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Bible of Zebra Mussel Control 
EPRI's Zebra Mussel Monitoring and Control 

Guide (TR-101782) is an essential compo
nent of any utility's arsenal in the war 
against the prolific and destructive 
zebra mussel. This 700-page resource, 
a product of EPRI's interdivisional 
zebra mussel task force, tells a 
utility everything it wants to 
know about the mollusk that's 
been plugging up utility 
condensers, clogging service 
water lines, increasing plant 
heat rates, and causing 
power plant deratings. The 
guide offers a compre
hensive compilation of 
current U.S. and Euro-
pean control measures, including thermal treatment, chemical methods, physical removal processes, and special 
coatings for intake system components. In addition, the guide covers innovative techniques still under study. 

For more information, contact Bob Edwards, (415) 855-8974. To order, call the EPRI Distribution Center, (510) 934-4212. 

C1ean Air Technology Workstation 
This software tool is a 
utility's direct route to 
developing and updating 
least-cost strategies for 
complying with the 1990 
Clean Air Act Amendments. 
Whether a utility is evaluat
ing emissions control 
technologies and power 
plants individually or 
systemwide, the Clean Air 
Technology (CAT) Worksta
tion™ crunches the numbers 
swiftly, accounting for a 
range of variables-including 
capacity factors, emissions 
constraints, and. the value of 
emissions allowances and 
other economic considera
tions. The program automati-

cally ranks technology-fuel 
combinations by cost over 
specified time periods. It also 
recommends the number of 
sulfur dioxide emissions 
allowances to buy or sen in a 
given period. For a more 
comprehensive analysis, the 
CAT Workstation can 
incorporate direct output 
from several related EPRI 
software programs, such as
those dealing with sulfur 
dioxide reduction, continu
ous emissions monitoring, 
and fuel costs. 
For more information, contact 

Richard Rhudy, (415) 855-2421. 

To order, call the Electric Power 

Software Center, (214) 655-8883. 



DsManager 
Considered to be the new industry 
standard for demand-side plan
ning, DSManager 2.0 provides a 
quick way to design demand-side 
management programs and 
evaluate their cost-effectiveness. 
This software can compare the 
costs of various DSM program 
options and predict a program's 
potential impact on a utility's peak 
demand. It also provides a useful 
means of managing the multitude 
of data required for DSM pro
grams. Its combination of analyti
cal capabilities and user-friendly 
features is unmatched by any other 
demand-side planning software 
available today, making it the tool 
of choice for utility planners across 
the country. The new features of 
Version 2.0 include its ability to 
exchange data with other EPRI and 
non-EPRI software. Version 2.0 is 
more than 10 times faster than 
Version 1.0, and its database 
occupies less than 20% of the disk 
space previously required. 
For more information, contact Perry 

Sioshansi, (415) 855-2329. To order, 

call the Electric Power Software 

Center, (214) 655-8883. 

Smart Ground Multimeter 
Proper grounding is essential 
to ensuring the safety of 
utility transmission and 
distribution systems. Yet the 
conventional methods of 
measuring and monitoring 
grounding at utility substa
tions are time-consuming 
and labor-intensive and yield 
unreliable results. They also 
require disconnecting the 
transmission or distribution 
system from the substation. 
EPRI' s new Smart Ground 
Multimeter employs novel 
current-injection techniques 

and digital signal processing 
to overcome these drawbacks. 
The personal-computer-based 
meter is able to filter out the 
electrical disturbances that 
commonly hinder conven
tional measurement pro
cesses. It also can make field 
measurements in energized 
as well as de-energized 
substations. 
For more information, contact 

Gilbert Addis, (415) 855-2286. 

To order, call Lyn Cosby at 

Hood-Patterson & Dewar, 

(404) 296-5990. 
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Mining Rock With Light 

magine a laser beam piercing through darkness and 
striking the wall of a gold mine. Almost instanta
neously, a portion of the wall shatters and falls in a 
heap on the ground. 

If EPRI has its way, this could be the future of hard
rock mining. Through a project that began about one 

year ago, researchers are working to develop laser technol
ogy for the mining of hard minerals, such as precious metals, 
as well as for underground excavation, such as that re
quired for certain construction projects. As Gene Eckhart, 
manager of the project, explains, the laser does not perform 
a slicing function as it does in surgical practice. Rather, the 
frequency of the beam is tuned to the rock's natural vibra
tional frequency. This causes the rock to vibrate and fracture. 

The researchers have already demonstrated the feasibil
ity of the concept through laboratory tests. They have also 
learned that the use of water is critical to the process. Not 
only does a jet of water provide a clear path from the laser 

source to the rock surface, but it also increases the pressure 
against the rock, imparting miniature shock waves that 
function much like traditional explosives, causing the rock 
to crumble. "This type of equipment represents the wave of 
the future for rock mining," says Eckhart. "It's an idea that 
we could never have pulled off 20 years ago." 

Conventional methods of hard-rock mining involve the 
use of explosives to break off chunks of rock varying from 
pebble-sized pieces to boulders bigger than a pickup truck. 
To break down the large boulders, miners use special ham
mers powered by compressed air, which is typically sup
plied by underground diesel generators. 

The laser technique offers several advantages over con
ventional methods. For one thing, it is faster and quieter, 

since it does not involve the 
use of explosives. Also, 
because the resulting debris 
consists of similarly sized, 
relatively small chunks that 
do not require further 
breakdown, the technique 
offers the potential for 
significantly increased 
productivity. It also elimi
nates the need for under
ground generators and the 
fumes they create. 

The researchers' next step is to build a demonstration 
tool to offer to equipment suppliers who may be interested 
in demonstrating the technology on a pilot scale. 
• For more information, contact Gene Eckhart, (202) 293-7517. 

Electrochemistry Brings Chemical Production On-site 

P 
roducing industrial chemicals in exact quantities on
site, as needed, can have a number of practical ad
vantages. Based on electrochemical synthesis rather 

than heat-intensive processes, the on-site approach can 
increase energy efficiency, eliminate the creation of haz
ardous by-products, and avoid difficulties and restrictions 
related to transportation. Since electrochemical reactions 
take place without the need for combustion or intermediary 
reagents, often they can be used at near-ambient tempera
ture with little wasted heat. 

The possibilities for widespread on-site chemical pro-
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duction are being boosted by recent advances in electro
chemical cells. Some of these advances-including rugged 
ion-exchange membranes, improved electrode materials, 
and novel cell designs-are also being researched and 
refined in the development of advanced fuel cells, which 
use many of the same basic components. Both cells work by 
transferring electrons or ions through an electrolyte to 
stimulate chemical reactions at opposite electrodes. In a fuel 
cell, chemical energy is converted to electricity; in an elec
trochemical cell, electric energy is used to produce desired 
chemicals, such as chlorine or ozone. 



The advantages of on-site synthesis can already be seen 
for these two chemicals. Chlorine for water purification, for 
example, is now produced from the off-gas at large chlor
alkali plants and trucked to consumers. At least one state, 
however, has banned the transportation of chlorine through 
populated areas; an attractive alternative is to produce 
concentrated chlorine on-site with small electrochemical 
cells fitted with special membranes. For other applications, 
such as preventing biofouling of power plant cooling 
systems, an undivided (membraneless) cell with advanced 
electrode materials can be used to produce dilute chlorine 
directly in the cooling water. 

Similar progress has been made recently in the produc
tion of ozone using an electrochemical cell with an ion
exchange membrane, a solid polymer electrolyte, and a 
porous electrode. This process is more efficient and poten
tially much less expensive than making ozone by means of 
corona discharge. 

A study sponsored by EPRI and conducted by Dextra 
Associates has identified several R&D opportunities to 
promote electrochemical synthesis. The study also explored 
possibilities for using electrochemistry to strip toxic materi
als from contaminated water or surface soils. 
• For more information, contact Ammi Amarnath, (415) 855-2548. 

Low-Dose Radiation May Stimulate Immune System 

S 
everal environmental agents, such as sunlight and 
vitamins, have qualitatively different effects on organ
isms at high doses and at low doses. The enhance

ment of a desirable biological process by the administration 
of low doses of an otherwise toxic agent is called hormesis, 
and a considerable body of evidence indicates that low-dose 
radiation (LDR) may have hormetic effects. 

This evidence is not widely known and remains poorly 
understood. Some early reports suggesting hormetic effects 
were dismissed as statistical flukes. Recently, however, 
experiments have indicated two possible mechanisms for 
radiation hormesis: the enhancement of cellular DNA repair 
and the stimulation of the body's immune system. EPRI has 
sponsored research on the latter mechanism at the Depart
ment of Veterans Affairs Medical Center at the University of 
California, Los Angeles (UCLA). 

An important component of the immune system is the 
family of white blood cells (lymphocytes) called T cells, 
produced by the thymus gland. The main function of these 
cells is to destroy "foreign invaders," such as bacteria, 
cancer cells, and transplanted tissues. They also appear to 
be involved in autoimmune diseases, in which the body 
attacks its own healthy tissue. 

The initial research at UCLA demonstrated that LDR 

appears to encourage the proliferation of T cells in normal 
mice, while in autoimmune mice it decreases the production 
of the abnormal T cells responsible for the autoimmune 
reaction. More recently, experiments have focused on the 
effect of LDR on mouse mammary tumors. In these experi
ments, although LDR exposure alone did not affect tumor 
growth, a combination of LDR and the restriction of calories 
in the diet did suppress growth, sometimes leading to 
dramatic tumor regression. LDR was also found to reduce 
the swelling of lymph tissue in a strain of mice that 
spontaneously develop a disease resembling human 
autoimmune disorders. 

"The existence of hormesis does not necessarily mean 
that the destructive effects of radiation just disappear at 
low doses," says senior medical scientist Leonard Sagan. 
"Rather, there are probably competing processes in which 
LDR may damage some cells while stimulating others to 
enhance T-cell production." 

EPRI, along with federal agencies and other industry 
groups, supports a new organization called BELLE (Biologi
cal Effects of Low-Level Exposures), which publishes a 
newsletter and sponsors an annual conference on the 
subject. 
• For more infonnation, contact Leonard Sagan, (415) 855-2585. 
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NEW 

TECHNOLOGIES 

FOR ELECTRIC 

STEELM.Al{ING 

by John Douglas 

THE STORY IN BRIEF 

Technological advances such as thin-slab casting 

have promoted the steady rise of electric steelmak

ing processes. And refinements in such areas as 

nitrogen content reduction are expected to soon 

allow steel from electric arc furnaces to compete in 

the very desirable market for high-ductility sheet 

steel. EPRl's Center for Materials Production has 

been working closely with researchers and the steel 

industry on these and other developments, includ

ing advanced finishing techniques, efficiency and 

productivity improvements, and environmental and 

waste issues. In its most recent initiative, CMP is 

forming a new collaborative partnership with the 

Steel Manufacturers Association to further such 

research and to identify key technical issues and 

opportunities for electric steel producers. 

T 
he steel industry is going 
through a wrenching transition. 
Large, integrated producers
who make steel from iron ore 

with blast furnaces and basic oxygen fur
naces-are faced with excess capacity, 
lower profit margins, stiff environmental 
regulations, and loss of market share. 
Meanwhile, electric steel producers-who 
use arc furnaces to make steel primarily 
from scrap-have seen their share of U.S. 
raw steel production rise to nearly 40% as 
they have steadily lowered costs and pen
etrated new markets. As a result of the 
advantages of technical change, even the 
well-established integrated producers are 
planning to shift more of their production 
to electric steelmaking. 

Now a variety of new technologies 
promise to tip the balance even further. 
The most important of these innovations, 
thin-slab casting, is opening the sheet steel 
market to electric arc furnace (EAF) steel
makers for the first time. Other technolo
gies are enabling them to make higher
quality products, reduce environmental 
impacts, and increase overall efficiency. 

Electric utilities have a major stake in all 
this. Steelmaking as a whole accounts for 
about 4.5% of all industrial power sales 
by utilities, or some 20 billion kWh. And 
while the total amount of energy needed 
to make a ton of steel has steadily declined 
over recent years, the portion of energy 
supplied in the form of electricity contin
ues to rise. By fostering the development 
and transfer of advanced, electricity-based 
technologies, utilities can help sustain im
portant industrial customers in their in
creasingly competitive global markets. 

Since 1984, EPRI's Center for Materials 
Production (CMP) has been a focal point 
for research and development related to 
the use of electricity in steelmaking. Lo
cated at the Carnegie Mellon Research In
stitute of Carnegie Mellon University in 
Pittsburgh, CMP has worked closely with 
both integrated and electric steel produc
ers on a wide range of technologies. The 
center is now seeking ways to collaborate 
even more closely with individual steel 
companies as the pace of technological in
novation accelerates. 

"The opportunities ahead are tremen-

EPRI JOURNAL October/November 1993 7 



dous," declares Gene Eckhart, manager of 
materials production and fabrication in 
EPRI's Industrial Program. "As competi
tion heats up and technological advantage 
becomes even more important, CMP's 
value and influence will continue to in
crease. We are already working on a broad 
portfolio of research that can make elec
tric steelmakers more productive and help 
the whole steel industry address critical 
environmental issues. We are also looking 

THE NEXT CHALLENGE: 

HIGHER DUCTILITY Steel 

from standard electric arc 

furnaces has a high nitro

gen content, which reduces 

its ductility and results in 

cracking when the steel is 

pressed deeply over dies. 

Research has revealed a 

number of steps that steel

makers can take to reduce 

nitrogen uptake by the 

steel and thus render it 

suitable for deep forming. 
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for new ways to cooperate with key in
dustry players on projects of particular in
terest to them." 

The thin-slab revolution 

Until about 20 years ago, most steel was 
produced in integrated, ore-based facili
ties, where it was generally cast into in
gots after leaving the furnace. These in
gots then had to be reheated before they 
could be shaped into semifinished prod-

structural steel, such as I beams for steel
frame buildings. The most recent casting 
technology development is the thin-slab 
caster, which produces slabs about 2 
inches thick instead of the usual 9-10 
inches. In 1989 Nucor Corporation began 
producing sheet steel from a thin-slab 
caster at its Crawfordsville, Indiana, plant. 
In 1992 the company opened a second 
thin-slab facility in Hickman, Arkansas. 

The effect was immediate. By substan-
ucts, such as billets or slabs. The develop- tially reducing the amount of hot rolling 
ment of continuous casting-producing 
billets or slabs of steel directly from the 

required to produce sheet steel (about 0.1 
inch thick), thin-slab casting enabled EAF 

furnace-eliminated the need to cast and steelmakers to compete in the hot-rolled-
reheat ingots. But continuous casting did 
more than reduce the energy loss and ma
terial handling costs associated with in
gots; it also enabled small scrap-melting 
shops to compete with the integrated mills 
in producing steel bar and rod products 
for use in construction. 

As casting technology continued to im
prove, EAF steelmakers also began to com
pete successfully in the production of 

sheet market. Sheet steel currently ac
counts for about half of the domestic steel 
market. With the introduction of thin-slab 
technology, the price of hot-rolled sheet 
dropped from about $400 per ton to less 
than $300. Even greater price reductions 
are expected to result when direct casting 
of sheet steel eliminates the need for hot 
rolling altogether. Commercialization of 
such direct strip-casting technology is ex-



pected within the next 2-5 years for stain
less steel sheet and within 8-10 years for 
carbon steel sheet. 

"So far, EAF steelmakers are competing 
mainly for the commodity end of the sheet 
market-things like bands for strapping 
and structural materials for use in culverts 
or building construction," points out Robert 
Schmitt, CMP's associate director. "The 
product quality still isn't high enough for 
applications where good ductility is re
quired-press-formed automobile panels, 
for example. To achieve that level of 
formability, we'll need to reduce the ni
trogen content and achieve greater control 
of other residual elements in steel pro
duced by electric arc furnaces." Control
ling nitrogen levels in EAF steel is one of 
the initiatives CMP has recently under
taken. 

Lower nitrogen 

During arc heating in an electric furnace, 
molecular nitrogen from the atmosphere 

THIN-SLAB CASTING A recent 

technological breakthrough in 

steelmaking is the development 

of thin-slab casting. Producing 

slabs that are about 2 inches 

thick instead of the previous 

9-1 0 inches substantially re

duces the amount of hot rolling 

required to make sheet steel. 

The thin-slab approach has 

enabled electric mills to com

pete in the market for hot-rolled 

sheet, reducing the price of this 

product by more than 25%. 

tends to dissociate into its atomic form, 
which is readily absorbed into the molten 
steel. The typical nitrogen content of arc 
furnace steel is about 70-120 parts per mil
lion, compared with only 10-40 ppm for 
steel from a basic oxygen furnace. A high 
nitrogen content reduces the formability 
of steel, thus making it unusable for ap
plications requiring a high degree of due-

tility. In order for electric arc furnaces to 
produce steel that can be deeply pressed 
over dies, nitrogen levels must be reduced 
to about 30-50 ppm. 

To determine how best to lower the ni
trogen content of EAF steel, CMP orga
nized a collaborative research project in
volving about a dozen steel companies as 
cosponsors. The North Star Steel plant in 
Monroe, Michigan, was selected as the 
project site, where five steelmaking prac
tices related to melting and refining were 
studied experimentally. In addition, his
torical data provided by North Star en
abled researchers to investigate how other, 
subsequent processes-including ladle re
fining and casting-affect the nitrogen 
content. 

The results confirmed that the largest 
amount of nitrogen is absorbed by the 
steel during initial melting and that nitro
gen levels are reduced when oxygen is in
jected into the liquid steel to react with 
carbon. Specifically, the carbon monoxide 
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formed during this reac
tion tends to flush out the 
nitrogen. Also, the pres
ence of a foamy slag cov
ering the molten metal re
duces the chance for more 

ION BEAMS IMPROVE SURFACE TREATMENT Ion-beam-assisted deposition 

(IBAD) is a process for applying coatings to specialty steels without producing 

the chemical residues associated with hot dipping and electroplating. Ion 

bombardment both cleans the substrate and accelerates atoms from the evap• 

orator to provide a better-quality coating. 

nitrogen to be absorbed. 
The foam is produced when 
carbon dioxide gases from 
the steel bath form small 
bubbles within the slag; it 
has approximately the con-
sistency of the foam that 
forms on top of a carbon-
ated beverage. Controlling 
nitrogen absorption from 
the atmosphere is impor-
tant during later stages of 
steelmaking too, including 
ladle refining and casting. 
The researchers conclud-
ed that conventional EAF 
steelmaking equipment 
can probably achieve low 
enough nitrogen levels to 
produce sheet steels suit-
able for deep forming. 

Preventing nitrogen ab
sorption from the atmos
phere is one factor in re
ducing the level of nitrogen 
in finished steel. But the level of nitrogen 
and other elements in the steel also de-
pends on the type of raw materials used
specifically, the quality of scrap and the 
amount of direct-reduced iron (DRI) in the 
initial charge. Hence the availability of 
high-quality raw materials at competi
tive prices is another key to the continued 
growth of EAF steelmaking. CMP is inves
tigating projects to upgrade steel scrap 
and to reduce the cost of making DRI. 

Greater productivity and quality 

Competitiveness in the international steel 
market is ultimately a matter of making a 
cost-competitive product that meets the 
quality needs of the customer. For some 
years, one of the techniques EAF steel
makers in Europe and Japan have used to 
increase productivity has been inert gas 
injection, or bottom stirring, which re
duces melt time, saves energy, and in
creases yield. Interest in this practice is 

1 0  EPRI JOURNAL October/November 1993 

Vacuum chamber Energetic ions 

Substrate holder 

Coating atoms 

High-energy ion source Evaporator with electron beam 

beginning to grow among EAF steelmak
ers in the United States. 

To investigate the potential benefits, 
CMP sponsored a demonstration project at 
Lukens Steel Company, Coatesville, Penn
sylvania, in which bottom stirring was 
used in the company's 165-ton arc furnace. 
Porous plugs were installed at the bottom 
of the 22-foot-diameter furnace for the in
jection of argon gas in a series of carefully 
controlled heats considered typical of reg
ular carbon steel production. 

Increased circulation of the bath did de
crease the process time because of more
uniform melting of the scrap. Productiv
ity increased by 10 tons per hour, while 
electricity consumption decreased by 10-
20 kWh per ton. Also, slag formation in
fluenced by gas injection removed phos
phorus and sulfur from the steel more ef
fectively. Although there had been some 
concern that increased agitation would 
cause greater electrode consumption and 

refractory wear, these did not occur to any 
significant extent. 

Heat for rolling 

Another opportunity to adopt advanced 
technology occurs just after casting. Before 
the thin slab produced by a continuous 
caster enters a rolling mill, it requires ad
ditional heating. The caster discharges a 
slab at a speed of about 18 feet per minute, 
and the slab must then be accelerated to 
45-60 feet per minute for entry into the 
mill. By the time a 150-foot slab is ready 
for rolling, its leading edge may have been 
cooling for some 10 minutes. Additional 
heating of about 100-120°C is thus usually 
required before the slab is ready to be 
rolled. This heating step should also re
duce temperature differences across the 
slab to less than 20°C. 

Research sponsored by CMP has inves
tigated the use of electric induction heat
ing to adjust the temperature of thin slabs 



ADJUSTABLE INDUCTOR FOR ANNEALING The use of induction heating to 

anneal sheet steel could increase productivity, but previous equipment has 

been difficult to adjust for different product widths. The transverse-flux induc> 

tion heater (TFIH) shown here-which produces a magnetic field perpendicu

lar to the steel strip-is adjustable and creates a more uniform heating pat, 

tem than Its predecessors. 
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before casting and rolling. Such heating 
takes place when magnetic coils near a 
steel slab induce currents in it, raising the 
temperature because of the inherent resis
tance of the metal. EPRI studied two types 
of induction heating for this application. 

Transverse-flux heaters create a mag
netic field perpendicular to the wide sur
face of the slab, which promotes high 
power densities in the metal and results in 
a relatively short heating time. The re
searchers found, however, that the trans
verse-flux method was not effective in this 
application because temperature unifor
mity across the slab was not adequate. 

Axial-flux heating, the second option 
studied, uses coils wound around the slab 
to produce a uniform magnetic field in the 
longitudinal direction of the slab. Experi
ments showed that, for 1000-Hz alternat
ing current in the coils, the axial-flux 
heater produced a good temperature pro
file in the slab (variations of less than 
10°C), with an overall operating efficiency 
of about 75%. 

In spite of this efficiency, the study con
cluded, induction heating alone would be 
too expensive for use with thin-slab steel. 
The researchers recommended a system 
that would use fossil fuels for most of the 
heating and apply the electric induction 
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PLASMA TREATMENT FOR 

ARC FURNACE DUST A criti

cal environmental problem 

facing electric arc furnace 

steelmakers is how to treat 

the dust produced by the 

vaporization of hazardous 

metals during scrap melting. 

Treating the dust with a plas

ma torch facilitates the sepa

ration of a nonhazardous slag 

and the condensation of com

mercial-grade metallic zinc, 

lead, and cadmium. 

technique to fine-tune the temperature 
just before rolling. Such a hybrid system 
would require less space than an all-fos
sil-fuel system and provide greater oper
ating flexibility. 

New finishing technologies 

Before being incorporated into final prod
ucts, the 0.1-inch sheet steel is usually 
cold-rolled to a thickness of roughly 0.01-
0.06 inch. Typically, the strip is then heated 
to a high temperature in order to restore 
ductility, permitting fabrication into a fin
ished product. New electrotechnologies 
can help make these finishing steps more 
productive and less costly. 

Heat treating, or annealing, requires the 

use of furnaces in which 
the steel reaches tempera
tures of more than 1000°F. 
Both gas-fired and electric 
resistance furnaces are cur
rently used for this pur
pose. Electric induction 
heating could, however, 
offer several advantages, 
including compactness of 
equipment, ease of auto
mation and maintenance, 
increased productivity, and 
improvement of yield. 

In the past, induction 
heating was not used com
mercially to anneal sheet 
steel because of the dif
ficulty of making adjust
ments for the sheet width. 
Previous attempts at in
duction heating also tend
ed to make the edges of a 

strip hotter than the center, resulting in 
edge distortion and cracking. Recently, 
however, Ajax Magnethermic Corporation 
of Warren, Ohio, received a patent on a 
system for transverse-flux induction heat
ing (TFIH) that is both adjustable and more 
uniform in its heating. While, as men
tioned earlier, this technology is not an ef
fective option for slab heating, it appears 
to be particularly well suited for thin-strip 
heating. CMP, in collaboration with Ajax 
and Allegheny Ludlum Steel Corporation, 
built a pilot TFIH line at Allegheny's plant 
in Vandergrift, Pennsylvania, to demon
strate the concept. 

Tests on the pilot line showed that the 
TFIH system could reduce annealing costs 
by about 28%, compared with conven
tional processing. Temperature variation 
across the width of the steel was kept 
within 5% of the mean. In addition, only 
about one-third the usual amount of ox
ide scale built up on the steel surface dur
ing annealing, making removal easier and 
eliminating the need for acid pickling. 
CMP is now identifying opportunities to 
commercialize TFIH annealing for both 
stainless and carbon strip steel. 

To impart corrosion resistance to carbon 
sheet steel, a layer of zinc is often applied, 
usually through electroplating or hot dip-



ping. The cost of these conventional treat
ments is rising, however, because of new 
environmental requirements regarding the 
treatment of the waste solution from elec
troplating and the confinement of fumes 
from hot zinc baths. A new electricity
based coating process, which is environ
mentally contained and uses only directly 
recyclable materials, is now being ex
plored by CMP. 

Known as ion-beam-assisted deposition 
(IBAD), this process has been used to ap
ply metal coatings to electronic and med
ical equipment. For treating sheet steel, 
IBAD offers several potential benefits, in
cluding a lack of chemical residues, the 
flexibility to handle a more varied prod
uct line, high yields, and improved coat
ing quality. 

Spire Corporation, which makes IBAD 
equipment, conducted a study on the 
process for CMP, with the assistance of an 
advisory group provided by the American 
Iron and Steel Institute. Work included ex
periments in which the IBAD process was 
used to apply a zinc coating to samples of 
automotive sheet steel. The experiments 
found the mechanical and corrosion per
formance of all !BAD-coated samples to 
compare favorably with that of the corre
sponding commercially produced sam
ples. CMP is currently considering a col
laborative project with steelmakers to 
construct a pilot !BAD line. 

Addressing environmental 

concerns 

One of the most important areas of col
laborative research organized by CMP ad-

Oxygen lance Molten steel 

dresses generic environmental issues that 
have major impacts throughout the steel
making industry. Two recent accomplish
ments illustrate the important role that 
the EPRI center can play in helping resolve 
these issues. 

hazardous, but that the flame reactor 
product would contain less than the min
imum acceptable level of zinc for resale to 
a smelter. The plasma furnace process, 
however, had zinc recovery rates of about 
75%, and economic analysis showed that 

The first concern arose rather suddenly sale of the zinc should produce a net gain 
in the mid-1980s, when, under provisions, of about $63 per ton of treated dust, ex-
of the Resource Conservation and Recov
ery Act, the U.S. Environmental Protection 
Agency listed electric arc furnace dust as 
a hazardous waste because of its toxic 
metal content. When scrap is melted by an 
electric arc, highly volatile metals-such 
as zinc, lead, and cadmium-vaporize and 
react with oxygen to form a fine (0.1-10-
micrometer) dust. Each year, EAF steel
makers in the United States and Canada 
must dispose of about half a million tons 
of this dust. 

In 1986 CMP led an industry group com
prising 22 companies in selecting two dust 
treatment technologies for demonstration 
projects. Both technologies are based on 
the concept of offsetting treatment costs 
by recovering and selling zinc from the 
dust. The flame reactor process uses oxy
gen-enriched air and fossil fuel to chemi
cally reduce and volatilize the metallic 
dust particles, eventually collecting the 
zinc oxide product in a baghouse. The 
plasma furnace process uses a plasma 
torch to heat the dust to a much higher 
temperature, vaporizing zinc and lead; the 
vapor is then condensed to obtain com
mercial-grade metallic zinc. 

The demonstration results (published in 
1988) indicated that both treatment pro
cesses could render arc furnace dust non-

Flue gas 
(to baghouse) 

Preheater 
Scrap 

eluding the slag disposal cost. As a result, 
two commercial plasma-based treatment 
plants are now operating. The plasma 
technology, developed by Tetronics R&D 
Company, was scaled up by International 
Mill Service for on-line use at the Jackson, 
Tennessee, plant of Florida Steel Company 
(8000 tons of dust per year) and at the 
Blytheville, Arkansas, plant of Nucor
Yamato Steel Company (12,000 tons per 
year). 

Another important environmental prob
lem affecting both electric and integrated 
steel mills is what to do with the oily 
metallic emulsions and sludges produced 
by the cooling water used in the hot 
rolling of steel. In volume, typical sludge 
consists of about equal portions of water, 
oil, and iron oxide particles. One hot-strip
rolling mill can generate more than 50 tons 
of such sludge a day, which currently re
quires several hours to separate by means 
of such conventional processes as gravity 
settling or heating and decanting. 

Responding to the need for a better ap
proach, CMP has completed laboratory 
tests of a process that uses microwave 
energy to separate sludge into its constit
uents. In this effort, researchers at Carne-

CONSTEEL SCRAP 

PREHEATING Heating 

scrap before it is melted 

in an electric arc furnace 

saves energy and increas

es productivity. The new 

CONSTEEL process, which 

uses recovered furnace 

off-gases to preheat 

scrap, was recently 

demonstrated at a steel 

mill in North Carolina. 
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DC ARC FURNACE For 

new installations, a 

direct-current arc furnace 

with a single electrode 

may have advantages 

over the traditional three

electrode ac furnace. 

Reported benefits include 

higher efficiency and 

lower electrode consump

tion. (Photo courtesy of 

ABB Metallurgy, Inc.} 



gie Mellon Research Institute modified a 
microwave emulsion cracking process 
patented by Conoco, Inc. Test results 
showed that after a magnet was used to 
concentrate the oily metallic particles, mi
crowaves could separate sludge into clear 
water, clean oil, and clean metal in 10 min
utes or less. The costs for operation and 
disposal at commercial scale for the new 
process are estimated to be only 10% of 
the current costs. CMP is now working to 
establish a collaborative project with the 
steel industry to demonstrate a scaled-up 
version of the microwave separation tech
nology. 

The drive for efficiency 

The drive for greater energy efficiency is 
an important factor in keeping electric 
steelmaking competitive. Over the years, 
CMP has pursued several initiatives in this 
area, including the recent publication of a 
wide-ranging study of arc furnace effi
ciency (see reading list). Two field demon
strations of efficiency-enhancing technolo
gies illustrate some of the benefits that can 
be achieved. 

About 25% of the total energy used in 
electric steelmaking almost literally goes 
up in smoke-in waste gases, to be exact. 
Recovering the thermal energy from fur
nace gases to preheat scrap before melting 
has several potential benefits, including 
greater productivity and lower cost. To ex
plore this potential, CMP organized a con
sortium of six steel industry companies 
and two utilities to sponsor a demonstra
tion of the CONSTEEL process for scrap 
preheating at the Charlotte, North Car
olina, plant of Florida Steel. 

In the CONSTEEL process, hot exhaust 
gases pass through a side opening in 
the furnace into a refractory-lined tunnel 
about 80 feet long. As a conveyor moves 
scrap toward the furnace through this tun
nel, the scrap is preheated by thermal en
ergy from the waste gases. In the demon
stration at the Florida Steel plant, this 
heat-recycling arrangement improved steel 
production from 33 to 44 tons per hour 
and lowered the tap-to-tap melting time 
from 83 to 60 minutes. Electrode con
sumption was also reduced by about 30%. 
Although energy efficiency per se did not 

increase as much as expected, the pro
ductivity improvements reduced direct 
operating costs from about $23.30 to 
$21.52 per ton-indicating a payback pe
riod of approximately two years for in
vestment in the CONSTEEL process. And 
Florida Steel reports that improvements 
undertaken in the process since the 
demonstration have boosted energy effi
ciency. 

Another major energy consumer in the 
steelmaking process-requiring up to 
about 10% of the electric energy input-is 
the air pollution control system. Many of 
these systems were designed to operate 
constantly at maximum air evacuation 
levels, with little regard for energy con
sumption or effect on product yield. Yet 
such high flow may be needed for only 
15-25% of the total melt cycle. CMP has in
vestigated the potential benefits of using 
adjustable-speed drives on fan motors to 
reduce energy consumption. 

The study involved tests at the electric 
steelmaking plant of Structural Metals, 
Inc., at Seguin, Texas. Walli Engineering 
was the principal investigator for the 
study, with CRS Sirrine Engineers provid
ing data analysis. The test results showed 
that using adjustable-speed drives could 
substantially improve the energy effi
ciency of the air pollution control system, 
probably repaying an investment in two 
and a half years. 

Toward closer collaboration 

After more than a decade of collaborative 
effort, CMP is seeking ways to work even 
more closely with electric steel producers. 
To accomplish this objective, CMP is form
ing-in collaboration with the Steel Man
ufacturers Association (SMA)-an electric 
steelmaking technology committee to 
sponsor development and demonstration 
projects. The organizational meeting was 
held on October 13 in Chicago, in con
junction with the annual meeting of SMA, 
which is composed primarily of electric 
steelmaking companies. 

EPRI's Gene Eckhart, who facilitated the 
formation of the collaborative EPRI/ CMP I 
SMA partnership with the assistance of 
Paul Stewart of EPRI's Customer Systems 
Division, outlines the strategy: "Our pur-

pose is to identify key technical issues and 
opportunities for electric steel producers 
that can be addressed collaboratively by 
CMP and SMA. The membership fee to join 
will be modest. We will look to the SMA 
members to join in sponsoring specific 
projects, along with CMP and EPRI mem
ber utilities." According to CMP' s director, 
Joe Goodwill, the center will develop and 
manage selected projects for the partner
ship. 

"Many electric mills are lean outfits 
with only small technical staffs," notes 
Bob Jeffress, manager of EPRI's Industrial 
Program. "That makes it difficult for them 
to study and keep up with the latest in
ternational technological developments. 
Collaboration between SMA and EPRI/CMP 
will provide opportunities for our mem
bers to work more closely with electric 
steel producers on jointly sponsored proj
ects that will help them retain global com-
petitiveness." • 
Further reading 

Electric Arc Furnace Efficiency December 1 992. CMP 

(Center for Materials Production) report 92-10. 

Nitrogen Control in Electric Arc Furnace Slee/making 
Final report for RP2787-1 . December 1 992. EPRI TR-
10 1600. 

Ion-Beam-Assisted Deposition of Coatings on Carbon 
Steel. November 1 992. CMP report 92-9. 

Continuous TFIH Annealing of Stainless Steels. August 

1 992. CMF (Center for Materials Fabrication) report 92-4. 

Application of Microwaves to the Separation of Oil-Water 
Sludges. July 1 992. CMP report 92-6. 

Adjustable-Speed Drives for Electric Arc Furnace Air Pol
lution Control Systems. December 1991 . CMP report 
91-10 .  

The CONSTEEL Scrap Preheating Process. May 1 99 1 .  
C M P  report 91 -9. 

Bottom Stirring in an Electric Arc Furnace. February 199 1 .  
C M P  report 91 -5. 

Electrotechnologies for Reheating Thin Slabs Prior to 
Rolling. March 1 990. CMP report 90-5. 

Advanced Process Control for Electric Arc Furnaces. De
cember 1 989. CMP report 89-3. 

Plasma Furnace Treatment of Electric Arc Furnace Oust 
as Demonstrated by Bethlehem-Tetronics. November 
1 988. CMP report 88-2. 

Flame Reactor Process for Electric Arc Furnace Dust. Au
gust 1988. CMP report 88- 1 .  

Electric Arc Furnace Oust: Disposal, Recycle, and Re
covery May 1985. CMP report 85-2. 

Background information for this article was provided by 
Gene Eckhart and Robert Jeffress of EPRl 's Customer 

Systems Division and Robert Schmitt of the Center for Ma
terials Production. 
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T 
he widening search for solu
tions to global environmental 
and social problems is leading 
to some surprising discoveries 

about underutilized natural resources. 
Take halophytes, for example, a group of 
only distantly related plants that have in 
common one special ability-salt toler
ance. Ranging from shrubs and succulents 
to certain kinds of turf grass, halophytes 
are commonly found along seacoasts, in 
salt marshes, and across inland alkali 
deserts. Some halophytes, such as Salicor

nia bigelovii, can even be grown as food 
crops-producing seeds that compare fa
vorably with soybeans in oil and protein 
content-using seawater for irrigation. 

Some of the advantages of increasing 
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the use of halophytes worldwide are ob
vious: they can grow where other plants 
can't; they don't need fresh water for irri
gation and, in fact, can help reclaim sali
nized desert areas; and, as crops, they can 
increase global agricultural productivity 
without deforestation. Less obvious are 
the potential benefits for electric utilities. 
The subject of ongoing EPRI research, 
these benefits include sequestering carbon 
dioxide, removing salt and heavy metals 
from power plant wastewater, providing 
a new nonfossil biofuel, and reducing the 
salinity of drainage water in major irriga
tion districts. 

"The original purpose of our work in 
this area was to examine the potential 
of halophytes to remove carbon dioxide 

from the atmosphere as an offset for emis
sions from fossil fuels," says Sy Alpert 
of the Office of Exploratory & Applied 
Research. "But then we began to see many 
other opportunities that could involve 
utilities directly or indirectly. I believe, 
for instance, that an important emerging 
issue is the increasing shortage of potable 
water as populations grow around the 
world. The development of crops that can 
be irrigated with seawater could help ease 
this shortage. On a smaller scale, salt-tol
erant plants could be used in bioremedia
tion for a variety of water contamination 
problems. Utility involvement in halo
phyte research for such applications rep
resents a win-win situation both globally 
and locally." 



THE STORY IN BRIEF Halophytes-a diverse group of salt-tolerant plants 

ranging from succulents to sea grass-appear to be something of a 

wonder crop. They can thrive in environments that will not support con

ventional plant life, and some can actually be irrigated with seawater. 

Researchers estimate that more than 320 million acres of desert and 

salt-degraded cropland worldwide could be used to grow halophytes, 

with a wealth of potential benefits. Several species of the hardy plants 

are being investigated as both a food crop and a new nonfossil biofuel, 

and strategically placed plantings can also assist with land reclama

tion and the removal of salts and heavy metals from power plant waste

water. Perhaps most important, halophytes offer a new biological alter

native for removing and storing atmospheric carbon dioxide. 

by John Douglas 

Using halophytes 

Ordinary salt, sodium chloride, is essential 
for life, but maintaining a proper balance 
of it in various cells can be a challenge for 
plants and animals alike. The cells of plant 
leaves, for example, concentrate salt in 
storage spaces called vacuoles, which be
come distended as water flows into the 
cells under osmotic pressure. This pres
sure keeps the leaves turgid; without it, 
the leaves wilt. If groundwater contains 
too much salt, however, the osmotic flow 
of water can actually be reversed, drain
ing and killing the plant. 

Halophytes solve this problem by ex
pending energy to accumulate salts in their 
vacuoles to levels that are higher than 
those in the soil solution, ensuring a net 

movement of water into rather than out of 
the plant. Like other plants, halophytes use 
large protein molecules (enzymes) in the 
cell membranes of roots to regulate salt in
take. Called proton pumps, these enzymes 
exchange sodium ions for hydrogen ions 
and thus reduce the plant's salt uptake. 
There is evidence that these pumps oper
ate more efficiently in halophytes than in 
nonhalophytes at high external salt levels. 

Whatever the mechanism, halophytes 
are able to accumulate salt to more than 
6% in their cell vacuoles, more than 
enough to offset the osmotic pressure gen
erated even by pure seawater (3.2% salt) 
in the external solution. Halophyte seeds, 
however, do not accumulate salt, so they 
can be used for food and fodder without 

further processing, provided they can be 
harvested conveniently. Historically, at 
least two halophyte grains were major 
food sources for the Native Americans in
habiting the coastal desert regions along 
the northern part of the Gulf of California. 

But the ecological benefits of halophyte 
cultivation may be of far greater impor
tance than the plants' food potential. The 
global circulation of the atmosphere has 
created a band of dry air at about 30° lat
itude in each hemisphere, producing some 
of the world's great deserts and other dry
lands, which will not support conven
tional plant life. These areas include some 
720 million hectares (1 hectare equals 
2.471 acres) of coastal deserts and inland 
saline deserts. In addition, about 43 mil-
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HIGH SALT TOLERANCE Most plants cannot survive in saltwater areas. But halophytes can because they accumulate salts 

in their leaves to levels higher than those in the soil. This ensures a net movement of water into-rather than out of-the plant. 

Like other plants, halophytes use large protein molecules in the cell membranes of their roots to regulate salt intake. 
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lion hectares of irrigated cropland have 

been degraded by salinization. 

An estimated 130 million hectares of 

these salt-affected drylands could be used 

to grow halophytes, according to research 

conducted by the Environmental Research 

Laboratory (ERL) of the University of Ari

zona, under cosponsorship by EPRI and 

the Salt River Project. This estimate as

sumes that coastal regions would be irri

gated with seawater; inland saline basins 

would use water from brackish aquifers 

too salty for conventional agriculture; and 

desert irrigation districts would use saline 

drainwater from existing fields. 

An important reason to consider the 

cultivation of halophytes on a large scale 

is their potential for removing carbon 

from the atmosphere. This approach prom

ises several advantages over some of the 

alternatives that have been suggested pre

viously. Creating tree plantations for car

bon sequestration, for example, may dis

place existing cropland, which could lead 

to forest clearing elsewhere. Indeed, over 

the next 75 years, some 200 million hec

tares of new cropland may be needed to 

support the projected doubling of the pop

ulation in the tropics alone. 

By contrast, halophyte plantations on 

salinized drylands would not compete 

with other agricultural uses or tap scarce 

freshwater resources. Such plantations ei

ther could be used to sequester atmos

pheric carbon dioxide directly, through 

the long-term storage of the resulting bio

mass, or could contribute indirectly by in

creasing the world's net total of cropland, 

saving existing forests to sequester carbon. 

One hectare of Salicornia bigelovii , for in

stance, could replace 1 hectare of soybeans 

or multiple hectares of pasture-the prin

cipal crops for which much of the Brazil

ian forest is being cleared. There is even a 

chance that increasing the plant mass on 

large areas of drylands could help change 

local climate conditions and increase rain

fall. 

Halophytes are also a potential source 

of renewable fuel for electric power gen

eration or transportation. Although the 

heat content of halophyte biomass varies 

by species, it generally falls in the same 

range as that of lignite coal. ERL research 

indicates that using a 2-to-1 ratio of coal 

to halophyte biomass in a 500-MW power 

plant would produce about 10% less heat 

per unit weight than coal alone but would 

result in 25% less carbon being contrib

uted to the atmosphere (because of the re

cycling of carbon back to the biomass). It 

is also possible that refined halophyte oil 

could be blended with diesel fuel to power 

vehicles. 

Questions of feasibility 

Before halophyte cultivation is greatly ex

panded for any of the purposes just de

scribed, however, much more needs to be 

known about its long-term feasibility and 

cost-effectiveness. The most recent re

search by ERL scientists has focused on 

four important questions: What are the 

yields of various halophyte species under 

seawater irrigation? What are their irriga

tion requirements? How quickly do halo

phytes decompose under various circum

stances, releasing their stored carbon to 

the atmosphere again? And how expen

sive would it be to sequester carbon using 

halophytes? This research, also sponsored 

by EPRI and the Salt River Project, was 

conducted at a site on a farm on the Sono

ran coast of the Gulf of California. The 

farm is owned by Genesis, Inc., a Mexican 

company that grows halophytes commer

cially and that is acting as a subcontractor 

for ongoing ERL research. 

Yields of 14 halophyte species were 

measured over two growing seasons at the 

Mexican farm, using seawater for irriga

tion. (Rainfall in the area is less than 4 

inches per year.) Even under these harsh 

conditions, the five most productive 

species had annual dry biomass yields in 

a range from about 17  to 34 metric tons 

per hectare-about the same as for con

ventional crops irrigated with fresh water. 

Using a conservative estimate of 25% car

bon content for the halophytes (compared 

with about 36-40% carbon content for 

wood), the yields translate into an annual 

carbon uptake of about 4-8 metric tons 

per hectare-within the range of high

yielding tree plantations. 

Measurements of water consumption 

showed that halophytes require 1-3 cubic 

meters of seawater per square meter of 

soil each year, depending on the species 

and the growing season. This range is 

about the same as that for cotton and al

falfa irrigated with fresh water under sim

ilar desert conditions. Some of this water 

is used by the plants, while the rest is 

needed to leach salts downward to pre

vent their accumulation in the surface soil. 

The relatively high water transpiration 

rates of halophytes mean that they could 

provide a more efficient alternative to the 

solar evaporation ponds that some utili

ties use for disposing of wastewater. 

Irrigation costs, primarily for pumping 

seawater, are the most significant expense 

in growing halophytes. In addition, the 

"carbon cost" of using fossil fuels in plant

ing, irrigating, and harvesting halophytes 

equals about 25% of the carbon content of 

the biomass yield. These initial findings 

were based on experiments conducted on 

plants grown in lysimeters, 10-gallon con

tainers designed to monitor water con

sumption; further data taken under field 

conditions will be needed to confirm and 

refine the results. 

Decomposition of the halophyte bio

mass, which releases carbon into the at

mosphere, is very slow when the har

vested plants are removed and buried in 

dry desert soil. Alternatively, the harvested 

biomass can be plowed back into the 

ground (which will be irrigated and re

used to grow more halophytes), saving 

transportation costs. Small-scale experi

ments indicate that the decomposition rate 

of halophyte biomass in seawater is about 

half that in fresh water but that it differs 

sharply by species. With or without irri

gation, the decomposition rate is low 

enough that there is a net accumulation of 

organic carbon in the soil-a potential first 

step toward rehabilitating some desert ar

eas for raising other kinds of crops. Al

though such decomposition experiments 

indicate that about 30-50% of the carbon 

taken up by halophytes might enter long

term storage, the ultimate magnitude and 

duration of storage has not yet been de

termined. 

Under the conditions just described, the 

direct cost of raising halophytes is ap

proximately $44-$53 per metric ton, com

pared with $30-$45 for conventional bio-
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mass crops. This cost includes the energy 
input of diesel fuel for irrigation and till
ing but does not include payments to 
farmers. Growing halophytes just to store 
carbon would thus be relatively expen
sive, but the net cost could be significantly 
reduced if the seeds were cultivated as a 
source of food or animal fodder, leaving a 
carbon-rich by-product for storage. 

"I expect that halophytes will be grown 
for multiple purposes," says Edward 
Glenn, a senior research scientist at ERL. 
"Salicornia, for example, is very easy to 
harvest. It looks like green, jointed pencils 
with seed spikes on the top third of the 
plant. Harvesting the oilseeds would 
leave straw, containing about 90% of the 
total carbon, available for sequestration. In 
the case of woody halophytes grown for 
forage, the stem and roots, containing 
about 75% of the carbon, would remain." 

Glenn and his associates, Mary Olsen 
and Robert Frye, calculate that if such crop 
residues were plowed under and if only 
one-third of the buried carbon entered 
long-term storage, the net marginal cost of 
sequestration would be only $12 per ton 
of carbon. "That would be an attractive 
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cost for carbon sequestration if further re
search supports these estimates," says 
EPRI's Sy Alpert. 

The next stage of ERL's research in Mex
ico, again sponsored by EPRI and the Salt 
River Project, will be to address some of 
the remaining issues related to the feasi
bility of using halophytes for sequestering 
carbon. The major question is, what hap
pens to the carbon once it enters the soil? 
Does it leach and drain away into rivers? 
Is it released to the atmosphere by bacte
rial decomposition? Or does it remain se
questered? 

The first objective of the new research 
will be to determine the fate of dissolved 
organic carbon leached from the halo
phyte production system. Another objec
tive will be to measure the effects that 
residue burial and subsequent nitrogen 
fertilization have on biomass production 
from the next crop and on decomposition 
of the residues. From these and other ex
periments, researchers eventually want to 
develop a predictive model of the carbon
storing potential of halophyte crops. 

"Previous research has helped create 
worldwide interest in growing halophytes 

THE NEXT REVOLUTION 

IN AGRICULTURE? EPRI and 

the Salt River Project spon

sored research on 1 4  halo

phyte species at a northern 

Mexico farm located on the 

Gulf of California. With only 

seawater for irrigation, the 

five most productive species 

had an annual dry biomass 

yield comparable to that of 

conventional crops irrigated 

with fresh water. The carbon 

sequestration potential of 

these plants was also judged 

to be excellent. 



on salt-affected drylands," says Louis 
Pitelka, a research manager in EPRI's En
vironment Division. "The United Nations' 
environment program, for example, has 
endorsed the use of halophytes on sali
nized soils to help arrest desertification in 
developing countries. Some people be
lieve that this could even be the beginning 
of the next revolution in agriculture. In 
any case, more research will be needed to 
find out how widely applicable some of 
these concepts may be." 

Utility applications 

Already, some utilities are beginning to 
consider halophytes for specific applica
tions in their own facilities or service ter
ritories. Arizona Public Service Company, 

for example, is cofunding a project with 
EPRI to study the use of halophytes to im
prove the quality of wastewater at two 
coal-fired power plants and to dispose of 
contaminated water. 

At the Ocotillo plant in Tempe, Arizona, 
the aim is to use moderately saline blow
down water (0.4-0.5% salt) for growing 
halophytes as lawn and shrub landscap
ing, rather than discharging the water to 
a sewer system. Such discharge is a po
tential hazard for crops downstream, and 
it is hoped that using halophytes can help 
the plant meet regulatory guidelines for 
wastewater disposal with zero discharge 
off-site. Several plastic-lined basins will be 
constructed in trenches near the plant for 
a two-year experiment to develop an op-

timal planting and irrigation scenario, 
with minimum leaching of salt into the 
aquifer below. Three plant types will be 
investigated: Atriplex nummularia, a shrub 
suitable for landscaping; Paspalum vagina

tum, a halophyte turf grass; and Sesuvium 

portulacasstrum, a flowering ground cover. 
If all goes well, recommendations will be 
made for planting halophytes on 25-50 
acres of the site to accept an annual dis
charge of some 76 million gallons of wa
ter from the plant. 

At the Four Corners plant in Farming
ton, New Mexico, deep-rooted halophytes 
will be used to intercept the underground 
flow of saline seeps from tailings and · 
evaporation ponds. Atriplex root systems, 
for example, can penetrate 20 feet or more 
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UTILITY BENEFITS EPRI researchers are examining the potential benefits the utility industry could draw from halophyte pro

duction. Among these are the reduction of carbon dioxide levels in the air, the removal of salts and heavy metals from power 

plant wastewater, and the creation of a new nonfossil biofuel. 
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When plants die, most of their carbon quickly returns to the atmosphere as they decompose. But experiments indicate that 

harvested halophyte biomass, when removed and buried in dry desert soil (as shown here), may be able to retain 30-50% 

of its carbon for a long time. Simply plowing the crop under where it grows also sequesters some carbon, though less than at 

an unirrigated site. Researchers are working to determine the actual rate of release of carbon dioxide from the buried halo

phytes to the atmosphere. 

into the ground and have been used to 
lower the saline water table under some 
agricultural fields. Research now getting 
under way at the plant will determine 
whether halophyte trees and shrubs can 
be used in a similar way to reduce the per
colation of saline discharge water toward 
the underlying water table. Experiments 
will focus on the evaluation of local halo
phyte species for their ability to reduce the 
volume of standing water in large lysime
ter pots with an artificially imposed water 
table. 

Related laboratory work sponsored by 
Arizona Public Service and EPRI will be 
conducted in Tucson, Arizona, with spe
cial attention to metal uptake by various 
halophyte species. Toxic metals-such as 
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cadmium, chromium, selenium, and ar
senic-are sometimes present in poten
tially hazardous concentrations in agricul
tural drainage water or in power plant 
discharges in the western states. Halo
phytes have a unique ability to concen
trate these metals, which are not normally 
absorbed by ordinary plants. These ex
periments on metal uptake will provide 
basic data on how halophytes could be 
used in bioremediation for a variety of 
contamination problems, both inside and 
outside the utility industry. 

EPRI is hoping to expand this work by 
testing the ability of halophytes to capture 
and sequester selenium from evaporation 
ponds that catch drainage water from ir
rigated agricultural fields. Although se-

lenium is an essential element for life, in 
large concentrations it can be toxic, and 
the buildup of selenium in evaporation 
ponds is seen as a potential threat to in
digenous wildlife. The proposed research 
would use halophytes to remove selenium 
and other heavy metals from the drainage 
water, while reducing the volume of wa
ter by 90-95%. 

This proposed project is based on pre
vious research conducted by Carolyn Wat 
son of ERL, in cooperation with the Tular 
Lake Drainage District, which current! 
has about 100 acres of halophyte tes 
plantings in the area. In the project, ER 
would plant halophytes in cascades alon 
the drainage route. Near the agricultura 
fields, where the water flows under 
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Salts from groundwater used for power plant cooling tend to concentrate as they are cycled 

through the cooling system. Halophytes irrigated with blowdown water can absorb some of these 

salts, including those containing toxic metals. Only a small amount of drainage water is returned 

to the soil. 

Some halophyte species can be burned 

as fuel, since they have a heat con

tent roughly equal to that of lignite. 

Cofiring of coal and halophyte biomass 

(in a 2-to-1 ratio) is particularly attrac

tive from a carbon dioxide standpoint 

because much of the carbon released 

from the stack is recycled into a 

new biomass crop. 

ground, trees would be planted so that 
their roots could absorb the drainage wa
ter where salts are least concentrated. Far
ther along, as the water moves through 
surface drainage ditches and becomes 
more saline, fields of plants that are more 
salt-resistant would be used. The feasibil
ity of using some of the woody halophytes 
as biofuel would also be considered. 

Many unknowns 

"Halophyte cultivation using seawater or 
contaminated brackish water offers great 
promise for helping us address a num
ber of environmental problems and opens 
up new agricultural opportunities," con
cludes Sy Alpert. "Some specific applica
tions will obviously benefit some western 
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utilities directly, but we're not ready to go 
large-scale yet. Many unknowns remain." 

Louis Pitelka underscores this point: 
"More research is needed to determine the 
long-term effects of planting halophytes. 
There are a host of issues that need to 
be resolved whenever wild species are 
brought under cultivation. In this case, for 
example, will prolonged irrigation with 
seawater raise salt levels in the ground too 
high? What proportion of buried carbon 
remains sequestered? Also, how large a 
contribution might halophytes make to re
ducing carbon dioxide in the atmosphere 
for long periods?" 

The value of continuing such research 
can be explained in terms of a "no regrets" 
policy toward carbon sequestration, ac-

cording to Edward Glenn. "There's a great 
deal of uncertainty about greenhouse 
gases and climate change, but we can do 
things that would make sense anyway. 
Then, if global warming doesn't occur, we 
can still look back on what we've done 
without regret. I believe that the halo
phyte option makes sense in this context. 
Besides taking up carbon dioxide, halo
phytes can help provide a new food 
source and contribute to land restoration, 
while saving forests and not tapping 
scarce freshwater resources-not a bad 
combination." • 
Background information for this article was provided by 
Sy Alpert, Office of Exploratory & Applied Research, and 
Louis Pitelka, Environment Division. 
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THE STORY IN BRIEF With 

the stage set for a major 

increase in gas-fired gener-

ation, the world market for 

combustion turbines-

already one of the most 

competitive among current 

plant options-is becoming 

even hotter. The efficiency 

and performance of 

advanced heavy-frame 

turbines are increasing as 

equipment suppliers con-

tinue to raise firing temper-

atures and unit capacities. 

And performance advances 

in the latest high-thrust fan-

jets that power large jetlin-

ers are now fueling a grow-

ing interest in compact 

aeroderivative turbines, 

developed directly from air-

craft engines. Promising effi-

ciencies that equal or sur-

pass those of conventional 

combined-cycle plants, 

advanced aeroderivatives 

will have the added advan-

toge of smaller, more 

attractive capacity incre-

ments. EPRI is leading an 

international consortium to 

accelerate the commer- C 

ciallzation of advanced 

combustion turbines that 
C 

could become the core of 

a variety of innovative 

power plant cycles. � 
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T 
he growing popularity of nat
ural gas as the fuel of choice for 
most new electric generating 
capacity is turning up the spot

light on combustion turbines, a rising star 
among plant options in an expanding 
worldwide power generation market. 
Long regarded as a poor relation in the 
family of generating-plant options, to be 
used mainly for peaking power, combus
tion turbines are moving to center stage 
both internationally and even in the 
slower-growing U.S. generation market. 
They are now cast in a leading role in 
evolving strategies for capacity expansion 
and for repowering existing steam gener
ating capacity. 

In the United States in particular, many 

Pratt & Whitney's 

PW4000 fan-jet engine 

AERODERIVATIVES ARE FOCUS OF 

ADVANCED TURBINE CONSORTIUM 

Smaller and more efficient than 

conventional heavy-frame utility 

combustion turbines, aeroderivative 

turbines are fan-jet aircraft engines 

that have been modified and 

repackaged for ground-based 

power generation. A broad interna

tional consortium-managed by 

EPRI and including the world's 

major aircraft engine manufactur

ers and American, British, Cana

dian, Danish, Dutch, and French 

utilities-is working to accelerate 

the development of advanced, high

efficiency aeroderivative gas 

turbines incorporating the latest 

fan-jet engine technology. General 

Electric already offers a line of 

aeroderivative turbines, including 

the LM6000, a modified version of 

the GE CF6-80C2 engine used in a 

wide range of jetliners. 

GE LM6000 

aeroderivative turbine 

utilities, spurred by increasingly tighter 
emissions limits set out in recent amend
ments to the Clean Air Act, are making 
plans to use natural gas-the cleanest fos
sil fuel-to the maximum extent practical, 
as have many independent producers. 
With the price of gas still near its lowest 
levels of the past decade, natural-gas-fired 
generation continues to offer some of the 
least expensive electricity currently avail
able from new plants. Even companies 
that have chosen to build flue gas scrub
bers or to switch to lower-sulfur coal for 
existing steam plants are eyeing gas-fired 
turbines for future growth because of their 
comparatively low capital cost, inherently 
low emissions, short lead time for instal
lation, and flexibility for repowering. 

No longer are combustion turbines the 
stepchild of the power generation busi
ness, mainly limited to peaking service. 
Thanks to their close technological kinship 
to jet aircraft engines, combustion turbines 
have benefited from the successive tech
nology advances developed initially for 
high-performance military jets over the 
past 15 years. These include hotter firing 
temperatures, improved blade-cooling de
signs and blade coatings, higher compres
sion ratios for greater power, and elec
tronic controls. The incorporation of such 
advances into the engines powering com
mercial jet aircraft contributed directly to 
current state-of-the-art fan-jets, which al
low a wide-body airliner to make nonstop 
flights of more than 8500 miles. 



Many of the fundamental improve
ments in jet engine technology have found 
their way into the newer models of heavy
frame industrial and utility combustion 
turbines produced by the traditional 
power equipment manufacturers. In 60-
Hz versions, these heavy-frame machines 
have now reached over 150 MW in rated 
capacity. At the same time, jet engine mak
ers-facing a decline in aircraft orders due 
to a glut of jetliner capacity-are showing 
renewed interest in the power generation 
market. They're packaging their current 
models as compact, aeroderivative tur
bines that offer 35-45 MW of capacity and 
efficiencies of up to 40% in simple-cycle 
operation-although usually at a higher 
capital cost per kilowatt than for heavy
frame machines, which are less expensive 
to engineer and build. The smaller, aero
derivative turbines have found favor with 
both small and large utilities, although 
many larger utilities, or those experienced 
at operating larger generating units, tend 
to prefer heavy-frame machines. 

Today, both aeroderivative and heavy
frame turbines are available across a wide 
range of modular capacity increments and 
can generate economically competitive 
electricity at partial as well as full load. 
Engineered for high reliability, like their 
aircraft-powering relatives, the new com
bustion turbines can be operated continu
ously as baseload generators or cycled as 
peaking units. And when the hot exhaust 
from one or two of these turbines is chan
neled to a heat recovery steam generator 
to make even more power with a steam 
turbine in a combined-cycle configuration, 
the units can be the most-efficient per
formers in a utility's entire cast of gener
ators; the thermal efficiencies of the most 
recent examples range from 53% to 55%. 

Even without a steam bottoming cycle, 
the combustion turbine's main power cy
cle of gas compression and expansion 
has untapped potential for efficiency im
provement through the application of 
such advanced concepts as intercooling 
and innovative exhaust heat recovery 
schemes. In contrast, the conventional 
Rankine cycle, which is the basis of all 
fossil-fired steam generation, appears to 
have a practical efficiency ceiling of 40-

45%. Major advances in materials and de
sign would be needed to exceed current 
steam temperatures. 

Growing competition and new strategic 
alliances among the manufacturers of the 
two principal types of combustion turbine 
provide ample evidence that, in more 
ways than one, these turbines are hot and 
getting hotter. The new machines are big
ger and literally run hotter than ever be
fore-some have a firing temperature of 
over 2300°F (1260°C). And manufacturers 
acknowledge the potential for further per
formance improvement in both turbine 
types. For heavy-frame machines, they 
anticipate firing temperatures of 2500-
26000F (1371-1427"C) and combined-cycle 
efficiencies of 58-61 % by the end of the 
decade. With an accelerated development 
effort, it may be possible to obtain similar 
performance from aeroderivative-turbine
based plants, but in more-cost-competitive 
versions and in smaller capacity incre
ments than are typical of combined-cycle 
plants using heavy-frame turbines. 

Building on a 

collaborative initiative 

Low natural gas prices, the inherently low 
emissions possible with gas-fired genera
tion (for example, half the carbon dioxide, 
per unit of electricity output, that is pro
duced by burning coal), and the high cost 
of environmental compliance for other 
fossil fuel options are converging to make 
gas and gas-fired capacity attractive op
tions for utilities. EPRI is hoping to lever
age this convergence of opportunities to 
its members' benefit through new collab
orations and development efforts aimed at 
leapfrogging to the next generation of ad
vanced combustion turbines in just a few 
years. 

"It's not hard to predict the future of 
combustion turbine power generation-to 
know what the electric utility technology 
will be like in 10 years, you just look at 
what is flying around in jet airplanes to
day," says George Preston, EPRI vice pres
ident for generation and storage. "Recent 
developments have put EPRI, the equip
ment suppliers, and their clients in a po
sition to shorten the time for transferring 
advanced jet engine technology into ad-

vanced turbine technology to perhaps five 
years or less." 

EPRI has assumed overall management 
responsibility for the Collaborative Ad
vanced Gas Turbine Project (known as 
CAGT), an international consortium origi
nally organized by Pacific Gas and Elec
tric Company. CAGT is aimed at catalyz
ing the early introduction of advanced gas 
turbine plants that use machines incorpo
rating the latest fan-jet engine technology. 
In addition to EPRI and PG&E, sponsors 
include EPRI member utilities San Diego 
Gas & Electric Company and Southern 
California Edison Company. Other CAGT 
sponsors include the Gas Research Insti
tute, the Sacramento Municipal Utility 
District, and Southern California Gas Com
pany. The California Energy Commission 
and the U.S. Department of Energy (DOE) 
support CAGT through funding grants. 

The effort has also attracted strong in
ternational support, testifying to the broad 
appeal that smaller-capacity, low-capital
cost, high-efficiency modular gas turbine 
units have for companies in the generat
ing business around the world. Non-U.S.
based sponsors of CAGT include British 
Gas, the Canadian Electrical Association, 
Electricite de France, Elkraft Power Com
pany of Denmark, KEMA of the Nether
lands, National Power of Britain, and 
TransAlta Utilities of Alberta, Canada. 

All three of the western world's fan-jet 
engine manufacturers are also involved 
with CAGT: Britain's Rolls-Royce and, 
from this country, General Electric Com
pany and the Pratt & Whitney Division of 
United Technologies Corporation (UTC). 
Pratt & Whitney is represented by UTC' s 
Turbo Power & Marine Systems Division, 
which develops and markets aeroderiva
tive turbines based on Pratt & Whitney en
gines. 

In the CAGT program, the first phase 
of which is nearing completion, each of 
the engine makers is teamed with a pow
er plant engineering firm-either Fluor 
Daniel or Bechtel-to develop initial de
sign concepts for high-efficiency aerode
rivative-turbine-based plants that would 
incorporate the latest-model superfan en
gines. The three-phase CAGT program is 
expected to extend into the next decade 
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and result in actual field demonstrations 
of advanced designs, although Phase 1 is 
the only part currently funded. 

The CAGT members are coordinating 
their evolving collaborative program with 
DOE's Advanced Turbine Systems (ATS) 
Program, an eight-year, $700 million effort 
authorized by Congress in the Energy Pol
icy Act of 1992. This program is aimed 
specifically at the development of ad
vanced, high-efficiency utility and indus
trial turbines for post-2000 commercial 
availability. For utility combustion tur
bines, the ATS effort is aiming for a ma
chine that is 60% efficient in combined
cycle operation, that will have nitrogen 
oxides (NO) emissions 10% lower than to
day's lowest levels, and that will generate 
electricity 10% more cheaply than today's 
best systems. In addition to pursuing com
mon objectives, the CAGT sponsors hope 
to stimulate the much larger DOE pro-

around 2000, but, like many other utilities, 
it faces low load growth and limited ac
cess to new power plant sites near load 
centers. 

According to Arthur Cohn, who man
ages EPRI projects on advanced-cycle 
power plants, the majority of the earliest 
utility gas turbine generating units, in
stalled in the 1960s, were aeroderivatives 
based on Pratt & Whitney engines. These 
were the engines used in such aircraft as 
the F-105 fighter and early jetliners, in
cluding the Boeing 707. Many utilities 
could afford to install dozens of these en
gines as ground-based units for peaking 
duty; the machines would be needed only 
a few hundred hours a year. 

"Aircraft engines are designed and en
gineered to a different standard of reli
ability and dependability than conven
tional combustion turbines, which trans
lates into very high development and test-

gram, and the equipment vendors partic- ing costs. Fortunately, these costs for aero-
ipating in it, to demonstrate advanced tur
bine concepts and systems for the power 
generation industry somewhat earlier and 
with somewhat lower efficiencies than 
were initially targeted. 

"We want to encourage involvement by 
the entire community of stakeholders in 
the growing market for natural gas in elec
tric power generation," says Ron Wolk, di
rector of the Advanced Fossil Power Sys
tems Department in EPRI's Generation & 
Storage Division. "The vision is that, col
lectively, we can form the right combina
tion of market pull and technology push 
to give us a substantial leap forward to 
lower-cost gas-fired power plants and ad
vanced power cycles that are both highly 
efficient and highly reliable. Such a leap 
forward would make the new turbines 
even more flexible as both dispersed and 
central station power plants." 

As originally conceived, CAGT was 
aimed at exploiting the significant oppor
tunity represented by the high-efficiency 
fan-jet engines entering service in com
mercial aircraft. PG&E determined that it 
could use advanced aeroderivative tur
bines to repower much of its aging 7000 
MW of fossil fuel steam-generating capac
ity. The California utility anticipates re
placing much of this capacity beginning 
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derivatives have already been covered, 
which is why you can even consider using 
them in power plants," explains Cohn. "So 
the great thing about aeroderivatives 
is that you get the high-cost features
such as the high-temperature components 
-for free, in a sense. But if you want the 
manufacturers to change anything in the 
design or the specifications, it can get very 
expensive, because in their way of doing 
things, nothing comes cheap." 

Early in the program definition for 
CAGT, the results of EPRI's more than 15 
years of research in advanced power cy
cles and gas-turbine-based power systems 
provided a planning focus. The EPRI stud
ies identified and analyzed a variety of in
novative approaches with potentially very 
attractive efficiencies-some approaching 
60%-and very low emissions. Without re
quiring a bottoming cycle, some advanced 
cycles promise capacity ratings and effi
ciencies approaching those of combined
cycle plants based on lower-cost, heavy
frame combustion turbines. 

For heavy-frame machines, the addition 
of a bottoming steam cycle to make a com
bined-cycle plant almost doubles the in
stalled capital cost per unit of generating 
capacity, explains Cohn. Innovative ad
vanced cycles making use of a series of 

ADVANCED CYCLES COULD PROPEL 

AERODERIVATIVES TO HIGHER PLANE 

OF EFFICIENCY In this graph, the 

potential progression in performance of 

high-thrust aeroderivative gas turbines 

is compared with the performance of 

heavy-frame industrial machines in both 

simple-cycle and combined-cycle appli· 

cations. Innovations such as intercool• 

ing and advanced cycles could make 

aeroderivatives available in attractively 

sized modular units with efficiencies 

that would rival those of current or 

even next-generation heavy-frame 

machines in combined-cycle plants 

involving larger capacity increments. 

Advanced cycles of interest for 

aeroderivatives include the STIG 

(steam-injected gas turbine), CRISTIG 

(chemically recuperated, intercooled 

steam-injected gas turbine), and HAT 

(humid-air turbine) cycles. 

already available advanced gas turbines 
that would not require full-scale develop
ment and demonstration could be a less 
expensive option. Such units would likely, 
but not necessarily, be based on aeroderiv
ative turbines. 

High performance and reliability would 
make these generating units appropriate 
for baseload and intermediate duty, as 
well as for complete or partial station re
powering and for green-field plants. With 
a relatively small overall footprint, these 
modular, lightweight units could also be 
used as portable power plants for tempo
rary siting at dispersed load centers or 
transmission substations. 

CAGT's three-phase 

development program 

The CAGT consortium has awarded con
tracts for conceptual design studies total
ing $2.5 million to the manufacturer-engi
neering teams of General Electric and 
Stewart & Stevenson Services with Bech
tel; Rolls-Royce with a second Bechtel 
team; and UTC' s Turbo Power & Marine 
Systems with Fluor Daniel. Each of the 
aircraft engine makers offers turbofan 
engines that provide 50,000 to 80,000 or 
90,000 pounds of thrust. These machines 
are used in virtually all wide-body, long-
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haul jetliners in service today or sched
uled to enter service soon, such as the Boe
ing 777. General Electric recently began 
testing an even more advanced fan-jet
the GE-90-that is expected to deliver up 
to 100,000 pounds of thrust. 

The vendor teams' engineering and eco
nomic evaluations of various power plant 
designs and configurations incorporating 
turbines based on these advanced aircraft 
engines are expected to be completed by 
the second quarter of 1994. The teams will 
conduct a comprehensive screening of op
tions to identify preferred designs that can 
be readily commercialized. Also as part of 
Phase 1, the teams are developing pro
posals detailing the technical, business, 
and financial requirements for demon
strating a preferred-concept machine. Early 
commercial plant designs from 50 MW to 
200 MW in capacity could be on the mar
ket by 1998. During the first phase, the 
CAGT members are trying to catalyze early 

market interest and establish initial mar
ket pull, represented by potential cus
tomer orders. 

The next phase envisions early com
mercialization of the leading designs for 
generating systems based on advanced 
aeroderivative turbines, with one or more 
units to be built by each manufacturer for 
risk-sharing, pioneering owner-operators. 
CAGT members would have priority on 
orders for the new machines and would 
perhaps share in royalties. In this second 
phase, which is expected to run from 1994 
through about 1998, substantial user feed
back on the new machines' initial operat
ing experience will help confirm and val
idate the development strategy. 

The process is also expected to identify 
what will be needed during the project's 
third phase for the development of the 
preferred turbine designs and their appli
cation to advanced, innovative power cy
cles. Specific points of current technical 

focus include various applications of 
compressor intercooling as a means of in
creasing turbine efficiency and power out
put. Intercooling looks attractive to the 
CAGT sponsors both as a short-term en
hancement to existing high-thrust aerode
rivative designs and as part of longer-term 
advances in combined and more-complex 
power cycle applications (such as the use 
of intercooling in combination with steam 
injection and with reheat combined cy
cles). 

There is also interest in high-efficiency 
combustion turbine designs that would 
combine components of aeroderivative 
turbines and heavy-frame machines. In
tercooling, for example, has implications 
for redesigning the first compressor spool 
of an aeroderivative machine or replacing 
it with a lower-cost compressor designed 
to industrial turbine standards. 

Another advanced-cycle concept under 
investigation involves chemical recupera
tion of waste heat combined with inter
cooling and steam injection. Still another 
is the humid-air turbine (HAT) cycle-an 
intercooled, regenerative cycle with a sat
urator that adds moisture to the compres
sor discharge air. 

As part of a recent study jointly funded 
by EPRI, Fluor Daniel, Texaco, and UTC, 
Turbo Power & Marine Systems designed 
a HAT cycle that uses an aeroderivative 
turbine based on the current top-of-the
line Pratt & Whitney engine (the PW4000). 
A saturator is used to add about 20-40% 
water vapor to the compressor discharge 
air, increasing the turbine mass flow and 
therefore the power output while also 
helping to limit NOx emissions. Such a 
HAT cycle could be expected to boost the 
turbine's power output to 157 MW, com
pared with 42 MW in a simple cycle, while 
increasing plant efficiency to 55.5%, com
pared with 52.6% for a comparable heavy
frame-based combined-cycle unit. Further 
modifications have been identified that 
could raise the power output to 199 MW. 
(For more information on the HAT cycle, 
see the research update article on page 43 
of this issue.) 

CAGT is taking a fresh look at all the ad
vanced-power-cycle possibilities. An in
terim report on the most promising ones 
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in view of CAGT's accelerated develop
ment plan should be available by April of 
next year. EPRI managers stress that the 
overall aim is actual power plant designs 
that provide the best combination of cap
ital cost, development cost and schedule, 
efficiency, and low emissions. (Of particu
lar concern are NOx emissions, which in
crease as the flame temperature in a gas 
turbine increases.) Minimizing the con
sumption of water, whether for boosting 
power and efficiency or for limiting NOx 
emissions, is also a criterion for some of 
the advanced cycles. Some trade-offs may 
be necessary between the cost and perfor
mance of advanced designs and the risks 
of certain development paths. 

Catching up with 

industrial turbines? 

As EPRI's Arthur Cohn explains, CAGT's 
first-phase comparative analyses of the 
efficiency and capacity potential of ad
vanced aeroderivative-turbine-based plants 
suggest that the near-term incorporation 
of such innovations as intercooling and 
the longer-term incorporation of ad
vanced cycles could propel high-thrust 
aeroderivatives to new heights of power 
and performance. 

"Intercooling could boost simple-cycle 
efficiency over the best current aeroderiv
ative turbines by about 5 percentage 
points-for an overall heat rate that is 15-
20% better than the best current heavy
frame machines-while more than dou
bling the power output and substantially 
reducing the capital cost per kilowatt of 
generating capacity," says Cohn. Mean
while, advanced cycles incorporating 
high-thrust aeroderivative turbines could 
achieve efficiencies as high as, or possibly 
even higher than, those anticipated with 
the next generation of industrial turbines 
in combined-cycle operation-while offer
ing smaller capacity increments. 

But if developers are hoping that aero
derivative-based gas turbine plants can 
someday claim the high ground in effi
ciency and performance over the heavier
frame models, they will have to aim at a 
moving target. Despite the recent interest 
in advanced aeroderivatives, the world
wide expansion in the market for gas tur-
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bine power plants today is focused mainly 
on heavy-frame machines. There, compe
tition between the four principal manu
facturers-ABB Asea Brown Boveri, Gen
eral Electric, Siemens, and Westinghouse 
-is heating up. In addition, the three of 
these four that do not also make aircraft 
engines are pursuing strategic alliances 
with other firms that do, forming teams 
that may spark even fiercer competition 
on the aeroderivative front. 

General Electric dominates much of the 
world market for heavy-frame combus
tion turbines. It also commands a signifi
cant share of the aeroderivative market, in 
part through its link with power plant 
packagers, such as Stewart & Stevenson 
Services. GE was the first to introduce a 
2300°F combustion turbine with its Frame 
7F series, which was initiated in the late 
1980s with a prototype at Virginia Pow
er's Chesterfield station. In a recent arti
cle in Business Week, the company acknowl
edged the commercial success of the F
technology turbines as a major contribu
tor to improved earnings in recent years. 
GE has licensed the technology for pro
duction in Europe by a consortium known 
as European Gas Turbines and, more re
cently, for production in Japan by Hitachi. 
The company has now introduced the 
2350°F (1288°C) 7FA turbine, the first four 
of which are expected to enter U.S. utility 
service late this year. 

Tokyo Electric Power recently named 
the GE-Hitachi combine as the turbine 
supplier for an eight-unit, 2800-MW com
bined-cycle plant-the world's largest
planned for completion by the mid-1990s 
in Yokohama, Japan. The plant will use 
9FA turbines, which are new, more pow
erful (226-MW), 50-Hz versions of GE's 
7FA machine. 

The other three principal worldwide 
suppliers of utility turbines have also ei
ther introduced or announced plans to in
troduce 2300°F machines. Westinghouse, 
which resumed manufacturing large com
bustion turbines in this country two years 
ago after ceding much of the work to li
censee Mitsubishi Heavy Industries, formed 
a joint venture with Mitsubishi to supply 
2300°F machines for what will be Europe's 
largest combined-cycle station-the 1875-

MW Teesside plant in England, built by 
Enron Power. 

GE and Westinghouse together can 
claim about two-thirds of the U.S. in
stalled gas turbine market, but their two 
main European rivals, Siemens and ABB
which have long edged them out of the 
steam turbine business on the continent
are now competing with them head-on for 
the gas turbine business both here and 
abroad. Siemens, the engineering and 
electrical giant based in Germany, has a 
presence in the U.S. market with a line of 
combustion turbines based on a design 
developed several years ago in a now
ended joint effort with UTC' s Turbo Power 
& Marine Systems. Siemens has gas tur
bine manufacturing facilities in Wisconsin 
and has completed testing in Germany of 
a 152-MW (60-Hz), 2350°F machine. It has 
announced that Metropolitan Edison Com
pany will install the prototype next year 
at its Portland, Pennsylvania, station. 

The Zurich-based multinational con
glomerate ABB includes the corporate sue-



COMPETITION IN HEAVY-FRAME 

TURBINES CONTINUES TO HEAT 

UP The new interest in advanced 

aeroderivative turbines notwith

standing, most of the recent 

growth in the worldwide market 

for combustion turbines has 

involved the larger-capacity heavy

frame machines produced by the 

major power generation equipment 

suppliers. General Electric was the 

first to offer heavy frames with a 

2300°F ( 1260°C) firing temperature 

-the 7F series, introduced in the 

late 1 980s (and since surpassed by 

the 7FA machine). Westinghouse, 

Siemens, and ABB Asea Brown 

Boveri followed suit, introducing 

competitive high-efficiency gas 

turbines in similar unit capacities. 

Next-generation heavy frames in 

60-Hz models could approach 200 

MW of generating capacity in 

simple-cycle operation. 

Siemens's new 1 52-MW 
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cessor to the Swiss firm that introduced 
the first gas turbine in a power generation 
application in 1939. ABB has installed 80-
MW-class and 100-MW-class turbines in 
the United States, most recently six at 
Cincinnati Gas & Electric Company's 
Woodsdale plant. It is expanding domes
tic manufacturing facilities for gas tur
bines in Virginia. In September, ABB an
nounced the commercial availability of 
advanced, 160-MW-class (60-Hz) and 240-
MW-class (50-Hz) high-efficiency gas tur
bines, with an order for the first 60-Hz ma
chine in hand from Jersey Central Power 
& Light Company for an expected 1996 in
service date. ABB says that the turbine will 
achieve a combined-cycle efficiency of 58%. 

The heavy-frame gas turbine manufac
turers are moving to cover all the bases of 
the fast-evolving international market. 
Siemens and ABB are pursuing alliances 
with Russian turbine and aircraft engine 
manufacturing enterprises, hoping both to 
gain entry into the repowering and new
plant markets of the former Soviet Union 
and to tap the highly regarded technical 
expertise of Russian engine designers. 

Recently, Westinghouse announced an 
agreement with Rolls-Royce that report
edly could result in the use of the British 
aircraft engine manufacturer's aeroderiv
ative turbine technology in Westing
house's next generation of large gas tur
bines. Rolls-Royce, in turn, which is 
developing a high-efficiency aeroderiva
tive turbine based on its Trent series of 
aircraft engines, will gain access to West
inghouse heavy-frame technology and 
machines for its product line. 

Heavy-frame turbine manufacturers are 
already planning next-generation ma
chines that observers expect will incorpo
rate the technology for 2500- 2600°F firing 
temperatures-believed to be the temper
ature range of the latest advanced aircraft 
engine designs. If the heavy-frame mod
els can do this, they may be able to offer 
combined-cycle power plant unit capaci-

aeroderivative technology into gas turbine 
power plants is only the latest develop
ment in a broad ongoing Institute pro
gram in combustion turbines-a program 
that provides technical support and infor
mation to a diverse community of users 
of the existing turbine fleet. Support ca
pabilities include the Combustion Tur
bine Center in Charlotte, North Carolina, 
whose technical staff can provide tele
phone consultation and on-site assistance. 

"The differences between the current 
aeroderivative and heavy-frame fleets 
translate mainly into how they are main
tained," says George Touchton, EPRI pro
gram manager for combustion turbines. 
"From the point of view of aerodynamics, 
mass flows, temperatures, and the result
ing stresses and strains, you've got the 
same issues all around." 

EPRI' s ongoing durability surveillance 
monitoring program supports utilities' 
growing use of combustion turbines. The 
program focuses on the early users of the 
latest high-capacity heavy-frame turbines. 
The effort began in 1989 when EPRI out
fitted an early GE 7F turbine-installed 
initially for peaking duty at Potomac Elec
tric Power Company's (PEPCO's) Station 
H at Dickerson, Maryland-with numer
ous sensors and other monitoring equip
ment. Over 200 data points are monitored 
in real time, with remote data links to 
EPRI, GE, and other participants. Similar 
systems have been installed on four 
GE 7FA (2350°F) machines scheduled for 
startup as baseload combined-cycle units 
late this year at Florida Power & Light 
Company's Martin plant. The program 
also intends to monitor other manufac
turers' advanced machines as they are 
installed at utility sites. 

Clark Dohner, the EPRI project manager, 
says that durability surveillance of the ad
vanced heavy-frame machines can iden
tify significant problems and find solu
tions early in a new turbine model's debut 
period, confirm operating-life predictions 

ties approaching 300 MW with efficiencies for key components, and provide feed
of 58-61 %. back to the manufacturers for improve-

A comprehensive R&D response 

EPRI' s participation in the CAGT effort to 
accelerate the incorporation of advanced 
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ments in design or operation. Mainte
nance costs and performance are being 
documented as well. Each machine is to 
be monitored for about three years. 

------- --- -- -�-------- -- - - -

Monitoring gear installed on the GE tur
bines to date includes EPRI-developed op
tical pyrometers that measure the actual 
operating temperatures of individual tur
bine blades and buckets through small 
holes in the turbine casing. Dohner says 
that a significant success was realized only 
a short time after initial operation. The col
laborative efforts of PEPCO, GE, and EPRI 
resulted in a change to the first-stage 
blade that will benefit future buyers of F
technology turbines. 

Much of the information collected dur
ing the monitoring program, which will 
run at least through 1995, will be added 
to EPRI' s databases on combustion turbine 
operations and maintenance. Along with 
technical support, these databases and re
lated software for analyzing turbine per
formance and reliability are available 
through EPRI' s Combustion Turbine Cen
ter. The center's services include rapid
response technical assistance and consul
tation. Another resource is EPRI's Data 
Applications Center in New York, which 
provides access to five reliability data
bases that can help utilities save money on 
plant design, modification, and purchase 
decisions. 

The R&D payoff 

"What we have today is a rare conver
gence of near-term economic, political, 
and regulatory forces and technological 
development with longer-term environ
mental choices and capacity-planning de
cisions," concludes EPRI Vice President 
George Preston. "This business climate 
drives the power generation market both 
here and abroad toward higher-efficiency 
conversion technologies that will permit 
greater and more economical use of nat
ural gas as a fuel for power generation. 
Advanced aeroderivative gas turbine 
power plants represent a high-payoff op
portunity for collaborative research, de
velopment, and demonstration aimed at 
achieving this goal." • 

Background information for this article was provided by 
Arthur Cohn, Clark Dohner, George Touchton, and Ron 
Wolk, Generation & Storage Division. 



JEFFRESS ECKHART 

ALPERT PITELKA 

COHN DOHN ER 

N ew Technologies for Electric 
Steelmaking (page 6) was writ

ten by science writer John Douglas with 
background information from two mem
bers of EPRI's Customer Systems Divi
sion. 

Robert Jeffress, manager of the In
dustrial Program, joined EPRI in 1986 
after serving 13 years with the Ameri
can Iron and Steel Institute in Wash
ington, D.C. In his five years as direc
tor of technology at AISI, he had 
responsibility for collaborative R&D, 
university research, and industry man
ufacturing committees. His previous 
experience includes 10 years as a man
ager with Armco Steel Corporation. Jef-

fress has a BS degree in metallurgical 
engineering from Purdue University. 

Gene Eckhart, who works out of 
EPRI' s Washington Office, is manager of 
the Institute' s materials processing and 
fabrication research. Before joining EPRI 
in 1992, he spent six years as program 
manager in the Department of Energy's 
Office of Industrial Technologies, de
veloping programs to benefit the do
mestic primary metals industry. From 
1972 to 1985, Eckhart held engineering 
positions in both research and product 
development with the Specialty Steel 
Division of Armco, Inc. He holds a BS 
in metallurgical engineering from Drexel 
University and an MBA from Loyola 
College in Maryland. • 

,\ Rich Harvest From Halophytes 
fl (page 16) was written by John 
Douglas, science writer, with assistance 
from two EPRI staff members. 

Seymour Alpert, Research Fellow, is 
an executive scientist in the Office of 
Exploratory & Applied Research. Since 
joining EPRI in 1973, he has served as 
technical director for the development 
of a number of systems, including re
newable resource, energy storage, and 
advanced coal-based power systems. 
Earlier he worked for industrial and 
consulting organizations in the petro
leum and chemical industries. He is a 
graduate of the Polytechnic Institute of 
New York and Rutgers University. 

Louis Pitelka, manager of ecological 
studies in the Environment Division, 
has overseen a wide range of projects 
concerning the effects of air pollution 
and climate change on terrestrial eco
systems. Before coming to EPRI in 1984, 
he was director of the National Science 

Foundation's program on population 
biology and physiological ecology. He 
previously taught biology at Bates Col
lege in Maine for nine years and also 
served as chairman of the Biology De
partment for part of that time. Pitelka 
received a BS in zoology from the Uni
versity of California at Davis and a PhD 
in biological sciences from Stanford 
University. • 

,\ dvanced Combustion Turbines Set 
fl for Takeoff (page 24) was written 
by Taylor Moore, Journal senior feature 
writer, with principal assistance from 
two members of EPRI's Generation & 
Storage Division. 

Arthur Cohn manages research on 
advanced power plant cycles in the 
Gasification Power Plants Program. He 
has also managed work in fusion and 
coal gasification since joining the Insti
tute in 1974. Previously Cohn worked 
for Cambridge Research Laboratory, 
Avco-Everett Research Laboratory, and 
Pratt & Whitney Aircraft Company. He 
earned SB and SM degrees from the 
Massachusetts Institute of Technology 
and a PhD in electrical engineering from 
Rennselaer Polytechnic Institute. 

Clark Dohner manages research in 
the Combustion Turbines Program, as 
well as the international Collaborative 
Advanced Gas Turbine (CAGT) Project. 
He joined the Institute in 1982 after 20 
years with General Electric Company, 
where he held various gas turbine en
gineering positions. Earlier he worked 
for Westinghouse Electric Corporation. 
Dohner holds two degrees in mechani
cal engineering-a BS from Johns Hop
kins University and an MS from the 
University of Pittsburgh. • 
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Expert System Software 

EPRI Develops Tools for 
Power Restoration 

As many control room operators can tell 
you, restoring electric power after a black
out can be like trying to find a flashlight 
in the dark. Although sophisticated sys
tems exist for monitoring daily opera
tions-automatically dispatching genera
tors according to fluctuations in supply 
and demand-there is no system to guide 
utility operators through the delicate pro
cess of complete power system restora
tion. 

"The power system is tremendously 
complicated, and after a blackout it must 
be brought back up piece by piece in an 
order that ensures the safety of person
nel and equipment," says Gerry Cauley, 
EPRI's manager of control center technol
ogy. "It's not always obvious to the oper
ator which units should be brought on and 
at what point." One possible consequence 
is that a utility trying to restore power to 
a region may bring it back to customers, 
only to have it fail once, twice, or even 
several times more. Not only can that be 
annoying and inconvenient for customers 
trying to resume normal operations, but it 
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also can be dangerous. As Cauley points 
out, a lifeless downed wire that is pre
sumed safe could be reenergized at any 
moment. 

"Power system restoration needs to be 
accomplished in a controlled, methodical 
manner so that there's a logical sequence 
in bringing everything back on-line," says 
Cauley. "There are a thousand areas in 
which a mistake could be made." 

That has inspired EPRI to initiate a proj
ect to develop an expert system consisting 
of a collection of software tools that will 
walk control room operators step by step 
through the process of power restoration. 
When completed, the expert system will 
have the capacity to suggest a reliable 
restoration strategy based on the state of 
the utility's various generation, transmis
sion, and distribution facilities. The sys
tem will recommend what actions the op
erator should take and how to take them, 
including detailed instructions for restor
ing individual lines. 

Contractors working on the project have 
already developed a prototype of the cen
tral piece of the system, and it has been 
successfully demonstrated at Philadelphia 
Electric. This part of the system is now be-

ing enhanced and modified for produc
tion-grade release. 

When the entire system is completed, 
probably in about a year, it will be beta
tested by the Salt River Project and the 
Western Area Power Administration. At 
the moment, those utilities are helping to 
refine the design. According to Cauley, the 
system not only can provide expert advice 
during an actual power restoration but 
can help utilities develop restoration plans 
in advance and can be used to train oper
ators in power system restoration. 
• For more information, contact Gerry Cauley, 

(415) 855-2832. 

Tube Inspection 

Sound Wave May 
Yield Better Results Faster 

The use of eddy currents for inspecting 
power plant tubing is a technique that's 
been widely employed in the industry for 
more than 20 years. But there are several 
drawbacks to this method: it is time-con
suming and can require multiple inspec
tions; it requires the insertion of a probe 
into every tube inspected; and the result
ing data can indicate only the location of 
flaws, not their size. 

Researchers at Pennsylvania State Uni
versity may have found a better method 
for tube inspection. Initial laboratory ex
periments indicate that the use of the lamb 
wave, a type of sound wave that can be 
generated in thin materials, can provide 
more-detailed information on damage to 
heat exchanger tubing. Lamb waves also 
offer the potential for quicker results. 

Created by an electrical impulse, lamb 
waves travel the length of a tube or a pipe 
at the speed of sound. (By contrast, the 
eddy-current technique involves the use 
of a probe that must travel the full length 
of a tube-typically 60 feet-at speeds of 
12 to 24 inches per second.) As they flow 



through the tube material, the lamb waves 
are modified by it. The resulting wave 
characteristics hold the key to details not 
only about the location of tube damage 
but also about its nature and extent. The 
speedier lamb-wave technique offers the 
potential for significant savings. It also 
could be used as a screening device to se
lect tubes that require further testing. 

To a limited extent, other types of sound 
waves-shear and longitudinal waves
can be used for tube inspection by insert
ing a probe similar to that used in the 
eddy-current technique. But these waves 
are not useful for inspecting thin-walled 
tubing from one end because they get ab
sorbed by the material before they are able 
to travel back to the end where they orig
inated. Lamb waves can travel back and 
forth through tubing without significant 
attenuation. 

So far, the Pennsylvania State Univer
sity researchers have developed a device 
to generate lamb waves in power plant 
tubing and a mathematical model that can 
decipher the wave signals from relatively 
thin walled material as they are instanta
neously relayed to a computer. EPRI hopes 
that the researchers will be able to demon
strate the feasibility of using lamb waves 
for inspecting thicker materials such as 
piping. 

"The initial research results are promis
ing, suggesting that lamb-wave inspection 
may have the potential to expand into the 
analysis of erosion/ corrosion in thicker
walled piping," says project manager Jack 
Spanner. If additional laboratory tests 
scheduled for 1994 are successful, the tech
nique will be demonstrated at EPRI's Non
destructive Evaluation Center in Char
lotte, North Carolina. After that, it would 
be tried at the plant of an EPRI member 
utility. 
• For more information, contact Jack Spanner, 

(704) 547-6065. 

Underground Cables 

Prototype Development 
Begins on Fault Finder 

An EPRI contractor has begun developing 
prototypes of EPRI' s Fast Fault Finder-a 
compact sensor that is expected to locate 
damaged sections of underground cables 
more swiftly than available methods can. 
The Fast Fault Finder senses irregularities 
in current and voltage that result from a 
given fault and extracts information from 

those transients to determine the fault's lo
cation. In laboratory tests of the device, it 
has demonstrated an accuracy of ±2% of 
the circuit's length. 

According to Harry Ng, manager of the 
project, the Fast Fault Finder will be sig
nificantly faster than conventional meth
ods for fault location. The most common 
conventional method is what Ng refers to 
as the divide-and-conquer technique. This 
involves dividing a problem circuit in half 
by tripping a fuse near the middle of the 
circuit to determine which section con
tains the fault. The relevant section is re
peatedly divided in this manner until the 
precise location of the damage is deter
mined. 

A second conventional method involves 
the use of a fault indicator, which senses 
the magnetic fields generated by the cur-

rent resulting from faults. The drawback 
to this method is that fault indicators must 
be installed at every transformer. The re
sult is that much time is spent opening up 
transformer cabinets, which contain the 
indicators, to obtain readings. 

By contrast, only one Fast Fault Finder 
is required for a given circuit. Measuring 
approximately 6 by 4 by 2 inches, the de
vice can be installed either as a temporary 
locating device after a fault has occurred 

or as a permanent monitoring instrument 
that will automatically indicate the loca
tion of a fault as it occurs. 

The development of Fast Fault Finder 
prototypes is part of a longer-term project 
that began a few years ago with the con
ceptualization of the device by EPRI con
tractor BDM International. The Institute's 
present contractor, Edison Control Corpo
ration, began developing prototypes this 
fall. By early next year, 75 prototype de
vices are expected to be ready for testing 
by member utilities. After the utilities of
fer feedback to Edison Control, the device 
will be modified for commercial release, 
which is projected for mid-1994. Ng says 
that the Fast Fault Finder will cost under 
$800 per unit. 
• For more information, contact Harry Ng, 

(415) 855-2973. 
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Adapting Wireless Networks 
for Monitoring Building Performance 

F 
our utilities are collaborating with EPRI to adapt a 
distributed, wireless network of remote data loggers 
for use in monitoring electrical equipment in commer

cial buildings. The monitoring tool will allow utilities to 
identify equipment problems and predict the long-term 
performance of a variety of loads, including heating, venti
lating, and air conditioning (HVAC) systems; lighting sys
tems; and miscellaneous motors and appliances. Researchers 
also expect to demonstrate the value of such a portable, 
temporary monitoring system for tracking the performance 
of demand-side management (DSM) technologies and 
programs. 

EPRI's project contractor, Architectural Energy Corpora
tion (AEC), is expanding and customizing for utility use a 
system for HVAC diagnostics and commissioning that it 
originally developed under a small-business innovation 
research contract with the U.S. Army's Construction Engi
neering Research Laboratory. The system-which includes 
hardware, software, and user manuals-employs a series of 
small, battery-powered, microprocessor-controlled, four
channel data loggers that are dispersed throughout a build
ing for data collection and then retrieved 10 to 14 days later 
for downloading to a computer. 

AEC is developing the capability for applying artificial 
neural networks and fuzzy logic to analyze the collected data 
automatically. The system software lets users define the 
characteristics of each component of the equipment to be 
monitored, thus allowing many combinations of equipment 
to be analyzed. The software can be expanded to accommo
date new types of equipment. 

Owing to its modular, expandable structure, the system 
has the potential to dramatically lower the cost of perfor
mance monitoring: it could cost as little as 20% of what 
current methods for such detailed data collection cost. And 
its realistic, more-reliable data on the loads and schedules of 
commercial building equipment will help minimize errors 
in DSM program planning, implementation, and evaluation. 

Possible system applications include measuring lighting 
use and estimating the potential savings of retrofitting 
energy-efficient lamps and ballasts; quantifying the effect of 
installing lighting controls; and designing more-effective 
programs for HVAC tune-ups and improvements. The sys
tem can also be used to screen candidate sites for HVAC 
retrofit or replacement, commission new HVAC systems, and 
periodically determine the persistence of cost savings from 
DSM measures. 
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Each of the four utilities currently working with EPRI in 
this effort-the Los Angeles Department of Water & Power, 
Public Service Company of Colorado, Northeast Utilities, 
and United Illuminating Company- identified two commer
cial buildings in its service territory for monitoring. At most 
of the sites, data loggers were installed this fall after utility 
personnel were trained in how to program the software and 
use the AEC system. On the basis of the utilities' experience, 
AEC will develop a standardized system for use in making 
long-term performance predictions. 
• For more information, contact Karl Johnson, (415) 855-2183. 



Infrared Technology for 
Continuous Emissions Monitoring 

·N ew infrared systems that can simultaneously and 
automatically monitor many of the chemical species 
in coal-fired power plant emissions are undergoing 

side-by-side comparison tests at two Baltimore Gas & 
Electric Company plants. The Fourier transform infrared 
(FTIR) systems are also capable, in principle, of monitoring 
some trace species that are currently not regulated under 
the Clean Air Act. 

EPRI is working with BG&E at its Brandon Shores and 
Crane plants to demonstrate the applicability, reliability, and 
accuracy of two top-rated FTIR systems for continuous emis
sions monitoring (CEM). On the basis of a year-long evalu
ation of FTIR instrumentation that included a survey of all 
potential vendors, EPRI's project contractor, Entropy Envi
ronmentalists, and BG&E selected systems from Bomem, 
Inc., of Quebec, Canada, and KVB/ Analect, Inc., of Irvine, 
California. The systems are expected to be installed this 
winter for a three-month trial at the Crane plant, which 
burns coal with a relatively high (2.3%) sulfur content and 
uses a conventional dilution-extractive CEM system. This 
follows a late-summer run of similar length at Brandon 
Shores, which burns coal with 0.7% sulfur and uses a 
conventional extractive-only CEM system. 

According to Joe Palank, an engineer in BG&E' s fossil 
engineering instruments and controls unit, the FTIR systems 
are being put through the same daily paces as the conven
tional CEM systems on which utilities now depend to demon
strate continuing compliance with Clean Air Act emissions 
limits. The FTIR systems promise substantially greater 
accuracy and reliability at a cost that is comparable to that 
of conventional CEM systems, which involve many separate 
sensors and analyzers. 

An FTIR spectrometer uses an optical device called a 
Michelson interferometer, at the heart of which are a pair of 
mirrors and a beam splitter, to measure the infrared spec
trum of a flue gas sample. The infrared source is split into a 
pair of beams that recombine in the device to form an inter
ference pattern when one of the mirrors is scanned. A com
puter converts the pattern into quantitative data on the 
infrared spectrum of all the gas sample components. Each 
mirror scan takes only a few seconds; data from several 
scans are integrated to obtain the necessary sensitivity. 

"FTIR systems for CEM applications have several inherent 
advantages," explains Rick Squires, on loan to EPRI from 
the United Kingdom's PowerGen (the Institute's first inter
national affiliate). "An FTIR measurement of about one 

minute yields sufficient resolution for CEM application. The 
instrument's detection limit for most species is near 1 part 
per million, and it can simultaneously measure parts per 
million and percentage levels. Since an FTIR spectrometer 
has only one moving part, in principle it is quite rugged 
and does not require the frequent calibration necessary with 
other measurement technologies. Also, the measurement 
data can be saved and reevaluated later for pollutant species 
that were not included in the automated analysis." 

The Environmental Protection Agency, which regulates 
utility compliance with the Clean Air Act, was consulted 
before the BG&E field tests about the acceptability of FTIR 

data and has encouraged the project. As long as the rules 
governing CEM certification and relative accuracy testing 
are followed, the FTIR data are fully acceptable for regu
latory compliance, the EPA advised project participants. The 
agency reportedly is interested in FTIR systems for use as 
backup and mobile CEM units that it could bring to a site 
for its own monitoring purposes. 

Meanwhile, Palank says, BG&E will probably keep the 
KVB/ Analect unit it purchased directly for the field project 
for later use as a mobile CEM system. Squires says that an 
EPRI report on the field testing should be available by April 
of next year. 
• For more information, contact Rick Squires, (415) 855-2948. 
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RESEARCH UPDATES 

Demand-Side Management 

Utility DSM Activities: 1992 Survey 
by Paul Meagher, Customer Systems Division 

T
here is little doubt that demand-side 
management (DSM) has become a 

significant part of the electric util ity busi
ness. Utilities spend more than $2 bi l l ion a 
year on a wide range of DSM programs of
fered to electricity consumers across the 
nation . Projections suggest that util ity in
volvement in  this area will continue to grow, 
with DSM playing an expanding role in util
ities' long-term resource plans. In addition, 
utilities are looking more and more to DSM 
as a vehicle for providing increased value 
to their customers. 

To help utilities improve the effectiveness 
of their DSM efforts, EPRI has, since 1 977, 
sponsored the col lection and dissemination 
of information about industrywide DSM ac
tivities. EPRl 's DSM surveys help util ity plan
ners and analysts answer such questions 
as "What DSM programs are other utilities 
providing for particular customer classes?" 
and "What have other uti l ities learned about 
a particular DSM approach?" 

A two-volume EPRI report, 1992 Survey 

of Utility Demand-Side Management Pro

grams (TR-1 02 1 93), documents the results 
of the thirteenth DSM survey, conducted in 
1 992 with the cooperation of the Northeast 
Region Demand-Side Management Data 
Exchange. This report provides the most 
comprehensive collection of information 
about DSM programs yet assembled-cov
ering 2321 DSM programs offered by 666 
utilities. 

DSM goals and targeted 

and energy efficiency. In fact, one or both 
of these objectives are cited for over 50% 
of the programs in each survey category. 
Load-shifting, valley-fi l l ing,  and load growth 
objectives are also associated with many 
reported activities. 

As Table 1 shows, the DSM category re
ceiving the most attention from utilities is 
heating, venti lating ,  and air conditioning 
(HVAC) equipment- in particular, efficient 
heat pumps and air conditioners, which 
offer util ities many load modification alter
natives. Summer -peaking utilities seeking 
peak-cl ipping and energy efficiency bene
fits promote efficient air conditioners, chil
lers, and heat pumps to replace less-effi
cient cooling units. Heat pumps offer the 
added advantage of load bui lding and 
valley f i l l ing when displacing fossil fuel al
ternatives. Winter-peaking utilities seeking 
peak-cl ipping and energy efficiency bene-

fits promote heat pumps to displace less
efficient electric space-heating equipment 
By encouraging customers to operate their 
heat pumps in  conjunction with fossil fuel 
furnaces, which operate during peak hours, 
some utilities reap valley-fi l l ing benefits 
without attendant increases in winter peak 
demand. 

Audit and bui lding envelope programs, 
wh ich stress improved structural and 
equipment efficiency, are second in popu
larity. These programs comprise a broad 
range of util ity services (from general walk
through audits to detailed industrial facil ity 
process evaluations) and DSM measures 
(from low-cost weatherization measures to 
comprehensive bui lding standards for new 
construction). 

Programs on efficient equipment and ap
pl iances cover a variety of end uses, in
cluding water heating , refrigeration , cook-

ABSTRACT EPRl's 1992 swvey of utility demand-side management (DSM} 

programs produced the most comprehensive set of information on DSM activities 

ever assembled. Through the responses of 666 electric utilities throughout North 

America, the survey gathered data on 2321 programs involving more than 19 mil

lion utility customers. The findings, which are organized in 10 technology-based 

categories, otter a wealth of information about utility experiences with DSM. Utility 

planners can find information about technologies employed, incentives provided, 

technologies participation levels, energy and demand impacts, and other program parameters 

The findings of the 1 992 survey underscore that can help them design and implement better DSM programs. The survey find-
the variety of DSM technologies that are 
being used to alter customer electricity 
consumption patterns. The 2321 programs 
covered in the survey have been sorted into 
1 0  technology-based categories (Table 1 ) .  

The reported util ity DSM efforts are largely 
motivated by the goals of peak cl ipping 
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ings, which are available in both printed and electronic form, show the increas

ingly important roles of DSM as a utility resource and as a vehicle tor providing 

increased value to customers. 



Program Category 

HVAC 

Audit and building envelope 

Efficient equipment and appliances 

Load control 

Lighting and lighting controls 

Special rates 

Thermal storage 

Efficient motors and motor drives 

Standby generation 

Miscellaneous and informational 

Table 1: Reported DSM Programs and Participants 

Number of Participants by Customer Classt 

Number of Agricultural 
Programs* Residential Commercial Industrial and Other 

643 2,657 , 1 98 1 20,645 3,094 38 

581 5,251 ,539 1 1 3,092 14 , 147 2 ,848 

484 1 ,866,998 56,787 1 2,408 4,422 

467 6,276,949 7 1 ,545 3,273 36, 1 72 

358 1 ,764,760 240,255 25,2 10  786 

2 1 6  200,649 83,970 64,688 6,563 

1 69 31 , 1 70 1 ,429 243 1 79 

1 56 0 9,650 1 4,516  7 1 7  

34 0 279 2 1 9  73 

29 1 ,881 ,31 7 55,849 1 1 ,349 1 2,587 

'Because many programs fall into more than one category, the total number of programs here exceeds the total number of reported programs cited in the text. 

tsecause some participants install more than one type of equipment and hence are allocated to more than one program category, the total number of 

participants in each customer class here exceeds the number of participants cited in the text. 

ing ,  and industrial processes. By far the 
most-often-targeted end use in this pro
gram category is water heating,  which of
fers utilities the most versatil ity in shaping 
load. Utilities promote efficient water heaters 
both to meet load-building goals, in cases 
where alternative fuels are displaced, and 
to meet energy efficiency goals, in cases 
where less-efficient electrical equipment is 
replaced. 

Load control is one of the oldest and 
most predictable forms of DSM. The most 
popular form of load control is direct con
tro l ,  which uses a communications system 
to remotely control the operation of certain 
customer equipment-usually residential 
air conditioners or water heaters- to re
duce peak demand.  

Lighting and l ighting control programs 
typically target the commercial sector and 
stress increased efficiency for interior l ight
ing. Although interior residential lighting has 
received attention in recent years because 
of the mass market promotion of compact 
fluorescent lamps, the nonresidential sec
tors still offer the most l ucrative peak-clip
ping and energy efficiency benefits. 

Special rate programs take advantage of 
the effectiveness and flexibil ity of rate struc
tures for altering customer electricity use 
patterns and for addressing the diverse 
consumption patterns of commercial and 

industrial customers. Through interruptible
rate programs, which make up the largest 
group of reported programs in this cate
gory, utilities seek to achieve significant 
per-participant peak-cl ipping benefits by 
targeting large industrial customers. Eco
nomic development programs, which often 
involve reduced demand and/or energy 
charges, attempt to attract nonresidential 
customers that have significant load-build
ing potential. Residential customer involve
ment in special rate programs, although 
significant, is largely restricted to time-of
use rate structures. 

Thermal storage programs, which offer 
utilities summer or winter load-shifting po
tential, are dominated by residential space
heating and commercial air conditioning 
applications. Through motor and motor 
drive programs, utilities attempt to encour
age the use of energy-efficient motors and 
adjustable-speed drives in commercial and 
industrial faci l ities. Like interruptible-rate 
programs, standby generation programs 
allow utilities to obtain large per-customer 
peak demand reductions. Miscellaneous 
and informational programs ordinarily pro
mote energy efficiency but do not endorse 
the use of specific equipment and hence 
defy technology-based classification .  

Table 2 presents information on  the per
centage of programs targeting specific end 

uses. As it shows, the most-often-targeted 
end uses in residential programs (here 
covering programs that include, but are not 
necessarily restricted to, the residential 
sector) are water heating, air conditioning, 
and space heating. This is due in  part to 
the large number of load control programs 
that target these end uses. In nonresiden
tial programs, the most-often-targeted end 
uses are l ighting and air conditioning, fol
lowed by motor drives and space heating. 
The large percentage of nonresidential pro
grams targeting all end uses reflects the in
fluence of special rate, audit, multiple-tech
nology, and standby generation programs. 
In fact, many of the multiple-technology 
programs give customers the option of sug
gesting their own DSM alternatives, taking 
into account site-specific conditions and 
energy use characteristics. 

DSM sponsors 

and participants 

The 666 utilities providing information in the 
1 992 survey include 1 24 i nvestor -owned 
utilities (conducting 1 030 programs), 295 
publ ic power utilities (705 programs), 21 8 
distribution cooperatives (501 programs), 
and 29 generation and transmission coop
eratives (85 programs). Program sponsor
ship is dominated by investor -owned utili
ties in all categories except load control, 
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where public power and distri-
bution cooperative utilities show 
the highest involvement. 

Table 2: Targeted End Uses in DSM Programs 
(Base of 2301 Programs) 

The 666 reporting utilities do 
not truly represent the total 
number of utilities captured in 
the 1 992 survey. Twenty-three 
prog ram sponsors cond uct 
broad-based um brel la pro
grams that involve an addi
t ional 294 cooperative and 
municipal distribution utilities; 
hence the actual number of util
ities represented is 960. 

Percentage of Programs Targeting End Use 

drives. In the residential sector, 
load control programs and au
dit and bui lding envelope pro
grams together account for 
more than 60% of the partici
pants. In the commercial sec
tor, l ighting programs have at
tracted the most participants, 
largely because of the effec
tiveness of h igh-effic iency 
lighting rebates. In  the indus
trial sector, rate programs are 
the most popu lar. 

All Residential Nonresidential 
End Use Programs Programs* Programs 
Air conditioning 
Space heating 
Water heating 
Lighting 
Building envelope 
Motor drives 
Refrigeration 
Industrial processes 
Ventilation 
Cooking 
I r rigation 
Other 
All end uses 

42 50 
37 47 
36 51  
1 9  1 3  
1 8  22 
8 0 
7 6 

3 0 
3 
2 2 

2 0 

6 7 

1 7  5 

28 
1 9  
9 

30 
9 

20 
9 
9 
6 

3 

3 

5 

37 

Of the 2321 reported pro
grams, 1 495 specifically target 
or inc lude resi dential cus
tomers, 1 1 50 include commer
cial customers, 706 include in
dustrial customers, and 31 2 
include agricultural customers. 
(Many programs cover more 
than one customer class. )  

·Programs including, but not necessarily restricted to, the residential sector. 

The 1 9.6 mi l l ion participants 
attracted to these programs comprise an actual number of participants is undoubt
estimated 1 8 .6 mi l l ion residential cus- edly much higher. 
tomers and over 900,000 nonresidential Table 1 shows the numbers of reported 
customers. The latter group consists of participants by customer class and pro
over 734,000 commercial ,  nearly 1 45,000 gram category. As can be seen, residen
industrial, and nearly 64,000 agricultural tial customer participation dominates in all 
customers. And because participation fig- the program categories except standby 
ures were not cited for 409 programs, the generation and efficient motors and motor 

Exploratory Research 

Accessing the survey 

results 

In addit ion to report TR-
1 021 93, the 1 992 survey find
ings can be accessed through 
two electronic sources. The 
first, SURIS 4.0 (DSM Survey In
formation System), is a stand
alone database that can be in
stal led on the hard disk of an 

IBM-compatible personal computer. The 
second, DSIS (Demand-Side Information 
Service) , is an on-line communications l ink 
to a variety of databases covering demand
side issues, programs, and technologies. 
These three products allow DSM practition
ers to access information at various levels 
of specificity and in various formats. 

Ultramax Methodology for Continuous Process Improvement 
by Stan Yunker, Generation & Storage Division 

P
arametric testing of newly installed 
power plant systems is typically con

ducted by vendors to identify the process 

pleted, the data are used to create models 
reflecting the influence of set-point varia
tions on performance. Through response 

control settings that ensure optimal perfor- surface analysis techniques, a combination 
mance in terms of cost, efficiency, qual ity, of set points is identified that is likely to op
yie ld ,  environmental impact, safety, or other timize performance. Confirmation experi
measurable quantities. The basic proce- ments are then conducted to determine if 
dure for such testing-and for other so- the optimum ras been reached or if addi
called parallel design of experiments (DOE) tional paral lel DOE procedures are neces-

erators to maintain efficient, cost-effective 
performance in response to variations in 
operating conditions. Such tuning is typi
cally based on operating experience, stan
dard operating procedures developed dur
ing parametric testing,  and/or engineering 
models that capture process knowledge. 

Applying parametric testing and other 
parallel DOE techniques in production en-

techniques-involves devising a test matrix sary. vironments can be wasteful ,  expensive, 
that varies control settings in a purposeful Once a system is up and running, its and time-consuming, however, because 
manner. After all the tests have been com- control settings are regularly tuned by op- systems must sometimes be run at extreme 
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settings to generate data for accurate mod
el ing. And while depending on operating 
experience to tune control settings can lead 
to improvements, it is unl ikely to allow op
timal performance to be identified or main
tained-particu larly if external variables, 
such as fuel qual ity, change. 

U ltramax, an optimization methodology 
based on a sequential DOE approach, 
avoids these disadvantages. In  sequential 
optimization, data are analyzed following 
each run, instead of after a series of tests, 
to identify new control settings that are likely 
to improve system performance during the 
next run .  Because its models are continu
ously validated and refined on the basis of 
the most recent data avai lable, U ltramax 
sequential optimization converges to near
optimal regions faster than traditional DOE 
techniques while minimizing the risk of poor 
performance. In addition, it can be applied 
on-line to monitor process behavior, com
pensate for changes in operating condi
tions or external variables, and chart a 
course toward continuous improvement. 

In  recent years, the U ltramax methodol
ogy has been applied by major U .S. in
dustries to optimize a variety of operations, 
including chemical production, engine tun
ing, and waste reduction and treatment. 
Two EPRI groups, the Office of Exploratory 
& Applied Research and the Generation & 
Storage Division, are collaborating to facil
itate util ity industry util ization of U ltramax. 
Exploratory work has produced a user
friendly software interface that makes Ul
tramax accessible to personnel who do not 
have a strong statistical or technical back
ground.  Div'1 sional research has demon
strated the abil ity of the methodology to an
alyze and optimize emissions control and 
coal-cleaning processes. 

The methodology 

The U ltramax methodology, developed by 
U ltramax Corporation of Cincinnati, Ohio, 
has been commercially avai lable since 
1 982. Typical ly, applying it involves three 
steps: problem formulation, sequential op
timization, and engineering analysis. 

The first step-problem formulation-in
volves capturing the existing knowledge of 
operators, engineers, supervisors, and oth
ers famil iar with process fundamentals, im-

ABSTRACT Sequential optimization is a rapid, relatively inexpensive 

approach for adjusting control settings to continuously improve system perfor

mance. To make this technique more accessible to the utility industry, a user

friendly software interface has been developed tor a state-of-the-art sequential 

optimization methodology known as Ultramax. The software, which allows users 

to mesh existing process knowledge with powerful analytical capabilities, has 

been applied to optimize emissions control and coal-cleaning processes. Several 

other utility demonstrations are under way, and commercialization agreements 

are being negotiated. These efforts illustrate the synergy between EPRl's exp/or

atory research efforts to introduce novel technologies to the utility industry and the 

demonstration and commercialization activities conducted by EPRl's technical 

divisions. 

pacts, and economics. Output parameters 
that serve as indicators of system perfor
mance are identified and evaluated to es
tablish optimization goals. Also defined are 
control led and uncontrolled variables, con
straints, base points, and a set of operat
ing conditions called the prior region . 

Controlled inputs are parameters, such 
as feed rate or temperature setting, that can 
be adjusted by operators to influence per
formance. (These inputs are the typical set 
points for first-level process control lers . )  
Uncontrolled inputs are variables, such as 
fuel qual ity, that affect performance but are 
outside the control of operators. All inputs 
are ranked in terms of their potential to yield 
performance improvements. 

Constraints are factors, such as equip
ment tolerances or minimum performance 
requirements, that l imit input and output val
ues. Base points represent the input values 
at which the process is usually run .  The 
prior region is a user -defined range around 
the base points in which the Ultramax en
gine can beg in operating the system and 
searching for improvement without disrupt
ing performance. 

U ltramax Corporation ordinarily supports 
users during the problem formulation step 
to ensure that the formulation contains suf 
ficient information for the U ltramax engine 

to develop a mathematical model reflect
ing the influence of input values on perfor
mance. 

In  the second step- sequential optimi
zation- the problem formulation is used for 
model development. (Any existing system 
data can also be entered . )  The U ltramax 
engine then offers advice for the next sys
tem run, identifying combinations of con
trolled input values within the prior region 
l ikely to improve performance. After the run 
using the new inputs is completed, output 
data are entered, a new model is gener
ated, and advice is provided for the next 
run. 

As the advice cycle continues within the 
prior region, the model becomes increas
ingly accurate. Eventual ly, the Ultramax en
gine learns enough about system behavior 
to intelligently search outside the prior re
gion for input values that wi l l  provide fur
ther performance improvement. This cycle 
is repeated unti l optimal performance for 
the in itial problem formulation is achieved. 
If external conditions-such as uncon
trol led input values-change, the U ltramax 
methodology can compensate by adjusting 
the model and providing advice to maintain 
the relative optimum. 

During the third step--engineering analy
sis- the problem formulation ,  the sequen-
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Figure 1 In a demonstration project to minimize NO, emissions from a wall-fired boiler by optimizing 
an overtire air system, the use of the Ultramax methodology resulted in a 22.5% decrease in the NO, 
level. This improvement required only four days of testing, two engineers, and no capital expendi
tures for hardware. 
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optimization, which is a discrete rather than 
a continuous process. 

Demonstration results 

The U ltramax sequential optimization meth
odology (with the new software interface) 
has been successfully applied for rapid 
performance improvement in several util ity 
demonstrations. The results from three 
EPRl-funded projects are described below. 

The fi rst application involved the evalua 
tion of an overtire air (OFA) system for re
ducing emissions of nitrogen oxides (NO.) 
from a wall-fired boiler. An on-line opti
mization routine for the OFA control sys
tem was required to adjust the position 
of multiple air dampers to minimize NO, 
emissions while meeting predetermined 
l imits on opacity and on carbon monoxide 
emissions. 

The Ultramax methodology was applied 
in two phases. The first problem formula-

tial optimization data, and the system's per- Inc . ,  through EPRl-funded research.  The in- lion included five controlled inputs (total air-
formance are studied to learn more about 
process behavior and to identify avenues 
for achieving additional improvements. For 
example, data analyses may identify inputs 
not included in the formulation that signifi
cantly influence system behavior, previ
ously disregarded outputs that prove to be 
important, or constraints that need to be 
tightened or relaxed.  The formulation can 
be adjusted to reflect th is new knowledge 
and provide a better representation of the 
system. 

The analyses may also ind icate that the 
process model developed through the Ul
tramax methodology does not sufficient
ly explain the influence of input variables 
on performance. If that is the case, new 
measurement procedures, statistical ap
proaches, and other techniques can be 
used to enhance the model's accuracy. 

In addition, the analyses may suggest 

terface operates in a PC-based Windows 
environment that provides streamlined 
methods for problem formulation and data 
manipulation ,  representation , and interpre
tation . 

An on-line tutorial /help function operates 
on two levels to define the U ltramax fea
tures and to describe how each is used in  
sequential optimization. Data can be re
ported in various tabular formats to simplify 
analysis. And the graphics package pro
vides methods for visualizing the advice
cycle results, such as multicolored contour 
plots that depict standard operating condi
tions, recommended operating conditions, 
and relative optima within these areas. 

In addition, an artificial-intel l igence-based 
smart assistant serves as a contextual re
port interpreter. This interpreter translates 
statistical data into text that provides users 
with an update on optimization progress 

flow and OFA flow at each of four dampers), 
one uncontrolled input (coal flow), and one 
output variable (NO, emissions). Historical 
data were analyzed to develop process 
models, and 43 runs were carried out un
der U ltramax advice. As shown in Figure 1 ,  
in th is phase the average NO, level was 
reduced by 1 6% from a baseline of about 
280 ppm. 

Then , on the basis of an engineering 
analysis of the statistical data produced by 
U ltramax, a second, more accurate formu
lation was developed. Two more air damper 
parameters were included as inputs, and 
5-minute averaging of al l outputs was em
ployed. An additional 29 runs were con
ducted under this formulation, leading to an 
average NO, level of 21 7 ppm-a total de
crease of 22.5%. Four days of testing, two 
engineers, and no capital expenditures for 
hardware were required to achieve this per-

that the capacity, operating conditions, or and guides them toward more-profitable ar- formance improvement. 
other characteristics of a particular com- eas of operation . When the software is in- In the second demonstration, U ltramax 
ponent or process are l imiting the potential tegrated with the process control system, sequential optimization was applied to the 
for improvement. Such bottlenecks can be 
el iminated by equipment replacement or 
system reconfiguration. 

Software features 

The graphic user interface for the Ultramax 
engine was developed by Decision Focus, 
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the smart assistant can automatically mon
itor inputs and outputs over time, serving 
as an increasingly intelligent advisor that 
can be slaved to the controller or accessed 
on an as-needed basis for optimization pur
poses. This capabil ity offers a significant 
advantage over parametric-testing-based 

froth flotation unit of a coal-cleaning circuit 
to maximize ash rejection while maintaining 
an energy recovery of at least 85%. Figure 
2 i l lustrates the 37 runs made under Ultra
max advice as the software learned how to 
meet optimization objectives while satisfy
ing the energy recovery constraint. Control 



Figure 2 In a demonstration project to maximize ash rejection in a froth flotation coal-cleaning unit 
while satisfying energy recovery requirements, Ultramax was able to achieve 70% ash rejection and 
95% energy recovery-results that represent increases of 35% and 6%, respectively, over typical unit 
performance. 
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settings were identified that resulted in ash testing techniques had been used to opti-
rejection values as high as 70% and en- mize the cleaning performance of a pi lot-
ergy recovery values as high as 95%. Com- scale cell for two coals, but l imited time and 
pared with performance under standard resources were available for testing with a 
operating conditions, these results repre- third coal . Ultramax sequential optim ization 
sent a 35% increase in ash rejection and a was suggested as a technique for rapidly 
6% increase in energy recovery. identifying operating conditions to maxi-

The third appl ication involved the evalu- mize pyritic sulfur rejection and meet en-
ation of a high-shear mixer and froth flota- ergy recovery constraints. 
tion cell in EPRl's selective agglomeration Historical data from the parametric tests 
coal-clean ing process. Typical parametric- were input to allow the creation of process 

Advanced Fossil Power Systems 

models. After a series of advice cycles, U l
tramax identified control settings that of
fered a 7% increase in pyritic su lfur rejec
tion and a 1 3% increase in energy recovery 
over performance with the testing-based 
set points. These results would translate 
into annual savings of $2 mi l l ion for a fu l l
scale selective agglomeration unit. 

Other, ongoing demonstrations are ap
plying the Ultramax methodology to reduce 
NOx formation during combustion, conserve 
energy i n  end-use applications, and in
crease generation efficiency during startup 
and steady-state power plant operation. In 
addition, U ltramax Corporation has estab
l ished-with EPRI involvement-a division 
called PowerMax to faci l itate widespread 
util ity application of the methodology and 
to accelerate the realization of its potentially 
huge benefits. 

The efforts to introduce Ultramax se
quential optimization to the util ity industry 
provide an ideal i l lustration of how EPR l 's 
technical divisions and its Office of Ex
ploratory & Applied Research collaborate 
in researching, developing, and del ivering 
technologies to meet the requirements of 
utilities and their customers. These efforts 
have resulted in a widely applicable, user
friendly optimization technique for rapidly 
realizing performance improvements that 
might otherwise be impractical to achieve. 

Power Plant Cycles Featuring Air Humidification 
by Arthur Cohn, Generation & Storage Division 

E 
PRI has been supporting extensive re
search on new power plant cycles that 

use air humidification and on the turboma
chinery required for those cycles. The cy
cles are based on combustion turbines and 
do not include a steam cycle. They feature 
an air humid ifier, or saturator, after the com
pressor-which greatly lowers the required 
compressor energy input. 

Analyses have shown that in baseload 
operation a HAT (humid-air turbine) cycle 
fired with natural gas could have a heat rate 

300-400 Btu/kWh lower than that of com
bined cycles with a simi lar turbine firing 
temperature. When integrated with coal 
gasification, the HAT cycle could offer 1 0-
1 5% savings in overall plant cost. 

For intermediate-load operation , the 
CASH (compressed-air storage with humid
ification) cycle is being developed for inte
gration with coal gasification. It has been 
estimated that an integrated gasification
CASH ( IGCASH) plant would save about 1 5-
20% in capital cost per peak kilowatt of ca-

pacity, compared with a standard cycling 
pu lverized-coal plant with flue gas scrub
bing. The IGCASH plant would be designed 
to dispatch power to the grid about 60% of 
the time; compression charging would take 
place the remain ing 40% of the time-usu
ally late at night, early in the morn ing,  or on 
the weekend.  The combination of coal gasi
fication and natural gas fir ing in a cycle 
called CASHING (compressed-air storage 
with humidification, integrated with natural 
gas) would lower the capital cost even fur-
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ABSTRACT According to EPRI studies, new combustion-turbine-based 

power plant cycles that do not include a steam cycle but that use humidified 

air could offer utilities significant cost savings and lead to plants with vety flex

ible dispatch capabilities. Innovative cycles combining air humidification, coal gasi

fication, and compressed-air energy storage are being explored. Current research 

is focusing on turbomachinety for these cycles and on optimal cycle configura

tions. The results will point the way for EPR!'s future development efforts on 

humidified cycles. 

ther and would lead to plant types with very 
flexible dispatch capabi l ities. 

HAT cycle 

Figure 1 shows the HAT cycle (described 
in EPRI report I E-7300). The cycle's key 
component is the saturator, in which hot 
water is vaporized into the compressor exit 
air. This feature greatly increases the total 
mass flow going through the turbine for a 
given mass flow of air that is compressed. 
That, in turn, lowers the fraction of turbine 
energy that goes to power the compressor. 
The result is an increase in the net power 
output per un it airflow. 

Another important factor in the cycle's in
creased efficiency is the recuperator. This 
equipment transfers a portion of the turbine 
exhaust gas enthalpy to the wet air at the 
combustor i n let, thus raising the air's tem
perature. That reduces the amount of fuel 
necessary to reach the desired turbine fir
ing temperature. Compressor intercool ing 
and aftercool ing increase the temperature 
range over which the recuperator is effec
tive, contributing to the cycle's efficiency 
improvement. l ntercool ing also reduces the 
power required by the compressor, further 
increasing the specific power. 

Water for the saturator is heated in the 
intercooler and the aftercooler, as well as 
in the economizer, which recovers much of 
the remain ing exhaust gas enthalpy down
stream of the recuperator. These features 
further contribute to the efficiency im
provement offered by the HAT cycle. And 
when the cycle is  combined with coal gasi-
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fication, hot water from the gasification sys
tem's coolers can also be effectively used 
in the saturator. 

An engineering analysis (to be publ ished 
in TR- 102 1 56) predicts that when designed 
for and operating on natural gas, the HAT 
cycle wi l l  offer about a 5% heat rate im
provement over combined cycles at the 
same turbine firing temperature. When in
tegrated with coal gasification ,  the HAT cy
cle wi l l  also offer a significantly lower power 
plant cost (by about 1 0-1 5%) whi le main
taining a competitive heat rate. This lower 
cost is achieved by el iminating the steam 
cycle and by using a quench-cooled gasi
fier rather than a fu l l  heat recovery system 
featuring radiant and convective syngas 
coolers. With combined cycles, the use of 
quench gasification cool ing i nstead of the 
more-expensive full heat recovery system 
normally results in a significant drop in ef
ficiency. 

The HAT cycle is also expected to have 
lower operating and maintenance costs be
cause it dispenses with syngas coolers, 
high-pressure and/or superheated steam, 
the steam turbine, and the condenser and 
requires only 25% as much cool ing tower 
capacity. I n  the coal gasification applica
tion , the HAT cycle can, l ike other gasifica
tion systems, offer very low emissions of 
sulfur oxides and trace elements-and 
possibly even lower emissions of n itrogen 
oxides because of the high humidity of the 
combustion air. 

Thus the HAT cycle should lead to power 
plants with very high efficiency, high spe-

cific power, and low environmental impact. 
Since it does not use steam for generation, 
the cycle also el iminates any siting,  staffing ,  
and certification problems associated with 
steam. Its main drawback is the projected 
high cost to develop the special turboma
chinery needed for cycle optimization. 

The optimal HAT cycle would have an 
overall pressure ratio of about 35 ± 5 to 1 ,  
with the intercool ing taking place at a pres
sure ratio of about 6 ± 1 to 1 .  The turbine 
exhaust mass flow would be 20-30% 
greater than the compressor in let flow. 
Since the overall compression ratio of avai l
able aeroderivative gas turbines can match 
this requirement, EPRI participated in a joint 
project with United Technologies Corpora
tion (UTC), Fluor, and Texaco to evaluate the 
modification of an aeroderivative turbine for 
a HAT power plant (TR-1 02 1 56). UTC has 
completed the conceptual design for such 
a humid-air turbine-a modification of the 
company's FT4000 simple-cycle aeroderiv
ative turbine, currently under detai led de
sign. That machine, in turn, is a modifi
cation of the PW4000 turbofan used in 
commercial airl ine service. 

Since the FT4000 turbine has a multi
spool compressor, the addition of an inter
cooler is feasible but would require the 
development of a new low-pressure-com
pressor design. Also, the HAT cycle's very 
high ratio of turbine gas flow to compres
sor airflow would require developing a new 
turbine expansion section. 

The study concluded that modifying the 
40-MW FT4000 simple-cycle turbine for the 
HAT cycle appl ication would result in a 
power increase to 1 99 MW with a heat rate 
of 6 1 90 Btu/kWh (lower heating value) 
when designed for natural gas. The modi
fication would result in a net power output 
of 205 MW with a heat rate of 8040 Btu/kWh 
(higher heating value) when designed for 
and integrated with a Texaco quench
cooled gasifier. 

The project's analysis of the capital cost 
of a HAT power plant using the modified 
FT4000 turbine is also encouraging. For 
natural gas fir ing, the capital cost was es
timated to be about the same as that of a 
combined-cycle plant. For an integrated 
gasification-HAT plant, the overal l cost was 
estimated to be lower by about $1 50/kW to 



Figure 1 The HAT (humid-air turbine) cycle promises to lead to power plants offering cost savings 
and dispatch flexibil ity. Several features contribute to the cycle's high efficiency: its reduced com
pressor energy requirement (the result of using a saturater to humidify the compressor exit air), its 
high combustor inlet temperature, and its efficient transfer of flue gas energy back to the cycle. 
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compressor, using the stored compressed 
air when the compressor is off. Thus, dur
ing high-demand hours, none of the tur
bine's power is used for air compression; 
all of it is available for dispatch to the grid. 
The result is a lower-specific-cost power 
plant. Another benefit of the CASH cycle is 
that heat removed from the compressed air, 
which must be below about 1 00°F for cav
ern storage, is returned to the cycle. 

Compared with a dry CAES plant, the 
CASH system has a much smaller ratio 
(about 40%) of charging energy to dis
patched energy because the mass flow is 
greatly increased as a result of humidifica
tion. The turbine generator provides the 
power for the electric-motor-driven air com
pressor. For a compressor that is large 
enough to take all the turbine genera
tor power, charging occurs approximately 
40% of the time-during the night and/or 
weekend hours, when demand is very low. 
When the compressor is shut off- about 
60% of the time, during the higher -demand 
hours in the daytime and early evening
the turbine generator dispatches all its 
power to the grid. (Alternatively, a lower
flow compressor system taking only some 

$200/kW than the cost of an integrated frame components to an intercooled HAT of the turbine generator power can run 
gasification-combined-cycle power plant 
with the same heat rate. That significant 
cost decrease is mainly due to the HAT 
plant's use of the quench-cooled gasifier. 

The development cost of the FT 4000 
HAT modification , however, was estimated 
at more than $200 mi l lion-judged to be 
too high for the project participants to con
tinue. Nevertheless, the development of the 
FT4000 HAT is receiving attention in other 
projects. It is one of the plant types be
ing studied by UTC in the Collaborative 
Advanced Gas Turbine (CAGT) Project-a 
major international effort with several spon
sors, now led by EPR I .  Other CAGT con
tractors will also study aeroderivative tur
bines applicable to the HAT cycle. (For 
more information on CAGT, see the feature 
article on page 24 of this issue.) 

In addition to the FT4000 HAT study and 
the other aeroderivative HAT studies, EPRI 
has a project with Westinghouse to inves
tigate the modification of heavy-frame com
ponents for HAT applications. The project 
wil l  study the adaptation of current heavy-

cycle in a configuration as close to the op
timum as feasible. It wil l also study the 
adaptation of a current heavy-frame gas 
turbine to a nonintercooled HAT cycle. The 
latter is expected to be simpler in terms of 
development but would not have the heat 
rate advantage of the intercooled HAT plant. 

CASH, IGCASH, and 

CASHING cycles 

Figure 2 shows another new approach to 
power generation- the CASH cycle (TR-
1 01 584 ). This cycle combines innovations 
from the HAT cycle and from compressed
air energy storage (CAES) technology to 
promise a lower plant capital cost and 
greater operating flexibil ity. 

As in  the HAT cycle, the compressed air 
is humidified in a saturator and heated by 
recuperation before entering the combus
tor. However, the CASH compressor oper
ates only during off-peak hours, sending 
most of the compressed air into a storage 
cavern for later use. The CASH turbine op
erates constantly and independently of the 

more of the time, with the remaining power 
del ivered to the grid even during com
pressor operation .)  A CASH system firing 
natural gas thus allows for steady con
sumption of fuel while providing variable 
power output to the grid. Benefits would be 
a lower gas line capacity and a lower fuel 
capacity charge. 

I ntegrating the CASH cycle with coal 
gasification has advantages over other in
tegrated gasification cycles for intermedi
ate-load duty. The greatest advantage of an 
IGCASH system is that, for a given power 
output to the grid, it can use a much 
smaller, less expensive gasifier than other 
gasification power plants. Because the 
compressor is turned off during dispatch ,  
a l l  the turbine power goes to the gr id .  In  
standard combined-cycle plants, in con
trast, only about 60% of the power output 
goes for dispatch,  with the other 40% be
ing used to run the compressor. 

EPRI currently has a project with Bechtel, 
with the assistance of Energy Storage & 
Power Consultants (RP2834-3 and -4), to 
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Figure 2 The CASH (compressed-air storage with humidification) cycle. In this cycle, the compressor system operates only during off-peak hours and 
sends most of the compressed air into a storage cavern, thus enabling the turbine to provide all of its power to the grid during high-demand hours. Air 
humidification reduces the time the compressor must operate and also lowers the system heat rate. Like the HAT cycle, the CASH cycle can operate on 
natural gas or can be i ntegrated with a coal gasification system. 
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estimate the capital cost of an IGCASH 
plant. The preliminary results indicate that 
the plant's capital cost should be approxi
mately $1 200/kW, including contingencies. 
That estimate, which is based mainly on ac
tual bids, is about $200/kW lower than the 
estimated cost of a cycl ing pulverized-coal 
steam plant with scrubbers. The overall 
heat rate of an IGCASH plant is calculated 
to be about 1 0,000 Btu/kWh, which is about 
1 000 Btu/kWh better than that of the cy
cl ing coal steam plant. The use of turbines 
especially modified to fit the CASH appli
cation would lower the IGCASH plant's heat 
rate to about 9200 Btu/kWh.  

The CASH ING power plant is an IGCASH 
plant with an additional natural-gas-fired 
CASH turbine generation system. The nat
ural-gas-fired system would include only a 
turbine generator, a saturator, a recupera
tor, and a hot water heater; it would not 
have an additional compressor system or 
an additional storage cavern, with their 
large costs. The required additional equip
ment has been estimated to cost about 
$250/kW. For a plant with natural-gas-fired 
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and syngas-fired turbines of equal capac
ity, the overall specific capital cost would 
be only about $725/kW (on a peak kilo
watt basis). Adding even more natural 
gas CASH capacity with no increase in 
compressor equipment or volume storage 
would lower the specific capital cost per 
peak ki lowatt even further. 

The natural-gas-fired turbine operates 
mainly during peaking hours, with the re
sult that approximately twice the basic IG
CASH power capacity is provided to the 
grid during this period. In the late evening 
and night hours, no power from the con
tinuously operating IGCASH system is dis
patched; it is al l used for air compression. 
For each 2 MWh lost from dispatch dur
ing the late evening hours (to provide the 
additional compressed air required for 
the natural-gas-fired turbine), the CASH ING 

Generator 

- - - - - Fuel 

Recuperator 
Humidified air 

Economizer 

To stack 

plant provides an additional 5 MWh to the 
grid during peak d ispatch.  Because most 
(60-80%) of the fuel is syngas from coal , 
the fuel cost is much less sensitive to the 
price of natural gas than in natural-gas
fired combined cycles. The CASHING plant 
should be appropriate for peaking and in
termediate operations (3000- 5000 hours a 
year). 

In support of both the HAT and CASH cy
cles, an important project is under way with 
Textron-Lycoming to test the combustion of 
humid air with natural gas and with syn
gas. Another important supporting project, 
sponsored by EPR l 's Energy Storage Pro
gram with Gl itsch,  Inc . ,  is studying satura
tors for CASH and HAT applications. Satu
rators are common at refineries, but using 
them with high-pressure air is an extension 
of current practice. Tests for such an ap
pl ication are being planned as part of this 
project. 

In a key project being conducted in co
ordination with the Energy Storage Pro
gram, Westinghouse is investigating the 
conversion of its combustion turbine (and 



steam turbine) equipment to CAES and 
CASH applications. Because the use of 
storage separates in time the flow of air out 
of the compressor and the flow into the tur
bine, the matching problems encountered 
in the HAT cycle are el iminated. That greatly 
lowers the development cost of the turbo
machinery, which can be simply modified 
from current equipment, or, in the case of 

Ecological Assessment 

the compressor, purchased separately. 
EPRI is also starting evaluation projects 

with three uti l ities-Public Service Electric 
& Gas Company, Florida Power Corpora
tion, and the Tennessee Valley Authority
to identify the optimal configurations for 
CASH, IGCASH, and CASHING plants on 
their systems. These projects wil l  include 
dispatch studies and system expansion 

analyses of various configurations of these 
plants versus alternative power plant types. 
Emphasis will be placed on the CASH ING 
cycle because of its very low capital cost, 
its low fuel cost, and its relative insensitiv
ity to the price of natural gas. The results 
of these projects wil l  determine the direc
tion of EPR l 's future development efforts on 
humidified cycles. 

GLOCO: Modeling the Global Carbon Cycle 
by Robert Goldstein, Environment Division 

T
he reservoir sizes and the annual 
fluxes of the global carbon cycle, as 

quantified by the Intergovernmental Panel 
on Climate Change ( IPCC), are i l lustrated in 
Figure 1 .  Fluxes of about 200 bi l l ion metric 
tons, or gigatons (Gt), of carbon are ex
changed annually between the atmosphere 
and the oceans and between the atmos
phere and the land . 

The IPCC estimates that fossi l  fuel com
bustion annually transfers approximately 5 
Gt of carbon to the atmosphere. The at
mospheric carbon content is currently 750 
Gt and is increasing by 3 Gt/yr. It is im
portant to note that the 5- and 3-Gt/yr rates 
are factors of approximately 40 and 70 less 
than the estimated annual flux from the 
earth's surface ( oceans and continents 
combined) to the atmosphere (about 200 
Gt) and the flux back (also about 200 Gt). 
Because the annual fluxes of carbon to and 
from the atmosphere by natural processes 
are so large compared with the transfer of 
carbon from fossil fuel combustion, a 
framework for predicting future changes in 
atmospheric carbon must include calcula
tions of natural sources and sinks, which 
may change with time. 

The GLOCO model 

GLOCO is a desktop computer model for 
analyzing the global carbon cycle. The 
physical compartments, chemical compo
nents, and major processes simulated by 
GLOCO are summarized in Table 1 .  The 

model divides the globe into one atmos
phere, six natural terrestrial biomes, and 
two oceans. In  addition, it simulates three 
human activities: fossil fuel combustion, 
forestry, and agriculture .  Gaseous carbon 
is simulated as carbon dioxide (CO

2
) and 

methane (CH4) .  
The locations of the terrestrial ecosys

tems on the globe are not specified; only 
their areas are. The oceans are given lo
cations relative to each other to simulate 
global ocean c'lrculation. Climate (temper
ature) for each biome and ocean surface 
can be specified as a function of atmos
pheric CO2 and a lag time. Alternatively, 

users may define specific temperature sce
narios. Process rates in the model are tem
perature dependent. 

GLOCO has been cal ibrated by using 
CO

2 
concentrations from ice cores and 

measurements of atmospheric CO
2 at Mau

na Loa. The historical data indicate that 
atmospheric CO2 was about 280 ppmv 
(parts per mi l l ion by volume) in 1 750 and 
has risen (especially rapidly in the latter 
part of this century) to about 350 ppmv to
day. 

GLOCO's atmosphere is l imited to one 
compartment, since the interhemispheric 
mixing time is about the same as the 

ABSTRACT Most suggestions for mitigating potential global climate change 

focus on regulating atmospheric concentrations of greenhouse gases-in partic

ular, carbon dioxide and methane. Analysis of the efficacy of such strategies 

requires a predictive, quantitative understanding of the global carbon cycle. That 

cycle consists of numerous interacting biogeochemical and hydrodynamic 

processes that affect the movement of carbon within and between the atmos

pheric, terrestrial, and oceanic systems of the earth. To help clarify the dynamics 

of the global carbon cycle, plan experimental research, and analyze policy 

options, a desktop computer model called GLOCO has been developed. Using an 

annual time step, this model dynamically simulates the processes that govern 

the global carbon cycle. 
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model's time step (one year). The atmos
phere contains CO2 and CH4 , and the model 
simulates the oxidation of CH4 to CO2 . 

The six natural terrestrial ecosystems in 
GLOCO are tropical forest, temperate forest, 
boreal forest, grassland, tundra, and des
ert. They have the same parameters but 
are differentiated by the values of those pa
rameters. 

The ecosystems fix carbon from the at
mosphere and convert it into plant bio
mass, which is divided into foliage, struc
tural material, and fine roots. Carbon in the 
forms of CO2 and CH

4 is released to the at
mosphere as a result of biomass respira
tion and organic matter decomposition. 
There are three pools of organic matter in 
the soi l-l itter, intermediate soi l organic 
matter, and humus. Dead biomass cycles 
through these pools, decomposing further 
in each. 

The soil also contains a pool of avai lable 
nitrogen. GLOCO simulates the cycling of 
nitrogen with in  the soi l ,  within plants, and 
between the two. The rate of photosynthe
sis is a function of both atmospheric CO

2 

50 

Fossil fuel combustion 

Biota (550) 

and plant nitrogen. A deficiency of nitrogen 
can l imit the potential of plants to increase 
their uptake of atmospheric carbon in re
sponse to increased CO

2 
levels. (Such in

creased uptake is known as the carbon fer
til ization effect. )  Nitrogen is added to a 
terrestrial system by atmospheric deposi
tion and fixation and is removed by leach
ing and denitrification. 

There are two oceans in GLOCO: high lat
itude and low latitude. The former is divided 
into a surface layer and a deep layer, the 
latter into a surface layer and 68 lower lay
ers. I n  addition to vertical mixing within and 
horizontal mixing between oceans, there is 
a large-scale circulation pattern that in
cludes sinking at high latitudes and up
wel l ing at low latitudes. 

The exchange of CO
2 

between the at
mosphere and the oceans is bid irectional. 
Acid-base reactions-including those of 
borate, dissolved organic carbon (DOC), 
and phosphate-affect the speciation of 
dissolved inorganic carbon (DIC) and 
hence the partial pressure of dissolved 
CO2 , which in turn affects gas exchange. I n  

50 

the oceans' surface layers, b iota convert 
DIC to particulate organic carbon , DOC, 
and calcium carbonate (CaC03

) .  I norganic 
carbon and organic carbon are redistrib
uted within and between the oceans by ad
vection/dispersion and sett l ing. A fraction 
of the particulate carbon in the oceans 
is buried in sediments. Throughout the 
oceans, mineralization converts organic to 
inorganic carbon . In addition to simulating 
this cycling of carbon, GLOCO simulates 
the physical and biological cycl ing of 
phosphorus, which also influences the rate 
of organic carbon production .  

One of the three human activities simu
lated by GLOCO is the release of CO2 

and 
CH4 into the atmosphere from fossil fuel 
combustion . The model includes estimates 
of fossil fuel inputs from 1 850 to the pres
ent, as well as four IPCC scenarios for fos
sil fuel combustion from 1 990 to 2 1 00. 
Users can select any of the four scenarios 
in combination with the historical estimates 
or can substitute scenarios of their own. 

A module for forestry, the second human 
activity, allows users to impose harvesting 

Atmosphere (750 + 3/yr) 

90 

36 
37 

35 

Figure 1 Global carbon cycle, based on 1 990 estimates from the Intergovernmental Panel on Climate Change. The numbers in parentheses indicate 
the size of carbon reservoirs and the annual rate of change (in Gt); the numbers in the arrows indicate fluxes between reservoirs (in Gt/yr). Although 
fossil fuel combustion annually transfers about 5 Gt of carbon to the atmosphere, that figure is a factor of 40 less than the annual fluxes of carbon to 
and from the atmosphere as a result of natural processes. 

48 EPRI JOURNAL October/November 1993 



--- -- ·- -- ------ - - - - - - - - - - - - - - - - - - - - - - - - - - -----.--

Table 1 :  Elements of GLOCO 

System Compartments Components 

Atmosphere Well-mixed atmosphere Carbon dioxide (CO
2
) 

Methane (CH4) 

Terrestrial ecosystems Tropical forest Foliage carbon 

Temperate forest Wood carbon 

Boreal forest Root carbon 

Grassland Litter carbon 

Tundra Intermediate soil organic matter 

Desert Humus carbon 

Available nitrogen 

River Dissolved inorganic carbon 

Dissolved organic carbon (DOC) 

Alkalinity 

Phosphorus 

Oceans Low-latitude ocean Total inorganic carbon 

Surface layer DOC 

68 lower layers Alkalinity 

High-latitude ocean 
Phosphorus 

Particulate organic carbon (POC) 
Surface layer 

Deep layer 
Biogenic calcium carbonate (CaC0

3
) 

Human activities Agriculture Humus carbon 

Forestry 1 0-year wood 

Fossil fuel combustion 1 00-year wood 

and reforestation scenarios for the three 
forest ecosystems. When an area is har
vested, its carbon is divided among soil 
organic matter, biomass fuel ,  and wood 
products with 1 0- and 1 00-year average 
lifetimes. The biomass fuel is immed iately 
converted to atmospheric carbon. 

The last human activity modeled is agri
culture. Considered a seventh terrestrial 
biome, agricultural land is divided into cul
tivated land, paddy fields, and rangeland.  
GLOCO users can impose scenarios for 
converting land in the natural terrestrial 
ecosystems to agriculture and for aban
doning agricultural land to the natural 
ecosystems. When land is converted, its 
carbon is divided into compartments simi
lar to those used during forest harvesting. 

GLOCO has a single river, which simu
lates the total river runoff from the terrestrial 

ecosystems. This runoff is mixed into the 
surface layer of the low-latitude ocean . The 
river flow contains phosphorus, DIC, DOC, 
and alkalin ity. The model accounts for the 
fraction of DIC produced by the weathering 
of primary minerals (e .g . ,  aluminum si l i
cates) and that produced by the weather
ing of carbonate rock. 

Using GLOCO 

The GLOCO model can be used to test 
scientific hypotheses and to evaluate man
agement scenarios concerning the glob
al cycl ing of carbon. Through sensitivity 
analyses, the model can be used to help 
identify parameters that require measure
ment and processes that require additional 
research .  

In  one case, GLOCO was used to exam
ine the ferti l ization of high-latitude oceans. 

Major Processes 

CH4 oxidation 

CO
2 

exchange with oceans/biomes 

Photosynthesis 

Respiration 

Litterfall 

Humification of litter 

Humus mineralization 

Production of CH4 

Weathering and transport to oceans 

Acid-base equil ibria 

CO2 exchange with atmosphere 

Advection/dispersion 

New production of POC and DOC 

POC settling and mineralization 

POC burial 

DOC mineralization 

Biological CaC0
3 

formation 

CaC0
3 

dissolution and burial 

Agricultural production 

Litter humification 

Humus mineral ization 

Production of CH4 
Land use changes 

Forest harvesting 
Decay of wood products 
CO2 and CH4 emission 

Biological carbon fixation in some ocean 
areas, including the Antarctic, appears to 
be l imited by the supply of iron, a trace nu
trient. Fertil ization of these areas with iron 
has been proposed as a means of reduc
ing future increases in atmospheric CO

2
. 

To simulate the effects of this ferti l ization, 
researchers used the IPCC's business-as
usual fossil fuel emissions scenario and in
creased the phosphorus uptake coefficient 
for the high-latitude surface ocean to bring 
ambient phosphorus concentrations down 
to those found in the low-latitude ocean sur
face waters. (This approach is based on 
the assumption that in the high-latitude 
ocean the photosynthesizing biota's abil ity 
to use avai lable phosphorus had been lim
ited by the supply of iron . )  Figure 2 pre
sents atmospheric CO2 levels for the busi
ness-as-usual emissions scenario with and 

EPRI JOURNAL October/November 1 993 49 



without ocean fertil ization. As 
can be seen, the projected 
CO2 

concentration for the year 
2 1 00 is about 1 0% lower with 
ocean ferti l ization .  

As this application i l lustrates, 
the GLOCO model is a useful 
tool for analyzing the global 
carbon cycle. Its graphic inter
face and speed of execution 
enhance its potential for analy
sis, teaching, and communica
tion. Although GLOCO might be 
considered a relatively simple 
model compared with highly 
spatially disaggregated mod
els, its response surface is 
mu lt id imensional and com
plex. This is due to the com
prehensive and detai led mech
anistic representations includ-

Figure 2 GLOCO was used to simulate the fertilization of high-latitude oceans 
with iron-a potential strategy for reducing atmospheric carbon. Two cases 
using the IPCC's business-as-usual fossil fuel emissions scenario were run, 
one with ocean fertilization and one without. The fertilization case showed 
about a 1 0% decrease in the level of atmospheric CO2 projected for the year 
2100 relative to the case without fertilization. 
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ed to simulate carbon transport 
and conversion processes. 

GLOCO is currently being 
beta-tested by oceanograph
ic, terrestrial, and atmospheric 
scientists. Meanwhile, several 
extensions of the model are 
being considered: the simula
tion of precipitation and soil 
moisture; the differentiation of 
carbon by isotopes to provide 
an independent means of cal
ibration; the inclusion of au
tosensitivity testing and error 
propagation analysis routines; 
and the construction of a vari
able-time-step hemispheric ver
sion that would simulate intra
annual, latitude-dependent fluc
tuations in the concentration of 
atmospheric carbon. 

I 

I 



New 
Contracts 

Project 

Customer Systems 

Distribution Automation/Demand-Side 
Management Demonstration (RP2568-33) 

Demonstration of Synthetica Detoxifier 
Applied to Medical Waste Disposal 
(RP2662-47) 

Uncouplers of Oxidative Phosphorylation 
Applied to Control of Excess Biological 
Sludge (RP2662-54) 

Demand-Side-Management-Related 
Software Integration Study (RP2863-1 4) 

Dual-Fuel and High-Efficiency Unitary 
Heat Pump Market Research (RP289 1 -2 1 )  

Demonstration o f  End-Use Data 
Transferabil ity, Phase 1 (RP2980-42) 

Generic and Site-Specific Studies of 
Energy Storage on Rail Systems (RP3025-8) 

Reliability of Uninterruptible Power to 
Nuclear Plant Instrument/Control Cabinets 
(RP3088-1 1 )  

Electrical Systems 

Power System Analysis Package: Dynamic 
Data Conversion (RP1 208-1 1 )  

ETMSP Enhancements 
(RP1 208-12) 

Power System Analysis Package 
Enhancements (RP1 208-1 3) 

Field Trials of TOMCAT 2000 
(RP2472-12) 

RISKMIN Enhancements 
(RP2537-3) 

Advanced Metering Project 
(RP2592-6) 

Static Condenser (RP3023-3) 

Engineering Calculators (RP3066-2) 

Energy-Based Dynamic Security 
Assessment Tools for Maintaining Voltage 
Stability (RP31 03-4) 

Portable Electric Util ity Software for 
Parallel Computers (RP3103-6) 

Development of Production-Grade TRELSS 
(Transmission Reliability Evaluation for 
Large-Scale Systems) Program (RP31 59-4) 

State-Estimation Issues: Demonstration 
of Inter-Control-Center Communications 
Protocol (RP3355-3) 

Development of Advanced Multilevel 
Converter Circuit (RP3389-7) 

Development of High-Efficiency, Multi-
function Converters (Custom Power 
Technology) (RP3389-9) 

Conceptual Study for Novel Power 
Quality Compensator (Custom Power 
Technology) (RP3389-13) 

Life Evaluation of Direct-Buried In-
Service Cables (RP3392-3) 

Battery Monitoring System, Phase 3 
(RP3493-1 )  

Funding/ Contractor/EPRI 
Duration Project Manager 

$238,000 Union Electric Co./ 
30 months L. Carmichael 
$300,000 Synthetica Technologies/ 
17 months M. Jones 

$75,900 University of Washington/ 
21 months M. Jones 

$ 1 1 6,400 Mykytyn Consulting 
7 months Group/P Meagher 
$51 ,700 Decision Analyst/W. Krill 
6 months 

$87,800 Aspen Systems/R. Gillman 
5 months 

$1 34,400 Carnegie Mellon Research 
13 months lnstitute/P Symons 
$237,900 Westinghouse Electric 
1 3  months Corp./8. Banerjee 

$72,700 Ontario Hydro/P Hirsch 
8 months 

$234,500 Ontario Hydro/P Hirsch 
9 months 

$80,800 Ontario Hydro/ P Hirsch 
8 months 

$79,000 Houston Lighting & Power 
6 months Co./H. Mehta 
$79,400 Stone & Webster 
10 months Management Consultants/ 

R. Adapa 
$2,799,500 Southern California Edison 
18 months Co./ V Tahiliani 
$2,400,000 Tennessee Valley 
49 months Authority/A. Edris 
$82,600 Power Computing Co./ 
10 months T. Kendrew 
$82,700 University of Wisconsin, 
13 months Madison/G. Cauley 

$224,400 University of Maryland/ 
10 months P Hirsch 
$400,000 Southern Company 
28 months Services/ A. Vojdani 

$1 68,700 ECC/A. Vojdani 
1 4  months 

$485,900 University of Wisconsin, 
31 months Madison/A. Sundaram 
$305,000 University of Florida/ 
31 months A. Sundaram 

$224,800 McGill University/ 
36 months H. Mehta 

$338,900 Powertech Labs/ 
1 3  months B. Bernstein 
$453,200 MCM Enterprise/ 
20 months B. Damsky 

Funding/ Contractor/EPRI 
Project Duration Project Manager 

Environment 

Generic NO, Control Intelligent System: $55,000 ARD Corp ./R. Squires 
Feasibi lity Study (RP1 402-65) 3 months 

Causes of Failure of FGD System $59,300 Cortes! Columbus/ 
Materials (RP2248-7) 19 months P Radcliffe 
Assessment of Technologies to Reduce $58,400 Carnot/ W. Roves ti 
Toxic Metals in Residual Fuel Oils 7 months 
(RP2869-21 )  

Occurrence of Childhood Brain Tumors $205,500 Fred Hutchinson Cancer 
in Relation to Wire Code Configurations 20 months Research Foundation/ 
and Electric Appliances (RP2964-20) L. Kheifets 
Methods for the Operational Evaluation $257,000 University of Washington/ 
of an Air Quality Model (RP31 89-7) 25 months D. Hansen 
Risk Evaluation of Chronic Exposure to $78,000 lnstituto de lnvestigaciones 
Hydro Arsenicism in the Lagunera Region 12 months Biomedicas/J. Yager 
of Mexico (RP3370-1 1 )  

Occupational Exposure Assessment and $61 ,300 Specialized Institute of 
Bioavailability of Arsenic (RP3370-1 2) 16 months Hygiene/Epidemiology/ 

J. Yager 
Investigation of the Relationship Between $1 47,200 Integrated Laboratory 
Arsenical-lnduced Genotoxicity and 10 months Systems/J. Yager 
Choline Deficiency (RP3370-15) 

Impacts of Coal Pile Runoff on Soil and $362,200 Tetra Tech/I. Murarka 
Water Quality (RP3507-1 )  2 0  months 

Kauai Seabird Study, Task 2: Ecological $1 97,000 Point Reyes Bird 
Study (RP3521-2) 62 months Observatory/J. Huckabee 
Plume Rise and Downwash Modeling: $367,500 Sigma Research Corp./ 
Model Development and Beta Testing 24 months C. Hakkarinen 
(RP3527-1 )  

Plume Rise and Downwash Modeling: $463,800 ENSR Consulting and 
Field Measurements (RP3527-2) 23 months Engineering/C. Hakkarinen 
Risk Management Framework for Visibil ity $171 ,800 Applied Decision Analysis/ 
Improvement at the Golden Circle 8 months R. Goldstein 
(RP3592-4) 

Exploratory & Applied Research 

Dynamic Compaction in Material $1 00,000 IAP Research/ 
Fabrication (RP8012-17) 1 2  months T Schneider 
Dynamics of Neural Learning (RP801 5-2) $159,600 Oregon Graduate Institute 

22 months of Science & Technology/ 
J. Maulbetsch 

Integration of Artificial Neural Networks $234,900 Arizona State University/ 
in a Fault Diagnostic System (RP801 5-3) 59 months A. Wildberger 
Genetic Optimization of Neural Network $78,000 Honeywell/A. Wildberger 
Architecture for Electric Util ity Applications 6 months 
(RP801 6-4) 

Ceramic-Supported Polymer Membranes $75,000 University of California, 
(RP801 9-3) 24 months Los Angeles/B. Bernstein 
Remediation of Arsenic Contamination $80,000 Argonne National 
in Groundwater (RP8020-2) 5 months Laboratory/M. McLearn 
Isolation of Syngas-Utilizing Bacteria for $1 20, 1 00 Engineering Resources/ 
Production of Oxygenates (RP8021 - 1 )  1 2  months S. Yunker 
Seawater-Irrigated Halophytes for $298,300 University of Arizona/ 
Sequestration of Carbon in Coastal Desert 25 months L. Pitelka 
Soils (RP8021 -2) 

Evaluation of Halophytes for Utilization of $192,800 University of Arizona/ 
Power Plant Cooling Water and Storm 31 months L. Pitelka 
Drainage (RP8021-3) 

Coal Desulfurization Process (RP8022-3) $200,000 University of Akron/ 
6 months C. Kulik 

Removal of Trace Elements From $1 23,800 Alberta Research Council/ 
Coal (RP8022-4) 8 months C. Kulik 
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Funding/ Contractor/EPRI Funding/ Contractor/EPRI 
Project Duration Project Manager Project Duration Project Manager 

Generation & Storage !PROM ( Integrated Piping Reliability $59,800 Structural Mechanics 

Field Testing of a Hydraulic-Turbine-Driven $73 , 100 Joseph Technology Corp./ Optimization and Management) Software: 1 0  months Analysis/ S. Gosselin 
Boiler Recirculation Pump at Lenenergo 10 months W Piulle Phase 2, Structural Mechanics (RP31 75-9) 

in St. Petersburg, Russia (RP1403-25) Evaluation of Zinc Additions to the Primary $1 ,794,500 Westinghouse Electric 

Preventive Diagnostic Monitoring $99,800 Controlled Vibrations/ Coolant of PWRs (RP3223-4) 36 months Corp./R. Pathania 
Development (RP1648-1 5) 24 months T McC!oskey Digital Safety Systems-SPIN and C0

3
- $120 , 100 CEA/S. Bhatt 

On-line Performance Monitor $97,200 Marine Biocontrol Corp./ in Nuclear Power Plants in France 7 months 

Development (RP1 689-29) 15 months J. Tsou (RP3352-4) 

Battery, Superconducting Magnetic $99,000 Power Technologies/ Verification and Validation of Knowledge- $474,700 Science Applications 

Energy Storage, and Compressed-Air 7 months S. Eckroad Based Systems Using Computer-Aided 25 months International Corp./ 

Energy Storage Stabil ity Models Software Engineering Tools (RP3352-5) S. Bhatt 
(RP21 23-27) Instrumentation and Control Reliabi lity $99,800 Science Applications 

Commercialization of GEMS (Generator $2,372,700 General Electric Co./ Experience Review (RP3373-7) 1 0  months International Corp./ 

Expert Monitoring System) (RP2591- 17) 28 months J. Stein C. Lin 

Ceramics for Gas Turbines (RP2608-3) $1 ,250,000 General Electric Co./ Instrumentation and Control Life-Cycle $ 1 22,200 Queue Systems/ 
30 months W Bakker Management Methodology (RP3373-9) 7 months C. Wilkinson 

Design Manual for Aerating Weirs $298,700 Tennessee Valley Authority/ Ful l-System Chemical Decontamination $171 ,000 J. A. Jones Applied 
(RP2694-1 7) 33 months D. Morris Application Assistance (RP3396-2) 32 months Research Co.IC. Wood 
Predictive Maintenance Workstation: $1 92,200 Automation Technology/ Application of Risk-Based Technology: $561 ,400 Science Applications 
Prototype Development and 12 months R. Co/sher Licensing Requirements Reduction 36 months International Corp.IF. Rahn 
Implementation (RP281 7-34) (RP3477-1 )  

Field Testing of 1 80-MW District Heating $75,500 Joseph Technology Corp./ Appl ication of Risk-Based Technology: $1 34,400 Quadrex Energy Services 
Turbine at Lithuenergo's Vilnius Power 9 months W Piulle On-line Versus Off-line Maintenance 18 months Corp.IF. Rahn 
Plant No. 3 (RP281 9-30) (RP3477-3) 

Compressed-Air Energy Storage Cavern $1 26,400 PB-KBB/B. Mehta Application of Neural Network Methodology $63,200 Halliburton NUS Corp./ 
and Well Monitoring (RP2894-1 5) 8 months to Fuel Failure Analysis (RP3500-15) 4 months 0. Ozer 
Wind Power Development and $253,600 Hansen, McOuat, Hamrin Exploratory Research on Enhanced Decay $281 ,300 Massachusetts Institute of 
Implementation (RP3404-7) 22 months & Rohde/E. Davis Heat Removal (RP3500-18) 23 months Technology/E. Rodwell 
Advanced Wood-Fired Combustors/ $50,000 University of Wisconsin, 

Chemistry of Failed LWR Fuel Rods $365,000 U niversity of California, 
Gasifiers (RP3407-7) 34 months Madison/E. Hughes 

(RP3564-2) 36 months Berkeley/S. Yagnik 
Development of a High-Accuracy $61 8,000 Martin Marietta Energy 

Modeling of Failed Fuel Degradation $485,300 Anatech Research Corp./ 
Resistance Temperature Detector for 30 months Systems/J. Weiss 

(RP3564-3) 24 months 0. Ozer 
High-Temperature Applications 
(RP3499-4) BWR Stability Methods (RP3574-1 )  $240,000 Computer Simulation and 

Carbonate Fuel Cell Module Design and $1 ,226,100 Energy Research Corp./ 24 months Analysis/ L. Agee 
Evaluation (RP3515-1 ) 30 months E. Gillis CORETRAN Development (RP3574-2) $275,000 S. Levy, Inc./ L. Agee 
Gas Turbine Capacity Enhancement $273,800 Lincoln Electric System/ 1 1  months 

(RP3534-2) 20 months H. Schreiber BWR User I nterface for VIPRE-2 (RP357 4-3) $1 48,800 Scientech/ L. Agee 
Adjustable-Speed Hydro: Issues and $1 65,600 Harza Kaldveer/J. Stein 1 1  months 

Benefits (RP3577-1 )  21 months Stability Methodology (RP3574-4) $50,000 Yankee Atomic Electric 

Development of Methods to Predict $200,000 University of North Dakota/ 9 months Co.IL. Agee 
Agglomeration and Deposition in 36 months A. Mehta Arkansas Nuclear One Instrumentation and $147 , 100 ABB Combustion 
Fluidized-Bed Combustors (RP3579-1 )  Control Upgrade, Unit 1 (RP3586-1 )  1 0  months Engineering/C. Wilkinson 
Controls and Automation Technical $213 ,800 Automation Technology/ BWROG Reference Leg De-gas Test $638,700 Continuum Dynamics/ 
Support (RP3644-3) 1 1  months M. Blanco (RP3665-1) 7 months J. Munchausen 

I ntegrity of Reactor Pressure Vessels $78,600 Sartrex Corp./R. Carter 
Integrated Energy Systems (RP3757-3) 10 months 

Review of Environmental Externality $60,300 Decision Focus/ SQURTS Seismic Qualification Testing $1 24,500 Farwell and Hendricks/ 

Studies (RP3231-6) 14 months V. Niemeyer (RP4414-1 )  1 2  months K. Huffman 

Characterization of Air Toxics Trace $55,000 Energy Ventures Analysis/ Enhancement of GOTHIC Containment $578,700 Numerical Appl ications/ 
Elements in Util ity Fuels (RP3440-3) 9 months J. Platt Analysis Code (RP4444-1 )  3 5  months A. Singh 
Estimates of Damages From Cl imate $31 2,200 Industrial Economics/ In-reactor Monitoring of Stress Corrosion $1 ,499,700 General Electric Co./ 
Change (RP3441- 15) 21 months T Wilson Cracking at Quad Cities 2 (RPC101 -27) 31  months K. Ramp 
Climate Change Valuation Research: $1 40,000 RCG/Hagler, Bailly/ Arresting lntergranular Attack in Steam $491 ,500 Rockwell International 
Design Support and Synthesis 8 months T Wilson Generators (RPS51 1 -3) 36 months Corp.IP. Paine 
(RP3441-16) 

Qualification of On-line Use of Morpoholine $191 ,500 Babcock & Wilcox Co./ 
Enhancement of Contract Mix for Uranium $90 , 100 Decision Focus/C. Clark for Once-Through Steam Generators 24 months P. Millett 
Users (RP3604-3) 14 months (RPS520-5) 

Strategic Asset Management Framework $200,000 Strategic Decisions Group/ PWR Steam Cycle Water Chemistry Model $84,200 San Diego State University/ 
Case Study (RP7026-1 )  1 0  months L. Rubin (RPS521 -3) 15  months P. Millett 

Steam Generator Deposit Characterization $73,800 Dominion Engineering/ 

Nuclear Power Guidelines (RPS523-1 )  9 months P. Millett 

Optical Fibers and Components in Nuclear $21 2,000 Ohio State University Experimental Modeling of Eddy-Current $284,200 Westinghouse Electric 

Plant Environments (RP2409-25) 19 months Research Fund/ R. James Response (RPS530-1 )  2 4  months Corp./M. Behravesh 

Electromagnetic Emissions Testing in $224,700 National Technical Steam Generator Database and User $214,800 CFD Research Corp./ 
Support of Digital Safety-Related Systems 9 months Systems/ R. James Interface Development (RPS541-1 )  1 1  months G. Srikantiah 
at Nuclear Plants (RP2409-26) 

Validation of ATHOS, PORTHOS, and $1 24,500 CFD Research Corp./ 
On-line Probe for Metal l ic Corrosion $208 , 100 General Electric Co./ ZOOM Codes With Clotaire Data 7 months G. Srikantiah 
Particulates (RP31 73-4) 35 months P. Millett (RPS543-2) 
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EPRI Events 

DECEMBER 

7 
Air Toxics R&D Results 

Atlanta, Georgia 
Contact: Denise O'Toole, (415) 855-2259 

7-8 
Distribution Cable Aging 

Boca Raton, Florida 
Contact: Kathleen Lyons, (41 5) 855-2656 

7-9 
Utility Motor and Generator Predictive 
Maintenance Workshop 

San Francisco, California 
Contact: Susan Bisetti, (415) 855-7919 

8 

Air Toxics R&D Results 

Denver, Colorado 
Contact: Denise O'Toole, (415) 855-2259 

8-9 
6th Annual Conference on Utility Strategic 
Asset Management 

St. Petersburg, Florida 
Contact: Lori Adams, (415) 855-8763 

8-10 
Efficient Lighting Symposium 

Scottsdale, Arizona 
Contact: David Ross, (703) 742-8402 

8-10 
Expert Systems Applications for the 
Electric Power Industry 

Phoenix, Arizona 
Contact: Jouni Keranen, (415) 855-2020 

JANUARY 1994 

18-20 
Fossil Plant Inspections 

San Antonio, Texas 
Contact: Lori Adams, (415) 855-8763 

25 
Electric Arc Furnace Dust Treatment 
Symposium 

Pittsburgh, Pennsylvania 
Contact: John Kollar, (412) 268-3243 

25 
EPRI Partnership for Industrial Competitiveness 

Pittsburgh, Pennsylvania 
Contact: Jamil Nehme, (916) 497-1 452 

31-February 4 
Fireside Performance of Coal-Fired Boilers 

Irving, Texas 
Contact: Ursla Rosenblum, (215) 758-4090 

FEBRUARY 

7-8 
Workshop on Rate Design in the 1990s 

Tampa, Florida 
Contact: Pam Turner, (415) 855-201 0  

9-11 
Innovative Electricity Pricing Conference 
Tampa, Florida 
Contact: Pam Turner, (415) 855-201 0  

9-11 
Outage Risk Assessment and 
Management (ORAM) Workshop 
Orlando, Florida 
Contact: Jeff Mitman, (415) 855-2564 

15-16 
Customer Value Deployment 
Dallas, Texas 
Contact: Lynn Stone, (214) 556-6529 

MARCH 

1-2 
Needs-Driven Program Design 
Dallas, Texas 
Contact: Lynn Stone, (214) 556-6529 

3-4 
Clean Air Response: Achieving 
Compliance in an Evolving Market 
Baltimore, Maryland 
Contact: Jeremy Platt, (415) 855-2628 

3-4 
Continuous Emissions Monitoring 
Quality Assurance 
Dallas, Texas 
Contact: Lynn Stone, (214) 556-6529 

14-16 
EMF Science and Communication 
Seminar 
Santa Clara, California 
Contact: Amelia Birney, (612) 623-4600 

15-16 
Distributed Utility Workshop 
Baltimore, Maryland 
Contact: Susan Marsland, (415) 855-2946 

16-17 
Asbestos Control and Replacement 
San Diego, California 
Contact: Linda Nelson, (415) 855-21 27 

22-23 
4th Annual NMAC Conference and 
Technical Workshop 
Charlotte, North Carolina 
Contact: Jayne Adkisson, (704) 547-61 41 

23-25 
Fossil Plant Cycling 
New Orleans, Louisiana 
Contact: Lori Adams, (415) 855-8763 

23-25 
Weld and Repair Technology for 
Fossil Power Plants 
Willramsburg, Virginia 
Contact: Susan Bisetti, (415) 855-7919  

29-31 
Nondestructive Evaluation of 
Fossil Plants 
Dallas, Texas 
Contact: Lynn Stone, (214) 556-6529 

APRIL 

5-6 
Global Warming: A Call for International 
Coordination 
San Francisco, California 
Contact: Colleen Hyams, (415) 855-2143 
5-7 
Direct Demand-Side Management Marketing 
Dallas, Texas 
Contact: Lynn Stone, (214) 556-6529 
26-29 
Transformer Performance Monitoring 
and Diagnostics 
Eddystone, Pennsylvania 
Contact: John Niemkiewicz, (215) 595-8871 

MAY 

3-5 
Heat Rate Improvement 
Baltimore, Maryland 
Contact: Susan Bisetti, (415) 855-7919 
10-13 
Decision Quality/Decision Analysis Seminar 
and Workshop 
Newport, Rhode Island 
Contact: Susan Marsland, (41 5) 855-2946 
11-13 
NO

x 
Controls for Utility Boilers 

Scottsdale, Arizona 
Contact: Pam Turner, (41 5) 855-201 0  
16-20 
Applications of Static Compensators and 
Other FACTS Power Flow Controllers 
Madison, Wisconsin 
Contact: Bi l l Long, (608) 262-2061 

17-19 
Fluidized-Bed Combustion for 
Power Generation 
Atlanta, Georgia 
Contact: Linda Nelson, (415) 855-21 27 

17-19 
6th Predictive Maintenance Conference 
Philadelphia, Pennsylvania 
Contact: Lori Adams, (415) 855-8763 

19-20 
Improving Building Systems in 
Hot and Humid Climates 
Arlington, Texas 
Contact: Susan Swanson, (409) 862-2291 

JUNE 

1-2 
Customer Value Deployment 
Dallas, Texas 
Contact: Lynn Stone, (214) 556-6529 
6-8 

ISA POWID/EPRI Controls and Instrumentation 
Orlando, Florida 
Contact: Lori Adams, (415) 855-8763 
29-July 1 
Service Water Systems Reliability Improvement 
St. Louis, Missouri 
Contact: Susan Otto, (704) 547-6072 
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