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ABSTRACT
Kraft pulp and paper mills generate large quantities of black liquor
and byproduct biomass suitable for gasification. These fuels are used
today for onsite cogeneration of heat and power in boiler/steam turbine
systems. Gasification technologies under development would enable
these fuels to be used in gas turbines. This paper reports results of
detailed full-load performance modeling of pulp-mill cogeneration
systems based on gasifier/gas turbine technologies and, for comparison,
on conventional steam-turbine cogeneration technologies. Pressurized,
oxygen-blown black liquor gasification, the most advanced of proposed
commercial black liquor gasifier designs, is considered, together with
three alternative biomass gasifier designs under commercial development
(high-pressure air-blown, low-pressure air-blown, and low-pressure
indirectly-heated). Heavy-duty industrial gas turbines of the 70-MW 0
and 25 MW, clan are included in the analysis. Results indicate that
gasification-based cogeneration with biomass-derived fuels would
transform a typical pulp mill into a significant power exporter and would
also offer possibilities for net reductions in emissions of carbon dioxide
relative to present practice.
-

INTRODUCTION
As discussed elsewhere (Consonni, et at, 1998; Larson and
Raymond. I 997a). the Icraft pulp and paper industry in North America is
faced with the need to retire much of its black liquor and biomass-fueled
steam turbine cogeneration capacity during the next 5 to 20 years. This
presents a unique economic opportunity to introduce gas turbine-based
cogeneration systems. The biomass and black liquor gasification
technologies needed to enable the use of gas turbines are under active
development by companies around the world and are likely to be
commercially available within the paper industry's time frame for retiring
existing systems (Larson and Raymond, 1997b). Long-term economics
appear favorable for gasifier/gas turbine technology using black liquor
(Larson eral., 1998) or biomass (Weyerhaeuser et al., 1995).
This paper presents results of performance modeling of integrated
black liquor- and biomass-gasifier/gas turbine-combined cycle
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COMBINED BIOMASS AND BLACK LIQUOR GASIFIER/GAS TURBINE
COGENERATION AT PULP AND PAPER MILLS

cogeneration systems for pulp and paper mills. Cogeneration systems at
such mills are designed firstly to meet process steam demands and
recover pulping chemicals from black liquor, the lignin-rich byproduct
from the wood digestion stage in kraft pulping. Black liquor is burned
today in Tomlinson recovery boilers to generate steam and an inorganic
smelt from which pulping chemicals are reconstituted. A variety of fuels,
including bark, other biomass residues, and fossil fuels, are used as
supplemental fuels at kraft pulp mills today, because the black liquor by
itself is typically insufficient to provide all process steam requirements.
For simplicity, here we consider the use of only black liquor and
byproduct biomass as cogeneration fuels at a kraft mill.
Consonni, et al. (1998) modeled the performance of three
alternative black liquor gasifier/gas turbine cogeneration technologies
and considered the use of a biomass boiler to generate additional steam
when steam derived from black liquor was insufficient. The present work
extends the analysis of Consonni, et al., by considering gasification of
the biomass rather than combustion. Three biomass gasifier designs are
considered. Since the focus of the present work is on biomass, only the
black liquor gasifier closest to commercial readiness (pressurized,
oxygen-blown) is considered. The black liquor gasifier is coupled with
a 70-MW0 class gas turbine. The biomass gasifiers are coupled with 25MW, or 70-MW0 class turbines. Heat recovery steam generators
(HRSGs) use exhaust heat from each turbine to raise steam that is
delivered to a common steam turbine (Fig. 1, lower). The black liquor
flow rate is set to meet the fuel-gas demands of the 70-MW, class
turbine, and is thus constant regardless of the design of the biomass
portion of the plant. A minimum biomass fuel rate is established by the
fuel demands of the biomass-coupled turbine. Higher biomass rates are
considered to allow for supplementary firing of the biomass-coupled
turbine's HRSG when greater amounts of process steam are needed than
can be provided by the gas turbine exhaust alone (see Fig. 1, lower).
Results from a parallel analysis with a Tomlinson recovery boiler
substituted for the black liquor gasifier/gas turbine/HRSG system is also
included (Fig. I. upper).
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CALCULATING PERFORMANCE
gas composition alone have relatively little impact on calculated overall
The approach used to calculate cogeneration performance follows
cycle performance (Hughes and Larson, 1998). For additional discussion
that described by Consonni, et at (1998), who also describe details of the
of the three biomass gasifier designs considered here, see Weyerhaeuser,
modeling of the two black liquor conversion systems considered here
(oxygen gasifier and Tomlinson furnace). The discussion of
Table 1. Modeled performance of alternative biomass gasifiers. The
methodology here is restricted to key issues relating specifically to
feedstock in all cases is biomass with 20% moisture content with the
modeling the use of biomass in gasifier/gas turbine systems.

Tomlinson black liquor boiler with biomass-gasifier/gas turbine combined cycle

following composition (dry mass basis): 50.2% carbon, 5.4%
hydrogen, 34.4% oxygen, 0.2% nitrogen, and 4% ash. Its higher
heating value Is 20.47 PM/dry kg.

Biomass Gasification
A variety of relatively large scale biomass gasification technologies
are at various advanced stages of development (Weyerhaeuser et al.,
1995; Williams and Larson, 1996; Larson and Raymond, 1997b). Three
gasifier/gas cleanup designs are considered here: (i) atmospheric-pressure
air-blown fluidized-bed gasification with wet scrubbing, e.g, the
technology under development by l'PS (Waldheim and Carpentieri,
1998), (ii) pressurized air-blown fluidized-bed gasification with hot-gas
cleanup, e.g., the technology under development by Carbone (Salo etal.,
1998), and ail/atmospheric-pressure indirectly-heated gasification with
wet scrubbing, specifically the Battelle Columbus Laboratory (BCL)
technology licensed for North American applications to FERCO (Paisley
and Anson, 1997).
The assumed biomass gasifier feedstock in the modeling here is a
mixture of pulpwood harvesting and thinning residuals and sawmill
waste, with an initial moisture content of 50%. The waste bark and hog
fuel generated at a typical kraft pulp mill converting logs into pulp
amounts to some 0.25 dry tonnes of biomass per air-dry tonne of pulp
product (0.25 tdb /4). Many mills may have access to much more
biomass. One detailed study around a Weyerhaeuser pulp mill in North
Carolina identified a sustainable supply of up to 3 tddt p at reasonable cost
in the form of harvest residues and self- and externally-generated mill
residuals (Weyerhaeuser et at, 1995).
Table I gives the detailed biomass composition (in the table
caption), as well as modeled performance of alternative gasifiers. (The
overall model includes drying of the biomass from 50% to 20% moisture
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(a) Steam conditions me 26.9 bar, 441Y.
(b) Carbon in fuel gas divided by carbon into gasifier. The value for the indirectly healed
gasifier appears abnormally low because, unlike the air-blown designs. char is oxidized in a
separate vessel from that which generates the fuel gas. Thus, the carbon from the char is not
reflected in the carbon conversion furze for de indirectly-heated gasifier.
(c) For cases without supplemental firing (see Fig, I for further clarification).
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process steam demand) for the two black liquor

processing systems considered. A supplemental
biomass boiler included in the mass balances is
shown in the shaded areas of these figures. For
the simulations reported in this paper, these
174
.7
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systems. For each of the three biomass gasifiers
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7
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considered here. Figs. 4-6 show illustrative heat
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and mass balances for the biomass sub-sections
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047
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for a particular level of process steam demand.
410/011711 420
4 00
C
b fl
Steam delivered from the black liquor subPros.- by
Flow. icc,
section is indicated in these figures. This steam
is combined with the steam generated in the
biomass sub-section and the combined flow is
Fig. 2. Heathnass balance for Tomlinson black liquor boiler with supplemental biomass boiler.
delivered to the steam turbine.
(shaded area) when delivering16.3 Gap process steam. Adapted from Consonni, of aL, (1998).
Within each sub-section, efforts have been
made to optimize the heat integration among
a at (1995); Craig and Mann (1996); Consonni and Larson (1996);
components to maximize efficiency within practical cost (and material)
Larson and Raymond (1997b).
constraints. Heat exchanger networks have been designed following two
guidelines. First, high-temperature gas streams transfer heat only to
Turbomachlnerv Assumptions
water or steam-water mixtures (evaporators); the high heat transfer
coefficients guarantee acceptable heat exchanger metal temperatures.
The accurate modeling of actual commercial gas turbines is an
important feature of the process modeling software used. Turbines with
Second, to the extent possible in practice, heat is transferred across
the characteristics of the Siemens KWIJ 64.3a and the ABS GT-10 are
relatively small temperature differences and between flows having similar
simulated here to represent state-of-the-art 70-MW 0 class and 25-MW0
thermal capacities, which reduces irreversibilities.
class industrial turbines. These two power output classes were selected
because the requisite fuel delivery falls within the range of black liquor,
RESULTS AND DISCUSSION
or biomass fuel that is, or could be made, available at many pulp mills in
Overall Performance
North America. A 70-MWe class machine is integrated with the black
Overall calculated performance is summarized in Figure 7, which
liquor gasifier (Fig. I, lower). A comparable black liquor flow is
shows power output per metric tonne of pulp product (kWh/t,) for
specified for the cases involving the Tomlinson boiler. Because it is
different levels of process steam production (GIN) for each of the
expected that atmospheric-pressure biomass gasification systems.
technology configurations simulated (upper set of curves) and the
particularly air-blown designs, will be more competitive at
smaller scale than pressurized systems (Larson and Raymond,
1997a), the atmospheric-pressure gasifiers are coupled with the
smaller of the two turbines. The atmospheric-pressure indirectly
heated gasifier is also modeled with the larger turbine, as is the
pressurized air-blown gasifier.
A single steam turbine is used in all cases, with steam being
generated from heat sources derived from both black liquor and
biomass (Fig. I). A range of total process steam demand is
considered. Either a single-extraction, back-pressure or a doubleextraction condensing turbine is used depending on the level of
process steam required! (The back-pressure turbine is the paperindustry standard today.) Process steam is delivered at 10 bar and
4 bar in a mass ratio of 1:2.
—

tr.

-

Plant Integration
To reduce the complexity of the required modeling, heat
integration within the biomass sub-section of a full plant has been
done independently of that within the black liquor processing
sub-section. Figures 2 and 3 [adapted from Consonni et at.
(1998)1 show illustrative heat and mass balances (for a particular

I The performance estilMILLS in this paper are for new cogeneration systems.
In some practical situations, it may be feasible to continue to use an existing
steam turbine by making minor modifications to it (e.g., increasing steam
admission area) while replacing only the steam generating systems at a mill.
In such cases, performance would be different from results in this pacer

Fig. 3. HeaUmass balance for oxygen-blown black liquor gasifie /gas turbine
with supplemental biomass boiler (shaded area) when dellyering16.3 GJ/tp
process steam. Adapted from Consonni, at al., (1998).

3

Downloaded from http://asmedigitalcollection.asme.org/GT/proceedings-pdf/GT1998/78644/V003T05A026/2411301/v003t05a026-98-gt-339.pdf by guest on 17 June 2021

T1

sweats
COOLER
STACK

re

ca

li to,7
94 .

70
1.01
6.42

13,
CianaSS
(50% MC)

0.1
•
▪

LOGICHOPPER
4=1.

533
1.32
16.1

920
1.34
10.1

STACK
HOPPER

29
2_57
70.0

276
60.0
615

550

AIR
HEATER

Its

60.0

1264SWIGAS

SUPPL
BURNER

Warn

arm-atomic.
as
1.17
4.60

HRSG
1.04
88.6

450
From black
WHO, SyStern 60.0
84.0
190
10.0
0 "tonlI" 338

ISO

no
COMPRESSOR 162
119

la- HEATER

450
60.0
ID?

WATER
makeup
HEATER

Steam from
Mack [qua
Haw
520
90.0
382

1231
185

49.0 111Vw
LP steam

145

to Mil

67
law

c

•

STEAM
TURBINE

400
18.8
592

Ptuteulates

as
1.17
12.3

RISER

II
60.0

SUPPL
BURNER
520
90.0
109

90
SCRUBBER ."

423
17.1

se
las

343
24.8
34.5

201

FILTER
Partieulates

541
1.04
85.0

DERERATOR

Temp., 4C
Pies.. bar
Row. kg/s

15.1
65.3

ata

Is

450
16.6

401

1160
14.6

it

Temp.. *C
Pres, bar
Row, kgle

15
1.01 air
73.7

Fig. 4. HeaVmass balance for biomass-gasifier/gas turbine portion of
a full cogeneration system that Includes a Tomlinson black liquor
boiler (see Fig. 1). The biomass gasifier is a low-pressure air-blown
design and is fueling a 25-MW, class turbine. The complete system
delivers 16.3 GJ/tp of process steam.

raw

IOW
1.50
40.7

9.43
16.3
SCRUBSER

Wes
RECYCLE GAS
COA1PRESSOR

Temp., °C
Fixes., bar
Row, kiais
OF-AERATOR
4 br
Corsleasais
tin
to black icte

IV Marne frit
10.0
351
DESUPERNEMERS
612 in
LP steam to me 4142
TEl

It

STEAM
TURBINE
530
90.0
109

520 swam tram
00.0 tenni VMS.
71.0
272 inii()C
Mani Porn
taa Caw GYM"

-

1115
25.3
54

DITERCOOLED
COMPRESSOR
07.4
16.4
341

REGENERATOR

Fig. S. Heat/mass balance for blomass-gasifier/gas turbine portion of
a full cogeneration system that Includes a black liquor gasifier/gas
turbine (see Fig. 2). The biomass gasifier is a high-pressure air-blown
design and is fueling a 70-MW, class turbine. The complete system
delivers 16.3 GJ/lp of process steam.

STIIGAS COOLER

towns
(30% MC)

1.01
198

meke-up

To Vek 0
Ewer system

289 MW.

Leakage

423
i7.1
34.8

taimpra0-1•4

Fig. 6. Heat/mass balance for biomass-gasifier/gas turbine portion of a full
cogeneration system that includes a black liquor gasifier (see Fig. 2). The biomass
gasifier is a low-pressure indirectly-heated design and is fueling a 25-MW, class
turbine. The complete system delivers 162 GJ/tp of process steam.

4

corresponding biomass fuel requirements per tonne of pulp
(tdbiti,) (lower set of curves).
For reference, Fig. 7 includes results from Consonni
al. (1998) for the two cases when biornass is burned in a
boiler rather than being gasified. In these cases, process steam
is delivered through a back-pressure turbine, so power output
increases with increasing process steam demand. For the cases
involving gasification of biomass, the minimum power output
point represents the maximum process steam delivery possible
without supplemental firing of the gas turbine HRSG. For any
one of these systems, process steam demand levels to the right
of the minimum power point require greater biomass
consumption to enable supplemental firing of the HRSG.
Process steam is delivered through a back-pressure turbine in
these cases. The right end point represents the situation in
which there is just sufficient oxygen in the exhaust of the
biomass-coupled turbine to enable complete combustion of
the amount of supplemental fuel required to generate the
particular process steam demand. (This curve could extend
further to the right, e.g. by introducing additional fresh
combustion air, but this is not considered here.) To the left of
the minimum power point, no supplemental firing is required.
Biomass consumption remains constant (to meet the fuel
demands of the gas turbine), and lower process steam
demands enable a condensing turbine to be used to generate
additional power. The left end-point represents the case when
all of the steam generated in the biomass portion of the plant
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Mill-Specific Performance Comparisons

1000

Comparisons among alternative plant configurations are illuminated
by a mill-specific examination. For concreteness, process steam and
power demands representative of a typical present-day U.S. mill are
considered—I6.3 Cl/tp and 656 kWhiti, (net of the cogeneration plant).
[Consonni, es al. (1998) give process energy demand data that helps put
these figures in international perspective.] Detailed heat and mass
balances for plant configurations delivering 16.3 ON of process steam
are shown in Fig. 2 and 3 for the reference cases involving biomass use
in boilers. Figures 4-6 show heat and mass balances for the biomass subsection for three of the configurations involving biomass gasification.
Table 2, which summarizes the performance of all systems,
highlights the much greater power generation levels achievable with
gasification. Biomass-gasifier/gas turbine systems coupled with a
Tomlinson boiler (left half of Table 2) would produce 50% to 180%
more power than the reference Tomlinson plus biomass boiler. When
coupled with black liquor gasification (right half of Table 2), then power
production is 230% to 320% more than the case using the Tomlinson and
biomass boiler.
With one exception, the contribution of the steam cycle to total
power production is approximately the same for all systems using a
Tomlinson boiler (left half of Table 2) and for all systems using the black
liquor gasifier (right half of Table 2), because process steam demand is
fixed.2 In the one case where this is not true (Tomlinson plus indirectlyheated gasifier with 70-MW e class turbine), the steam cycle involves a
condensing steam turbine rather than a back-pressure turbine.
The last row in Table 2 bears on a situation in which the mill might
be considering replacing an existing Tomlinson-based cogeneration
system. A baseline alternative in this situation might be the installation
of a new Tomlinson recovery boiler with a biomass boiler to augment
steam delivery to a back-pressure steam turbine. If the mill has an
opportunity to export power, then one of the other plant configurations
in Table 2 might be adopted. Each generates more power than the
baseline configuration, but each requires more biomass fuel as well.
Dividing the incremental power generated by the incremental biomass
consumed gives a measure of the marginal fuel cost associated with the
increased power production. The high incremental efficiencies in Table
2 . indicate that marginal fuel costs would be low. Investment and
operating/maintenance costs would obviously also be considered in any
full evaluation of alternative cogeneration options (Larson, et at, 1998).
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Fig. 7. Electric power generation and biomass fuel consumption for all

cogeneration systems considered In this paper. In all cases, the black
liquor consumption Is 25 Ca/t,_ The two "reference" cases are from
Consonnl et al,, (1998).
is condensed. (The curve could extend further to the left by condensing
additional steam, but this is not considered here.)
Among the cases involving the Tomlinson boiler (solid lines in Fig.
7), the case when biomass is burned in a boiler provides the lowest power
output for a given process steam demand. On the other hand, biomass
fuel requirements are also lowest, because a boiler/steam turbine converts
a larger fraction of input fuel to steam than does a biomass-gasifier/gas
turbine-HRSG arrangernatt. However, the two gasifier systems using the
25-MW1 class turbine (which have roughly comparable performance)
consume relatively modest additional amounts of biotnass (especially at
larger process steam demand levels), while delivering considerably more

2 Steam turbine power is higher for the cases involving black liquor gasification
beeline.. of the higher steam generating pressure that can be used.
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electrical power. With the 70-MW 1 class turbine, much more power is
generated than in the reference (biomass boiler) case. The additional
biomass required to accomplish this varies considerably with the level of
process steam demand.
The results for the cases involving the black liquor gasifier (dashed
lines in Fig. 7) parallel those for the set of Tomlinson cases. Power
production is considerably higher, however, due to the more efficient
conversion of black liquor to electricity. Biomass consumption is also
higher in large part because in these cases steam delivered from the black
liquor processing section of the plant is lower than with Tomlinson black
liquor processing. The performance for one additional biomass gasifier
is also included: the high-pressure air-blown design with a 70-MW 1 class
turbine. This case produces a comparable amount of power as the
indirectly-heated gasifier coupled to a 70-MW 1 class turbine, but
consumes less biomass for a given process steam demand, reflecting the
higher efficiency of the pressurized gasification system.

4000

processing. The last two sets of
bars are for cases with gasification
of black liquor.
The first set of bars assumes
fossil fuel (natural gas or coal) is
used in a boiler to augment steam
production from the Tomlinson
furnace. All steam expands through
a back-pressure turbine before being
delivered to the process. The
positive carbon emissions are due to
the use of fossil fuel at the mill.
The second set of bars assumes a
biomass boiler is used in place of
the fossil fuel boiler. Power
production is the same as the first
case but carbon emissions are
slightly negative now because
carbon-neutral biomass has replaced
the fossil fuels, and sale of some
power to the grid eliminates a small
amount of fossil-derived utility
power. The third set of bars
assumes a biomass gasifier/gas
turbine (with supplementary firing
of the HRSG) is used in place of the
biomass boiler. The greater amount
of power generated enables larger
amounts of fossil-derived utility
electricity to be eliminated, leading
to larger negative carbon emissions.
This trend is maintained in moving
to the last two bars-greater and
greater amounts of power are
generated from carbon-neutral fuels,
leading to more and more negative
carbon emissions.

CONCLUSIONS
Greenhouse Gas Emissions Reductions

The gas turbine-based cogeneration systems modeled here would
permit kraft pulp and paper mills to produce far more power from selfgenerated renewable fuels than is the case today. In 1994, the U.S. pulp
and paper industry produced some 48 million tonnes of kraft pulp
(AFPA, 1995) and in the process consumed 1.15 El of black liquor and
0.4 El of biomass (AFPA, 1996). Assuming cogeneration facilities today
generate 900 kWh/t, from these fuels, as modeled here (fable 2, lefthand column), total biomass-derived power generation in the kraft
industry is some 43 billion kWh/year. The total paper industry (kraft and
other products) burns fossil fuels to generate additional power and also
purchases power.
On average, the present level of self-generated black liquor and
biomass fuels would be sufficient to generate about 1350 kWh/t,, or 450
kWh/tp in excess of present systems if used in cogeneration systems that
include a Tomlinson boiler and a coupled biomass gasifier (e.g., see
Table 2, second column, for which the ratio of black liquor-to-biomass
energy is approximately 1.15/0.4). At a production level of 48 million
1,/year, Icraft mills could produce an additional 22 billion kWh/year or
nearly half of the 51 billion kWh that the total industry purchased in
1994 (AFPA, 1996).
Electricity generation at kraft mills would be increased even more

Assuming the black liquor and solid biomass energy resources at a
pulp mill are derived from renewably produced wood, the use of these
energy resources contributes little or no net emissions to the atmosphere
of carbon dioxide, the most important of the greenhouse gases; CO2
released in converting the feedstocks into power and heat is reabsorbed
by new plant growth. To the extent that the use of these carbon-neutral
resources can reduce the use of fossil fuels, net reductions in CO2
emissions would result. The potential reductions in CO2 emissions can
be quantified using the above performance estimates. Consider a pulp
mill with a production rate of 1300 tr/day and process steam and power
demands of 16.3 GI/ti, and 656 kWh/t,. (These are, approximately, the
characteristics of the mill considered in Table 2.) For five powerhouse
technology configurations, Fig. 8 shows the total power generated at the
powerhouse while meeting process steam demand. Also shown for each
case are two estimates of net annual carbon emissions from the mill.
These emissions are calculated assuming that any power generated in
excess of process needs is exported to a utility grid where it eliminates
the need to generate an equivalent amount of power from natural gas or
from coal (both cases are shown in Fig. 8). The first three sets of bars
are for configurations involving a Tomlinson furnace for black liquor
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Table 2. Summary comparison of alternative black liquor plus biomass cogeneration technologies for a pulp
mill with a fixed process steam demand of 16.3 GJ/admt (GJ per air-dry metric tonne of pulp product). On a
mass basis, half the process steam is delivered at 10-bar pressure and half at 4-bar. Fig. 2 shows a detailed
flow sheet for one of the cases in this table.
Black liouor system'
Tomlinson Recovery Boiler Di us:
0- Black Liquor Ojaifier 70-MW class et ohs.
Low-P
Indirectly
Low-P
High-P
Indirectlyair -blown
Mated
air-blown
air-blown
heated
Bemoan system >
Boller.
gasifier
gasifier
gasifier
gasifier
Boiler'
gasifier
MW class of biomass tr. >
25
25 I - 70
70
25
1
70
25
Mill output, tiday
1241
1307
Process sutareGift.
16.3
16.3
Black liquor. tds/t.
1.74
1.74
Glitds. HHV
14.363
14.363
Glh, HHV
25.0
25.0
0.318
0.469
0.45
0.997
0.783
1.277
1.108
1.315
Biomass. Wt.
GM*. HMV
20.00'
20.47
20.4
20.47
20.47
20.00'
20.47
20.47
63k. FIFIV
6.36
9.60
9.35
20.41
15.66
26.14
22.27
26.92
% direct to steam`
100
27.3
16.0
28.0
0.0
(d)
34.6
66.5
100
Power gmeradoo. MWe
Black liquor gas turbine
89.75
89.75
89.75
89.75
Biomsss gas turbine
28.85
26.0
70.80
70.80
68.75
27.21
Steam cycle
48.4
48.99
48.8
7030
60.89
62.00
60.88
61.19
Auxiliaries MW.
4.75
28.48
1.64
10.10
19.77
23.19
23.79
8.09
Net power generated
46.76
69.75
70.1
131.2
132.03
193.0
MW.
196.2
154.3
kV/Wt.
904
1349
1356
2537
2424
3603
2834
3543
Fraction total fuel HMV to:
Electricity
0.246
0.104
0.140
0.14
0.201
0.215
0.254
0.216
Process steam
0.47
0.359
0.520
0.471
0401
0.318
0.346
0.313
Ekcnicity + steam
0.624
0.611
0.61
0.560
0.616
0.572
0.561
0.559
Power/steam ratio
0.20
030
0.30
0.56
0.54
0.62
0.78
0.80
Excess power available
MW.
12.8
35.8
36.2
97.3
96.3
1603
118.6
157.2
kWh/4
700
248
693
1881
1768
2947
2178
2887
Incremental Efficiency. % HHV
54
49
42
59
49
44
46
(a) The results in this cola= are from Consoom, tr ot. (1998), what biomass with slightly afferent heating value and commuttoo were used.
(b) Process steam is counted at 2. 15 Gittome for 10-bar steam and 2.276 G.Inome for 4-bar steam.
(c) This is the percentage of the b =us input that is used directly to raise steam for delivery to the steam turbine. Ills 100% for the two
biomass boiler cases. For the biomass gasifier cases it corresponds to the percentage of the clean syngas production that is directed to
supplarentary Ring oldie HRSG
(d) In this case, the mar of oxygen in the gas turbine exhaust flow is insufficient for complete combustion of the amount of supplementaryfiring fuel that would be required to deliver • process steam demand of 16.301/i,.
(e) This is power available in excess oldie mill's assumed process requirements of 656 kWhA p
(f) The numerator of the incremental effekncy is the amount of power produced (kWh) by a gasification-based system (any of the last 8 columns
in the table) in excess of drat consulted by the Tomlinson biomass boiler system (column 1). The denominator is the MY of the On
consuned by tte gasification-based system in excess of that consumed by lit Tornlimon 4 biornass bona system
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