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Integrated CO 2 -capture and utilization: a priority research direction

Carbon Capture Utilization and Storage, which has been proposed as a strategy to mitigate greenhouse gas emissions and to simultaneous offer alternative pathways of production of chemicals, fuels and materials remains currently poorly deployed due to the prohibitive cost of the capture and utilization steps. In the present review, we examine the recent advances, challenges and future opportunities in the field of integrated CCUS and particularly post-combustion capture by liquid sorbents and in situ utilizations or transformations.

Introduction

Mitigating global warming and its impact on ecosystems has become an emergency. It requires drastically reducing the levels of CO2 in the atmosphere and in its main reservoir, the ocean, and simultaneously switching from a fossil-based to a decarbonized economy. This highly ambitious roadmap purely and simply consists in conducting the next global industrial revolution on an extremely reduced timescale. To buy the time required to design and develop low-emitting technologies for the production of energy, for housing and for transportation, the only options available consist in improving the efficiency of the current portfolio and to massively deploy, carbon capture, storage (CCS) and utilization (CCU). [START_REF] Zimmermann | CO2 Utilisation Today[END_REF] In terms of scale and duration, only storage has the potential capacity to absorb the 32 Gt of CO2 emitted every year for a significant period of time. Yet, the latest analyses of all global CCS and the projection at horizon 2050 indicate that its implementation is 100 times too slow [START_REF] Haszeldine | Negative emissions technologies and carbon capture and storage to achieve the Paris Agreement commitments[END_REF] to significantly deviate our current trajectory from the + 6 degree scenario we are heading to. [START_REF] Dowell | The role of CO2 capture and utilization in mitigating climate change[END_REF] This is undoubtedly due to the fact that pure CCS lacks economic incentives and suffers from a massive rejection from the populations living near potential storage sites. CCU, which can arguably be considered a form of short-term storage is unlikely to contribute to GHG mitigation by more than 1% considering its potential scale of deployment. It is often claimed to provide the economic drivers for capture. Yet, examples of industrially mature utilization which can pay the price for capture and remain competitive with respect to oil-based pathways are extremely scarce. The common point between CCS, the priority direction for effective GHG mitigation and CCU, the way toward a decarbonized economy is that they both suffer from being cost-intensive. To date, the main viable value chain combines stepwise utilization and storage: enhanced commodity recovery strategies (figure 1a) use captured and compressed CO2 as an extractive fluid en route to its slow geological conversion into stable carbonates in the underground.

From this statement we herein propose to review and discuss the few reported examples of chemical strategies which have integrated or coupled some of the capture, utilization and storage blocks, thereby yielding disruptive CCUS value chains. Although such a disruptive approach was recently identified as a Global Priority Research Direction, [START_REF] Lin | Pilot plant test of the advanced flash stripper for CO2 capture[END_REF] no overview of the state of the art has been provided so far. While organisms or organelles indeed systematically utilize and store CO2 directly upon (without stripping, compressing and transporting the gas along long distances) offering either sources of inspiration or even technological solutions, we will only focus in the present document on chemical-based approaches regardless their current readiness level.

CO2 capture block: the need to move from physical to chemical stripping

The most mature chemical technology, which is also the only deployed to date for CO2 post-combustion capture (PCC) is amine scrubbing. In practice, one or two industrial amines are diluted with water to perform the spontaneous fixation of carbon dioxide from cooled and pressurized flue gases. Part of the heat evolved from this exothermic step is recycled through exchangers and reinjected into the stripper. This compartment operates at ambient pressure, but still requires a stream of vapor to thermally reverse the equilibrium and induce the CO2 release. Generally, the purified gas is then compressed to 20 bars, transported and mostly injected into the underground. Decades of optimization of the underpinning chemistry and engineering of this capture brick have allowed a thermodynamic efficiency of 50 % to be reached, which compares well with the state systems of the art in the field of industrial separation. It means that 50 % of the current operational costs correspond to incompressible thermodynamic requirements, while the remaining 50 % may in theory still be cut off. Yet, recent studies on the latest generations of solvents and advanced process configurations 5 reveal that this latter share is unlikely to be easily and significantly reduced, as it decomposes into several individual energy losses. These are associated with each of the fluid management unitary operations and would therefore be difficult to address as a whole scale reduction of energy consumption/operational costs.

Together with the colossal infrastructural investments required, this energy consumption is the major barrier restricting economic viability and preventing the commercial deployment of the amine scrubbing process. The largest shares of energy demand correspond to the water reboiler and the CO2 compression duties, which represent 58% and 30% in the PCC process, respectively (figure 1b). Recent analyses therefore pointed out that energy consumption reduction should mainly focus on these two components to improve the process's technical performance and subsequently reduce the cost of CO2 avoided. Capital cost analyses reveal that the investment required for the absorption/ desorption columns and the CO2 compression unit account for 46% and 40% of the total, respectively. 6

Valorization of the capture process: integrated CCUS (iCCUS)

With this analysis in mind, innovative capture concepts have emerged from active research programs in the field. These encompass waterlean solvent [START_REF] Heldebrant | Water-Lean Solvents for Post-Combustion CO2 Capture: Fundamentals, Uncertainties, Opportunities, and Outlook[END_REF] which save the costs associated with water management, (including its heating), as well as innovative stripping technologies, which propose to explore alternative sources of energy to trigger the release of the purified CO2. A strategy which deserves to be further examined is the use of chemical or electrochemical energy to displace the capture equilibrium. Either organic 8 , or inorganic 9 , 10 species which may compete with CO2 to reversibly bind the amine may be used to complement or substitute pressure and/or temperature swing required to induce the stripping step. Despite being remarkably innovative from a conceptual point of view and despite its potential for significant efficiency improvement, this disruptive strategy is unlikely, as such, to fully relieve the economic burden that capture represents in the entire value chain. Yet, it underlines the fact that the PCC process itself, which by essence consists in the temporary modification of the physical and chemical properties of the liquid absorbent or solid adsorbent induced by the gas uptake (formation of liquid or solid ammonium carbamates and carbonates), can be exploited to perform one or several additional tasks during the extraction cycle, in order to inject some additional value into the chain. Absorbents and adsorbents either under their CO2-lean or CO2-rich form, can selectively bind to specific molecular partners or to themselves, temporarily forming adducts or materials, which can subsequently self-immolate and release their components upon CO2 desorption/absorption (figure 1c). Such a catch-and-release cycle is the basis of purification operations, for which a new portfolio of disruptive and cost-reduced solutions is needed. [START_REF] Sholl | Seven chemical separations to change the world[END_REF] At the bench scale, ammonium carbamates and carbonates have been studied as switchable solvents, [START_REF] Jessop | Green chemistry: Reversible nonpolar-to-polar solvent[END_REF] ligands, 1314 membranes and materials [START_REF] Leclaire | CO2 Binding by Dynamic Combinatorial Chemistry: An Environmental Selection[END_REF]1617 whose properties cannot be matched by fossilbased chemicals. As an illustration of this strategy, polyamine scrubbing was recently integrated into a hydrometallurgic process, simultaneously allowing the extraction of CO2 from exhaust fumes and the separation of metal chlorides from battery leachates (figure 1d). [START_REF] Leclaire | Simultaneous CO2 Capture and Metal Purification from Waste Streams[END_REF] In the field of hydrometallurgy, substituting a chemical stimulus (pH or salt swing) by a physical stimulus (temperature and/or CO2 pressure swing) represents a substantial landmark in terms of energy and waste management. It also allows to pool the operational and capital costs of two purification units. At the end of the day, CO2 may still be compressed and subsequently transformed or stored. Considering the current prices of some strategic mineral resources, metal refining may easily pay the price for the cost-intensive steps of the CCUS chain. I should also cover some additional unitary operations which may be required to overcome the potential degradation/contamination of the shared extractants and solvents. Such an integrative approach will never directly address the GHG mitigation issue. It proposes a cost efficient brick upstream to geological storage in the CCUS chain and may constitute or inspire one of the CO2-sourced and less-impacting technologies which are needed to support the global energy transition.

Discussing sequential CCUS such as EOR, which commercially uses CO2 as a working fluid, and integrated CCUS which validated at the laboratory scale the binding properties of the CO2-loaded extractant leads to differentiate utilization from transformation. While the former relies on exploiting the non-covalent interactions displayed by CO2 or by its temporary capture adducts, the latter implies to irreversibly convert either of these species into a commodity. 

Integrated Capture and Transformation (iCCT)

A few commodities and fine chemicals have been produced for decades using CO2 as a raw material, mainly urea (0.11 Gt; 75 % share market), salicylic acid: (30 kt; 40 % share market) and cyclic carbonates (40 kt, 50 % market share). In most cases, the production lines are fed with CO2 which does not originate from smokestacks and is considerably cheaper, affording a viable value chain. As mentioned earlier, prohibitive capture cost hampers almost any subsequent chemical transformation of CO2, and is a challenge to advances in this area. Despite some extremely fertile research in the field, economically viable transformations from captured CO2 remain extremely scarce and they rarely compete with oil-based pathways. [START_REF] Alper | CO2 utilization: Developments in conversion processes[END_REF] From a carbon-accounting perspective, CCU can only be carbon negative if feeding from atmospheric CO2 and if following the only thermodynamically downhill route, leading to carbonates. Still, CCU can be carbon-reducing by proposing less-emitting solutions.

Chemical transformation from captured CO2 was so far limited to sites offering high quality CO2 streams and cost-reduced heat. Several facilities have recently started to operate with purified and compressed CO2, either originating from power plants (geothermal for the Georges Olah Methanol plant in Iceland; coal for the CO2 Dream production of polyols further converted into polycarbonates and polyurethanes or fertilizer and concrete plants (for Carboncure's production of mineral carbonates and subsequent incorporation into cement). 2021 With the exception of mineral carbonation, transformation into fuels, basic chemicals and polymers requires high energy reactants to provide thermodynamically favorable pathways. Sourcing from cost and energy-demanding reactants hampers the global energy and carbon balance of the value chain. It also frequently translates into an exothermic transformation step, which has to follow the endothermic desorption step, pointing out the poor energy management of the whole chain (fig. 1e).

To fully overcome these issues, integrating the transformation to the capture step appears once again the optimal solution from a carbon and energy perspective. This paradigm should allow chemists to skip the most energy demanding upstream operations (stripping, compression, transportation), providing that transformation of CO2 can technically be conducted directly from the rich fraction generated in the absorber (fig. 1f). If skipping unitary operations may relieve the energy burden on the capture side, a substantial list of technical constraints should of course arise on the utilization side as a tradeoff. On-site conversion directly from CO2-rich-solution shall be indeed be conducted in water or tolerate the contact of water, the presence of the highly basic capture agent and its degradation products, and afford a decent productivity at mild temperature and pressure to preserve the life expectancy of the amine, which is to be recycled. This last point is crucial and therefore additionally requires to separate the capture agent from the end-product generated from CO2. This may prove to be more difficult and costly than the CO2 stripping and compression operations. Few chemical utilizations or transformations pass this extensive checklist, most of them being currently validated only at the laboratory scale.

CO2 is mostly used as a C1-synthon in PCC-integrated or compatible transformations, with or without concomitant reduction. One of the most mature of such utilizations is mineral carbonation. It consist in the conversion of mineral raw material, such as ores, tailings, fly ashes or brines into carbonates together with silica and metals as potential valuable co-products. Unlike any other transformation, its thermodynamics are favorable and the main obstacle comes from its slow kinetics. Energy demanding activation is required to overcome the mass transfer limitations during both the dissolution of the starting material and the precipitation of the product(s). Interestingly, aqueous amine solution has proved to catalyze the mineralization step, [START_REF] Lee | Continuous and Simultaneous CO2 Absorption, Calcium Extraction, and Production of Calcium Carbonate Using Ammonium Nitrate[END_REF] , [START_REF] Arti | Single Process for CO2 Capture and Mineralization in Various Alkanolamines Using Calcium Chloride[END_REF] , [START_REF] Sha | Direct nonbiological CO2 mineralization for CO2 capture and utilization on the basis of amine-mediated chemistry[END_REF] This suggest that a synergy between capture and utilization may even be envisaged for this permanent storage strategy of extremely large capacity.

Several conversions incorporate both CO2 and the amine moiety of the ammonium carbamate substrate into the backbone of the final products. These can be coined sacrificial capture and transformation pathways as the amine sorbent cannot be recovered, which immediately limits the scale of potential deployment. Yet, these strategies lead to a substantial portfolio of fine chemicals. These include alylcarbamates, [START_REF] Bernoud | Direct use of CO2 for Oarylcarbamate synthesis via mild Cu(II)-catalyzed aerobic C-H functionalization in pincer-like macrocyclic systems[END_REF] oxazolidine [START_REF] Feroci | Electrochemically Promoted C-N Bond FormaOon from Acetylenic Amines and CO2. Synthesis of 5-Methylene-1,3-oxazolidin-2-ones[END_REF] (with potential recovery of the capture agent) 27 urethanes [START_REF] Mcghee | Carbon Dioxide as a Phosgene Replacement: Synthesis and Mechanistic Studies of Urethanes from Amines, CO2, and Alkyl Chlorides[END_REF] , alkylureas 29 and carbon-reduced adducts such as formamides, formamidines, methylamines, [START_REF] Tlili | Reductive functionalization of CO2 with amines: an entry to formamide, formamidine and methylamine derivatives[END_REF] and aminals. [START_REF] Frogneux | Bridging Amines with CO2: Organocatalyzed Reduction of CO2 to Aminals[END_REF] While most transformation rely on homogeneous catalysis to reach quantitative conversions in mild conditions, it has to be noted that the second category of products could be obtained by a metal-free approach, which raises the question of the availability of these hydrides in terms of scale.

A major share of the efforts to integrate transformation upstream in the flowsheet of the capture process has focused on the direct reduction products of carbon dioxide: carbon monoxide, formic acid and methanol. These three compounds are indeed the workhorses of the chemical industry, produced at scale of dozen Mt. Among the many efforts to reduce the carbon footprint of syngas (an industrial mixture of H2 and CO), industrially produced from methane, hydrocarbons or coal, two promising strategies were recently reported. They both relied on innovative capture systems (switchable polarity solvents and specific ionic liquid) successfully performing direct air capture and on disruptive reducing strategies, which can be sourced from renewable energies (electrochemical [START_REF] Diaz | Electrochemical production of syngas from CO2 captured in switchable polarity solvents[END_REF] and photoreduction with visible light). [START_REF] Chen | Visible-light-driven conversion of CO2 from air to CO using an ionic liquid and a conjugated polymer[END_REF] The earliest attempt to integrate conversion to capture focused on the hydrogenation of CO2 to formate in the presence of aqueous amine solutions, pioneered by the group of Leitner. [START_REF] Gassner | Hydrogenation of Carbon Dioxide to Formic Acid Using Water-Soluble Rhodium Catalysts[END_REF] A potential synergy was evidenced, the amine serving the dual purpose of capturing CO2 and stabilizing the product. While the historical systems involved water-soluble catalysts, shifting to biphasic systems [START_REF] Kothandaraman | CO2 capture by amines in aqueous media and its subsequent conversion to formate with reusable ruthenium and iron catalysts[END_REF] demonstrated the feasibility of catalysts recycling, a crucial step toward process integration. State of the art demonstrator [START_REF] Scott | Aqueous Biphasic Systems for the Synthesis of Formates by Catalytic CO2 Hydrogenation: Integrated Reaction and Catalyst Separation for CO2-Scrubbing Solutions[END_REF] operating in continuous flow under moderate pressure with alkanolamine was recently reported, demonstrating excellent productivity and catalyst to products separation, while the recyclability of the amine still requires further optimization. In parallel, disruptive systems involving ionic liquid both as a capture agent and an electrolyte for photoelectrochemical reduction in a perspective of renewable energy integration are also being currently developed to offer disruptive routes to formic acid, an entry point to methylformate and isocyanates. [START_REF] Lu | Efficient Photoelectrochemical Reduction of Carbon Dioxide to Formic Acid: A Functionalized Ionic Liquid as an Absorbent and Electrolyte[END_REF] Compared to other chemicals, CO2-sourced methanol has probably the largest deployment capacity, due to its growing use as fuels substitute r precursor (with a current production of 70 Mt, most of which from syngas). The first catalytic system successfully operating in the presence of industrial amine was reported by Sandford who obtained mixtures of methanol and DMF, the latter being an intermediate obtained from CO2 and dimethylamine. 38 Several landmarks toward an operational process were reported during the past decade, including the successful conversion at low pressure through oxazolidinone intermediate by Milstein and more recently, the hydrogenation of a solution of pentaethylenehexamine (PEHA) saturated with CO2 from air. In biphasic conditions, while high pressure and temperature were needed to reach 80 % conversion, the historical Ru-MACHO catalyst, the solvents and the PEHA could be were reused. [START_REF] Kar | Integrative CO2 Capture and Hydrogenation to Methanol with Reusable Catalyst and Amine: Toward a Carbon Neutral Methanol Economy[END_REF] From these promising studies, current efforts are focusing on the production of C2 adducts such as ethanol and ethylene, through CO2 activation into C1 intermediates followed by in situ coupling into higher products. Breakthrough in tandem catalysis, both homogeneous and heterogeneous allows to envisage the future production of gasoline, nanotubes and nanofibers from CO2 as sole feedstock. If none of these innovative CCUS pathways was so far attempted directly from flue gas or capture adducts, there is no doubt that this challenge will soon be addressed by similar multidisciplinary and integrated approaches. In fact, alternative capture approaches based on sorbents, membranes and lopping strategies are progressively joining their forces to tackle the challenge and propose in situ transformations catalysed by innovative polyfunctional and multi-structured materials.
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Conclusion

Despite being an undeniable strategy to contribute to GHG mitigation, CCUS is deployed 100 times to slowly to deviate us from the +6 DS we are heading to. The first reason is undoubtedly the prohibitive cost of capture, which censors many possible pathways of subsequent CO2 utilization and transformation into chemicals, fuels and materials. Integrative capture and utilization appears as a promising route toward economically viable chains of values. If encouraging proofs of feasibility have recently been brought, the issue of non-emitting production of hydrogen has to be simultaneously addressed to truly afford carbon-reducing technologies. The potential amounts of CO2 which can be captured by utilization in the near future is presumably far below the objectives. [START_REF] Dowell | The role of CO2 capture and utilization in mitigating climate change[END_REF] Yet, the production of current and new commodities from CO2 feedstock can both contribute to the fixation problem and provide routes of chemicals production, a necessity to anticipate a future without oil and gas.

Figure 1 .

 1 Figure 1. Simplified technical-economic analysis of the PCC process (a) (adapted from ref. 6) and schematic representations of the molecular flowsheets of traditional CCU (b), stepwise CCUS (c), integrated iCCUS (d) exemplified for CO2 and metal co-capture; (e) and integrated iCCU. Color frames refer to cost balance of each block in the value chain (green positive; red and orange: negative)
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