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The role of hydrogen
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Now

Future

7.2 x 108 joules per year?!
(UK total energy = 8.1 x 108 J per year?)

ﬁ'#

98% from fossil fuel steam
reforming?

N
1.4% of emissions from fossil fuels
& industryt-4

Population growth
Unconventional oils
New applications ".-. | Q‘



Steam reforming UNIVERSITY OF LEEDS

CH, + 2H,0 - 4H, + CO,
AH, = +165 kJ mol,,*

10 kg CO, per kg H,>®

First patent in 1912
Efficiencies over 80%°
Lowest cost route to H,°




Bio-oil steam reforming UNIVERSITY OF LEEDS

Pyrolysis
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Reforming
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Research question UNIVERSITY OF LEEDS

How does bio-oil perform in a steam reforming process?

How do advanced steam reforming techniques enhance
this performance?

Key performance indicators are:
- Hydrogen yield

- CO, emissions

- Thermal efficiency

« Cost
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2. Conventional SR of bio-oll

Process modelling



Process modelling
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Flue gases
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- Bio-oil modelled as surrogate mixture
- Industrial pressure (30 bar) & scale (10-100,000 Nm3/h)



Process performance at 30 bar
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Yield (wt%, moisture free)
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Process performance at 30 bar  ynwersity oF Leeps
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CO, emissions
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3. CCS In bio-oll reforming

Preliminary study

12



CCS In steam reforming
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Hydrogen generation in the IEA 2°C high H2 scenario

United States

TWh
)
o
o

U I I |
2010 2020 2030 2040 2050

B Naturalgas W Natural gasand CCS B Coal and CCS

I Biomass gasification

C' [ T T
2010 2020 2030 2040 2050

B Average mix electrcity

From IEA, 2015 [1]

1 Low cost renewable electricity
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CCS: locations UNIVERSITY OF LEED
1 bar
25 mol% CO2
Feedstock MEA

+ steam Flue gas o MDEA .

Air
Furnace CH,
30 mol% CO, 1 bar
Methanol (Rectisol ™) 60mol% CO,
DEPG (Selexol™) MDEA
MDEA Membranes
VSA Distillation

Diagram adapted from Soltani et al. [10]

Technology selections based on Im et al. [11] 14



CCS: impact of location
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Feedstock

+ steam Flue gas e

Water gas
shift

f
|

Furnace Alr
CH,

PSA off-gas

Capacity: 50,000 Nm3 h-1
Bio-oil feed: 34500 kg h!

Base

1land 2
case
CCS location Syngas or Flue
off-gas
% of total CO, - 81% 100%
CO, capture rate
From stream 0% 95% 90%
Process total 0% 77% 90%
Emissions (kg CO,/kg H,)
Captured
Biogenic 0.0 10.3 12.0
Fossil 0.0 2.4 2.8
Emitted
Biogenic 13.4 3.1 1.3
Fossil 3.1 0.7 0.3
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CCS: process net emiSSIONS ~ UNIVERSITY OF LEEDs

Process net emissions
= fossil emissions released - biogenic emissions captured

Bio-oil with CCS Bio-oil with CCS
(L or2) ©))

Bio-oil no CCS

Process net
kg CO,/kg H,

3.1 -9.6 -11.7

Simplified analysis - direct emissions from the process.
It does not represent a full LCA, but provides a benchmark:
Bio-oil SR with CCS has net negative emissions if:

 Total other life cycle emissions < 9.6 kg CO,/kg H,
 Bio-o0il production << 1.2 kg CO,/kg bio-olil
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CCS: modelling Rectisol™ UNIVERSITY OF LEEDS

[_,
| Furnace Theoretical Actual
CO, capture rate

From stream 95% 95%
shift Process total 77% 79%

(Ig/leittri]:gl(?”l‘") 1 Emissions (kg CO,/kg H,)
Process net -9.6 -10.0

Assumes PSA recovery = 80%

Thermal efficiency (with heat export):
No CCS: 78%
With CCS: 64%
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4. Advanced reforming

Improving H, production from bio-oil
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Sorption-enhanced
chemical Iooping UNIVERSITY OF LEEDS

Sorption Enhanced In situ CO, Heat from Enhanced
enhancement purity capture sorption yield
Chemical f f ( .
looping Autothermal Scalable

Il

STAGE 1 STAGE 2
Reduction, reforming, sorption Regeneration, oxidation
Fuel + H,0 all

|CaO%CaCO3l ' CaCO,>Ca0 l
' NiIO—>Ni l Ni=>NiO

H,, CH,, CO, H,0, CO, N,, CO, 19
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Thermodynamic analysis UNIVERSITY OF LEEDS

Autothermal operation Pressure Temp (K)  Yield M, purity
. - b % m.f. 1%
at industrial pressures (bar) (wt%om.f)  (mol%)
1.013 723 13.6 99.5
30 973 11.8 96.9

(S/C ratio = 2)

Carbon deposition o

(S/C ratio = 1)

Solid carbon yield
(mol/mol carbon feed)

500 600 700 800
Temperature (°C)

—NiO/C =0, CaO/C =1
NiO/C = 0.1, CaO/C =1
-+++ NIO/C = 0.3, Ca0O/C =1 20
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Modelling of sorption-enhanced chemical looping:
- kinetic data
- rigorous reactor modelling
- whole process modelling

Economic assessment

Techno-economic comparison of processes

21



Summary UNIVERSITY OF LEED

The challenge:
New methods to produce low carbon H, on a large scale.

A solution?

Bio-oil
: CCS captures
reforming bioger?\ic
IS a route to emissions
low carbon H

Advanced
steam reforming
improves yield,
purity and thermal
efficiency

22



il

References UNIVERSITY OF LEESS

1. IEA. Technology Roadmap - Hydrogen and Fuel Cells. 2015. www.iea.orq.

2. Statista. 2018. Top 20 countries in primary energy consumption in 2017 (in million metric tons of oil equivalent).
Available online at: https://www.statista.com/statistics/263455/primary-energy-consumption-of-selected-countries/
[accessed 20 June 2018]

3. Marban, G. and Valdés-Solis, T. 2007. Towards the hydrogen economy? International Journal of Hydrogen Energy.
32(12),pp.1625-1637.

4. Le Quére C, Andrew RM, Friedlingstein P, et al. Global Carbon Budget 2017. Earth Syst Sci Data. 2018;10:405-448.
doi:10.5194/essd-10-405-2018

5. Chen B, Liao Z, Wang J, Yu H, Yang Y. Exergy analysis and CO2 emission evaluation for steam methane reforming.
Int J Hydrogen Energy. 2012;37(4):3191-3200. doi:10.1016/j.ijjhydene.2011.10.102

6. Ozbilen A, Dincer |, Rosen MA. Comparative environmental impact and efficiency assessment of selected hydrogen
production methods. Environ Impact Assess Rev. 2013;42:1-9. doi:10.1016/j.eiar.2013.03.003

7. Rostrup-Nielsen, J.R. 2002. Syngas in perspective. Catalysis Today. 71(3—4),pp.243-247.

8. Abbas, H.F. and Wan Daud, W.M.. 2010. Hydrogen production by methane decomposition: A review. International
Journal of Hydrogen Energy. [Online]. 35(3),pp.1160-1190. Available from:
http://dx.doi.org/10.1016/j.ijhydene.2009.11.036.

9. Acar C, Dincer I|. Impact assessment and efficiency evaluation of hydrogen production methods. Int J Chem React
Eng. 2015;39:1757-1768. doi:10.1002/er.3302.

10. Soltani, R., Rosen, M.A. and Dincer, I. 2014. Assessment of CO2 capture options from various points in steam
methane reforming for hydrogen production. International Journal of Hydrogen Energy. [Online]. 39(35),pp.20266—
20275. Available from: http://dx.doi.org/10.1016/j.ijhydene.2014.09.161.

11. Im, D., Roh, K., Kim, J., Eom, Y. and Lee, J.H. 2015. Economic assessment and optimization of the Selexol process
with novel additives. International Journal of Greenhouse Gas Control. [Online]. 42,pp.109-116. Available from:
http://dx.doi.org/10.1016/}.ijggc.2015.08.001.

Reformer image from ThyssenKrup: https://www.thyssenkrupp-industrial-solutions.com/en/products-and-
services/chemical-plants-and-processes/organic-chemicals-and-petrochemicals/dehydrogenation-plants/overview/ 23



http://www.iea.org/
https://www.statista.com/statistics/263455/primary-energy-consumption-of-selected-countries/
http://dx.doi.org/10.1016/j.ijhydene.2009.11.036
http://dx.doi.org/10.1016/j.ijhydene.2014.09.161
http://dx.doi.org/10.1016/j.ijggc.2015.08.001
https://www.thyssenkrupp-industrial-solutions.com/en/products-and-services/chemical-plants-and-processes/organic-chemicals-and-petrochemicals/dehydrogenation-plants/overview/

