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Project Overview \\\\\\\

Objective
. Demonstrate the technical and economic feasibility
Funding . "
of a novel, process-intensified and modular
- Federal: $1,600,000 Combined Hydrogen Heat and Power (CH2P)
» North Dakota Industrial Commission $500,000  technology, targeting scales less than 50 MW, (~60
« Singularity Energy Technologies: $20,000 MTPD hydrogen)
Team Funding Period of Performance
. UND: $1.470.056 « Start: 10/01/2022
- Envergex LLC: $579,944 » Stop: 09/30/2024

« Singularity Energy Technologies: $70,000



Small Scale Biomass to Hydrogen\\\\\\\

= Small scale (5 - 50 MW,) H, production from biomass
requires sufficient biomass (~200 — 2,000 mptd)

= Abundant biomass residues available in ND and MN

= Combustion for facility steam/heat/power does not
consume all biomass residues produced

Sunflower Processing facilities;

=  ADM Northern Sun Division, SunOpta, Smude’s
Sunflower Oil, CHS Sunflower

Sugar Beet Processing facilities;

= American Crystal Sugar Company, Southern
Minnesota Beet Sugar Cooperative, Minn-Dak
Farmers Cooperative

RDF/MSW Facilities;
= Minnesota Resource Recovery Facility

'Cao, X., et al. (2013). Journal of agricultural and food chemistry, 61(39), 9401-9411.
2Brachi, P., et al. (2017).. Combustion Institute-Sezione Italiana.

8Turzynski, T., et al. (2021). Materials, 14(10), 2484.

4Ganesh, T., Vignesh, P., & Kumar, G. A. (2013). Carbon, 35, 40-0.

Property Beet pulp? Sunflower RDF*
hulls23
% MC 6.9 9.61 5.5
% AC 6.2 1.2 16
% VM 75.4 82.7 57.5
% FC 18.5 16.1 15
S 0.2 - 0.35
C 51.1 46.21 37.5
H 6.7 6.06 6.5
N 3.4 0.88 3
(o) 38.7 46.58 27.5
HHV , MJ/Kg 20.29 18.11 -
LHV, MJ/Kg 18.92 - -




Steam-Iron 2.0! \\\\\\\

« Steam-Iron Process: Patented by Howard Lane in the early

3FeO + H,0 - Fe;0, + H, AHgyq.-50.5kl/mol
1900s

- First large-scale production of H, from H,O was by Lane Fe + H,O0 > FeO + H, AHg,oec -15.0kJ/mol
Hydrogen Producer

* Iron-oxide was the active component used in the process
"UNITED STATES PATENT OFFICE.

The steam-iron process was abandoned over time: OWARD 1ANE, O SIIMINGEAX, INGLAYD, ASSONOY 10 IVTZENATIONALE WA

COBRFORATION OF GERMANY,
PROCESS FOR THE PRODUCTION OF HYDROGEN.

H, produced low purity

1,078,686. ' gpecification of Letters Patent.  Patented Nov.18,1913.

o Drawing. Original application filed June 18, 1910, Serial Fo. 672,411, Divided and this application
. filed December 8, 1911,  Serial No. 884,808,

Poor stability of oxide material

all it concern " | will be assumed that the metal has just been
.T"Be i?mv:nm I, Howarp Lanz, g sub- | oxidized dm-mgk the hy: n producing 40

éﬁ:t of the King of Great Britain, mhl.d resi- Eeha?e.ﬂ'}l;hat I;szl I';:ec‘;.rhou T ggh;le; ]::Eu::;

. i *dent, of 125 Edmund street, Birmingham, in | ties left by the preceding reduction p}

H, via hydrocarbons cheaper/Better economies of scale 6 e oty of Warwik: Snglan, hav i | herupon go 5 o by siung i tndr

vented certain new and useful Improvements | pressure to the retori and the products o
in a Process for the Production of ﬁHydrcu mbl}:stlol'l %hemgdd.llﬁg.rgoefd ;;tgo tﬁ% :;.- 45

i i i gen, of which the following is a specification, | mosphere. The admission j -

" Thi ication i i p- | tort and the discharge of the products of

Thermodyngiicelglies e gt e o o my ap| o . the G of e e
ed the 16th June 1910 Serial No. 5111'2],:111. ' ; 8 i&tnolll'fttid and I;ﬁ:::hﬁ;o:ﬁﬁ n';ge ::12:;‘“ 5

ig i i e ) 0 8 gas- -
....?Ef; ) ?E.ﬁ::&tﬁr}:nﬁi :f whiglr: ing apparatus. en the reduction stage

Lane, H. (1913). U.S. Patent No. 1,078,686. Washington, DC: U.S. Patent and Trademark Office.
Voitic, G., et al. (2016). High purity pressurised hydrogen production from syngas by the steam-iron process. RSC advances, 6(58), 53533-53541.
Thursfield, A., & Metcalfe, |. S. (2013). High temperature gas separation through dual ion-conducting membranes. Current Opinion in Chemical Engineering, 2(2), 217-222. 4



Combined Hydrogen, Heat & Power \\\\\\\

CH?2P (Combined Hydrogen, Heat and Power)
CH’P Reactor

syngas —|— [ 5CU o)
Steam—|1— |
| s || ) o,

» Three step process: 1) Oxy-gasification of low carbon — Heat to Power

-~ —> H,

fuel, 2) Syngas oxidation with oxygen carrier, and 3)

Oxidation of oxygen carrier with steam/air

— > N,

Air

» Leverages advances in chemical looping combustion

L » Water

KEY
CH2P: Combined H,, Heat & Power

and high temperature systems to improve stability and i
i SCU: Syngas Conditioning Unit

Material

Plate S2H: Syngas to Hydrogen

I
I
I
|

purity : Support%‘
|
I

S2P: Syngas to Power

* |nterestin distributed, small-scale H2 pl’OdUCtiOﬂ """""""""""""""" I OC: Oxygen Carrier

* Intensification for co-production of heat and power



Project team

 UND’s College of Engineering and Mines Research Institute (CEMRI)
* Mr. Junior Nasah (PI), Dr. Johannes (Hannes) Van der Watt

» Two research engineers and three graduate students

* Envergex LLC (small business partner)

e Dr. Srivats Srinivasachar /

. Singularit)t/ Energy Technologies (Small business, Sandwich™ Gasifier
consultant)

* Dr. Nikhil Patel

WASTE TO ENERGY RSITY O




Team Organization \\\\\\\

Dr. Daniel Laudal — Director
) Mr. Junior Nasah (PI) — Assoc. Director
College of Engineering & Mines Research Institute

US Dept. of Energy %?X Sub-contractor
Spai s rations

National Energy Technology Laboratory Dr. Srivats Srinivasachar, Envergex

Task 1 — Project Task 2 — Development and TE]lESk “;’ B Labm;a(t)o 157 SR Task 4 — Integrated Task 5 — Preliminary
Management and Planning Evaluation of Novel OCM Va];latlon or Lxygen- Hydrogen Production TEA
own Gasifier
Nasah (Lead) Srinivasachar (Lead) Van der Watt (Lead) Van der Watt (Lead) Nasah (Lead)
Laudal Nasah Nasah Nasah Laudal
Srinivasachar Van der Watt Patel (SET) Srinivasachar Srinivasachar
Graduate Student Engineer / Scientist Engineer / Scientist Patel (SET Consultant)
Graduate Student Graduate Student Van der Watt

Graduate Students



Technical Approach \\\\\\\

Five Key Focus Areas

Syngas
1. Develop oxygen carrier materials (OCM) and evaluate cyclic Production

performance with syngas and steam (Task 2)

2. Characterize syngas quality from oxy-blown Sandwich™

gasification (Task 3) . CH2P Syngas to
eat P heat &
: : : integration rocess cat
3. Produce high purity H, and compression-ready CO, (Task 2, Elements power

4)

4. Test integrated laboratory unit of Sandwich™ gasifier and
CHZ2P reactor (Task 4)

Syngas to
hydrogen
conversion

5. Perform TEA of process including pathway to $1/kg of H,
(Task 5)




Project Status

Activities ongoing in all focus areas

Oxygen Carrier Material (OCM) development

Gasification testing

OCM testing in a tube reactor

Construction of bench CH?2P

Techno-economic analysis

AN\

Project Management Plan
Technology Maturation Plan

Synthesis Gas Characterization
Down-selection of OCMs

Extended cycling of OCM completed
Gasifier Heat Mass Balance Completed

Integrated Testing Completed

Integrated Heat Mass Balance
Completed

Final TMP
OCM Development Report

Techno-Economic Analysis

10/30/2022

12/28/2022

4/30/24
3/28/24
7/1/24

6/30/24

9/1/24

9/16/24

9/30/24
4/25/24
9/30/2024



Project Schedule

Start Date |End Date | 10/22-12/22 | 1/23-3/23 | 4/23-6/23 | 7/23-9/23 [10/23-12/23| 1/2a-3/24 | aj2a-6/2a | 7/2a-9/2a |

Task 1 |Project Management and Planning

1.1 Project Management Plan|  10/1/22 9/30/24

12 Technology Maturation Plan 1172722 8/1/24

Mileston 1 - Kickoff 11/2/22 +
Milestone 2 - PMP Updated 10/28/22 *
Milestane 3 - Preliminary TMP 12/29/22 *
Milestone 10 - Final TMP 9/30/24 *
Quarterly and Final Reports * * * * * * * *

Task 2 |Development & Evaluation of Novel Oxygen Carrier Materials

2.1 Laberatory Scale OCM Manufacturing|  11/2/22 3/28/24 ]

22 Characterization and Performance Testing 1/9/22 3/29/24

2.3 OCM Lifetime Evaluation| 12/1/23|6/31/24 ]

Milestone 5 - Downselection of OCM 3/28/24 *
Deliverable A- OCM Development Report 4/25/24 *
Milestone 6 - 1000 hr cycle completed on downselect 7/1/24 *

Task 3 |Lab Scale Evaluation of Oxy-Blown Gasifier

3.1 Feedstock Procurement & Characterization 1172722 1/31/23 |

3.2 Heat Distribution Modelling and Equipment Upgrade 1/3/23 1/15/24 ]

3.3 Synthesis Gas Production 5/15/23 4/30/24 |

Milestone 4 - Synthesis Gas Characterization 4/30/24 *

Task 4 |Integrated Hydrogen Production

41 Catalyst Manufacturing 9/1/23 2/15/24 I

42 Hydrogen Reactor Fabrication a/1/23 4/30/24 [

43 Integrated Testing 1/2/24 9/1/24 I ———

Milestone 8 - Integrated Testing Completed 9/1/24 *
Task 5 |Preliminary Techno-Economic Analysis 10/15/23 9/30/24 |
Milestone 7 - Gasifier Heat Mass Balance 6/30/24 *
Milestone 9 - Integrated Heat Mass Balance 9/16/24 *
Deliverable B - Techno-Economic Analysis 9/30/24 *

AN\

Green is completed
Red is changes
Black is original



Technical Approach \\\\\\\

Focus Area 1

Syngas
1. Develop oxygen carrier materials (OCM) and evaluate cyclic Production

performance with syngas and steam (Task 2)

2. Characterize syngas quality from oxy-blown Sandwich™

gasification (Task 3) . CH2P Syngas to
eat P heat &
: : : integration rocess cat
3. Produce high purity H, and compression-ready CO, (Task 2, Elements power

4)

4. Test integrated laboratory unit of Sandwich™ gasifier and
CHZ2P reactor (Task 4)

Syngas to
hydrogen
conversion

5. Perform TEA of process including pathway to $1/kg of H,
(Task 5)

11



Focus Area 1

Evaluate OCM Performance

A.

Baseline OCM — H, Production

1 Determine cyclic syngas conversion performance
J Evaluate reaction rates in packed bed
O Determine effect of impurities

. Perovskite — Syngas Conversion

v Prepare perovskites by
v Pechini method
v Mechanical mixing
] Evaluate syngas conversion in packed bed

P-OCM - H, & Syngas

U Prepare perovskite-baseline blend and evaluate

AN\

A) Testing:
Baseline TGA |«

OCM PBR
B)

0 Pelletization P-OCM
. (Ver1)

C)
PeIIetlzatlon

..0 iy ’ P-OCM

(Ver2)

@ Perovskite, ABO;, key ingredient
@® FEH31, Baseline material

12



Thermodynamics

0.800

 Thermodynamics
determined by Baur-
Glaessner diagram

0.700

» Diagram identifies -
equilibrium CO and H, z
conversion as function [
of temperature g

 Also identifies
conditions for carbide
formation B

0.200
450

AN\

815, 0.650

11. 0.25Fe,0, + H,(g) €3 0.75Fe H,0(g)

7. 0.6Fe0 + CO(g) <> 0.2Fe,C + 0.8CO,(g)

B‘IEOIF-H
Ei-COr
ZEJ

#
,“4—4 6.0.5Fe0 + CO[g) €5 0.25Fe,C + 0.75C0,(g)
0:15?"-"('0
CO\%
O
\ﬁ('o‘
E_‘x" wvl
& 8
e o
o o %%+ coy
*L bgg;y . # .E} = 3FEO+ co
O s (e)
é{?' 2' y ’ 1«)
'5\ (P\!}l ) s . ,.r:eao y
' or L’ *lg) o
Kol Yoo
>l Qe
e 14. CO(g) € 0.5C(s) + 0.5C0,(g)
500 550 600 650 700 750 800 850 200 950 1000

Temperature (°C)



Baseline OCM (FEH31, developed in FE0031534)

] Developed in previous project (FE00031534)

J Multi-cycling tests ongoing (~70 cycles of 1000) with
100% CO/CO2 (reduction) and 100% steam (oxidation)

Stoichiometric Conversion of OCM to H, Varying test
180% : conditions
160% ‘
140%
- ‘ FeO - Fe .
= 120% Cyclic performance
(48]
u.' 100% [ N — T T i (L oPeee 50% ——%C0 —%H2 —% CO2
2 80% i
|.|I. R 40%
o ‘ i IV NN NN
= 40% | Fe,0,-> FeO -§ 30%
L
20% v < § 20% / ( f/ / (
0% — ; 10%
0 10 20 30 40 50 60 70 80
0% : .
Cycle Number . 200 400 600 800

14



Focus Area 1A AN\

Basellne OCM (FEH31 ) Velocity Dependence
10
9 o ¢
I = 8 e
dDeveloping model for reactor performance £
£ s L
U Temperature dependence 3 3 s
=5
1
U Pressure dependence o . , . .
U(.‘(T— T ) Ur0.5(cm/s)
riAHp, ————=
d Determi ffect of i iti e = Temperature Depend
etermine etrect or Impurities W SEC, o emperature Dependence
= 8
E
Variation of Reaction Rate with: g 6 o
Tipe of E 4 .
Limitation Velocity Farticle Size Temperature 8 _____ o
Z 2 -
External diffusion [IEE ()32 @ _ B L LR o
Internal diffusion gﬁ:pﬂﬁ? (dy)! Exponential % =~ pngp [1 ¢3¢M ISO(IDP Pl + 1-750} o L*
Surface reaction Independent Independent Exponential 700 750 Temp. (°C) 800 850

15
Fogler, H. S. (2010). Essentials of chemical reaction engineering: essenti chemica reactio engi. Pearson Education.



Metal

salts

a

Metal polyester gel
before curing

Final Perovskite

Sample post curing

Focus Area 1B

Pelletizer

TGA Testing

Perovskite via Mechanical Mixing

Cured perovskite

Metal compounds

A

3

16



Focus Area 1B

Preparation methods for perovskite completed

Both production pathways showed similar purity

Testing of perovskite for syngas conversion

ongoing

Pelletized Perovskite Material

Before curing After curing

AN\

Pechini Method

Intensity (a.u)

A AN A —
20 30 40 50 60 70 80
20 degree

Mechanical Mixing
= Method
s
.‘."qa:‘;
__L h JL A___j\L N A
20 30 40 50 60 70 80

20

17



Focus Area 1B

Reversibility Tests

 Evaluated phase changes due to redox reactions on
perovskite powders

Air I N, Air [ H,
= 5
s ? Before reduction s T Before reducti
? (a) efore ‘.? (d) efore redauction
2 2
k5 k5
< £

3 ° after reduction El A after reduction

> Z A phase change

g © z (@

2] 5 N N

o c A AA

£ o 1 1 o 4 e® A A

= s e 2l el m e

5.\ = [

< i after oxidation S after oxidation

>

5 (c) % (f) . .

c

2 ® ° ce e A ® °

£5 rEl U U U E_»\__JJ

20 40 60 80 20 40 60 80
26 degree 20 degree

N, reduction and air oxidation runs: diffractogram of sample (a) before reduction; (b) after
reduction; (c) after oxidation. H, reduction and air oxidation runs: (d) before reduction; (e) after
reduction; (f) after oxidation

AN\

Cyclical Stability Tests

Objectives:

« Evaluated cyclical stability of perovskite in
» Reducing atmosphere: CO/CO, (N, background)
« Oxidizing atmosphere: Air

100.00%

99.50% ﬁ

99.00%

98.50%

Weight (%)

98.00% \J

97.50%

97.00%

165.00 465.00

285.00 345.00 405.00

Time (min)

225.00

18



Technical Approach \\\\\\\

Focus Area 2

Syngas
1. Develop oxygen carrier materials (OCM) and evaluate cyclic Production

performance with syngas and steam (Task 2)

2. Characterize syngas quality from oxy-blown Sandwich™

gasification (Task 3) . CH2P Syngas to
eat P heat &
: : : integration rocess cat
3. Produce high purity H, and compression-ready CO, (Task 2, Elements power

4)

4. Test integrated laboratory unit of Sandwich™ gasifier and

CHZ2P reactor (Task 4) Syngas to

hydrogen
conversion

5. Perform TEA of process including pathway to $1/kg of H,
(Task 5)

19



Focus Area 2

Objective: Characterize syngas quality

A. Process simulation of Sandwich™ gasification
(ASPEN Plus)
v Evaluate multiple equivalence ratios

v Validate with experimental data

B. Produce Syngas Using Sandwich™ Gasification
technology
J Oxy-gasification with CO, & H,0O
] Evaluate two biomasses (wood pellets & ag-waste)

O Tar sampling and analysis

NN

Discharge pot
20



Focus Area 2A - Process Model \\\\\Q

« Evaluated multiple equivalence ratios (ER)
* ER of 0.35 selected

: . ¢o _ Extent of Fe
 Oxidant ratios: 02 / C02 of 0.35/0.65 CO+CO,  conversion

CO/(CO+C0,) as a function of temperature and Equivalence Ratio (ER)

@ Specifications IProducIs Assign Streams Ilnerts IRestrictequuiIibrium [PSD lUl 0.8

Calculation option % 0.7 EXperImental
2 conditions Equivalence
-Operating conditions B 0' 6 rat|OS
Pressure 1 atm g --?— 0.5
© Temperature 840 C > gd ’ Hm0.15
) Heat Duty 0 |Btu/hr J 04 =0.25
-Phases 6 0- 3 ’
Maximum number of fluid phases 3 (@] 0.2 m0.35
Maximum number of solid solution phases 0 c : ’
Include vapor phase 8 0.1 0.45
["] Merge all CISOLID species into the first CISOLID substream 0
800 950

Temperature( C)
21



Focus Area 2B — Gasification \\\\\\\

« Biomass gasification
» Woodchips at 850 "C
« ~0.5 Ib./hr feed rate

« Sandwich™ Gasifier Design
» Multi-zone gasification
-« CO,+0,;H,0+0,
» Tar sampling
 Tar Protocol (CEN/TS 15439:2006)"

3 ~ —
< /
L N N N N N N N N N N N N N & § § N N N N N § N §N |}

« DCM under consideration

(i) Gasification unit; Tar sampling equipment — (ii) hot bath,
(iif) cold bath, (iv) pump and gas metering console

1. Anca-Couce, A. et al. (2022). Biomass and Bioenergy, 163, 106527. 22



Focus Area 2B - Gasification \\\\\\\

00/0 02 6% 02 350/0 02

Addition of O,

Addition of wood pellets Sampling train (no filter) 23

100

0.5 Ib/hr biomass feed rate

90
80

Tar Sampling

Gas composition (%)

Time (min)

——%C0 ——%H, ——%CO, ===CO(th) ===H,(th) =----- CO, (th.)

Saw good agreement between experimental
and ASPEN simulation




Technical Approach

Focus Area 3 — 5 (future activities)

1.

Develop oxygen carrier materials (OCM) and evaluate cyclic
performance with syngas and steam (Task 2)

Characterize syngas quality from oxy-blown Sandwich™
gasification (Task 3)

Produce high purity H, and compression-ready CO, (Task 2,
4)

Test integrated laboratory unit of Sandwich™ gasifier and
CHZ2P reactor (Task 4)

Perform TEA of process including pathway to $1/kg of H,
(Task 5)

AN\

Syngas
Production

CH?P Syngas to
in teHie?ttion Process heat &
& Elements power

Syngas to
hydrogen
conversion

24



Future Activities \\\\\\\

C0O,/CO/H,
Analyzer
* Focus Area 3 & 4 | Z"
» Construct a CH2P bench unit and integrate with 7 7
7) |--- /)< Electric Heater
.
lab gaSiﬁer unit Z i i Z/ Support Plate
/ [ I - S .- |
. % 7 @
- Evaluate H, and CO, purity S e 1 CSEP|
% | l
/ !JQ, - .
Syngas ) sueeort ;
» Focus Area 5 from— | fg e T
gasifier L | Syngas /Steam / Air
i
" : : % {j'/
» Preliminary design of commercial reactor 2 , :4
//////_ ji
 Techno-economic analysis @ 72z Al



Questions?

Junior Nasah
CEM Research Institute
University of North Dakota
nasah.domkam@und.edu
701-777-4307

AN\


mailto:nasah.domkam@und.edu
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