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Reducing carbon dioxide (CO,) emissions urgently requires the large-scale deployment
of carbon-capture technologies. These technologies must separate CO, from various
sources and deliver it to different sinks'?. The quest for optimal solutions for specific

source-sink pairs is acomplex, multi-objective challenge involving multiple
stakeholders and depends on social, economic and regional contexts. Currently,
research follows a sequential approach: chemists focus on materials design®and
engineers on optimizing processes*®, which are then operated at a scale that impacts
the economy and the environment. Assessing these impacts, such as the greenhouse
gas emissions over the plant’s lifetime, is typically one of the final steps®. Here we
introduce the PrISMa (Process-Informed design of tailor-made Sorbent Materials)
platform, which integrates materials, process design, techno-economics and life-cycle
assessment. We compare more than 60 case studies capturing CO, from various
sourcesin 5 global regions using different technologies. The platform simultaneously
informs various stakeholders about the cost-effectiveness of technologies, process
configurations and locations, reveals the molecular characteristics of the top-
performing sorbents, and provides insights on environmental impacts, co-benefits
and trade-offs. By uniting stakeholders at an early research stage, PriSMa accelerates
carbon-capture technology development during this critical period aswe aimfor a

net-zeroworld.

Solid adsorbent-based carbon capture can leverage modernreticular
chemistry to synthesize millions of possible adsorbents’, including
around 100,000 metal-organic frameworks (MOFs)®’. To fully explore
this potential, we must move beyond the conventional sequential,
time-consuming trial-and-error approach. Computational groups
have initiated material genomics to accelerate discovery, generat-
ing materials in silico and predicting their adsorption properties
through molecular simulations'®™, Although these predictions
are promising, their impact has been limited because they often
assume that a few basic adsorption properties (for example, Henry
selectivity or carbon dioxide (CO,) capacity) suffice to evaluate
material’s performance. The optimal material depends on specific
process requirements, scale-up, location and life-cycle assessment
(LCA)*>*2° The lack of system-level contextualization has hin-
dered stakeholder engagement in materials discovery. A holistic
approach is needed to link material properties with process design
and techno-economic analysis (TEA). An LCA further evaluates
environmental impacts beyond climate change, ensuring that the
carbon-capture plant’s construction and operation do not result in

higher CO,-equivalent (CO,e) emissions than it mitigates over its
lifetime®.

The PrISMa platform for carbon capture

The PrISMa (Process-Informed design of tailor-made Sorbent Mate-
rials) platform (Fig. 1) allows for the interrogation and screening of
materials for a given case study, which is defined by the CO, source,
the destination of the CO, (sink), the capture technology, the avail-
able utilities and the geographical region (Extended Data Table 1).
Inthe materials layer, we use experimental data or crystal structures
to predict the adsorption thermodynamics of flue gas components
(CO,, nitrogen (N,) and water (H,0)) through molecular simula-
tions. These thermodynamic data and process and equipment data
serve as input for the process layer, where we compute parameters
such as purity, recovery, productivity and energy requirements.
In the TEA layer, we assess the economic and technical viability.
The LCA layer then evaluates the environmental impacts over the
plant’s lifetime.
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Fig.1| The PrISMa platform screens solid sorbents for CO,-capture
applications. The dataflowchart of the four layers of the platform. The figure
illustrates the linksbetween the LCA, the TEA, process evaluation and material
characterization. On the basis of the crystal structure of asorbent material, we
evaluate its performance for a specific carbon-capture process, connecting
aCO,sourcewithaCO,sinkinaregionoftheworld, usingatotal of 50 KPIs.

Following this holistic approach, the platform identifies top-
performing materials for further study. These materials can then
undergo more detailed process modelling and investigation (for exam-
ple, sorbent durability and manufacturing) to advance the technology
to pilot and demonstration scales.

Informing stakeholders’ perspectives

The PrISMa platform’s modular structure allows us to consider vari-
ous stakeholders’ perspectives. For any combination of source, sink,
technology, utilities and region, we compute a list of 50 key perfor-
manceindicators (KPIs; Supplementary Table 5). ASpearman analysis
(Extended Data Fig.1) helped usidentify six reference KPIs that capture
the most important trends (Extended Data Table 2).

Let us first focus on one case study: capturing CO, using a tempera-
ture vacuum swing adsorption (TVSA) process (with a vacuum pres-
sure of 0.6 bar) from a cement plant located in the UK. The captured
CO,is compressed and sent for geological storage. In Fig. 2, we com-
pare the performance of the materials with the monoethanolamine
(MEA) benchmark? (Supplementary Information Section 4); many
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The platformintegrates databases on material properties, process design
parameters, utilities data, economic data, life-cycleimpact assessment (LCIA)
dataand life-cycleinventory (LCI) data. A detailed description of the methods
usedineachlayer canbe found in Supplementary Information Section 3. Our
interactive visualization tool provides access to all KPIs for all case studies and
more than1,200 materials®.

materials outperform the benchmark for the different process, TEA
and LCAKPIs.

The net carbon avoidance cost (nCAC) is the KPI that quantifies the
cost of avoiding CO, emissions into the atmosphere over the plant’s
life cycle. The nCAC is not the only criterion, and evaluating materials
across all KPIs and from all stakeholders’ perspectives is important.
Figure 3 highlights the top-performing materials for a given KPl and
their ranking on the other KPIs across the platform. The comparison
of the material rankings in Fig. 3 illustrates the complexity of select-
ing an optimal material; the top ten for a given KPI do not necessarily
perform well for the other KPIs.

From an engineering perspective, we are interested in identifying
the best technology. Figure 4a compares the nCAC of the 20 top-
performing materials for the 3 process configurations and 3 CO,
sources. For all three technologies, we find materials that outperform
thebenchmark for coal and cement. For cases with alow CO, concen-
tration in the feed stream (for example, natural gas combined cycle
(NGCC) power plants), the vacuum step in the process configuration
reduces the cost, but no materials are identified with alower nCAC
than the MEA benchmark.
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Fig.2|Materials performance for aTVSA carbon-capture process at 0.6 bar
added toacementplantinthe UK. a, ThenCAC versus recovery, with colour
codingthe specific electrical energy consumption. b, The nCAC versus purity,
with colour coding the specific thermal energy consumption. ¢, Specific
thermal energy consumption for heating versus productivity, with colour
codingtherecovery.d, MR:MM versus climate change, with colour coding the

The vacuum step increases the purity of the product stream. This
increase is achieved by rapidly purging the weakly adsorbed compo-
nents fromthe column’s gas phase after the adsorptionstep butat the
expense of alower recovery than atemperature swing adsorption (TSA)
process. Figure 4b shows that with the vacuum step, most materials
exceed 96% purity, whereas for TSA, only a few materials meet this
requirement for geological storage. Therefore, we focus on operating
TVSA with 0.6 bar for the cement and coal and the TVSA with 0.2 bar
for the NGCC.

After optimization, many more materials meet the purity require-
ment (Supplementary Information Section10.3.3). Optimization lowers
thenCAC by about €7 tCO,™ (about 12%) for a TVSA process (cement in
the UK) and about €9 tCO, " (about 14%) for a TSA process and reduces
the differences between the various process configurations. Impor-
tantly, we see that the ranking of the top-performing materials has not
been impacted significantly.

Running a carbon-capture plant inherently produces emissions
of CO, and other greenhouse gases owing to an increased demand
for energy and materials. The environmental manager’s perspective
focuses on maximizing the captured CO, while simultaneously mini-
mizing these associated CO,e emissions and other possible environ-
mental impacts.
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nCAC. Sbe, antimony equivalent. Our visualization tool* gives an interactive
version of this graph. The dotted linesin a, cand d show the MEA benchmark
(Supplementary Information Section 4). Inb, the vertical orange dotted line
gives the purity required for geological storage (>96%) and in a, the blue shaded
areagivestheuncertainty. Each dotrepresents the corresponding KPlof a
material.

The effective recovery (Fig. 4d) adjusts the process recovery for the
CO,e emissions associated with building and operating the carbon-
capture plant, using the climate change KPI (Fig. 4c). For some materi-
als, we find that the climate change KPI is >1 kgCO,e per kgCO, cap-
tured (Extended DataFig. 2a). This indicates that the capture process
with these materials emits more CO,e over the plant’s lifetime than
the total amount of CO, captured. Several factors can contribute to
this result. For example, some materials have a very low CO, work-
ing capacity, resulting in high material and energy demands. Some
others, with relatively good working capacities and moderate heat
demands, contain metals such as gold or rhodium. The climate change
impact of synthesizing such materials is so significant that it leads
to a climate change KPI >1 kgCO,e per kgCO, captured. An impor-
tant environmental KPI is the material resources:metals/minerals
(MR:MM), whichrelates to the use of minerals and metals resources.
In Extended Data Fig. 3, we compare the ranking of materials based on
their constituent metals, focusing on some abundant metals (mag-
nesium, zinc and manganese) and rare metals (copper, lutetium and
silver). The MR:MM ranking will be poorer if a greater amount of the
corresponding MOF is required to remove a unit of CO, or if the total
energy demand is higher. The abundant metals rank better, whereas
the rank drops for the rather rare metals. If a MOF scores poorly on
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Fig.3 | Comparison of materials ranking for aTVSA carbon-capture process
at 0.6 baradded toacement plantinthe UK. RankingsaccordingtoHenry
selectivity (S), purity (Pu), productivity (P), nCAC, climate change (CC) and
MR:MM for a TVSA carbon-capture process added to acement plantin the UK.
Inthese graphs, the top-performing materialis ranked number one. Coloured

MR:MM, it may inspire chemists to explore similar structures with
more abundant metals.

Anotherimportant factorin MOF synthesisis solvent selection. The
PrISMa platformidentifies the greenest solvent fromalist of frequently
used ones. Supplementary Information Section 8.2.3 pinpoints antici-
pated environmental hotspots related to solvent selection.

The platform provides additional KPIs related to the process’s envi-
ronmental impacts (Extended Data Fig. 2b), for example, impact on
ecosystem quality, human health and the use of resources (land, water,
materials and non-renewable energy), and allows us to flag materials
thatimpact the environment.

The CO,-producer perspective seeks the most cost-effective cap-
turetechnology. For instance, acement producer can select different
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lines represent the top ten performers for the six reference KPIs. The same
colourisusedto highlight the KPlof interest. Every lineillustrates how the
ranking of aspecific material (y axis) changes across all other KPIs (x axis).
Our visualization tool® gives an interactive version of this graph.

utilities based on theirimpact on the plant’s environmental footprint
and cost. InSwitzerland, CO,e emissions can be reduced usingelectric
boilers instead of natural-gas-fired ones. This change significantly
lowers the climate change KPI owing to the low carbon intensity of
Switzerland’s electricity grid, resulting in nearly 100% effective recov-
ery. However, thisimprovement comes with a costincrease of approxi-
mately €16 tCO, " (about 20%) owing to the high operating costs in
Switzerland (Supplementary Information Section 8.2.2).

If one needs to perform large-scale carbon capture tomorrow,
the default choice is often the well-established MEA technology.
However, from an investor’s perspective, our platform shows that
solid-sorbent-based capture processes can outperform the MEA
benchmark. The cost reductions increase with CO, concentration;
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Fig.4|Comparison of process configurations and regions. This analysis of
the stakeholders’ perspectives focuses on the 20 materials with the lowest
nCAC.Intheseviolin plots, the white circle gives the median, which we useas a
(conservative) estimate of the performance. The bottom of the violin represents
afew materials with an evenbetter performance. The widthindicates the number
of structures witha particularyvalue and the thick black bar contains 50% of the
structures.a, The nCACjointly with the MEA benchmark (black dashed lines).

for cement, the nCACis about afactor of two lower than the benchmark
(Fig.4a).Investorsarealso interested in understanding the economics
of deploying carbon-capture plantsin different parts of the globe. The
large cost differences and electricity grid characteristics will make
specific regions economically more beneficial than others. Figure 4e
highlights this region’s dependence on the carbon-capture cost (CCC).
Forthe cement case, electricity and natural-gas costs are lowinthe USA,
which makesit favourablein CCC, whereasit is highest in Switzerland.
Theregion dependency of coal costsis rather small, whereas for natural
gas, itis more substantial.

However, the CCC does not account for the CO,e emissions associ-
ated with operating the carbon-capture plant and the product loss (for
example, electricity). The nCAC corrects the system-based CCCby the
climate change KPI (Fig. 4f). Thelargestimpactis observed inthe NGCC
case. The high CO,e emissions of the electricity grid owing to the many
coal power plantsin China, particularly in Shandong province, lead to
the highest nCAC. In contrast, Switzerland has the lowest because its
grid is dominated by hydroelectricity. The low energy cost and CO,e
emissions of the electricity grid mix make the USA beneficial for coal
and cement.

Theroute fromthe first synthesis of anew material to itsimplemen-
tationinto a commercial process can take many years. It is, therefore,
important, from a chemist’s perspective, to provide some guidance
on how molecular characteristics impact the material’s performance
atthevery early material’s design stage. Aninteresting practical ques-
tionis whether one can synthesize materials that work well for any CO,

b, The purity for three CO,sources depending on the technologies (TSA and
TVSAwithtwo vacuumlevels 0.2 bar and 0.6 bar) jointly with the required
purity of the CO, sink (red dashed line). ¢,d, The climate change (c) and effective
recovery (d) for the five regions. e,f, The CCC (e) and the nCAC (f) for the five
regions. CN-GD, China Guangdong region; CN-SD, China Shandong region; CH,
Switzerland. See Supplementary Information Section 8 for the data.

source. Extended Data Fig. 4a compares the nCAC ranking for NGCC,
coal-fired power plants and cement plants. We observe a significant
changeinrankingwhenwe go fromthe NGCCto coal. The changes are
smaller butstill considerable when we move from coal to cement. This
indicates the need for tailored materials for different capture applica-
tions (see Supplementary Information Section 8.5.1for more details).

Extended DataFig.4b shows theincrease innCAC with wet versus dry
flue gases. As the value of a, indicating water penetration in the bed,
increases, costs rise substantially, following exponential trends after a
certainthreshold. For cement, theincreaseinnCACis atleast €5.0 tCO,™*
(8%),and €26.7 tCO, ™" (22%) for NGCC. This underscores the necessity
of managing moisture at lower feed-CO, partial pressures to maintain
cost competitiveness. In Supplementary Information Section 9, we
discuss thelimits of our (ideal) model. Under non-ideal mass-transfer
conditions, about 60-70% of the materials remain top performers.
However, for materials with high water affinity (for example, zeolite
13X), moisture slippage into the dry part of the bed can significantly
undermine their capacity and shift their ranking.

Screening more than a thousand materials enables us to use
data-driven methods to identify the molecular characteristics of
the top-performing materials. For cement, we demonstrate that by
retaining the descriptor related to pore geometry (thatis, persistence
images), we canaccurately predict whether amaterial has alower nCAC
than the MEA benchmark (Supplementary Information Section 8.5.3).
These persistence images also rank the importance of each atom in
these predictions, with the collection of these atoms characterizing
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the molecular features that define the adsorbaphore®. A common
feature among materials outperforming MEA is a geometrical rod of
metal atoms (highlighted in Extended Data Fig. 5). These features are
often associated with stacked delocalized systems (aromatic rings)
separated by 6 A to 11 A (see also Supplementary Fig. 62).

Extending the chemical design space

Identifying more top-performing materials increases the likelihood
of advancing some to the next technological readiness level. We use
density functional theory and molecular simulations to predict mate-
rial properties. Although these predictions are accurate and applicable
across case studies, they require substantial central-processing-unit
resources and do not scale to millions of materials. To address this,
we leverage platform outcomes and implement a machine-learning
feedback loop to screen amuch larger chemical design space.

Our machine-learning model uses the crystal structure to predict
whether a material yields an nCAC above or below a given threshold.
We have limited top-performing materials, so we perform the training
insteps. We start using an nCAC threshold corresponding to the MEA
benchmark and use this model to screen a larger database. The most
promising materials are added to the platform (round 1, in Extended
DataFig. 6a). We now have more top-performing materials, whichallows
us to retrain the model with a lower threshold and perform the next
round. Extended DataFig. 6a,c shows thatin eachround, we decrease
the average nCAC. Extended Data Fig. 6d-fshows the evolution of the
predictions of our machine-learning model in the chemical design
space. Interestingly, there is not one single cluster of top-performing
materials but several clusters of chemically different materials. This
model needs tobe trained for each case study. Indeed, Extended Data
Fig. 6b showsthat the added top-performing materials for cement do
not similarly reduce the nCAC for the NGCC case.

Experimental testing

The impact of our in silico screening is limited if it cannot reflect the
experimental performance of the material. As an example, we uploaded
the crystal structure of anew material, MIP-212 (Extended Data Fig. 7a).
Extended Data Fig. 8 shows this is a promising material, and we studied
the performance in detail (Supplementary Information Section 12.1).
The experimental breakthrough curves (Extended Data Fig. 7b) show
the separation between the column’s predicted wet and dry fronts.
Thesignificantlapse between the breakthrough times of CO,and H,0
indicates moisture penetration below 5% of the bed length, whichisin
good agreement with our predictions (Supplementary Information
Section12.1.3).

We alsoranked CALF-20in Extended DataFig. 8, which gives annCAC
of €72tCO,™.

CALF-20 is being commercialized, and the estimated CO, capture
cost for the Svante process is €50 tCO, (ref. 24). A head-to-head com-
parisonis, however, difficult as the two processes fundamentally differ.

Outlook

The PrISMa platform’s holistic approachidentifies promising sorbent
materials for carbon-capture applications. This modular platform
extends beyond carbon capture, allowing for additional modules, for
example, other gas separations and hydrogen or methane storage.
Bridging fundamental research and large-scale deployment acceler-
ates the successful implementation of innovations.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Data availability

Allthe results obtained by the platform for all case studies presented
inthiswork have been deposited on Zenodo at https://doi.org/10.5281/
zenodo.11244258 (ref. 26). On this website, one canalso find the crystal
structure (cif files) of all materials studied in this work, together with
the simulated isotherms, values of the heat capacity and the data that
characterize the materials. Theresults of this work can alsobe accessed
through our visualization tool on the Materials Cloud at https://prisma.
materialscloud.io/ (ref. 25). This tool allows users to inspect all case
studies and allKPIs. In addition, the Materials Cloud providesinterac-
tive versions of the graphs presented in this work. Updates and new
case studies will be made available through the Materials Cloud. This
tool also allows the crystal structure of materials to be uploaded and
analysed across various case studies.

Code availability

The code for the analysis of the persistence images and the interactive
visualization tool can be found at https://github.com/kjappelbaum/
prisma-adosorbaphore and https://github.com/EIMouba/PrISMa_
VisTool, respectively. The software to run the different layers of the plat-
form can be obtained from the corresponding authors upon request.
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Study (TVSA, 0.6 bar)inthe UK. Thetop figuresillustrate the methodology;
thecrystalstructureis convertedinto a persistence image. We extract the
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whether thenCACis lower than the MEA-based benchmark. We then identify themethodsthatareused.
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features (adsorbaphores). Supplementary Information Section 8.5.3 provides
more examples of these top-performing structures, and it gives the details of
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Extended Data Table 1| Available case studies in the PriISMa platform

| Source | Sink | Technology | Utility | Region |
NGCC Geological storage | TSA Natural gas boiler | UK
Coal TVSA - 0.6 bar | Electric boiler us
Cement TVSA - 0.2 bar | From host plant China (Guangdong)

China (Shandong)
Switzerland (CH)

Any source, sink, technology, utility, and region in the platform can be combined. Switzerland has no coal-fired power plants, so this combination of source and region is not considered. Three
technologies are available: temperature swing adsorption (TSA) and temperature vacuum swing adsorption (TVSA) with two vacuum levels, 0.2 and 0.6 bar. We have a total of 66 Case Studies.
The complete input parameters defining these Case Studies are in Supplementary Information Table S2.



Extended Data Table 2 | The six reference key performance indicators (KPls)

KPI Description Definition (SI)
Materials layer

S Ratio of the CO, and N, Henry’s coefficients. (6.1.2)
Process layer

Pu The molar fraction of CO, in the product stream. (6.2.1)

P The amount of captured CO, per kg adsorbent dur- (6.2.5)

ing a process cycle.

Techno-economic analysis (TEA) layer

nCAC Quantifies the cost of avoiding emitting CO, into (6.3.4)

the atmosphere over the plant’s life cycle. For
power generation Case Studies, the nCAC is calcu-
lated from the levelized cost of electricity and the
net carbon intensity of the plant. For cement, the
nCAC is calculated from the costs of carbon cap-
ture and the Climate Change (CC), as we assume
that the capture plant does not affect cement pro-
duction.

Life-cycle assessment (LCA) layer

CC Gives the total Global Warming Potential (GWP) (6.4.1)
due to greenhouse gas emissions from the capture
process to the air and CO, uptake from the atmo-
sphere.
MR:MM Indicates the use of non-renewable, non-fossil nat- (6.4.2)
ural resources (i.e., minerals and metals) and con-
siders the availability of a mineral or metal on earth
and the current mining rate. The use of natural re-
sources like minerals and metals is measured using
antimony (Sb) as reference material.

Henry selectivity (S), Purity (Pu), Productivity (P), Net Carbon Avoidance Cost (nCAC), Climate Change (CC), and Material Resources: Metals/Minerals (MR:MM). Based on Spearman analysis, we
have identified six key performance indicators that describe the most important trends in each layer of the PriSMa platform (see Supplementary Information Section 7). A description of all KPIs
and data generated by the platform can be found in Supplementary Information Section 6.
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