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1.2-2.2 830 million tonnes/ year 30]
[31]
1.0 9-12 tonnes CO,/ every tonne H,
6 none (32]
1.5-2.5 none 1l
1.5-6 None/negative [23]



Research Areas

v’ Catalytic Pyrolysis & Gasification
v" Hydrogenation & Hydrotreating

v" High Pressure & Membrane Reactors ]
Modelling (R Ocone)

v' Materials Development & Characterisation — Experiments (A Sanna)

v’ High Temperature CO2 Capture
v" BECCS

Current Relevant Projects

2022-2024 KTP, Innovate UK, In collaboration with Alpha Solway
(Globus Group), £200k (PI: A Sanna)

2022-2025 Production of Blue H2, Petronas, “£1M (PI: R Ocone)



S— 6 PETRONAS Global Technology Centre (PGTC) Eﬁ%
PACESET D

A new technology and research centre has been
established by PETRONAS, with the Institute of
GeoEnergy Engineering (IGE) at Heriot-Watt University
UK campus, to pursue cleaner energy solutions.

The long-term commitment will focus on research and
development projects that look into solutions to reduce
carbon footprint while optimising hydrocarbon
resources though technological advancements and
digitalisation.

NINE Projects Ongoing
Setting up ELEVEN New Projects

First project on Blue H2 ... more on the way ..



Low Carbon H2 Production
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Blue Hydrogen Production via Thermochemical
Routes for Application both Downhole and Topside

2010 2012 2014 2016 2018 2020
Year
IEA, “Hydrogen - Fuels & Technologies - IEA,” December 21, 2021
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Evolution of Thermochemical Production of H2
Pyrolysis of Biomass (Ocone, Sanna, Salem) e P
In-situ pyrolysis (Maes, Egya) e |
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Palm oil wastes, source of bioenergy

Oil Palm Plantation Palm Qil Milling

Boiler feedstock

Biofuel
Mulching

Mulching
Ruminant peljet Fertilizer/composting
BEip Animal feed
Boiler feedstock
Oil Palm Biofuel
Biomass Activated carbon
(OPB) Liquid smoke
Palm Kernel Shell (PKS) PKS powder
Mulching
Ehotue] Boiler feedstock
Medium density fiberboard

Biofuel

Oil Palm Trunk (OPT)

i s - N Fiber-reinforced composite
Mesocarp Fiber (MF)

One of the largest biomass resources is the palm products/wastes. Palm oil wastes is a promising feedstock for
biohydrogen production. Palm oil demands are expected to rise to 240 Mt by 2050, resulting in massive amounts of by-
products and wastes. Among bio-oil by products and wastes are empty and fresh fruit bunch, oil palm frond, palm kernel
shell, seed shells, palm pressed fibre, ...etc. Additionally, the palm oil accounts only for 10% of the total biomass, while
the residual wastes are estimated by 90%

Our selection considered a number of properties in a decision matrix based on
annual production, chemical composition, minerals distribution, ash content, etc.



Pyrolysis of Biomass

/ Syngas:
(A CO, CO., H,, CH,

w / 7 Tar vapour

N

| & 4 g & R ',4_,'. y
SRl Heat \
N ~

A

- (primary tar)
._ Char

3-lump kinetics

pyrolysis

Tar cracking

Inert Tar
1 m /

> ~ CO, CO,, H, CH
. Heat \ 2 2 4
~ ‘ Char

Heterogeneous reactions

_______________________________________________

' C+0.50, - CO

. C+0,-CO,

i C+C0, - 2C0 (Boudouard reaction)

' €+ H,0 - CO + H, (water — gas shift reaction)
\ C+2H, > CH, (hydrogasification reaction)

_______________________________________________

___________________________________________________

| CO+0.50, - CO, i
| CHy +20, > CO, + 2H,0 !
' CO + H,0 - CO, + H, (Shiftreaction) |
. CH, + H,0 - CO + 3H, (Methane steam reforming) E

gasification




Methodology

v Pyrolysis of biomass (Blue H,)
Feedstock Characterisation
Catalyst Screening

v In-situ (downhole) pyrolysis optimised for Blue H, production
In-situ challenges: comparison/differences with in-situ combustion
Chemical re-optimisation for Blue H, production

v" Modelling

Current Interests

Lignin, plastic, catalyst development/evaluation, chemicals and
hydrogen production, scale-up, TEA



Biomass Pyrolysis/Gasification

Small scale |
fixed bed reactor

(upto 10 g) »
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Biomass Pyrolysis/Gasification

. Bench scale
Auger reactor

(up to 2 kg/hr)
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Thermogravimetric analysis (TGA)

AN NN NN

Linseis STA PT 1600 is used for the analysis.

5 different heating rates are used; (1,5,10,20,&30 °C /min).

Temperature range (up to 900 °C)

Mixtures of (N, and CO, ) are used during pyrolysis and reforming of the samples.
Data are used for calculating the kinetic parameters of the samples (A, E, R?).

Collected data (T, gas flowrate, time, heat flow, enthalpy of reaction, mass loss,
HDSC signal (pV), ....etc)



Model

Continuity equation:

9(agpy) _
Gas phase: —— =+ V(agpgily) = Ry 2
as, +ag =1
. d(as,ps. - =
Solid phase: % + V(aSipSiuSi) = Ry, =
Momentum equation :
N 2
] d(agpsu o - - .= . =
Gas thSE. % +V(agpgigily) = —agVP + Vig — 2 ﬁgsi(“g - “si) T agpgg + Rs,g + M, gls, g
i=1
’ 6(0{ 1P, 117 1) - = = = = = = >
Sand phase: —— A 4 V(g pyy s, Ty, ) = —ag, VP = VP, + VT, + s, (g — Ts,) + By, (i, = s,) + 5, 05,9
: . o(a u
Biomass phase: 9(as,ps,ls,) (s, ps, s, s, )

ot
= —0(52 VP — VPSZ + V?Sz + ﬁgsz (ﬁg - ﬁsz) + 185251 (ﬁ51 - 1752) + aSzpszg) + Rgsz - mszgﬁszg

Granular temperature:

2
. 3|0(as, psOs. N - _ B
Solid phase: 2 % + V(aSipSQSi)uSil = (_PSiI + fsi) Vug, +V (KOSiV@si) ~ Yoy, + 2 Drs;
k=1

X. Yu, Y. Makkawi, R. Ocone, M. Huard, C. Briens, F. BerrutiFuel Proc Tech, 126, 366-382, 2014 12



Model

. . d(agpgY;, ~ > . .
Gas species conservation % + V(agpgligYyg) = =V - aglig + (higs, = Mis,g) + Rig
. . . . 2 U vT
diffusion flux of species i Jig = (Pngg 32 ) Vig = Drig =
Energy equation
] d(aypsh ~ or, _ R . )
Gas thSE’. —( gatg g) + V(agpgughg) = aga—f +T4: Vg —qg+ Sy + Qgys, +Qgs, + (mSZQhSZg — Mys, 952)
0(as,ps, hs,) . 0P, N
Sand phase.' % + V(aslpsluslhsl) As, 7 ot * + T51 Vu51 qs, t+ Qslg
B' h . a(aszpszh'sz) = aP = ) >
lomass pnase. S ra— + V(aSZpSZuSZhSZ) s, 3¢ 2+ T,,: Vg, — G5, — Sg + Qs,g + (mgSZthZ - mSzghSzg)

The intensity of the heat exchange between the gas and solid phase
Qsig = h’;igAi(TSi - Tg)

KgNug,

The heat transfer coefficient  hsg= —-

Nusselt number Nug, = (7 — 10ag + 5a2) (1 + 0.7Re?Pr'/3) + (1.33 — 2.4a, + 1.2a2)Rel” Prt/3
13



Closure Equations

Chemical composition of switch grass

Fixed carbon Moisture Volatile Ash
Proximate analysis 13.81 565 81.20 554
(Tl T ) (Wt%) . . . .
N _ sat C H 0 N
Drying My, = kX py ————— i i
Tsat Ultimate analysis 48.8 6.99 43.68 0.53

(wt%)

A one-global reaction scheme is used to for the formation of
various pyrolysis products as follows (Boateng and Mtui, 2012)

BIOMASS - a1CHAR + azBIO OIL + a3H20 + a4H2 + asCO + a6602 + a7CH4

Stoichiometric coefficient used in the pyrolysis reaction (Boateng and Mtui, 2012)

a az as Ay s Ue az
0.138 0.805 0.15 0.003 0.035 0.018 0.008
Pasangulapati,2012 r=kas, [Cpo1] @7 k = Aexp[—E /RT]

Pre-exponential factor A and the activation energy E used are 2.16x 107 s'* and 1.037 x 108 J/Kmol

14



Results

Comments
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OUR STUDY

Downer exp [48] Downer exp [47] Fluidized bed exp [22] This study

Comparison of the predictions and experimental data from the literature for the mass fraction of the pyrolysis products at steady state condition (a)
Overall products (b) non- condensable gases. See further details on the operating conditions in the comments table.

(1) Reactor (Ding et al, 2012) [48] : 0.1 m diameter and 1.1 m height; biomass: Palm shell of 280 um diameter; pyrolysis temperature of 520°C; heated section of 0.2 m.

(2) Reactor (Punsuwan and Tangsathitkulchai, 2014) [47]: 0.039 m diameter and 3 m height; biomass: acid treated wheat straw of 180~280 um diameter; pyrolysis temperature of 400 °C.

(3) Reactor (Boateng and Mtui, 2012) [22]: 0.075 m diameter and 0.5 m height; material: Switch grass of 500 um size; wall temperature 480-550 °C.

15



PPE Waste Pyrolysis

* Pyrolysis offers an effective means for
recovering energy and chemicals through
carbon rearrangement, eradicate waste
management problems

* It does not need earlier separation of dissimilar
waste plastics; hence a mix of.\olastlcs can also
be converted into crude bio-oi

* It is not affected by bio-contamination since
operates at high temperature and without
need of sorting



Market Opportunity

McKinsey & Company has predicted that chemical
recycling will contribute to a 60 billion USD growth in the
profit pool of the petrochemical and plastics sectors
between 2016 and 2030.

GLOBAL POLYMER DEMAND AND HOW IT COULD BE
RECOVERED, MILLIONS OF METRIC TONS

. CAGR %
———————————————————————————— 2016-2050

- PROJECTED DEMAND GROWTH o 3%
7%

RECOVERED MONOMER

RECOVERED FEEDSTOCK
(PLASTIC EQUIVALENT)

VIRGIN FEEDSTOCK . 1%
o

2016 2020 2025 2030 2035 2040 2045 2050

Source: How plastics waste recycling could transform the chemical industry. DECEMBER 2018, MCKINSEY ON CHEMICALS




Pyrolysis Option e
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v" High flexibility and modularity
v Lower capex and operating issues than gasification
v’ Potential for recovering metal
v" Pyrolysis particularly attractive for PP/PE for absence of O,

and low char yield
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v’ Carbon distribution into products is controllable by altering
the operational parameters and adopting catalysts



Future Work

CH,OH + H,0

ZnCl, HCl PdCl,

CO, + 3H,

Methanol SR

CO7 + MgO/Ca0 = MgCO3/CaCO3
2FeQ + H20 = H2 + Fe203

Orange H2 production

There are approximately 100 trillion tonnes of hydrogen
that could be extracted from the subsurface within 1020
kg of peridotites in the upper surface (~ 7km) —
COMBINING H2 PRODUCTION with CO2 STORAGE



Future Work

(2H2+CO) H>

! P

—» | MoO.s |—> ~—] Chemical looping SMR

CCH4 (Cycling > VV.at.er
onv. splitting The technology could be easily integrated
Step 1 < Mzoy < Step 2

t A

with gasification or pyrolysis.

CH4 Steam
Table 8: Representative catalysts for sorbent enhanced SMR process.
Catalyst Sorbent Tem;(;:{r)ature CH, cz)‘;:;ersion f\li)iv i:/l;; Ref.
Ni/ZrO» CaQ 873 99 91.4 [112]
N/ALOs  CaQ-CasAlsO14 923 99.4 87 [113]
Ni-ALO;  CaQ-CasAlsOss 873 99.1 82 [114]
oo Sorbent enhanced SMR
Ni-Mg-Al CarALOL 873 98 97 [110]
NiQ/CaQ. Cafi%:% 873 98 90 [115]
Ni Cag.sMgo.sCO3 1073 100 =90 [116] .
RWCeZr. KOs s 0 b CO2 sorbents are added during the SMR process. The
0 hydrotalcit e . .
Lo e equilibrium drives the shift of the WGS and SMR
Ru CaQ-CazALOs 723 100 96 [118]

reactions towards hydrogen production. The process
shows higher performance with potential to reduce
the reactor volume.



