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Project Goal T LABORATORY

* Challenge: Develop modular small-scale energy conversion with low emissions,
high reliability, low cost of product, and flexibility to respond to a myriad of
niche opportunities.

— Needs built around interchangeable components — facilitates upgrades at the component level as
new technologies mature

— Low cost technology via mass production in lieu of large scale
— Low emissions including CO,

— Support a portfolio of component technologies — Enables Energy Conversion designs optimized
for local niche opportunities (e.g., coal type, biomass, unique consumer needs)

— Provide framework for researchers to offer continuous improvement in costs, emissions, and
flexibility via Radical Engineering — leveraging advances in manufacturing, simulation, and
maturation of advanced technologies at reduced development time and cost
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New Approach - Tasks LABORATORY

* Task 5 — Oxygen Production for Gasification
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Project Goals

* Guiding Principle

* We want to understand how changes at an atomic level affect process performance and economics

* Specific goals
* Investigate solid materials that can separate oxygen from air
* Identify and understand how atomic level changes effect process scale properties
* Design and synthesize oxygen carrier materials for specific applications

* Design products and reactor systems that use solid carrier materials to deliver oxygen
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Fig 4. Schematic of fixed bed reactor system.

Atomistic Studies Lab-Scale Large-Scale Performance

Property Testing Process Testing and Economics
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Binary Oxides Ferrites Perovskites

* Inexpensive * (Can be used for partial  FHasily reduced/oxidized

. oxidation iy s
* (Can have good reactivity * Compositional flexibility

* Limited operating * Ideal for gasification * Tuneable oxygen capacity
temperature range * Compositional flexibility and temperature range

* Potential agglomeration e Stable e Stable
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Ferrite Carrier Materials

Process Overview

* Novel mixed metal oxide oxygen carriers (MO)

CO (Main)

/CO2

' | Endothermic

Fuel
Reactor

have unique characteristics

e They directly react with coal to produce

iExo._th;:ermfc

CO (no full combustion)
* Reduced metal ferrite can be oxidized
with steam to produce H2
* Fuel reactor: Coal reacts directly with MO to

Steam
oxidation
Reactor

produce reduced metal oxide and CO (useful
product)
e Steam oxidation reactor : Reduced metal (M) is

oxidized with steam to produce pure H,
Reaction is exothermic.
e Air reactor: Reduced oxygen carrier is oxidized

MO + C -> CO/CO2 + M HEG

with air to generate heat for the fuel reactor

2M+ 02 -> 2MO M +H20-> M + H2, AHgqo= -174 K

.S. DEPARTMENT OF
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Advantages of NETL Process

Current Commercial Coal Gasification to Produce H2 NETL Process
Syngas  Particulate Gas Shift ~,,< /(
Coul Removal  Cleanup Reacto Chemicals
F— ==

% Fydr Carbon Dioxide :
en
Sulfur By-product Sopir;gion Utilization & Storage Reduction Reduced OC
% Reactor
Hydrogen

Fly ash By-product

Air Separato Oxygen Carrier
| |<—Air (0C) Oxidized OC
Oxygen | Compressed Air

i { 3

b

g T am— X

Ry

Generator
Petroleum coke, Air ——T Heat Recovery
Steam Generator
Steam k
v Stock
Slag By-product

A
ri

» Coal + 02 —Air Separation Unit (ASU) required = CO + H2

»CO + H20 - H2 + CO2 — Water gas shift (WGS) reactor required
»Pressure swing adsorption (PSA) used for separation of H2 and
CO2 — Added separation cost

»Temperatures are above 1100 C

, U.S. DEPARTMENT OF
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Oxidation
Reactor

Reduced OC
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Advantages of the NETL process

> Oxygen supplied by oxygen carrier -Air
separation unit not required — cost reduction

» Pure H2 is produced in the oxidizer —

» Water gas shift reactor not required -NETL
systems study (DOE/NETL-2008/1307)
sﬁowed the steam decomposition process is
more cost effective than water gas shift reactor

» PSA for CO2/H2 separation not requited —cost
reduction
» Temperatures are lower — 750-800 C — cost
reduction

» Cost of the oxygen carrier - low — Expected
$76 per ton

» Initial MO reduction can be performed directly
with coal or methane — A strong reducing gases
such as syngas is not required as in iron oxide-
steam process
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Research Overview TL

* Fuel reactor: Characterization of coal and calcium ferrite reaction
MO + C -> CO (Main) + CO, + M
* Identification of phases during various stages of reaction X-Ray diffraction
(XRD)
* Oxidation reactor: Study oxidation of reduced calcium ferrite with
steam to produce hydrogen

M+ H,0->MO +H,
* Bench scale reactor studies with various coals
e Kinetic studies
* Multi cycle tests
* Tests with a sample from large scale preparation
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TGA: Reaction time impact on oxygen

XRD: Phase reorientation w.r.t. sampling interval
release (Controlled reduction sampling)
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Research Overview TL

* Fuel reactor: Characterization of coal and calcium ferrite reaction
MO + C -> CO (Main) + CO, + M
* Identification of phases during various stages of reaction X-Ray diffraction
(XRD)
* Oxidation reactor: Study oxidation of reduced calcium ferrite with
steam to produce hydrogen

M+ H,0->MO +H,
* Bench scale reactor studies with various coals
e Kinetic studies
* Multi cycle tests
* Tests with a sample from large scale preparation
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Inletand

------ Centerline
Heated Thermocouples —D-

Reactor Tube
ID: 7mm

o

Sample
(25.4 mm)

_| QuartzWool
Packing

------ Furnace

Syringe Effluent

Pump Dryer

e Coal (0.6 g) mixed with oxygen carrier (4.5 g) placed in the reactor

* Temperature ramp from ambient to 800-850 °C in Helium at a ramp rate of 4°C/min)& flow rate of
100 cm3/min (0.1 L/min)

* Isothermal for 60 min.at final T

*  When CO level reaches 500 ppm at 800-850 C, 15-25% steam was introduced

e Reactor off gas analyzed by mass spec.
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Ferrite Carrier Materials =
H, Production Studies
Effect of steam concentration (10-25%) on Effect of flow rate on oxidation of reduced
oxidation of reduced CaFe,0, at 850 °C CaFe,0, at 850 °C & 25% steam
0.0012 0.005
[ 2504 T=850 °C
H,0-25%
0.001 ‘ 0.004 T=800 °C
_0.0008
g ’g 0.003
20.0006 . 8 150 E .
= 0.0004 H,0=10% T 100
0.001 sccm
0.0002 ¢
0 0 20 40 60 30 100 ’ 0 10 20 30 40 50 60

Time (min) fime (min)
 Increasing the steam concentration increased H, production rates of reduced CaFe,O,.
« Similar increase in H, production rates was observed with increasing flow rate

» Data indicated that the oxidation with steam was very fast

S. DEPARTMENT OF




Ferrite Carrier Materials

Evaluation of Coal Types
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Table 1a: Proximate and Ultimate Analysis of Coal

Analysis

Component
(%wt)

%Moisture

%Ash

%Vol. Matter

%Fixed Char

%Ash
%Carbon

%Hydrogen
%Nitrogen
%Total Sulfur

%0xygen
(diff)

Illinois #6

(Bituminous)

NA, dry basis
13.39

40.83

45.78

13.39
66.05

4.59
1.14

5.53

9.3

Wyodak Coal

(Sub Bituminous)

NA, dry basis
7.57

44.86

47.57

7.57
69.77

5.65
0.94

0.43

15.64

Coal Type
Powder
River
Basin Mississippi
(PRB) Lignite

(Sub
Bituminous)

NA, dry Na, Dry

basis Basis

8.83

40.83

50.34

8.83
67.24

4.23

1.53

0.38

17.79

25.71

43.76

30.53

25.71
51.75

3.57

1.27

0.73

16.97

Texas
Bottom

Seam
(Sub
Bituminous)

Na, Dry
Basis

15.81

47.4

36.79

15.81
62.53

4.74
1.23

99

14.69
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Lignite

Sub Bituminous

Bituminous
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Scale Up LABORATORY

Vent .—4'—' H2 production during steam oxidation at 800 C
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Liner — ® ;\'_’,“'. E 1 7.6 g 6 1 4 300 2‘
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— - Air = —P— RN, 41
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@ 18 800 team 0 50 100 150 200 250 300 350 400 450 500
= 14 - 700 o Reaction Time({Min)
- 600 ‘u-;
- - 500 5 -—e—CO
=1 (1]
£ 400 2 —eHz e Scale-up production demonstrated
o 6 - 300 —e—C0O2 . .
e, 00 B o e 300g Carrier with 40g Wyodak Coal
©, 100 * H, production rate by steam oxidation is higher than that with
0 L0 coal/steam
0 100 200 300 400

Time (min.)
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* Sub bituminous and lignite coals react directly with calcium ferrite to form

CO(main) and CO, (minotr)

* Oxidation of reduced oxygen carrier can be petformed with steam to produce

H,

* High conversions of H, (~80%) was achieved during steam oxidation at 800 °C
* Temperature in the range of 750-850 °C did not have any effect on the rate of

steam oxidation

* Steam oxidation rate was highly dependent on the concentration of the steam

* 25-cycle test with oxygen carrier reduction with coal and oxidation with steam

showed very stable performance

* Tests with oxygen carrier produced in larger scale has shown promising results

, U.S. DEPARTMENT OF
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Materials of Interest LABORATORY
Binary Oxides Ferrites Perovskites

* Inexpensive * (Can be used for partial  FHasily reduced/oxidized

. oxidation iy s
* (Can have good reactivity * Compositional flexibility

* Limited operating * Ideal for gasification * Tuneable oxygen capacity
temperature range * Compositional flexibility and temperature range

* Potential agglomeration e Stable e Stable
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Background
Perovskites are a well studied
type of oxide with the general °
formula ABO,
The first identified Perovskite .

was CaTiO,

: i * Replacement of noble metal catalysts in
A-site cation has a dodecahedral aut% mobiles y
coordination * Syngas production via reforming
B-site cation sits in the center of feactions
BO, octahedra * High Temperature Gas Sensors
. ., . . * Solid Oxide Fuel Cells 0
Ideal” structure is cubic though e Photovoltaics :
the size of the A-site cation can | e &
create diStOftiOﬂS et Bl e L L | | | | T 2 ? al
* Potentially Interesting Properties SpISR| * |LulhiiTe W [Re Onl x| B Sulte| 11| Po) B3 [Fo | &t Rn
.. Fr B **[ Ly [ B[ 00| 59| Bh)ta| Mt [OunUululy |l
* Superconductivity
* Magnetoresistance | | ol fr Nl omom Eu G| ) O o & | Y
. e ses | s Ba| § | No| Pu |Am|Ce| 8| G| Es | Fm| i o
° Fefromagﬂeﬂsm gon | suss | swes | swe | per | own | opey | ope 2en pin | pen | pen pm | pey
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* Applications

LABORATORY

Chemical looping combustion

* Potential CLOU candidates, if oxygen is
released into the gas phase

Pollution remediation

* NO, decomposition
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Tuning Oxygen Desorption in Perovskites LABORATORY
) 02-TPD on MM2950 M1
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3 e Collaboration with CMU and IDAES
8 ol *  Dominic Alfonso (NETL)
o * De Nyago Tafen (NETL)
- * David Miller (NETL)
0.0 . -
200 400 500 500 200 200 Christopher Hanselman (CMU)
Temperature (°C) * Chrysanthos Gounaris (CMU)
* Low-to-Moderate doping (x = 0 — 0.3) ¢ Using computational tools to investigate substitutional
 Systematic decrease in O, desorption temperature motifs in perovskite materials ong
e g
e Targer Ca** doping (x = 0.3 — 0.4) IDAES WY *
* Systematic increase in O, desorption temperature i LA \_ /“
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Investigation of optimum coal to oxygen carrier (OC) ratio

“=INATIONAL
Gas compositions during the temperature ramp of Wyodak coal (0.6)/calcium ferrite(4.5 g) in N— %élslch;lBLOGY
Helium and during oxidation with air at 850 C TL LABORATORY

Gas concentrations during T ramp with coal/OC

6 - - 900 25 -
T - 800 ]
- 700
—
[10]
- 600 3
=]
- 500 @
!
- 400 S
m i
- 30073 5

- 200
- 100

0 Time (min)

= 8]
w o
(I [ T T T T |

Concentration %
=
S

Concentration %

0 50 100 150 200 250
Time (min) 0012 | Coal-oxygen carrier/Temp. ramp

e Coal to OC ratio was varied to obtain full utilization of coal due to reaction i
with OC during the temperature ramp 0.008 Air oxidation

e 4.5 g of oxygen carrier to 0.6g coal was the best gom& |
* CO (main)/CO2(minor) was observed during temperature ramp with oxygen =
carrier o
e Coal was fully utilized-minimal CO2 during oxidation 0.002 '
* A small amount of CO2 observed during air oxidation may be due the 0 l H ‘ .

H2 CH4 CO2 during
oxidation

oxidation of coal remained in the walls of reactor not in contact with OC o2

U.S. DEPARTMENT OF




Effect of temperature on H2 production during steam NATIONAL

oxidation (MO Iinitially reacted with Wyodak coal) TL [FESHNoLoGy

Oxidation of reduced CaFe,O, with 25%

Degree of oxidation conversion (X) of reduced
steam/He at 750, 800, and 850 °C

CaFe,O, at 750, 800, and 850 °C with 25% steam.

0.0012 — ‘ 1 il —
i Steady state | _ -
| y stz | H,0=25% /. H,0-25%
0.001 | | 08 o
0.0008 | § - - = 800
5 ! 'E 0.6 -—==850
5 g ’
= 0.0006 | 2
E - 5
= £ 0.4
E !
0.0004 O
0.0002 0.2
0 - - L Ttm e b AT 0 . _
0 10 20 30 40 50 60 0 20 40 60 80
Time (min)

* H, production reached steady state fast
e Temperature had minimal effect on the
initial H, production

#=%, U.S. DEPARTMENT OF

Time (min)
Conversion rate had minimal effect on
temperature up to 80% conversion

Final conversion was only slightly higher at
higher temperature

24
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The extent of oxidation with different steam LABORATORY

concentrations (10, 15, 20, and 25%) at 750 °C.

0.03
1 I k=01133
R2=0.997 =0.1133y,
oo L y-oosx g4 0.025 r R>= 0.9829
: R2=0.9988 0.02
§ 0.6 T=750 °C =
% m10% H,0 B 0.015
o R
% 0.4 *15% =
@] A420% 0.01
" 25%
0.2 0.005 F
0 L 1 1 M 0 1 1 1 1 1
0 20 40 60 80 100 120 0 0.05 0.1 0.15 0.2 0.25 0.3

Time (min) Vo=Vmo(mole fraction)

» The uptake rates were analyzed by plotting conversion (X) as a function of time, which resulted in a straight line
indicating a linear rate

« A wide variety of rate laws were used to fit the conversion (X)-time (t) data

« The outcomes implied that the oxygen uptake can be best explained by a zero-order rate model

» Rate parameters related to oxidation were obtained from this model

#=%, U.S. DEPARTMENT OF
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H2 production data during cycle tests with N=|NATIONAL
Coal/MO/steam TL | Ecinooey

(Temperature ramp from ambient to 800 C, 15% steam at 800 C)

Hydrogen during Wyodak-15% steam 10 cycle

Experimental

Cycle 1 ycle yele 3 ycle ycle yele
6 _v e o - T o 000 e Mix MO:coal (4.5 g:0.6 g (Wyodak) or 9g:1.2g
. (Lignite))
14 ] - 800 * Ramp T from ambient to 800 °C
] \\ e Introduce 15-25% steam at 800 °C
12 Hydrogen i - 700 * Cool Back to ambient & remove MO
: l% Coal/OC/steam | 600 *  Mix MO with new coal Repeat T ramp/steam in the
¥ 10 s 2 next cycle
o I 1
kS | 500 g
£ | 3
g 400 3
S 69 a0 * H, production rates significantly better with
4] Blank oo MO/Coal/steam than that with coal/steam
coal/steam blank
2 o - 100
: ,_ N e Stable production of H, during the cyclic tests
0 o0 LI T I_ llllllllllllllllllllll T lllllll D . . .
0 50 100 150 200 250 300 350 400 450 despite possible MO loss during transfer
Time (min) * 80% steam conversion to H2
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Lighite coal — 25% steam 25 cycle T
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18 1 800
Hydrogen 16 700
@ 14 600 _
% 2 sno%
€10 2
E 400 =
® g g :
s cg S 6 ] 300
K 500§ 4] 200
bt
§ 400 g 5 1 100
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20 - 900
200 18 J - BOO
100 1 - 700
® 1 - 600
A g 12 ] song
150 200 250 300 350 i w5
Time (min) s & 3
=] 6] - 300
a . 200
2 100
* Stable performance was observed with lignite coal during 25 cycles AL AN

Time (min}
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Exothermic

HEAT e Overall process is endothermic

e Estimated endothermic heat for
t‘ Exothermic Endothermic fuel reactor is 558 KJ/mole of
' MO
Air Steam e Estimated exothermic heat for
Reactor oxidation steam oxidation reactor is 174
Ki/mole of MO

* Heat can be provided by M
oxidation with air if CO2
emission is a consideration

H20

NERGY 28
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