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Finding least-cost net-zero CO,. strategies for the
European cement industry using geospatial
techno-economic modelling+f

Till Strunge, © *2°< Lukas King, ©2 Nixon Sunny, @ 9 Nilay Shah, © ¢ Phil Renforth @2
and Mijndert Van der Spek @ *2

Cement production is responsible for approximately 7% of anthropogenic CO,-equivalent (COjyc)
emissions, while characterised by low margins and the highest carbon intensity of any industry per unit
of revenue. Hence, economically viable decarbonisation strategies must be found. The costs of many
emission reduction strategies depend on geographical factors, such as plant location and proximity to
feedstock or on synergies with other cement producers. The current literature lacks quantification of
least-cost decarbonisation strategies of a country or region's total cement sector, while taking stock of
these geospatial differences. Here, we quantify which intervention ensembles could lead to least-cost,
full decarbonisation of the European cement industry, for multiple European regions. We show that
least-cost strategies include the use of calcined clay cements coupled with carbon capture and storage
(CCS) from existing cement plants and direct air capture with carbon storage (DACCS) in locations close
to CO, storage sites. We find that these strategies could cost €72—-€75 per tonne of cement (tcemenfl,
up from €46-€51.5 teament 1), Which could be offset by future costs of cement production otherwise
amounting to €105-€130 teement © taking the cost of CO,. emission certificates into account. The
analysis shows that for economically viable decarbonisation, collaborative and region-catered
approaches become imperative, while supplementary cementitious materials including calcined clays
have a key role.

Cement production, a major source of industrial emissions, urgently needs cost-effective emission reduction strategies. Decarbonising cement production is
challenging, because it not only requires high temperatures but most of its CO, emissions stem from releasing CO, from limestone directly. While multiple
different interventions for emission reduction have been suggested, many of them are going to work better in some locations than others. In this article we tackle

the question, which mix of decarbonisation strategies are likely to be cheapest, taking multiple European regions as case studies and investigate how
collaboration among cement producers can influence their costs to reach net-zero CO,. emission by 2050. This issue aligns with SDG 9 (Industry, Innovation,
and Infrastructure) and SDG 13 (Climate action).

Introduction

is essential for economic growth with a projected global market
size of reaching 6.08 billion tonnes per year (a~') in 2026,

CO,-equivalent (CO,.) emissions must reach net-zero by 2050
(also referred to as deep/full decarbonisation) to limit global
warming to 1.5 °C.' The cement industry alone is responsible
for 7% of anthropogenic CO,. emissions.>* As the use of cement
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reducing cement's carbon intensity is vital. While alternative
building materials (e.g., wood) could be used in some cases, it
seems unlikely that cement can be replaced entirely, and
therefore zero-carbon production practices need to be devel-
oped and implemented.” Reducing CO,. emissions in the
cement industry is particularly challenging: cementitious
products are characterised by high emissions and low margins,®
leaving limited room for investments in decarbonisation
methods, while the high process-inherent emissions reduce the
technological options to produce “net-zero-CO,.” cement.
Cement production involves limestone mining followed by
calcination to produce clinker, before it is ground and blended
with other materials (e.g., gypsum) to reach specified cement

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties. The calcination step is the main CO, contributor,
stemming from two sources. It requires high temperatures
(1400-1500 °C?), resulting in high energy-related emissions
(from using fossil fuels such as coal), and causes CO, to be
released from limestone itself as process-inherent emissions
(eqn (1)), accounting for approximately 60% of cement's total
CO,. emissions.”

1400—1500 °C
e

CaCO; CaO + COy 1

1)

Hence, to significantly reduce CO,. emissions either the use
of clinker must be reduced, or the produced CO, needs to be
abated, e.g., via CO, capture and storage (CCS). A review of the
academic literature and policy reports suggests a multitude of
potential decarbonisation strategies (Fig. 1).*%'®'*"$ As there
are two major emissions sources (energy-related and process-
inherent), it may be necessary to consider several complemen-
tary approaches for addressing each source.

Decreasing energy-related emissions can be accomplished by
implementing energy efficiency measures and by fuel substi-
tution. While substantial gains in efficiency have been made
using these methods in recent years,® to further decrease
energy-related emissions alternative fuels®*™** or the adoption of
process electrification™ have been suggested.

To reduce process-inherent emissions, the cement industry
has used clinker substitutes known as supplementary cemen-
titious materials (SCMs). These SCMs can be either industrial
by-products (such as steel slag and fly ash) or natural minerals
(like limestone and natural pozzolans).®'*>12° However, their
use as a emission reduction measure is limited as they only
substitute clinker partially and the availability of some indus-
trial by-products is expected to decline in the future due to the
implementation of more environmentally sustainable produc-
tion processes in other industries.”* Moreover, the use of SCMs
has limitations related to the overall strength and workability of
the cement (including increased water requirements and
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altered curing time)."> Therefore, these measures alone will not
suffice to mitigate all process-inherent emissions. Hence, the
complementary use of emerging technologies such as alterna-
tive clinkers and novel SCMs (e.g., calcined clay cements),
carbon capture, utilisation (CCU, e.g., CO, mineralisation), and
storage (CCS)* as well as carbon dioxide removal (CDR, e.g.,
direct air capture and storage (DACCS)), is essential.

A critical remaining question is how countries’ cement
sectors and individual cement plants can reach net-zero-CO,.-
emissions in a cost-effective manner? Cement plants are widely
distributed across Europe (282 integrated cement plants located
in Western Europe alone,?* Fig. 2B), due to the low economic
viability of transporting cement over long distances (90% of all
cement is transported less than 281 km?°). This also means that
the economic viability of the aforementioned decarbonisation
strategies depends heavily on plant location. For example,
calcined clay cements require suitable kaolinite clays,***> CO,
mineralisation requires earth alkaline metal oxide containing
minerals (such as olivine-bearing rocks which contain forsterite
(Mg,Si0, **?%)) and carbon capture and storage requires suitable
underground CO, storage sites (e.g., depleted oil and gas
fields*!), each of which are found in different locations in
Europe (Fig. 2A). Therefore, policy and industry decision-
makers face the challenge of selecting suitable decarbon-
isation strategies for a wide range of cement plant locations to
decarbonise the sector as a whole.

These strategies need to be based, among others, on
comparative ex ante techno-economic assessments to evaluate
the economic performance of each potential ensemble of
decarbonisation interventions evaluated in a specific locational
setting. However, techno-economic assessments that compare
a suite of emission reduction technologies for the cement
industry are sparse, while some generic analyses of individual
technologies exist (e.g., carbon capture,® calcined clay
cements,* CO, mineralisation®®). With CO,. neutrality goals
only one or two investment cycles away, policy and industry

Efficiency & Re;lyé:lljilr;? & New
substitution economy technologies
I
....... | I I 1
; Alternative
Clinker level Cement Level Sonorele RRecyeling clinkers and CCs CCu CDR
recycling elements novel SCMs
Energy Supplementary| co,
: cementitious Onshore —{ <2l o DACCS
Efficiency materials (SCM) Mineralisation
Alternative Improved H | | CO, concrete
Fuels grinding H Ofishore curing EECCS
["Ithe measure can tackle energy-related emissions g GEnEEE T Cllier
[Ithe measure can tackle process-inherent emissions
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Fig. 1 Map of suggested interventions for emission reduction in cement production. Compiled from academic literature and policy advise
reports®>®8-1> (Table S271). Red-dotted interventions are investigated here. Classification of interventions based on Favier, et al.®
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Integrated cement plants

O, storage sites @ Olivine sites Q Kaolinite clay sites (considered in this

study)

Integrated cement plants
(not considered in this
study)

Fig. 2 Available locations for production of olivine-bearing rocks?® and kaolinite clays®*~2¢ and for offshore CO, storage®?® of relevance for the
here analysed regions (i.e., Ireland, United Kingdom, Germany, Portugal and Spain) (A). Integrated cement plant locations in Europe?? (B). Regions

analysed in this study are marked in red.

decision-makers are in urgent need of detailed location-specific
assessments, to help determine their technology and invest-
ment strategies.

To address this gap, we here present a techno-economic
geospatial analysis for three selected case study regions (ie.,
United Kingdom and Ireland (UK&IRE), Germany (GER) as well
as Portugal and Spain (PT&ES)) to cover the heterogeneity of
regions across Europe. By providing a geospatial assessment of
these strategies across various cement plants in Europe, we
offer a novel framework for optimising decarbonisation efforts
in the cement industry tailored to local differences, resources,
and constraints, filling a current gap in the literature. We
developed a mixed-integer linear programming model to
determine least-cost emission reduction strategies for the entire
industry in one region considering several selected interven-
tions which either aim to reduce the clinker content, store CO,
in cementitious products or capture CO, from the atmosphere.
The goal of this study is to shed light on emission reduction
strategies in the cement industry while considering synergies
between cement plants as well as avoiding path dependencies
(i.e., earlier investment decisions affect, hinder future invest-
ments*’). The key contributions of this study include:

e For the first time, least-cost, full cement decarbonisation
strategies for selected European regions are presented,
accounting for geospatial differences of individual cement
plants.

e The value of collaboration between cement companies is
quantified, showing the need for a concerted approach versus
a single mover strategy.

e The value and effects of including selected abatement
strategies is quantified, e.g., of using CCS or calcined clays.

e Optimal investment sequences for the cement sector are
modelled to avoid technology lock-ins that may lead to higher
final costs.

e We show that collaborative, full, decarbonisation of
cement sectors can be cost effective viz-a-viz expected CO,
emissions taxes.

3056 | RSC Sustainability, 2024, 2, 3054-3076

Methodology

To investigate net-zero CO,, emission strategies for the cement
industry, considering transport costs for feedstocks and syner-
gies between decisions of multiple cement plants, we first
conducted a literature review (Methodology - Literature review)
and selected suggested interventions (Methodology - Selected
Interventions), before estimating their costs at maturity
(Methodology - Iterative learning for CO, emission reduction
strategies). Second, we calculated the transport costs for feed-
stocks for different cement plant locations (Methodology -
Transport of bulk materials) and fed both results (i.e., cost
estimates for interventions and transport costs) into a mixed-
integer programming model (Methodology — Model structure).
To investigate least-cost emission reduction strategies while
avoiding path dependencies which would only allow certain
interventions to be selected at a specific time, a solver first finds
the least-cost strategies for reaching net-zero CO,. emissions for
an entire region (to be reached in the EU in 2050 **) by imple-
menting interventions at cement plants (e.g., installing CO,
capture) and/or constructing infrastructure (e.g., CO, pipelines,
CO, injection wells). After finding a least-cost solution for
reaching net-zero, strategies for intermediary targets (e.g., 50%
emission reduction) were selected by the solver via back-casting
(Methodology - Optimisation Framework). Because the solver
finds a least-cost strategy for the entire region, in a last step we
allocated costs for shared infrastructure to individual cement
plants (Methodology — Post-processing).

Literature review

There are a multitude of strategies suggested for emissions
reduction in the cement industry (Fig. 1). A holistic review of
technology options and their emission reduction potentials was
performed by Favier, et al.® Their review concluded that decar-
bonisation should be tackled in all stages of the value chain
(from clinker, cement to concrete use). To reach deep

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00373j

Open Access Article. Published on 13 rugsjo 2024. Downloaded on 2026-04-18 16:25:09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

decarbonisation multiple interventions might have to be
implemented simultaneously, among them increasing energy
efficiency and introducing alternative fuels, reducing clinker
content in cement blends or the use of alternative clinkers as
well as carbon capture, utilisation, and storage (CCUS). These
suggestions were mostly in line with the roadmap by the
European Cement Association,® which estimates the biggest
share of emission reductions could be implement through
CCUS, alternative fuels and via clinker substitutions. To inves-
tigate the costs of carbon capture at cement plants, Voldsund,
et al.*® provided a detailed techno-economic analysis showing
that carbon capture not only can be costly (€42.4 € tcoz,avoide(l
to €83.5 tCOZ,avoided_l)y but also cannot be used to capture all
emissions from a cement plant (e.g., due to energy penalties).
Hence, residual downstream emission will have to be captured
elsewhere using carbon dioxide removal techniques, like direct
air capture and storage. To this end, Young, et al.*® provided
a detailed assessment of different direct air capture technolo-
gies as well as their future costs. As clinker substitutes or
alternative clinkers Favier, et al® reviewed multiple different
options, many of which are in early stages of development or for
niche markets (e.g., alkali activated systems,® magnesia
cements,® CO, concrete curing in precast concrete production®’)
while the use of calcined clays was suggested of having the
highest potential, which was confirmed by other
researchers.®*>* In Strunge et al*® among other
researchers,*** we previously showed that CO, mineralisation
to produce SCMs, which both stores CO, permanently and
replaces clinker can have similarly a large emission reduction
potential. To investigate alternative fuels in the cement
industry, Kusuma, et al.** reviewed multiple bio-based feed-
stocks such as wood pallets and suggested that a combination
of biofuels with CCS might lead to high emission reductions
through synergetic effects.

Selected interventions

To select potential interventions for this study, we first reviewed
potential emission reduction strategies for the cement industry
(Fig. 1) and selected strategies (interventions) with high emis-
sion reduction potential. We chose alternative fuels (biomass),
calcined clay cements, CO, mineralisation, carbon capture and
storage (CCS), and direct air capture and storage (DACCS).
These interventions span the domain of decarbonisation
options presented in Fig. 1, aside from recycling options.

The cement industry currently predominantly uses waste
and industrial by-products* as alternative fuels, which show
limited effectiveness due to their fossil carbon content (i.e.,
fossil carbon is emitted during combustion of waste tyres,
a common fuel replacement used).” Therefore, we only
considered biofuels as wood pellets from North America as
means to decrease energy-related emissions as the availability
of biomass from Europe is limited (Note S1 and Table S1t).

We considered calcined clay cements, particularly using
kaolinite clays (Al4[(OH);|Si4O10]), as a means of reducing
emissions by blending clinker (50%) calcined clay (30%),
limestone (15%) and gypsum (5%), forming LC3 (Limestone

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Calcined Clay Cement).** This blend can significantly reduce
emissions due to clinker replacement and lower calcination
temperatures of clays, thus lower energy emissions per unit of
cement produced*-*** (Note S4t).

We considered CO, mineralisation as means of long-term
CO, storage in cementitious products, where captured CO,
reacts with minerals to create stable carbonates, producing
supplementary cementitious materials as clinker replacements
(we considered a substitution level of 30% clinker). As feedstock
we here considered olivine-bearing rocks (i.e., peridotite which
contain forsterite (Mg,Si0,)), due to their availability and low
costs®* (Note S37).

Due to its high emission reduction potential, we included
CCS (i.e., capturing CO, directly from cement plant flue gas and
transporting it to geological storage sites). We only considered
offshore CO, storage due to lower risk perceptions of lay people
compared to onshore storage*® (Note S27).

To offset all residual emissions, thus allowing fully net-zero-
CO,e supply chains, we included DACCS for carbon dioxide
removal from the atmosphere*”*® (Note S57).

As some combinations of interventions are possible (e.g.,
CCS and CO, mineralisation), while others cannot be combined
(e.g., CO, mineralisation and calcined clay cements), we defined
a set of interventions which can be considered by the solver. We
here considered the following emission reduction interventions
in the model:

(1) Conventional cement production + CCS.

(2) Conventional cement production + biofuels.

(3). Conventional cement production + biofuels + CCS.

(4) Conventional cement production + CO, capture and
mineralisation.

(5) Reduced conventional cement production + CO, capture
and mineralisation + biofuels.

(6) Reduced conventional cement production + CO, capture
and mineralisation + biofuels + CCS.

(7) Reduced conventional cement production + CO, capture
and mineralisation + CCS.

(8) Reduced conventional cement production + calcined clay.

(9) Reduced conventional cement production + calcined clay
+ biofuels.

(10) Reduced conventional cement production + calcined
clay + CCS.

(11) Reduced conventional cement production + calcined
clay + biofuels + CCS.

(12) Direct air capture and storage.

Iterative learning for CO, emission reduction strategies

Most of the here considered interventions/technologies are not
yet mature. As technologies can be expected to decrease in cost
through iterative learning, from the first plant (first-of-a-kind) to
when 7 plants have been built (Nth-of-a-kind), we used learning
curves to estimate the cost of the interventions. Learning curves
are essential tools in assessing the Nth-of-a-kind cost of new
technologies, particularly in fields like CCUS.* We followed the
approach developed by Rubin et al.>**** where we first estimated
first-of-a-kind costs by applying accurate contingencies,

RSC Sustainability, 2024, 2, 3054-3076 | 3057
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according to technology maturity (Table S71) and then used
leaning curves to approximate costs of Nth-of-a-kind interven-
tions (eqn (10) and (11). For CO, mineralisation, CO, capture
and calcined clay production we followed Greig, et al.>* and
considered 20 built plants as technological maturity. For these
interventions we used a learning rate of 10.55%, the mean of
suggested learning rates suitable for CO, capture technologies
Rubin, et al.>® For direct air capture we used estimates for Nth-
of-a-kind plants from Young, et al,** which also followed the
same methodology. But here, instead of a fixed number of
plants, we considered a total cumulative capacity of 1 Gt a™*
which is likely to be reached by 2050 ** because many industries
beside the cement industry will likely drive the investments and
thus iterative learning of DAC technologies. For biofuel we did
not consider any capital expenditures and hence do not
consider technological learning. For CO, infrastructure (i.e.,
pipelines, recompression stations between onshore and
offshore pipelines) as well as CO, injection sites, we did not
consider technological learning.

Case study regions

Due to limitations in data availability or quality as well as
computational time to solve the model, we selected case study
regions in Europe. To cover a wide range of the heterogeneity of
regions across Europe, we chose United Kingdom and Ireland,
Germany, and Portugal and Spain as case study regions (Table
1, Fig. S5 and Note S6+).

Transport of bulk materials

We evaluated the material transport for all case study regions
(i.e., United Kingdom & Ireland, Germany, and Portugal and
Spain). We calculated the transport costs of biofuel, minerals,
and clay for each region. The results show that large regional
differences can be expected (Table 2 and Fig. S6). Note that
end-to-end transport costs were calculated for each feedstock to
each single cement plant (see Bulk transport modelling).

Model structure

The constructed model consists of three components: (1)
international bulk transport model (INTERNAT-BT), a model

Table 1 Case study descriptions
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that computes transportation costs for various feedstocks (such
as olivine-bearing rocks for CO, mineralisation), (2) industrial
decarbonisation resource technology network model
(INDiECAR-RTN), a mixed integer linear programming (MILP)
model that allows us to build interventions using component
models on existing cement plants and designs a CO, storage
network (if needed), with the objective to minimise the total
system cost (TSC) for a given emission reduction target and (3)
cost allocator (COSTALLO), a post-processing model to allocate
costs to each cement plant (Fig. 3). The techno-economic model
uses cost functions and mass and energy balances for each
unique intervention as inputs.

All models were developed using Python 3.9. To solve these
complex problems, we used the commercially available solver
CPLEX which uses a combination of algorithms (ie., simplex
algorithms, primal-dual logarithmic barrier algorithms, a sifting
algorithm) on a high-performance computing cluster. The solver
finds quasi-optimal solutions given a set mixed integer program-
ming (MIP) gap (i.e., upper bound to solutions without constraints).
The quasi-optimal solutions thus can slightly differ from run to
run, given multiple solutions in a certain MIP gap exist.*® For the
majority of the runs, we specified a mip gap of 0.02% or
a maximum runtime of 4 hours per run. Fig. 3 gives a high-level
representation of the models used and their interactions.

Bulk transport modelling

The transportation cost for bulk goods varies with trans-
portation distance and (combination of) available modalities.
To find least cost transport options, we developed a transport
model INTERNAT-BT, based on work by Collis and
Schomécker®” and Benita, et al.*® This model allows comparison
of various transport mode combinations, including shipping,
rail, and road, to identify the most cost-effective options. For its
input data, the model relies on shapefiles representing Euro-
pean railways, sourced from Mapcruzin,* offshore shipping
routes derived from automatic identification system data ob-
tained from Halpern, et al.,** and port information sourced
from Novikov.*

To determine the shortest transportation routes, the model
initially creates simplified networks based on the provided

United Kingdom and Ireland

Germany

Portugal and Spain

Number of active integrated 16 31
cement plants
Region characteristics Much offshore CO,

storage capacity at close proximity®”

No olivine-bearing rock deposits but
kaolinite clays present in the south
of England®®

Limited offshore CO, storage
capacity located only to the
nort
No olivine-bearing rock deposits
available, but large amount of
potential kaolinite clay deposits in

34

Offshore CO, storage in Portugal
available®” ¢

h27,28,55

Olivine-bearing rock deposits® and
kaolinite clay deposits available in
the north of Spain®®

Germany and surrounding
countries (i.e., Hungary, Czech
Republic)**

“ Current databases only consider onshore CO, storage in Spain,?”” which we do not consider in this study (Note S2).
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Table 2 Results of bulk transport calculations (see Bulk transport modelling for methods)

United Kingdom and Ireland

Germany

Portugal and Spain

Biofuel 6-20 € t~" (transport emissions:
136-183 kgoo,, t 1)

5-13 € t ' (transport emissions:
42-64 kgco, t1)

11-18 € t~* (transport emissions:
34-80 kgco, t)

Olivine-bearing rocks

Clay

shapefiles to reduce computational demands. It then employs
the Dijkstra algorithm to compute the shortest paths. However,
due to the significantly larger scale of the European road
network compared to the rail network, which can result in
computationally intensive network analysis, we implemented
an application programming interface (API) integration with
openstreetmaps.org (http://openstreetmaps.org/) (Fig. S21). The
cost of transportation (Ceransport) for a specified mass flow of
bulk material (7y) are subsequently calculated following
eqn (2), considering multiple transport mode options
represented by i choices and the calculated distances (dist) on
each route as well as specific prices for transport (7).

Cbulk transport — Mpulk MIN(ile.n)[TCtruck : zdiSttruck
+ Toirain” ) diStirain + Toship® D_distship] (2)
We calculated transport cost routes comparing 4 different
possible combinations: (1) transport via ship, rail, and road, (2)
transport via ship and road, (3) transport via rail and road, and
(4) transport solely via road (Fig. S271). To reduce the number of
runs, we only calculated the least-cost transport routes for
a given bulk material (e.g., olivine bearing rock) by first finding
the n-closest feedstock locations based on the linear distance
between resource and the cement plant, with n reaching from 2-
4 depending on the feedstock (i.e., we limited finding the least-
cost route for kaolinite clay for a given cement plant to the 4
closest clay sites and disregarded clay sites further away).

.~ "1 Bulk transport model (INTERNAT-BT)
7/

Find closest
points to each
input

Approximate
network
generation

’

I Location of
I Cement
1
1 plant
| Locations of
| Feedstock

| ! I I l

[ Opti;)n1 ][ Opti;mZ ][ Option 3 ][ Option 4 ]
& & |

1

1

1

1

1

1

1 l — API integration for
1 s
1

1

1

1

1

1

1

ways

Closest harbour
Closest Rail connection...

— =
| Openstreetmaps.com

e road transport
[ [
i

00

Add costs to
each mode of

-

transport

17-48 € t ! (transport emissions:
186-327 kgco,, t )

7-23 € t ' (transport emissions:
16-85 kgco, t 1)

1-13 € t~' (transport emissions:
1-16 kgco, t1)

Shape file
of transport

==
B e
on

14-31 € t' (transport emissions:
150-200 kgoo,, t7)

3.3-22 € t~' (transport emissions:
12-85 kgco, t 1)

9-28 €t (transport emissions: 28—
104 kgco, t 1)

Depending on the selected modes of transport, the accuracy
of the transport model differs due to variable data quality. The
highest accuracy can be assumed for road transport as the route
is calculated using an API integration to openstreetmaps.org
(http://openstreetmaps.org/) (accuracy of 4-5m * reported). The
used shapefiles for train and ship transport are shown in
Fig. S10.1 The least accurate transport cost calculation can be
expected from ship transport as the shapefile uses existing
transport data (with highest resolution in North America) and
therefore some less-frequented routes may not be accurately
captured. However, given the small costs of offshore shipping, it
does not have a significant impact on results. For train trans-
port the entire European railways network was considered.
However, in reality freight trains may have to travel a longer
distance as in some country's passenger trains may have
priorities on certain routes.

Quantity of interest

As the quantity of interest for this geospatial-economic model,
we here chose the change in levelised cost of product ALCOP
(i.e., added costs per tonne of cement Mcement) in [€ teement )
which combines capital costs, here, total capital requirements
(TCR) and operational expenditures (OpEx) for each cement
plant location g. Note that we only consider ordinary Portland
cement with a clinker factor of 100%, which can be used as is, or
to formulate other standard cement blends.

Input: Cost curves, grid points

~ with existing technologies and

\\ demand l

2 Mixed-integer linear programming (MILP) model
(INDIECAR-RTN): Solves mass, energy balances
and cost functions for entire system

|

Output A: Intervention matrix

Output B: Pipeline network

0 o ()

Output: Marginal abatement
cost curves (MACC)

I= ccs

—

Cost

3 Postprocessing (COSTALLO): Cost
allocation to each plant site.

CO,, abatement

Fig. 3 Schematic representation of developed model. Additional details in Fig. S1-S4.1
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To calculate ALCOP, we applied the methodology described
earlier in Strunge et al.*® which we developed in accordance to
existing guidelines for techno-economic assessments in this
field.>***** We discounted the capital costs (i.e., TCR) using
interest rate i and the plant's expected lifetime L.** The inter-
ventions can be built at individual cement plants, while CO,
transport infrastructure, storage injection wells and direct air
capture plants are investments shared by multiple plants.
Therefore, they were allocated towards each cement plant
location g that uses them (eqn (3) till eqn (8)).

ALCOPtotal,g = ALC'OPimervemion,g + ALC'OPCO2 transport,g
+ ALC()PCO2 storage,g + ALCC)PNET,g (3)
o TCRimervention‘g + OpEX

intervention,g

ALCOPimervenliou.g =
mcemem.g
_ OpEXsavings,g (4)

Mecement,g

o TCRipeline,y + OPEX i ciine
ALC()PCOZ transport,g — Z < PIpeine.y pipel C‘}>

Vg MO, transported pipeline,y

. ( ”nCOzstored,g ) . <mCozstored,g) (5)
mCOZtransported,pipeline.y mcement,g

a- TCRslorage + OpEX

storage

ALCOPo, stroage.g = Z

J Mistored j

. (mCOZSlOI‘Ed,g + mco, offsel.g) (6)
Mecement,g
Za'TCRCDR,h + OPEXcpryi (M1c0s0ftset s
LCOPCDR.g = " ° N (7)
h Miemoved, i mcement,g

= (=) “

Here, Mcement, Fepresents the cement plant's capacity in location
g, J, represents the set of pipeline segments CO, is transported
through from location g to the storage site, 7co transported,pipeline,y
describes the total amount of CO, transported in pipeline y,
Mo stored,g describes the amount of CO, captured and stored
from the cement plant in location g and 1o ofset,s FEPresents the
amount of emitted CO, from a cement plant in location g that is
offset using carbon dioxide removal technologies at location g or
another location. OpEXgayings ¢ refers to operational expenditures
that are saved compared to conventional production (e.g., costs of
energy, feedstock for clinker replacement by novel supplemen-
tary cementitious material).

We calculated the TCR for interventions using the total
direct costs (TDC) as well as total overnight costs (TOC) for each
technological intervention (eqn (9)).

TOCimervemion = Z TDC- (1 +.fi-ndirect) . (1 +.f£)mcess)

: (1 +fPl'Oj€Cl) ' (1 +ﬁ7wner) (9)
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The factors findirects fprocesss fprojects fowner account for indirect
costs, process contingencies, project contingences and owners’
costs respectively. To calculate the TCR for an nth of a kind
plant we used (eqn (10) and (11)).5¢¢

TPC
TCRintcrvcntion = ( .

mcemem

) . N’E ”/hccmcnt . (1 + l) Lconstruction (10)

In(1 — LR)

E="%n

(11)

N characterizes the number of plants built, LR the learning rate,
E the experience factor, i the interest during construction and
teonstruction the estimated time for construction in years. The OpEx
were derived using mass and energy balances as a basis to calcu-
late the costs of utilities and feedstocks, the location specific costs
of material transport and the costs of labour (eqn (12)). Here, the
amount of feedstock or utility needed is represented byw;, m;is the
price for feedstock or utility for resource i and location g.

OpEX = Zwﬂti + OpEXﬁxed + Zcbulk transport,i,g (12)

To scale the TCR for a given cement plant, we used a linear
scaling approach, so it could be used in a linear programming
formulation.

capacity
TCRC?\PHCitY new — ’-l—‘cjlzca\pacityold . (7’”1)

capactiy g

(13)

To evaluate the CO,, emissions offset by an intervention, we
modified the approach used by Ostovari, et al.*” In line with
their methodology, we calculated the climate change impacts
following the Intergovernmental Panel on Climate Change by
using the European Commission's recommendations in the
International Reference Life Cycle Data Handbook.®®

For assessing the climate change effects of an intervention, we
used the carbon footprinting method. We limited this study's
scope to climate change impacts measured in CO,. emissions,
considering other impacts as beyond our study's techno-
economic focus. In the emissions ejnterventions, We accounted for
the emissions by the used feedstocks efecdstocks, their transport to
the cement site eqanspore (cONtaining emissions from each used
mode of transport), emission for electricity eciectriciey and heat epeq
used in the process. From that burden we subtracted the emis-
sion reductions through CO, that is bound in the product or
stored offshore, egoreq, and emissions that are avoided by
replacing clinker production e;epiace (€qn (14)).

Cintervention — (efccdstocks + etransport + €el + ehcat)

- (estored + ereplace) (14)

Optimisation framework

The optimisation framework INDIeCAR-RTN used in this work
was built on a resource technology network (RTN) formulation
by Sunny, et al.®® based on Pantelides.” We described our
adapted framework in Kiing, et al.’* In this RTN model we

© 2024 The Author(s). Published by the Royal Society of Chemistry
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described a region using multiple grid cells, where each cell (g)
represented a specific functional location (i.e., cement plant
site, potential CO, storage site, CO, terminal site to connect
offshore pipelines to the onshore grid or trunkline location
where shared pipelines networks can be pre-defined, Table S31).
The optimisation model's objective function was to minimise
the total added levelised costs for cement production
(ALCOP;q) as a sum over the set of all cement plant locations
(G.) (eqn (15)) for a given emission reduction target.

MIN> "LCOPoa1

g€ Ge

(15)

To solve this problem, we used a set of equations as
constraints. The core element in the RTN formulation are sets
of resources including cement, biofuel, olivine bearing rocks,
emitted CO,, captured, and liquidised CO, as well stored CO,.
The model must solve these mass balances for each grid cell
and each resource. Beside the resources, the model contains
interventions that can be installed at grid cell locations (e.g.,
installing CO, capture at a cement plant to reduce the emitted
CO, and convert it into captured CO, or installing injection
wells to convert captured CO, into stored CO,). Additionally, the
model contains a range of infrastructure interventions to
transport resources between grid cells, such as onshore CO,
pipelines of different sizes. The general concept of the RTN
formulation entails that all resources within each grid cell must
be balanced, i.e., production within the cell, flows to the cell via
transport, local demand and outflows (eqn (16))

intervention Strg

Ergr = imp,-,g,; - demr.g.t + Z (Iu’jJ 'pj.,g.t) + Z(A/,Coz.g.ts)
A J

J
CDR

G D
+ Z (D) + E Z (‘i@w,d.,r) - qgg.r.,d,z)
J d

g

(16)

Here, the term &, denotes the emission rate of resource r in
grid cell g at time ¢, imp,z, signifies the rate of importing
resource r (importable resources are for example electricity and
olivine bearing rocks which are imported from outside of the

intervention
grid cell). The summation (M;;Djge) describes the

conversion rate of the resource for all installed interventions
with u;, being the conversion rate of resource r (e.g., biofuel
usage) by intervention j (e.g., fuel switching to biofuel), while
Djg.¢ is the production rate of the (installed) intervention j (e.g.,
output of cement plant) with a negative value indicating

resource consumption and a positive value indicating resource
Strg

production. The term ) (4;,,°) sums up all storage technol-
J

ogies in a grid cell where A}, delineates the rates of storing

resource CO, using storage technology j, i.e., injection wells.
CDR

The term ) (;,pj ¢.) sums up all carbon dioxide removal
J

technologies, which can be installed at any grid cell and here
consist of direct air capture technologies. Lastly, the final term
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considers the inflow and outflow of resources, denoted as
Gs.0ra: and ggs -q. respectively, between grid cell g and its
counterpart ¢ through distribution installation d (e.g., 9 inch
onshore CO, pipeline).

In the RTN model, all resources must be balanced meaning
the overall sum must be zero, except for CO,. Excess CO, is
released to the environment. Eqn (17) establishes the total net
CO, emissions for the system over all grid cells (G) and major
time frames (7).

G T
Mco, = Z Z £C0,,q,-duration, (17)
g t

To solve case studies, we hence set a CO, reduction objective,
which served as a constraint to the solver while the cement
production of each plant needs to be fulfilled. Emissions can be
reduced through either intervention, such as implementing
carbon capture processes, or via installing CDR (here only direct
air capture plants).

Each action, e.g., choosing to build an intervention in a grid
cell