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Introduction

H, PRODUCTION...

Conclusions

O Is continuously increasing

O Fossil fuels represent the main source for hydrogen production.

O More than 80% is produced by Steam Reforming (SR) of natural
gas/methane in multi-tubular fixed-bed reactors.
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AT A

- Reactio K y penalty
- The larg Pure

> ST Shift Hydrogen
—» C02 en LY LY

Furnace LT Shift PSA
FUEL Reformer
) i CH4 + H,0 & CO + 3H, QiM% G 200kl AH®,qg¢ = -41 kd/mol T U e E;:m::: Universiteit
e Reactors 800-1000°C 200-400 °C University of Technology
by SrovP 20-35 atm

@ Department of
™ @  Chemical Engineering & Chemistry 12-11-2014 PAGE 2




Introduction

THE CO, PROBLEM

Conclusions

CO, is the main gas affecting the climate change. CO, concentration in the
atmosphere has increased from about 280 ppm in pre-industrial period till 390

ppm in 2010.
The IPCC summarized in a report different mitigation strategies:
~ 60 - . . . . .
S . Baseline emissions 57 Gt W CC519% Chemical looping is one of the
& ..
50 A — most promising technology
45 1 among CCS strategies.
40 A B Nuclear 6%
35 4
30 4 B Power generation efficiency
and fuel switching 5%
25 1 ¥ End-use fuel switching 15%
20 1
15 A BLUEMap emissions 14 Gt ... > End-use fuel and electricity
10 A efficiency 38%
5> | WE02009 450ppmcase B ETP2010 analysis g

2010 2015 2020 2025 2030 2035 2040 2045 2050
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Reactor concept

CAPTURE N

Conclusions

H, PRODUCTION WITH CO, niroduction

The goal is to develop an efficient process for hydrogen production with
integrated CO, capture

© Efficient: reduction in the number of steps in the steam reforming and the
achievement of auto-thermal operation.

© CCS system: a pure CO, stream provides an important contribution in the
reduction of CO, emissions and thus climate change

A novel reactor concept might be the solution...
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Introduction

MEMBRANE ASSISTED CHEMICAL Reactor concept
LOOPING REFORMING REACTOR Resuls

Conclusions

The novel reactor combines the advantages of chemical looping and membranes
reactors and solves drawbacks of benchmark technology

Depleted Air MeO/N, separation

(Reforming and water gas-shift reactiorD
are carried out in the same unit.

CO,+H,0 V
V » Heat is supplied by a warm oxygen carrier
H, perm-selective coming from the air reactor.
Hot MeO }mbranes V on
—— V *H, extraction through the membranes
Air reactor |- displaces the thermodynamic equilibrium
.. il CO+H,0 <~ CO,+H
Ve+OyooMe0 |5 S| A= a1 Ol towards products. Y,
AH® g0y <<0 % Cold Me__,| = [iHHI-
.;;;/ 73 CH, + H,0 « CO + 3H,
? ‘ AH® 05 = +206 k/mol
t
CH, +H,0 THE SYSTEM PROVIDES A HIGH DEGREE

Alr OF PROCESS INTENSIFICATION

VIDI project ClingCO, — project number 12365
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Introduction
Reactor concept

THERMODYNAMICS Results

Conclusions

The reactor concept has been analyzed with Aspen Plus and the calculations
are carried out at chemical equilibrium

General scheme of the different cases studied:

e NN EEDL L —————— ~
) / \
Air [
. l———> Depleted air
1 Technologies: l
I |
Pre-reformed I O SMR + WGS + PSA '
syngas (500°C) >: :—) Pure H, (R,T)
HT - heat I 0 MA-CLR :
—) | .
S ,/ 3 CO,-rich stream +
unconverted fuel
H,O HT - heat

Reactors

Group
B ..o o
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Introduction

Reactor concept

THERMODYNAMICS Results

Conclusions

Hydrogen recovery with the different reactor concepts

80%
S 70% - Conclusions
T 60% -
o .
S o % SMR+WGS+PSA concept is only
= 0 7 q . .
- interesting at very high temperatures. At
QL 40% - low temperatures CH, conversion is low
(@]
o -
L 30% - % Processes with membrane reactors
§, 200 — SMR+WGS+PSA achieve higher hydrogen recoveries.
o
= — MA-CLR
S 0% -
I

0% ; : : :

550 650 750 850 950 1050

Temperature [°C]
J.A. Medrano, et al. Int J. Hydrogen Energy 39 (2014) 4725-4738
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Introduction

GENERAL CONCLUSIONS Reattor concept

ABOUT THE CONCEPT Results

Conclusions

# The novel MA-CLR could provide a solution of several disadvantages of the
conventional technology for SMR, with some technological challenge

¥ Hydrogen recovery in concepts with integrated membrane reactors is higher than
in traditional processes.

#  Auto-thermal reaction with integrated hydrogen production and CO, capture could
be achieved in only one unit.

Question:

What happens when we consider NOT ONLY the reactor BUT THE WHOLE PLANT?

m = T U Technische Universiteit
@) Multiphase e Eindhoven
‘. React‘c))rs &’ University of Technology
' Group ’
' : . & Chemistr

nnnnnnnnnn

e . Chemical Engineering y ‘ 12-11-2014  PAGE 8
N— Enabling new technology




Introduction

Reactor concept

CONVENTIONAL PLANT OF SMR /gresuits

Conclusions

The scheme presented below does not represent the real plant for H, production.
It is much more complicated !!

CO; and
other
emissions
Pure
> T hift Hydrogen
Furnace LT Shift PSA
CO + Hzo Aad COZ + H2
AH®,59g¢ = -41 kJ/mol;
FUEL Reformer

CH, + H,0 < CO + 3H, T = 200-400 °C
AH® 5, = +206 kd/mol

T =800-1000 °C
P=20-35 atm

The objective is to compare the efficiency of the benchmark technology for SMR with the
whole plant including a MA-CLR concept
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Introduction

CONVENTIONAL PLANT S

RENES
Conclusions
air M — |
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CONVENTIONAL PLANT WITH et s

Reactor concept

CO, CAPTURE Resuls

Conclusions
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Introduction

MEMBRANE ASSISTED CHEMICAL Reactor concept

LOOPING REFORMING el

Conclusions

N, gas turbine air
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HEAT INTEGRATION MA-CLR
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IP steam m

Heat transferred, % of total heat

Retentate cooling composite curves

NG and NG+H,0
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Introduction

Reactor concept

RENES

Conclusions

The HT N,-rich stream is first
cooled down to produce the
required steam for the process
(steam cycle is not present). After
that, N, is expanded and released
to the atmosphere

Most of the H,O required for the
process is produced by cooling the
ultra-pure H,.

The retentate is only CO, and H,O:
- the system can be designed
properly

- No additional processes are
required for high purity CO,

0.1 0.2

0.3 0.4 05 0.6 0.7 0.8 0.9 1
Heat transferred, % of total heat
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Introduction

Reactor concept

MAIN ASSUMPTIONS (1/2) Results

Conclusions

Conventional Conventional

CO, capture - MDEA H,O condensation
Trer°C 890 890 600-700
Prer » bAr 32.7 32.7 32-50
S/C, mol/mol 2.7 4 1.5-2
Twes, C 400 400/270 -
Nz, psa %0 89% 89% -
(afterizezzi?gﬁ), bar 29.7 29.7 Poermeate
PH2,del » DAr 150 150 150
CO, pressure, bar - 110 110
Minimum CO, purity, % - >95% >95%
Py ST/ TU e s
. ,
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Introduction

MAIN ASSUMPTIONS (2/2) N

RENES

Conclusions

DATA Conventional  Conventional MA-CLR
CO, capture - MDEA H,O condensation
CHEMICAL LOOPING
Oxygen Carriers, %vol 20% NiO, 80%MgAl,04
Ter °C 600-700
ATprer °C 200
H, MEMBRANE
Minimum Ap,,, , bar 0.2
Permeate pressure, bar 1-5
H, selectivity infinite
Max temperature, °C 700
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Introduction

Reactor concept

COMPARISON THERMAL BALANCE /Rresults

Conclusions

COMPARISON SMR+WGS+PSA SMR+WGS+PSA MA-CLR
CO; capture - MDEA H,O cond

THERMAL BALANCE UNITS
NG mass flow rate kgls 2.62 2.81 2.62
H, mass flow rate kgls 0.75 0.75 0.91
Electricity prod/cons
Air Compressor/Air Fan MW -0.68 -0.91 -5.73
Gas turbine expander MW - - 4.07
H,, compressors MW -2.27 -2.28 -9.03
CO, compressors MWg| 0.00 -2.23 -0.60
Steam Turbine MWe 3.23 3.80 -
LP/HP pumps MWe -0.21 -0.29 -0.04
Other Auxiliaries MWe -0.05 -0.11 -0.12
Net electric power MWe 0.03 -2.03 -11.44
Heat export/import
Steam (160°C, 6 bar) kals 3.94 1.94 0.47
Steam heat content MW 8.57 4.29 1.03
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Introduction

HOW TO COMPARE THE Reattor concept

PERFORMANCE? Results

Conclusions
H2 Ner = 58.3%
NG E, = 351.7—9¢02
el — .
kWhel,,
CO,
Nen = 90%
kgcoz
. Eep = 2279
Heat Electricity o KWh,
. .. My, *LHV y
@ : - 2 2
Reforming Efficiency : Mz =
® Heat OUtPUt: ch = msteam,imp/exp * (hstemn@ébar - hliqsat@&bar)
@ Equivalent NG mass: MyGea = My — fth__ ___ Y
e LHVNG*Nth  LHVNG*T]el
. . . . my., *LHV
® Equivalent H, production efficiency : 7z, = - 22 2
’ MyGeq*LHV NG
. . . _ Mcoz2vent
® Specific CO, emissions: F = —————
My, *LHV g,
@ Equivalent specific CO, emissions per unit of heat and electricity :
E = Mco2,vent=Eel*Wel—Eth*Qth . -
eq 'Ith*LHVHz TU e L?;:r;.g.:g: Universiteit
University of Technology
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Introduction

Reactor concept

COMPARISON PERFORMANCE /resuits

Conclusions

CO; capture - MDEA H,0 cond.

PERFORMANCE UNITS

Ref. efficiency MNH2 MWHZ,LHV/MWNG,LHV 0.74 0.69 0.89
Equivalent NG mng.eq ka/s 2.42 2.88 3.02
H, yleld knmoIHglkmoqu,cm 2.47 2.29 2.98
Eq Ref. efficiency NH2,eq MWHZ,LHV/MWNGeq,LHV 0.80 0.67 0.78
CO; specific emissions, Eco,  Kgco2/MWhg Lhy 76.91 12.70 0.00
Eq COs, Spec. em., ECOZ,eq kgCOZ/MWhNG,LHV 70.88 11.88 9.64
CO, avoided, ¢ - - 0.83 0.86

MA-CLR concept converts mostly NG into H, — the system is designed to maximize the H,
flow through the membrane

Due to the high power consumptions (mainly H, compressors) of the MA-CLR concept the
reforming eﬁiCienCy dfOpS - Tppermeate and Tpretentate

Carbon avoidance is accounted also for the equivalent CO, required for the production of

electricity (membrane systems)
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Introduction

Reactor concept

FINAL CONCLUSIONS Results

Conclusions

« CO, capture in the benchmark technology: the main efficiency decay
(14 pp) is represented by the CO, consumptions and the less
steam export (higher S/C and AGR reboiler)

- Membrane reactor: high process intensification + very low
efficiency decay (= 1 pp).

** High electric consumptions: especially because of the low pressure of
the H, at the permeate side

% Low cost CO, separation technology

7

%* Possible scale-down to medium-small applications
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Introduction

Reactor concept

FINAL CONCLUSIONS Results

Conclusions

« Challenge: In MA-CLR a HP circulating FBRs is required for the
chemical looping process

TECHNO-ECONOMIC DECISION

e H, production: higher membrane area or higher pressure difference across
the membrane is necessary. However, the system already produces
between 13-20% more H, than conventional plant.

e Power consumption is the main issue of the membrane-assisted plant:
optimization is required also according to the economics of the systems. In
case of MA-CLR the higher pressure affects the GT selection and operation
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