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Abstract: The textile industry accounts for approximately 2% of global greenhouse gas emissions.
There is a significant opportunity to decarbonize the textile industry by electrification of process
heating where low- or zero-carbon electricity is used. Electrified process heating can be achieved
through cross-cutting technologies without modifying the textile process equipment and/or through
replacing the existing equipment with technologies that employ electromagnetic or resistance heating
techniques for specific end-use applications. This paper aims to investigate the potential for electrifi-
cation of process heating in the textile wet-processing industry in three of the top textile-producing
and exporting regions in the world. To do this, two separate technology pathways, i.e., electrification
through (a) industrial heat pumps and (b) textile end-use processes are developed and analyzed.
The results show that the total potential final energy and CO; savings due to electrification in both
scenarios could be substantially large due to the lower energy intensity of the electrified heating
systems. Moreover, the costs per unit of textile production are found to be lower in the case of
industrial heat pumps compared to other systems. It is concluded that wide-scale electrification of
process heating in the textile wet-processing industry will require major changes to the electricity
system and individual sites, and the coordination efforts among different stakeholders to plan these
changes must be intensified.

Keywords: electrification; textile; process heat; energy savings; CO, emissions; industry

1. Introduction

The textile industry has undergone significant changes over the years. In the past,
most textile production was based in developed countries and focused on providing goods
for their domestic markets. However, the rise of global trade and the globalization of
production has led to a shift in the textile industry. Today, textile production is increasingly
occurring in developing countries, where labor and resource costs are lower [1]. This has
allowed textile companies to remain competitive in the global marketplace. In addition,
new technologies have also played a role in the evolution of the textile industry [2].

China is by far the world’s top textile exporter followed by the European Union (EU)
and India, as shown in Figure 1. Japan and Taiwan, which are the other two economies
included in our study, are also among the top 10 textile exporters. The ranking of top
exporters is slightly different when only considering clothing export. China is also the top
exporter of clothing followed by the EU, Vietnam, Bangladesh, and Turkey [3]. The textile
industry has been growing rapidly in recent years, due to increasing demand from both
developed and developing countries and world population growth. In particular, the rise
of online or e-shopping has created a significant market for textile and apparel products [4].
However, the textile industry faces several challenges. One key challenge is to reduce its
environmental and climate impact [5].

The textile industry accounts for around 2% of global anthropogenic greenhouse
gas (GHG) emissions [6]. As the effects of climate change become more apparent and as
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the world’s population continues to grow and consume more textile products, the textile
and apparel industry must take serious actions to reduce its impact on the climate and
environment [5]. There are several ways to reduce the textile industry’s climate impact,
from using more environmentally friendly materials to deploying more efficient- and low-
carbon manufacturing processes. Thermal energy needs especially for heating processes
are a significant challenge for climate change mitigation efforts in the textile industry [7].
Process heating often represents over half of the total final energy demand in the textile
industry (see later for details). Almost all of this heat is currently provided by fossil fuels
in most countries including China, Japan, and Taiwan, the three major economies we have
focused on in this article.
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Figure 1. Top 10 exporters of textiles in 2020 (Data source: [3]).

There is a significant opportunity to decarbonize the textile sector by shifting heat
production away from carbon-intensive fossil fuels to clean sources such as electrification
where low- or zero-carbon electricity is used. Electrified heat supply through electric
boilers has been widely studied in the literature. Besides, industrial electrification through
high-temperature heat pumps is an emerging research topic and there is limited literature
on it, especially for the textile industry. Electromagnetic technologies including induction,
infrared, microwave, etc. for process heating have been scarcely explored in the literature at
the level of industrial sectors and processes. The authors of this paper have prior experience
working on these topics which are summarized below along with other relevant studies
from the literature.

Hasanbeigi et al. [8] studied a dedicated scenario for the electrification of combustion
boilers. They concluded that electrification through electric boilers can initially increase the
annual CO, emissions in the base year, however, they are projected to be much lower in
2050 as a result of electricity grid decarbonization. Zuberi et al. [9] applied a bottom-up
approach to investigate the techno-economic potentials of deploying electric boilers in
different industrial sectors with a dedicated scenario for textiles. They also concluded that
a higher grid emission factor than natural gas could initially lead to an increase in annual
CO, emissions in the base year. Given these conclusions and the limited environmental
impact, Zuberi et al. [10] further investigated industrial heat pump (IHP) applications
for electrified steam and hot water generation. They concluded that despite the current
average electricity grid emission factor being higher than the emission factor of natural
gas, electrified steam and hot water generation through IHP in the studied manufacturing
processes can already decrease the annual CO, emissions in the base year 2021. This
is mainly because the high efficiencies of IHPs as compared to combustion and electric
boilers dominate all other limiting factors. Kosmadakis [11] and Seck et al. [12] have also
demonstrated that IHP applications possess significant energy and emissions reduction
potentials in industry. However, none of the aforementioned studies have analyzed IHP
applications in the textile industry. The type of processes and unit operations in different
manufacturing sectors are diverse and dedicated analyses must be performed to investigate
specific industrial applications.
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Besides, many researchers have also been interested in exploring novel technologies to
achieve high-quality, time-efficient, low energy consumption, and eco-friendly textile pro-
cessing [13]. Electromagnetic heating is among the novel technologies that use wavelengths
in the electromagnetic spectrum to process a wide range of products including textiles. As
stated earlier, common examples are infrared, induction, microwaves, radio waves, and ul-
traviolet. Although different industries have used these techniques for specific applications
for a long time now;, their true potential has hardly been exploited especially for process
heating [14]. The major benefit of employing electromagnetic technologies is that they
generate heat within a target material with high efficiency ultimately cutting energy use
by up to half or more. Ratti and Mujumdar [15] have demonstrated that infrared heating
can be used in industry for surface drying or dehydration of thin sheets such as textiles.
Elshemy and Haggag [13] evaluated the current status of microwave technology including
specific heating applications in textile manufacturing and concluded that the technology
could significantly reduce cost, energy, and time, and enhance the properties of different
fabrics for different end uses. Despite few electromagnetic heating technologies available
in the market for textile wet-processing (see later in the results section), not many studies
in the literature have analyzed these technologies for studying sector-level final energy
savings and CO, emissions reduction potentials in the textile industry.

It is evident from the literature review that electrified process heating in the textile
industry can be achieved through cross-cutting technologies like industrial heat pumps for
steam and hot water generation without modifying the textile process equipment and/or
through replacing the existing equipment with technologies that employ electromagnetic
or resistance heating techniques for specific end-use applications such as infrared drying.
This paper aims to fill the literature gaps by examining profiles of heat consumption in
the textile wet-processing industry and the potential for electrification based on different
heat demand profiles and electrification technologies available to meet those heating needs.
More specifically, this paper is comprised of a bottom-up approach and technology-level
techno-economic analysis for the electrification of the textile industry in China, Japan, and
Taiwan. The technical assessment provides an analysis of the current state of energy use in
the textile industry in these three economies, the technologies available, and the potential
for electrification in this sector. Two technological pathways for the electrification of the
textile wet-processing industry have been developed and analyzed. The pathways are
(1) electrification through industrial heat pumps (cross-cutting technology pathway) and
(2) electrification through textile end-use processes (process-specific technology pathway;
only for seven major textile wet processes; see later for details). The energy costs per unit
of production for each of the studied technologies have also been estimated. Finally, the
impact of electrification of the textile industry on the electricity grid has been discussed.

2. Materials and Methods
2.1. Profiles of Energy Use in the Textile Industry

In China, the textile and apparel industry consumed around 1500 petajoules (P]) of
energy in 2019 as shown in Figure 2a [16]. This energy use resulted in total energy-related
CO; emissions in the Chinese textile industry of around 183 Mt CO; in 2019. Around 51% of
the total energy used in the Chinese textile industry is electricity. The rest is different types
of fuels that are used in thermal processes to deliver heat mainly in textile wet-processing
(see Figure 2a). According to the statistics provided by International Energy Agency (IEA),
the share of coal in the total direct fuel used in the Chinese textile industry is smaller than
natural gas. There is a large category, referred to as “other fuels”, which is mainly the heat
purchased by textile plants from other facilities.

In Japan, the textile industry consumed around 33 PJ of energy in 2019 [16] (see
Figure 2b). In the Japanese textile industry, electricity has a smaller share, i.e., 42% in the
total energy mix as opposed to 51% in the Chinese textile industry. The reason for this
difference could be the large fabric manufacturing in China which does not necessarily
undergo wet processing but is instead exported. Among the fossil fuels used, natural gas
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has the highest share, i.e., 33% of the total energy mix (Figure 2b). The total energy-related
CO; emissions in the Japanese textile industry were around 3.1 Mt CO, in 2019.
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Figure 2. Fuel and electricity used in the textile industry in China, Japan, and Taiwan in 2019 (absolute
values are in PJ) (Data source: [16]).

The Taiwanese textile industry consumed around 46 PJ of energy in 2019 [16] (see
Figure 2c). Electricity accounted for 47% of the total energy mix of the country’s textile
industry. Among the fossil fuels used, coal has the highest share, i.e., 24% of the total energy
mix followed by natural gas (refer to Figure 2c). The total energy-related CO, emissions in
the textile industry in Taiwan were around 5.2 Mt CO; in 2019.

2.2. Breakdown of Energy Demand in a Textile Plant

A composite textile plant has spinning, weaving and/or knitting, and wet processing
that includes preparation, dyeing and/or printing, and finishing, all on the same manufac-
turing site. Figure 3 presents the breakdown of the typical electricity and thermal energy
demand in a composite textile plant [17]. As shown in the figure, spinning demands the
greatest share of electricity (41%) followed by weaving (weaving preparation and weaving;
18%). Wet-processing preparation (de-sizing, bleaching, etc.), dyeing and printing, and fin-
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ishing together demand the greatest share of thermal energy (50%). Moreover, a significant
volume of thermal energy is lost during steam generation and distribution (35%). Most
of the steam produced is used in textile wet processing. Therefore, electrification of heat
supply and heating in wet processing has a large potential for reducing fossil fuel use and
reducing GHG emissions in the textile industry.

Break-down of typical electricity use in a composite Break-down of typical thermal energy use in a composite
textile plant Steam textile plant
Others Spinning distribution

Wet-

processing
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Humidification
196
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41% Boiler plant 35%
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25%
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Weaving , sizing, others printing
13% 5% 15% 15%
(a) Electricity use breakdown (b) Thermal energy use breakdown

Figure 3. Breakdown of typical electricity and thermal energy used in a composite textile plant [17].

2.3. Methodology and Electrification Technologies Scenarios
2.3.1. Methodology for Industrial Heat Pump Analysis

Heat pumps are designed to transfer thermal energy opposite to the direction of
natural heat flow by absorbing heat from a cold reservoir (heat source) and discharging it
to a hot one (heat sink) [18]. The external energy (work; Wj,) required to drive a heat pump
depends on how much the temperature of the low-quality heat is to be raised. Heat pumps
employ refrigerants as transitional fluids to absorb heat and vaporize in an evaporator.
Refrigerants have low boiling points and evaporate even at sub-zero temperatures. Despite
the evaporation, the refrigerant is not hot enough to warm the process fluid. Hence,
a compressor is used to raise the temperature and pressure of the refrigerant through
volume reduction and forces the high-temperature and pressure gas to a condenser. The
absorbed heat is released (Qoyt) where the refrigerant condenses in a condenser. Finally, the
temperature and pressure of the refrigerant are further reduced after passing through an
expansion valve [10].

Heat pumps are very efficient because they only transfer heat, instead of burning
fuels to generate it. The performance of a heat pump is expressed as the coefficient of
performance (COP) which is the ratio of thermal energy output to external energy input,

refer to Equation (1).
Qout)
corp = | = 1
real ( Wi ( )

Based on the ideal Carnot cycle, heat pumps operate between two heat reservoirs in
the heating mode, having absolute temperatures, i.e., Tsource (heat source) and Ty (heat
sink). The maximum theoretical COP can be calculated by Equation (2). Temperature lift
(AT)iz) is the difference between the heat source and sink temperatures. Due to the losses
in thermodynamic processes, the real COP of a heat pump is lower than the maximum
theoretical COP [10]. An efficiency term, also called second law efficiency (nyp), that relates
the real COP (COP,,;) to the maximum theoretical COP (COPgrnot) is given by Equation
(3). The second law efficiency (nyp) typically ranges between 40% and 60% [19]. We are
assuming a conservative value of 45% for our analysis. The COP of a heat pump is always
greater than one as it transfers more heat than the electricity used.

T; T,;
COP, _ sink > _ sink 2
carmet (Tsink - Tsource ATlift‘ ( )
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The higher the temperature lift of a heat pump, the lower its COP and the higher
its investment and operational costs [20]. Hence, it is essential to assess the available
waste heat sources that can potentially be utilized for optimal heat pump integration into
a process. The amount of waste heat resources existing in a textile plant is site-specific
and the level of heat pump integration depends on several variables including waste heat
volumes, temperature levels, and plant complexity, to name a few. Based on our analysis of
the data collected for 40 textile mills in China, Taiwan, and Japan (see next discussion for
details), we assumed that enough waste heat would be available at 60 °C to be utilized by
heat pumps for textile manufacturing. However, the proposed heat pump designs in this
study may not necessarily be optimal for all relevant textile plants given the site-specific
characteristics (pinch analysis would be needed for optimal heat pump integration at a
plant level). Furthermore, the ranges of industrial heat pump (IHP) capacities and sink
temperatures have significantly progressed over the years. Industrial heat pumps with
capacities as high as 100 megawatts (MW) and heat sink temperatures of up to 165 °C are
now commercially available at scale [21].

We collected information on energy intensities and temperature levels of 40 textile wet-
processing plants, disaggregated by direct and indirect fuel and electricity demand in each
process step. The data gaps were filled by using the information given by [17] and relevant
experts. Based on the country-specific information on wet processes employed in the
textile industry, energy intensities and temperature levels are generalized for China, Japan,
and Taiwan. The process heat demand at temperatures suitable for industrial heat pump
applications was identified in the final step. Table 1 provides the typical process-specific
heat intensities and temperatures suitable for IHP applications, partly based on [17].

Table 1. Typical process steam temperatures for industrial heat pump applications (Data source [17]).

Heat Intensities

Process Steam Temperature (°C) 1J/kg prod.
Desizing 120 2.0
Scouring 120 3.6
Mercerizing & Washing 120 1.7
Bleach & Wash/rinse 120 3.4
Drying 150 3.3
Dyeing & Washing 150 59
Printing 150 4.0
Finishing (Pad-dry-cure) 120 2.2
Dry & frame 150 3.4

2.3.2. Methodology for Analyzing Electrification of Different Textile Processes

As mentioned earlier, wet processing accounts for the largest share of fuel used in the
textile industry. Wet processing includes several steps that involve adding colors to fiber,
yarn, or fabric or imparting patterns to the fabric, along with a variety of finishing steps
that deliver certain characteristics to the desired end product. These finishing steps are
important mainly in synthetic and cotton textile manufacturing. For most woolen products
and some man-made and cotton products, the yarn is dyed before weaving and the pattern
is woven on the fabric. As an example, Figure 4 shows a schematic of typical woven fabric
wet-processing operations.

The seven textile wet processes that are included in our electrification analysis are as
follows and explained in more detail in the following subsections.

1.  Singeing;

2. Mercerizing and Washing;
3. Dyeing;

4 Drying;
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5. Heat Setting (Stenter);
6.  Finishing (pad-dry-cure);
7. Yarn Drying.

> e
VAN /[ VAN AN /N
f 1 f t ! f
Woven Desizing Scour and Mercerize Bleach and Finishing Finished
Greige |  WESN eyl AN WaSh |  Wash L le-| and Drying 4 Woven
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Figure 4. Schematic of typical woven fabric wet-processing operations [17].

The process-specific electrification analysis focuses on electrifying the heating system
at the end-use technologies or machines, as opposed to electrifying combustion boilers
through industrial heat pumps. In most textile processes, steam is employed as an en-
ergy/heat carrier, and steam itself is not required in the process. Therefore, instead of using
steam, a plant can consider implementing end-use electrification technologies (such as the
ones described in the results section) to provide process heat. The electrification of end-use
processes has the benefit of increasing efficiency by removing energy losses during steam
generation and distribution.

To perform the bottom-up technology-level electrification analysis for each textile
wet-processing, this paper follows four steps as shown in Figure 5. The existing heating
systems that are used in the conventional processes are analyzed, including the heat
demand and temperature profiles. Next, suitable electrification technologies are identified
that can provide the same heat and function for each thermal application. Almost all
of the electrification technologies identified and assigned to wet processes in this study
are commercially available. Given the energy intensity of technologies for conventional
and electrified processes, the energy use, CO; emissions, and energy cost implications of
electrification in each process can then be calculated.

¢ Detailed analysis of existing heating system

e Selection of suitable electrification technology]

® Process integration assessment with new
electrified heating technology

e Calculation of changes in energy use and GHG
emissions and cost implications

€€E€KL

Figure 5. Methodology steps to estimate electrification potential in textile processes.
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It must also be noted that the studied electrification technologies for each process or
system may not be the only electrification options. Other electrified heating technologies
might be available on the market and applicable to the processes analyzed. Additionally,
other processes within the textile industry might have electrification potential but are not
considered in this study. In short, the energy savings and CO; reduction potentials as
shown in this paper are only a portion of the total savings potential that can be achieved by
full electrification of the textile industry. Hence, the results of this analysis are not directly
comparable with the industrial heat pump analysis.

2.4. Techno-Economic Analysis

Potential final energy savings (ES) due to the electrification of heat demand in the
industrial processes can be estimated by Equation (4). Final energy savings are estimated as
the difference between heat demand by current processes and potential electricity demand
by an electrified technology for the same energy service. Similarly, potential CO, abatement
(CA) due to electrification and simultaneous decarbonization of the electricity grid can be
determined by Equation (5).

ES = Qout — Eiy, 4)

where;
Qout = Current heat demand at a certain temperature by a process step
E;, = Electricity demand by an electrified technology for the same energy service

CA= (Qout X fw) = (Ein X fgrid)r ®)

where;
fw = Weighted average fuel emission factor, see Table 2
feria = National average electricity grid emission factor, see Table 3

Table 2. Weighted average fuel CO, emission factors for the textile industry (kg CO,/G]J) (calculated
based on [16]).

Country 2021 2030 2040 2050
China 69 67 65 62
Japan 63 63 63 63
Taiwan 80 78 75 72

Table 3. Electricity grid’s CO, emission factor (kg CO, /MWh).

Country 2021 2030 2040 2050
China 614 409 205 0
Japan 487 325 162 0
Taiwan 548 365 183 0

Note: Values for 2021 are from IEA [16]. For the projections, we assumed the 2050 grid emissions factor as zero
and assumed a linear reduction between 2021 and 2050.

The energy savings and change in CO, emissions estimated for each process (see
Section 3) are the total technical potentials assuming a 100% adoption rate. However,
the actual adoption of electrification technologies in industry will be gradual over time.
Furthermore, the potential change in energy use is presented in terms of final energy, which
means electricity is not converted to primary energy using average electricity generation
efficiency and transmission and distribution losses.

The cost analysis in this study only focuses on energy cost per unit of production
(finished fabric) and does not include capital cost and other costs associated with conventional
and electrified technologies. The specific energy costs (CE) under the base case scenario
(i.e., assuming no carbon price) are calculated using Equation (6). We used 2021 as the starting
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year and made relevant projections up to 2050 in this analysis. This study also estimates the
costs in a scenario where there is a price in place for CO, emissions (see Table 4).

(Qout X Pf) — (Ein x Pp)

Ceg = D ,

(6)

where;
Pr = Weighted average (Wt. avg.) fuel price for industry, see Table 5
P, = Electricity price for industry, see Table 5
PD = Annual production of finished fabrics

Table 4. The assumed carbon price in this study (2021 USD/t CO5).

Country 2021 2030 2040 2050
China 9 30 45 55
Japan 4 37 75 113
Taiwan 0 30 45 55

Table 5. Energy prices for industry (2021 US dollars per kilowatt hours—USD/kWh).

China Japan Taiwan

2021 2030 2040 2050 2021 2030 2040 2050 2021 2030 2040 2050

Wt. avg. fuel price
Electricity price

0.03 0.02 0.04 0.05 0.09 0.06 0.09 0.10 0.04 0.04 0.05  0.060
0.10 0.10 0.10 0.10 0.17 0.17 0.18 0.18 0.09 0.09 0.09 0.09

Note: Energy prices in 2021 are obtained from various sources and supplemented by the data provided by several
textile plants in China, Japan, and Taiwan.

It should be noted that the production of finished textiles in China (26 Mt), Japan
(0.57 Mt), and Taiwan (0.60 Mt) is projected to be at the same level until 2050 (base year
production levels are assumed partly based on [22]). Finally, the results of costs per
unit of production are highly sensitive to the unit price of energy (i.e., fossil fuels and
electricity). The energy prices projections are uncertain. In addition, renewable electricity
prices could decrease more substantially than what this paper has assumed up to 2050,
making electrification technologies more competitive. To address such a scenario, this
paper has included a sensitivity analysis concerning the unit price of electricity in the form
of error bars on the graphs presenting costs. The error bars show the energy cost per unit
of production when the price per unit of electricity is reduced by up to 50%.

3. Results
3.1. Electrifying the Textile Industry through Industrial Heat Pumps

The schematic of industrial heat pump (IHP) applications and their corresponding
COPs is shown in Figure 6. A high-temperature heat pump (HTHP) can be installed to
preheat the makeup feed water to 82 °C before it enters the condensate tank for steam
generation. The total required heating capacities of HTHPs for the textile wet-processing
industry in China, Taiwan, and Japan are estimated at 152 MW, 4.6 MW, and 3.4 MW,
respectively. This is a relatively low heat capacity demand compared to steam-generating
heat pumps (SGHP; see later for details) because HTHP is used only to preheat make-up
feed water from 25 °C to 82 °C. A larger heat demand is needed for SGHP as shown below.

Moreover, most of the processes in Table 1 require hot water at various temperatures
which can be supplied by HTHPs directly. However, textile process equipment often has
different water retention rates and times of operation. For example, a washing machine may
have multiple sections needing hot water in different timeframes and at different temperatures.
This may require several small-scale HTHPs only for the washing machine which is techno-
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economically not feasible. Hence, the process heat to relevant unit operations is provided as
steam which can be generated by the steam-generating heat pumps (SGHPs).

Makeup water @

25°C
Makeup water @ 82°C
HTHP (COP 7.3) P @
Condensate + Condensate +
Makeup water Makeup water
@ 82°C Y @ 82°C
SGHP 1 (COP 2.9) Condensate tank »  SGHP 2 (COP2.1)
Steam @ 120°C for Condensate Steam @ 150°C
sizing/desizing, return @ 82°C for drying, dyeing
scouring, washing, & printing
mercerizing, bleaching
& pad batch

Figure 6. Industrial heat pump applications for textile wet-processing.

Two separate SGHPs can be installed to produce process steam: (1) at 120 °C for
de-sizing, scouring, mercerizing, washing, bleaching, and finishing (pad-dry-cure), and
(2) at 150 °C for steam drying, dyeing, and printing. The total required heating capacities
of SGHPs in China, Taiwan, and Japan are estimated at 12 gigawatts (GW), 0.32 GW, and
0.31 GW, respectively. It should be noted that the utilization of heat sources possibly
available at a temperature higher than 60 °C (as assumed in this study) may result in a
COP higher than currently estimated and consequently the lower electricity demand by the
studied industrial heat pumps.

The change in annual final energy demand due to IHP applications for textile wet-
processing in the three economies in different timeframes is shown in Figures 7-9. The
figures conclude that IHP applications can substantially decrease the total annual final energy
demand. More precisely, it is estimated that nearly 270, 7, and 7.3 PJ of the annual final
energy can be saved for textile wet-processing in China, Japan, and Taiwan, respectively. The
substantial reduction in annual final energy demand is due to the increase in the efficiency
(measured in terms of COPs of the heat pumps) for hot water and steam generation.

2030 2050
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<
[}
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Figure 7. Annual final energy demand in the textile wet-processing industry in China.



Energies 2022, 15, 8939

11 of 27

2030 2050
16 - 16 -
g 14 A 14 A
2 12 - 12
[
1S
3 10 A 10 A
>
@ 8 1 8 1 Electricity
[}
s 6 6 - u Fuel
E
T 4 4 A
=}
c
£ 2 2 -
0 - 0 -
Conventional Heat pump Conventional Heat pump
boilers scenario boilers scenario

Figure 8. Annual final energy demand in the textile wet-processing industry in Japan.
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Figure 9. Annual final energy demand in the textile wet-processing industry in Taiwan.

The annual final energy demand in the textile wet-processing industry shown in
Figures 7-9 for each economy remain at the same level because we assumed the finished
fabric production will remain the same during 2021-2050, and we did not assume any
incremental improvement in the efficiency of boilers or heat pumps in the future compared
with the base year. It is less likely that the efficiency of conventional boilers will have any
substantial improvement in the future since conventional boilers are matured technologies.
However, likely, the efficiency of IHP will substantially improve in the future up to 2050
since they are emerging technologies and have room for improvement. Given the uncer-
tainty and lack of data on the overall rate of improvement of efficiency of IHP in the future,
we made a conservative assumption in this analysis and assumed the efficiency will remain
at the 2021 level in the future.

The change in annual CO, emissions from the textile wet-processing industry due to
industrial heat pump applications in different years is presented in Figures 10-12. The figures
show up to 12, 0.4, and 0.5 Mt CO, per year emissions reduction potential in 2030 for textile
wet-processing in China, Japan, and Taiwan, respectively. This is despite the increase in
electricity demand from IHPs. The CO, reduction potential further increases to 25, 0.7, and
0.8 Mt CO, per year in 2050, in China, Japan, and Taiwan, respectively, due to the projected rate
of electricity grid decarbonization between now and 2050 in these economies (it is assumed
that the electricity grid will be carbon neutral in 2050 in all three economies).
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Figure 10. Annual CO; emissions from the textile wet-processing industry in China.
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Figure 11. Annual CO, emissions from the textile wet-processing industry in Japan.
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Figure 12. Annual CO, emissions from the textile wet-processing industry in Taiwan.

The transition from conventional boilers to industrial heat pumps in the textile indus-
try will have a cost implication. We estimated the energy costs per unit of production
(USD per tonne of finished fabric) for the textile wet-processing industry in each economy
(Figures 13-15). As can be seen, in all three economies, switching from combustion boilers
to IHPs will result in lower energy costs per tonne of finished fabric produced even in the
base year, even though the electricity prices in all three economies are substantially higher
than fossil fuel prices per unit of energy (kWh). This lower energy cost per unit of production
by IHPs is primarily because heat pumps have high efficiency (as explained earlier) and will
result in substantial overall energy savings (see Figures 7-9).
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Figure 13. Energy costs per unit of production for the textile wet-processing industry in China.
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Figure 14. Energy costs per unit of production for the textile wet-processing industry in Japan.
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Figure 15. Energy costs per unit of production for the textile wet-processing industry in Taiwan.

3.2. Electrifying the Textile Industry through the Electrification of End-Use Wet Processes
3.2.1. Electrification of the Dyeing Process

Dyeing is the application of color to the textile material with some degree of colorfast-
ness. Textiles can be dyed using batch and continuous processes and dyeing may take place
at any of several stages in the production process (i.e., before fiber extrusion, while the fiber
is in staple form, to yarn, to fabrics, and garments). Various types of dyeing machines are
employed for both batch and continuous processes and every machine or dyeing system
has different characteristics in terms of versatility, the tension of the fabric, costs, use of
carriers, weight limitations, etc. Dyeing systems can be aqueous, non-aqueous (inorganic
solvents), or use sublimation. Hydrophilic fibers such as cotton, wool, rayon, and silk, are
usually easier to dye as compared to hydrophobic fibers such as polyesters, polyamides,
acetates, and polyacrylonitrile. Dyeing is an energy-intensive process since it requires heat
which is provided by steam which is usually generated in combustion boilers [17,23].
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Electric fabric dyeing machines can be an alternative to conventional dyeing machines.
In the electrified dyeing machine, the heat is provided by electric heating systems such as
electric resistance heating. There is no heat loss through exhaust gases in the electrified
process and temperature control is done better. Additionally, there are no losses in the
electrified process related to the steam generation and distribution systems. Therefore, in
this study, the energy intensity of the electric dyeing process is assumed to be around 30%
lower than that of the conventional process. Table 6 shows the estimated CO, intensity of
the conventional and electrified dyeing process in the textile industry in each economy.

Table 6. The CO, intensity of the conventional and electrified dyeing process.

CO; Intensity (kg CO,/t Finished Fabric)

Country Conventional Electrified

2021 2030 2040 2050 2030 2040 2050
China 487 449 410 368 483 229 0
Japan 440 418 396 375 383 181 0
Taiwan 546 508 470 428 431 204 0

Electrifying the dyeing process can result in large final energy savings. In China, Japan,
and Taiwan, annual energy savings of 33,000, 780, and 730 TJ per year can be achieved in
2050 (Figure 16). This is because electrified dyeing is more efficient than the conventional
process, resulting in less energy consumption.
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Figure 16. Total annual final energy savings after electrification of the dyeing process.

Electrification of the dyeing process in China could result in an increase in annual CO,
emissions in the short term if highly carbon-intensive grid electricity is used (Figure 17).
The electrification of the dyeing process could lead to a decrease in CO, emissions in
Japan and Taiwan in 2030. Between 2030 and 2050, there will be a substantial reduction
in CO; emissions as a result of the decline in the electricity grid’s CO, emissions factor
and energy efficiency improvements. In 2050, the annual reduction of CO, emissions after
electrification of the dyeing process will be around 4900, 115, and 125 kt CO; per year in
China, Japan, and Taiwan, respectively.

The energy cost per unit of production (in 2021 USD/tonne of fabric processed) varies
across the three economies for the conventional and electrified dyeing process (Figures 18-20).
The energy cost for the electrified dyeing process is substantially higher than that for the
conventional process in 2030. However, as the price of fossil fuels increases over time and
considering the carbon price, the energy cost for the electrified process can be lower than that
of the conventional process in 2050. The error bars on the graph show that the energy cost per
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unit of production for the electrified process can be lower than the conventional process even
earlier when a lower price of electricity is used.
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Figure 17. Total change in annual CO, emissions after electrification of the dyeing process.
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Figure 18. Energy cost per unit of production for conventional and electrified dyeing process in China.
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Figure 19. Energy cost per unit of production for conventional and electrified dyeing process in Japan.
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Figure 20. Energy cost per unit of production for conventional and electrified dyeing process in Taiwan.

It should be noted that the trends for energy savings, CO, abatement, and associated
costs are found to be similar for all electrified end-use applications in Section 3.2 with a
few exceptions (see the following sub-sections for details). Hence, for better readability
and conciseness of this paper, similar plots as in Figures 16-20 are not developed for the
remaining textile wet processes studied in this paper. Instead, the same results for China,
Japan, and Taiwan are summarized in Tables 7-9.

Table 7. Annual final energy savings after electrification of the end-use processes.

Annual Final Energy Savings (TJ)

Process Step China Japan Taiwan
2030 2050 2030 2050 2030 2050
Singeing 14,745 17,826 258 312 584 706
Mercerizing and Washing 12,191 14,739 281 340 270 326
Dyeing 27,813 33,624 642 776 620 750
Drying 31436 39,637 846 1067 806 1016
Heat Setting (Stenter) 24958 33,277 576 768 547 730
Finishing (pad-dry-cure) 4051 4898 187 226 179 217
Yarn Drying 626 757 2 3 12 14

Table 8. Annual change in CO, emissions after electrification of the end-use processes.

Annual Change in CO; Emissions (kt CO;)

Process Step China Japan Taiwan
2030 2050 2030 2050 2030 2050
Singeing 296 —2620 —4 —47 -20 —121
Mercerizing and Washing 277 —2209 —4 —52 -9 —57
Dyeing 442 —4786 -11 —112 -22 —124
Drying 1371 —6566 -1 —180 —18 —196
Heat Setting (Stenter) 1971 —6385 11 —150 -2 —163
Finishing (pad-dry-cure) 70 —704 -3 -33 —6 —36
Yarn Drying 9 -107 —0.04 —-04 —0.4 -2

3.2.2. Electrification of Singeing Process

Fabrics from the weaving and knitting section contain some loose fibers protruding or
struck out from the surface. Singeing removes those loose hairy fibers by burning them off.
This is typically the first process in the wet-processing unit. The objective is to generate an
even or smooth surface without a fuzzy appearance, which will not tend to pill. Singeing
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of fabric can be achieved in various arrangements. Plate singeing machines use heated
plates while roller singeing machines use rotating cylinders. The most commonly used
gas singeing machines uses gas burners. This operation also helps to achieve uniform
dyeing afterward [24-26]. Conventional singeing machines use heat from fuel combustion
to remove fluff. However, this heat can also be provided through electrical energy.

Table 9. Energy cost per unit of production (2021 $/t fabric) for conventional and electrified textile
wet processes.

China Japan Taiwan
Process Type of Costs in 2030 2050 2030 2050 2030 2050
Step 2021 $/t fabric Té _8 g < g _8 g E g g g E
g &€ £ &€ £ &€ =2 € = &€ £ =
= E § I :§ £ £ E § P % &
> 9 > 3 > 2 > 3 > 2 > 3
:E & F o2 5 & EF & E & & =
O O o] O o] O
Fuel cost 30 0 73 0 81 0 138 0 48 0 82 0
Singein Carbon price 11 12 17 0 12 11 35 0 12 10 20
8N  Electricity cost 6 92 7 &7 11 165 12 155 6 85 6 80
Total cost 46 103 96 87 105 177 184 155 66 95 108 80
Fuel cost 10 0 25 0 28 0 48 0 17 0 29 0
Mercerize Carbon price 4 4 6 0 4 4 12 0 4 4 7 0
& Wash  Electricity cost 1 31 1 30 2 56 2 53 1 29 1 27
Total cost 15 35 32 30 35 60 62 53 22 32 37 27
Fuel cost 20 0 50 0 56 0 95 0 33 0 57 0
Drvin Carbon price 7 9 12 0 8 8 24 0 8 8 13 0
Y& Electricity cost 3 67 4 64 6 121 7 113 3 62 3 59
Total cost 31 76 65 64 71 129 126 113 44 70 74 59
Fuel cost 36 0 87 0 98 0 166 0 58 0 99 0
Dye & Carbon price 13 14 20 0 16 14 42 0 15 13 24 0
Wash Electricity cost 13 114 14 108 23 206 24 193 12 105 13 100
Total cost 62 128 121 108 137 220 233 193 85 118 135 100
Fuel cost 24 0 58 0 66 0 111 0 38 0 66 0
S Carbon price 8 10 14 0 10 10 28 0 9 9 16 0
tenter  Floctricity cost 2 & 2 78 3 147 3 138 2 75 2 72
Total cost 34 92 74 78 78 158 142 138 49 85 83 72
Fuel cost 13 0 32 0 36 0 61 0 21 0 36 0
Finishin Carbon price 5 5 7 0 6 5 15 0 6 5 9 0
& Electricity cost 4 41 4 39 8 75 8 70 4 38 4 36
Total cost 22 47 44 39 49 80 84 70 31 43 49 36
Fuel cost 4 0 11 0 12 0 20 0 7 0 12 0
Yarn Carbon price 2 2 2 0 2 2 5 0 2 2 3 0
drying Electricity cost 2 14 2 13 3 25 3 23 2 13 2 12
Total cost 8 16 15 13 17 27 28 23 10 14 17 12

Electric cylinder singeing machines use high-temperature industrial electrical heating
elements (such as silicon carbide rods) as heating sources. Silicon carbide heating rods are
high-temperature non-metal electrical heating elements that have many advantages over
other metal elements, such as a high working temperature, oxidation resistance, longer
life, and corrosion resistance [27,28]. The electrical singeing machine is equipped with a
heat preservation box under the cylinder to keep the temperature of the cylinder body at a
set process temperature for a long-time during work. This results in final energy savings.
Since in these electric singeing machines there is no wasted heat through exhaust gases and
the heat distribution is balanced and controlled, in this study, around 30% saving in total
final energy consumption is assumed compared to conventional singeing machines. Some
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of the advantages of an electrical singeing machine over the conventional ones are lower
energy consumption, higher surface temperature, smaller temperature difference, higher
singeing grade, no local air pollution, etc. Table 10 shows the estimated CO, intensity of
the conventional and electrified singeing process in the textile industry in each economy.

Table 10. The CO; intensity of the conventional and electrified singeing process.

CO; Intensity (kg CO,/t Finished Fabric)

Country Conventional Electrified

2021 2030 2040 2050 2030 2040 2050
China 376 353 331 305 388 184 0
Japan 342 332 321 311 308 146 0
Taiwan 427 404 381 355 346 164 0

Table 7 shows that electrifying the singeing process results in substantial annual final
energy savings between 2030 and 2050. Electrification could lead to annual energy savings of
about 17,000, 300, and 500 terajoules (T]) per year for China, Japan, and Taiwan, respectively
in 2050. This annual energy savings potential results from the higher efficiency (lower energy
intensity) of electrified singeing compared with the conventional singeing process.

In 2030, there is still a slight increase in CO, emissions after the electrification of
singeing process in China if the grid electricity is used, but the electrification of singeing
process could result in a reduction in CO, emissions in Japan and Taiwan in 2030 (Table 8).
There is a substantial reduction in CO, emissions in all three economies in 2040 and
2050 which is the result of a decline in the electricity grid’s CO, emissions factor (grid
decarbonization), and energy efficiency improvement between 2021 and 2050. The annual
reduction of CO, emission after the electrification of singeing process in 2050 is around
2600, 47, and 120, kt CO, per year in China, Japan, and Taiwan, respectively.

Table 9 shows the energy cost per unit of production (in 2021 USD/tonne fabric
processed) in China, Japan, and Taiwan for the conventional singeing and electrified
singeing processes from 2030 to 2050. The energy cost for the electrified singeing process is
substantially higher than that for the conventional process in 2030. However, as the price
of fossil fuels increases over time and considering the carbon price (see the methodology
section for more details) the energy cost for the electrified process can be lower than that of
the conventional process in 2050. In addition, the energy cost per unit of production for the
electrified process can be competitive with the conventional process even in 2030 when a
lower unit price of electricity is used in the analysis.

3.2.3. Electrification of Mercerizing and Washing Processes

Mercerization is a chemical treatment performed over fabrics or cotton fibers to im-
prove their dyeing properties, tensile strength, absorbency, and luster. The treatment is
applied by immersing the fiber or yarn in a sodium hydroxide solution for short periods
(typically less than 4-5 min) and then treating it with acidic water to neutralize the sodium
hydroxide. If the material is held under tension during this step, it will be less likely to
shrink. Higher-quality cotton goods are usually mercerized because mercerized cloths take
brighter, longer-lasting colors from less dye [17,25,29]. In the mercerizing and washing
processes, steam coils are usually used to supply the required heat. In an electrified process,
instead of steam coils, direct heating electric resistance elements can be used.

Washing is needed after the chemical treatment. Technologies such as ultrasonic
washing machines are an emerging electrified alternative. They can replace several baths of
traditional high-temperature systems. These washing machines use ultrasound to clean the
fabric, which reduces water and energy consumption as well as the use of chemicals [30].
Further research and development are still needed to make these machines more commer-
cially available. If electrical processes (resistive elements or ultrasonic systems) are used,
the usual losses related to the steam generation and distribution systems will be eliminated.



Energies 2022, 15, 8939

19 of 27

Therefore, in this study, it is assumed that electrical processes consume at least 30% less
energy. Table 11 shows the estimated CO, intensity of the conventional and electrified
mercerizing and washing process in the textile industry in each economy:.

Table 11. The CO, intensity of the conventional and electrified mercerizing and washing processes.

CO; Intensity (Kilograms per Tonnes—kg CO,/t Finished Fabric)

Country Conventional Electrified

2021 2030 2040 2050 2030 2040 2050
China 125 119 113 106 132 63 0
Japan 114 112 110 108 105 50 0
Taiwan 143 137 131 123 118 56 0

The electrification of the mercerizing and washing processes could save a large amount
of energy each year (Table 7). This is because the electrified process is more efficient than
the conventional process. In 2050, China, Japan, and Taiwan could save 15,000, 340, and
330 TJ per year, respectively from the electrification of mercerizing and washing processes.

The electrification of the mercerizing and washing processes in the textile industry
can result in a significant reduction in CO, emissions in the future years as the electricity
grid decarbonizes in these three economies (Table 8). In 2030, there is still a slight increase
in CO, emissions after the electrification of these processes in China, but by 2040 and
2050, there is a substantial reduction in emissions due to grid decarbonization and energy
efficiency improvements. This could lead to an annual reduction of CO, emissions of
around 2200, 52, and 57 kt CO; per year in China, Japan, and Taiwan, respectively in 2050.

As presented in Table 9, the energy cost for the electrified mercerizing and washing
processes is substantially higher than that for the conventional process in 2030. However,
the electrified process in the textile industry can be less expensive than the traditional
process in the long term. This is due to the increasing price of fossil fuels and the carbon
price, which make the energy cost for the electrified process less expensive.

3.2.4. Electrification of the Drying Process

Fabric drying is done to get rid of moisture and impart a wrinkle-free smooth surface
to the fabric. Contact drying using cylinder dryers is mainly used for intermediate drying,
instead of final drying (since the fabric width cannot be controlled), and for pre-drying
before stentering. Fabric is passed through a series of cylinders that are heated by steam
supplied at pressures. Cylinders are employed to dry a wide range of fabrics. However,
since the fabric surface is compressed, the drying process is not suitable for fabrics with
raised surface effects. Cylinder dryers are heated by steam. Other types of dryers such as
hot air dryers are also used for drying fabrics during wet processing. These conventional
hot air dryers are also often heated by steam [17].

The most important electrification technology for the drying process in the textile
industry is infrared machines. Infrared heating is radiant heating and it differs from
conduction and convection because it transfers heat to objects directly, without heating
something else in between (air, water, metal, etc.). Infrared is a proven source of heat
in textile processing, as infrared sends high heating power in extremely compact times.
This helps to lessen energy use, expand production speeds, and lower production costs.
Currently, several factories around the world are producing infrared fabric dryers. Based
on the collected information, these machines consume at least 25% less energy than the
usual old methods [31,32]. Table 12 shows the estimated CO; intensity of the conventional
and electrified drying process in the textile industry in each economy.

The electrification of the drying process could save a large amount of energy each
year (Table 7). This is because the electrified process is more efficient than the conventional
process. In 2050, China, Japan, and Taiwan could save 40,000, 1050, and 1000 TJ per year,
respectively from the electrification of the drying process.
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Table 12. The CO, intensity of the conventional and electrified drying process.

CO; Intensity (kg CO,/t Finished Fabric)

Country Conventional Electrified

2021 2030 2040 2050 2030 2040 2050
China 254 240 226 210 284 134 0
Japan 232 226 220 214 225 107 0
Taiwan 290 275 261 244 253 120 0

In 2030, there is still a slight increase in CO, emissions after the electrification of these
processes in China, but by 2040 and 2050, there is a substantial reduction in emissions due
to grid decarbonization and energy efficiency improvements (Table 8). This could lead to
an annual CO; abatement of around 6500, 180, and 195 kt CO, per year in China, Japan,
and Taiwan, respectively.

As shown in Table 9, the energy cost for the electrified drying process is higher than
that for the conventional process in 2030. However, the electrified drying process in the
textile industry can be less expensive than the traditional process in the long term.

3.2.5. Electrification of Heat Setting Process (Stenter Machine)

After dyeing and printing, heat-setting of the fabric is done to make sure that the fabric
retains its shape afterward. The process is very important especially for the knit fabric to
control fabric shrinkage. It also helps to impart wrinkle/crease resistance to the fabric. A
stenter machine is often used for heat setting [33,34]. Stenters have a key role in fabric
dyeing and finishing. Stenters are mainly employed for heat-setting, drying, thermosol
processes, and finishing. During fabric finishing, the fabric is roughly treated 2-3 times on
average in a stenter. Fabric can be processed at speeds typically ranging between 10-100 m
per minute and temperatures greater than 200 °C. Stenters can be heated in several ways,
such as through direct gas firing or the use of thermal oil systems. Gas-fired stenters are
highly controllable over a wide range of process temperatures.

Thermal oil heating for stenter machines needs a thermal oil boiler and its associated
distribution pipeline. This system is less efficient as compared to direct gas firing and has
higher capital and operational costs. Finally, there are several steam-heated stenters. which
have low-temperature limits (typically up to 160 °C maximum) and can only be used for
drying and are not suitable for fabric heat setting or thermo-fixing [17].

Currently, many stenter manufacturing companies offer several choices for the type of
heating system in the machine. Most stenter manufacturers offer machines with electric
heating systems [35-38]. Additionally, using a stenter with electric heating instead of a
direct gas-fired or thermal oil stenter reduces the total energy consumption of the process
because of a reduction in energy losses in the system [39]. In this study, we assumed a
25% lower energy intensity for the electric stenter compared with the conventional stenter.
Table 13 shows the estimated CO; intensity of the conventional and electrified heat setting
process in the textile industry in each economy.

Table 13. The CO; intensity of the conventional and electrified heat setting process (Stenter machine).

CO; Intensity (kg CO,/t Finished Fabric)

Country Conventional Electrified

2021 2030 2040 2050 2030 2040 2050
China 281 270 259 246 346 164 0
Japan 258 255 253 250 274 130 0
Taiwan 324 312 300 285 308 146 0

Table 7 shows that electrifying the heat setting process could lead to annual energy
savings of about 33,000, 770, and 730 TJ per year for China, Japan, and Taiwan, respectively
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in 2050. This annual energy saving results from the higher efficiency (lower energy intensity)
of the electrified heat setting compared with the conventional process.

In 2030, there is still a slight increase in CO, emissions after the electrification of
the heat-setting process in China and Japan, but the electrification of this process could
result in a reduction in CO, emissions in Taiwan in 2030 (Table 8). There is a substantial
reduction in CO, emissions in all three economies in 2040 and 2050 which is the result of
grid decarbonization, and energy efficiency improvement up to 2050. The annual reduction
of CO; emission after electrification of the heat setting process in 2050 is around 6350, 150,
and 160 kt CO; per year in China, Japan, and Taiwan, respectively.

The energy cost for the electrified heat setting process is substantially higher than
that for the conventional process in 2030 (Table 9). However, as the price of fossil fuels
increases over time and considering the carbon price, the energy cost for the electrified
process can be lower than that of the conventional process in 2050. The energy cost per unit
of production for the electrified process can be lower than the conventional process when
lower electricity prices are used.

3.2.6. Electrification of Finishing Process (Pad-Dry-Cure)

Textile finishing can be defined as all processes (chemical and/or mechanical), employed
after textile coloration which imparts additional functionality /superior aesthetics to the textile
material. Chemicals that have strong affinities for fiber surfaces can be applied in batch or
discontinuous processes by exhaustion. Chemicals that have low or no affinity for fibers are
applied by continuous processes that involve padding with chemical solutions, squeezing,
drying at moderate temperatures, and curing at elevated temperatures for fixation (pad-dry-
cure). The drying is often done in a cylinder dryer or hot air dryer and curing is done in a hot
air dryer. These dryers often use a steam coil or thermal oil coil as a heat source.

Same as the stenters and dryers, the electrified process for drying and curing is now
available. Electricidal resistance heating elements and/or infrared heating are used as the
heating system in the electrified process [40]. Since the electrified heating systems do not
have the heat losses related to steam generation and distribution systems and have minimal
exhaust losses, they can result in at least a 30% reduction in energy intensity of heating and
curing processes in finishing. Table 14 shows the estimated CO; intensity of the conventional
and electrified finishing (pad-dry-cure) process in the textile industry in each economy.

Table 14. The CO, intensity of the conventional and electrified finishing (pad-dry-cure) process.

CO; Intensity (kg CO,/t Finished Fabric)

Country Conventional Electrified

2021 2030 2040 2050 2030 2040 2050
China 175 162 150 135 176 83 0
Japan 159 152 145 138 139 66 0
Taiwan 197 184 172 157 157 74 0

Electrifying the finishing (pad-dry-cure) process can result in large energy savings
(Table 7). In China, Japan, and Taiwan, annual energy savings of 5000, 225, and 215 TJ
per year can be achieved in 2050, respectively. This is because electrified finishing is more
efficient than the conventional process.

The electrification of the finishing process could lead to a decrease in CO, emissions in
Japan and Taiwan and a slight increase in CO, emissions in China in 2030 (Table 8). In 2050,
the annual reduction of CO, emissions after electrification of the finishing process is estimated
to be around 700, 30, and 35 kt CO, per year in China, Japan, and Taiwan, respectively.

The energy cost per unit of production varies across the three economies for the conven-
tional and electrified finishing process (Table 9). The energy cost for the electrified finishing
process is higher than that for the conventional process in 2030. However, the energy cost for
the electrified process can be lower than that of the conventional process in 2050.
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3.2.7. Electrification of the Yarn-Drying Process

The two main steps in drying textile yarns are the mechanical removal of water and the
thermal removal of the remaining moisture. Mechanical processes use centrifugal force to
extract water that is mechanically bound to the fiber. The remaining water is removed using
a thermal treatment after pre-drying. This can be done through convection, conduction
(contact), infrared or radiofrequency drying. The most common technique is convective
drying, which involves passing a hot air stream through the wet fabric material. The hot
air transfers heat to the material and evaporates the water, which is then carried away [41].

Radiofrequency (RF) dryers are well-known and already commercial electrified yarn
dryers. The RF yarn drying machine directly transfers electromagnetic energy to the
water molecules contained in the wet fibers. Therefore, the energy is supplied to the textile
product only in proportion to its moisture content with negligible losses to the environment,
resulting in an efficient operation. In this study, based on the information in the literature
and the fact that RF dryers do not have energy losses related to steam generation and
distribution, we assumed the energy intensity of RF dryers is around 30% lower than that
of a conventional yarn dryer [42-44]. Table 15 shows the estimated CO; intensity of the
conventional and electrified yarn drying process in the textile industry in each economy.

Table 15. The CO, intensity of the conventional and electrified yarn drying process.

CO; Intensity (kg CO,/t Finished Fabric)

Country Conventional Electrified

2021 2030 2040 2050 2030 2040 2050
China 60 55 50 44 59 28 0
Japan 54 51 48 45 47 22 0
Taiwan 67 62 57 52 53 25 0

Electrification could lead to annual energy savings of about 750, 3, 14 T] per year for
China, Japan, and Taiwan, respectively in 2050 (Table 7). This annual energy saving results
from the higher efficiency (lower energy intensity) of electrified yarn drying compared
with the conventional process.

In 2030, there is still a slight increase in CO, emissions after the electrification of the
yarn drying process in China because of its relatively high grid CO, emissions factor, but
electrification of this process could result in a reduction in CO, emissions in Japan and
Taiwan in 2030 (Table 8). There is a substantial reduction in CO, emissions in all three
economies in 2040 and 2050. The annual reduction of CO, emission after electrification of
the yarn drying process in 2050 is around 110, 0.4, and 2 kt CO; per year in China, Japan,
and Taiwan, respectively.

Table 9 shows the energy cost per unit of production in China, Japan, and Taiwan for
the conventional and electrified yarn drying processes up to 2050. The energy cost for the
electrified yarn drying process is substantially higher than that for the conventional process
in 2030. However, as the price of fossil fuels increases over time and considering the carbon
price, the energy cost for the electrified process can be lower than that of the conventional
process. In addition, the energy cost per unit of production for the electrified process can
be lower than the conventional process in Japan and Taiwan even in 2030 when the unit
price of electricity is reduced.

3.2.8. Total Electrification Potential in Seven Studied Wet Processes

This section presents the total combined annual energy savings and change in annual
CO; emissions after the electrification of all seven studied textile wet processes. Figure 21
shows that electrifying the studied processes results in substantial annual energy savings
up to 2050. Electrification could lead to annual energy savings of about 145, 3.5, and 3.8 PJ
per year in China, Japan, and Taiwan, respectively in 2050.
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Figure 21. Total combined annual energy saving after electrification of all seven studied textile
wet processes.

If the grid electricity is used, in 2030, there is still a slight increase in CO, emissions
after the electrification of these processes in China (Plant-level emissions reductions can be
achieved today through electrification projects, particularly when a renewable electricity
supply is available), but by 2040 and 2050, there is a substantial reduction in emissions due
to grid decarbonization and energy efficiency improvements (Figure 22). This could lead to
an annual reduction of CO; emissions of around 23, 0.6, and 0.7 Mt CO, per year in China,
Japan, and Taiwan, respectively.
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Figure 22. Total combined change in annual CO, emission after electrification of all seven studied
textile wet processes.

Furthermore, while electrification decreases net final energy demand, electricity de-
mand increases. For example, electrifying seven textile wet-processes results in an increase
in annual electricity consumption of 64, 1.5, and 1.6 TWh per year in China, Japan, and
Taiwan, respectively in 2050. This translates into an increase in electricity load of 30, 0.7,
and 0.8 GW in China, Japan, and Taiwan, respectively in 2050 (To estimate these additional
loads, we assumed all the additional load is coming from clean renewable energy sources.
We further assumed that two-thirds of this additional load is coming from solar power and
one-third from wind power and assumed the capacity factor accordingly). For comparison,
in 2021, China had around 2380 GW, Japan had around 313 GW, and Taiwan had around
59 GW of electricity generation capacities [45,46].
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4. Discussion and Policy Recommendations

The total potential final energy savings due to industrial heat pump applications
are estimated to be around 270, 7.0, and 7.3 PJ] per year in China, Japan, and Taiwan,
respectively in 2050. On the other hand, electrification through end-use processes could
lead to potential final energy savings of about 145, 3.5, and 3.8 PJ per year in China, Japan,
and Taiwan, respectively in 2050. It must be noted that the results of the two pathways
are not directly comparable because only seven end-use wet processes have been studied
in the second pathway analysis mainly due to a lack of technical data for the remaining
processes. Furthermore, the substantial reduction in annual final energy demand in both
scenarios is due to the increase in the efficiency and lower energy intensity of the electrified
heating systems.

If the average national grid electricity is used, only electrification of the textile industry
through industrial heat pumps can result in CO, emissions reduction in 2030 in all three
economies. Electrification of the seven wet processes can result in CO, emissions reduction
in 2030 in Japan and Taiwan, but not in China. This is because the average electricity grid
emission intensity for China is high and the grid is not decarbonized enough to result in CO,
emissions reduction from the electrification of end-use processes despite the reduction in final
energy use. However, electrification is projected to result in a substantial reduction in annual
CO; emissions in 2040 and 2050 under both electrification technology pathway scenarios. This
is because of efficiency improvement and the assumed carbon neutrality in 2050 in China,
Japan, and Taiwan. It is evident that electrification of industrial process heat has the potential
to reduce CO, emissions from the textile industry when the electricity grid is decarbonized
enough, but the infrastructure and competing demands for renewable electricity resources
pose challenges to realizing these reductions in China, Japan, and Taiwan.

In practice, electrification projects will be implemented at the plant level. If a given
textile plant in any region electrifies its process heating demand today and purchases
renewable electricity through a power purchase agreement, then the CO, emissions reduc-
tions from electrification can be achieved immediately. Therefore, our country-level results
should not be interpreted in a way that electrification cannot be beneficial now and we
should wait until the electricity grid is decarbonized. However, in general, investing in the
electricity grid and increasing the share of renewable energy in the power sector energy
mix will help to accelerate industrial electrification and contribute to large quantities of
CO, emissions reduction.

The electricity grid is a complex, interconnected system linking generation resources
to customers with varying and variable electricity needs. Electricity generation from
renewable resources has increased over time in these three economies, but the electricity
grid still has a very high carbon intensity in these countries. Managing the grid’s resources,
infrastructure, and energy flows is a considerable undertaking that will continue to be
complicated by trends toward more distributed generation resources, renewable resources,
and electrification. Additional pressure will be placed on an already strained grid system
as multiple sectors, including transportation and buildings in addition to industry, move to
electrify to access renewable resources and reduce their emissions. To deliver electrification
at scale, investments will be needed to build or upgrade key infrastructure, including
renewable electricity production, energy transmission, and distribution networks, and
end-user infrastructure [47].

Developing a coherent power sector strategy is essential to accelerate the pace of
power sector decarbonization which is a prerequisite to beneficial electrification of industry.
Utilities, policymakers, industry, and other stakeholders should pay attention to this
potential increase in demand for renewable electricity, and the associated need for more
renewable electricity generation, additional energy storage, demand response programs,
transmission and distribution system expansion, and grid modernization. Ensuring that
sufficient renewable resources are brought online and connected to demand centers will be
critical to a smooth energy transition and rapid multisector electrification [47].
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Furthermore, while there are numerous benefits to electrifying industrial processes,
including reduced energy demand and emissions, barriers such as high electricity prices,
lack of capital, inadequate energy supply infrastructure, etc., still inhibit the development
and deployment of electrified technologies [8]. Hence, different stakeholders are required
to work together to solve significant challenges in renewable electricity generation and
transmission, technology development and deployment, and workforce development.

It is hence recommended that the textile industry initiates partnerships with academia,
think tanks, and other stakeholders to develop or scale electrification technologies. Govern-
ment should provide incentives for electrification technology development and demonstration.
Government and utilities should provide financial incentives in the form of tax credits or
grants for pilot projects and demonstration of emerging electrification technologies in the
textile industry. The government in partnership with the industry should create or support an
industrial electrification information dissemination platform. This should include the devel-
opment and dissemination of case studies. Ultilities should provide information about their
electric rates, market structures, and grid upgrade implications of industrial electrification.
The textile industry should provide training for employees and contractors about electrified
technologies. Government and utilities should support such training programs. Government
and utilities should work together to increase renewable electricity generation capacity and
enhance the grid’s transmission and distribution capabilities in these three economies.

5. Conclusions

This paper aims to investigate the potential for electrification of process heating in the
textile industry in China, Japan, and Taiwan. The two electrification technology pathways
analyzed are (1) electrification through industrial heat pumps and (2) electrification through
textile end-use processes. The potential energy savings, CO, abatement, and costs for
the two pathways have been quantified. The results show that the total potential final
energy savings due to electrification in both the technology pathway scenarios could be
substantially large. However, the results of the two pathways are not directly comparable
because only seven end-use wet processes have been studied in the second pathway
analysis. In addition, given the assumptions and limitations regarding energy intensities
of the end-use electrified technologies in the second technology pathway analysis, the
estimated annual potential energy savings can be considered rather conservative.

It is also concluded that the impact of the CO, emissions resulting from the electrifica-
tion is highly dependent on the carbon intensity of the electricity used with the electrified
process. Furthermore, only in the case of industrial heat pumps, the costs per unit of pro-
duction are found to be lower than the conventional systems. This is because heat pumps
have high efficiency and will result in substantial overall final energy savings compared to
existing technologies. For the second technology pathway, the electrified processes have
higher energy costs per unit of production compared to the conventional process in the
near term. However, under both pathways, the electrified processes have a lower energy
cost in 2050 compared to conventional systems.

Despite the numerous benefits of electrifying thermal processes in the textile wet-
processing industry, including reduced energy demand and emissions, barriers still inhibit
the development and deployment of electrified technologies. To overcome the barriers,
this paper provides recommendations that will require all stakeholders to work together
to solve significant challenges including renewable electricity generation and distribution,
technology improvements and deployment, workforce development, economic feasibility,
etc. It is further concluded that wide-scale electrification of process heating in the textile
wet- processing industry will require major changes to the electricity system and individual
sites in China, Japan, and Taiwan, and the coordination efforts among different stakeholders
to plan these changes must be intensified as early as possible.
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