, GHG emissions must reach a near-zero value by 2050 [2].
Decarbonization can be achieved through pathways deployed across various economic
sectors. However, the industrial sector has been at the forefront regarding energy-related
GHG emissions. In the United States, the industrial sector accounted for 33% of overall
primary energy use in 2020 and was responsible for 30% of the nation’s total energy related
GHG emissions, as shown in Figure 1 [3]. Reducing the sizeable portion of the emissions
from the industrial sector will play a key role in meeting the Paris Agreement goals.
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Figure 1. Carbon emissions and primary energy use by sector in 2020 based on data from [3].

The focus of industrial decarbonization is on the energy-related CO, emissions from
fossil fuel combustion and specific processes as they constitute the most considerable
portion of industrial GHG emissions. While other GHGs, such as CH, and N,O, have higher
global warming potentials and should be reduced as well, they are comparatively lesser in
amount, making CO, emission reduction a key focal point in industrial decarbonization.
As of 2021, manufacturing alone was responsible for almost three-quarters of all industrial
GHG emissions in the United States [4]. The bulk of the manufacturing energy-related CO,
emissions comes from a few industries, such as iron and steel, chemical, food and beverage,
petroleum refining, pulp and paper, and cement, as shown in Figure 2. Decarbonization
efforts must focus on these industries because together they can lower a substantial share
of the CO, emissions from the industrial sector.
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Figure 2. Percentage of energy-related CO, emissions from manufacturing sectors based on data
from [4].

Over the past several years, various strategies (e.g., less carbon-intensive processes,
fuel switching from coal to gas and renewables, and increased efficiency) have been adopted
by industries to reduce energy intensity and the related emissions. Studies have identified
various decarbonization pillars as viable options for industries to reduce emissions [5,6].
The U.S. Department of Energy’s (DOE’s) Industrial Decarbonization Roadmap identified
four pillars: energy efficiency; industrial electrification; low-carbon fuels, feedstocks, and
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energy sources (LCFFES); and carbon capture, utilization, and storage (CCUS), as shown
in Figure 3 [7]. The energy efficiency pillar focuses on lowering energy demand, and
therefore the CO, emissions from fossil fuel combustion. The industrial electrification pillar
focuses on using electricity as an energy source to replace the direct combustion of fossil
fuels, which can leverage the lowering carbon intensities of both grid and on-site electricity
generation sources. The LCFFES pillar can further lower emissions associated with fossil
fuel combustion by substituting fossil fuels, feedstocks, and energy sources with low- and
no-carbon alternatives. The final pillar, CCUS, is aimed at capturing the difficult-to-abate
CO; emissions at the source or directly from the atmosphere. The captured CO, emissions
can either be utilized or stored for longer periods to prevent it entering the atmosphere [7].

Energy Management
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Utilization of Combined Heat and Power

Energy
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Figure 3. Four pillars of industrial decarbonization along with example approaches under them.

To achieve net-zero emissions by 2050, the U.S. industrial sector needs to decarbonize
by adopting emerging and transformative technologies (electro-technologies, LCFFES, and
CCUS) and keeping a near-term focus on increasing energy efficiency efforts. Although
almost half of the emissions reductions in 2050 are expected to come from transformative
technologies of low technology readiness levels, most emission reductions through 2030
would come from the energy efficiency technologies that are already proven to be effective
and available in the market today. In total, 66% of overall on-site manufacturing sector’s
CO; emissions are from process energy use, and are mostly attributable to process heating,
steam, and motor-driven systems [8]. Energy efficiency remains the most cost-effective op-
tion to reduce these GHG emissions. With the emergence and growing discussions on other
decarbonization strategies such as electrification, LCFFES and CCUS, energy efficiency
is taking a back seat for many manufacturers especially in the energy-intensive sectors.
Along with this, the surplus oil and gas supplies in the U.S. coupled with low natural gas
pricing is making energy efficiency a lower priority. However, energy efficiency is the
foundational pillar on which decarbonization can be achieved, as it reduces the overall
energy and material demands. To strengthen and bolster the role of energy efficiency in
decarbonization, different energy efficiency approaches that industries can implement must
be understood, along with their potential to save energy and reduce carbon emissions. The
objective of the study is to address this knowledge gap and detail the different energy
efficiency approaches for the industrial sector in general and those specific to six energy-
intensive industries: iron and steel; chemical; food and beverage; petroleum refining; pulp
and paper; and cement. A thorough literature review of various studies across the globe on
energy efficiency’s potential to reduce carbon emissions is presented with quantified mea-
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sures. The industrial sector would be able to use this review to down-select specific energy
efficiency technologies that are relevant to the sector, while also considering the challenges
presented here to make informed decisions. In addition, sustainable manufacturing is not
only about decarbonization, as noted by the 17 Sustainable Development Goals (SDGs)
from the United Nations Development Program (United Nations Development Program,
2023). While this study is aimed at SDG No. 13 (Climate Action), it also touches upon
other SDGs, such as No. 7 (Affordable and Clean Energy), No. 9 (Industry, Innovation,
and Infrastructure), and No. 12 (Responsible Consumption and Production), due to the
multiple benefits arising from energy efficiency technologies.

2. Energy Efficiency for Industrial Decarbonization

Energy efficiency improvement is a foundational, feasible, low-cost approach towards
decarbonization. In most cases, it does not require any major change to the industrial
processes and can bring immediate reductions in emissions. Since 2010, through the
Better Plants program, DOE has worked with more than 270 manufacturers and water and
wastewater utilities representing every U.S. state and territory to accelerate the adoption of
more energy efficient practices, highlight new and innovative technologies, and spur change
at an organizational level. The objective of the Better Plants program is to help industrial
organizations set and meet ambitious energy, water, waste, and carbon emission reduction
targets. By partnering with industry, the Better Plants program aims to help leading
manufacturers boost efficiency, increase resilience, strengthen economic competitiveness,
and reduce their carbon footprint through improvements in energy efficiency. Through the
program, DOE supports 3600 facilities, corresponding to 14% of the U.S. manufacturing
footprint. Collectively, these partners have reported savings of 2.2 QBtu (2.3 exajoule (EJ)) of
energy and USD 10.6 billion [9]. This is equivalent to 131 MMT of CO, emissions reductions.
Figure 4 shows the average energy intensity improvement in terms of the number of plants
and the program’s energy footprint for selected sectors since 2010. According to Nadel
and Ungar, current energy efficiency measures in the U.S. industrial sector can potentially
save 6.25 quads (6.6 EJ) of energy (6.5% of baseline energy use in 2050) and reduce CO,
emissions by 244 MMT (5.6% of baseline energy CO, emissions in 2050) through 2050 [10].
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Figure 4. Average energy intensity improvement in terms of number of plants and program energy
footprint for selected sectors. Source: U.S. DOE Better Plants Program, 2022 [9].
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Decarbonization is not only a priority in the United States; similar studies have
been conducted in different countries around the world, developing roadmaps to reduce
carbon footprints. The UK government, for instance, released a series of reports that
assessed the potential for a low-carbon future and developed decarbonization roadmaps
for eight of the most heat-intensive industrial sectors in the United Kingdom [11]. Per the
comprehensive study, combined max tech pathways which include CCUS, electrification,
material efficiency, energy efficiency, and others can bring down emissions from 81 MMT
CO; in 2012 to 22 MMT CO, in 2050. Energy efficiency combined with heat recovery alone
potentially contributes to a reduction in total emissions of 8 MMT CO; (13% of the overall
reduction) in 2050. The main contributors to emission reductions are the refining industry
(43%) and the pulp and paper industry (41%), followed by the food and beverage industry
(36%) [11].

Similarly, industrial energy consumption in the European Union is projected to drop
by 25% in 2050 compared to that in 2015 through energy efficiency improvements, with
waste heat recovery applications being the primary driver. The energy efficiency improve-
ments are also expected to reduce the energy-related CO, emissions by 22% in iron and
steel sectors, 22% in chemical sectors, 35% in the nonmetallic minerals (e.g., cement, lime)
sector, 15% in the nonferrous metals (e.g., aluminum, copper, and lead) sector, and 32%
in refineries in 2050 compared with the baseline scenario, which reflects the EU decar-
bonization trajectory from 2015 to 2050 based on existing and agreed energy and climate
policies [12]. In Australia, energy efficiency in the manufacturing sector could cause a 40%
reduction in energy intensity by 2050 compared to 2010 levels [13]. Multiple studies on such
subjects were examined, a select few of which are compiled with their saving potentials
and timelines in Table 1.

There are multiple pathways for the energy efficiency pillar. Implementation will differ
based on the sector, leading to diverse solutions being deployed across the industrial sector.
This study aims to aggregate these different pathways in the upcoming sections to provide
strategies that can be generalized across sectors. Specific solutions have also been detailed.
The different pathways to the energy efficiency pillar are discussed in the following sections
and also shown in Table 2. The table provides energy efficiency strategies for six major
energy-intensive sectors: iron and steel; chemical; food and beverage; petroleum refining;
pulp and paper; and cement.
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Table 1. Summary table of select studies on the industrial decarbonization through energy efficiency with their savings potential and time frames.

Emissions
. . . . Reduction . Pillars/Pathways
Source Origin Baseline Year Target Year Energy Savings by Energy Savings Type Sector Addressed
Efficiency Pillar
Nadel and . Energy use/ . -
Ungar, 2019 [10] United States 2019 2050 6.25 quads (6.6 EJ) 244 MMT CO, emissions Industrial Energy efficiency
Multiple pillars;
. energy efficiency
WePetal, United Kingdom 2012 2050 — 23-59 MMT CO, emissions Industrial contributing
2015 [11] (energy-intensive)
12.8-23%
reduction
ClimateWorks
Australia, Australia 2010 2050 40% — Energy intensity Industrial Energy efficiency
2014 [13]
European 259 MMT COge Energy use/
Commission, Europe 2015 2050 25% (53% from o rgrilissi s Industrial Energy efficiency
2018 [12] baseline) 2 €MISSIo
WHR to power
Hasanbeigj et al., , 2040 Business 2040 advanced 0.54 MMT CO, - and other
United States technology — per year (5% CO, emissions Cement emerging
2019 [14] as usual . .
deployment from baseline) technologies and
measures
McKane and United States, Canada, Motor systems
Hasan- European Union 173-234 (pumping
beigi, 2010, Thailand, Vietnam, 2008 T (;83[}}“/)},3881;) T Energy use Industrial compressed air,
2011 [15,16] and Brazil ? ? and fans)
Whitlock et al., . o . . . Multiple pillars
2020 [17] United States 2050 — 15% from baseline CO; emissions Industrial considered
de Pee et al., 15-20% - . Multiple pillars
2018 [18] Global 2014 2050 — from baseline CO; emissions Industrial considered
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Table 2. Specific strategies under each energy efficiency pathway for the six energy-intensive industries considered in this study.

Energy Efficiency Pillar Iron and Steel

Chemical Food and Beverage Petroleum Refining Pulp and Paper Cement
Strategic energy Commitment, identification, and implementation of energy efficiency projects, tracking energy and carbon efficiency performance, ISO 50001, and energy management
management

information systems

Process heating,

Steam, process heating Steam, process heating compressed ary pumps,
. . : . . and fans; efficient
Process heating, Steam, process heating  and cooling, compressed ~ Steam, process heating  and cooling, compressed rindine technologies
System efficiency compressed air, pumps, and cooling, compressed air, pumps, fans, and cooling, compressed air, pumps, fans, & e hgi he resst?re
and fans air, pumps, and fans non-thermal drying, air, pumps, and fans efficient dispersers, & U
. . . grinding rolls, and
and dewatering refiners, and grinders . 1 s
vertical roller mills in
place of ball mills
High-efficiency clinker
Top pressure recovery . T
. cooling and grinding;
turbine, coke dry . . .
uenching. basic oxveen innovative chemistry
q furnaceg,as recoerg Innovative drying (blended cement and
im grovin M Energy, system, and Desulfurization using techniques, increased low-carbon binders), and
Materials and life mp & material efficiency . clean hydrogen; efficient use of recycled pulp, clinker substitutes (fly
. . semi-manufacturing . Food waste reduction . .
cycle efficiency ields. and scra (e.g., recycling and use of low-carbon biogas production from  ash, ground granulated
y1eres, p waste minimization) energy sources effluent, and black blast furnace slag,
reduction of end-use - e . :
. liquor gasification limestone, and calcined
goods by improved -
. clay) wastes (oils and
manufacturing :
techniques (e.g., AM) solvents) as alternative
& fuels in kilns
Automation and smart
Shortened smelting time manufacturing (soft or
and enhanced smelting Smart manufacturing virtual software sensors
efficiency using using data mining and to augment physical Automation and smart Upgraded cement
. automated detection of modeling to develop data points and enable .. . manufacturing, suchas  process controls to lower
Smart manufacturing - Digital twin . ..
molten steel components,  dynamic target values control of nonstandard cleaner automation; firing temperatures and
blowing controls, and for energy consumption;  process variables), and digital twin times; digital twin
component analysis; digital twin precise measurement
digital twin and control of steam
energy; digital twin
. Waste heat management Combined heat and Waste heat recovery;
Combined heat
(reduce, recover, power; waste heat Waste heat recovery Waste heat recovery
and power

combined heat
and power

and recycle) to power
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2.1. Strategic Energy Management

Strategic energy management (SEM) is a systematic approach that empowers an
organization with continual energy management practices. It supports energy and emission
reductions by providing the tools necessary to integrate energy management into a facility’s
daily operation. There are three vital elements to SEM: the organization’s commitment,
the identification and implementation of energy efficiency projects, and the tracking and
reporting of performance [19]. SEM also includes using energy management information
systems (EMISs) and adopting energy management standards and protocols, such as
ISO 50001. DOE has developed 50001 Ready Navigator for manufacturers, which is an
online application that provides step-by-step guidance for implementing and maintaining
an energy management system in conformance with the ISO 50001 Energy Management
System Standard [20].

2.1.1. EMISs

EMISs help organizations manage their energy use more effectively by empowering
them with needed information. EMISs combine hardware and software systems to simplify
data gathering and analysis. However, unlike a building automation system, they do
not control facility equipment [21]. EMISs can only be used to monitor and display vital
operating parameters or may have additional advanced capabilities to perform algorithm-
based data analytics. The results are then displayed in an easy-to-understand format for
industrial operators that aids their decision-making. EMIS technologies have been shown
to enable energy savings ranging from 3% to 9% in buildings with annual cost savings of
~USD 3 million [22].

2.1.2. Energy Management Standards

ISO 50001 is a global standard for energy management systems that provides a con-
tinual improvement framework to help organizations better manage their energy use and
sustain achieved savings. The standard helps an organization to develop and implement an
energy policy, identify significant areas of energy consumption, and commit to a continual
improvement in the energy performance [23]. DOE requires the adoption of ISO 50001 for
the Superior Energy Performance 50001 energy management certification program, which
is a comprehensive approach to energy management and sustained savings. The potential
global energy and CO, emissions savings associated with the ISO 50001 uptake in the indus-
trial and service sectors can be estimated using tools such as ISO 50001 Impacts Estimator
Tool [24]. Implementing ISO 50001 across the global industrial and service sector can po-
tentially result in cumulative primary energy savings of approximately 99,500 TBtu (105 EJ)
and prevent CO, emissions of approximately 6500 MMT between 2011 and 2030 [24]. For
any facility that is interested in reducing GHG emissions, 50001 Ready Navigator provides
guidance on managing and lowering energy-related GHG emissions through the energy
management system. Specifically, 50001 Ready Navigator provides guidance for facilities
and organizations to develop or improve a data collection, analysis, and reporting process
for energy-related GHG emissions and establish a systematic approach to managing and
reducing energy-related GHG emissions [25].

2.2. System Efficiency

The energy efficiency of industrial systems can be improved by evaluating the per-
formance of energy end uses (i.e., process heating, process cooling, steam, compressed air,
pumps, fans, and other systems) and taking actions to reduce their energy consumption.
Some of the most considerable industrial energy requirements come from a few systems.
Process heating (fuel-based, steam-based, and electricity-based) and machine drives play a
dominant role and are responsible for more than 77% of total energy use and 60% of total
emissions in the US manufacturing sector (Figure 5).
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Figure 5. Total energy and emissions in the manufacturing section by end use in 2018 based on data
from [8].

Process heating operations, such as heating, melting, curing, heat treating, drying,
and smelting, are essential for manufacturing various industrial and consumer products.
Different process heating equipment, such as furnaces, ovens, dryers, kilns, and incinerators,
operate under the same principle of transferring the thermal energy from fuel combustion
directly or indirectly to the load or the material. Using high-efficiency systems can provide
significant savings in energy and CO; emissions, an example being high-efficiency boilers
that can deliver 350 TBtu (369 petajoule (PJ])) of energy savings and a 20 MMT CO; reduction
annually in the United States [26]. In 2018, process heating systems used 7576 TBtu (7993 PJ)
of primary energy, contributing to about 360.4 MMT of CO,-equivalent (CO,e) GHG
emissions (Figure 5) in the U.S. manufacturing sector [27]. The process heating energy is
mainly from fuel (63.8% of total) and steam (31.3%), and a relatively small percentage is
from electricity (4.9%) [28]. Most of the energy-saving opportunities in process heating
are reducing, recycling, and recovering waste heat losses. DOE estimated that waste heat
management systems can achieve 260 TBtu (274 PJ) of energy savings and 25 MMT of
avoided CO; emissions annually [26]. Waste heat from manufacturing plants is discharged
in a broad temperature range. Low-temperature waste heat that is at temperatures of
<450 °F (<232 °C) alone can account for a large percentage (50% to 60%) of the total energy
used in manufacturing. Thekdi et al. quantified the potential of recovering the low-grade
waste heat from manufacturing facilities and the technologies available to recover this
waste heat [29]. Waste heat recovery has also shown promise for industrial decarbonization,
as illustrated in a California-based study that estimates the decarbonization potential of
energy efficiency approaches for the cement industry [14].

In 2006, DOE initiated Save Energy Now assessments to evaluate the energy efficiency
of industrial steam and process heating systems in energy-intensive U.S. facilities [30]. The
results from the assessments conducted between 2006 to 2011 at different facilities indicated
that process heating and steam systems combined could, on average, save approximately
480,000 MMBtu/plant per year (506 terajoule/plant per year), which equates to a CO,
reduction potential of about 31,000 metric tons/plant per year with most of the savings
coming from the recovery and reuse of waste heat.

Motors and machine drives, such as pumps, fans, and compressors, are the backbone
of the industrial sector and are used in almost every step of the manufacturing process.
They are used in various applications, such as fluid handling, material handling, processing,
and HVAC systems. Industrial motors and machine drives accounted for about 17% of
total energy use and 21% of carbon emissions in the U.S. manufacturing sector (Figure 5).
Inappropriate equipment sizing and poor system design result in inefficiency, increased
maintenance, reduced control, and decreased energy performance [31]. These inefficiencies
can be countered by using high-efficiency or premium-efficiency motors, installing ad-
justable speed drives, power conditioning, developing better system designs, and properly
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sizing equipment [32]. In addition, operating drive systems, such as pumps, fans, and
compressors, to match end use requirements will ensure reduced energy usage. The im-
plementation of energy efficiency technologies for industrial motor drives in six countries
showed an average potential of 28-38% energy savings compared to the 2008 electricity use
of these systems; the potential electricity savings were found to be 25-35% in the United
States [15]. Optimizing performance, regular system maintenance, continuous monitoring,
and upgrading can ensure a highly efficient system and lower energy consumption and
carbon emissions.

2.3. Material and Life Cycle Efficiency

The principle behind material and life cycle efficiency is using less material to produce
the same set of products, extend the life of a product, and increase product utilization rates
without compromising the end use benefits of the product. Material efficiency, additive
manufacturing (AM), material substitution, and a circular economy are crucial to reducing
material waste, energy demand, and GHG emissions in the manufacturing sector. Heavy
industries, such as iron and steel (7-8%) and cement (6%), are leading contributors to global
energy system combustion and industrial process CO, emissions in the industrial sector
and can benefit significantly from material efficiency, especially since demand is expected
to increase by 12-23% for cement and 40% for steel by 2050 [33,34]. Material efficiency can
help achieve significant CO, emissions reduction by 2060, potentially reducing the total
emissions by approximately 20% for steel, 70% for cement, and 30% for aluminum [35].

The manufacturing process, by itself, can impact material efficiency, a case in point
being AM. AM technologies are progressing from rapid prototyping to manufacturing
various products [36]. AM offers several advantages over conventional manufacturing
methods, which involve building objects by cutting or machining blocks of materials into
the desired shape or through molding and stamping techniques. The benefits of AM
include enabling novel geometries that improve component performance, low-energy
consumption during production, and reduced lead time and waste material, which aid in
material and life cycle efficiency. Many business sectors could benefit from AM technologies;
however, the adoption of AM has been fading with the development and growth of other
disruptive technologies that prove to be more valuable for energy savings and emission
reduction. Only specific sectors that require small-scale production of complex components
are expected to continue taking advantage of AM, such as the aerospace sector. Huang et al.
estimated that in the United States, if there is rapid adoption of AM in the aircraft industry,
the total annual primary energy saving potential can reach 66-164 TBtu (70-173 P]) with
cumulative primary energy savings of 1137-2654 TBtu (12002800 PJ) from 2019 through
2050. The corresponding carbon emission reduction would be an annual CO; equivalent
of 5.4-13.3 MMT and a cumulative CO, equivalent of 92.1-215 MMT from 2019 through
2050 [37].

Material and life cycle efficiency can also be improved by replacing the traditional
linear economy with a circular economy. In a circular economy, a material’s end of life
is extended by reuse, remanufacturing, repair, or refurbishment, followed by recycling
and clean disposal when the material can no longer be circulated across its life cycle.
These circular economy strategies can be used as tools to enable decarbonization, increase
resource productivity, ensure sustained access to scarce resources, and extend the economic
value of materials and products. The Ellen MacArthur Foundation estimated that a circular
economy approach can reduce global CO, emissions from critical industries such as those
for cement, steel, plastics, and aluminum by 40% (3700 MMT CO,) annually by 2050. While
the waste elimination accounts for 24% of the emission reduction (0.9 Gt), extending the
lifetime by reusing and recirculating the material accounts for 30% (1100 MMT) and 50%
(1700 MMT) of emission reduction, respectively [38]. In Europe, the circular economy
model is expected to reduce emissions by 56% (300 MMT CO;) annually until 2050 in
energy-intensive sectors [39].
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2.4. Smart Manufacturing

Implementing smart manufacturing (SM) technologies can create energy savings
through improved process control, reduced waste, a shorter downtime, and improved
performance and productivity. SM involves using advanced sensors, monitoring and
control systems, and optimization technologies to gather and process data and provide
actionable insights to manufacturing personnel while improving decision making across
facilities and supply chains. SM is a culmination of several revolutionary inventions in
the information and communication technology world that have enabled interconnection
between devices and people. Big data, the Industrial Internet of Things (IloT), and machine-
to-machine communication are all driving forces for SM [40]. The benefits of SM include
a reduced cost, production flexibility, a shorter product to market time, greater energy
efficiency, reduced environmental impact, and increased productivity [41].

SM can help the manufacturing sector unlock energy saving potential, which would
otherwise be difficult to identify through practices such as industrial automation. SM builds
on automation to provide additional actionable information that manufacturers need to
run their facilities more efficiently. Multiple levels of SM technologies can be adopted
in a facility. Level 0 adds automatic controls to the manufacturing processes or systems,
Level 1 adds a communication system, and Level 2 adds advanced features to automatic
controls for performance enhancement along with communication systems. An example of
Level 2 systems includes advanced mass flow combustion controls with actuators that can
change the mass—fuel ratio automatically to compensate for changes that affect combustion
performance, and the ratio information is communicated to plant operators. Level 3 builds
on Level 2 by adding additional sensors or controls to aid decision making [42,43]. Level
3 systems use non-local information in decision-making; with the same example, mass
flow control systems can also integrate feedback from oxygen sensors to enhance safety
and ensure that the equipment does not operate below the stoichiometric ratio. The DOE
Industrial Assessment Centers Database shows that Level 0 to 1 SM implementation for
energy support systems across the different manufacturing sectors from 2000 to 2016 has
resulted in average energy savings of 1.5% of total plant source energy. Implementing
higher levels of SM technologies can potentially achieve higher energy savings and/or
make energy savings more sustainable [42]. Gallaher et al. estimated that SM can result in
a 3.2% reduction in the shop floor cost of production with the greatest potential for cost
savings in labor (12%) and energy (13%) [44]. A study conducted by The Royal Society
estimated that artificial intelligence could reduce GHG emissions by 4% by 2030 [45].
Overall, the U.S. Department of Energy estimates average energy savings of more than 20%
across all industries based on a review of several sets of studies [46].

The feasibility of SM technologies depends on several factors, such as energy use,
capital, O&M costs, increased revenue from increased productivity, education and training,
cybersecurity, and energy savings. SM feasibility for energy productivity can be determined
using the cost of a conserving energy framework, which balances some of these factors
against changes in energy use. The framework has been used to evaluate the energy and
productivity benefits of SM projects in the craft brewing industry [41,47]. Rogers estimated
that with existing technologies, SM can reduce energy intensity in the US manufacturing
sector by 20%, resulting in energy cost savings of close to USD 15 billion by 2035 [48].
Additionally, while the IoT and SM can support other EE and decarbonization projects,
such as using peak shaving, increasing renewable energy sources and microgrids, using
EV and subsequent charging, using advanced metering systems, and so on, additional
challenges arise with optimization needs and big data processing. Studies have shown that
deep learning-based algorithms, such as the probabilistic delayed double deep Q-learning
(P3DQL) algorithm, can be used to forecast and optimize the demand response from the
customer and reduce peak energy loads by 27% in residential applications [49]. Such
algorithms can also be used in the microgrids in manufacturing facilities, lowering the peak
energy load, which can result in smaller microgrid component capacities.
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2.5. Combined Heat and Power

Combined heat and power (CHP; i.e., cogeneration) is an energy-efficient pathway
that generates electricity or mechanical power and captures the heat that would have other-
wise been wasted to provide valuable thermal energy [50]. CHP is a type of distributed
generation located at or near the point of use. CHP improves efficiency and reduces GHG
emissions by reducing or replacing the purchase of electricity from the grid and thermal
energy produced by boilers, typically fueled by natural gas. In addition, electricity gener-
ated by CHP does not have any transmission and distribution losses, unlike conventional
electricity generation.

CHP systems have been used to generate electricity for decades and continue to be
relevant as industries seek to reduce their impact on the environment while maintaining a
reliable energy supply with high efficiency and low emissions. Industrial CHP system:s,
through both topping and bottoming cycles, can provide needed energy services for some
sectors with overall energy efficiencies of 65-85% compared to the separate production of
heat and power, which collectively average to 45-55% system efficiency [50,51]. As reported
in 2012, the existing 82 GW of CHP capacity in the U.S. at that time reduced GHG emissions
by approximately 240 MMT per year [52,53]. A 1 MW CHP system, running 24/7, has
been shown to potentially reduce carbon emissions by 1000 Ib (454 kg) for each megawatt
hour of displaced grid electricity in 2020, and by 450 1b (204 kg) for each megawatt hour
of displaced electricity in 2050 [54]. The impact of CHP might not be as strong in the
future as it is now because of the expected shift toward more efficient power plants and
low-carbon alternatives. However, it could still provide emission reduction. For instance,
the same 1 MW system installed in 2020 could still avoid about 78,000 MT of emissions
by 2050 compared to the average U.S. marginal grid. CHP has historically relied on fossil
fuels, typically natural gas; however, current CHP technologies have the flexibility to use
low-carbon fuels, such as biogas, renewable natural gas or biomethane, and hydrogen,
which can further reduce GHG emissions. Renewable natural gas and hydrogen CHP
systems can be a long-term path to decarbonizing industrial thermal processes that are
resistant to electrification because of technology or cost barriers, and for critical operations
where dispatchable on-site power is needed for resilience and reliability.

3. Decarbonizing Energy-Intensive Industries through Energy Efficiency

The majority of industrial emissions (~75% of the total manufacturing sector CO;
emissions, see Figure 2) come from very few sectors, such as those for iron and steel,
chemical, food and beverage, petroleum refining, pulp and paper, and cement; hence,
focusing decarbonization efforts in these sectors would substantially reduce CO, emissions
in the industrial sector. The remaining portion of this paper summarizes energy efficiency
technology pathways and strategies for the aforementioned six manufacturing sectors.

The potential reduction in primary energy intensity for energy-intensive sectors glob-
ally through implementing the best available technologies has been previously studied [55].
Similarly, DOE’s Advanced Manufacturing Office conducted energy bandwidth studies to
analyze energy use and potential energy savings for selected manufacturing sectors [56].
The studies estimated energy savings by setting the energy consumption of selected manu-
facturing sectors in 2010 as a baseline (current typical) and assessing the energy consump-
tion reduction that may be possible through the adoption of existing best practices and
technologies (that are state-of-the-art) and the deployment of the applied R&D technologies
under development (practical minimum). The results from the energy bandwidth study
for the energy-intensive manufacturing sectors are shown in Figure 6 [57-61]. This shows
that the energy efficiency technology pillar can achieve a significant reduction in energy
consumption and corresponding energy-related CO, emissions by reducing current typical
energy intensities to state-of-the-art energy intensities.

As identified in a French report on this subject [62], energy-intensive industries have
traditionally been difficult to decarbonize (due to the difficult-to-abate, fossil fuel-driven,
large, and expensive process heating infrastructure) and have been reluctant to join govern-
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ment program offerings to decarbonize the industrial sector. Energy-intensive industries
consume a large amount of energy and use carbon-intensive fuels. A brief review of pro-
grams around the world for decarbonizing the industrial sector was conducted [63-72].
Figure 7 presents these results, showing the uptake of the select programs by companies or
projects from energy-intensive industries. The uptake of these programs was dominated by
the food and beverage industry, such that it led to the Australian government launching a
separate program focused on this sector. Canadian programs have seen petroleum refining
industries participate more frequently than in other parts of the world, which can be at-
tributed to Canada’s unique sector-specific characteristics. Iron and steel industries had
relatively less participation. These results can be leveraged further to identify the reasons
behind the reluctance in participation and develop programs catered toward specific sectors.
Additional details of these programs are given in Table A2.
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Figure 6. Energy use of select energy- and carbon-intensive industries in the United States based on
data from [57-61].
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Figure 7. Selected programs from around the world for decarbonizing the industrial sector and their
uptake by companies or projects from energy-intensive industries.

Government-backed programs are focused not only on funding, but also on providing
technical assistance and different types of assessments. In fact, compared with the larger
investments in electrification, switching to low-carbon fuels, and CCUS, energy-intensive
industries seem to be enthusiastic about implementing energy efficiency projects. For instance,
the Save Energy Now assessments from DOE also provided powerful insights into the
potential of energy efficiency to decarbonize the industrial sector [30,73]. The assessments were
conducted between 2006 and 2011, and the recommendations that were identified can still be
beneficial for the industry at large. To this end, the top ten recommended strategies identified
in the program for the whole industrial sector, as well as the top six energy-intensive industries
discussed in this paper, are listed in Table A1l. The following sections go beyond these specific
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recommendations and identify other easily achievable energy efficiency strategies from the
broader literature that have been targeted toward energy-intensive industries.

3.1. Iron and Steel Industry

The iron and steel industry accounted for 9.1% (90 MMT) of total energy-related CO,
emissions from the U.S. industrial manufacturing sector in 2020 [3]. The potential to reduce
the energy intensity for steel making using the best available energy efficiency technologies
varies from 9% to 30% [55]. As identified in previous studies, specific energy efficiency
strategies to decarbonize this sector include leveraging relatively low-capital solutions
through energy efficiency and SEM. However, energy efficiency decarbonization strategies
also depend on the type of operation, facility age, and size, which vary significantly
across facilities [74,75]. Waste heat recovery strategies in the iron and steel industry can
be targeted to specific processes, such as recirculation during sintering and using a flat
heat pipe during rolling [76]. One successful implementation of waste heat recovery
practices used a cupola furnace and air to oil exchanger at Waupaca Foundry in the United
States [77]. Several other energy efficiency technologies have also been investigated, such
as industrial reheating furnaces, top pressure recovery turbines, coke dry quenching, and
different temperature and pressure control technologies. These technologies promise
decarbonization and several other non-energy benefits [76,78,79]. Decarbonization can also
be achieved by probing routes to improve material efficiency and the flexibility of reusing,
recycling, and refurbishment; an example is material and energy recovery from slag [68,76].
SM and IoT will be very important to iron and steel producers as they look to reduce GHG
emissions and remain profitable. Additionally, advancing modular technologies to a greater
scale and market proportion can be relevant.

3.2. Chemical Industry

The chemical industry accounted for 27.6% (274 MMT) of total energy-related CO,
emissions from the U.S. industrial manufacturing sector in 2020 [3]. In 2016, 96% of all
U.S. goods were produced from chemical industry products [80]; hence, decarbonizing the
chemical industry can affect other manufacturing industries.

Low-capital solutions, such as energy efficiency, alternative separation methods, SM,
and electrification, can drive decarbonization in the chemical industry [81]. Smart tech-
nology combined with energy efficiency has been seen to reduce energy use, costs, and
carbon emissions [82]. In contrast, boiler efficiency upgrades, such as those implemented
in an Eastman Chemical facility, can reduce steam and electricity consumption [83]. Similar
benefits can be obtained by pursuing process heat opportunities with lower temperatures
and expanding mid-temperature capabilities. Material efficiency can be leveraged by using
recycled content and biomass to provide low-carbon, low-embodied-energy feedstocks for
different processes. However, misconceptions regarding what constitutes a low-carbon
fuel or feedstock, and which alternatives are viable for a certain application can hinder the
switching of conventional fuels and feedstocks with low-carbon ones [84]. Therefore, a need
exists for research strategies to ensure that these transitions can be integrated seamlessly.

3.3. Food and Beverage Industry

The food and beverage industry accounted for 7.9% (78 MMT) of total energy-related
CO; emissions from the U.S. industrial manufacturing sector in 2020 [3]. This industry has a
unique food waste challenge that contributes to carbon emissions [85]. Life cycle assessment
studies and collaboration with manufacturers have identified methods to reduce food waste
through supply chains via the beneficial reuse of the waste stream, source reduction, supply
chain visibility, and processing and packaging improvements for increasing shelf life and
stability [86,87]. The beneficial reuse of waste streams can be further extended to include
waste heat, which will require advancing R&D with the development of methods to better
share and store low-grade waste heat for food manufacturers. Carbon emissions can also be
reduced by investing in SM and IoT strategies, such as system optimization, the integration
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of thermal systems, and refrigeration optimization. Overall, a need exists to increase R&D
in automation and modularization and deepen our understanding of what is needed to
rapidly scale transformative technologies to help decarbonize this industry [88].

3.4. Petroleum Refining Industry

Petroleum refining is highly carbon-intensive; it accounted for 23.7% (235 MMT) of
total energy-related CO, emissions from the U.S. industrial manufacturing sector in 2020 [3].
The low-capital solutions for distillation and separation innovations can be used to enhance
the impact of decarbonization. Another solution for decarbonization is efficient waste
gas recycling. The lowest-cost opportunities have been identified as the optimization
of utilities, heat exchangers, and fired heaters; however, the relevant energy efficiency
opportunity would depend on each unique refinery and their processes. Introducing
energy management programs has been lauded as the most successful and cost-effective
method of improving the energy efficiency of this industry [89]. Additionally, specific
interventions with different focuses (e.g., motors, compressed air, and process-specific
focuses) have been identified, including the proper design and replacement of equipment,
lighting controls, and optimized flaring [90].

3.5. Pulp and Paper Industry

The pulp and paper industry accounted for 4.8% (48 MMT) of total energy-related
CO; emissions from the U.S. industrial manufacturing sector in 2020 [3]. The pulp and
paper industry can benefit significantly from incorporating energy efficiency strategies.
A recent Canadian study found that energy efficiency could be the highest contributing
pillar to the industry’s decarbonization by reducing carbon emissions by 66% relative to
business as usual by 2050 [91]. Upgrades and modifications of different equipment, such as
refiners and digesters, along with waste heat recovery have been identified as opportunities
to reduce energy consumption [92]. Material efficiency and circularity can also play a
significant role in decarbonizing this industry, with increasing recycled content in pulp
and paper products [93]. Monitoring the production processes through SM technologies
such as supervisory control and data acquisition, manufacturing execution systems, and
enterprise resource planning can help facilitate operations and maintenance, leading to
lower energy consumption [94]. CHP technology has played and will continue to play
a key role in reducing the industry’s natural resource consumption, with wide adoption
across the pulp and paper sector [95].

3.6. Cement Industry

The cement industry accounted for 2.2% (22 MMT) of total energy-related CO, emis-
sions from the U.S. industrial manufacturing sector in 2020 [3]. The potential to reduce
the energy intensity of cement using energy efficiency approaches varies from 20% to
25% [55]. Relatively low-capital solutions, such as energy efficiency and SEM, and waste
reduction/recovery solutions (focusing on waste heat to power) must be leveraged. Ma-
terial efficiency and flexibility can decrease carbon emissions; probing routes toward a
circular economy with innovative chemistry and blended cement can be highly effective.
Decarbonizing the cement industry can be supported by advancing approaches to reduce
waste and using the circular approach for the construction of concrete, low-carbon binding
materials, and supplementary cementing materials. Because energy (fuel) costs are a signif-
icant portion of the cost of cement production, lowering firing temperatures and times will
reduce cost and environmental impacts, making this industry more viable through its adop-
tion of SM technologies and processes (specifically in data acquisition for high-temperature
manufacturing, contextualization, and control) [96].

4. Path Forward

Multiple energy efficiency pathways and strategies could be implemented to decar-
bonize different energy-intensive industrial sectors. Implementing multiple strategies
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simultaneously can lead to more greatly reduced carbon emissions while improving pro-
cesses and reducing operational costs. Multiple roadmaps have been developed focusing
on different countries and industries. Depending on the type of industry, size of a facility,
type of processes, and other such factors, the implementation of energy efficiency can look
very different, and the benefits will also differ. However, proper design and implementation
will lead to long-term energy savings and reduced carbon emissions.

Although different research, development, and deployment needs were identified at
a high level for successfully employing energy efficiency strategies for industrial decar-
bonization, a concentrated effort is needed to conduct extensive energy efficiency studies on
individual industrial sectors. A major opportunity exists for the wider implementation of
existing energy efficiency technologies and practices. Furthermore, there is also an urgency
to address the needs identified to accelerate the benefits of energy efficiency strategies
outlined in this study. For instance, process heating, steam, and motor systems are the
largest energy end users in the industrial sector and are therefore key targets for efficiency
improvements. Material efficiency and circularity can lead to long-term CO, emission
reductions. This area also needs extensive work to identify specific material efficiency and
circular economy strategies from industrial sector and quantify decarbonization potential.

Similarly, SM and IoT can create energy efficiency opportunities at every level of
system integration: equipment, facility, and supply chain. Emerging SM and industrial
IoT technologies could enable significant opportunities for optimizing manufacturing
processes and reducing energy use and GHG emissions. Combining strategies for thermal
process intensification and industrial decarbonization with SM and industrial IoT can create
and enhance existing opportunities for saving time and energy via approaches such as
tighter control of temperature zones, better adjustment of thermal systems for variations
in production levels and feedstock properties, and increased process throughput [97].
Additionally, integrating SEM, EMIS, and SM and IoT can promote more carbon reductions
in multiple industrial sectors, including energy-intensive industries. To facilitate this
integration, several steps need to be taken. Demonstrations of plant automation systems can
provide real-time energy performance data. Multiple standards relevant to SM can aid in the
proper implementation of SM at various levels of system integration. However, improved
consistency and clarity among the standards are needed. Additionally, the development of
open-source SM technologies can further encourage SM uptake by industries [98]. Data
integration can facilitate utility efficiency programs that can then reward manufacturers for
energy saved rather than equipment installed. However, research is also needed to address
the big data challenges that arise with SM related to data quality, storage, and computing;
advanced analytical tools are needed to process the data and improve cybersecurity [99].

Research can also aid in achieving closer-to-practical minimum energy consumption,
as identified in different energy bandwidth studies [100]. Technology demonstration and
deployment are also key in this effort and are required for commercializing lower technol-
ogy readiness levels. Multiple global programs provide financial support for deploying
energy-efficient technologies; however, risks are present in adopting emerging technology.
Programs, such as DOE’s Industrial Technology Validation pilot that are aimed at evalu-
ating the energy, carbon, and water savings potential of emerging technologies, can help
reduce the risk of adopting these technologies [101].

5. Conclusions

The pursuit of rapid decarbonization has emerged as a priority globally to deal with
climate change. The industrial sector plays a crucial role in the U.S. economy and decar-
bonizing it can lead to significant reductions in emissions, even in other economic sectors.
Hence, for the U.S. to achieve its long-term climate goals, immediate actions need to be
taken to decarbonize manufacturing. In the U.S., the industrial sector alone is responsible
for 30% of the nation’s overall energy-related GHG emissions of which a majority comes
from energy intensive industries. The U.S. DOE’s Industrial Decarbonization Roadmap
identified the four pillars for decarbonization as energy efficiency; industrial electrification;
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low-carbon fuels, feedstocks, and energy sources (LCFFES); and carbon capture, utilization,
and storage (CCUS). Energy efficiency has been a well-established and foundational strat-
egy that can bring about an immediate reduction in carbon emissions. However, with the
emergence of other strategies, energy efficiency is becoming a lower priority. While there
has been research focusing on the importance and benefits of energy efficiency, there has
not been a comprehensive study quantifying the benefits of energy efficiency pathways
and their potential to reduce carbon emissions through 2050.

This study serves as a primer to understand the potential of the energy efficiency tech-
nology pillar and its pathways for decarbonizing the industrial sector with special attention
on energy-intensive industries. From the study, energy efficiency strategies implemented at
the system and process level can bring both short-term and long-term reductions in carbon
emissions. Short-term emission reductions in energy intensive industries can be realized
through the strategic adoption of various energy efficiency pathways, as discussed. The
deployment of existing energy efficiency technologies with a continuing drive to imple-
ment SEM and emerging technologies, especially digitalized solutions, can unlock the next
generation of energy saving potential and further decarbonize the industrial sector. This
study also highlights that the government can play a significant role in scaling the market
for next-gen solutions through policies and incentives. The global efficiency and decar-
bonization programs investigated in this study show that investments made through these
programs have increased the adoption of best practices and energy efficiency improvements
especially in energy-intensive industries. The U.S. DOE’s Better Plants program highlights
the energy efficiency progress made by its more than 270 manufacturing partners in its
2022 Better Plants Annual Progress Update report [9]. These organizations, which make
up roughly 14% of the US manufacturing energy footprint, have cumulatively saved USD
10.6 billion and 2.2 QBtu (2.3 EJ) of energy with an associated CO, emission reduction
of 131 MMT and an average energy intensity improvement rate of 1.8% since the start of
the program. To realize maximum carbon reductions through energy efficiency, we must
also continue to invest in research, development, and demonstration (RD&D) activities to
achieve an efficiency closer to the theoretical minimums as highlighted by the different
energy bandwidth studies.
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Appendix A

Table Al. Top ten recommendations from DOE'’s Save Energy Now assessments from 2006 to 2011 based on data from [30,73].
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Table Al. Cont.

No. All Iron and Steel Chemical Food and Beverage Petroleum Refining Pulp and Paper Cement
Heat cascading: use flue
. Perform furnace
Use waste heat for water or exhaust gas heat from  Load or charge preheating . .
. : Use flue or exhaust gas . : scheduling, loading, shut
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Table A2. Details of the select programs around the world for decarbonizing the industrial sector as shown in Figure 7.

High . Industrial Decarb. Decarb. in Industrial E.E. Govt. Ind. Sust. Ind. Efficiency Em15519ns Money for EMS,
Program Name Energy Using Challenge Indust Accelerator Decarb. Development Challenge, Reduction Quebec
Business Grant 8 y Investment Tech. Canada Alberta Alberta
Country Australia United Kingdom Germany United Kingdom New Zealand Canada Canada Canada Canada
Time frame 2020-2022 2019-2024 2020-2024 2017-2020 2021-present 2001-present 2018-present 2009-present 2018-2020
Investment ~10.5 million ~212.7 million ~3.2 billion ~16.2 million ~38.4 million More than ~55.4 million ~648 million —
(USD) ~0.9 billion
Percentage o o o 40-60%, avg. 52% o Up to 40% o o o
financed 50% 39% 100% in phases 1 and 2 40% (avg. 33%) 12% 50%
. . AUD . . . e GBP . L
Typical grant size 10,000-25,000 Project-specific Project-specific 150,000-1 million — Project-specific — — CAD 2000-50,000
o Potential .
60-90% GHG savines = 12% of 6.6 MMT of GHG  Annual reduction >5.3 MMT of 42.3 MMT of GHG
Potential benefits — — emission UI§’5_201 90 emission of 22.4 MMT in GHG emission emission —
reduction clec. demand reduction GHG emissions reduction by 2030 reduction
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