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Historical Development
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» Highly energy-intensive process.

» Significant improvement in the
early 20t century, only
incremental improvement in the
last 50 years.

Motivation
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> Highest CO, emissions intensity
among major commodity
products.

» Source of emissions is high energy
demand and production of
reactants (H, and N,).

Fertlllzers I. Climate Change and Enhancing Agr|cu|tura| Product|V|ty Sustamably Int Fertil Ind Assoc Fr. 2009;

Raw Materials

Raw Materials Used in Ammonia Production

%

w Natural Gas ™ Coal Naptha & Fuel Oil Renewables

» 99% dominance of fossil fuels for
both meeting energy demand as
well as reactants production.
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Steam Methane Reforming (SMR)
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«  Current state-of-the-art process. R it N ;

. Requires more than 7 reactors — involving dual ! S N\ 1 |
reformer combination (SMR + ATR), WGS, AGR, : : : :

and NH, synthesis loop. Synthesis Methanation l

*  Uses na?’tural gas as a feedstock. : NHye ™" [ Reecr ‘H-ZL:TZ Reacor [ :
. External heat input provided by burning natural : : : ,
gas, requiring an additional CO, capture ! ——— —— 11 —— \1—/ '
system. ' 1 Ammonia ! 1 :

: Off Gas Synthesis Loop ! I purification  Offgas Co, :

Appl M. Ammonia, 2. Production Processes. In: Ullmann’s Encyclopedia of Industrial Chemistry
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Coal Gasification

Raw Materials Used in Ammonia Production

1% I Flue Gases Coal Gasifier | 1Water Gas Shift (WGS) I
% | L1 Steam I
1 ’L e || [
67% l 1| ' I
I Coal —| 11 I
(I D Heat 1 1 Syngas Water Gas |
| Air —f Furnace |----—===s-—-- " Gasifier _l_P Cleanup > Shift I
I Steam — 11 :
Natural Gas M Coal Naptha & Fuel Oil Renewables I > I I
I — o, (R N I I
P I L e e e e e e e e e — - |
. Requires more than 8 reactors: involving a T T T ] -7 ; - :' : g - TT==- r
asifier, syngas cleanup, WGS, AGR, ASU, and : P! , . l
I 1 Ny I Synthesis H,l |
NH, synthesis loop. I T T Reactor =T Methanation I
| Air — ASU I | : I Reactor | AGR I
. Uses coal as a feedstock. | AN Jal |
. External heat input provided by burning I L v 1f°,,: l I
. . . I \, J/ | @ I\, y,
product syngas, requiring an additional CO, I :OffJ_ Flash £l 1_‘1 :
Gas Sl
capture system. : : : L )% : Offgas co, :
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Brasington RD, Haslback JL, Kuehn NJ, Lewis EG, Pinkerton LL, Turner MJ, et al. Cost and Performance Baseline for Fossil Energy Plants - Volume 2: Coal to Synthetic Natural Gas and Ammonia
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Two approaches to decarbonization

|
l 1

Refine the Haber-Bosch process Enhance Reactants production

* Developing better catalysts with milder
operating conditions and higher conversions.

* Process Intensification to reduce
thermodynamic equilibrium penalties.

* Use of renewable electricity for gas
compression and heating.

* Breakthrough alternative synthesis methods

— Electrochemical synthesis, photochemical

synthesis, Metal-nitride chemical looping,

biological synthesis, etc.

* Use of renewable electricity for ASU (N,
production).

* Retrofit CO, capture systems for CO, capture
and sequestration.

* Alternative synthesis route for H, production
— Renewable H, by electrolysis, biomass to
H,, Chemical Looping H, production, etc.
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Zhang Y, Nadgouda S, Wang D, Chung C, et al. 250 kWth high pressure pilot demonstration of the syngas chemical looping system for high purity H2 production with CO2 capture. Appl Energy. 2018 Nov 15;230:1660-72.
Shah V, Fan LS. Chemically and physically robust, commercially-viable iron-based composite oxygen carriers sustainable over 3000 redox cycles at high temperatures for chemical looping applications. Energy Environ Sci..
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Integrated Biomass Chemical Looping process (CL-3R)

* Involves a 3-reactor chemical looping
system and NH,; synthesis loop, requiring a
total of 4 reactors only.

e Uses biomass (carbon-neutral feedstock)
as raw material.

 Can be operated for fuel flexibility.

e Autothermal system, no external heat
required for CL process.

* Inherent sequestration-ready CO, stream.

Biomass —{ Reducer

Depleted Air 1 ) )
L I I
I: 1l
) H, +N,

11, | Synthesis
11 | Reactor

Combustor |[€=t=1 Oxidizer

I\ ) \ )

;r) ;“—/ 1 Off Gas
’ 1

Air Steam L _ _ _ _AmmoniaSynthesisloop

|
_ _ I Fluidized-bed chemical looping systems cannot achieve this process scheme; it
| Chemical Looping System | . . .
——————————————————— requires packed-bed reactors (moving-bed or fixed-bed).
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3 Step Approach

e Optimize process conditions

Process Simulations e Generate an optimized process flowsheet

/—

Experimental Evaluation e Experimentally validate simulation predictions

Calculate CAPEX, OPEX, and MSP

Techno-Economic AnaIVSIS Analyze the sensitivity of key economic factors




OHIO

SIATE Process Simulation Analysis

UNIVERSITY

1. CO, purity & Carbon Deposition
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2. Reducer Bottom Temperature
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3. Autothermicity
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30 - 1 200 * Varying steam flow rate for oxidizer reactor.
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1™ 2 e Combustor Duty < 0 kW
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h 8 for 100 kg biomass basis.
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Combustor Duty (kW) .
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4. H;/Nz ratio

— H,:N, Ratio
Combustor Duty (kW)

 Varying depleted air flow fraction.

1
|
[&)]

s
O z  Favorable operating condition:
:: - -10 % * HZ/NZ =3
T =  Operating Zone: Flow Fraction = 0.1625
145 ° e The above flow fraction of the depleted air

stream is sent to the oxidizer reactor.

0.0 0.2 0.4 0.6 0.8 1.0

Flow Fraction
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Sequestered
CO3

OCin Reducer

Gas Out

H;0

e Optimized flowsheet is integrated with the Haber-
Bosch process to analyze the ammonia yield.

* Absence of oxidizing species in the NH; synthesis gas
ensures no pre-processing before the Haber-Bosch
process.

"‘oo * The flowsheet is scaled up to 3900 tons/day NH,
| Compressed A production and used for further Techno-Economic
Heater Analysis.
* A scaled-down version of the flowsheet is used to
Ammonia Compressor extract process conditions such as flow rates,

Reactor
temperatures, etc., for Experimental Analysis.
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Experimental Analysis

Experimental Setup
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Reducer Reactor
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Oxidizer Reactor

100 10
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2 90 — 0, -9
S —— H,:N, Ratio . .
o 807 — Steam Conversion (%) | °  Stable gas concentration profile for 100
>
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€ _ . . .
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2 x . . . .
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Comparison for CAPEX & OPEX

1000

Key TEA considerations

* Baseyear=2018

* Plant Capacity = 3900 tons/day NH,

* Cost of feedstock:

 Natural Gas = $4.42/MMBTU
e Corncob =S$63/ton

 OC attrition rate =0.0114%

* Internal Rate of Return = 10%

e Value of tax credits:

e 45Q = 5$85/ton of CO,
e 45V =53/kgofH,

* Tax Rate =35%

e Cost estimates for equipment were obtained from
NETL baseline reports, which were further scaled
based on corresponding parameters and scaling
exponents.

Bl CAPEX (M$)
@ OPEX (M$/yr)

800 -

600 -

400

200

0 - .
SMR CL-3R

CL3R shows 36% lower CAPEX, but 16% higher OPEX
than SMR.
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Distribution of CAPEX

2.69% 8.45% 4%

18%
27.11%
, 20.42%
0.76% \ 2.84%
5.15%
3.94%

24.22% 3.83%

Il SMR Reformer [ ATR Reformer Sulfur Polisher Cansolv Flue Gas Capture
I WGS Units I MDEA AGR Unit Il CO, Compressor M Air Compressor

I NH,; Synthesis Loop M Methanation Reactor Il BOP Il Catalyst and Chemicals (Initial fill)

7.5%
0.91%

6.01%

2722%‘

9.91% '

[ Baghouse

36.27%

Il BCL System
Il Air Compressor M NH; Synthesis Loop Il BOP

Biomass Feeding System

8.89%

3.29%

CO, Compressor

Il Catalyst and Chemicals (Initial fill)

SMR
1. NH; synthesis Loop (24.2%)
2. Cansolv Flue Gas Capture (20.4%)
3. SMR reformer (8.45%)

CL-3R
1. NH; synthesis Loop (36.3%)
2. |Initial catalyst fill [mainly OCs] (27.2%)
3. CO, compressor (8.89%)
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Techno-Economic Analysis

Distribution of OPEX

8.68%
36.45%
37.18%
53.34%
9.99%
10.21% | 5.45%
m Fixed O&M = Raw Material Maintenance Material Catalysts | Fixed O&M = Raw Material Catalysts | Others
m CO, Removal Systems m CO, Transmission and Storage M Electric Power m Others Maintenance Material ®m CO, Transmission and Storage ™ Oxygen Carriers M Electric Power
SMR CL-3R

1. Electric Power (41.7%) 1. Feedstock (Corncob biomass) (37.2%)
2. Feedstock (Natural Gas) (36.5%) 2. Electric Power (36.2%)
3. Fixed O&M (10.21%)

3.

OC refill (9.99%)
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Minimum Selling Price (MSP)

1. Annual income = Income from NH; sales + 45V /45 Q credits

600 5557 W MSP (3/ton)
2. Annual production costs $543
= Raw Material costs + Fixed O0&M Costs + Variable O&M Costs 500 - $471
3. Annual Cash Income 400 + $365
= Annual income — (Annual production costs + Loan payment + Income Tax)
300
$237

4. Annual Present Value = Annual Cash Income * Discount factor
200

100

n
5.Net Present Value for nt"* year = Z Annual present value
1

SMR w/o CC SMRw/45Q CL-3Rw/o CC CL-3Rw/45Q CL-3Rw/ 45V

6. Net Present Worth
= Net Present Value for plant lifetime — (Total Capital Investment + Interest) A 50.3% lower MSP can be obtained using

7.MSP is determined iteratively by changing the selling price of ammonia the CL-3R process as compared to the SMR
until the NPW of the plant is zero. process.
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Techno-Economic Analysis

Sensitivity Analysis w.r.t OPEX factors
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Sensitivity Analysis w.r.t key economic parameters

Raw Material (30%)
Fixed O&M (20%) B
Variable O&M (20%)
CAPEX (30%)

Discount Rate (5%)

Credits (50%)

% Change in MSP

SMR

Sensitivity:
CAPEX > Discount Rate > Raw Material

Raw Material (30%)

Fixed O&M (20%)

Variable O&M (20%)

CAPEX (30%)

Discount Rate (5%)

Credits (50%)

—

T T T 1 T T T
-60 -40 -20 0 20 40 60

% Change in MSP

CL-3R

Sensitivity :
Credits > Variable O&M > Raw Materials
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» The Integrated Biomass Chemical Looping process generates a pure stream of H,/N, in a 3:1 molar ratio,
while simultaneously producing a sequestration-ready CO, stream, providing an excellent alternative to
SMR-based ammonia production process.

» The CL3R process is successfully optimized on ASPEN Plus software, and subsequently experimentally
validated, with results showing 100 % CO, purity in the reducer reactor and a 3:1 H,:N, ratio in the oxidizer
reactor.

» The techno-economic analysis reveals that ammonia production using the CL3R process can reduce the
minimum selling price by up to 57.5%.

Future Work

e Scale-up the technology to TRL 4-5 using continuous sub-pilot operation.
e Test for micro-emissions from the reducer reactor for solid fuels.
» Test for fuel flexibility with continuous operation.




%% Acknowledgements

UNIVERSITY

Huge thanks to my advisor, Dr. L S Fan, and our lab group.

Email: shinde.47@osu.edu



mailto:shinde.47@osu.edu

THANK YOQU!!




	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25

