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Abstract

The authors and collaborators have devised innovative
technologies that decrease foundry costs, pollution, ma-
terials use, and energy. These include: (a) applying ad-
vanced oxidation to green sand and baghouse dust to
diminish clay, coal, sand, volatile organic compounds
(VOCs), and costs; (b) replacing phenolic urethane core
binders with collagen-alkali silicate binders to diminish
VOCs; (c) replacing coke with anthracite fines held togeth-
er with biomaterial to reduce energy and costs. It is pro-
posed by the authors that if a foundry were to concurrently
employ all these innovative technologies (with 50% an-
thracite bricks), it could potentially diminish overall costs

by 6.6%, life cycle energy costs by 15%, VOC pollution by
57%, sand by 85%, clay and coal by 50%, and iron scrap
by 9%. These computations are per full-scale operations
for advanced oxidation;, and R&D results for replacing
binders and coke. This paper also notes that when electric-
ity comes primarily from coal fired power plants, electric
induction furnaces consumes more life cycle energy than
do cupolas for melting iron.

Keywords: metalcasting, foundry, cupola, advanced oxida-
tion, coke, energy, materials, volatile organic compound
emissions, anthracite, ultrasonics, life cycle, sustainability

Introduction of Innovative Foundry Technologies

Over the course of 15-20 years, a team has been devising in-
novative sustainable technologies for the metalcasting indus-
try, with particular focus on cast iron foundries. The collab-
orative team includes university researchers, development
entrepreneurs, and foundry personnel who have developed
the following technologies: 1. Application of advanced oxi-
dants and hydroacoustic cavitation to spent green sand and
baghouse dust in a manner that restores the binding activity
of the clay and sand. This process saves costs by diminishing
clay, coal, and sand use, while also diminishing air pollution
from volatile organic compounds (VOCs) and hazardous air
pollutants (HAPs). 2. Replacement of conventional phenolic
urethane core binders with low-polluting core binders com-
prised of hydrolyzed collagen, alkali silicates and other ad-
ditives. This can cut VOC pollution to one-third the amount.
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3. Replacement of conventional metallurgical coke in cupo-
las with anthracite fines formed into bricks with hydrolyzed
collagen, lignin, and other additives. The bricks burn as fast
as coke, while hosting 35%-40% higher energy per volume
than coke. Coke is made by carbonizing bituminous coal at
high temperatures [1100°C (2012°F)] for 28-30 hours in an
oxygen-deficient atmosphere in order to concentrate the car-
bon. This coking process consumes 15%-20% of the energy
initially present in the coal. In contrast, the brick-making
requires considerably less energy, since high-temperature
preheating is not required. These bricks include components
otherwise wasted or offering little economic value.

Advanced oxidation processes have been commercially
available for about 20 years and installed on 60 foundry
lines. The initial advanced oxidation system included hy-
drogen peroxide, ozonation, and sonication and employed
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a blackwater clarifier. This system now has been placed on
50 full-scale foundry lines that can make 10% of America’s
cast iron. Herein, this is referred to as an advanced oxida-
tion-blackwater clarifier system (AO-BW), a proprietary
system made by an American company. The team has con-
ducted considerable research on this process.'!' The costs,
materials uses, and life cycle savings of this process are
based on actual data from full-scale operations at foundries.
The authors have presented cost savings for these innovative
technologies in terms of percent change relative to a base-
line conventional cupola foundry. This normalized relative
comparison is used rather than quantitative dollar values to
respect the confidentiality of the collaborating foundries.

The advanced oxidation system recently has been enhanced
to include hydroacoustics- cavitation and virtual cyclone.'>!*
This enhanced system has been installed on ten foundry lines
and is referred to as the advanced oxidation-hydroacoustic
cavitation-virtual cyclone system (AO-HAC) herein, a pro-
prietary system made by an American company. The costs,
materials uses, and life cycle saving of this process are also
based on actual full-scale operations at Neenah Foundry,
and other foundries.

With regard to replacing the metallurgical coke as the fuel
source in a cupola, with anthracite fines formed into a brick
and held together with a collagen-silicate binder, the col-
laborative team has conducted considerable research and de-
velopment.'>?> The technology has been successfully dem-
onstrated in recent full-scale trials at foundries. The costs
and life cycle appraisals are based both on the bench-scale
performance and on the pilot-scale and full-scale demonstra-
tions, as projected to continuous operations.

The authors also have devised a means of using a cupola’s
exhaust heat to activate lignite coal in-situ and employing
the activated lignite as a VOC adsorbent or coke replace-
ment. The lignite and sorbed VOCs can be used as a green
sand additive. Key features of the lignite activation also have
been researched and demonstrated.” *

In this paper, the authors also have appraised the environ-
mental life cycle and costs of melting iron in conventional
cupolas compared to electric induction furnaces. When coal-
fired power plants are used to generate electricity (as for the
subject foundries in the Midwest), electric induction furnaces
are more costly, require more electric life cycle coal energy,
and involve greater air emissions than do cupolas. These ap-
praisals of melting costs are based on full-scale performance
at collaborating foundries® and publicly available data.

Introduction to Cost, Energy, and
Environmental Life Cycle Analyses

The metalcasting industry is an iron and steel recycling en-

gine in which iron scrap use is roughly equal to industry
shipments. The authors and collaborators have developed
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several innovations for materials use that are available for
the industry to become even more sustainable. The objective
of this article is to describe these innovations and estimate
their environmental, energy, and economic impacts.

Gray and ductile iron castings together constitute more than
70% of all cast metals. The U.S. is the world’s third largest
producer of gray iron castings and is the largest producer of
ductile iron castings, providing 25% of the world’s ductile
iron. The metalcasting industry is a major manufacturing
sector in America that employed 121,100 people in 2011,
41,100 of whom worked in iron foundries. In 2011, roughly
11 million tons of metal castings were produced in 2,010
foundries. Ninety percent of all manufactured products and
capital goods contain metal castings.

Cost-effective cast iron production relies upon the availability
of iron and steel scrap and automated green sand molding sys-
tems. The U.S. metalcasting industry faces worldwide com-
petition for low cost, high-grade iron and steel scrap and ever
tightening air quality standards. Technological innovation
involving materials is essential, because for many foundries,
raw materials costs are the single largest cost of production.

Conventional end-of-pipe emission controls can add sub-
stantially to capital investment and operating costs for a
foundry. In contrast, the authors believe the innovations
in this paper can reduce costs by treating the source of the
emissions as a resource to be utilized. These technologies
also reduce emissions of VOCs, enabling compliance with
increasingly stringent standards set by the U.S. Environmen-
tal Protection Agency, while improving goodwill in commu-
nities located near casting facilities.

This study evaluates the energy and materials flows for cast
iron foundries to better understand the costs and environ-
mental benefits of the sustainable technologies currently
under deployment in the industry, as well as those nearing
commercialization. Specifically, advanced oxidation sys-
tems have been installed in numerous facilities systems for
recycling baghouse dust and sand from green sand mold
making. Promising binder technologies that reduce VOCs
during metalcasting and replace coke in hot metal produc-
tion are undergoing full-scale testing. The new binder sys-
tems replace materials posing high VOC emission profiles
with substitute materials that are waste products from non-
foundry processes with otherwise low economic value.

Ductile Iron Foundry Production

A conventional iron casting facility involves: (1) coremaking
and molding; (2) molten metal preparation; and (3) pouring,
cooling, shakeout, and finishing. In the first step, molds are
made of green sand. Green sand is composed of silica sand
(82-89%), bentonite clay (5-7%), seacoal (or fusible bitumi-
nous coal) (3-5%), water (2-4%), core binders (0-1%), and
cereal (<1%). Seacoal (high quality coal with 30-35% low
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ash bituminous coal) provides a reducing atmosphere during
pouring that reacts with incidental oxygen to prevent oxida-
tion and provide a lustrous finish to the product. Sand cores
conventionally are held together with phenolic urethane,
which is cured with amine gases. Other conventional organ-
ic binders are also sometimes used but are beyond the scope
of this paper. The green sand mold and cores are formed to
create a cavity into which molten iron is poured. The molten
iron casting solidifies into the shape of this cavity.

After the casting solidifies, the sand materials are shaken to
dislodge them from the iron product. These materials are re-
conditioned by blending with a small amount of new sand,
clay, and coal and then re-circulated. In conventional op-
erations, the phenolic urethane binder in the sand cores is
partly pyrolyzed, which causes the release of VOCs, some
of which are HAPs. In conventional operations, after 10-20
passes through the molding system, the carbon-coated sands
and clays become hydrophobic and are conventionally dis-
posed as solid waste, along with fired clay and sand fines.’ 1
For each ton of iron castings produced, the foundry must re-
circulate 5-10 tons of green sand. Overall, waste green sand
from all types of metal castings amounts to 3-5 million tons
annually in the U.S.

During molten metal production, the iron and alloys are
melted in either a cupola or conventional induction electric
furnace. During melting, impurities combine with calcium
carbonates and silicates and float to the surface as slag. In
cupolas, the main conventional source of energy for melting
the iron is coke. The coke also adds carbon to the final alloy
mixture. The process of making foundry coke is energy and
emissions intensive.

Finishing the iron product requires removing the green sand
and cores from the casting surface by vibratory shakeout.
Workers then shot blast and grind the castings and produce
a finished product. Iron parts that do not meet quality stan-
dards are recycled as in-plant iron scrap. For every ton of iron
poured, conventional green sand foundries typically yield 0.6-
0.8 tons of marketable metal products. The remaining mass
represents risers, sprues (metal in access ports), scrap (rejects),
and returns for re-melting. For every ton of metal poured, a
conventional mechanized foundry consumes 20-30 million
British Thermal Units (BTU) of energy, 250-600 pounds of
silica sand, 100-200 pounds of coal and clay, 0-20 pounds of
phenolic urethane binder, and 0-4 pounds of cereal.>#

The Life Cycle Environmental and Cost Model

To compare the resource use, emissions profile, and cost of
existing and prospective iron casting technologies, a model
measuring these features has been required. This baseline
model is calibrated for an actual cupola-based iron foundry
located in Wisconsin. The baseline case includes cupola
melting using foundry metallurgical coke, conventional
green sand molding, no recycling of baghouse dust or sand,
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and no innovations for releasing the sands or clays from their
carbon-coating. The baseline case also considers the use of
phenolic urethane cores cured with amine gas. The base-
case model is subsequently used to estimate the impacts of
adopting the sustainable production technologies.

The life cycle boundaries include major upstream activi-
ties that supply inputs to iron casting facilities. Within the
foundry, the model accounts for energy, materials use, envi-
ronmental emissions, operating costs, and capital costs. These
metrics are tracked at each intermediate stage of production.
These stages include hot metal making, coremaking, green
sand molding, pouring, cooling, and shakeout. Downstream
recycling of iron products and their recovery are not consid-
ered because the innovative process technologies under study
would not be affected by their adoption. The data inputs to
this life cycle and cost model have included management re-
ports from actual foundries, the publications of the research
team,'?* as well as numerous publicly available sources.”’

Figure 1 illustrates the baseline input-output boundaries for
the analysis. The major upstream activities—power produc-
tion, coke making, and sand mining—provide inputs of elec-
tricity, coke, and sand respectively, requiring fuels and raw
materials and generating emissions. Cupola melting and the
balance of foundry activities are the two major functional
units depicted on the left of Figure 1. These activities require
melting inputs, such as ferrous metal alloys, scrap metal, and
natural gas. They also require process inputs, such as parts and
supplies. This entire process chain, from primary fuels and
material production through the plant gate, produces finished
cast iron products and (potential) environmental discharges.

Cost and usage data are based on 2005 management reports
by the foundries, as adjusted in real terms to 2010 dollars.
Other costs equal the product of input requirements per unit
of intermediate or final output by the unit market value of
the commodity or fuel. These costs and usages are normal-
ized to relative percent change offered by the sustainable
technologies, to respect the confidentiality of the collabo-
rating foundries. Simple payback is calculated by dividing
estimated investment cost by the calculated annual savings.

For unit processes other than pouring, cooling, and shake-
out, the baseline emissions data are from reported stack
tests performed at Neenah Foundry in 2005, supplemented
by the EPA’s AP-42 Compilation of Air Pollutant Emission
Factors: Stationary Point and Area Sources and other EPA
Emission documents by the U.S. EPA.**" This life cycle
study also estimates CO, released from burning coal or coke
and from calcining limestone based on the material usage
and solid waste disposal reported by the partner foundries.
For example, the cupola melting process emits greenhouse
gasses due to combustion of incoming fuels and reactions
of input materials such as limestone and limespar. This
analysis assumes the complete combustion of the carbon
not accounted for in the reported input / output streams into
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CO,. When innovative technologies are compared, emission
changes are based on those reported in literature'* or on the
reduction in material or energy usage reported and calcu-
lated as stated above.

Cupola Melting

The inputs for the cupola melting include steel and cast iron
scrap, pig iron, ferroalloys, silicon, alloys, and carbon. Coke
generates the major energy input and provides alloy carbon.
Limestone is used to flux and clean the metal of unwanted
elements. Oxygen is injected into the cupola, to increase the
melt rate and raise the cupola temperature. On the exterior of
the cupola, a water jacket cools the furnace shell. Electricity
powers the air blowers, water pumps and other equipment.
Natural gas feeds the afterburners to complete the combus-
tion of carbon monoxide (CO) to carbon dioxide (CO,), and
combust other carbonaceous volatiles that exit the cupola. The
output of the process is molten iron and slag. For this analysis,
a wet scrubber captures the particulate emissions with sludge
as a solid waste output. The CO, emissions reflect complete
combustion of all carbon not in the iron product or the slag.”

Melt Handling

As the molten metal exits the cupola furnace, it flows to an
electric holding furnace, where metallic alloys are added.

The pouring ladles are pre-heated with natural gas. The out-
put for this process is the molten metal, which proceeds to
the pouring system. Greenhouse gas emissions are computed
based on the CO, resulting from combusting natural gas.

Coremaking, Green Sand Molds, Pouring,
Cooling, Shakeout, and Baghouse Dust Collection

Conventional coremaking employs the phenolic urethane
cold box process. The material inputs for this process in-
clude new silica sand, phenolic urethane binder, and tri-
ethylamine (TEA) or diethylmethylamine (DEMA) gas for
curing. Compressed air, natural gas, and electricity are also
consumed during this process. When the core is exposed to
heat from molten metal, the heat releases VOC emissions."

Molds are conventionally made from recirculated green sand,
new sand, bentonite clay, seacoal, soda ash, cereal and water.
After pouring, cooling, shakeout, and reprocessing, a portion
of the returned green sand is discarded as solid waste. Com-
pressed air, electricity, and natural gas are used in this process.
Dust is created when the sand is mixed and reconditioned; an
air exhaust system sends this dust to a baghouse. In conven-
tional systems, the baghouse dust is wasted to a landfill.

The mold then is moved to the pouring position. During
molten iron exposure, the organic materials in the green
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Figure 1. Conventional cupola foundry: Baseline input-output boundaries.
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sand mold and cores experience pyrolysis and some com-
bustion. Particulate air emissions are based on partner
foundry data. The VOC and greenhouse emissions data
for pouring, cooling, and shakeout have been taken from
Neenah Foundry,* a full-scale demonstration foundry in
Sacramento, Calif.,’ and several other full-scale foundries.!
The remaining outputs to the process are the unfinished
cast parts and in-house scrap.

Metal Finishing and Compressed Air

During metal finishing, the cast parts are shot-blasted; which
is a very labor-intensive process, requiring electricity for
equipment and propane for lift trucks. The material outputs
are cast parts and scrap for the cupola. The finishing area
has a baghouse for particulate emissions that become solid
waste. Air emissions are generated by the combustion of the
lift truck propane and traced as CO,,.

The subject foundry also has centralized facilities to pro-
duce compressed air, which require electricity. The energy
needed for compressed air then is apportioned throughout
the plant to the processes that use it.

Upstream and Off-Site Life Cycle Considerations

This study also estimates energy and material use in the up-
stream activities and related emissions that provide inputs to
the foundry. The acquisition costs of these materials include
production and transportation. Sand mining includes extrac-
tion as documented by Alsema et al.”’ Transportation energy
and emissions are based on ton-miles required, employing
diesel-fueled trucks, per U.S. Energy Information Adminis-
tration (EIA)*? and data reported by Davis et al.,” Rodrigue
et al., and Baumel et al.”® The baseline foundry and the
sand source are both located in Wisconsin.

The conventional coking process includes (a) transportation
of bituminous coal from West Virginia and Pennsylvania to
the coke plant in New York or northwestern Pennsylvania;
(b) coking coal production; and (c) transportation of coke
to the foundry in Wisconsin. Transportation costs of coal
and coke are computed based upon rail and truck data re-
ported by Rodrigue et al.’! and U.S. EIA.* The diesel fuel
consumption and CO, emissions are calculated by the same
methods used for sand mining. For the coking process, the
estimates for energy and emissions are from the report by
Considine, et al.,”® as adjusted to account for the prolonged
pyrolysis required for foundry metallurgical coke compared
to coke used in steel-making.

With regard to clay and coal, the conventional baseline ap-
praisal includes truck transportation of these materials. Clay
is composed of a mixture of western bentonite from Wyo-
ming [Na as cation] and southern bentonite from Georgia
[Ca as cation]. Seacoal originates from West Virginia, west-
ern Virginia, and southwestern Pennsylvania.
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Fuel use and emissions in the generation of electricity is
based upon data for Wisconsin reported by U.S. EIA.** The
energy units used by other processes to produce electricity
were apportioned to the fuel types in the profile. This frame-
work has been employed herein to estimate the impacts of
foundry process choices.

Electric Induction Furnaces Versus
Cupolas for Melting Iron

Cupolas and conventional electric induction furnaces each
produce about half of the U.S. cast iron. Since cupolas are
charged with limestone, they can accommodate scrap iron
and carbon sources that include higher proportions of im-
purities. Batch electric induction furnaces use electricity for
melting and require more expensive (i.e. purer) iron and car-
bon sources for alloying the metal. Overall, the electric in-
duction furnace requires 207% more fossil energy and 207%
more non-fossil energy to melt iron than does a foundry cu-
pola (see Table 1). This profoundly higher energy demand is
because of the higher relative inefficiencies in transmitting
electrical power, and converting heat energy to electrical
energy and then back to heat energy. However, the actual
cost of energy for the electric induction furnace is only 9.7%
higher than for the cupola because the metallurgical coke
used in cupolas costs considerably more than the coal used
in power plants. The authors note that utilizing anthracite
fines formed into bricks in cupolas can help mitigate the
large cost differential (as discussed below).

Table 1. Impacts of Replacing the
(baseline) Cupola with Electric Induction
Furnaces for Melting Iron: Impacts in
Percentage Changes from Base

Total System Including Foundry plus Upstream
(+ increase, - reduction)

Energy
Fossil 206.7
Non-fossil 206.9
Emissions
Greenhouse gas 58
Criteria pollutants 150
Particulates -28.3
VOCs 88
Foundry Facility
Materials
Coke (as alloy) -100.0
Scrap & other materials 81.8
Costs
Energy 9.7
Labor -0.8
Materials 24
Other Cost -0.9
Total 1.7
Electric induction furnaces melt about half of all iron
in the US.

Non-fossil fuel includes nuclear, hydro, solar, wind
and other sources used for electrical generation.
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Operating cupolas generate local environmental impacts
via air emissions. Electric induction furnaces generate
fewer emissions onsite than cupolas. One attractive option
therefore, is to replace cupolas with electric induction fur-
naces, to avoid these local impacts and associated regula-
tory permits. Several foundries have adopted this option in
response to local air quality rules that limit the emissions
from the cupola but it is not favorable from an overall life
cycle perspective.

Specifically, replacing the cupola with an electric induction
furnace merely transfers emissions upstream to the electric-
ity-producing sector, as illustrated by the impacts reported
in Table 1. While emissions of particulates are lower for the
electric induction furnace option than the baseline cupola
option, life cycle emissions of criteria air pollutants increase
150% when electric induction furnaces are used. Green-
house gas emissions also are 58% higher, and emissions
of VOCs are 88% higher.” (see Table 1) This is a classic
example of how local air pollution standards can have indi-
rect and deleterious effects on national emissions. Operat-
ing costs for batch induction furnaces increase 1.7% relative
to the cupola furnace. These findings reflect the coal-based
electricity system in Wisconsin and could be quite different
in locations with lower power sector emissions and/or other
non-coal energy sources.

Advanced Oxidation with Hydroacoustic-
Cavitation

A U.S. based company has devised an advanced oxidation
system that applies ozone, hydrogen peroxide, and sonica-
tion in a water-slurry. This system reprocesses baghouse
waste dust, via a slurry known as “black water.” The bag-
house dust slurry is treated with advanced oxidation; and
replaces the conventional water source for the green sand
molds. Previously published papers indicate that the process
requires 27-60% less clay and coal and 20-37% less silica
sand and produces 19-70% lower VOC air pollution during
pouring, cooling, and shakeout."* Fifty iron casting pro-
duction lines have installed the system.

An enhanced upgrade of this process also includes hy-
droacoustics, cavitation, recirculation, and virtual cyclone
(AO-HAC). AO-HAC has been installed on 10 U.S. foundry
lines. This process acoustically dislodges the hydrophobic
carbonaceous coating that accumulates on sand and clay
grains.”!® The carbonaceous coating forms when volatiles
are pyrolyzed from the coal and binders near the molten iron
surface; then the VOCs migrate into the (cooler) green sand
mold, where they recondense on the grains. These advanced
oxidation processes dislodge the condensed volatiles from
the clay and sand surfaces in a manner that restores the hy-
drophilic binding propensity of the clay and sloughs them
off in a manner that precludes them from re-volatilizing
as VOC air pollution in the green sand’s subsequent cycle
through molding, pouring, cooling and shakeout.
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In pilot-scale production,'? Fox et al. processed green sand
with the AO-HAC system. The reclaimed sand was clean
enough to use as core sand. When used in a full-scale dem-
onstration, the cores made with reclaimed sand yielded iron
castings that were equal or better quality than when using
pristine commercial sand. The AO-HAC system has now
been installed full-scale at the foundry and can reclaim 85%
of the sand from used green sand. Based on this performance
data and the synergistic effects of AO-HAC relative to AO-
BW, the Table 2 life cycle and cost comparison tabulates
that when the AO-HAC system is used for baghouse dust
only, it can achieve the following reductions; 38% for clay
and coal, 20% for new sand, 8.6% for home iron scrap, 41%
for VOCs, (with a payback period of 0.4 years). When the
AO-HAC system is used for both green sand and baghouse
dust, the reductions can be 85% for new sand and 50% for
clay and coal with a 0.3 year payback period. The rate of
adoption of this process is accelerating.

Collagen-Alkali Silicate Based Binders

Conventional foundries commonly employ a cold box core-
making process using a phenolic urethane binder, cured with
a strong-smelling amine gas, such as triethylamine (TEA)
or dimethylethylamine (DMEA) that, when purged from
the core, create air pollution. Moreover, when the cores are
subjected to molten metal in the mold, these core binders
pyrolyze and release VOCs and HAPs. These conventional
core binders represent the predominant source of VOC and
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HAP air pollutants from foundries.** The authors note other
conventional means of processing cores, which are beyond
the scope herein, are used.

Recent bench-scale and pilot-scale trials by Wang et al.'"
1921 have shown a hybrid of collagen plus alkali silicates
will create a core binder that emits far less VOCs and
HAPs than phenolic urethane binders, while retain-
ing the comparable strength and thermal resistance of
conventional phenolic urethane.'> During the curing of
the collagen-silicate hybrid, a proprietary system for

The first of these options is to use brick formed anthracite
fines as a coke replacement. Huang et al.'®! and Lumad-
ue et al.’® used waste anthracite fines formed into bricks to
partially replace coke and ferrosilicon (see Figure 3). These
bricks have used binder materials made from collagen, sili-
con/silicate, and other biomaterials to match the strength and

Table 2. Advanced Oxidation-Hydroacoustic Cavitation-Virtual
Cyclone: Impacts in Percentage Changes from Conventional

Baseline, When Applied to Just Baghouse Dust, or

When Applied to Both Baghouse Dust Plus Spent Green Sand

heat-curing blown sand-binder systems warms the core

Total System Including Foundry plus Upstream (+ increase, - reduction)

box by heating it with air, moisture, or carbon dioxide Baghouse
under vacuum. The system requires investment in a Baghouse plus green
modified core machine and special proprietary instru- Dust sand
mentation but it does not require an amine scrubber and  Energy
it does not produce scrubber brine that must be recov- Fossil 06 06
ered. The only emission from the core shop is water. Non-fossil 0.6 0.6
Based on limited partner foundry experience, this opti-  Emissions
mized coremgking process will be mgre efficient, with Greenhouse gas 12 17
lower cycle time, less core box cleaqlng, and less core Criteria pollutants 06 0.6
scrap than for conventional coremaking. Particulates 124 506
Recent studies report full-scale demonstrations of the FRIE Foundrv Facili 25 “Hhel
low-emission hybrid core binder have been conducted, - ouncry Facitly
as described below. These studies are awaiting publi- Materials
cation so this data is offered only as potential improve- New Sa.nd ) 44 -85
ment. The anticipated favorable impacts that can be Phenolic resin -0.7 -0.7
achieved with collagen-alkali silicate-based binders for Clay -38 -50
green sand molds are presented in Table 3. This pro- Seacoal -38 -50
cess reduces total operating costs by 1.3% and emis- Cereal -38 -50
sions of VOCs by 35% from the baseline plant. Some Soda Ash -38 -50
foundries are facing stringent limits on their allowable Coke, pig iron, scrap, other -0.7 0.7
emissions of volatile organic compounds. Once they Home scrap -8.6 -8.6
reach these limits, the foundry may need to operate ata ~ VOC — pouring, cooling, shakeout 414 1.4
lower production rate and/or resort to outsourcing from  Costs
other domestic or foreign producers. The significant Energy -0.6 -0.6
benefits of avoiding outsourcing by preventing rival Labor -0.7 -0.7
producers from capturing market share are not incor- Materials -2.9 -6.9
porated in Table 3. Other Cost -1.1 -1.3
Total -1.5 -3
Coke and Seacoal Replacement Technologies  pPayback in years 0.4 03

There are 10 foundry lines in the US employing this AO-HAC settling process; and there

To produce foundry coke, bituminous coal must be

are 50 foundry lines in the US that employ the AO-blackwater clarifier process, that
preceded the AO-HAC settling process

heated to 900-1000°C (1652-1832°F) for 28-30 hours,
consuming 15-20% of the raw coal’s energy and releas-
ing an equivalent amount of its carbon as greenhouse
gases and VOCs.!” Two innovative technologies are

Percentage Changes from Conventional Baseline

Table 3. Collagen-Alkali Silicate Binders: Potential Impacts in

available that avoid these emissions by either partially

Foundry Facility

(+ increase, - reduction)

or completely replacing coke in iron foundry produc-

tion. Yet a third proposed technology capitalizes on the \C/c())s?s emissions =30
exhausted heat from a cupola to yield a lignite-based Labor 7.6
activated carbon in-situ. This activated lignite then can Materials 5.8
adsorb VOC emissions and the loaded lignite then can Othiet Clost 36
be used in green sand molds in lieu of some bitumi- Total 13
nous seacoal and as feedstock for a brick formed coke Payback in years 04

replacement.

Bench tests and full-scale trials have been conducted.
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energy value of coke. The anthracite fines and biomaterials
used in these bricks otherwise have limited value as a low-
grade fuel or are otherwise thrown away as waste. Also, the
bricks include silicon, which is otherwise charged into the
cupola to provide Si to the cast iron and control the cupola’s
redox level. These bricks include 85% anthracite fines, 10%
biomaterials, and 5% silicon/silicate. The binders become
thermally conditioned in-situ within the cupola to provide
strength from ambient temperature up to iron melting tem-
perature. Lumadue et al.'® found these bricks have 35-40%
higher BTU content per volume than coke and they burn as
fast as coke. The research and development team recently
demonstrated these formed anthracite bricks in a full-scale
cupola foundry in Pennsylvania. This trial employed 4 tons
of bricks formed with biomaterials, with 25% substitution
of the bricks for coke during a half-day duration. The bricks
remained intact during the rough handling when charged
into the cupola and they were observed still intact as they
descended to the tuyere windows, where temperatures
reached 1550°C (3000°F). At the tuyere level, the bricks rap-
idly burned (but not before). During this brick substitution,
the total carbon charged into the furnace (i.e. carbon in the
coke plus bricks) was decreased by 6%, while maintaining a
constant melt temperature achieving a more favorable CO/
CO, ratio than with mere coke, and maintaining a favorable
olive-green slag color that indicated suitably reduced condi-
tions for metallic iron formation. The carbon content of the
iron product remained constant, while the iron also main-
tained acceptable levels of Si, S, and other trace metals. The
demonstration(s) at this foundry have shown the iron prod-
uct quality is also maintained.

The more effective energy release could diminish natural
gas requirements in foundries that also inject supplemental
natural gas into the cupola. The life cycle analysis herein
assumes waste anthracite fines will be manufactured into
bricks at an eastern Pennsylvania coal mine and the other in-
gredients will be transported a day’s drive to this site. These
will include, the collagen, which is a byproduct of meat
processing. The anthracite bricks must be dried at 120°C
(248°F), which involves minor energy use—considerably
less than for coking coke at 900-1000°C (1652-1832°F) for
26-30 hours.

This life cycle and cost study estimates the impacts of two
variations of this coke replacement strategy: 20% and 50%
replacement of coke with anthracite bricks held together with
biomaterial. In light of the energy consumed when making
coke, the coal-related life cycle energy potentially diminishes
0.6% when using 20% coke substitution, or 1.5% when us-
ing 50% brick substitution (see Table 4). The net life cycle
energy related to transportation will be unchanged by this
substitution. The anthracite bricks will travel from the east-
ern Pennsylvania anthracite mines to the Wisconsin foundry.
In comparison, the bituminous coal would be shipped from
West Virginia or southwestern Pennsylvania to the coking
plants in Erie, Pennsylvania, or Niagara, New York; the cok-
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ing process would decrease the coal’s weight by 15-20%; and
then the coke product would be shipped to Wisconsin. The net
transportation for these two scenarios is roughly equal, when
also considering the bricks contain 10-15% other components
that would be transported a day’s drive to a brick-making site
in eastern Pennsylvania. Emissions of criteria air emissions
fall from 3% to almost 7.5% below baseline levels as the rate
of coke replacement varies from 20 to 50%. There are also
potentially significant reductions in emissions of greenhouse
gases and volatile organic compounds (see Table 4).

Another innovation is to use the waste heat from the cupola
to pyrolyze lignite coal in-situ. This will produce activated
carbon fines that can be blown into the exhaust ducts from
pouring/cooling/shakeout, to adsorb VOCs both in the
ducts and in the baghouse dust.”*?* The pyrolyzed lignite
then can be recirculated with the baghouse dust back into
the green sand system. There, the carbon from the lignite
and the scavenged VOCs can displace some of the seacoal.
The operating costs for this process are mostly electric-
ity for material handling equipment. Notably, the energy
required for pyrolyzing the lignite originates from cupola
waste heat, and the associated emissions can be injected
back into the cupola.

The emissions reductions occur because the activated lignite
will adsorb VOCs that would otherwise be exhausted as air
pollution. Full-scale trials at Neenah foundry appraised the
cooling and shakeout emissions reductions that could poten-
tially be achieved by this innovation.>* These trials employed
a commercial lignite activated carbon as a surrogate for in-situ
activated lignite. This was dosed at 3.0 mg/scf (standard cubic

4— Electricity for Mixing
A”m',:f‘if,';i Coal At Ambient
Temperature
<+ Collagen
Green Brig' s
Dry at <4— Electricity
120 degrees C and/or
Matural Gas
Dry Brig's
" Bindered
Diesel Fuel —» Transportation | —®  Anthracite Fine
Bricks to
Foundry Cupola

Figure 3. Coke replacement with anthracite fnes.
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feet) into the stack gas duct. The contact time was 0.56 sec-
onds ahead of the baghouses and 0.32 seconds within the bag-
house fabric’s accumulated solids. While this lignite activated
carbon was used, the baghouse exhaust released 0.26-0.34 Ibs.
VOCs/ton Fe (average 0.3), whereas without the activated
carbon, the exhaust averaged 0.46 Ibs. VOCs/ton Fe. Thus,
such in-situ-generated activated carbons could likewise offer
a roughly 23% decrease in total VOCs (Table 4).

Another potential coke replacement technology is to use
waste heat from the cupola to start pyrolysis of granular bitu-
minous coal that can be made into briquettes using the same
binder materials mentioned above. The by-products of this
process could be sold and/or used as fuel. Direct and indirect
labor is needed for this process as it takes place within the
foundry. Emission reductions are based on the reduced ener-
gy required to complete this process. Volatile organic com-
pounds are condensed as a byproduct or burned directly in
the cupola. This process has been successfully demonstrated
in a full-scale foundry trial and also can produce material
suitable to replace metallurgical coke.

This process generates potential energy savings of 3% (see
Table 4), which does not include the energy available in the
sold byproducts. Greenhouse gases are reduced by 2.8%.

Table 4. Coke and Seacoal Replacement: Potential Impacts in

Percentage Changes from Conventional Baseline

The criteria pollutant and VOC emissions improve dramati-
cally due to the closed nature of the process (see Table 4).
Overall costs are reduced 20.6%, with some negative impact
on labor costs offset by reduced material and energy costs.
Income from the sale of byproduct materials is substantial
with impact shown in “other costs,” making the net payback
approximately two years.

Foundry of the Future:
Combined Innovative Technologies

The most significant cost, energy, and material savings
would occur when foundries adopt a combination of these
innovative technologies. One such strategy combines:

e 50% coke replacement with anthracite fine bricks
held together with biomaterial;

e Advanced oxidation-hydroacoustic cavitation for
reclaiming green sand and baghouse dust; and

¢ Collagen-alkali silicate binder with previously de-
scribed core machine technology.

Some of these options are symbiotic. For example, when
a water-based low-emission collagen-alkali silicate binder
is used rather than phenolic urethane binder, the VOC and
HAP pollution will be diminished not only during
the binder’s first exposure to molten iron, but also
during subsequent passes as the advanced oxida-

tion process cleans the sand and clay grains. Addi-

. In-situ In-Situ . R
Anthracite Activated  Pyrolyzed tionally, the water-based advanced oxidation sys-
B .Fll(ngs fgrk Lignite for Bituminous tem will potentially clean the water-based binder
HOKIOTLOXE  Geacoal®  Coal Bricks? residuals off core sand better than it will clean the
20%'  50%2 residual phenolic urethane binders off core sand
Total System Including Upstream (+ increase, - reduction) that enters the green sand system at shakeout.
Energy
Fossil -06 15 06 30 Table 5 presents the life cycle and cost analysis for
Noii-Fossil 06 15 06 30 synergistically combining these three innovative
Emissions technologies. This “foundry of the future” could
Greenhouse Gas 04 0.6 0.4 238 offer a 15% decrease in life cycle energy costs,
Criteria Pollutants _3'0 _7'5 _2'9 _14'9 85% decrease in new sand, 50% decrease in clay,
Particulates _3'3 -8-3 _3'3 _3‘3 coal, and coke, 57% decrease in VOCs, and 9%
VOC _0'3 _0'7 _2'3 _1'3 decrease in home iron scrap. Overall, this could
o— Faci.lit “ incr;ase - reduction) ’ translate to a 6.6% decrease in total costs. Clearly,
Materials i 4 ’ this example illustrates that by employing these in-
Seacoal -100 novative processing technologies, a foundry can
Coke (as alloy) -100 achieve substantial reductions in emissions, en-
Ferro-Alloys -5.8 -11.5 ergy, and cost.
Costs . . ...
—— 56 14.0 76 196 Conclusions and Policy Implications
Labor 3.8 . . .
Materials 05 13 01 95 This article tracks material and energy flows and
Other Cost ’ ’ _1'6 g 1 57'1 costs in ductile iron castings production using con-
Total 0.9 29 2 7 2 0' 6 ventional and advanced production techniques. Ad-
. ) : ) ’ vanced oxidation systems that recycle baghouse dust
Payback in years 0 0 42 2.0

1. Bench tests and full-scale trials have been conducted, 2. Bench tests have been conducted,
and full-scale trials planned, 3. Bench tests have been conducted; and simulated full-scale

trial has been conducted, 4. Pilot plant testing in progress.

and sand offer clear cost savings and environmental
benefits. For this reason and others, they have been
adopted by at least 60 foundry lines in the U.S.
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This study also estimates the impacts of replacing phe-
nolic urethane binders with hydrolyzed collagen-alkali
silicate binders and replacing metallurgical coke with
an anthracite fines brick held together with biomate-
rial. These technologies represent an evolution of syn-
ergistic strategies for reclaiming otherwise wasted ma-
terials, such as baghouse dust and spent green sand, by
employing advanced oxidation processes. The operating
costs savings from adopting these sustainable technolo-
gies are significant relative to the investment require-
ments, and they yield fast payback periods of 0.2-1.4
year’s payback for the process specific equipment plus
installation expenses depending on system size. Given
dwindling supplies and higher prices for high-grade
metallurgical grade coal for coke making, coke replace-
ment could provide significant cost-savings. This study
demonstrates that re-using and substituting waste mate-
rials can meet more stringent environmental standards.
If the coke replacement technologies considered here
were also adopted in the steel industry, the ramifica-
tions would be profound. This could significantly reduce
emissions and cut reliance upon dwindling world sup-
plies of metallurgical grade coal.

Table 5. Foundry of the Future with
Combined Three Innovations: Potential Impacts in
Percentage Changes from Conventional Baseline

Total System Including Upstream (+ increase, - reduction)

Energy
Fossil -2.0
Non-fossil 21
Emissions
Greenhouse Gas -7.5
Criteria Pollutants -8.0
Particulates -58.8
vOoC -60
Foundry Facility (+ increase, - reduction)
Materials
New Sand -85
Collagen 172
Clay, seacoal, cereal, soda ash -50
Coke -50
Coke, iron, & scrap -0.7
Home Scrap -8.6
Ferro-Alloys -10.3
Other Materials & gases -0.7
Costs
Energy -14.7
Labor -83
Materials 23
Other Cost -49
Total -6.6
Payback in years 0.2

Note: Future foundry includes (a) 50% coke replacement with anthracite fine brick

held together with biomaterial, (b) advanced oxidation-hydroacoustic cavitation-virtual

cyclone for reclaiming both green sand and baghouse dust; and (c) collagen-alkali
silicate binder with proprietary system for heat-curing blown sand-binder system, to
replace phenolic urethane core binders.
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