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The energy transition is pushing the boundaries of technical chemistry because of new requirements
in terms of scale and availability of raw materials. The research is actively answering to this demand,
by developing new methods for the optimisation of load-flexible reactors and by defining new
processes that flexibly adapt to the resource availability.

The challenge of sustainable technical chemistry

The search for cleaner and more sustainable chemical processes is pushing the boundaries of
technical chemistry research. The main challenges to be addressed are related to the shift from fossil
to renewable resources. Fossil fuels, such as natural gas, coal and crude oil are generally available in
large reservoirs, from which they can be retrieved in large quantities and in a continuous way over
large periods of time. Renewable resources differ from the fossil fuels in several ways. Primarily,
they are available on a stochastic way, which means they can be utilised only when particular
conditions are achieved. Additionally, the quantity of energy obtainable varies over the periods of
availability. For example, solar energy is available only when daylight is present and with a variating
load profile during the day and over the seasons. In addition to this, the renewable resources are
usually distributed on the territory, so that large harvesting areas are necessary to obtain a large
renewable energy input. This marks another significant difference with the fossil resources, which
are normally retrieved from one or few point sources. For this reason, one can imagine that the
devices for renewable energy conversion may be of smaller scale than the currently available fossil
technologies [1]. If the renewable resources are used to produce basic chemicals, the standard
chemical productions chain need to be rethought, to better address the different characteristics of
the feedstock. In particular, the chemical reactors need to better adapt to the intrinsic variability in
the feedstock availability. As an example, figure 1 reports a typical profile of the wind and
photovoltaic load profile over one year in the city of Zirich. One can observe two different trends: a
short-term variability (i.e., day/night cycles) and a long-term variability (i.e., difference among
seasons). The short-term variability can be at least partially compensated using peak shaving
measures, such as using batteries to provisionally store electricity or producing intermediate
chemicals like H; to be deposited in temporary collection points (e.g., pressurized tanks). In this
sense, in most of the practical cases, electricity is first converted in an electrochemical synthesis
step, which is relatively flexible and can adapt to the scattered profiles shown in figure 1 [2]. The
long-term variability is instead more difficult to handle because it causes significant fluctuations in
the availability of the raw materials and requires the chemical processing devices to adapt to the
different load profiles over the seasons [3]. This causes significant challenges, because currently the
chemical reactors are optimized to operate in a continuous way in steady state [4]. Hence, important
research efforts are currently deployed to rethink the chemical reactor design procedures to
configure reactors showing an optimal performance with multiple working points. Figure 2 reports



the possible process pathways to produce basic chemicals starting from renewable electricity. The
first step is an electrochemical process aimed at the direct conversion of electricity into valuable
chemicals. We can here distinguish between two cases: H, production and other chemicals
synthesis. H, production can show different flexibility aspects according to the electrolysis
technology used. The most common electrolysis processes, alkaline and proton exchange
membrane, are good in handling load changes and can start up in short time (i.e., in few minutes)
[5]. Hz is then at the basis of several possible chemical synthesis routes, leading to the production of
basic chemicals. We here recall four main process intermediates: syngas, methane, methanol, and
ammonia. All these compounds are essential for the chemical industry and their production from H,
shows significant challenges that needs to be addressed in view of flexibilization of their synthesis
route. Over the last few years, significant research efforts focused on the resolution of these
challenges. Syngas is produced from CO, and H; at high temperature in an endothermic reaction
(reverse water-gas-shift), which requires a special attention on the heat transfer mechanism to
provide the necessary heat of reaction [6]. Methanol is synthesized from CO; and H; at high pressure
with low conversion, hence requiring recycling of the unreacted reactants [7]. This generates
challenges in the load-flexible operation, because of the instauration of different steady-state
conditions according to the load case. Methane is produced from CO; and H;in a highly exothermic
reaction, so that the reactor must be designed in a way to efficiently release the excess heat from
the reaction, independently from the flow rate [8]. Ammonia is produced from N; and H; in an
exothermic process at high temperature, which requires similar reactor design attention as for the
methanol case [9]. The new trends raising in the design of load-flexible reactors will be elucidated
looking at the methane synthesis case in the next section.

A possible answer to the need of flexible conversion of electricity comes from the electrochemical
synthesis processes. In these processes, electrons are directly used as reagents, to force reactions to
progress. These processes were proven for the production of various base chemical, such as H,, NHs,
CH4, CH,0, MeOH and many others [10,11]. The direct use of electricity and CO; in the production of
chemicals is gaining importance in the research and may become a fundamental solution for the
decarbonisation of the energy systems in the near future [12]. In principle, these systems are
extremely flexible and can be started up in relatively short time. Additionally, one can imagine
adapting the energy intake with an appropriate modularisation and with the adaptation of the
voltage used according to the available electricity [13]. Unfortunately, with the notable exception of
H, production, these technologies are in their infancy and only available at low TRLs. Additionally,
the scale up of these electrochemical units is currently challenging. We imagine that future
Trendberichte will be able to better describe the evolution of this research field. At the moment, the
large-scale production of sustainable chemicals is preferentially performed by thermochemical
processes using renewable H; as feedstock.

To correctly address the load-flexible chemical reactor design, one shall consider the various scales
involved in the complex problem. The different aspects included in this multi-scale problem are
summarised in figure 3. The chemical reaction occurs at the molecular level, hence appropriate
models simulating the chemical reaction and including undesired effects, like side-product synthesis,
catalyst deactivation and mass and heat transfer limitations at the particle level are required. Ideally,
the reactor design procedures should include appropriate micro kinetic models, which can describe
with high accuracy the molecular phenomena [14]. Heat and mass transfer occurs also at higher
scale, as it is determined by the flow of reactive fluids, whose properties are determined by



macroscopic phenomena. To control these phenomena, the reactor should be designed with care
[15]. However, the reactor design requires the use of heat and mass balances at the macroscale,
where the flow patterns can be defined. In the special case of the chemical processes linked to
electricity production, it is necessary to add one additional layer of complexity. In fact, the oscillation
in the energy availability occurs over a larger time scale than the chemical reaction in the reactor
(hours vs. seconds scale). Hence, the complete modelling of a load flexible chemical production
from renewable energy should include equations stating the variation in the performance of the
reactor over large time scales and evaluate the performance of the system with respect with the
load variations [16]. Additionally, the change in the amount of gas to process over time has influence
on other units connected to the chemical reactor, such as CO, capture upstream or product
upgrading units downstream the reactor. This is the case, for example, of the load flexible processes
for biogas upgrading through methanation [17]. In this case, the process model must include
elements for the flexible coupling of the reactor modelling equations with the balances of other
units. This new level of multiscale modelling is subject of intense research work from several
research groups since few years. In the following paragraphs, an overview of the latest results in this
field is provided.
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Figure 1 A typical load profile for electricity production over one year in the city of Ziirich. Data elaborated based on [18]
and averaged over 24 hours periods.
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Figure 3 the various scales involved in the design of sustainable basic chemical production.



Optimisation methods for the load flexible reactors

The optimization of a load flexible reactors is significantly different than the optimization of standard
steady-state reactors. The origin of the higher problem complexity lies in the instauration of multiple
working points, which may result in significantly different properties of the reaction. The
optimisation problem is constrained by safety limits (e.g., maximal temperature) and productivity
restrictions (e.g., acceptable product gas composition), which may become challenging in certain
operation points. In the case of CO, methanation, the main challenge is linked to the efficient
removal of the reaction heat. The problems linked to the operation in different conditions are
summarised in figure 4. Normally, the reaction is operated in cooled-wall fixed-bed reactors, where
the appropriate heat exchange is achieved with high surface area-to-volume ratio [19]. The load
variation causes the change in the axial velocity of the fluid, with evident consequences on the heat
transfer properties. This change in the heat transfer has several consequences [20]. Primarily, the
extent of the hotspot may vary, increasing the stress on the catalyst due to higher temperature. In
the worst cases, this may even lead to reaction runaway. Secondarily, the temperature profile may
shift over the axial reactor coordinate, due to an earlier or later activation of the chemical reaction.
This is detrimental for the reactor performance, as the required productivity may not be achieved
because part of the reactor would not perform the reaction as expected. Thirdly, the further
variation of the reactor load may originate wrong-way behaviour, which means that the reactor
would stabilise at a different steady-state point than expected. The most obvious parameter to use
to avoid undesired effects while changing the reactant flow rates is the coolant temperature. In the
past, the effect of changing this parameter was analysed in various studies [21,22]. The main
limitation of this approach is the restricted flexibility of the cooling system, which has a certain
dynamic behaviour set by the design. Hence, the research effort is currently evolving towards new
directions, exploring innovative process intensification strategies. The main alternatives in this sense
are summarised in figure 5. With respect to fixed-bed reactors, it is possible to: (i) use a staged feed
of the reactants, or dilution of the feed gas, where needed, (ii) dilute the catalyst in the reactor, (ii)
use novel materials and formulations of the catalyst (e.g., using support materials), (iv) use different
catalysts to control the reaction rate. In addition, it is possible to envisage the use of different
reactor types, such as the fluidised-bed reactor, which show a lower dependence of the heat
transfer properties from the feed flow.

In the past, it was shown that the use of a staged feed of the reactants does not improve the
performance of the CO; methanation reactor in steady state conditions. A positive effect on the
reactor performance can be achieved by progressively removing a product (e.g., water) from the gas
stream [23]. However, staging of a single reactant (preferentially CO, to avoid coking due to high C/H
ratio), may be beneficial in dynamic conditions, as it limits the variation in the reaction hotspot [24].
Recently, it was observed that the use of multi-stage reactors has a positive effect on the overall
performance of the load-flexible methanation reactor. However, a larger optimization potential is
achieved when the composition of the catalyst is modified over the stages, with an increasing
fraction of active particles over the axial coordinate of the reactor [25]. This means that the solutions
(i) and (ii) can be successfully combined to improve the reactor performance, together with the
degree of utilisation of the reactor. The dilution of the catalyst can be performed in various ways.
One can imagine forming a mechanical mixture of an active and an inert layer, which would be
beneficial if the fraction of inert progressively decreases, to reduce the reaction rate at the reactor
inlet and enhance it towards the outlet [4]. The inert layer can also be tailored by using an



inert/support with large heat capacity [26]. Alternatively, inert and catalyst can be mixed using egg
shell/core shell configurations, to take advantage of the different diffusion properties of the two
layers. For the CO; methanation reaction, the use of core shell pellets can be beneficial, thanks to
the formation of diffusion limited layer that limits the reaction rate at high temperature [8]. This
layer allows the formation of diffusional limitations that would otherwise would not be present in
homogeneous or egg-shell catalysts [27]. It was shown that such catalysts could be synthesised by
fluidized-bed coating [28], realising reactors more resistant to the instauration of excessive reaction
hotspots [29]. In this way, it is possible to better control the reactor performance at varying reactor
conditions.

The use of structured catalysts for the CO, methanation reaction is the object of several research
works over the last few years. Recently, the process intensification potential of such systems was
shown with various model catalysts. For example open-cell foam systems [30,31], monolithic
structures [32], mini-monoliths [33], nanofibrous veils [34] and ceramic fibrous structured catalysts
[35] were proven as solutions to enhance the performance of methanation reactors. The enhancing
effect of these solutions in the dynamic CO, methanation reaction lies in the decrease of the
influence of the gas velocity on the heat transfer mechanism. In fact, the contribution of conduction
in the overall heat transfer coefficient is larger than in standard packed-bed reactors, so that the
heat transfer is not strongly modified by a change in the gas velocity (differently than in the case of
essentially convective heat transfer) [36].

A further option to tailor the reaction rate in the reactor, making the process more robust with
respect to load variations is the use of different catalysts. As various catalysts show different
reaction rates, these can be selected according to the temperature expected in the reactor [37].
Similarly to the case of catalyst dilution, it is beneficial to progressively increase the activity of the
catalyst over the reaction coordinate [38]. This can be achieved using successive catalyst layers, with
different active phases [39], or with different formulations of the same catalyst [40]. A specific
advantage of this solution is the robustness towards the formation of undesired carbon-forming
species in the hotspot (e.g., CO), which can be selectively converted in a coke-resistant successive
step [39,41].

For highly exothermic reactions such as the methanation reaction, it can be worth to consider
different reactive systems than the standard fixed-bed reactors. In fact, the heat transfer can be
significantly improved by exploring different heat transfer options, such as the circulation of the
catalyst. In this sense, the fluidized-bed reactor appears as an interesting solution to increase the
heat transfer and hence increasing the flexibility of the system. Recently, several experimental
reports showed the feasibility of this reaction mode [42—-44]. A similar performance was also
achieved in slurry bubble methanation reactors [45]. The fluidization regime allows eliminating a
pronounced hotspot, hence improving the performance of the system. Consequently, in specific
conditions, the fluidized bed reactor can become a more promising solution than the fixed-bed
reactor from an economic point of view [46]. The response of this system to load changes can be
adjusted by changing the pressure of the system, so that the fluidization regime is maintained,
keeping a good heat transfer in the reactor [17]. However, the main advantages of this technology
appear when processing more challenging feedstock than pure H, and CO, mixtures, such as CO/CO,
mixtures, as the circulation of the catalyst helps avoiding deactivation phenomena [15,47].
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Figure 4 The challenges related to the load flexible operation of a CO, methanation reactor
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Figure 5 Some of the possible solutions to improve the robustness of the reactor in load flexible operation
Flexible use of bioenergy to enhance the productivity of energy storage reactors

Bioenergy provides a significant potential in terms of flexibility of the energy system. In fact, most of
the products from energetic handling of biomass contain fractions of CO,, which can be considered
as climate neutral due to their biogenic nature. This CO; can be used either as a base for the
production of carbon-neutral synthetic fuels with renewable H; or it can be captured and
permanently stored resulting in negative CO, emissions. In the former case, we refer the system as
carbon capture and utilisation (CCU) [48]. In the latter case, one can name the process as bioenergy
with carbon capture and storage (BECCS). The BECCS strategies are currently regarded as one of the
most promising pathway to reach carbon neutrality in a short term perspective [49]. An important
unlocked potential lies in the combination of the two strategies, which can foster the role of
bioenergy in the development of the carbon neutral energy system. In this sense, the biomass



production systems can be seen as a platform to absorb the excess energy, when available, or to
provide negative emissions in standard operation [50]. Here we highlight the possibility to develop
such a system for two specific cases: biogas upgrading and biomass gasification. Nevertheless, the
principle can be applied to several other bioenergy production systems.

Biogas is a mixture of CH, and CO,, resulting from several waste recovering processes [51]. The
separation of CO, can be performed with several alternative technologies, such as physical or
chemical scrubbing or by membrane separation [50]. The resulting highly concentrated CH4 stream
can be directly injected in the natural gas grid and substitute fossil methane. The CO; stream
generally contains high amount of this compound, so that it can be further utilised with relatively
low additional effort (i.e. according to the final use CO, requires compression or liquefaction). The
development of integrated BECCS/CCU units can show significant synergies between the two
operation modes, reducing the CAPEX and extending the operation hours for the energy storage
mode. A clear example in this direction is the biogas upgrading via membrane separation.
Commercial membranes for the CO,/CH,4 separation are effective also in the H,/CH4 separation.
Hence, they can be successfully employed both downstream a biogas production plant and after a
CO, methanation reactor (to eliminate the H; in excess to the grid injection requirements) [52]. In
this way, the same equipment can be used in both operation modes, delivering the same product all
over the year, but in different quantities according to the boundary conditions. Additionally, this
flexible operation of the biogas upgrading plant allows a significant extension of the operation of the
methanation reactor, which can be kept in hot standby when renewable energy is temporarily not
available. Thanks to the coupling with the biogas upgrading, all the ancillary units (e.g. compression)
work in a continuous way, so that the switch between the two operation modes is simple and can be
performed in short time [53]. In this way, it is also possible to profitably operate the process in part-
load [17]. The main research challenge related to this utilisation of power-to-X strategy is connected
to the distributed nature of the feedstock, which is generally available in plants of limited
dimensions. This requires a rethinking of the production chains, as the process integration
commonly used in large scale may not be feasible [54].

Another possible flexible use of bioenergy involves the integration of gasification and energy
storage. The syngas produced in biomass gasification contains carbon in excess with respect to H,,
with a ratio depending on the properties of the feedstock [55]. Hence, either CO, must be removed
or H, must be added to adjust the C/H ratio. In this case, a synthetic fuel production unit is operating
continuously, and its operation range can be extended by addition of H, from renewable energy.
With a limited increase in CAPEX, the operation of the system can be switch from a steady-state case
to a highly dynamic case, where the system can advantageously import electricity when cheap. The
load change in this case is easier to achieve, as this simply involves an increase from the base load
and not a start-up phase. The operation of such a dynamic system is more profitable that the steady
state gasification in most of the practical cases [56]. Additionally, this reaction scheme can be
applied to several products, such as SNG [57], methanol [58] or Fischer-Tropsch fuels [59].
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Figure 7 The flexible operation of gasification units: when energy is scarce, syngas is used to produce synthetic fuels and
the excess carbon is eliminated in a CO, removal unit (red lines); when energy is abundant, the load of the chemical
reactor is increased by using H, from renewable energy (blue lines).

Perspectives for technical chemistry

In conclusion, we observed that the chemical processes are evolving towards new directions
dictated by the requirement of avoiding carbon emission and better using the distributed feedstock.
Generally, the chemical processes will need to adapt to smaller scale and to a generalized more
challenging supply chain of the raw materials and energy for the production of chemicals. This
results in the need to design more robust reactors with respect to load variable operation.
Additionally, the synthesis of process schemes needs to include these flexibilization aspects from the
initial steps of the design, selecting process units that better integrate together in the determination



of a globally more flexible process. In the first steps towards a decarbonized energy system, the
generation of negative emissions by capturing readily available biogenic CO, (e.g. from bioenergy
upgrading units) can be an easy solution to demonstrate the technology readiness of carbon capture
technologies. Hence, it is essential to develop new solutions dynamically integrating bioenergy
production with CCS and CCU to advance the technological availability of all the single conversion
units required in the decarbonized chemical and energy systems. In this paper, it was shown that the
main tools for the experimental and theoretical investigation of such systems are already available
and can serve the paradigm shift for technical chemistry, involving the rethinking of process design,
from highly optimized steady state systems to load-flexible and dynamic systems. The main
challenges for technical chemistry will hence involve a modification of the tools used, with a larger
focus on unconventional aspect of process design, which will gain importance over the next few
years.
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