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Technology selection for I-CCS
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Greater variety of exhaust gas composition from industry
Greater heterogeneity than in the power sector

Some “low hanging fruit” — natural gas processing

But also some tough challenges — oil refineries
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While much of industry can be electrified,
there are big sector specific challenges

* The “extract-use-throw away” model for most material use (steel &
aluminum as exceptions)

* Maxed out thermodynamic efficiency of core technologies (but not
systems)

* Low (<=2509C), medium (250-10002C) & high (>10002C) process heat
* Steel iron ore “deoxidization” CO, process emissions (& melting heat)

. ﬁem)ent lime calcination CO, process GHGs (and 850/14502C process
eat

* Hydrogen production for ammonia for fertilizers and other chemicals;
coal & steam methane reforming CO, process emissions

e Carbon feedstock needed for chemicals

* Making sure new materials aren’t GHG combustion or process
intense!
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“Focus on those industrial activities which produce large quantities of process emissions,
require very high temperatures, and/or whose equipment and infrastructure are
especially long-lived.”

Cement — major kiln refurbishments /

Cement
lronandSteel 7% replacement only once every 25

3% years!?

60 % of emissions from cement
Chemical production are from the intrinsic
% o
' chemistry.

Requires very high temperatures.
Very difficult to substitute for.

Other Industry

% IThomas Hills, Nicholas Florin, Paul S. Fennell,

Decarbonising the cement sector: A bottom-up model for

optimising carbon capture application in the UK, Journal
Figure 5.3.1. U.S. Industry emissions as of 2014 (Hoesly et al., 2018). of Cleaner Production, Volume 139, 2016, Pages 1351-
1361,
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“Cement production relies on driving
two sets of reactions: firstly, calcination
(the removal of CO, from CaCOs to
produce Ca0) and secondly the
clinkering reactions, where the CaO
reacts with silica and other materials
including clay (at very high
temperatures > 1600°C) to produce
cement clinker (which is then ground
and mixed with other materials to
produce cement).

The initial calcination means that a large
amount of CO, is produced intrinsically
[around 60 %] during cement
production, and this cannot easily be
avoided.”
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From Figure 5.3.2. Economic and emissions data on heavy industries in the U.S.

Minor progress in emissions intensity now.
A modern plant requires ~ 3.3 GJ of thermal energy per ton of clinker
Average thermal intensity globally fell from 3.75 GJ/t for clinker in 2000 to
3.5GJ/tin 2014

Not a vast amount of gains left to be had from efficiency.
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“The initial calcination means that a large amount of CO; is
produced intrinsically [around 60 %] during cement
production, and this cannot easily be avoided.”

“Carbon capture and storage (CCS), directly removing CO,
from the exhaust of the cement plant, is therefore likely
to be required for cement production.”

“Electrical heating is potentially of interest to drive both the
calcination and clinkering reactions, but approximately 60
percent of the CO, emitted in a cement plant is directly
from the calcination reaction.”

“The use of hydrogen for decarbonization of cement
production suffers from the same issue as electrification;
that use of hydrogen to provide heat again fails to address
the CO, emissions from calcination of the limestone.”

Are we spotting a theme yet?
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Figure 5.3.5. Costs of CO, avoided for a variety
of different processes, using a number of different
CCS technologies (Leeson, et al., 2017).

D. Leeson, N. Mac Dowell, N. Shah, C. Petit, P.S. Fennell,
A Techno-economic analysis and systematic review of carbon capture and storage (CCS) applied to
the iron and steel, cement, oil refining and pulp and paper industries, as well as other high purity

sources, International Journal of Greenhouse Gas Control, Volume 61, 2017, Pages 71-84,




Post-combustion capture with
chemical absorption
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+ CO, —rich gas is exposed to solvent (~15 — 30 wt. %) in absorber, at 40 — 60 °C, at a pressure of ~ 1 bar,
counter current flow, column packing increases contacting

*CO, bonds with solvent with a loading of CO, at the exit of the Absorber ~ 0.5 mol CO,, / mol solvent

*The CO, is then removed/desorbed by boiling (at a pressure of ~ 2 bar and a temperature of ~120°C) with

heat from steam diverted from power station steam cycle

*UNIQUELY EXPENSIVE FOR CEMENT! NOT ENOUGH LOW GRADE HEAT AVAILABLE

Figure from Mac Dowell, N. PhD Thesis (with permission)



Post-combustion capture
Calcium (Ca) looping



Post-combustion capture with Calcium Loo*g
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* re-power power station
* synergy with cement
* no SO, removal required

E.g., Shimizu et al. Transactions of the Institute of Chemical
Engineers, 1999
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Reproduced from DOI: 10.1039/C7EEQ02342A (Review Article) Energy Environ. Sci., 2018, 11, 1062-1176 Copyright Royal
Society.
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Technical feasibllity

1.7 MWth pilot taking slip
stream from the Hunosa 50
MWe CFB coal power plant,"La
Pereda", Spain



Direct Separation
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Figure 1: One configuration of Calix's Direct Separation Technology
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Supplementary Cementitious Materials

It is possible to directly replace cement clinker with a number of alternative
materials

e coal ash

* ground granulated blast furnace slag

* naturally occurring rocks (pozzolans)

* biomass and other ashes.

China: replacement rate of more than 40 percent in the recent past.

Directly reduces the emissions from cement manufacture while meeting current
building standards (up to a level) for Ordinary Portland Cement.

Some of the materials used (coal ash and blast furnace slag) may become scarcer
moving to a decarbonised future.



Emissions relative to fossil-fuelled Cement Plant
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Recarbonation of Cement Wastes

Frequently proposed for cement plants that are far away from storage sites.

VERY small volume of onsite wastes, which for multiple reasons should be
recycled where possible into the plant.

The main carbonatable waste, kiln bypass dust, can take up around 0.7 % of
the CO, emitted from the plant.

Carbonation of other wastes (i.e. as per Carbon8 systems) can further
reduce emissions, but will always be a relatively small proportion — icing on
the cake.
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IRON AND STEEL
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“In addition to substantial emissions from combustion of fossil
fuels for required heat, the process emissions from steel
production (i.e., excluding fossil energy inputs) accounts for
roughly 5 percent of global CO, emissions in recent years, mainly
related to the coking coal used to reduce iron ore in blast
furnaces (i.e., removing oxygen from raw Fe,03).”

Again, there’s a significant process emission, due to
the intrinsic chemistry of the ironmaking process.

Variations on a theme...
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Source: Wikipedia. Public Domain.

Blast Furnace

. Hot blast from Cowper stoves

. Melting zone

. Reduction zone of ferrous oxide
. Reduction zone of ferric oxide

. Pre-heating zone

. Feed of ore, limestone and coke
. Exhaust gases

. Column of ore, coke and limestone
. Removal of slag

10. Tapping of molten pig iron

11. Collection of waste gases

oo NOOTUT S, WN KR

Conventional Iron-making.

Highly integrated, but needs coke to structure
the ore as it moves down the furnace.

Coke is costly and its production has significant
environmental challenges.
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Two main pathways for producing steel from raw iron ore.

1. Integrated steel mill:
* iron ore, coke, and flux materials (e.g., ime, to remove impurities)
are melted in a blast furnace to produce pig iron
e Pigironis then converted to steel in a basic oxygen furnace (i.e.,
blast furnace-basic oxygen furnace (BF-BOF).

2. Directly Reducing Iron:

e Use a reducing gas or carbon from natural gas or coal to remove
oxygen from the ore at temperatures below the melting point of the
iron

» converting the DRI iron to steel using an electric arc furnace (EAF).

(1) Is much more common, and has much higher specific emissions
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Recycling

Already, more than half of the steel produced in the U.S. is via
processing of scrap steel in EAFs.

The electricity required to energize this process can be decarbonized,
and such recycling avoids the process emissions associated with
reducing raw iron ore.

Impurities (tin, copper, nickel, molybdenum, chromium, lead) may

compromise the quality and integrity of the steel.

Better sorting and product design required.
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Biocharcoal

It is possible to replace fossil coke in the BF-BOF process with
charcoal derived from biomass, as has been demonstrated at
scale by the Brazilian steel industry.

Costly and may not work in the very largest of BFs.

CCS can also be added, but again costly.

Why does the UK not have forests any more...
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Hydrogen

Another option is to use renewable hydrogen as the reducing
gas in the DRI-EAF process.

Demonstrations are ongoing (see the Al-Reyada demonstration,
UAE).

Shows promise.

Not for blast furnaces.
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Electrowinning

Electrolyze iron ore in an acid or alkaline solution.
(separating oxygen from iron ore by adding electrons to Fe,0s).

Although the low temperatures of ore reduction may enable a wide
range of cathodes and anodes, this process remains far from

commercial-ready.

Novel thermochemical cycles?
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Integrate Hydrogen Production with

Steel Manufacture?

FC203
l CO;+H;0 Hy+H,0
Syngas
FeO+Fe;0y
Reducer 1 Reducer 2 Oxidiser :
Fe
Natural Gas 7Stc:\m - |
FeO+Fe;0y Air

- Fe

Husain Bahzad, Kazuaki Katayama, Matthew E. Boot-Handford, Niall Mac Dowell, Nilay Shah, Paul
S. Fennell, Iron-based chemical-looping technology for decarbonising iron and steel production,
International Journal of Greenhouse Gas Control, Volume 91, 2019,102766.

' Depleted-air

Air Reactor
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Chemical Production

* There are well over 20,000 human-made chemicals in use, with
more being added every day. Almost everything around you passed
through the chemical sector in multiple stages.

* The big eight feedstocks are: hydrogen, ammonia (NH;); methanol
(CH;0H); ethylene (C,H,) and propylene (C;H;), or “olefins”; benzene
(CcHe), toluene (C,Hg), and mixed xylenes (CgH,,) and aromatics, or
“BTX” — note the prevalence of carbon and hydrogen

* While demand for ammonia, which is used to make fertilizers and is
currently made from hydrogen made from NG, has largely stabilized,
demand for other chemicals is going up ~5%/yr, almost double
typical global economic growth

* Decarbonization of chemicals is about: 1) Process heat, 2) hydrogen
production, and 3) the carbon source & end of life handling
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Chemical Production

* Decarbonizing process heat

» Low <150-200C (“steam”): solar, waste heat capture, energy & heat cascading,
industrial heat pumps

» Medium 200-1000C(“process heat”): focussed solar, heat cascading, nuclear

» High >1000C("flame front”): bio/synth methane, hydrogen, coal & NG with CCS
* Hydrogen production — big pros and cons

» Blue - steam reformation + water gas shift of coal or methane plus CCS

» Green — electrolysis of water using clean electricity

* Carbon sourcing & Post use handling — all carbon is carbon, but where it comes
from matters

» Recycled fossil carbon (“CCU”)

» Biomass, e.g. through gasification

» Direct air capture

» Disposal? Recycling or CCS always preferred, can lead to negatives
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Decarbonization Is not just an
Investment story

* Carbon-intensive processes and facilities will need to close

» Careful management of phase outs, and a just transition, will be important
for success

* The industrial transition will disrupt existing supply chains

* The system reflects substantial effort to use waste resources
* What happens to coal ash users (early movers) when coal plants retire?

* The past might not predict the future
* How do we account for long-term investments that perform better in the
future?
* Electricity will (probably) continue to get cleaner over time
* How do we anticipate emergent conditions?

* Materials might be available as byproducts now, but would require new mines at scale
* Climate change will affect industrial activities



What is the cost of CCS?
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Reproduced from DOI: 10.1039/C3EE42350F (Review Article) Energy Environ.
Sci., 2014, 7, 130-189 with permission from The Royal Society of Chemistry.
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The relative balance of industrial CCS and power CCS vary by region
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The majority of CO, is captured from power generation globally, but in some regions
CO, captured from industrial applications dominates
Source: IEA ETP 2012



Industrial applications vary by region
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Refineries and
Petrochemicals



CO, emissions from Refineries

Catalytic
cracker:catalyst
regeneration,
16

Flares, 3

Incineration
and effluent
processes, 1
Steam methane
reforming (H2
production), 2

Typical breakdown of CO, emissions from refineries worldwide by source, after [28].

28. Kuramochi, T., Ramirez, A., Turkenburg, W., and Faaij, A., Comparative
assessment of CO, capture technologies for carbon-intensive industrial processes. Progress in
Energy and Combustion Science (2012) 38:1 pp87-112.



Refineries

Refineries produce CO, through both process heating and intrinsic chemical
transformations (such as regenerating the catalyst used in a fluid catalytic cracker).

Refineries are variable in scale and processes used, leading to a significant challenge
when defining the constitution of a “typical” refinery, never mind its optimization.

Some 30 - 50 % of the CO, emissions in a refinery result from process heating and
utilities, i.e. large volumes available at a small number of locations.

Questions — ducting to a central location followed by treatment, treatment with a
number of smaller facilities or potentially scrub locally, pipe to central location and
regenerate solvent.

Potential for chemical looping for feed preheaters



Costs (Refineries)

Know there are multiple sources, with a range of costs

Process captured Capture type Retrofit or new build Cost of CO, avoided
$1CO,
low high
Utilities, combined cycle | Post-combustion New 39 105
gas turbine
Pre-combustion New 38 106
The Heaters and boilers | Post-combustion Retrofit 108
(UK)
Pre-combustion Retrofit 69
Oxy-combustion Retrofit 62
Post-combustion New 134
Oxy-combustion New 70
Chemical looping | New 46 59
combustion
Fluid Catalytic Cracker Post combustion New 119
Oxy-combustion Retrofit 77
Hydrogen production | Post-combustion New
SMR

[1] de Coninck, H., Mikunda, T., Gielen, D., Nussbaumer, P., and Shchreck, B., Carbon Capture and Storage in Industrial
Applications, Technology Synthesis Report. United Nations Industrial Development Organisation,



Industrial CCS

A wide variety of novel CCS technologies exist, at a variety of TRLs
Two examples of advanced technologies were given — many more
exist.

Industrial CCS technologies require tailoring to the individual process.
Careful understanding of the linking together of different processes
(e.g. cement and Ca looping, Chemical Looping and Iron and steel)
can lead to exciting possible developments.



Questions / End of First Presentation



CO,, utilisation

Global ~ 10 x USA emissions

» Sources outweigh sinks by several orders of magnitude (more than a factor of 150).

USA
ONLY
GLOBAL
v v
Source Annual CO2 Percentage of Total Process Global Annual | Typical source Lifetime of
production (MtCO?2) Emissions CO2 Usage of CO2 used storage
Power 2530 84.0%
Refineries 154 5.1% Urea 65-146Mt" Industrial 6 Months
Iron & Steel 82 2.7% Methanol 6-8Mt Industrial 6 Months
Gas 77 2.6% -
. Inorganic Carbonates 3-45Mt# ? Decades

Processing
Cement 62 2.1% Organic Carbonates 0.2Mt ? Decades
Ethylene 61 2.0% Polyurethanes 10Mt ? Decades
Ethanol 31 1.0% Technological 10Mt ? Days to Years
Ammonia 7.8 0.3% Food and drink v, > Dae oY
Hydrogen 68 0.2% ood and drin ? ays to Years
Ethylene 1.2 0.0% TOTAL 102 - 227Mt
Oxide Notes:
TOTAL 3013 100% A, # The demand for CO, in Urea and Inorganic Carbonate production is particularly

uncertain. Various sources have quoted figures with orders of magnitude

differences.

+ The storage of CO, is frequently short term — especially for largest sinks; methanol and urea.
+ The use of CO, as a novel feedstock is a good idea if it is justified by the economics — but will
not have significant climate benefit, particularly if the storage is short term.




CO, utilisation

Compound

Carbonates
Polycarbonates
Carbamates
Polyurethans
Acrylates

Inorganic carbonates
Technological

Algae for the production
of biodiesel

Grand total:

Current
production
(Mte/yr)

155
50
0.2

5.3
2.5

0.6
200

0.005

CO, used

(Mte/yr)

0.01
200

2016 production
forecast
(Mte/yr)

180

250

2016 Forecast
CO, needed
(Mte/yr)

132
10
0.5

0.5
15
0.9
70
80

299

Rate of
growth of
production

(%/yr)
5%
7%

300%
8%
4%
8%
7%
22%
8%
0%

6633%

Rate of growth
of CO,
utilisation
(%/yr)

5%

8%
3300%
3300%

13%
62%

6633%

* Proponents of CO, utilisation are often very optimistic — however, assumed rates of
growth are optimistic against a backdrop of an industry growing at ~ 3-5%/yr

Source: Aresta, M.D., A. and Angeini, A., J CO, Utilization, 2013, 3-4,65-

73.



CO,, utilisation

*

e The annual CO, emissions of an average power plant are on the order of 100 Mt,
with global emission on the order 32 Gt CO, per year.

e Typical CO, injection and storage conditions are approximately 10 MPa and 40°C,
corresponding to a density of 600 — 700 kg/m?.

* This corresponds to 108 m3/day or approximately 700,000,000 barrels per day.
Current global oil production is 90,000,000 barrels per day (in 2014).

* This means that global CO, production is approximately a factor of 10 greater
than global oil production.

* Injecting CO, for enhanced oil recovery (EOR) is well established and mature.
However, even this is relatively limited in scope. One can use approximately 0.3
tonne CO, to produce 1 extra barrel of oil. In a UK context, there are approximately
24 billion barrels of oil remaining in the North Sea, equating to roughly 1-2 Gt
capacity for CO, injection for EOR, in idealised circumstances.

* Globally, current commercial CO, utilisation processes only use 200 Mt of CO, per
year for chemicals manufacture. This means that we use ~ 0.6% of total global CO,
produced. Therefore it is not realistic to consider CCU an alternative to CCS.



CO,, utilisation

*

*CO, is a very stable compound. It does not readily react with many other
compounds — this is one of the reasons why CO, persists in the atmosphere
for so long once it has been emitted. This means that the conversion of CO,
to high-value products is challenging and requires the input of energy. For
this reason, it is vitally important that a rational carbon-accounting
approach is taken when considering the utilisation of CO, as opposed to
storing CO.,.

*In comparing Capture and Utilisation (CCU) and CO, Capture and Storage
(CCS, it is important to distinguish between the long term, secure storage of
CO, offered by CCS and the potentially short term utilisation of CO, offered
by some forms of CCU. Thus, CCU may not significantly impact global CO,
atmospheric concentrations.

*The decision, therefore, is not one of choosing between CCS and CCU, but
rather which CCU option(s) best compliment the CCS deployment targets
associated with meeting our climate targets.



Conclusions

*

* CCS technologies are well understood and are considered
mature. Improvements are likely, but even with current
technology, we could deploy CCS today.

 We must not choose between CCS and CCU, but rather
which CCU option(s) best compliment the CCS
deployment targets associated with meeting our climate
targets.

* Key barrier to CCS is the absence of policy
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