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ABSTRACT 

Industrial process heating systems consumed 7.2 quads of energy in 2014 in the United 
States, with more than 90% of the total primary energy coming from fossil fuel-based energy 
sources.1 Switching to renewable/clean electricity could allow these systems to reduce their 
direct fossil fuel use, decreasing their environmental footprints while saving energy. Although 
electrically heated systems (electrotechnologies) are usually more efficient, provide better 
process control, and increase product quality, technological gaps and economic factors hinder 
their widespread adoption. This study explores the potential of current and emerging 
electrotechnologies to overcome these barriers and pave the path for increased electrification in 
major industries. Five industries with significant process heating energy consumption were 
chosen and their heating requirements studied for each manufacturing step. Possible 
electrotechnology alternatives (both currently available and emerging) were identified for each 
step, and the barriers associated with large-scale implementation were investigated. Based on this 
analysis, appropriate routes of electrification were proposed for each industry, and their potential 
impacts on the U.S national energy consumption were quantified using a standardized 
methodology. This paper presents the electrification routes that were deemed feasible for each 
industry along with their quantitative impact on the use of electrical energy at the national level. 
The technical details of the new systems and processes considered are also presented along with 
the barriers identified. 

Introduction 

Process heating (PH) systems such as furnaces, ovens, dryers, heaters, and kilns use 
thermal energy to transform materials like metal, plastic, and ceramics into a wide variety of 
industrial and consumer products by melting, drying, heat treating, curing, smelting, and other 
operations. Many of these systems are mature technologies used ubiquitously throughout the 
manufacturing sector.  

Traditional industrial (thermal) processes predominately use fuel-fired systems. Being 
combustion based, these systems have intrinsic inefficiencies associated with containing and 
controlling the heat produced. Most also use fossil fuel and therefore emit carbon. Electricity 
based PH systems, often called electrotechnologies (ETs), use electric currents or 
electromagnetic waves to heat materials and are comparatively more controllable, clean, and 
efficient (DOE 2007). They use direct heating methods to generate heat within the work piece 
itself, which reduces inefficiencies and provides high controllability of the heat. That means the 
product temperature can be accurately and consistently controlled within extremely close 

                                                 
1 1 quad = 1,000 trillion Btu 
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tolerances, resulting in consistently high-quality products (EPRI 2010). From over 500 
assessments done by DOE, the typical overall efficiency of fuel-fired systems are from 30% to 
60%, ETs have efficiencies in the 60-80% range (ORNL 2010). The unique energy–material 
interaction seen in emerging ETs using electromagnetic heating could also enable entirely new or 
enhanced manufacturing processes and products. Use of electricity produced from non-fossil-
fuel sources for process heating would allow industries to reduce their fossil fuel use, resulting in 
energy and carbon productivity advantages.  

The paper presents possible pathways to electrification in industrial process heating 
systems for five industries studied. A methodology to determine the quantitative impact of the 
large scale implementation of ETs on the use of electrical energy at a national level is proposed 
and the impact is determined for the industries considered. 

Energy Used for Process Heating  

Manufacturing facilities in the United States consume almost 20% of the total primary 
energy used in the country (EIA 2013), and PH applications are the single biggest energy user, 
accounting for more than 50% (7,200 TBtu) of the total energy used in a facility (EIA 2013). A 
few industries, such as iron and steel, pulp and paper, glass manufacturing, aluminum 
manufacturing, and petroleum refining, account for more than 60% of all the energy used for PH 
in US manufacturing.  Figure 1 shows a breakdown by sector and the contribution of electricity 
to the total energy used in PH applications. 

 

Figure 1. Total energy used for PH in different industries along with the contribution of electricity in these 
applications. Source: MECS 2010. 

As shown in Figure 1, only 4% of the total PH energy in manufacturing is currently 
electricity, with the remaining coming from either direct fuel-fired systems or steam produced 
primarily by such systems. Electric-heating-based steam production is minimal in the industry at 
less than 1% of the total steam production (EIA 2013). A few industries do get a higher share of 
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their PH energy from electricity. For instance, extrusion, molding, and other processes in modern 
plastics manufacturing are primarily heated by electricity, so almost 35% of the total PH energy 
comes from that source. The iron and steel industries derive around 13% of their total PH energy 
from electricity, driven primarily by the increased usage of electric arc furnaces (EAFs). The 
fabricated metals industry does a lot of heat-treating, which is slowly converting to electricity. 
Together with electricity-based joining and welding processes, they contribute to 21% of the 
heating energy in the field being electric. These examples indicate how the application of a 
specific technology could drive electrification in manufacturing.  

Analysis of Potential National-Level Impact – Methodology 

The methodology followed to determine the quantitative impact of ETs on the use of 
electrical energy at a national level is laid out in this section.  The analysis involves identifying 
suitable ETs for each traditional industrial process and estimating the incremental energy that 
would be required with the large scale implementation (impact) of these technologies at a 
national level. The flowcharts in Figures 2 and 3 show the methodology followed.  

 

 

 
 
 

Step 1 - Studying Industrial Heating Processes: The first step was to study the heating 
process in detail and determine the heating requirements for each PH step. This included 
determining the temperature needed for each application, production rate, and product quality 
requirements. Some other factors considered included the equipment footprint, quality of raw 
materials, operating environment, and quality requirements. 

Step 2 - Determining Current and Theoretical Minimum Energy Consumption: The 
current energy intensity for each PH step along with its practical and theoretical minimum 
estimates were determined from the US Department of Energy’s (DOE’s) bandwidth analysis 
(DOE 2015a, 2015b, 2015c, 2017a, 2017b). Based on the energy intensity and annual production 
numbers, the current energy consumption for each PH step in a given industry was determined. 
These numbers were validated with the Energy Information Administration’s Manufacturing 
Energy Consumption Survey data (EIA 2013), which provides the total energy consumption for 
each industry. Also, using the practical and theoretical minimum energy intensities provided in 
the bandwidth analysis, the minimum energy required at each PH step was determined. 

Figure 3. Estimating Incremental Electricity 
Use – Methodology (Technical Potential). 

Step 4 - Quantifying the Incremental Electricity 
Use (Technical Potential)

Step 3 - Identify applicable ETs which meet the 
process requirements

Step 2 - Determine Current and Theoretical 
Minimum Energy Consumption for each process 

Step 1 - Studying Current Industrial Heating 
Processes

Figure 2. Analysis Methodology. This was 
followed for each industrial sector considered. 
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Step 3 - Identifying Alternate Electrotechnologies: Once each PH step in an industry 
was studied and its requirements well understood, appropriate current and emerging alternate 
ETs were identified. A preliminary matching of traditional thermal process applications with 
suitable currently available ET, shown in figure 4, is used as a starting point for this evaluation.   
 

The chart is compiled based on the historical use of ETs for similar applications in 
industries. While this information was used as an initial pointer, the analysis involved identifying 
suitable ETs taking into account several other factors not captured in the figure. Past experiences 
with the application of ET in the specific process, results from pilot studies on emerging ETs and 
challenges unique to the industry and application were taken into account to identify suitable 
potential alternatives. In addition to literature reviews, interviews with various vendors, research 
personnel, and industry experts were conducted to determine this. 

The study focused on whether it is technically feasible to apply a certain ET for a specific 
application and does not delve into the economic aspects of its implementation. The national-
level impact estimated in step 4 is, therefore, based on the technical feasibility of these 
technologies to replace existing fuel-fired systems. While understanding the economics of 
implementing an ET is important, it would require a robust life cycle analysis for each ET, which 
was considered outside this study’s scope. While some of the barriers that ETs face are 
considered, the numerical results represent the potential from a purely technical standpoint.  

Step 4 - Quantifying Incremental Electricity Use: Once alternate ET pathways for each 
industry were determined, incremental electricity use with the switching of fuel-fired systems to 
ET was estimated. The theoretical minimum energy efficiency from the bandwidth study 
provided the basis for this estimation. The theoretical minimum numbers represent the minimum 
thermodynamic energy needed for a specific process without considering any losses associated 
with the thermal system. Thus, the product of the theoretical minimum energy intensity and the 
overall efficiency of the ET system gives the energy intensity for the specific process. Whenever 
theoretical minimum numbers were zero or negative, as in the case of exothermic reactions, 
practical minimum numbers were used. 

RH: resistance heating; IH: induction heating and melting; EAH: electric arc heating; EIP: electric infrared 
processing; MWH: microwave heating; RFH: radiofrequency heating; EBP: electron beam processing; UVP: 
ultraviolet processing; PH: plasma heating; LH: laser heating 

Figure 4. Preliminary matching of commonly used fuel-fired PH applications with currently available ETs that 
might replace or supplement them.ET. Source: (Thekdi 2018)  
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Typical thermal efficiency for the identified 
ETs (Table 1) was chosen, appropriate process-
specific adjustments (discussed separately for each 
industry) were made, and the electricity 
consumption was calculated from the theoretical 
minimum energy numbers. For applications for 
which more than one ET was deemed feasible and 
either one could ultimately be used in the industry, 
an average efficiency of the processes was used 
for the analysis. It was assumed that the market 
would implement the multiple technologies in 
equal fractions because determining the market 
penetration of each technology was beyond the 
scope of this work. The amount of byproduct fuel 
that was produced in the process was estimated 
and subtracted from the estimated incremental 
electricity because in most cases it would not be practical to replace this “no cost” fuel source 
with electricity.  

A detailed account of promising ET pathways considered is presented in the following 
sections for two manufacturing sectors, iron & steel, and pulp & paper. The quantitative results 
of the analysis for three additional sectors are also presented in the later section. A more detailed 
report for the five industries will be published separately. 

Analysis of Iron and Steel Industry 

Process Overview  

 
 
 
 
 
 
 
 
 

 
Steel is produced either in an integrated steel mill from iron ore or in mini-mills using 

recycled steel. Typical process flows for these facilities are shown in Figures 5a and 5b. 
Integrated steelmaking involves using a blast furnace to chemically reduce and physically 
convert iron oxides into molten iron, which is converted to steel using a basic oxygen furnace 
(BOF). 

Mini-mills, on the other hand, primarily make use of scrap steel or direct reduced iron 
(DRI) to produce molten steel in an EAF. From the EAF or BOF, molten steel is semifinished 

Application - ET 
System 

Efficiency  
Microwave heating for fluid (Boldor 
et al. 2008) 

80% 

Induction heating – metals (Frogner 
et al. 2011) 

60% 

Resistance heating (power supply 
efficiency) 

80% 

Resistance heating - indirect 
(Orfeuil 1987) 

63% 

Electric infrared heating (Orfeuil 
1987) 

65% 

EAF - steel melting (Goodfellow, 
Ferro, and Galbiati 2005) 

60% 

Electric steam heating system (Zaidi 
2018)  67% 

Figure 5a. Integrated Steel Mill. Source: DOE 2015a.  Figure 5b. Mini Steel Mill Source: DOE 2015a. 

Table 1. Electrotechnology Efficiency  
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into various solid forms through castings of various shapes and sizes. Rolling and finishing 
processes are used to produce the finished steel products, followed by appropriate heat-treating 
processes.  
  
Energy Analysis  
 

An analysis of the iron and steel industry and its PH operations was undertaken based on 
the methodology described in the previous section. A snapshot of this analysis is shown in Table 
2. It should be noted that the energy used for PH included only the energy for heating the 
materials and not that of the "raw material" used for reactions as in the case of a blast furnace 
 
 

 
 
 

Process 

Current Energy 
Intensity  

(MMBtu/ton) 

Current 
Energy Use 
(TBtu/year) 

Process Requirement 
 

Electrotechnology Options 
 

Pelletizing 0.7 27.8 

High-temperature 
bonding of material 
at > 2300°F. Energy 
is supplied by using 
internal heat content 
or externally by fuel.  

Very high temperature and 
harsh working environment 
are not suitable for the use of 
ET.  

Sintering 1.32 7.6 

Drying and 
preheating at up to 
1800°F followed by 
heating up to 2200°F.  

While replacement with ET is 
not directly applicable 
because the energy source is 
an integral part of the 
processed material, sintering 
and coke making can be 
skipped using the EAF 
steelmaking process. 

Coke-making  3.83 35.6 

Heating of coal under 
nonoxidizing 
atmosphere to 
1650°F  to 2200°F.  

Ironmaking 

Blast furnace  11.72 

 
 
 

346.8 
Reduction of iron ore 
into iron using coke 
and hot air blast. 

Alternative 1: Reduction of 
iron ore by using reducing 
gases or other materials at 
1560°F.  
Alternative 2: Electrowinning  
Electrolysis to decompose 
iron ore to iron 

Steelmaking 

Basic oxygen furnace  0.58 19.9 

Feed material is 
molten iron, pig iron, 
and other material 
added into the 
furnace and heated. 

Electric heating in EAF to 
substitute BOF steel 
production. 

Electric arc furnace  1.86 101.2 

Use of electricity and 
fuel. Electricity 1.24 
MM Btu/ton, fuel 
0.44 MM Btu/ton. 

Added electricity use to 
substitute fuel firing by 
plasma or other devices. Fuel 
firing as given in previous 
column. 

Casting 0.08 6.8 
Mechanical process 
with little fuel use. 

Very little energy used for PH 
and hence has not been 
considered for electrification. 

Table 2. Iron and Steel Industry - Summary of Energy Analysis 
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As shown in table 2, the biggest consumers of energy are the blast furnace operation 

where iron ore is smelted using a carbon-based reducing agent and hot rolling where steel is 
reheated. Two alternative pathways were considered to the traditional blast furnace and BOF 
steelmaking in this study. For both scenarios, a combination of induction and electric infrared 
(IR) systems were considered for electrifying hot rolling operations. 

Alternative 1: Direct Reduced Iron: The direct reduction process involves changing 
iron ore to reduced iron by a high-temperature mixture of hydrogen and carbon monoxide, which 
are reducing agents. The iron produced from direct 
reduction can then be used in an EAF, effectively 
avoiding the blast furnace and oxygen furnace 
operations. Direct reduction processes were developed 
specifically to overcome the difficulties of 
conventional blast furnaces. A schematic of the 
electrotechnology pathway is shown in Figure 6. 
Pelletization of iron is still needed for DRI even 
though sintering and blast furnaces are avoided. 

While DRI offers an alternative to the 
tradition steelmaking process, which is carbon 
intensive, the process itself is not completely devoid 
of fuel usage. Further, the electrification of the DRI process also poses its own set of challenges. 
The reduction process takes place in a shaft furnace where the iron oxide pellets are dropped 
from the top and made to react with the hot reducing agents rising from below. The reducing 
agents are derived from natural gas in a reformer. Natural gas reacts with steam in the presence 
of a catalyst in a high-temperature environment inside the reformer to produce hydrogen and 
carbon monoxide. While some fuel is used to kickstart this reaction, the process becomes self-
sustaining after a point once enough exhaust is recovered from the shaft furnace. With the 
availability of this by-product energy in the DRI process, electrification becomes impractical, if 
not impossible, to implement. It is possible that electricity could be used in the DRI process by 
producing the reducing agents directly, but such systems are in early research phases (Vogl, 
Ahman, and Nilsson 2018).  

Process Current 
Energy 

Intensity 
(MMBtu/ton) 

Current 
Energy Use 
(TBtu/year) 

Process Requirement Electrotechnology Options 
 

Rolling (Integrated and Mini Mills) 

Hot  2.58 218.7 
Heating of steel shapes to 
up to 2300°F, mostly by 
using natural gas fuel. Induction heating for continuous systems 

and some batch systems. Use of electrical 
infrared for batch annealing systems.  

Cold 3.48 96.4 
Cold rolling energy use 
includes heat treatment.  

Total  860.8   

Figure 6. Schematic of DRI-Based Steelmaking 

Table 2. Iron and Steel Industry - Summary of Energy Analysis (continued) 
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Alternative 2: Electrowinning: Electrolysis to decompose iron ore to iron is an 
attractive alternative to traditional steelmaking. Electrowinning of iron was first demonstrated by 
Estelle (1918) using a caustic alkaline solution as 
the electrolyte and iron oxide pretreated with 
carbonates at 212°F. Various modifications and 
improvements to the process have since been made. 
For the purpose of this analysis, the method 
developed by Yuan and Haarberg (2009) was 
considered. The method uses concentrated aqueous 
sodium hydroxide solutions with suspended solid 
ferric oxide particles as the electrolyte with a rotating 
disk graphite electrode as the cathode(figure 7). By 
applying a constant current, the suspended solids are transferred to the cathode and reduced to 
iron metal. An energy balance for the process was done as in Fischedick et al. 2014, which 
provided the energy intensity values for the analysis. The electrolysis of iron ore is still in the 
early research phase with proven results only at laboratory scale. The biggest barriers to 
electrowinning are related to scaling it for mass production. Market entry is not expected before 
2040 (EUROFER 2013).  

Pelletization and sintering are done in a crude, high-temperature environment, where the 
presence of carbon soot and other contaminants make it difficult to implement ET; therefore, 
direct conversion of these processes to ET was not considered.  

Results – Summary  

The onsite and primary energy consumed in the iron and steel sector currently (baseline) 
and for the two alternative scenarios discussed are given in table 3. The on-site energy 
consumption for the baseline is from the bandwidth analysis (a breakdown of which is shown in 
Table 2). Converting the on-site energy to primary energy took into account thermodynamic 
efficiency and losses associated with the transmission and generation of energy. A factor of 3 
was used for electricity production, while a factor of 1.33 was used for the production of steam 
(DOE 2012). 

 

Description 
Total On-site 
Energy (Site) 
(TBtu/year) 

Total Primary 
Energy 

(TBtu/year) 

Incremental 
Electricity On-site 

(TBtu/year) 

Incremental Energy at 
Generation 

(TBtu/year)2 

Baseline – current usage 860 1,174 - - 

Direct-reduced-iron-based 
steelmaking process  

1,028 1,750 
277 (~81,180 

GWh) 
839 

Electrowinning-based steelmaking 
process 

945 2,836 
847 (~248,231 

GWh) 
2,567 

The energy intensity numbers for the DRI process (alternative 1), which were needed to 
compute the total energy from the alternative route, assumed that the Midrex DRI process was 
                                                 
2 Note: The incremental energy needed at generation was calculated assuming current infrastructure. The average on-site-to-
primary-energy conversion for electricity across the United States is 3, which was used for this calculation. Use of alternate 
methods of electricity production, such as on-site renewables sources, would significantly change these numbers. 
 

Figure 7. Schematic of Electrolysis  

Table 3. Iron and Steel Industry - Summary of Results 
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implemented. Energy consumption for modern Midrex plants was estimated to be 38.2 MMBtu/t 
(Kopfle, McClelland, and Metius, 2007). DRI also contains more impurities than scrap steel and 
consumes more energy in the EAF. These facts were taken into consideration in the analysis by 
using a factor of 14% for the increase in energy required to melt DRI (Kirschen, Badr, and 
Herbert 2011). The increase in on-site energy was thus due to the efficiency difference between 
the processes (blast furnace and DRI). The increase in incremental electricity was from the 
increased use of EAF and conversion of the rolling processes to ET. 

For alternative 2, the incremental electricity in column 4 of Table 3 resulted from the use 
of electrowinning technology for steelmaking and conversion of traditional fuel-fired rolling 
processes to induction and resistance-based ET. The numbers for the energy intensity for 
electrowinning are from the analysis by Yuan and Haarberg (2009). While the primary energy is 
higher for this alternate scenario for current grid composition, adoption of renewable/ 
cogeneration systems will significantly bring it down. Further, the technology does not require 
the use of reducing agents such as coke or reducing gases and several process steps are 
eliminated. 

Scaling-up of the technology to meet demand and high capital cost involved are the 
biggest barrier to implementation of ETs in the iron and steel industry. While a lot of the 
technologies under consideration perform well for small-scale applications, systems that can 
process a million tons of steel a year using ET are presently not economical, compared to 
traditional systems given the high capital cost. Large-scale testing and process optimization are 
necessary to improve operational efficiency and bring down cost before such technologies can be 
adopted. Barriers in the industry have been coming down significantly with the advent of modern 
methods of steel production, however. For example, induction for hot rolling, which was 
considered a failed technology when implemented for processing slabs, has successfully been 
tried for heating thinner direct cast strips, which pose a much smaller technical challenge. It is 
thus expected that with appropriate research, the iron and steel industry can be electrified.  

Analysis of Pulp and Paper Industry  

Process Overview  

The papermaking process involves processing wood chips 
and chemically breaking down the lignin, the organic binder in wood, 
to separate the cellulose fibers using a digester in which temperature 
and pressure are controlled by use of steam from a boiler (Figure 8). 
The chemical used in this process, white liquor, is recycled through 
further processing once it leaves the digester. This involves an 
extensive recovery process to convert the black liquor (i.e., the post 
process chemical) from the digester back to white liquor. The 
cellulose fiber separated in the digester is washed, filtered, and 
bleached to remove any remaining lignin before being formed, dried, 
and finished in the paper mills. This method, commonly called the 
Kraft process, is the most widely used, and almost 85% of the 
pulping in the United States is done by this process. While this 
makes papermaking cost effective, it also adds additional PH steps 
that are energy intensive.  

Figure 8. Schematic of Pulp 
and Paper Processing  
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Energy Analysis    

ETs that could potentially be used in the pulping and papermaking process were studied, 
and a snapshot of this analysis is provided in Table 4. In addition to the bandwidth analysis, the 
energy intensity numbers were also taken from the analysis reported in Bajpai 2016. 

As shown in the table, the chemical pulping and recovery processes are the most energy 
intensive. The options for electrification and their barriers in the pulp and paper industry are 
discussed below.  

Using ET for Digestion: Most of the heat used in the pulping process is provided by 
steam in the pressure range of 300 to 1,000 psig. Conventional industrial boilers that burn natural 
gas or bark and wood are commonly used to produce the steam, which is strictly used as a carrier 
of heat in the digester to cook the slurry. Some cooking operations introduce steam directly into 
the digester, while others use a heat exchanger to heat the liquor separately using steam that is 
then introduced into the pressure vessel. In either case, steam holds no direct efficiency or 
process benefits in these operations and is primarily used because it is produced at a minimal 
cost from burning the by-product fuels. This poses both a barrier and an opportunity for ET to be 
used in the pulping process. Resistance/induction systems that can heat the slurry directly or 
indirectly using a susceptor could be built to significantly improve the thermal efficiency of these 
processes. Currently, electric digesters are used mainly in lab settings to study the pulping 
process. In addition to scaling, significant improvements to their efficiency and productivity 
would be necessary for them to be viable in an industrial environment because these electricity-
based systems would need to compete with low-cost fuel systems to be economically viable.  

While using emerging microwave and/or radiofrequency (RF) methods to separate the 
cellulose fibers directly from the wood chips could be highly efficient for the pulping process, 
such systems do not seem to have been developed. However, using microwave heating to 
pretreat the wood prior to the Kraft process has been shown to increase the yield by almost 40% 
and to decrease the energy needed at the digesters and the recover kilns (Compere and Parent 
2007). Although this hybrid technology was considered a viable route for electrification in the 
pulping industry, this analysis was based on converting existing fuel-fired systems used for the 
chemical pulping process to electricity.  

 
Table 4. Pulp and Paper Industry - Summary of Energy Analysis 

 

Process Current 
Energy 

Intensity 
(MMBtu

/ ton) 

Current 
Energy Use 
(TBtu/year) 

Process Requirement ET Options 

Pulping  

Thermochemical  0.95 3.76 

Softening of wood chips by preheating in 
steam environment followed by a 
mechanical pulping process. All the heating 
is done by steam heat. 

Alternative 1: Resistance or 
induction heating to 
indirectly heat the digester.  
 
Alternative 2: Hybrid 
technologies with 
microwave or RF 
preheating. 

Chemical  2.6 137.91 

Cooking wood chips and a white chemical 
liquor in a pressured vessel (digester) at 320 
to 340°F by a continuous or batch 
operation. 

Semichemical  3.86 14.22 
Combination of chemical and mechanical 
pulping with similar PH requirement. All 
steam heat. 
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 Table 4. Pulp and Paper Industry - Summary of Energy Analysis (continued) 

 
Using ET for Chemical Recovery: The chemical recovery process consists of a 

concentrator, a recovery boiler, and the causticizing plant. Black liquor concentrators are 
designed to increase the solids content of black liquor prior to combustion in a recovery boiler, 
which has long been accomplished using multistage, thermally driven evaporators. While various 
membrane technologies are in development to make this process nonthermal (Kevlich, Shofner, 
and Nair 2017), these technologies were not considered because they were outside the scope of 
this study. The analysis instead calculated the energy impact of induction systems that use the 
appropriate susceptor for drying the black liquor to achieve a higher concentration (Cloutier, 
Dontigny, and Beaudoin 2010).  

The molten smelt from the recovery furnace is then mixed with water and sent to the 
causticizing plant, where it is reacted with lime to form white liquor. The causticizing system, in 
addition to clarifiers and slackers, also uses lime kilns that burns the lime mud and convert it 
back to lime for reuse in the causticizing process. A large amount of energy is used in lime kilns,  
the process creates high levels of carbon dioxide emissions. These steps could also make use of 
induction for heating the liquid/solid mixture. 

ETs for Paper Drying: Contact drying with heated cylinders is the predominant method 
of drying in paper and paperboard machines. The rolls and cylinders are heated using steam, 
which poses an opportunity for solutions that can directly supply heat. Various ETs are 
competitive options for electrifying the paper-drying operations, with each one being ideal for 
specific process conditions.  

Induction or resistance heating is used to directly heat the rolls and cylinders, which 
would make this step a good place for phasing out fuel-fired systems without changing the 
process. Decentralized (local) steam units that use electricity to produce steam could also be a 
route for electrification. In recent years, gas IR that uses radiation heating to dry the paper has 

Process Current 
Energy 
Intensity 
(MMBtu
/ ton) 

Current 
Energy Use 
(TBtu/year) 

Process Requirement ET Options 

Chemical 
recovery  

8.04 429.53 

Recovering the chemicals used in the 
digester involves evaporating the black 
liquor to a solid constancy and burning it to 
recover the molten salts that are dissolved 
in process water and recausticized to get 
white liquor.  

Resistance or induction 
heating to dry black liquor 
to achieve a higher 
concentration of smelt. 

Bleaching 2.30 148.45 
Includes several steps requiring liquid 
heating to temperature from 75 to 175°F 
and uses steam as a heat source.  

May be able to use 
microwave heating or 
resistance heating. 

Paper Drying  

Printing paper  5.2 109.43 
Mechanical process using electric motors, 
etc. Use of steam-heated rolls, cylinders at 
high moisture level, and convection heating 
at low moisture level. Mostly use of steam, 
but some supplemental drying using natural 
gas heat. 

Alternative 1: Induction or 
resistance heating of 
rolls/cylinders. 
 
Alternative 2: Electric 
Infrared heating 
 
Alternative 3: Hybrid 
technologies with 
microwave preheating.  

Paper and board  4.05 219.71 

Other  4.05 104.42 

Total  1,244  
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also seen widespread adoption. The IR drying technology has been widely accepted as an 
efficient tool for drying, heating, and curing of paper and board products. These fuel-fired 
equipment could be replaced with electric IR, providing much better control and uniform heating 
while cutting down on emissions. Microwaves could also play a role in electrifying the paper-
drying process. Microwaves have been shown to play a useful function in leveling out the 
moisture profiles across the wet paper web (Sander, Bold, and Kardum 2003). Also, when the 
paper is heated using microwaves, high drying rates are realized. By building a hybrid system 
that uses microwaves, an optimized operation could be achieved.  
 
Pulp and Paper – Results  

The onsite and primary energy consumed in the pulp and paper sector currently (baseline) 
and for the alternative electrification scenario discussed is given in table 5. The baseline energy 
was calculated from the energy intensity numbers given in Bajpai (2016) then converted to its 
primary energy using appropriate factors as in the analysis of the iron and steel industry.  
 
 
 

Description 
Total On-site 
Energy (Site) 
(TBtu/year) 

Total Primary 
Energy 

(TBtu/year) 

Incremental 
Electricity On-

site 
(TBtu/year) 

Incremental 
Energy at 

Generation 
(TBtu/year) 

Baseline – current usage 1,244 1,693 - - 

Converting to ET 882 1,719 
418 (122,503 

GWh) 
1,254 

 
For the alternate case, the on-site energy was calculated taking into account the 

conversation of each PH step to the appropriate ET. Hybrid technologies were not considered in 
the analysis because they would involve using supplemental fuel. For cases in which 
electrification was possible with the use of more than one technology, a simple average of the 
systems’ efficiency was used in the calculation. A more sophisticated analysis would involve 
identifying the technology with the most market penetration potential and calculating a weighted 
average accordingly. This was not done, however, given the scope of the study.  

To calculate the incremental energy, the by-product fuel available in the pulp and paper 
industry was first estimated. The energy available from by-product fuel sources were deemed 
irreplaceable, with the remaining PH energy expected to be converted to ET. Given the thermal 
efficiency of the electric systems considered were higher than that of the present steam boiler 
system, there was a drop in the on-site energy consumption. The primary energy was, however, 
greater than the base case because electricity production from fuels suffers much greater losses 
during transmission and generation. A factor of 3 was assumed for this as mentioned in the 
methodology. Use of alternate methods of electricity production, such as on-site renewable 
energy production, could significantly change these numbers. For a more holistic electrification 
of the pulp and paper industry, it would be necessary to consider the use of by-product fuels 
using other means such as a feedstock or steam-electricity production route.  
 

Table 5. Pulp and Paper Industry - Summary of Results 
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Key Points from the Analysis of Other Major Industries  

Petroleum Refining 
 

Petroleum refining is the largest user of PH energy, and the industry has the highest 
potential for ET adoption in terms of size. Although about 70% of the PH energy is used for fluid 
heating and steam generation, very little work has been done toward effectively using ET for 
heating of process fluids in the industry. This points to a more fundamental barrier in the 
industry because ET is being used for fluid heating in various other industries. Any adoption is 
slow due safety concerns, and the availability of in-house by-product fuel, which poses a big 
barrier for entry for emerging electrotechnologies in this sector. Table 6 summarizes the numbers 
for the petroleum refining industry considering just the technical potential for ET in the sector.  

 

 
Aluminum Industry  
 

The aluminum industry is a relativily small consumer of PH energy but has significant 
potential for electrification, with the largest application being in aluminum melting. While 
induction and resistance heating have been used for relatively small batch melting, large-scale 
melting of scrap, specifically materials with organic and inorganic volatiles, needs further 
development work. For secondary processes like homogenizing and annealing, currently 
available ETs are considered feasible for large-scale implementation. It is expected that with 
appropriate research and development, all PH in the aluminum industry can be converted to ET. 
Table 7 summarizes the numbers for the secondary aluminum industry. 

 
 

 
 
 

Description 
Total On-site 
Energy (Site) 
(TBtu/year) 

Total Primary 
Energy 
(TBtu/year) 

Incremental 
Electricity On-site 
(TBtu/year) 

Incremental 
Energy at 
Generation 
(TBtu/year) 

Baseline  2,249 2,517   

Converting to ET  1,572 3,291 
859 (251,748  

GWh) 
2,578 

Description 
Total On-site 
Energy (Site) 
(TBtu/year) 

Total Primary 
Energy 
(TBtu/year) 

Incremental 
Electricity On-
site (TBtu/year) 

Incremental 
Energy at 
Generation 
(TBtu/year) 

Baseline  81 176   

Converting to 
Electrotechnology 

56 168 11 (3,164  GWh) 32 

Table 6. Petroleum Refining - Summary of Results 

Table 7. Aluminum Industry - Summary of Results 
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Glass Industry 

Like the aluminum industry, the glass industry is a smaller consumer of PH energy, with 
a big potential for electric melting. While electric melting is a well-established technology for 
certain sectors (e.g., fiberglass) of the glass industry, further development work is required to 
apply ET for large-scale melting processes (e.g., container, flat glass). The downstream 
processing of glass products is through heat treating (e.g., annealing, tempering), which requires 
a relatively small percentage of the total energy used in the glass sector. ETs such as resistance 
heating and, in some cases, electrical IR heating are well established for these processes. Table 8 
summarizes the results from the analysis of the glass industry assuming that with further research 
and development, all the PH in the glass industry can be converted to ET. 

 
 

Conclusion  

A methodology to systematically determine the implications of electrifying industrial 
process heating applications is laid out and the impact is quantified for five industries in the U.S. 
The nuances of the industries and the potential barriers associated with each application are taken 
into account inorder to determine appropriate pathways for electrification. Through this study it 
is seen that the expanded use of currently available ETs like resistance, induction, and infrared 
have the biggest potential in most industries considered. The newer generation of ETs such as 
microwave and RF heating, laser heating, and ultraviolet heating are used mostly for niche 
markets and are relatively small in capacity, usually in hundreds of kilowatt hours. Large-scale 
industrial application of the newer generation of ETs will require additional research and 
technology development. Only a few industries such as iron and steel, glass, and aluminum are 
currently developing and testing radically different and disruptive technologies that truly make 
use of the unique characteristics of ETs such as electric arc or plasma melting in the iron and 
steel industry and direct-contact melting in the glass industry. 

References 

Bajpai, P. 2016. Pulp and Paper Industry: Chemical Recovery. Amsterdam: Elsevier Science. 

Boldor, D., Balasubramanian S., Purohit S., and Rusch K.A. 2008. “Design and Implementation 
of a Continuous Microwave Heating System for Ballast Water Treatment”. Environmental 
Science & Technology 42 (11): 4121-4127.  

Cloutier, J., P. Dontigny and L. Beaudoin. (2010). “Ultra high solids black liquor using the 
electromagnetic induction heating technology” International Chemical Recovery Conference. 
2: 268-284. 

Description 
Total On-site 
Energy (Site) 
(TBtu/year) 

Total Primary 
Energy 
(TBtu/year) 

Incremental 
Electricity On-
site (TBtu/year) 

Incremental 
Energy at 
Generation 
(TBtu/year) 

Baseline  161 243   

Converting to ET 116 348 95 (27,796 GWh) 285 

Table 8. Glass Industry - Summary of Results 

4-100©2019 ACEEE Summer Study on Energy Efficiency in Industry



Compere, A., and D. Parent. 2007. “Increasing Yield and Quality of Low-temperature, Low-
alkali Kraft Cooks with Microwave Pretreatment”. DOE Industrial Technologies Program. 
www1.eere.energy.gov/manufacturing/resources/forest/pdfs/microwave_pretreatment.pdf  

DOE (U.S. Department of Energy). 2007. Improving Process Heating System Performance: A 
sourcebook for Industry. 
https://www.energy.gov/sites/prod/files/2014/05/f15/process_heating_sourcebook2.pdf 

DOE (U.S. Department of Energy). 2015a. Bandwidth Study on Energy Use and Potential 
Energy Savings Opportunities in U.S Iron and Steel Manufacturing. Prepared by Energetics 
Incorporated.www.energy.gov/sites/prod/files/2015/08/f26/iron_and_steel_bandwidth_report
_0.pdf 

———. 2015b. Bandwidth Study on Energy Use and Potential Energy Savings Opportunities in 
U.S Pulp and Paper Manufacturing. Prepared by Energetics Incorporated. 
www.energy.gov/sites/ prod/files/2015/08/f26/pulp_and_paper_bandwidth_report.pdf  

———. 2015c. Bandwidth Study on Energy Use and Potential Energy Savings Opportunities in 
U.S Petroleum Refining. Prepared by Energetics Incorporated. 
www.energy.gov/sites/prod/files/ 2015/08/f26/petroleum_refining_bandwidth_report.pdf 

———. 2017a. Bandwidth Study on Energy Use and Potential Energy Savings Opportunities in 
U.S Aluminum Manufacturing. Prepared by Energetics Incorporated. 
www.energy.gov/sites/prod/files/2017/12/f46/Aluminum_bandwidth_study_2017.pdf 

———. 2017b. Bandwidth Study on Energy Use and Potential Energy Savings Opportunities in 
U.S Glass Manufacturing. Prepared by Energetics Incorporated. www.energy.gov/sites/prod/ 
files/2017/12/f46/Glass_bandwidth_study_2017.pdf 

EIA (Energy Information Administration). 2013. Manufacturing Energy Consumption Survey. 
Table 5.2 End Use of Fuel Consumption. www.eia.gov/consumption/manufacturing/data 
/2010/pdf/Table5_2.pdf 

EPRI (Electric Power Research Institute) 2010. Industrial Process Heating: Current and 
Emerging Applications of Electrotechnologies. EPRI, Palo Alto, CA: 2010. 1020133 

Estelle, A.C. 1918.”Process of Electrolutically Producing Iron”. US1275161A. 
 
European Steel Association (EUROFER), 2013. A steel roadmap for a low carbon Europe 2050. 

www.nocarbonnation.net/docs/roadmaps/2013-Steel_Roadmap.pdf.  
 

Fischedick, M., J. Marzinkowski, P. Winzer, and M Weigel. 2014. “Techno-economic evaluation 
of innovative steel production technologies”. Journal of Cleaner Production 84:563-580.  

Frogner, K, M. Andersson, T. Cedell., L. Siesing., P., Jeppsson, and J. Ståhl. 2011. "Industrial 
heating using energy efficient induction technology". Proceedings of the 44th CIRP 
International Conference on Manufacturing Systems.  

4-101©2019 ACEEE Summer Study on Energy Efficiency in Industry



Goodfellow, H.D., Ferro, L., and Galbiati, P. 2005. “EAF steelplant optimization using EFSOP 
technology,” Ironmaking and Steelmaking 32 (3):216-220. 

Kevlich, N. S. , M. Shofner and S. Nair. 2017. “Membranes for Kraft black liquor concentration 
and chemical recovery: Current progress, challenges, and opportunities”. Journal of 
Separation Science and Technology. 52(6):1010-1094 

Kirschen,M. , K. Badr., and P. Herbert. 2011. “Influence of direct reduced iron on the energy 
balance of the electric arc furnace in steel industry”. Energy 36(10):6146-6155 

Kopfle. J., J McClelland, and G. Metius. 2007. “Greener Steelmaking with the Midrex Direct 
Reduction Process” www.spongeironindia.in/midrex.pdf  

Orfeuil, M. 1987. Electric Process Heating: Technologies/Equipment/Applications, Columbus, 
Ohio, U.S.A.: Battelle Pr 

ORNL (Oak Ridge National Laboratory). 2010.”Results from the U.S DOE 2008 Save Energy 
Now Assessment Initiative”. https://info.ornl.gov/sites/publications/files/Pub25190.pdf 

Sander. A, N. Bold and J. P. Kardum. 2003. “Research on Dynamics and Drying Time in 
Microwave Paper Drying”. Chemical and Biochemical Engineering Quarterly 17(2):159-164 

Thekdi, A. E3M Incorporated, personal communication. 2018 

Vogl V, M. Ahman, L. J. Nilsson. 2018, “Assessment of hydrogen direct reduction for fossil-free 
steelmaking”, Journal of Cleaner Production 203: 736-745.  

Yuan, B., O. E. Kongstein , and G. M. Haarberg. (2009). “Electrowinning of Iron in Aqueous 
Alkaline Solution Using Rotating Disk Electrode”. Journal of The Electrochemical Society, 
156 (2): 64-69 

Zaidi, A. Manager Energy Solution, Enbridge Gas Distribution, personal communication. 2018 

4-102©2019 ACEEE Summer Study on Energy Efficiency in Industry



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Hi-Res'] Use these settings to create high quality Adobe PDF documents suitable for a delightful viewing experience and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 7.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0.864000
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


