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Disclaimer

This report was prepared as an account of work sponsored by an agency of the
United States (U.S.) government. Neither the U.S., nor any agency thereof, nor any of
their employees, nor any of their contractors, subcontractors, or their employees makes
any warranty, expressed or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference
herein to any specific commercia product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the U.S. government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
U.S. government or any agency thereof.



Executive Summary:

This report examines current and advanced technologies to produce hydrogen from coal.
The performance and economics of these technologies are analyzed including
configurations for carbon sequestration. For comparison, the economics of producing
hydrogen from natural gas and photovoltaic (PV)/water electrolysis are included.

Ten hydrogen production cases are analyzed in this report. Three of the cases (cases 1
through 3) produce only hydrogen and three (cases 4 through 6) are coproduction cases
that co-produce hydrogen and electric power. Cases 7 and 8 use solid oxide fuel cells
(SOFC) for electric power production and cases 9 and 10 coproduce hydrogen and power
using SOFC technology.

Case 1 is a Texaco quench gasification system with conventional acid gas removal and
pressure swing adsorption (PSA) for hydrogen recovery. There is no carbon
sequestration in this case. Thisisasingle train 3,000 tons per day (TPD) plant producing
131 MMSCFD of hydrogen. Case 2 is similar to Case 1 except that all of the carbon
dioxide is removed prior to the PSA unit. It is then assumed that this concentrated and
compressed stream of carbon dioxide can be sequestered for an additional cost of $10 per
ton of carbon.

The configuration for Case 3 uses advanced E-gas gasification with hot gas cleanup in
combination with a ceramic membrane system operating at about 600 degrees Centigrade
that is capable of shifting and separating hydrogen from the clean synthesis gas. If it is
assumed that the cost of the ceramic membrane system is equal to the combined cost of
an equivaent conventional amine and PSA system, the RSP of the hydrogen is estimated
to be $5.89/MMBtu. In Case 4, two trains of advanced entrained gasification are used
and the coal feed is 6,000 TPD. One train makes synthesis gas to feed the PSA unit for
hydrogen production and the other train makes synthesis gas to feed a combined cycle
power plant. Case 5 is similar to Case 4 except that all the synthesis gas is shifted and
after cooling and shift the carbon dioxide is removed in a bulk carbon dioxide removal
system for sequestration. Case 6 issimilar to Case 3 except that two trains of gasification
are used that process 6000 TPD of coal to provide synthesis gas to the 600 degrees C
ceramic membrane separation device.

Tables ES 1 and ES 2 summarize the results of thisanalysis for hydrogen from coa and
for coproduction of hydrogen and power.



Table ES 1. Summary of Hydrogen from Coal Cases.

CASE 1 CASE 2 CASE 3

Carbon YES YES

Sequestration NO (87%) (100%)
Hﬁrsggﬁg 131 119 158

. /gczaA' R) 3000 3000 3000
'%(f/z iﬁﬁ”\%’ 63.7 59 755
S e 20.4 26.9 o5
(FKZ’.WL%Y{'C'VUS 35.6 53.6 53.6
%ahﬁil\tﬂa' 367 417 425
RSZ/;’; ,uggge” 6.83 8.18 5.89

Table ES 2: Summary of Coproduction Cases.

CASE 4 CASE 5 CASE 6
Carbon YES YES
Sequestration NO (95%) (100%)
Hydrogen
MMSCED 149 153 153
Coal
T/D (AR) 6000 6000 6000
Efficiency
(%HHV) 62.4 56.5 59
XS Power
MW 475 358 416
Power
Value (MILS) 35.6 53.6 53.6
Capital
SMM 910 950 950
RSP of Hydrogen 5.42 5.64 3.98

$MMBTU




Table ES 3: Summary of Cases using SOFC Systems.

CASE7 CASE8 CASE9 CASE 10
CARBON NO YES YES YES
SEQUESTRATION (98%) (90%) (95%)
HYDROGEN
MMSCRD 0 0 149 150
COAL
T/D (AR) 3000 3000 6000 6000
EFFICIENCY
O6HHV) 65.7 61.3 64.5 65.2
XS POWER
MW 567 529 509 519
POWER
VALUE (MILS) 33.7 41.0 53.6 53.6
CAPITAL
MM 628 717 1,037 1,019
RSP OF
HYDROGEN NA NA 2.79 2.40
$MMBTU

Table ES 3 summarizes the results for solid oxide fuel cell (SOFC) configurations. Cases
7 and 8 are baseline SOFC configurations that only produce €electric power. Case 9 is a
two-gasification train (6000 TPD of coal) carbon sequestered coproduction case where a
SOFC topping cycle configuration is used in combination with a PSA system for
hydrogen separation. Case 10 is a two gasification train (6000 TPD of coal)
coproduction case where a SOFC topping cycle configuration is used in combination with
a ceramic membrane system for hydrogen separation.

Hydrogen can be produced from coa with current gasification technology at about 64
percent efficiency (HHV basis) for a cost of production in the range $6.50 to $7.00 per
MMBtu. The need to sequester carbon dioxide from such a facility would raise this
production cost to just over $8.00/MMBtu and decrease efficiency to about 59 percent.
Advanced gasification technology and membrane separation has the potential to reduce
the cost of production of hydrogen with carbon sequestration to less than $6.00/MMBtu
and increase the efficiency of production to about 75 percent. Additiona R&D and
performance demonstration is necessary to verify this.

If hydrogen is produced in an advanced gasification coproduction facility that aso
generates electric power the production costs of the coproduced hydrogen can be reduced
depending on the value of the power. If the coproduced electric power is valued at
$35.6/MWH (the cost of producing power from a natural gas combined cycle plant
(NGCC)) hydrogen can be produced for about $5.50/MMBtu. If the carbon dioxide is
sequestered in this coproduction facility, the cost of hydrogen is only dlightly increased if
it is assumed that the coproduced power is valued at $53.6/MWH (the cost of producing
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power from a sequestered natural gas combined cycle (NGCC) plant). Utilization of
advanced membrane separation technology has the potentia to reduce hydrogen
production costs to about $4.00/M M Btu.

The greatest potential for reducing the production cost of hydrogen from coa is in
configurations that include solid oxide fuel cells (SOFC). Coproduction facilities that use
SOFC topping cycles to produce electric power and hydrogen have the potentia to
reduce the production cost of hydrogen to the range $2.50 to $3.00 per MMBtu. These
costs could be achieved in facilities that sequester carbon dioxide at efficiencies around
65 percent. Clearly such potential warrants continuing RD&D in such integrated
facilities that include advanced coa gasification, SOFC topping cycles, and advanced
membrane separation technologies.

Costs of producing hydrogen from traditional steam methane reforming of natural gas are
of course dependent on fuel costs. If natural gasis $3.00/MM SCF then the resulting cost
of hydrogen is $4.80/MMBtu. Sustainable production of hydrogen from renewable
sources like sunlight using photovoltaic (PV) water electrolysis could be a future goal.
Continuing RD&D to significantly reduce the costs of PV systems is necessary for
hydrogen production costs to be in the same range as production from coal. PV costs of
about $300 per peak kilowatt will be necessary to bring hydrogen production costs to the
range $7.00 to $8.00 per MM Btu.

Vil
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HYDROGEN FROM COAL

| ntroduction:

Large quantities of hydrogen are currently used worldwide in the petroleum refining
industry to desulfurize and upgrade crude oil and in the manufacture of ammonia for
fertilizers. Hydrogen for these applications is produced predominantly by steam
reforming of natural gas and as a byproduct from naphtha reforming. Some hydrogen is
also produced from coal gasification, coke oven gas, and electrolysis of water. Concerns
over global climate change and eventual resource depletion of fossil fuel resources have
revived the concept of the hydrogen economy where hydrogen is used as an energy
carrier. This concept would use hydrogen to provide energy to al sectors including
central generating electric power, distributed power, industrial, residential, and
transportation. Eventually the hydrogen would be produced from water using energy
derived from sustainable resources, for example nuclear fusion and photovoltaics.
Combustion of the hydrogen or electrochemical conversion via fuel cell technology
would produce water, thus completing the cycle. In the shorter term, the hydrogen could
be produced from fossil resources including natural gas, coal, petroleum coke etc. The
use of fossil carbon as a reductant and the conversion inefficiencies associated with
hydrogen production from these resources would result in the production of large
quantities of carbon dioxide. With the continued concern over climate change this carbon
dioxide would have to be sequestered.

This report examines current and advanced technologies to produce hydrogen from coal.
The performance and economics of these technologies are analyzed including
configurations for carbon sequestration. For comparison, the economics of producing
hydrogen from natural gas and photovoltaic (PV)/water electrolysis are included.

Cases Analyzed:

The following ten hydrogen production cases are analyzed in this report. Three of the
cases produce only hydrogen and three cases are coproduction cases that co-produce
hydrogen and electric power. Cases 7 and 8 use solid oxide fuel cells (SOFC) for electric
power production and cases 9 and 10 coproduce hydrogen and power using SOFC
technology.

* Case 1. Hydrogen production from coa using Texaco quench gasification,
conventional cold gas cleaning, water-gas shift, and pressure swing adsorption
with no carbon dioxide sequestration.

* Case 2: same as Case 1 but with carbon dioxide sequestration.

* Case 3: Hydrogen production from coal using advanced gasification, advanced
membrane technology for carbon dioxide removal and hydrogen separation, and
with carbon dioxide sequestration.



Case 4. Coproduction of hydrogen and electric power using advanced gasification
technology with no carbon dioxide sequestration.

Case 5: same as Case 4 with carbon dioxide sequestration.

Case 6: same as Case 5 but using an advanced membrane separation system.
Case 7: baseline solid oxide fuel cell (SOFC) for power generation with no carbon
sequestration.

Case 8. solid oxide fuel cell (SOFC) for power generation with carbon
sequestration.

Case 9: solid oxide fuel cell (SOFC) for power and hydrogen production with
carbon sequestration.

Case 10: solid oxide fuel cell (SOFC) for power and hydrogen production using
an advanced membrane separation system with carbon sequestration.

For comparison purposes, the cost of hydrogen produced from natural gas using
conventional steam methane reforming (SMR) and hydrogen produced from
photovoltaic/water electrolysis are included.

Results:

Table 1 summarizes the results of the analysis for the three coal-derived hydrogen cases.

Notes:

Table 1: Summary of Hydrogen from Coal Cases.

CASE 1 CASE 2 CASE 3

Carbon YES YES

Sequestration NO (87%) (100%)
Hﬁrsggﬁg 131 119 158

. /gczaA' R 3000 3000 3000

'%(f/z iﬁﬁ”\%’ 63.7 59 755
S e 20.4 26.9 o5
(FKZ’.WL%Y{'C'VUS 35.6 53.6 53.6
C$a|\ﬁi,\tﬂa' 367 417 425
RSZ/‘JI Hé‘?’rrage” 6.83 8.18 5.89

1) Cod cost is $29/ton (and is assumed to de-escalate at 1.5 percent below general
inflation) and the assumed plant capacity factor is 85 percent.



2) For those cases with no sequestration, the coproduced power value is assumed to be
$35.6/MWh based on the cost of power production from Natural Gas Combined Cycle
(NGCC) plants if natural gas costs $3.75/MMBtu. In cases where there is carbon
sequestration, the coproduced power is assumed to have a value of $53.6/MWh based on
an additional cost of power production from Natura Gas Combined Cycle (NGCC)
plants with sequestration of 18 mills’kWh (reference EPRI report 1000316).

3) For cases with sequestration it is assumed that $10 per ton of carbon is added for
sequestration after the concentrated carbon dioxide stream has been isolated, and the
carbon dioxide stream is compressed to 200 bars.

4) For Case 3, the membrane configuration assumed is that used in the Parsons study
(Case 6) reference “Hydrogen Plant Cost Comparisons’ letter report Sept 2000.

Case 1 represents a Texaco quench gasification system with conventiona acid gas
removal and PSA for hydrogen recovery. This is shown schematicaly in Figure 1.
There is no carbon sequestration in this case. About half of the carbon dioxide is
removed prior to the PSA unit to produce a combustible tail gas stream. Thisisasingle
train 3,000 tons per day (TPD) plant producing 131 MMSCFD of hydrogen. The tail gas
from the PSA unit is used to superheat steam for plant power production. Excess electric
power (20.4 MW) is sold. The capital cost for this single train gasification facility is
estimated to be $367 million. The financial parameters used to calculate the required
selling price (RSP) of hydrogen are shown in Table 2. The RSP of the hydrogen from
thisfacility is estimated to be $6.83/M M Btu.

Coal
3000 TPD
o | Raw N Gas CO, Product
Gasufllkcatlon shift | | Cleaning [ | Removal [ LA Hydrogen
Oxygen l i
ASU v v
T Claus/Scot Power
. Generation
Air
Plant Power <——— Net Power

Figure 1: Cases 1 and 2: Hydrogen from Coal



Table 2: Financial Assumptions

e 25YEARPLANT LIFE

 67/33% DEBT/EQUITY FINANCING

e 15% RETURN ON EQUITY

* 8%INTEREST, 16 YEAR TERM

e 3% INFLATION (coal de-escalation of 1.5 % per annum below general inflation)

16 YEAR DDB DEPRECIATION

* 40% COMBINED FEDERAL AND STATE TAX RATE

* 3 YEAR CONSTRUCTION, 50 % OUTPUT IN START-UP YEAR

* SEQUESTRATION OF HIGH PRESSURE CO2 STREAM COSTS $10/TON
CARBON

Case 2 issimilar to Case 1 (see Figure 1) except that all of the carbon dioxide is removed
prior to the PSA unit. Thisis compressed to 200 bar and is assumed to be sequestered. It
is then assumed that this concentrated and compressed stream of carbon dioxide can be
sequestered for an additional cost of $10 per ton of carbon. In this configuration 87
percent of the feed carbon is sequestered. Hydrogen production is 119 MMSCFD and 27
MW of excess power is produced. Capital cost is estimated to be $417 million. The RSP
of hydrogen is estimated to be $8.18/MM Btu.

The configuration for Case 3 is shown in Figure 2. This s taken from the Parsons L etter
Report “Hydrogen Plant Cost Comparisons’ of September 2000. In this configuration,
advanced E-gas gasification with hot gas cleanup is used in combination with a ceramic
membrane system operating at about 600 degrees Centigrade that is capable of shifting
and separating hydrogen from the clean synthesis gas. It is assumed that 90 mole percent
of the synthesis gas is converted to hydrogen in this membrane system. This membrane
system is assumed to be similar to the K25 system under development at ORNL. The
hydrogen (158 MMSCFD) is separated at low pressure (it is assumed that a 100 ps
pressure drop across the membrane is necessary) and must be compressed as shown. The
remaining synthesis gas containing mostly carbon dioxide but with some carbon
monoxide and hydrogen is combusted with oxygen in a gas turbine to provide power for
the plant. Oxygen is used so that a concentrated stream of carbon dioxide is produced for
sequestration in this case. Heat is recovered from both the gas turbine exit gas and from
the hot hydrogen in HRSGs where the steam produced is sent to a steam turbine for more
power generation. Excess power (25 MW) is sold. Capital cost for this facility is
estimated to be $425 million. If it is assumed that the cost of the ceramic membrane
system is equal to the combined cost of an equivalent conventional amine and PSA
system, the RSP of the hydrogen is estimated to be $5.89/M M Btu.
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Figure 2: Case 3: Hydrogen from Coal using Membrane Separation (Sequestration)

Table 3: Summary of Coproduction Cases.

CASE 4 CASE 5 CASE 6

Carbon YES YES

Sequestration NO (95%) (100%)
m;&gﬁg 149 153 153

. /g‘zi' R 6000 6000 6000
%Of/‘; iﬂ ﬁ”\%’ 62.4 56.5 59
XSNFI) ower 475 358 416
val Eg‘("’Merl L9 35.6 53.6 53.6
C$a,\ﬁ i,\t/la' 910 950 950
RSZ/‘JI Hé‘?’rrage” 5.42 5.64 3.98

Table 3 summarizes the results of the Mitretek analysis of cases 4 through

coproduce hydrogen and el ectric power.

6 that



In Case 4, (Figure 3) two trains of advanced entrained gasification are used and the coal
feed is 6,000 TPD. One train makes synthesis gas to feed the PSA unit for hydrogen
production and the other train makes synthesis gas to feed a combined cycle power plant.
PSA tail gasis compressed and fed to the gas turbine. There is no sequestration in this
case. Total power generated in the combined cycle unit is 592 MW (356 MW from the
gas turbine and 236 from the steam turbine) and parasitic power required is 117 MW
leaving a net power production of 475 MW. Hydrogen production is 149 MMSCFD.
Capital cost is estimated to be $910 million and the RSP of the hydrogen is estimated to
be $5.42/MMBtu if the coproduced power can be sold for 35.6 mills.

Coal
6000 TPD
- R Gas .| Cooling - Hydrogen
Gasification " Cleaning "I /shift | PSA T 149MMSCFD
Oxygen KI
ASU v I\I
| CC
T > Plant — 475 MW
Air
Capital $910M M COE 35.6 MillgkWh
Hydrogen RSP $5.42/MMBTU Efficiency 62.4%

Figure 3: Case 4. Coal to Hydrogen and Power

Case 5 (Figure 4) issimilar to Case 4 except that all the synthesis gas is shifted and after
cooling and shift the carbon dioxide is removed in a bulk carbon dioxide removal system
for sequestration. The synthesis gas with the carbon dioxide removed is sent to the PSA
units where 153 MMSCFD of pure hydrogen is recovered. The PSA tail gas is
compressed and sent to the combined cycle (CC) plant for power production. The gas
turbine produces 302 MW and the steam turbine 182 MW for atotal power production of
4834 MW. Parasitic power used is 126 MW including the power needed for carbon
dioxide compression. Net power for sales is 358 MW. Capital cost is estimated to be
$950 million for this coproduction facility and the RSP of the coproduced hydrogen is
estimated to be $5.64/MMBtu if the coproduced power can be sold for 53.6 mills per
kWh. If the value of the coproduced electricity is the cost of producing it from an
advanced IGCC facility with sequestration (that is 46.3 mills’lkWh, see Appendix A) the
resulting RSP of the coproduced hydrogen is $6.89/M M Btu.



Coal .
6000 TPD to Sequestration (95%)
o - Gas .| Cooling | CO, -
Gasification [ Cjeaning [ | /shift " Removal [ LT
Oxygen
ASU i
! Hydrogen
T - 153 MM SCFD
Air Plant |~ 358 MW
Capital $950MM H, RSP $/MMBTU COE Mill§kWh Efficiency 56.5%
5.64 53.6 (Gas CC, sequestration)
6.89 46.3 (Coal IGCC, sequestration)

Figure 4: Case 5: Coal to Hydrogen and Power (Sequestration)

Case 6 (Figure 5) is similar to Case 3 except that two trains of gasification are used that
process 6000 TPD of coa to provide synthesis gas to the 600 degrees C ceramic
membrane separation device. The product hydrogen is split into two streams. One
becomes the hydrogen product (153 MM SCFD) and the other is sent to a hydrogen-fired
gas turbine combined cycle system to produce 150 MW of electric power. The non-
permeate stream from the ceramic membrane consisting essentially of carbon monoxide,
hydrogen, and carbon dioxide is combusted with oxygen in a gas turbine to produce 260
MW of additional power. The hot effluent gases from the gas turbine and the hydrogen
turbine are sent to HRSGs for steam generation. Power produced in the steam turbine is
209 MW. Tota power production is 619 MW and parasitic power needed is 202 MW
leaving net power for sales of 417 MW. The carbon dioxide produced by combustion of
the non-permeate steam is sequestered. Capital cost is estimated to be $950 million for
this plant, and the RSP of the hydrogen is estimated to $3.98/MMBtu if power is sold for
53.6 mills.

Table 4 summarizes the results of the Mitretek analysis of cases 7 through 10 that use
solid oxide fuel cells (SOFC) for production of electric power and for coproduction of
power and hydrogen.
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Figure 5: Case 6: Coproduction of Hydrogen and Power using a 600°C Hydrogen
Membrane Separation System

Before discussing the coproduction results with the SOFC configuration, the baseline
SOFC plant for production of electric power only is summarized in Table 4 (Case 7) and
Figure 6. Thisis a single train (3000 TPD of coal), no sequestration coal gasification
configuration where the clean synthesis gas from coal is sent to the anode of the SOFC
stack. Air is sent to the cathode of the SOFC. The SOFC is assumed to operate a a
temperature of 2000 degrees F, have an efficiency of 60 percent (HHV) and convert 85
percent of the synthesis gas. The SOFC is used here as atopping cycle and produces 358
MW of power. The hot exit gases from the SOFC at about 2000 degrees F are set to the
gas turbine combustor that produces 179 MW of power. The gas turbine exit gases are
sent to the HRSG where the steam generated is used in the steam turbine of the combined
cycle bottoming cycle to produce an additiona 87 MW of power. Total gross power
produced is 624 MW of which 57 MW is used for plant power. Net power output is thus
567 MW and overal plant efficiency is an impressive 65.7 percent (HHV). Tota capital
for this facility is estimated to be $628 million. The capital cost of the SOFC stack was
assumed to be $400/kW. The resulting cost of electricity (COE) is calculated to be 33.7
mills per kWh.



Table 4: Summary of Cases using SOFC Systems.

CASE7 CASE8 CASE9 CASE 10
CARBON NO YES YES YES
SEQUESTRATION (98%) (90%) (95%)
HYDROGEN
MM SCED 0 0 149 150
COAL
T/D (AR) 3000 3000 6000 6000
EFFICIENCY
(% HHV) 65.7 61.3 64.5 65.2
XSPOWER
MW 567 529 509 519
POWER
VAL UE (MILS) 33.7 41.0 53.6 53.6
CAPITAL
MM 628 717 1,037 1,019
RSP OF
HYDROGEN NA NA 2.79 2.40
$MMBTU
Air . Power
T 3 " 567 MW Net
2000F
3000 Cathode Gas Steam
TPD —»| HGCU — " Turbine [ "LPRSCG | Turbine
Coal Anode
179 MW 87 MW

Fuel Cell (358 MW)
(85% Conversion)
(60% Efficiency)

Capital $628 Million COE 33.7 MillgkWh Efficiency 65.7% (HHV)

Figure 6: Case 7: SOFC Topping Cycle for Power

Case 8 (Figure 7) is a SOFC topping cycle case for power generation with carbon
sequestration. This is similar to Case 7 except that the exit gas from the anode of the
SOFC is cooled and shifted and the carbon dioxide is removed before being recombined
with the hot cathode gas and combusted in the gas turbine combustor. In this case about
98 percent carbon sequestration is achieved. The SOFC produces 358 MW of power and
the gas turbine produces 86 MW. The gas turbine exit gases are sent to the HRSG where
the steam generated is used in the steam turbine of the combined cycle bottoming cycle to
produce an additional 146 MW of power. Total gross power produced is 590 MW of



which 61 MW is used for plant power. Net power output is thus 529 MW and overall
plant efficiency is 61.3 percent (HHV). Tota capital for this facility is estimated to be
$717 million. The resulting cost of electricity (COE) is calculated to be 41.0 mills per
kWh.

Power
Air £ 7Y 7> 529 MW
Net
Cathode ryg
Gas Steam
3000 > > HRSG |—» X
TPD—| HGCU Anode Turbine Turbine
Coal 86 MW 146 MW
358 MW
Cooling Co2 | | CO,toSequestration
/Shift Removal (98%)
Fud Cell (358 MW)
(85% Conversion)
(60% Efficiency)
Capital $717 Million COE 41.0 MillgdkWh Efficiency 61.3% (HHV)

Figure 7: Case 8: SOFC Topping Cycle for Power (Sequestration)

Case 9 (Figure 8) is a two-gasification train (6000 TPD of coal) carbon sequestered
coproduction case where a SOFC topping cycle configuration is used in combination with
a PSA system for hydrogen separation. The clean synthesis gas stream is split with one
portion being sent to the anode of the SOFC where 358 MW of power is produced and
the other to a shift reactor. The anode effluent gas is also sent to the shift reactor. The
shifted gasis sent to bulk carbon dioxide removal. The carbon dioxide free synthesis gas
is sent to the PSA units where 149 MM SCFD of hydrogen isrecovered. The PSA tail gas
is compressed and combusted in the gas turbine together with the hot cathode gas to
produce 151 MW of power. The gas turbine effluent is sent to the HRSG where the
steam generated is used in the steam turbine of the combined cycle bottoming cycle to
produce an additional 118 MW of power. Total gross power produced is 629 MW of
which 120 MW is used for plant power. Net power output is thus 509 MW and overall
plant efficiency is 64.5 percent (HHV). About 90 percent carbon sequestration is
achieved inthiscase. Total capital for this facility is estimated to be $1,037 million. The
RSP of the hydrogen is $2.79/MMBtu if the coproduced electricity can be sold for 53.6
mills per KWh. If the electricity value is the cost of producing the power from an SOFC
facility with sequestration (that is 41 mills per kwh) the resulting RSP of the coproduced
hydrogen is $5.93/MMBtu. If the value of the coproduced electricity is the cost of
producing it from an advanced IGCC facility with sequestration (that is 46.3 mills per
kWh see Appendix A) the resulting RSP of the coproduced hydrogen is $4.61/MMBtu.

10
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Figure 8: Case 9: SOFC for Power and Hydrogen (Sequestration)

Case 10 (Figure 9) is a two gasification train (6000 TPD of coal) coproduction case
where a SOFC topping cycle configuration is used in combination with a ceramic
membrane system for hydrogen separation. The clean synthesis gas stream is sent to the
ceramic membrane system where the non-permeate stream consisting of carbon
monoxide, hydrogen, and carbon dioxide is sent to the anode of the SOFC where 404
MW of power is produced. The permeate stream consisting of pure hydrogen at about
1100 degrees F is sent to a HRSG to recover heat as steam and then compressed to give
the hydrogen product. The hot anode effluent gas is sent to the combustor of the gas
turbine where it is burned with oxygen to produce 222 MW of power. The gas turbine
effluent is sent to a HRSG for steam generation. The effluent flue gas from this HRSG
contains only carbon dioxide and water and is compressed to 200 bars for sequestration.
The hot cathode gas is sent to a turbine to produce 151 MW of power and then to a
HRSG for steam generation. Steam from the two HRSGs produces 101 MW of power.
Total gross power produced is therefore 879 MW. Plant power parasitic requirements
are: ASU 109 MW, carbon dioxide compression 68 MW, hydrogen compression 8 MW,
and SOFC air compression 175 MW for a total of 359 MW. Net power output is thus
519 MW and overall plant efficiency is 65.2 percent (HHV). Total capital for thisfacility
is estimated to be $1,019 million. The RSP of the hydrogen is $2.40/MMBtu if the
coproduced electricity can be sold for 53.6 mills per kWh. If the electricity value is the
cost of producing the power from an SOFC facility with sequestration (that is 41 mills
per kWh) the resulting RSP of the coproduced hydrogen is $5.58/MMBtu. If the value of
the coproduced electricity is the cost of producing it from an advanced IGCC facility with
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sequestration (that is 46.3 mills per kWh see Appendix A) the resulting RSP of the
coproduced hydrogen is $4.24/MMBtu.

?
-(175 MW) Steam
Air ‘Dﬁ HRSG = Turbine |[101MW
151 MW ;
Membrane | Cathode 0O, !
6000 { 222 MW i
TPD —» HGCU |»> —+| Anode |»| Combustor Aﬂ_» HRSG
Coal Net Power
noocr MW 519 MW
L[ HRSG AD—>H 22 Atm co,
200 Bar
150 MM SCFD H,
Capital $1,019 Million Efficiency 65.2% (HHV)
H, ¥MMBTU COE 53.6 MillskWh
240 53.6 Gas CC, sequestration)
4.24 46.3 (Coal IGCC, sequestration)
5.58 41.0 (SOFC/sequestration)

Figure 9: Case 10: SOFC Power/H2/Membrane (Sequestration)

Appendix B gives details of capital and operating costs for al of the 10 cases described
above.

Comparison with Costs of Hydrogen from Natural Gas Plants:

Hydrogen is typically produced from natura gas at refineries by steam methane
reforming (SMR). Thisis a mature technology and the cost of the produced hydrogen is
sensitive to the natural gas feedstock cost. Such a relationship is shown in Figure 10
where the resulting cost of hydrogen is plotted against the natural gas feedstock price.
The relationship follows the equation:

Hydrogen cost (¥MMBtu) = 1.27*NG price ($MMBtu) + 0.985
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Figure 10: Cost of Hydrogen from Steam M ethane Reforming

Capital cost of alarge SMR facility (100 MMSCFD) is typically in the range $0.65-$ 0.8
per SCFD of hydrogen. Efficiencies are typically in excess of 70 percent HHV.

If the capital cost of the plant is $0.70/SCFD and natura gas is $3.00/MMSCF then the
resulting cost of hydrogen is $4.80/MMBtu. This cost is about 12 percent lower than
cases 4 and 5 above where coal is used in coproduction configurations with and without
carbon sequestration.

Comparison with Costs of Hydrogen from Photovoltaic (PV) Water Electrolysis
Plants:

In the future, hydrogen could be produced by water electrolysis using photovoltaics.
Table 5 summarizes the assumptions for a generic photovoltaic water electrolysis system
in an area with an average insolation of 275 watts per square meter. The table shows a
case where the photovoltaic efficiency is 18 percent, and the electrolysis efficiency is 85
percent. If the total cost of the photovoltaic system is $300 per peak kilowatt and the
electrolysis cost is $231 per peak kilowatt, the resulting cost of hydrogen is $7.32 per
MMBtu. This assumes an oxygen byproduct credit of $18 per ton. Figure 11 shows
how the production cost of hydrogen varies with the total cost of the PV system. Current
PV costs are probably in the range $1200-2400 per peak kilowatt which would put the
production cost of hydrogen in the range of $24-45/MMBtu.
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Table5: Photovoltaic Hydrogen

INSOLATION 275 WATTSSM
PVEFF 0.18
PV COST 300 PERKWP
ELECTROLYSER 231 PERKW
ELEC EFF 0.85
CRF 0.127
Oo&M 0.01
HYDROGEN 325 BTU/CF
HYDROGEN 0.0053 LB/CF
HYDROGEN 61095 BTU/LBHHV
PLANT SIZE 150 MMSCFDH2
PVCAPACITY 0.33
PLANT CAPACITY 0.9

IKWH 3412.14 BTU
MWHRS/TONH2 42.12985

ANNUALPOWERRQD 5,501,263 MWHS

PV REQUIRED 2114472 MW
PV AREA 1055549 ACRES
PVCOST/SQM 14.85316
PVCAPITAL 634.3415
BOSCOST 0 $/SQM
BOSCAP 0 PVCAPITAL $80.56
BOSCOST $0.00
ELECROLYSER  $62.03
0&M ($7.27)
TOTAL $116.83
$TON  $894.73
HYDROGEN $MMBTU $7.32

50 l
45

40

35

30
25

20 /./
15

10 /./

e

5 | | | 1 | | 1 | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

PV Capital $/KWpeak

RSP of Hydrogen ¥MMBTU

Figure 11: Cost of Hydrogen from Photovoltaic Water Electrolysis
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Conclusions:

Hydrogen can be produced from coa with current gasification technology at about 64
percent efficiency (HHV basis) for a cost of production in the range $6.50 to $7.00 per
MMBtu. The need to sequester carbon dioxide from such a facility would raise this
production cost to just over $8.00/MMBtu and decrease efficiency to about 59 percent.
Advanced gasification technology and membrane separation has the potential to reduce
the cost of production of hydrogen with carbon sequestration to less than $6.00/MMBtu
and increase the efficiency of production to about 75 percent. Additiona R&D and
performance demonstration is necessary to verify this.

If hydrogen is produced in an advanced gasification coproduction facility that aso
generates electric power the production costs of the coproduced hydrogen can be reduced
depending on the value of the power. If the coproduced electric power is valued at
$35.6/MWH (the cost of producing power from a natural gas combined cycle plant
(NGCC)) hydrogen can be produced for about $5.50/MMBtu. If the carbon dioxide is
sequestered in this coproduction facility, the cost of hydrogen is only dlightly increased if
it is assumed that the coproduced power is valued at $53.6/MWH (the cost of producing
power from a sequestered NGCC plant). Utilization of advanced membrane separation
technology has the potential to reduce hydrogen production costs to about $4.00/M M Btu.

The greatest potential for reducing the production cost of hydrogen from coal is in
configurations that include solid oxide fuel cells (SOFC). Coproduction facilities that use
SOFC topping cycles to produce electric power and hydrogen have the potential to
reduce the production cost of hydrogen to the range $2.50 to $3.00 per MMBtu. These
costs could be achieved in facilities that sequester carbon dioxide at efficiencies around
65 percent. Clearly such potential warrants continuing RD&D in such integrated
facilities that include advanced coal gasification, SOFC topping cycles, and advanced
membrane separation technologies.

Costs of producing hydrogen from traditional steam methane reforming of natural gas are
of course dependent on fuel costs. If natural gasis $3.00/MM SCF then the resulting cost
of hydrogen is $4.80/MMBtu. Sustainable production of hydrogen from renewable
sources like sunlight using photovoltaic (PV) water electrolysis could be a future goal.
Continuing RD&D to significantly reduce the costs of PV systems is necessary for
hydrogen production costs to be in the same range as production from coal. PV costs of
about $300 per peak kilowatt will be necessary to bring hydrogen production costs to the
range $7.00 to $8.00 per MM Btu.
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Figure Al: Baseline Advanced IGCC Facility
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Figure A2: Baseline Advanced IGCC Facility with Sequestration
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APPENDIX B

CASE THYDROGEN FRODUCTION TEACSS QUEMCH MO SEQUESTHATION

Construction Cast ShABA[1D08) Capital Cost S 10038
Coal Handling 5 Canstruction Cost 22T
GasdicatontDuanchiCh 512 Hame Oifice, .40 323
Shalt 520 Faa 2.00°% 35
Al Separation 530 Froject Contingency 15.00%: 345
F-T Symithesis 0 TOTAL CEFPRECIABLE CAPITAL 5345
Hydrogan Ramaowval k=
CO2 Remoesal 514 Start-up Costs 5,000 Capital e
Fefining 30 Invenbony Capital 10,008 GADC 55
Heal ReciPower Gen BET7
Balanoce of Plant 545 TOTAL CARPITAL REQUIRED 36T
TOTAL T
Efficiensy  63.75% Peraar 20.4 Hydragen, MMSCFD 131
Cost, mils 356 Hydrogen Cost, B30 222

SMMETL 2583

CASE 2:HYDROGEN PFRODUCTION TE=ACT GAUEMCH, SEQUESTRATION

Construction Cost SRABA[1 D00 Capital Cost Sk 100E)

Coal Handling 5 Canstruction Cost N6

Gasication/CuenchiCh i Home CHffice, 840 27

Shat 519 Faa 2.00% 5B

Al Separation w30 Froject Contingency 5.00% )

F-T Synithasis 0 TOTAL DEFRECIABLE CAPITAL LIEE

Hydrogan Ramaoval =7

CO2 Remowal L] Srart-up Cosis 5000 Capital =

Fefining 50 Inveniony Capital 10.00°%% GADC 56

Heat RBecPower Gen 570

Balarice of Plang g70 TOTAL CAPITAL REQLUIRED 5417
TOTAL M6

Etficienay 59.087% Pirawar 269 Hydrogen, MMECFD 118

Cost. mils 536 Hydrogen Cost, RS0 266

SMMETL  $8.18

Oparating Costs

Coal, Product AS flon AR
Consumahles

LabsariChoarbasacd

Adininistrativ Lakbor

Local Taxes & Ins. & 2.00%
Chhiar

GROSS OPERATING COST
Sullur, &l fan
Ammornia, 150 Man
TOTAL BY-FRODUCT CREDITS
HET OPERATING COSTS

Oparating Costs

Coal, Product AS fon AR
Consumablas

LabsarfChoar b

Adininiztrativ Lakbor

Local Taxes & Ins. & 2.00%
Cithiar

GROSS OPERATING COST
Sulur, &0 fan
Amimonia, 150 Mon
TOTAL BY-PRODUCT CREDITS
HET OPERATING COSTS

ShAN{1924)

w27.A
3186
.y
3.2
6.9
ELR
2534
2.0
30.0
2.0
3 B

ShM{1008)

B27A
LN
LT
.2
3T.E

510.0

556
3.8
0.0
.4

Bar
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CASE 3: ADNVAMCED E«GAS, MEMBRAMNE SEPARATICN

Construcion Cost SMM(1958) Capital Cost

Coal Hamdling gz Construction Cost

GasificaionCleenchiCin 3125 Hiare Offsce, Fas .80%

Alr Separation 741 Frocess Contingency 2.00%

Sulfur Polshing %0 Project Contindgen cy 10.00%

F-T Syrithasis %0 TOTAL DEPRECIABLE CAPITAL

Fydrogen Aemowval 35

Refining 30 Start-up Costs 2.52% Capital

Heat Rec/FPower Gan w2 Invenany Capital T GADC

Balanoe of Plant LT |

TOTAL 330 TATAL CARTAL REGUIRED
Efficianoy T553% Fowar 250 Hydrogen, MMSCED
Ciesl mils 5368 Hydrogen Cost SIMEC

SiBTL

CASE 4. COPRCDUCTICN OF POCWER AND HYDROGEM, MO SEQUESTRATION

Constructon Cost SMM{1958) Capital Cost

Coal Hamdling 525 Construction Cost

GasihcabonCeenchiClin 3253 Hame Offsce, Faa &.a80%

Alr Separation 3115 Procass Contingency 2004

Swlfur Palishing 15 Projact Contingancy 16.94%,

F-T Syrithasis 30 TOTAL DEPRECIABLE CAFTAL

Hydregen Aemoval 813

Refining 0 Star-up Costs 252% Capital

Heat RecPower Gen 31480 Inventory Capital T GADC

Balance of Flam a0

TOTAL 3640 TOTAL CARTAL RESUIRED
Efliciency 62 41% Fwer 4749 Hydrogen, MMSCFID
st mils LT Hydrogen Cost. 350

APPENDIX B [Continued)

SMAMBTL

SMM[1995)
5341
28
LT
a4
5411

0
54

25

158
1.
588

ShabA| 1958}
SEE0

556

4

5117
5479

i
38

SEI0
148

5176
5542

ALL COBL COPROCESEING

Ciperabng Costs

Coal, 5290 fhon AR
Caatalysi & Chemicals
LabonDvarhead
Adninistrativ Labor
Local Taxes & Ins, i@
Chher

GROSS OPERATIMNG OOST
Sulur, B0 fon
Brmimeonia, 150 fan
TOTAL BY-FRODUCT CREDITS
MET OPERATIN COST

200 %

ALL COBL SOPROCESEING

Olperabng Costs

Coal, 5290 hon AR
Catakyst & Chamicals
LaboaOvarhaad
Adninistrativ Labar
Local Taves & Ins, i@
Chber

GROSS OPERATING COST
Sulur, B0 feon
Arrmsania, 150 fon
TOTAL BY-FRODUCT CREDITS
HET QPERATING COSTS

2.00%

ShAM(1998)
F2VE
558
8.0
s1a
583
515
3535
519
50.0
514
351.7

SM(1998)
5553
5138
10

524
3178
525
1091
538
s0.0
£3.8
51054
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Case TADMANCED IECC PLUS FUEL CELL

Consiruchon Cosl M1 985
Coal Handling Ly ke
GasihcabonQuenchiCin 3138
Alr Separation a3
Sulur Polishing 30
F-T Syniheses 3143
Hydrogen Ramaoval S0
02 Femaval 30
Redining 30
Heat AecPower Gan THE
Balamee o Flant 51

TOTAL 495
Effsciency 65 68%

Casa & S0FC Power, Sequastration of C52

Construction Cogl MM 958
Caoal Hamdling £14
GaslicaboniQuenchiCin 3140
Air Saparation 54
Sullur Padishireg =0
F-T Synthases 4142
Hydrogen Femaowzl 30
CO2 Removal 523
Fafinineg S0
Hesl FesFPoaer Goan 498
Balance of Fant 56

TOTAL 35650
Eftciency G§1.35%

Plassear
Lot ity

Powar
Cost, mils

APPENDI B | Contnusad)

Cagital Cost

Constmection Cost

Home Oifice, Fae 8405
Pracass Conbngency 200%

Project Cantngency 12.54%

TOTAL DEFRECIANTLE CAFTTAL

Start-up Costs 2.52% Capital
Ineamiony Capital TP GADC

TOTAL CAPITAL REQUIRED

5671 (MET)
aar

Capital Cosl
Construction Cost

Home Cffics, Fae 8.40%
Pracass Contingenoy 2,00%
Praject Contingency 11.55%
TOTAL DEFRECIABLE CAPITAL
Snart-up Costy 2.52% Capital
Ireariony Capital 7.7 GADC
TOTAL CAPITAL AEQUIRED

L2t 4

d41.0

ShAkA[1898)
Ba%h
342
310
362
a0a

315
7]

hEE

ShinA[ 1538
564

ELE
311
366
22t

nr
2]

T

Operaling Cosls

Coal, 220 Ron AR
Calalyst & Chemicals
LasonCrerhead
Adninestratie Labor
Local Taxes & Ins. &
Chthear

GROSS OPERATING OOST
SuHur, a0 fhon
Amimania, 150 fSon
TOTAL BY-FPRODUCT CREDITS
HET GPERATING COSTS

£ 00%

ALL COAL COPROCESEING

Cparating Cosis
Cioal, F20.0 fon AR

Catalysl & Chamicats
LatarCrnarhasd
Sedninsiratiy Labos
Local Taxas & Ing & & 005
CHhear

GROSS OFERATING COST
Sulur, 8O fon
Ammania 150 Men
TOTAL BY-FROGUCT CREMTS
HWET OPERATING COSTS

Sk 1598)

B2V
3049
sy
34
3123
1B
H650
519
300
TR
B3

SMM[1598)

5203
£11.4
8134
22
140
s
5714
320
300
%20
iR



APPENDIE B {Canchuded]
Cass 5 SOFC Powear, HE Sequesiration of CO2

Conslruchon Cosl M1 985 Cagital Cost
Coal Handling 25 Construection Cost
GasihcabonQuenchiCin 3253 Home THfice, Fae a.40%
Air Saeparatian 315 Pracass Conbngency 200%
Sutiur Polishirg 30 Project Cantngency 12.82%
F-T Siynihssrs 3143 TOTAL DEFRECIANTLE CAFTTAL
Hydrogen Ramaoval 58
C02 Removal A2 Start-up Costs 2.52% Capial
Fedining 50 Ineamiony Capital TP GADC
Heat AecPower Gan 121
Balarie o Flant L ) TOTAL CARPITAL REQUIRED
TOTAL Ze14
Efficiency G4.ATY% Power 5003 Hydrogen, MMSCRD
Dot mils 536 Hydrogen Cost. S50
T/RAMETY
Case 10 Z0FC Power, H2, Membane, Sequestration of 002
Construciion Cost End (1 298] Cagital Cost
Coal Hamdling 525 Canstrsstion Cosl
Gasificabon/QuanchiCin 5853 Hams Offica, Faa 8.40%
Air Saparation N5 Praocess Confingenoy 200%:
Sultur Podshirg 30 Praject Conbngency 13.75%
F-T Synthases 162 TOTAL DEPAECIASLE CAPTAL
Hydrogen Femaval 514
G032 Rermoval 50 Stan-up Costs 252% Capial
Fefining S0 Iwemiony Capital TIT% GADC
Heat FesPower Gan 3150
Balance of Flant s TOTAL CAPITAL REQUIRED
TOTHAL 794
Efficigncy Ll Powar 5187 Hydrogan, MMSCRD
lay as recieved II#G Coal Cost. mils d41.0 Hydrogen Cost. 2MSCI

$METY

ShAkA[1898)
5414
364
316
104
31.003

325
2]

31.037
149

$0.81
g2

Thike[1998)
704

&7
316
e
£aps

T

b2
31.019
150

2.8
LR

ALL COAL COPROCESSIMNG

Operaling Cosls

Coal, 220 Ron AR
Calalyst & Chemicals
LasonCrerhead
Adninestratie Labor
Local Taxes & Ins. &
Chthear

GROSS OPERATING OOST
SuHur, a0 fhon
Amimania, 150 fSon
TOTAL BY-FPRODUCT CREDITS
HET GPERATING COSTS

£ 00%

ALL COAL COPROCESSING

Operating Caosts

Coal, 3290 moen AR
Catalyst & Chamicals
LaborCreerhaad
Adninesiratiy Labor
Local Taxas & Ins. &
b

GROSS DPERATING COST
Sulur, 8O fron
Ammeania 150 fan
TOTAL BY-FRODUCT CREDITS
WET OFERATING COSTS

200%

Sk 1598)

8553
8163
5154
331
5203
525
EaRlE:
538
300
338
131

ThM[1098)

5553
51549
5180
31
1949
323
ENST
35T
00
337
e
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