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Exploring the opportunities for carbon capture in modular, small-scale steam methane
reforming: an energetic perspective

Ishan SharnfaDaniel Friedrich Timothy Goldef and Stefano Branddii

& School of Engineering, The University of Edinbur@he King’s Buildings, Edinburgh EH9
3FB, UK

b Air Products and Chemicals, Inc., 7 Lieudit Ketquiuet, 29920 Nevez, France

Abstract

Small-scale steam methane reforming units produme than 12 % of all the G&equivalent
emissions from hydrogen production and, unlikedasgale units, are usually not integrated
with other processes. In this article, the autlex@mine the hitherto under-explored potential
to utilise the excess heat available in the snelles steam methane reforming process for
partial carbon dioxide capture. Reforming temperthas been identified as a critical
operating parameter to affect the amount of ex¢esg available in the steam methane
reforming process. Calculations suggest that refggrthe natural gas at 850 °C, rather than
750 °C, increases the amount of excess heat alaitgbabout 28.4 % (at 180 °C) while,
sacrificing about 1.62 % and 1.09 % in the therarad exergetic efficiency of the process,
respectively. Preliminary calculations suggest th& heat could potentially be utilised for
partial carbon capture from reformer flue gas,stractured adsorbents, in a compact capture
unit. The reforming temperature can be adjustexder to regulate the amount of excess heat,
and thus the carbon capture rate.

Keywords: Steam methane reforming; Small-scale; Carbon cap@&rand composite curve;
Excess heat
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Nomenclature and abbreviations

Exy,: Material exergy associated with produetdtream (W)
Ex;,: Total input exergy (material + shaft work) (W)
LHVy,: Lower heating value of Hper unit mole (J/mol)
LHVy: Lower heating value of NG per unit mole (J/mol)
my,. Molar flow rate of Hproduced (mol/s)

my. Molar flow rate of total NG input (mol/s)

WComp+blow: Cumulative power input from all the compressard blowers (W)
Wpumpsi Cumulative power input from all the pumps (W)

NEgy- Overall exergy efficiency of the SMR process
nrr: Thermal efficiency of the SMR process
CCC: Committee on Climate Change

CCS: Carbon Capture and Storage

CHP: Combined Heat and Power

CQOpe: Carbon dioxide-equivalent

EOR: Enhanced Oil Recovery

EoS: Equation of State

GCC: Grand Composite Curve

ICCS: Industrial Carbon Capture and Storage
L/HP: Low/High Pressure

LMTD: Log Mean Temperature Difference
MDEA: Methyl diethanolamine

MEA: Monoethanolamine

NG: Natural Gas

SMR: Steam Methane Reforming

TSA: Temperature Swing Adsorption

VOC: Volatile Organic Compound

V/PSA: Vacuum/Pressure Swing Adsorption



1. Introduction

In the long term, the Paris agreement aims to lthetrise in global average temperature to
well below 2 °C above the pre-industrial era lev&gen before signing the agreement, the
United Kingdom (UK), along with several other Eueap Union (EU) countries have made
significant progress towards reducing their cardmxide-equivalent (Ce2) emissions. For
instance, in 2008, the UK government passed thaa@é Change Act, with an aim to reduce
their CQe emissions by at least 80 % from the 1990 basédwel. The UK had already
achieved a 41 % reduction in their net&@missions by 2016, even though the economy grew
by 60 % over the same duration (Department for iBess, 2018). However, since 2012, three-
guarters of the reduction has been due to a derneasoal usage in the power sector
(Department for Business, 2018). Further scopediiction in CQe emissions is limited, even

if all the coal-fired power plants are closed (Coitbee on Climate Change (UK), 2017). In
fact, in the case of the UK, the transport sec® % of the total) has become the largest
emitter, surpassing the energy sector (25 %) ir62@ther significant sectors contributing to
the total CQe emissions include business and industrial (17 régidential (14 %) and
agriculture (10 %) (Department for Business, 20C3cbon Capture and Storage (CCS) is a
crucial strategy to reduce the carbon emissiongememewable sources cannot readily replace
fossil fuels, especially in the industrial sec#®drCommittee on Climate Change (CCC) report
to the UK parliament identifies CCS as a vital &gy to meet the UK government's target of
reducing CQe emissions to at least 80 % of the 1990 basetwvel (Committee on Climate
Change (UK), 2017). The report expects CCS to Bggmtly contribute to emission reductions
in the industrial and power sector.

Hydrogen (H) is an essential raw material used to produceatitommodity chemicals such
as ammonia and methanok id also used in large quantities for desulphunsadf oil refinery
products. Additionally, the proponents of the ‘hyglen economy' advocate; Hise in
applications ranging from transportation, residdrdnd commercial heating, stationary power
generation and energy storage. If the hydrogenaugrever becomes a reality, there are
primarily two scales at whichztould be produced, viz. large and small.

Large-scale K production would involve the centralised productaf Hy in large facilities,
supported by a dedicated distribution network. Sjrat present, theHlistribution network
has limited coverage, it will require a significamvestment to develop the necessary
infrastructure. The existing Natural Gas (NG) dlsttion network may or may not be suitable
for Hz distribution. For example, in the UK, all gas pipes within 30 meters of buildings are
currently being replaced with polyethylene pipemsidered to be suitable for transporting
pure B (Northern Gas Networks, 2016). This will still \@athe remaining network unsuitable
for Hz transport. It will take some time before the netnis completely upgraded. In addition,
the pipes are still in use for NG, so not availabiess wholly switched. The other alternative
is to transport the hydrogen via trucks, trailersloips which would also imply significant
additional costs. Currently, the majority ok idroduction is at a large-scale for industrial
applications, through the process of Steam MetRaferming (SMR) (Lemus & Duart, 2010).
Electrolysis of water is an alternative procesgrimuce H at a relatively large-scale and with
a small carbon footprint; provided that the eledtyiis generated from a low-carbon source.
For large-scale Fproduction, multiple electrolyser assemblies wauidbably be needed, as
the maximum capacity of an installed electrolyseEurope is just 2,875 Nith (H. Tools,
2013). With the NG prices being low and relativelgble, electrolysis is typically expected to



be more expensive than SMR for large-scal@tdduction, at least in the near future (Lemus
& Duart, 2010; Ekins et al., 2010).

H. is produced at a small-scale (up to a few thousdmiih) when a consumer does not have
access to an Hdistribution network. Industrial applications ohall-scale SMR range from
food processing, glass, metals, semiconductor maatwing, and analytical laboratory
instrumentation (Department of Energy (US), 20118jhe UK, out of the twelve merchant H
production units (i.e., standalone units, not mdran industrial complex), eleven could be
classified as small-scale {Hools, 2013). The total G® emissions from these small-scale
units amount to at least 12 % of the total2€@missions from Hproduction in the UK. The
number of small-scale SMR plants is only goingrioréase as Hadoption increases with a
hydrogen economy becoming a reality. Due to ecoasrof scale, the cost of:igroduction

at large-scale is typically lower than that at dreehle. The small-scale units often come in
modular and standardised design, which is essdntiakep the capital costs low. If there is
enough demand, the units could be produced in hlseby making them cheaper still.
Typically, it is expected that at small-scale, tost of B production by SMR is lower than
that by electrolysis (Department of Energy (US)120Ekins et al., 2010). However,
electrolysis can be competitive if there is a cheagrce of electricity available (Ekins et al.,
2010).

A small-scale SMR process differs from a large-s&MR process with regard to the operating
conditions and the overall system configuratione Teforming conditions are less severe in
small-scale SMR to limit the need for specialisedtenals for construction. A small-scale
SMR unit also has fewer unit operations to keepstfstem compact. As the SMR process has
excess heat available, the large-scale SMR plamtsrglly have a provision for steam export.
While, on the other hand, small-scale SMR unitse@® a ‘plug-and-play’ device and are not
usually integrated with any other process plansibe- This offers an interesting opportunity
to utilise the excess heat, in order to captuleast a part of the total carbon dioxide O
generated during the conversion of NG into H

The SMR process is considered a ‘low hanging ffait'carbon capture. The shifted syngas
and B Pressure Swing Adsorption (PSA) tail gas conthimoat half of the total C&produced

in the process at relatively high partial pressuféege additional penalty of carbon capture at
such a high partial pressure is expected to befisigntly lower than what would have been
incurred in case of capture from a conventional groplant. The scientific community and
corporations have thus far mostly focussed on GO&rge-scale SMR. For example, Soltani
et al. (2014) have analysed the favourability of@@pture at different locations, within a
large-scale SMR plant, using an empirical factdreyrhave defined this factor as the product
of CO, partial pressure, concentration and the fractio@@©; captured. Soltani et al. (2014)
have not delved extensively into the energetic etspe carbon capture in SMR. It will be later
illustrated in this article that analysing the SNRbcess from an energetic point of view is
crucial to ensure economical €€apture. Meerman et al. (2012) have looked intaéichno-
economic feasibility of C® capture from a large-scale merchant SMR unit, gisin
commercially available ADIP-X technology. The AD¥technology, supplied by Shell, uses
a methyl diethanolamine (MDEA) solution, with pipeine as an accelerator, to chemically
absorb the C® To provide the energy needed for solvent rege¢ioeraMeerman, et al. (2012)
have used a separate Combined Heat and Power (@hit?however, the additional GO
emitted from the CHP unit is not captured. Recermiiymec Foster Wheeler has conducted



another study to assess the techno-economic fetysifi deploying CCS in a large-scale
merchant SMR plant. The study considers differéietr@atives to capture GOfrom different
locations within a large-scale SMR process (Colledi al., 2017). The CfOcapture
technologies discussed in the study are chemicsdrpbon in MDEA, monoethanolamine
(MEA); cryogenic and membrane separation. Wherdicgipe, a back pressure turbine is used
to meet the solvent regeneration requirements bgrgéing Low Pressure (LP) steam from
exported High Pressure (HP) steam.

Industrial CCS demonstrations in large-scale SMRh#een summarised in Table 1. Carbon
capture from the reformer flue stack has not beeplemented in any of the industrial
demonstration plants. This implies that at lealtdfahe total CQ emissions from these plants
is still not being captured.

Table 1: Summary of the industrial demonstratioh€0. capture in large and small-scale
SMR units.

CO:2 capture demonstration projects for large-scale SMR
Project Operator Key attributes
Port Arthur| Air  Products| « First large-scale CCS application in SMR
project (US) and Chemicals| « Supported through the US Department of Energy’s
Industrial Carbon Capture and Storage (ICCS)
program
 Vacuum Swing Adsorption (VSA) process |to
capture a million tonnes of G@er year from the
shifted syngas

» captured CQis used for Enhanced Oil Recovery
(EOR) (Baade et al., 2012)
Quest CCS Shell * ADIP-X technology to capture a million tonnes|of
project (Canada CO, per year from the shifted syngas since 2015
(Cap-Op Energy, 2015)
Tomakomai Japan CCS Cq.» Activated MDEA-based solvent to capture| a
project (Japan) | Ltd. hundred thousand tonnes of £ger year from the
PSA tail gas since 2015 (Tanaka et al., 2017)
Port-  Jérome| Air Liquide « CryocapgM cryogenic process captures about a
project (France) 100,000 tonnes of C(per year from the PSA tall

gas (Air Liquide, 2015)
» Claims to be the only SMR-based carbon capture

process capable of increasing ptoduction while

limiting the CQ emissions (Air Liquide, 2015)
CO:2 capture demonstration projects for small-scale SMR

Haneda Tokyo Gas Co, » Captured the C&through liquefaction of PSA tall
hydrogen station gas
(Japan) « Operated from 2010 to 2016 (IEA-HIA, 2012)

The European project named HY2SEPS-2 has lookedtiv@ design of hybrid separation
processes, combining membrane and PSA proceds; $eparation in small-scale SMR (FCH
JU, 2013). The project evaluated different confagions of the hybrid separation process in
order to achieve a higherlfecovery, for the samexippurity. Such a hybrid separation process



also has the potential of co-producing a-@ioh stream for sequestration (CORDIS, 2015).
One of the technology providers of small-scale SMR, HYGEAR was also a part of the
HY2SEPS-2 project. As part of the project, Silvalei(2013) characterised the CuBTC MOF
for H2 separation from the shifted syngas stream. Atlsscale, the Haneda hydrogen station
in Tokyo is the only carbon capture demonstration for SMR. Table 1 summarises the key
attributes of the Haneda carbon capture facilityr H> production capacities less than
500 Nm¥/h, CCS is not expected to be economically viabidess there is demand for €0
nearby or the transport costs are low (Schjolberd. 22012). Needless to say, if a small-scale
SMR unit already has access to L£@stribution infrastructure, there lies a favodeab
opportunity to reduce the carbon footprint of thegess significantly. This might be true when
an industrial cluster contains the small-scale SMR.

Several vendors supply small-scale, on-site SMRedba&$ production units, including Air
Products and Chemicals, Linde gas, Mitsubishi,lMWGEAR. The small-scale SMR units are
usually supplied as a modular unit, fitted insidghgoping container. For the small-scale SMR
units, a small physical footprint of the €@apture unit is an essential requirement; the
compactness of the small-scale units is one of Key features. Due to their large physical
footprint, absorption-based G@apture solutions are not expected to be feastlerhall-
scale SMR. Abanades J.C. et al. (2015) also engdh#ise need to intensify the adsorption-
based C@capture units to drive down the €€@apture costs. Intensification is key to reduce
adsorbent requirements and capital costs. Strutctadsorbent-based cyclic processes,
characterised by their high productivity (amounfedd processed per unit system volume),
can be a viable alternative to conventional absamgtased solutions. Conventional adsorption
processes consist of multiple packed columns,dfilkdth pelleted adsorbent. Adsorption
columns, packed with pelleted adsorbents, tendftersfrom significant pressure drops at high
flow rates (Ruthven and Thaeron, 1997). Alternasogbent structures have thus been
investigated as an alternative to pelleted adsaésbditxamples of such structures include;
monoliths, laminates, foams and fabric structufRsz@ei and Webley, 2010). Usually, the
active adsorbent is coated onto these structultesugh direct extrusion is possible for some
of the adsorbents. Such structured adsorbents dsuffer from potential fluidisation due to
their immobilisation onto the fixed structure. f@opriately designed, structured adsorbents
can exhibit a lower pressure drop per unit lenglitng with higher mass and heat transfer rates
than their pelleted counterparts. Structured adstdsgbhave recently found application in £O
capture from flue gas (Miller, 2016).

In the past, multi-port rotary valves and rotargagbtion assemblies have also been used in
the commercial adsorption-based separation prdcessduce physical footprint. Multi-port
rotary valves can significantly reduce the numberadves and the extent of piping required
by the process. Rotary adsorption assemblies fpuliations in dilute gas separation
applications, like air de-humidification, Volati®rganic Compound (VOC) removal, etc.
Rotary adsorption assemblies often consist ofatirg wheel which is composed of structured
channels and coated with an active adsorbent. Fi@atgpartments or ports at the two ends of
the wheel divide it into different segments. Beeauwd leakage concerns between the
compartments, rotary beds are usually only use@leimperature Swing Adsorption (TSA)
applications. As the wheel rotates at a fixed rotatl speed, a single structured channel
undergoes different steps of the TSA process. &Wiew article by Rezaei and Webley (2010)
covers the subject matter extensively.



In this paper, the authors have analysed a typasé-case, small-scale, SMR process from
the energetic and exergetic point of views. Théarst have used a commercial process
simulator (UniSim) to model the process and hidttkgl the inherent flexibility that the
small-scale SMR process offers concerning Capture. Additionally, since physical space
availability is often a constraint for small-sc8MR units, a preliminary assessment of the
likely physical footprint of a structured adsorbéased TSA capture unit has been estimated.
To the best of our knowledge, such a detailed amabf a small-scale SMR process is not
present in the existing open literature, and thbas intend to fill this research gap. In the
immediate future, this would provide a useful bease for implementing CCS in small-scale
SMR units, already having access to a@Gtribution network.

2. Small-scale SMR

Figure 1 shows the typical processing steps inMR $rocess. SMR primarily involves the
reaction of methane and steam, through an endothegaction (1), in order to produce
hydrogen and carbon monoxide. Rather than purbanet NG is the typical feedstock used
in SMR plants. It is for this reason that some ¢asgale SMR plants may also have a pre-
reforming step to react higher alkanes and steamoording to reaction (2). Mercaptan
compounds are often added to NG to aid in leakatgcton. As the catalysts used in the SMR
process are susceptible to sulphur compounds, @esMesulphurised first, before sending it
to the reformer.

CH,(9) + H,0(g) + Heat < CO(g) + 3H,(g) (1)

ChHons2)(9) + nH,0(g) + Heat & nCO(g) + (2n+ 1)H,(9) (2)
CHas: Methane

H20: Water/Steam

CO: Carbon monoxide

CnH2n42): Generic Alkane in NG, n>1
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Figure 1: Typical processing steps in SMR

Reforming:

The reformer is an externally-fired, tubular fureathe de-sulphurised NG stream is mixed
with steam, before being fed to the reformer. Té@ction mixture passes through multiple
tubes which are filled with a nickel-based cata(faxwell, 2005). The heat required for the
endothermic reforming reaction comes from burnirg {typically, a mixture of NG and waste

streams). Reforming temperature and pressure rangas700 to 850 °C and 3 to 25 bar,

respectively (IEA-HIA, 2006).

Reforming is performed at moderate pressures gelacale operations, even though high
temperature and low pressure favour the forwardti@ain (1). The purpose is to limit the

downstream equipment sizes and thepkessurisation costs. Due to the expensive migeria
needed for high temperature and pressure operatiolgwer reforming pressure and

temperature are desirable for small-scale operat{@gden, 2001). Apart from (1) and (2),

reactions (3), (4) and (5) also occur in the refarm

CO(g) + H,0(9) « CO,(9) + Hy(g) + Heat 3)
CH,(g) + Heat & C(s) + 2H,(9) 4)
2C0(g) « CO,(g) + C(s) + Heat (5)

Reactions (4) and (5) result in coke depositiontlom catalyst, thereby leading to its de-
activation. Excess steam is fed into the reforragaromote reactions (1), (2) and (3) over (4)
and (5). The typical range for steam to methane ¢atole basis) is 2.5 to 4.5 (Maxwell, 2005).
The product gas from the reformer is known as navgas, and it mainly consists of a mixture
of Hz, CO, CQ, H>0O and unreformed CH



Water-gas shift:

The exothermic water-gas shift reaction involvesc¢bnversion of carbon monoxide te, lds
shown in (3). Since the water gas shift reactioexisthermic, a lower reaction temperature is
preferred to increase the carbon-monoxide converatocequilibrium. Typically, a trade-off
between a higher conversion and a higher reacétmis achieved in large-scale SMR plants
by carrying out the reaction in two reactors ineserFor small-scale SMR units, where the aim
is to make the system compact, a single stageishifpreferred alternative to the conventional
two-stage shift, as reflected from most of the caroal small-scale SMR technologies (Air
Products and Chemicals, Inc, 2018; The Linde Gr@0p8; Mitsubishi Kakoki Kaisha, Ltd.,
2018).

Hydrogen purification by PSA:

For high B purity requirements, modern SMR plants are equippéh a PSA unit. The PSA
unit can produce a high purity hydrogen streami¢lfy>99.99 % by mole) from the shifted
syngas stream (Hamelinck & Faaij, 2002). The stiiffgngas stream is cooled down to near
ambient temperature conditions. The water, thusleosed, is separated in a flash tank. Any
remaining water is also typically removed by usanguard bed for the HPSA unit. The patent
by Wagner (1969) is the first patent filed for PS8ased H purification, making use of two
different adsorbent layers. The article by SircaG&lden (2000) provides a comprehensive
review of commercial EHHPSA units in use today that are capable of produbigh purity
hydrogen. Sircar & Golden (2000) divided the conurarH, PSA processes into two
categories, viz. processes that only produce pgdelgen and those which can simultaneously
provide both pure hydrogen and £8reams. The UOP’s Polyb@tand Toyo Engineering
Corporation’s Lofif™ processes fall in the first category, while ther@@™ process, from
Air Products and Chemicals, falls in the seconeégaty. Recently, Shi et al. (2018) have also
proposed a two-stage PSA/VSA system to simultartgqueduce both Hand CQ streams
from the shifted syngas. The PSA unit is similathte conventional layered-HPSA, while a
VSA unit employing silica gel as an adsorbent isdut produce a COstream with 95 %
purity and 90 % recovery.

Carboncapture locations:

Potential locations for carbon capture by adsomptioclude the shifted syngas (after
condensate removal) (location 1), or the PBA tail gas (location I). Another opportunity to
capture CQis from the reformer flue gas (location lIll), ethwith or without CQ capture
from locations I or Il. It is relatively cheap tamture CQ from locations | and Il, as the partial
pressure of C@is relatively higher than in the flue gas (locatidl).



3. Process flowsheet and modelling assumptions

Figure 2 depicts the process flow diagram of thalsstale SMR process modelled in UniSim.
Table 2 lists the physical state and compositiothefNG used in the modelling. The NG has
been assumed to be free of any sulphur. The asseammgbes not affect the results to any
appreciable extent as the amount of ¢bnsumed in the hydrodesulphurisation step is
insignificant, as compared to the total pfoduced. Table 3 lists the different processicest
along with the assumptions made concerning theatipgr conditions of the base-case,
smallscale SMR process. The assumptions are basthe typical design data available in the
open literature for small-scale, on-site SMR urstgplied by different technology licensors.
The UniSim model uses the Peng-Robinson EquatioState (EoS). The reactions in the
reformer and shift reactor have been assumed ti requilibrium conversion. The:HPSA
has been modelled using a component splitter ilslomiby specifying Hpurity and recovery.

e a [22.53 molis | [ 2253 molis |
oletlow rate

D Massflow rate 0.66 kgfs 0.66 kgfs
O Pressure
O Temperature 600 o
‘@ » Flue gas

14.66molls

3.2 molfs

H, product

al

[20.44 melfs] [ 2044 molis | [20.44 molre] [20.44 molts]

(026 kegis )

Condensate
removal
Singlestage shift by flashing

Condensate Steam

pre-heater super-heater

4.95 mol/s ——
0.13 kgfs

Fuel NG

PSA tail gas

Adr Recycled condensate

Figure 2: Process flow diagram for the base-casgllscale SMR process (reforming
temperature: 800 °C)



Table 2: NG composition used in the modelling

Component Mole fraction
Methane (CHl) 0.9623
Ethane (GHe) 0.0283
Propane (6Hs) 0.0013
n-Butane(GHao) 0.0001
i-Butane(GHao) 0.0001
n-Pentane(6H12) 0
i-Pentane(GH12) 0
n-Hexane(GH14) 0
Nitrogen(N\b) 0.0055
Carbon dioxide(Cg) | 0.0024
Water (HO) 0

Pressure 1.01325 bar
Temperature 30 °C

Table 3: Process sections and modelling assumpkiorizse-case, small-scale SMR process
(reforming temperature: 800 °C)

Process section Base-case modelling Assumptions Remarks
Plant Capacity Small-scale SMR ~ 800 HimH;
NG A four-stage compressor, with intercoolers.
pressurisation
train The NG is compressed from atmospheric

pressure, in equal pressure ratios.

Pressure ratio: 1.86

Reforming Steam-to-carbon ratio (molar): 3.5 The flue gas exit
Process-side inlet temperature (tube): 420 t@€mperature has been
Process-side (tube) outlet temperature or taken to be substantially

reforming temperature: 800 °C higher than the process-
Process-side (tube) outlet pressure: 10.5 baide inlet to ensure a high
Flue gas outlet temperature from the Log Mean Temperature
reformer: 600 °C Difference (LMTD) and
Excess air used for combustion: 30% hence, a lower

Fuel+Air mixture inlet temperature: 50 °C convective heat transfer

area.
Shift Number of adiabatic shift stages: One

Syngas inlet temperature: 340 °C
PSA unit H PSA with an aim to ensure high purity
and recovery of K
H> product purity: 99.999%
H2 Recovery: 85%




4, Thermal efficiency for the base-case, small-seaEMR

The thermal efficiency of an SMR process can bduated based on the first law of
thermodynamics, as shown in Eq. (5) (Simpson and, [2007). The thermal efficiency for the
base-case, small-scale SMR process has been tatttdsbe 73.3 %.

my, LHVy,

(5)

Nrh = — : ‘
myGgLHV NG W comp+blow T Wpumps

Where,

nrn: Thermal efficiency of the SMR process

my,. Molar flow rate of Hproduced (mol/s)

LHVy,: Lower heating value of +per unit mole (J/mol)
my. Molar flow rate of total NG input (mol/s)

LHV)y: Lower heating value of NG per unit mole (J/mol)

WComp+b,0W: Cumulative power input from all the compressard blowers (W)

Wpumpsi Cumulative power input from all the pumps (W)

The thermal efficiency does not capture the diffeesin ‘quality’ of different energy terms;
pinch and exergy analysis should rather be us@gdount for this difference. The following
section covers these topics in detail.

5. Pinch and exergy analysis

Figure 3 shows the Grand Composite Curve (GCQ)ebase-case, small-scale SMR process.
The horizontal section in the GCC represents timeiggion of reforming steam. The part of
the GCC, below the horizontal section, represelmsamount of excess heat available at
different temperature levels. In large-scale SMBnfd, the excess heat is used to generate
steam which can either be exported or utilised isteeam turbine to supply a part of the
electricity required for plant operation. In smatlale SMR plants, this excess heat could
potentially be utilised for carbon capture, as theynot usually thermally integrated with other
process plants on-site. The reforming temperatsirene of the most critical parameters to
regulate the amount of excess heat (Grover, 2@2gvident from the GCCs at reforming
temperatures of 750, 800 (base-case) and 850 Hle #asummarises the critical performance
parameters obtained for the three cases.
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Figure 3: GCCs corresponding to different reformi@gperatures

Table 4. Small-scale SMR performance at differefdnming temperatures

Reforming Temperature

750 °C 800 °C 850 °C
(Base-case)

Process-NG (mol NG/mol H 0.383 0.340 0.319
Reforming Steam (mol #©/mol H) 1.372 1.218 1.143
Fuel-NG (mol NG/mol H) 0.012 0.058 0.083
Total NG (mol NG/mol H) 0.395 0.398 0.402
CO; in shifted syngas (mol COnol Hy) 0.274 0.264 0.258
Total CQ emissions (in the absence of any2CO  0.405 0.408 0.412
capture from shifted syngas) (mol @@ol Hy)
Thermal efficiency(n7y,) 0.740 0.735 0.728

The thermal efficiency of the process increase$ weducing reforming temperature, also
indicated by the decreasing total-NG consumptidh vaducing reforming temperature. In the
context of H production, without any consideration for £Capture, operating at lower
reforming temperature would be preferred. Howet@,low a reforming temperature might
result in kinetic limitations. It is interesting &xplore the optimum reforming temperature, in
the context of Hproduction with CQcapture. As reported in Table 4, a reduction farreing
temperature also leads to an increase in steamraknibe rise in steam consumption is also
evident from the length of the horizontal segmenttibe GCCs. This, coupled with the
reduction in fuel-NG demand, reduces the amoumeéodverable heat from the flue gas. The
reduction in fuel-NG demand is due to a higher psseNG being recycled as fuel, due to lower
conversion in the reformer.



Due to a fall in thermal efficiency, amounting t®2 %, the total C&emissions increase by
about 1.65 % when the NG is reformed at 850 °Qierathan 750 °C. The amount of €O
available at a higher partial pressure (in shifssdgas) also decreases by about 5.7 %.
However, at the same time, the amount of excess awlable in the process at 180 °C
increases by about 28.4 %. This inherent flexipiltithin the SMR process offers an
opportunity to substantially increase the energylable for CQ capture, with only a marginal
decrease in process performance. A TSA process 3@l the excess heat for carbon capture
from reformer flue gas. However, the reforming tengbure needs to be adjusted, in order to
ensure that just enough excess heat is availadi¢ghanfall in process efficiency is minimum.
Increasing the reforming temperature would alsaiiregan increase in the size of the unit
operations, due to the rise in the volume of gas fthrough the process. However, this
alternative is better than having to install aniaodal unit operation in order to generate the
required energy for C{capture.

An exergy analysis for the small-scale SMR procesglifferent reforming temperatures,
yields similar results. The exergy associated wlifferent material and work streams have
been calculated to perform the exergy balance aclifferent sections of the small-scale SMR
process. The exergy related to the material flowsis of physical, chemical and mixing
exergies, and have been calculated as per the dudtiy proposed by Hajjaji et al. (2012).
The overall exergy balance gives the total exexpt br unutilised during heat transfer.
Figure 4 depicts the exergy flow for the small-ec&8MR processes, corresponding to
reforming temperatures of 750, 800 and 850 °C aetbely.

(a) 750 °C
Hzproduct (70.29 %)
Proces-NG (94.(4 %) Exy. (70.29 %)
2
Ex;,: (100 %)
Flue gas (3.53 %)
Heat exchanle (9:32%) Exergy destroyed or
unutilised (29.70 %)
Fue-NG (3.(7 %) Reforming(14 .71 %)
Make-up water (0.36 ¥

; o H_ PSA (0.68 %)
Shaftwonk (178 Steam &nd NG mixin(0.62 %
’ Shift reactiol (0.25 %
NG pressurisatic (0.28 %)
Air blower (0.17 %
Other(0.15 %



Proces-NG (83.08%)

Fue-NG (14.1 %)

Make-up water (0.2 %)
Air (0.76 %) -
Shaft work (1.7(%)

(b) 800 °C
H, product (69.92 %)

Exy, (69.92 %)

Expp,: (100 %)

Flue gas (3.54 %)

Heat exchan* (985 %) Exergy destroyed or
unutilised (30.08 %)

Reforming (14.7 %)
H_ PSA (0.62 %)

Steam and NG mixinga (0. %)
Shift reactios (0.25 %

NG pressurisation (0.: %)
Air blower (0.17 %
Other:(0.15 %

(c) 850 °C
H, product (69.21 %)
Proces-NG (77.21%) ExH (6921 %)
2
Exp,, (100 %)
Flue gas (3.55 %)
Heat exchanle (10.50 %) Exergy destroyed or
Fue-NG (20.0¢ %) unutilised (30.79 %)

Reforming (14.8 %)

Make-up water (0.2 %) e
Ar (0.75%) - H, PSA (0.58 %)

Steam and NG mixin(0.51 %
Shaft work (1.6%) SLﬂfrreacjion{(lf'J(A)) o
NG pressurisation._(0.. %)
Air blower (0.18 %)
Other+(0.14 %)
Figure 4: Exergy flow in the small-scale SMR pracés reforming temperatures of (a) 750,

(b) 800 and (c) 850 °C

As discussed earlier, with increasing reforming gerature, the demand for process-NG
decreases, while that for fuel-NG increases. Aneiase in reforming temperature also results
in an increase in unutilised exergy associated ettt exchange. The slight (1.09 %) reduction

in overall exergy efficiendyg,.), defined here by Eq. (6), is due to the correspayiticrease

in the specific consumption of total-NG (as repdrte Table 4). However, a part of the
unutilised exergy associated with heat exchang&ldmiused to capture a portion of the total
CQO; emissions.

Etz
NEx =

(6)

Exin



Where,
Exy,: Material exergy associated with produetdtream (W)
Ex;y: Total input exergy (material + shaft work) (W)

For small-scale SMR process, the next step is sigdea CQ capture process with a small
physical footprint, while consuming the lowest agyepossible. The following section details
a preliminary assessment of the likely energetid physical footprint requirements, for a
structured adsorbent-based TSA unit to capture f@n reformer flue gas.

6. Structured adsorbent-based CQ@ capture in small-scale SMR: a preliminary
assessment

The CQ partial pressure in shifted syngas (location I}, REA tail gas (location Il) and
reformer flue gas (location Ill) are about 1.7,9ahd 0.20 bar, respectively. A rapid cycle
VSA process is expected to be one of the suitapt®ms for carbon capture from shifted
syngas or HPSA tail gas, due to the higher partial presstif@® in these streams. A detailed
analysis of the rapid cycle VSA unit is outside Hwepe of this contribution. Carbon capture
from shifted syngas (or HPSA tail gas) also has the positive side-effectthan fuel-NG
consumption. The reduction in fuel consumptionus tb a lower amount of inerts in the H
PSA tail gas; this also results in a fall in that amount of C@generated within the process.
However, the electrical power required for the V@#t would have to be imported from the
grid. Because of the extremely low partial presfr€C; in the reformer flue gas, a TSA
process can be competitive with a VSA process. dded advantage of using a TSA process
is that it can directly utilise the excess heatilaboée within the SMR process for adsorbent
regeneration.

For the preliminary assessment, it has been asstiraed VSA process captures 90 % of the
CQO content in the shifted syngas. The aim is to yewifiether the excess heat in a small-scale
SMR unit could be used to meet the energy requingsrad a TSA unit to capture the remaining
CO, (approximately 40% of the total) from reformerdigas. The TSA unit is assumed to
consist of a rotary wheel made out of corrugatednakls, like the ones reported by
Mohammadi (2017) (Figure 5). The structure inclualesnductive support material (assumed
to be aluminium (Al) in this study), coated withnomercial Zeolite 13X; as it has been
previously reported to be one of the best candsdftecarbon capture from flue gas (Boot-
Handford et al., 2014). The rotary wheel has bessuraed to be divided into two segments,
viz. adsorption and desorption. In the desorptegnsent, a heated stream of product @O
used to regenerate the adsorbent at a temperdtLs® 6C.

Figure 5: The rotary wheel is assumed to be congpokeorrugated channels, similar to those
shown in the figure (image from Mohammadi, 2017)



The UniSim model for the base-case (reforming teatpee of 800 °C), provides the flow rate
and concentration of GOn the flue gas. For the sake of simplicity, thessitransfer kinetics
(rate of adsorption/desorption) have been assuroetbet fast; this ensures an almost
instantaneous adsorption equilibrium between thie ftwid phase and adsorbed phase. Table
5 reproduces the channel and adsorbent layer ¢bdastics, as reported in Mohammadi
(2017). Table 6 summarises the additional assumgtialong with the expected space and
energy requirements of the TSA unit.

Table 5: Channel and adsorbent layer characteri@dlohammadi, 2017)

0.00106m
Shape of an average free chann8lnusoidal
0.00122m

Adsorbent layer thickness 0.000031 m
Metal foil thickness 0.000052 m
Average bulk porosity of an0.74 The fraction of the free cross-sectional
individual channel area in the total (support material,

adsorbent and free) cross-sectional area
Adsorbent Zeolite 13X
Adsorbent layer density 1110 kgim
Adsorbent layer porosity 0.54

Adsorbent bulk loading density 151 kg/m




Table 6: Critical assumptions and results for trediminary assessment

Assumptions
Total cycle time for the TSA600 s 1/18 of the wheel’s rotation in 60 s or a
cycle rotation frequency of 0.1 rpm
Adsorption  to  desorption2:1 Adsorption and desorption time of 400
segment ratio and 200 s, respectively
Working capacity of Zeolite 13X1.22 mol’/kg Based on the isotherm reported by
(temperature swing between 40 Mohammadi (2017) and assuming
and 150 °C) regeneration in a pure G@nvironment
Diameter of the rotary wheel 2m Chosen so thatwheel fits inside a
standard shipping container (Mr. Box,
2018)

Isosteric heat of COadsorption 37,000 J/mol Cavenati et al. (2004)
on Zeolite 13X

Specific heat of Zeolite 13X 920 J/(kg K) Dantaslket2011)
Specific heat of the suppor900 J/(kg K) Chase (1998)

material (Al)
Channels per unit area 741 channéisohammadi (2017)
per square
inch
Results

Fraction of the total C® ~0.40
captured by the TSA unit

Total amount of adsorbent to b&38 kg
coated

Length of the rotary wheel 1.556 m
Thermal power input required 124.5 kW
to heat the adsorbent

Thermal power input required tdb5.51 kW
supply heat of adsorption

Thermal power input required td®270.1 kW
heat the support material

Total thermal power input450.1 kW
required for capturing all the

CO, from natural gas

Thermal power available within~400 kW
the process at 180 °C

The results indicate that a significant fractio®.3-0.4) of the C@emissions from a small-
scale SMR unit could be captured making use ofetteess heat inherently available in the
system. The reforming temperature can be incredfseeed be, to increase the excess heat by
~25 % (Figure 3). Another alternative to meet thergy shortfall is to employ a separate NG
combustor. However, this would require additionait wperations to be added to the small-
scale SMR unit. Conversely, increasing the refogntemperature would only require
increasing the size of the existing unit operatiand thus represents a more compact means
of generating the extra energy. A detailed comparigf the two options in terms of their



respective energy efficiencies is however outdmgestcope of the present study. The length of
the rotary wheel predicted by this assessment &l ®nough to fit inside a standard shipping
container with dimensions of 2.84 mx2.35 mx2.39mte(nal lengthxinternal widthxinternal
height) (Mr. Box, 2018). The container-based desigime CQ capture unit would reduce the
physical space requirement and the commissionine.tiFor the corrugated structure reported
in Mohammadi (2017), the power required to heatsilygport material is expected to be the
highest. A significant amount of energy penaltylddoe avoided, by directly extruding the
adsorbent in the desired form. However, at the dammes there are also certain advantages of
coating the adsorbent on to a conductive suppoténah The metallic layer aids the heat
transfer during adsorption and desorption, dugsdigh thermal conductivity (Rezaei and
Webley, 2010); this highlights the importance obgass design in minimising the energy
required for CQ capture.

7. Conclusions

Detailed energetic analysis of the small-scale SMétess has been reported in this article,
mainly in reference to carbon capture. Due to uiabitity of cheap means of GQransport,
carbon capture from small-scale SMR process has theemed economically infeasible and
hence, not investigated much from a technical matsge. In this article, we have addressed
this research gap by systematically analysing a&mgnsmall-scale SMR process from the
energetic and exergetic point of view. Small-sc@MR plants differ from large-scale SMR
plants, mainly in terms of operating parametersthedact that they are not usually integrated
with other processes. SMR plants have an excessalhiagable within the process, which is
generally used to produce export steam in largee®6lR plants. In small-scale SMR plants,
there is the potential to utilise this excess heatapture a part of the G@mitted from the
process. GCCs for the small-scale SMR process bege used in this work to estimate the
amount of excess heat available at different teatpes levels. The reforming temperature has
been identified as a critical process parametéuenting the amount of excess heat that can
be extracted from the process. An increase in mafgg temperature from 750 to 850 °C,
increases the amount of excess heat available0atQ®y about 28.4 %; this is accompanied
by a relatively small decrease in the thermal atgetic efficiency of about 1.62 and 1.09 %,
respectively. Almost half of the GGemissions can be captured at a high partial pressu
through energy imported from outside the procegmeiminary assessment shows that the
remaining 30 to 40 % of the total @@missions can be captured by using the excesé$rbpat
within the process. The additional €@as been assumed to be captured from reformer flue
gas through a compact, structured adsorbent-baSédpFocess. Such encouraging results
necessitate the need to further investigate stredt@dsorbent-based processes, through
detailed process models; this should be the subjater of further research.
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