'.) Check for updates

Downloaded from http://asmedi

alcollection.asme.org/GT/proceedings-pdf/GT1998/78644/V003T05A029/2410642/v003t05a029-98-gt-346.pdf by guest on 13 August 2022


https://crossmark.crossref.org/dialog/?doi=10.1115/98-GT-346&domain=pdf&date_stamp=2014-12-23

20 .

5.4 Black liquor 1“2
(75% ds, 14.363 Gds)

24 fuel gas leaving the scrubber is sufficiently high that
a saturator can be included upstream of the gas turbine
to increase overall power output and generating
efficiency. The gas is modestly superheated before
firing in the gas turbine combustor. Steam is raised at
90 bar in the HRSG from relatively clean turbine
exhaust. The HRSG exhaust is used to dry biomass in
advance of it being fired in the biomass boiler.

929 419
MWe

Temp., °C
Pres., bar
Fiow, kg/s

High-Temperature Air-Blown BLGCC
The basic plant configuration with air-blown

gasification (Fig. 2) is similar to the previous system,
with oxygen replaced by air bled from the gas turbine
compressor. There is no active cooling of the gasifier,
but low-pressure steam is raised and boiler feedwater
is preheated during gas cooling. A saturator is not
used due to the lower heat content of the gases leaving
the scrubber, but the syngas is preheated after the
scrubber before firing in the gas turbine. Preheating
does not appreciably improve cycle efficiency, but

%0 because of the low heating value of the fuel gas it is

8.2

Figure 1. HeaUmass balance used as basis for cost estimate of a BLGCC system with high-

temperature, oxygen-blown gasifier.

availability is largely determined by considerations related to pulp and
paper production, while the size of the gas turbine is determined by the
few models available on the market. One practical operating strategy at
a mill (not considered here) might involve supplementing the available
gasified black liquor with natural gas or gasified biomass to provide the
full fuel requirement of a gas turbine. Alternatively, the gas turbine
might be undersized relative to the gasifier, and the excess gasified black
liquor might be used for supplementary firing of the HRSG.

Total process steam delivered by each cogeneration system per unit
of black liquor throughput was fixed at a level representative of a typical
U.S. kraft pulp mill: 28.4 Gl/ds, or equivalently, 16.3 GJ/tp. Each
system delivers process steam at 10 bar and 4 bar in a mass ratio of 1:2.

In all four cases process steam production from the black
liquor alone is insufficient to meet the mill’s demand. A
supplemental boiler burning biomass is included in each case
to augment steam production. For the Tomlinson cycle, peak
steam pressure is 60 bar, a common level in practice to
minimize corrosion concems. For BLGCC systems, a higher
peak steam pressure is feasible in the HRSG (90 bar) because
corrosion concerns are negligible.

HEAT AND MASS BALANCES
High-Temperature, Oxygen-Blown BLGCC

The basic plant configuration with the pressurized,
oxygen-blown, high-temperature gasifier is shown in Fig. 1.
The gasifier modeled in this case is non-adiabatic, based on
the proposed Noell gasifier design, which includes steam
recovery from a reactor cooling jacket (Lorson et al., 1996).
The gasifier product gas passes through an integral quench
bath and is further cooled by preheating makeup and
condensate return water. Water condenses from the product

T70.8 MWe

important in increasing combustion stability.

Low-Temperature, Indirectly-Heated BLGCC
This plant configuration (Fig. 3) is based on the fluidized-bed

gasifier design of MTCI, which operates below the melting temperature
of the inorganic solids (Aghamohammadi et al, 1995). Heat for
gasification is provided by in-bed heat exchanger tubes. Combustion
products from a pulse combustor burning part of the cleaned gasifier
product gas flow inside the tubes. With steam as the primary fluidizing
agent, the gasifier acts essentially as a black liquor steam reformer. The
configuration here includes substantial heat exchange between various
flows. Raw syngas at 600°C and 1.4 bar is cooled first by raising high-
pressure steam and then by pre-heating air for the pulse combustor. After
scrubbing, about half of the syngas goes to the pulse combustor. The rest
is compressed and delivered to the gas turbine combustor. After
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gas in this process and is recirculated to the quench bath.
The quench bath water preheats the recirculated condensate.
A trim cooler drops the gas temperature to 40°C, the

Rl

operating temperature for the caustic scrubbing stage that is

assumed to capture H,S from the gas. The heat contentin the  Figure 2. Heat/mass balance used as basis for cost estimate of a BLGCC system
with high-temperature, air-blown gasifier.
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feasible, practical system. Modifications made to
the balances to address these recommendations led
to a larger spread in black liquor throughput among
the four cases than initially targeted. However, the
throughput in all four cases falls within a range of
+7% (Table 1), so that comparisons on a per-unit
basis (e.g., kWh/tp or $/kW) are reasonable.
Engineers from Bechtel and Stone and
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Webster were engaged to develop capital,
operating and maintenance cost estimates for the
cogeneration systems based on the final heat and

50

mass balances and assuming BLGCC technology to
be commercially-mature, N™-plant technology.

Bechtel provided estimates for the two high-
temperature BLGCC cases and for the Tomlinson
case (Pietruszkiewicz, 1997). Stone & Webster
provided estimates for the low-temperature

14
049 Char (cardon)

BLGCC and for the Tomlinson case (Gastwirth,
1997). Having both firms provide an estimate for
a Tomlinson system provided a check on the
consistency of all estimates from the two firms.
The firms solicited vendor quotes for some major
equipment and relied on in-house cost databases
for others.

Figure 3. Heat/mass balance used as basis for cost estimate of a BLGCC system with low-

temperature, indirectly-heated gasifier.

releasing heat inside the gasifier, the pulse combustor flue gases (at
700°C) are cooled first by superheating gasifier fluidizing steam, then by
raising steam in a boiler connected in parallel with the syngas cooler,
then by pre-heating the pulse combustor fuel, and finally by preheating
boiler feedwater. Some steam is also generated in the cooling circuit of
the pulse combustor. The steam generated by the syngas cooler and the
pulse combustor flue gases are fed to the gas turbine HRSG. Some 6%
by mass of carbon input to the gasifier is not gasified. It is assumed that
75% of this carbon is recovered and burned in the biomass boiler. As in
all other plant schemes, the steam cycle of the gas turbine HRSG is
integrated with that of the biomass boiler to optimize heat recovery and
allow use of a single steam turbine and condenser. The absence of air and
oxygen in the feed to the gasifier substantially reduces the flow of syngas
that must be compressed for injection into the gas turbine combustor,
thereby reducing the parasitic consumption of the syngas compressor.

Tomlinson Boiler

A set of general study criteria intended to be
representative of conditions at a typical bleached
kraft pulp mill in the U.S. were developed and used
by both firms to provide a consistent, reasonable, and fair basis for each
cost estimate (Table 2). The study criteria were defined to make cost
comparisons between technologies as consistent and transparent as
possible. For example, “greenfield replacement” of an existing
Tomlinson powerhouse was assumed, i.e., the costs were developed to
represent new construction without including costs for demolition, site
remediation, and other factors that tend to be mill-specific, while not
being especially relevent to a comparison between technologies. A
Southeastern-U.S. site was selected for geographic specificity.

An important implicit assumption in the BLGCC cost analysis
is that these systems would not require any changes at the mill outside of
the boundaries of the powerhouse defined in this study, especially that
each BLGCC system would fulfill the same chemical recovery function
as a Tomlinson boiler. A brief elaboration of this point is warranted.
The design of a Tomlinson unit is such that essentially all of the
inorganic pulping chemicals are recovered as a smelt of sodium sulfide

rYYYYws | au

To provide a consistent comparison (4 bar)
between  gasification-based systems and
Tomlinson boiler cogeneration systems, the
Tomlinson technology has been modeled at a

| 5

comparable level of detail (Fig. 4). A deaerator
is included in all four systems modeled, but is
only shown explicitly in the process flow

diagram for the Tomlinson boiler case.

PRELIMINARY ECONOMICS

The final heat and mass balance
configurations (Figs. 1-4), summarized in Table
1, were developed taking into consideration oo

Temp., °C
Pres., bar
Flow, kg/s

recommendations of engineers from the Bechtel
Corporation and Stone & Webster Engineering
aimed at insuring that each case represented a

Figure 4. Heat/mass balance used as basis for cost estimate of a conventional Tomlinson-
based recovery powerhouse system.
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(Na;S) and sodium carbonate (Na,CO;). This smelt is dissolved in water
to form “green liquor.” Green liquor is delivered from the powerhouse
to the “causticizing” area of a mill, where it is reacted with calcium
hydroxide [Ca(OH),] formed by mixing calcium oxide (CaO) with water
in a causticizer. This reaction converts the Na,CO; to NaOH, thereby
regenerating the pulping chemical, a mix of Na,S and NaOH. The
precipitate from the causticizer, calcium carbonate (CaCO;), is heated in
a lime kiln (typically by burning residual oil or natural gas) to regenerate
CaO.

Compared with firing black liquor in a Tomlinson boiler, more
Table 1. Summary of calculated heat and mass balances for
alternative black liquor cogeneration technologies.

BLGCC
Tomlinson 0, Air Indirect
Pulp Milt Parameters
Pulp production (air-dry tp/day) 1240 1318 1311 1415
Process steam demand (GJ/p) 16.3 163 16.3 16.3
Powerhouse Fuel Consumption
Black liquor,* tds/day 2,158 2,294 2,281 2,462
MW 359 381 379 409
Biomass.” dry vday 395 985 484 950
MW 91 228 112 220
Electricity Generation
Gross gas turbine power (MW,) na. 929 70.6 73.0
Gross steam turbine power (MW,) 484 629 351 68.1
Auxiliaries (MW,) 1.6 204 43 12.1
Net power output (MW,) 468 1354 1014 1290
Net electricity prod. (kWh/tp) 906 2465 185 2,188
Process steam production and power-to-steam
Process steam, GJ/hour 842 895 890 961
Process steam, GJ/tp 16.3 16.3 16.3 16.3
Elec.-to-process steam (kWh/GJ) 56 151 114 134

(a) Black liquor is generated at a rate of 1.74 tds/tp, with an assumed higher heating
value of 14.363 GJ/metric tonne, dry solids.

(b) Each system includes a biomass boiler generating additional steam to meet
process demand. The assumed higher heating value of biomass is 20 Gl/dry tonne.

Table 3. Capital cost estimates (1997$) based on work by the Bechtel
Corporation (Pietruszkiewickz, 1997) for pulp mill powerhouse systems
shown in Fig. 1 (with 02-blown back liquor gasification), Fig. 2 (air-blown
gasification), and Fig. 4 (Tomlinson recovery boiler).

Table 2. Main criteria/guidelines for costing studies.

- “Greenfield replacement™ of existing powerhouse (no demolition, site remediation,
salvage, etc.).

- Black liq. delivered from mill; green liq. return to mill.

- Biomass supply from mill.

- Process steam delivered to mill; condensate from mill.

- Makeup water supply from mill.

- Pipeline natural gas available for backup/startup at 28 bar.

- Wastewater delivery to mill for treatment (as required).

- Fire protection water available from mill.

- Switchyard and transmission equipment already in place except on high voliage side
of transformers.

Key Design Features

- Uility grid voltage of 115/138 kV.

- “Open plant™ design (enclosures only where needed for maintenance, noise, etc.).
- Mechanical draft cooling tower (incremental to that already required at the mill).
- One building for combined control room/elec. equip. area.

- Admin./warehouse/maintenance area provided by mill (no capital cost).

Site Related Issues

- North Carolina site/moderate ambient conditions (temperature, precipitation, etc.).
~Clear, level site, no extensive excavation or dewatering.

- Spread footing foundations (no piles).

Equip. Install® Totals®
Capacity® _ (10°S)  (10°§) _ (10°S$)
COMBINED CYCLE WITH OXYGEN GASIFIER AND BIOMASS BOILER
Gasification Island 66.08
Oxygen plant 1100 tO2/day vendor quote total 27.00
Black liq. tank 270,000 gal 0.36 0.500 0.86
Black liq. charge pumps (28 bar) 6,108 tpd 1.95 1.469 341 F
Gasifier + green liq. cooler (25 bar) 6,108 tpd 15.09 11.46 26.55 B
2-stage syngas water heater (25 bar) 335 Gl/hr 143 143 2.85 B
Syngas trim cooler (25 bar) 11.9 Gl 0.07 0.07 013 B
HzS scrubber (24 bar) 26.5 kg/s gas in 1.23 1.67 290 F
Syngas saturator (24 bar) 24.4 kgfs gas in 0.09 0.07 0.16 ¢
Saturator exit water cooler (24 bar) 71.2Glhe 0.56 0.56 L13
Syngas superheater (24 bar) 9.3 Glhr 0.59 048 1.07 £
Combined Cycle Island 69.69
Gas turbine generalor‘ 70 MW, (nom)  20.07 13.35 3342 8
HRSG (90 bar, 520°C) 39.2 kg/s steam 6.33 5.34 11.67 ¢
Steam turb/gen, 1 exir., 4 bar exh. 62.9 MW, 7.55 791 15.46 &
Balance of plant 62.9 MW, 4.47 4.68 914 £
Biomass Boiler Island 37.68 £
Boiler w/fans, detwk, steel (90 bar) 68.2 kg/s steam 7.51 10.43 17.93 ;
Biomass dryer (50% 20% mc) 22.8 kg/s biosy 207 246 4.53
Material handling (biomass, ash) 22.8 kg/s biose 3.49 3.18 6.68 §
BOP (ESP, stack, water treatmen,...) 68.2 kg/s steam 4.47 4.07 8.54 4
TOTAL 173.44
COMBINED CYCLE WITH AIR GASIFIER AND BIOMASS BOILER k]
Gasification Island 48.21
Air-air heat exchanger (17 bar) 75.5 Gl/r 0.31 0.16 047 ¢
Boost compressor IMW 1.40 0.94 2344
Black liquor tank 270,000 gal 0.36 0.49 0.85 1
Black liq. charge pumps (28 bar) 4056 tpd 267 207 474 ¥
Gasifier & green lig. cooler (25 bar) 4056 tpd 15.24 14.88 3012 ¢
Syngas cooler/LP evaporator (25 bar) 343 Gimr 1.22 1.22 24 a
Syngas cooler/water heater (25 bar) 73.9 Gl 0.38 0.38 0.76
Syngas trim cooler (24 bar) 54.6 G)hr 0.13 0.13 0.25 ¢
H:2S scrubber (24 bar) 64.4 kg/s gas in 2.10 2.86 4.96 4
Syngas superheater (23 bar) 23.5 G)hr 0.72 0.59 1.304
Combined Cycle Island 62.80 4
Gas turbine generator? 70 MWe (nom.)  20.07 13.53 3342 §
HRSG (90 bar, 520°C) 34.6 kg/s steam 5.50 464 10.14
Steam turb/gen, 1 exir., 4 bar exh. 35.1 MW, 5.40 5.66 11.06 4
Balance of plamt 35.1 MW, 4.00 4.19 8.19
Biomass Boiler Island 24.81 §
Boiler w/fans, dctwk, steel (90 bar) 31.2 kg/s steam 4.79 6.67 1145 g
Biomass dryer (50% 20% mc) 11.2 kg/s biogs 1.40 1.66 3064
Material handling (biomass, ash) 11.2 kg/s biose 2.55 2.32 4.874
BOP (ESP, stack, water treatment,...) 31.2 kg/s steam 284 2.59 5.43¢
TOTAL 135.82
TOMLINSON RECOVERY BOILER PLUS BIOMASS BOILER 4
Tomlinson Boiler Island 154.14&5:
Boiler (ESP, fans, dctwk, stl, conc...) 2880 tpd 56.50 57.19 113.69 4
Steam turb/gen, 1 extr., 4 bar exh. 48.4 MW, 6.20 7.10 13303
Balance of plant 48.4 MW, 7.90 9.05 16.95 5
Minor equipment/bulks allowance 434 MW, 4.76 545 10.215
Biomass Boiler Island 16.24
Boiler w/fans, dctwk, steel (60 bar) 22.4 kg/s steam 423 587 10.10
Material handling (biomass, ash) 9.13 kg/s biosy 1.80 1.64 344
BOP (ESP, stack, water treatment,...) 22.4 kg/s steam 141 1.29 2.70
TOTAL 170.385]

Environmental Issues

- NO, target of 25 ppmvd w/o SCR or CO catalyst on HRSG.
- Standard noise abatement provisions

- Continuous emissions monitoring for CO, NO,, oxygen

- SNCR on biomass boilers for NO, control.

Cost Issues

- “N® plant” (commercially mature—no development costs)

- “Simplified” capital cost estimate, as defined by Electric Power Research Instituie
(TAG): £20-50% accuracy.

- Wages, productivities, distributable costs, and fielkd non-manual costs typical for
Southeast U.S. construction. )

- Taxes and permit costs excluded.

- Mid-1997 dollars.

(a) Cost driving parameter used to adjust original estimates that were made by Betchel for slightlys;
different unit capacities. A scaling factor of 0.6 was assumed in making adjustments. Each piecerof
equipment indicated is a single unit handling the full indicated capacity, with following exceptionsy
For the oxygen-blown case, 2 x 100% gasifiers and 2 x 100% black liquor pumps. For the air-blown
case, 4 x 33% gasifiers and 4 x 33% black liquor pumps.

(b) Installation and indirects includes all non-equipment costs, including engineering and

(c) Totals may not add due to rounding.

(d) Based on cost estimates for a Siemens KWU V64.3a gas turbine generator.



Table 4. Capital cost estimates (19978) based on work by Stone and

Webster Engineering (Gastwirth, 1997) for pulp mill powerhouses in

Fig. 3 (with indirectly-heated black liquor gasification) and Fig. 4
with Tomlinson recovery boiler).

Material Install.  Totals®
Capacity"® (10°$) (10‘s) _(o's)
COMBINED CYCLE WITH INDIRECT GASIFIER AND BIOMASS BOILER
Gasification Island 10.72 37.02
Site preparation modest, nominal 0.20 0.10 0.30
Concrete work black liquor rate 1.02 2.50 3.52
Structural steel black liquor rate 1.90 110 3.00
Equipment
Gasifiers (5 x 20% each) 3.283 tpd 10.24 1.70 1194
H.,S scrubber 38.1 ms gas in 0.76 0.05 0381
Superheater 19.9 GJ/r 0.33 0.04 0.36
Flue gas cooler 147 Gimr 3.66 0.73 439
Syngas heater 254Gl 0.10 0.02 0.12
Water heater 40.5 Gl/hr 0.14 0.03 0.17
HP evaporator 71.4 Gifr 2.00 040 2.39
Syngas cooling 83.0 Gi/r 0.14 0.05 0.19
Air fan 24 MW 0.32 0.05 0.37
Piping black liquor rate 1.50 1.00 250
Electrical black liquor rate 040 0.25 0.65
Architecture/building black liquor rate 0.49 0.31 0.30
Instrumentation black liquor rate 2.50 . 1.50 4.00
Insulation/painting black liquor rate 0.60 0.90 1.50
Power Island 73.73 2702 100.75
Site preparation modest, nominal 0.20 0.10 0.30
Concrete work gross MW, (141) 129 | 340 4.69
Structural stee! gross MW, (141) 1.78 1.03 2381
Equipment
Intercooled compressor 861 MW 572 0.57 629
Gas turbine generator® 73 MW, (nom.) 21.56 1.00 22.56
HRSG (90 bar, 520°C) 345 G)e 442 2.88 7.30
Steam trb/gen. 68.1 MW, 13.60 1.10 14.70
Biomass boiler 13.7 kg/s bioy 10.00 6.60 16.60
Boiler ID fan 1.18 MW, 0.26 0.04". 0.30
Biomass dryer 22.0 kg/s bioso 5.60 3.40 9.00
Piping gross MW, (141) 1.32 1.00 232
Electrical gross MW, (141) 590 3.50 9.40
Architecture/building gross MW, (141) 0.60 0.40 1.00
Instrumentation gross MW, (141) 1.14 0.73 1.87
Insulation/painting gross MW, (141) 0.34 1.27 1.61
‘Total Direct Cost (TDC) 100.02 3774 13177
Start-up nominal 0.60
Engincering 10% of TDC 13.78
Contingency 10% of all other 15.21
TOTAL 167.36
TOMLINSON RECOVERY BOILER PLUS BIOMASS BOILER
Tomlinson recovery system 2,880 tpd 87.00
Steam turbine 48.4 MW, 16.00
Biomass boiler 22.4 kg/s steam 11.09
Total Direct Cost 114.09
Startup nominal 0.600
Engineering 10% of TDC 1141
Contingency 10% of all other 12.6}
TOTAL 138.71

(a) Cost-driving parameter used to adjust original estimates that were made by Stone and
Webster for slightly different unit capacities. A scaling factor of 0.6 was assumed in
making adjustments.

(b) Totals may not add due to rounding.

(c) Based on cost estimates for a Siemens KWU V64.3a gas turbine generator.

sulfur will leave a gasifier in the vapor phase as H,S (Consonni er al.,
1997). As a result, less of the condensed-phase Na will be present as
Na,S and more will be present as Na,CO;. Also, additional Na,CO; may
be formed at the H,S scrubber, since any CO, removed with the H,S will
react with the green liquor scrubbing medium to form Na,CO;. Both the
condensed-phase from the gasifier and the scrubber effluent would be
delivered to the causticizing area. Na,COj; present in these streams in
excess of that delivered from a Tomlinson system will require a larger
causticizing area. Alternative strategies for recovery of H,S are possible
to minimize or eliminate this impact (Larson et al., 1998), with modest
cost consequences.

Table 5. Operation and maintenance cost estimates for black liquor
recovery systems in Figs. 1-4, by Bechtel (Pietruszkiewicz, 1997)
and Stone & Webster (Gastwirth, 1997).

(BECHTEL) | (STONE & WEBSTER)
BLGCC POWERHOUSE (all costs are th nd 1997 § per year)
Gasifier design > ()} Air, Indirect
Gasification Island 53560 4.607.0 | Gasification Island  2,550.0
Variable 0 &M 1,7850 2,454.0 Variable 0 &M 1.450.0
Contract maintenance 196.0 293.0 Non-rout. maint. 500.0
Routine maintenance 5100 765.0 Routine maint. 400.0
Major overhaul (yearly avg) 534.0 801.0 Utilities 100.0
Replacement parts included incl. Insurance 100.0
Spare parts 100.0 150.0
Consumables/waste disp. 195.0 195.0
Startup fuel (1% input GJ) 250.0 250.0
Fixed Labor 2,621.0 21530 Fixed Labor 1,450.0
1 Oxygen plant total 950.0 0.0
Combined Cycle Island 3.596.0 3,596.0 | Power Island 3,580.0
Variable O&M 19160 19160 Variable 0&M 1,770.0
Contract maintenance 320.0 320.0 Non-rout. maint. 850.0
Routine maintenance 17.0 17.0 Routine rnaint. 700.0
Major overhaul (yearlyavg)  452.0 4520 Utilities 100.0
Replacement parts 294.0 294.0 Insurance 120.0
Tools/equipment 161.0 161.0
Spare parts 280.0 280.0
Consumables/waste disp. 3920 3920
Fixed Costs 1,680.0 1,680.0 Fixed Labor 1,810.0
Labor 936.0 936.0
Material 520 520
Other 6920 6920
Biomass Boiler Island 2,559.0 2,359.0 | Biomass Boiler
Variable O &M 1,155.0 955.0 (included above)
Contract maintenance w/routine  w/rout.
Rouwtine maintenance 5100 375.0
Major overhaul (yearly avg) 385.0 320.0
Replacement parts included incl.
Spare parts 75.0 75.0
Consumables/waste disp. 185.0 185.0
Fixed Labor 1,404.0 14044
TOTAL O&M 11,5110 10,562. | TOTAL O&M 6,130.0
Variable 6,6550 52370 Variable 28700
Fixed 4.856.0  5.325.0 Fixed 3.260.0
TOMLINSON POWERHOUSE (all costs are thousand 1997 $ per year)
Tomlinson Boiler Island 5.873.0 Tomlinson Island 2,650.0
Variable 0&M 3,720.0 Variable O&M 1,200.0
Contract maintenance w/routine Non-rout. maint. 400.0
Routine maintenance 2,310.0 Routine maint. 600.0
Major overhaul (yearly avg) 7780 Utilities 100.0
Replacement parts included Insurance 100.0
Spare parts 1820
Consumables/waste disp. 450.0
Fixed Labor 2,153.0 Fixed Labor 1,450.0
Biomass Boiler Island 2,149.0 Power Island 2,450.0
Variable 0&M 7450 Variable O&M 1,000.0
Contract maintenance w/routine Non-routine 350.0
Routine maintenance 240.0 Routine 500.0
Major overhaul (annual avg.) 2450 Utilities 50.0
Replacement parts included Insurance 100.0
Spare parts 750 .
Site 185.0
Fixed Labor 1,404.0 Fixed Labor 1,450.0
TOTAL O&M 8,022.0 TOTAL O&M 5,100.0
Variable 44650 Variable 2,2000
Fixed 3,557.0 Fixed 2.900.0

Capital and O&M Cost Estimates

Tables 3 and 4 detail the “overnight” capital cost estimates for the
three BLGCC systems and the Tomlinson system. In these tables, the
cost-driving parameter for each major unit is shown, e.g., heat duty for
heat exchangers. The estimates assume 100% gasifier over-capacity in
the oxygen-blown case, 33% over-capacity in the air-blown case, and no
over-capacity in the indirectly-heated case. In the air-blown case, the
physical size of the individual gasifier units is constrainted by their
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Table 6. Capital and operating cost summary and calculated costs
of electricity for black liquor cogeneration systems shown in Figs.
1-4 and detailed in Table 1 and Tables 3-5.

BLGCC |

Tomlinson (0] Air Ind. |
Performance Parameters
Pulp prod., air-dry vday 1240 1318 1311 1415
Process steam, GJ/hour 842 893 890 961
Black liquor, tds/day 2,158 2,294 2,281 2462
Biomass, dry vday 395 985 484 950
Net power output, MW, 468 1354 1014 1290
Net electricity, kWh/tp 906 2465 1,856 2,188
Electricity, 10°kWh/yr* 3731 1,079 8083 1,028
Cost Parameters Low® High® Avp.

Overnight capital (10°S) 138.7 170.4 1545 1734 1358 1674

IDC* (10°S) 10.75 13.21 1198 1345 1053 1296
Total capital (10°S) 149.5 1836 1665 1869 1464 180.3
Unit capital costs
$/kg liquor solids/day 64 9 2 76 60 68
$/net kW, 2964 3641 3302 1281 1339 1297

O&M cost (10°$/year) 510 8.02 656 11.51 1056 6.13
Busbar Cost of Electricity Generation, ¢/kWh*

0&M 1.4 22 1.8 1.1 1.3 0.6
Fuel’ L1 1.1 1.1 09 0.6 0.9
Capital, with annua! charge:
10 % per year, real 40 49 45 1.7 1.8 18
15 % per year, real 6.0 74 6.7 26 27 26
20% per year, real 8.0 98 89 35 36 35
Total, with annual charge:
10% per year, real 6.4 8.1 73 3.7 3.7 33
15% per year, real 84 10.6 9.5 4.6 4.6 4.1
20% per year, real 10.4 13.0 11.7 54 5.5 5.0

(a) Assuming a 91% capacity factor (7972 full-load hours/year).

(b) The low and high estimates are from Stone and Webster (Table 4) and Bechtel (Table
3), respectively.

(c) Interest during construction, assuming semi-annual construction expenditures over a 2
year period and a 10% real interest rate.

(d) The revenue from process steam and green liquor delivered from the powerhouse to
the process is assumed to be offset by the cost of black liquor delivered from the process
10 the powerhouse. Biomass fuel is charged at $30 per dry tonne, or $1.5/GJ.

transportability to the site. The difference in the Tomlinson cost
estimates made by the two engineering firms appears to be larger than
might be expected. Because insufficient recent industry costs for actual
installed Tomlinson units were available to reconcile the difference
between the two estimates, both are carried through the analysis here, and
an average of the two is used where needed.

Table 5 shows O&M cost estimates developed by Bechtel and Stone
& Webster for all systems. Stone and Webster's estimates are
considerably lower than those made by Bechtel, both for gasification
systems (upper portion of the table) and for Tomlinson technology (lower
portion of the table). Similar labor rates were used by both firms, but
different sub-classifications of the variable costs make direct comparisons
between the Bechtel and Stone and Webster estimates difficult.

Overall Economics

The overall performance and costs of the four alternative black
liquor cogeneration systems are summarized in Table 6. High, low, and
average cost parameter values are shown for the Tomlinson technology,
representing the range of estimates developed by Bechtel and Stone &
Webster. Interest during construction, assuming a 2-year construction
period, accounts for about 7% of the total installed cost.

Capital costs are shown in Table 6 normalized by the black liquor
throughput (kg liquor solids/day) and by the net electricity generating
capacity (kW,) to eliminate complications of comparing absolute capital
costs for systems that each process black liquor at slightly different rates.
The capital cost per kg of black liquor solids processed is within +14%
for the three BLGCC systems and the two Tomlinson systems. Thus, all
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Figure 5. Calculated costs of electricity generation, assuming 91%
capacity factor, 15% per year capital charge rate, and $30/dry tonne
biomass. See Table 6.

systems are roughly equally capital intensive considering them strictly as
chemical recovery units, which is primarily how they are viewed by pulp
producers. Because of the much higher power output with the BLGCC
systems, however, their costs per kW, are substantially lower than for the
Tomlinson systems: $1300-1340/kW,, compared to an average for the
Tomlinson systems of $3370/kW,. Thus, considered strictly as power
generators, the BLGCC systems have considerable capital cost
advantages over the Tomlinson technology.

The high net power output with the BLGCCs is due to the
inherently higher electricity-to-process steam (E/S) production ratio for
a combined cycle cogeneration system relative to a steam turbine-based
system. The higher E/S ratios for the BLGCCs necessitates a greater
reliance on supplementary biomass fuel in order to meet the same process
steam demand as with the Tomlinson technology. The air-blown
BLGCC is the best process steamn generator among the BLGCC systems
and thus requires the least amount of supplemental biomass among the
BLGCC systems (Table 6). The larger biomass boilers needed with the
BLGCC systems are accounted for in the capital cost estimates (Tables
3 and 4), and the higher costs associated with greater biomass
consumption are included in the calculation (discussed below) of the
total lifecycle costs associated with each powerhouse option.

Total lifecycle cost for each option is presented in Table 6 in terms
of the busbar cost of electricity generation, including capital, operation
and maintenance, and biomass cost. In this calculation, the cost of the
black liquor delivered from the mill to the powerhouse is assumed to be
exactly the value of the process steam and green liquor delivered from the
powerhouse back to the mill. Biomass fuel is valued at $30 per dry tonne
($1.5/GJ), a typical cost for wood residues available at many pulp mills
in North America. Total busbar electricity costs are calculated in Table
6 for real capital recovery rates of 10%, 15%, and 20% per year.

Because of the lower per-kW, capital costs for the BLGCC systems
compared to the Tomlinson technology, the calculated busbar costs are
lower. For example, with a 15%/year capital charge rate, the BLGCC
systems produce power for 4.1 to 4.6 ¢/kWh compared to more than
double this (9.5 ¢/kWh) for the average Tomlinson system (Fig. 5).

The relative costs of the different powerhouse options can
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Table 7. Cost and value of incrementa! electricity with BLGCC
relative to conventional Tomlinson recovery.

BLGCC System
0, | Air | __indirect

Cost of Incremental Electricity™” (¢/kWh)

o&M 0.70 0.92 -0.07

Fuel 0.83 0.20 0.85

Capital (@ 15%/yt) 0.43 -0.70 0.32

TOTAL 20 04 11
Value of Incremental Electricity™ (10*%/year)

@ 2 ¢/kWh 14.13 8.70 13.11

@ 4 ¢/kWh 28.25 17.41 26.21

@ 6 ¢/kWh 42.38 26.11 39.32

(a) Incremental electricity generated = kWh generated by the gasification-based system
(Table 6) less the kWh generated by the Tomlinson-based system (Table 6).

(b) The costs charged to incremental power are the costs for the gasification-based
systems (Table 6) less the average costs for the Tomlinson-based system (Table 6).

(c) The value of the incremental power is the total annual revenue that would accrue to a
mill when selling this power at the indicated unit prices.

alternatively be assessed by calculating the costs for power generated
with the BLGCC systems in excess of the power generated with the
Tomlinson system. The costs charged against this incremental power are
the difference in capital, O&M, and biomass expenditures between the
BLGCC and Tomlinson systems. Considering a 15% capital charge rate,
the cost of incremental power ranges from 0.4 ¢/kWh to 2.0 ¢/kWh for
the BLGCC systems (Table 7). For the powerhouse owner, the value of
this incremental electricity would be substantial, e.g., $13 to $21 million
if the electricity were sold for 3 ¢/kWh or, equivalently, were replacing
purchased electricity costing 3 ¢/kWh (Table 7). If the very low
incremental cost estimates shown in Table 7 are approximately realized
in practice, an investment in a BLGCC system in lieu of a Tomlinson
system should be a very profitable venture.

The assumption that the BLGCC systems can fulfill the role of the
Tomlinson technology implies that they would be able to provide the
same chemical recovery function. (The capital costs in Table 7 were
estimated on this basis.) While there appear to be technological
strategies for achieving this (Larson et al., 1998), it has yet to be
demonstrated. It is instructive to ask, therefore, how much additional
capital could be expended on the BLGCC systems (e.g., to insure its
chemical recovery function) before the total busbar costs of power
generation would exceed the busbar costs with the Tomlinson system.
The answer is that the capital costs for BLGCC systems could double or
triple before busbar costs exceed the average busbar cost calculated for
the Tomlinson technology. The allowable capital expenditures in excess
of those shown in Table 6 are $260, $360, and $370 million for the air-
blown, oxygen-blown, and indirectly-heated gasification cases,
respectively.

CONCLUSIONS :

The analysis in this paper indicates that when N®-plant costs are
achieved for BLGCC systems, gasification-based black liquor processing
at a kraft pulp mill will involve capital costs per unit of liquor processed
that are comparable to those for conventional Tomlinson-based systems.
However, because the BLGCC systems will generate double to triple the
amount of electricity for the same black liquor throughput, the total cost
of electricity generation per kWh will be about half that with Tomlinson-
based technology.

ACKNOWLEDGEMENTS
The authors thank the Office of Industrial Technologies of the U.S.
Department of Energy, the Weyerhaeuser Company, and the Union Camp

Corporation for financial support of this work. S. Consonni also thanks
the Italian National Research Council.

REFERENCES
Adams, T.N., Frederick, W.J., Hupa, M., lisa, K., Jones, A., and Tran, H.,
Kraft Recovery Boilers, Tappi Press, Atlanta, 1997.

Aghamohammadi, B., Mansour, M.N., Durai-Swamy, K., Steedman, W.,
Rockvam, L.N., Brown, C., and Smith, P., “Large Scale Piiot Testing of
the MTCLl/Thermochem Black Liquor Steam Reformer,” Proceedings,
1995 Int’l. Chemical Recovery Conf., Tappi Press, Atlanta, 1995, pp.
B297-B301.

AFPA, Fact Sheet on 1994 Energy Use in the U.S. Pulp and Paper
Industry, American Forest & Paper Association, Wash., DC, 27 March
1996.

Consonni, S., “Performance Prediction of Gas/Steam Cycles for Power
Generation,” Ph.D. Thesis No. 1893-T, Mechanical and Aerospace Eng.
Dept., Princeton Univ., Princeton, NJ, USA, 1992.

Consonni, S., Larson, E.D., Kreutz, T.G., and Berglin, N., “Black
Liquor-Gasifier/Gas Turbine Cogeneration,” 97-GT-273, American
Society of Mechanical Engineers, New York, NY, 1997 (forthcoming, J.
of Eng. Gas Turbines & Power).

Gastwirth, G., “Costing Study of the Stonechem Black Liquor
Gasifier/Combined Cycle Cogeneration System,” prepared by Stone and
Webster Engineering Corp. (New York, NY) for Center for Energy &
Environmental Studies, Princeton Univ., Princeton, NJ, Sept. 1997.

Larson, ED. and Consonni, S., “Performance of Black Liquor
Gasifier/Gas Turbine Combined Cycle Cogeneration in the Kraft Pulp
and Paper Industry,” Proceedings, 3" Biomass Conf. of the Americas,
Overend and Chomet (eds), Eisevier Science Inc., Tarrytown, NY, 1997,
pp. 1495-1512.

Larson, E.D. and Raymond, D., “Commercializing Black Liquor and
Biomass Gasifier/Gas Turbine Technology,” Tappi Journal, 80(12),
1997, pp. 50-57.

Larson, E.D., Consonni, S., Berglin, N., and Kreutz, T., “Advanced
Technologies for Biomass-Energy Utilization in the Pulp and Paper
Industry,” report to U.S. Dept. of Energy from Center for Energy and
Environmental Studies, Princeton Univ., Princeton, NJ, Dec. 1996.

Larson, E.D., Yang, W., McDonald, G., Frederick, W.J., Malcolm, EW.,
McDonough, T.J., Iisa, K., Kreutz, T.G., and Brown, C., “Impacts of
Integrated Gasification - Combined Cycle Recovery Technology on the
Chemical Aspects of Kraft Pulping and Recovery,” prepared for the 1998
Int’l. Chemical Recovery Conf., Tampa, FL, June 1998.

Lorson, H., Schingnitz, M., White, V.F., and Dean, D.R., “Black Liquor
Recovery by Pressurized Oxygen-Blown Gasification,” Proceedings,
1996 Engineering Conference, Tappi Press, Atlanta 1996, pp. 557-565.

Pietruszkiewicz, J., “Final Report for Costing High-Temperature Black
Liquor Gasifier/Gas Turbine Cogeneration Systems,” prepared by
Bechtel National, Inc. (Gaithersburg, MD) for Center for Energy &
Environmental Studies, Princeton Univ., Princeton, NJ, 11 Aug. 1997,

220z ¥snbny ¢ uo 3senb Aq ypd-9e-16-86-620BS0IC00A/ZHI0 L 42/620VS0LE00N/Y798./866 1 LO/4pd-sBuipeadoid/ | ©/610 awse uoyosjjoojeybipawse//:dyy woly papeojumoq



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7

