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COPRODUCTION OF ELECTRICITY AND FERTILIZER:
A KEY ENVIRONMENTAL/ENERGY CONCEPT
FOR THE TWENTY-FIRST CENTURY

H. Lewls Faucett, R.W. Weatherington, D.T. Bradshaw and T.L. Wright
Tennessee Valley Authority, USA

As the Zlst century approaches, we must focus on Innovatlve concepts In the Industrial
sector of the world's economic market to decrease negative impacts of industrial growth on
the environment In an economically-sound manner. In the United States, the Tenneszee Valley
Authority (TVA), a Federal Government corporation committed to a mission of natural
rezource management, power generation, reglonal economle development, support of natlonal
defense, and natlonal responsibility for fertilizer research, development, and Introduction, has
accepted this challenge In continuation of Its fifty-nine years of economic and environmental
leadership. In one such actlvity toward meeting this challenge, TVA ig proposing to develop
and commercially demonstrate the coproductlon of electrieity and fertilizer using Integrated
gasiflcation/combined cycle (IGCC) technology. The coal-based Coproduction Demonstration
Project will show that coproduction of chemicals with electricity can economically and
environmentally enhance the production of electric power from coal.

As conceptually envisioned and shown in Table 1, the proposed facility of the Coproduction
“‘Demonstration Project will be deslgned for & nominal electrical capacity of about 250
megawatts (MW). During normal operatlon, the system will produce about 150 MW of base-
load electrical capacity and 1,000 tons urea per day. The sulfur in the coal I8 recovered either
ag a sulfurle acld or elemental sulfur by-product. During peak power demand, the fertilizer
cepacity can be turned down or bypassed and the full 250 MW of electrical capacity can be
produced. This preduction seheme allows the continuous operation at 100-percent capaclty of
the capital Intensive gasification-related process units, while varylng the amount of
electricity produced from 60 percent to 100 percent of rated capacity. Coproduction also wlill
further reduce the annual revenue requirements for power generation by the coproduction of
the higher-valued fertilizer coproduect.

As subsequent milestones in the dynamic development of the initial phases of this project
occur, e.g. more detalled engineering estimates and consideration of alternative operating
schemes, thls cyclic-operatlon configuratlon of the project may vary. The overall schedule for
the project s glven later in this paper.

TECHNICAL
IGCC/F Coproduction Process

As shown In Flgure 1, the coproduction concept 1s based on the Integrated operatlon of alr
separation, cesl-gasiBeation, aeid- gag remevak- combined —eycle (8team and combustion
turbines), ammonlia, urea, and by-product recovery units of modular single-train design.

Alr separation unlt: Elevated-pressure separation of alr Into oxygen (for the coal
gasification unit) and nltrogen (for the ammonia and combined cycle units).

Conl} gaslfication unlt: Dry-feed, oxygen-blown, entrained-flow, glagging-type gasification
to produce clean medium-Btu synthesls gas (for the ammonia plant and the gas turbine)
and ncnleachable slag.

Acld gas removal unlt: Selective solvent recovery of ecld gases (primarily CO, and H,S
with traces of COS and HCN) for C0, feed to the urea unit and H,S feed to elther a
sulfurie acid unit or a Claus sulfur productlon unit.
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Comblined cycle unit: High-temperature (2350°F) combustlon of clean medium-Bru
synthesls gas In a gas turbine (for electriclty generatlon) followed by a heat-recovery
steamn generator and steam turbine (for additional slectricity generation and steam fead
to the chemical unlits).

Ammonla unit: Hydrogen enhancement and catalytic gas-phase reactlon of hydrogen and
nitrogen (from the alr geparation unit) to proeduce ammonie.

Urea unit: Two-stage reaction of ammonia and carbon dloxide (from the acid ges
removal unit), from acld gas removal, to produce urea,

Sulfur recovery unit: Conversion of H,5 directly Into sulfurle acid or partial oxidation of
H,3 Into elemental sulfur with tall gas cleanup (SCOT process) to produce marketable
by-products,

COMPETITIVE TECHNOLOGIES

It has been recently stated that, for many utilitles, coal 18 and will continue to be the
preferred fuel alternative; however, achleving the slmulteneous goals of using coal as the
primary fuel source and meeting more stringent environmental and technical requirements is
becoming more difficult and costly. The competing coal-based technolegies to Integrated
gasification combined cycle for base-load capacity are considered to be pulverized coal (PC)
combustion with flue gas desulfurization (FGD) and combined c¢ycle (combustion and steam
turbines). Other new coal-based power generating technologles Include the fluldized-bed
combustlon (FBC) plants, both atmospheric and pressurized. From an overall technleal and
economle pergpectlve, atmospherle FBC iz congldered for the purpose of this comparison to
be equivalent to PC. Pressurized FBC has not been commercially demonetrated and at this
time 1z not consldered-n competitive technelogy for new coal-based- generating capacity.

In the Unilted States, IGCC has been commereislly demonstrated at Southern Callfornia
Edison’'s Cool Water plant during a flve-year program sponsored by a consortlum led by the
Electric Power Research Institute (EPRI). A 100-MW Texaco gasification system and a
conventional 2000°F combustion turblne (CT) were used in this facllity. Dow Chemical (DOW)
has operated a 180-MW IGCC plant since 1987 on subblituminous coal in Loulsiana, The DOW
gaslficatlon process is used to fuel existing CTs. Shell Oll operated a 30-MW-equivalent
gasification demonstration project near Houston, Texas, from 1987 to 1991 and gesifled
different feedstocks. In Europe a consortlum of Dutch utilities is building a 250-MW 1GCC
plant using the Shell gasification process and a conventional CT. The heat rate of the latter
systern le approximately 8300 Btu/kWh (higher heat value basis). Newly developed 1GCC
designs, using CTs which operate at higher temperatures (Z360°F) and a high degree of steam
Integration, show heat rates of about 8000 Btu/kWh.

ENVIRONMENTAL EVALUATION
Gaseous Emlasions

General: The S0, and NOx emissions from IGCC are significantly less than those from PC with
conventional 30, and NOx control technologles. In gasification, the coal's sulfur and nitrogen
are converted to reduced forms of sulfur end nitrogen. The reduced sulfur ls more
concentrated {n the synthesls gas without the N, dlluent from the alr, and H,5 can be more
enslly recovered as a by-producet as compared wl%h the dilute concentration of 30, In the flue
gas of the PC combustion system. The reduced nlirogen compounds (NH, and HCKI) are more
eaglly removed than NOx and are decomposed In wastewater treatment. In additlon, the
higher efficlency of 1GCC as compared to that of a PC results in lower CO, emisslons; the
IGCC/F ecoproductlon process will further decrease CD2 emlenlons at tﬁﬂ slte by the
production of urea.
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Sulfur dloxlde (30,): Conventlonal 502 control for PC 18 through flue ges desulfurization.
Typleal FGD units using wet absorption removes 90-85% of the 80, In the flue gas.
Conventlonal reduced-sulfur removal from IGCC's synthesls gas Is by acld gas removal {AGR)
and total reduced sulfur removal for high-sulfur coal has typlcally been 95-98% for power
generation applications.

The expected IGCC and IGCC/F 50, emissions are shown in Table 2 to be less than 0.06 b S0
per MBtu (greater than 5% c::v«ura.fl sulfur removal). FGD at 26% S0, removal would have an
50, emission of 0.3 1b S0, per MBtu for e 3.6% sulfur coal as compared with the New Source
Performance Standard P3) of 1.2 Ib 50, per MBtu. The ammonia catalyst used for fertilizer
production can be polsoned by reduced sulfur compounds, one of the several trace
compounds In the coal-derived synthesis gas. Therefore, the total reduced sulfur In the
synthesis gas must be below 2 ppmv from the AGR unit and must be decreased to less than
0.1 ppmv before entering the ammonie synthesis loop to avold poisoning the ammonia
catalyst.

Coal gasificatlon plants used for ammonia production In Japan by Ube Industries and for
methanol preduction In the United States by Tennessee Eastman meet this stringent level of
gulfur removal. The sulfur compounds are removed In the commerclally-available absorption
AGR processes at these plants to below 1ppmv of sulfur In the clean synthesis gas.

Nitrogen oxldes: Typical uncontrolled NOx emlssfons from PC units range from 0.6 to 1.0 1b
NOx per MBtu. For the NSPS NOx standard of 0.5 to 0.6 Ib NOx per MBtu, low-NOx burners are
requilred with good control of both alr and coal to each burner In the register. Additional NOx
control can be achleved by selective catalytlc or noncatalytle reduction (SCR and SNCR). For
SCR/SNCR, either ammonia or an ammonin-type compound (e.g. urea) Is Injected into the flue
gas and used to reduce the NOx to elemental N,. The SCR could reduce NOx to approximataly
0.1-0.2 Ib NOx per MBtu for controlled and uncontrolled combustion, respectively. Although
SCR has shown 80-80% NOx reduction, It has not been commerclally demonstrated on high-
sulfur coals.

In conventionial CTs, NOx emissions are controlled te about 0.1 1b per MBtu. The use of
water/steam (wet) and/or nltrogen (dry) injectlon into the aynthesls gas provides a diluent
(heat sInk) to reduce thermal NOx emlsslons. The diluent reduces the heating value of the
synthesis gas from about 280-300 Btu per standard cubic feet (SCF) to 130-150 Btu per SCF.
In the IGCC plant at Cool Water, NOx emisslons were less than 0.08 Ib per MBtu using water-
gaturated fuel ges in a conventlonal CT (operating at 2000°F). The synthesls gaz at Cool
Water had a heating value of about 180 Btu per SCF. The NOx emissions for IGCC or IGCC/F
are expected to be about 0.1 1b per MBtu.

Liquid Effluents

The primary liquld effluent from a conventional PC powser plant iz the coollng tower
blowdown. -Since only one-third -of IGCE's- power-is-produced . -by -the steam turbine, the
amount of IGCC heat refection (consequently, the cooling tower blowdown) Is estlmated to be
about one-half of the heat refection In the PC plant.

IGCC produces a wastewater stream which contains ammonia, sulfides, cyanides, BOD, and
COD, in additlon to the normal powar plant's general wastewater (deminerallzer regenerant,
boller biowdown, etc). All U.S. gasification projects have demonstrated the use of
commercially-avallable process units to treat the process wastewater to meet Natlonal
Pollutant Discharge Elimination System (NPDES) effluent limlts or to recycle the process
wastewater.
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Slag and Sulfur By-products

The ash and sulfur contents of coal produce potential solild wastes. The ash In U.S.
bltuminous coals ranges from 8 to 20%, with a typical content of about 12% ash, or about 10
Ib agh per MBtu. Typical PC (dry bottom) furnaces produce about a 4:1 welght ratic of flyash
to bottom ash. Although most U.S. PC plantg can sell a portion of the bhottom ash and all of
the slag from cyclone furnaces, the flyash usually requires landfill dispesal. Entralned-bed
gasificatlon produces a vitrifled, granular ash (slag) due to the high temperstures and
reducing atmosphere Iin the gasifler. The trace metals are encapsulated In the resulting slag
from the gasifler. Recent tests have shown that gasification's slag 18 nonleachable and
clagsifled as nonhazardous under the U.5. Resource Conservatlon and Recovery Act (RCRA).
The bulk of the gasiflcation slag ig, therefore, considered a marketable by-product.

The sulfur content In U.S. bituminous coels ranges from 1.0 to 5.0%; 3.5% sulfur iz typical for
the high-sulfur coals (6.6 1b S0, per MBtu with 87.5% of the sulfur In the coal being evolved as
50,). For bituminous coals contatnlng 2-5% S5, FGD solid wastes from conventional PC
combustion unlts range from 8 to 22 1b solld waste per MBtu. In the operation of fludized-bed
combustion system, with a much higher stolchlometry of Ca0 to 50, (2.6 moles Ca0 per mole
50,) for equlvalent 50, removal, the FGD waste would be ulgniﬂcan%ly Increased. In the 1GCC
processes, particularly those used for coproduction of ammonla, sulfur removal Iz highly
efficient and elther elemental sulfur or sulfurlc acld is produced as a marketable by-product.

A comparlson of the environmental impact of the competing technologles 15 shown in Table 2.
The uwse of the IGCC and TGCC/F results In the lowest environmental impact of the coal-baged
technologles,

ECONOMIC EVALUATIONS
Fuel Prices

The Impact of escalation on fuel prices is an Important key In the economics of the
coproductlon concept. Since nitrogen fertilizers are typically made In the U.5. from natural
gas, trends In natural gas prices should reflect long-range effects on the market price of these
products.

A real egcalation in fertlllzer prices are expected, while electrielty prices hased on coal
remain relatively stable. An additional tactor is that the operating costs for natural gas-based
fertillzers in 1990 are besed on the use of fully-depreclated plants and older natural gas
contracts, which are expected to be a low price as compared to a contractible market price in
the future. Any new fertilizer plant bullt in the late 19908 or beyond will require depreciation
(financing) of the new Investment and a higher-priced natural gas feedstock. An evaluation of
energy price projections in 1980 by DOE showed the following real escelation for natural gas
and coal prices:

Real price escalation, %

Time perlod Natwralgas  Conl

1850-2000 b.9 1
1990-2010 4.5 1.
1990-2020 3.7 1
1990-2030 31 1

) bt o

Therefore, the coproduction concept using less expensive coal, Instead of the higher-priced
natural gas, as a feedstock becomes more attractive to produce fertllizers when new fartilizer
capacity Ig needed.
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COMPETITIVE TECHNOLOGIEST

The economic advantage of an optimized (fully integrated sub-units) IGCC/F coproduction
systeém as compared to the following power generating plants iz shown In Table 3. A natural-
gas-based case for a comblned cyc¢le (CC) unit, which consists of combustion and steam
turbines, is also.shown In this comparison since it 1s expected to be &8 common base-load
dispatch optlon within the U.S. utllity industry.

Pulverized coal combustion unlt with wet flue gas desulfurlzation (PC/FGD)

Pulverized coal combustion unit with wet flue gas desulfurization and selective catalytic
reductlon of NOx (PC/FGD/SCR)

Combined cycle unit fired with natural gas (CC)
Conventlonal IGCC (sub-units not optimally integrated)
Optimlzed IGCC

These comparisons are based on data given In EPRI's Technical Assessment Guide - Volume 1
Revision 8, September 1988 (TAG). As stated In the TAG, an Important part of an evaluation
of technologles within a utllity system is & production cost analysls sInce utility planning ls
based on economic dlspatch, the commitment and operation of generating units or load
control activities so ay to meet demand with minimum total system operating cost. Capital
costs are consldered sunk costs, and thelr assoclated carrylng charges are not Included In
production cost analysis. As a result, a comparison of technology alternatives must conslder
each technology's operating cost in terms of the utillty's order of economic dispatch. Start-up
cogts ANnd varlable operating costs, Including fuel. determine the order for bringing a power
plant on line and dispatching its level of output. Typically, conversion efficlency improves as
the output of & power plant Inereases. Thus the order of economic dlspateh actually depends
on the Incremental efficiency, which Is the ratio of the change Inoperating costs to the change
In resulting output of a power plant. Other factors that affect dispatch declsion include
transmisslon consideration, minimum load level of each generating unit, and the abllity of
each unit to rapldly follow load changes.

It should be noted that the load factor shown In Table 3, and subsequently used In
calculating the results shown, Is the "equivalent availabllity" from the EPR[ TAG or the
maximum load factor for a technology. The actual load factor for a speciflc unit ls primarily
dependent on {ts dispatch priority within the utility system. Generally, electric utllity unlts
are dispatched to generate power In sequentlal order, based on thelr lowest incremental
operating cost. Since the optimized IGCC/F unit has the lowest incremental operating cost
(actunlly a revenue Income of 14.3 mills per kWh) and is followed by the IGCC-only units, the
PC unlts, and the CC unit, the order of dispatch and the order of hlghest actunl load factor
will probably-oesttr-in this-sequence.

OVERALL SCHEDULE

The sequence of activities from eveluatlon and demonstration of the coproduction concept
until commencement of commerclal operatlon of the Coproductlon Demonstration facllity is
shown In Filgure 2. Major activities in the development of this concept are:

TVA-EPRI IGCC/F Coproduction Study. This conceptual deslgn study of both dry- and
wet-feed alternative gaslflcation technologies being considered In the IGCC/F concept,
ag well ag a market analysls of the impaet of coproducts and byproducts from a
demonstration-scale unlt In the Tennessee Valley region, began in January 1081 and wlill
be concluded by October 1992,
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DOE Clean Conl Technology (CCT) V Proposal. TVA s preparing a response to the U.S.
Department of Energy’s Clean Con! V Program Opportunity Notlce, which waa issued on
July 6, 1992 and will close on December 7. 1992. The proposal, being prepared jointly
with select U.5. vendors of the gaslificatlon and comblned ¢ycle units, will encompass a
plan to deslgn, construct, and operate an IGCC/Fertllizer demonstration unit within the
Tennessee Valley reglon.

Demo Slte Selectlon and Environmental Planning/Permitting. Slte gelection procedures
began in January 1992 for the Coproduction Demonstration Project for potential sites
tor a facility within the Tennessee Valley reglon. Additlonal tasks of (1) fulfilllng the
requirements of the National Environmental Pollcy Act regulatlons, (2) completing tha
regulatory slte permitting precedures, and (3) developlng an Environmental Monitoring
Plan will be completed in September 1995.

Optimized-concept Preliminary Design and Engineering Siudies. TVA has contracted, a8
of October 1992, with an A&E flrm to assist TVA in defining an optimally-integrated
[QCC/F process conflguration and to prepare (1) more-detailed capital and operating
and mealntenance cost estimates, (2) revised project schedule, and (3) preliminary
equipment specifications for the demonstration facillty. Completlon of this activity 18
expectad to be (n Aprli 1994.

Design, Construction, and Operatlon of the Demonstration Unit. Subtasks, Including
final detalled deglgn, equipment procurement, site preparation, constructlon, startup,
demonstration operation, and assoclated environmental monltoring of the unit, will
begin In Aprll 1994 end wlill conclude {n October 2000, after which the facllity will be
operated as a commercial unit {n the TVA system.

CONCLUSIONS

Prelimlnary engineering and economic studles te date of the Integrated Gasification Combined
Cycle/Fertllizer Coproduction concept show the following:

Process units for the IGCC/Fertilizer coproduction process are commercially avallable.

Compatible process streams, which are frequently congldered waste streams In stand-
alone units, allow synergistic operatlon among the process uniis to achieve optimization
of the coproduction concept.

The IGCC/Fertllizer coproduction concept offers the lowest 502 and NOx emissiong and
solid waste dlsposal requlrements as compared to competitive coal-hased power
generating technologies.

The estimated-firat-yeer revenue-requirements for-an GGG/ Fertillzer coproduction unit
are more economical (about 15 percent less) than those for a conventional pulverlzed-
coal combuation power generating unlt with high-efficiency flue gas desulfurization and
selective catalytic NOx removal.

Conceptual-level comparative economics among competitive base-load fossil-fuel power
gerierating technologles &how the ICCC/Fertilizer coproduction process to be the
primary optlon under seconomic dispatch® planning used by the electric utllity industry.
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Az evidenced by these conclusions from the inltial Phaser In the development and
demonstration of the concept of an Integrated Gasification Combined Cycle/Fertilizer
coproduction system, TVA's power-generation research and development organizations and
National Fertilizer and Environmental Research Center are focused on Innovate concepta
which  provide economically- and environmentally-sound process alternatives for
consideration by the industtal sector of the world's economic market.

Table 1

APPRONIMATE CAPACITIES OF PROCENS UNITH
IN THE PROPOSED COPRODUCTION DEMONETRATION FACILITY

Ooarational mode =
Erocess wunit Soeroductdon Pover production qplye

Combined cycle, MM (nat) 150 250
Gesifiomtion, tone of ooal /day 2,200 2,200
Alr secaration, tons of Oz /day 1,600 1,600
Ammonia, tons/day 600 ]
Urea, tons/day 1,000 [+

Sulfur recovery, tons/day
Elwnmntal sulfur BO
or
Bulfurie acld 300 300

2

R, Samsonal peaking-losd operation - typioml for periocds of wbout two-thres
canmecutive weeks in midwinter and midsummar.
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Table 2

ENVIRONMENTAL COMFARISON® OF COMPETITIVE CORL-BRSED PCWER GENERATING
TECHNOLOGIES WITH THE IOCC/FERTILIZER COPRODUCTION CONCEPT
( COMMERCIAL SIZE)

PC — Optimized
/FGD /PGD/ECR _FBC 1000 IGCC/F
Size, MW 500 500 500 500 500
Avg. annual heat rate, Btu/kWh 9,830 10, 400 7,740 8,500 2,500
Load factor, % B0O.6 B0.6 0.5 B5.7 B5.7
Coal feed rate, TFH 214.1 214.1 217.4 184.8 206.5
Gageous emissions
80
% removal a0 a5 ] 97.5 99
lb/MBtu 0.59 0.20 0.59 0.15 Q.06
1b/Mih 5.8 2.9 5.9 1.3 0.6
NOy
1b/MBtu 0.5 0.1 0.3 0.1 0.1
1b/MWh 4.9 1.0 3.0 0.8 0.9
50lid wastes
Leachable wastes, TPH
Bottom ash and flyash 25.7 25.7 26.1 HA NR
FGD wastes 4.0 37.4 72.0 HAa A
Nonleachable slag, TPH NAR _NB HA 2.2 24,8
Total solid wastes
TFH 59.7 62.1 98,1 22.2 24.8
1b/MBtu 24.4 25.2 39.4 10.4 10.4
1b/M93h 240 248 394 ag8 99

. a. Bamed on data from EPRI's Technical Assessment Guide -
Volume 1: Revision 6, September 1989.
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Table 3

ECOROMIC OPRARISON® OF CCMPETITIVE FOSSIL-FUEL PCWER (GENERATING TECHNOLOGIES
WITH THE IGCC/FERTILIZER COPRODOCTION CONCEPT
(CCHMMERCIAL SIZE)

FC Cventional Optimized
{FGD {FEL/ SCR oo TG ; 1GCC 1GCC/F

Sige, MW 500 500 120 500 ) 500 500
Feed stock

Type Coal Coal NG Coal ; Coal Coal

Cost, $/MBtu 1.50 1.50 2.50 1.50 1.50 1.50
L.oad factor, % Bl.6 8.6 90,5 85.7 ' 85.7 85.7
Avgerage armual heat rate, Btu/kWh 9,830 10,400 7,740 9,220 8,500 9,500
Capital requirements, 641 654 109 729 695 B 40
First-year reverme requirements, m/kWh

Subtotal before urea credit 50.3 53.7 31.7 50.3 47.7 84.7

Urea credit ($170/ton) HA M _HA HA NA {39.4)

Total 50.3 53.7 31.7 50.3 47 .7 45.3
Incremental! operating costt, m/kHh

Subtotal before urea credit 20.0 21.5 23.1 . le.2 15.2 25.1

Urea credit ($170/tam) A HA HA L1 £39.4)

Total 0.0 21.5 23.1 16.2 15.2 (14.3)

a. Power generating data arxl econamic evaluation are based on EPRI's
Technical Assessment Guide - Volume 1: Revision 6, September 1589,
b. Dispatch priority.
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