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Solvents have a large impact on process performance due to their influence on e.g., selectivity in absorption,
equilibrium conversion in reactions or exergy demand in distillation. Optimization of process performance
therefore needs to integrate solvents as degree of freedom. In this work, an integrated design approach is
presented to select solvent molecules as part of flowsheet-wide process optimization. The design approach is
based on COSMO-RS for the prediction of thermodynamic properties and uses advanced pinch-based
process models for absorption and distillation. Pinch-based process models allow for rapid and accurate
process optimization. Thus, a large design space of solvents can be evaluated efficiently. The design
approach is demonstrated for a novel concept for integrated CO, capture and utilization (ICCU) to carbon
monoxide. The complete flowsheet containing absorption, multiphase reaction and distillation is optimized
successfully for more than 4000 solvents to minimize the overall process exergy demand. The approach is
shown to discover process inherent trade-offs in molecular properties of the solvents allowing for optimal
solvent and process design.
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1. Introduction

Solvents strongly influence the economics and environmental impacts of processes, thus careful solvent
selection is required for optimal process performance (Adjiman et al., 2014). In particular in reaction-
separation processes, solvents need to fulfill various tasks: increase absorption capacity, enhance equilibrium
conversion in reactions or facilitate distillation. However, each of these tasks demands different molecular
properties of the solvent molecule leading to complex trade-offs in molecular properties for optimal process
performance. Thus, the development of novel processes requires a systematic approach for integrated design
of process and solvent. To design solvents, knowledge about the thermodynamic properties of the solvent
candidates is essential. However, experimental data on properties is frequently missing or too expensive to
measure for a large number of solvents. Solvents with unknown thermodynamic properties are excluded from
the design, which confines the number of solvent candidates and leads to suboptimal decisions. Thus, a
comprehensive approach for solvent selection needs to 1) capture all process inherent trade-offs and 2)
employ a predictive thermodynamic property model to cover a large design space of solvent candidates.
Common approaches for solvent design balance process level detail and design space due to computational
complexity: Either processes are optimized using rigorous process models for a small pre-defined set of
solvents (Pereira et al., 2011) or a large number of solvents is considered, but the selection is based on
simplified process indicators (Burger et al., 2015).

In this work, the challenge of integrated molecule and process design is tackled by screening several
thousand solvents using thermodynamically sound process models and quantum mechanics-based predictive
thermodynamics. The screening method is applied for a process for integrated capture and conversion of
carbon dioxide (COz). The conversion of CO, to carbon monoxide is promising and has been studied
assuming CO; to be readily available as pure feed stream (Scheffczyk et al., 2017). However, providing CO;
requires a substantial energy demand depending on the CO2 source (von der Assen et. al., 2016). A possible
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source of CO; is absorption from a gaseous stream, e.g., from natural gas. Natural gas contains up to 70%
CO2 by molar fraction and needs to be purified from CO; for sale (Pereira et al., 2011). This CO; could be
used in the chemical industry. To consider the capture of COz in solvent selection, the design approach is
expanded by an advanced pinch-based process model for absorption (Redepenning and Marquardt, 2017).
The resulting approach is introduced in Section 2 and demonstrated in a case study in Section 3.

2. Predictive assessment of process and solvent candidates

For integrated design of solvents in complete process flowsheets, a method is required that allows for rapid,
automated and reliable evaluation of solvents and process flowsheets. The approach presented in this work is
based on the idea by Scheffczyk et al. (2016) and extended towards comprehensive evaluation of complete
flowsheets. The approach builds on a hierarchical framework using COSMO-RS and pinch-based process
models for predictive assessment of several thousand solvents. The approach uses four steps (Figure 1):

1. Solvent candidates are generated either using computer-aided molecular design (CAMD) or
databases.

2. The feasibility of each solvent candidate for the process is evaluated based on molecular properties.
Solvents need to fulfill property targets required for the process flowsheet topology such as the
existence of a liquid-liquid-equilibrium (LLE) for extraction, a suitable boiling point or the non-
existence of azeotropes for feasible distillation. All required thermodynamic properties such as vapor
pressures or activity coefficients are calculated using COSMO-RS (Klamt et al., 2010). COSMO-RS
is based on quantum chemistry and thus allows for fully predictive assessment of large numbers of
solvent candidates, since no experimental data is required.

3. For all solvents fulfilling the feasibility requirements, a process flowsheet is optimized considering
continuous process variables such as reactor pressures or flow rates. The process is evaluated and
optimized using thermodynamically accurate pinch-based process models (cf. Marquardt et al.,
2008). Pinch-based process models exploit the existence of so-called pinch-points, which are
characterized by vanishing thermodynamic driving force. Thus, pinch-points mark operating points of
minimum solvent demand for absorption and extraction or minimum reflux for distillation and thus
give a lower bound on process energy. All process units in this work employ thermodynamic
equilibrium properties predicted by COSMO-RS. Thus, the thermodynamics of each solvent are
treated consistently for the whole flowsheet.

4. As a result of the design procedure, a ranked list of solvents and corresponding optimal process
configurations is obtained. The results are input for further refinement by additional design criteria
and validation.

The presented framework allows for integrated design of molecules and processes involving reaction,
extraction, distillation and absorption. Thus, the most frequently employed unit operations are covered. Any
process containing these unit operations can be optimized flowsheet-wide for each solvent candidate in the
presented framework. In the following section, the proposed approach is exemplified in a case study on
integrated capture and conversion of CO».

1 2 3
Generate solvent Evaluation of feasibility Process optimization
candidates
absorption-reaction-
design or database LLE, Ty, azeotropes distillation flowsheet

Figure 1: Schematic procedure for integrated solvent and process design
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3. Case study
3.1 Problem specifications

Hydrogen (H.) from fluctuating renewable energy and carbon dioxide (CO2) can be utilized to produce carbon
monoxide (CO) for the chemical industry using intermediate energy storage in a liquid chemical (Behr et al.,
2004). The process can be divided into three main steps: Synthesis, Storage and Reforming (SSR-Process)
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(Figure 2). In the SSR-Process, Hz and CO; are first converted to dimethylformamide (DMF), which has been
identified as the most promising storage molecule by Jens et al. (2016). DMF is formed by reacting H, and
CO, with dimethylamine (DMA) in a multiphase reaction with water (H.O) as a side product (Eq. 1). Thus,
DMA is required as an additional reactant in the synthesis reactor:

H, + CO, + DMA = DMF + H,O ™)

After storage, DMF is converted to CO and DMA (Eq. 2). DMA is recovered from the reforming reactor and
recycled to the synthesis reactor (Eq. 2):

DMF — DMA + CO )

The most promising process flowsheet using DMF adds a solvent already before the synthesis reactor to
enhance the equilibrium conversion (cf. Figure 2), for details see Jens et al. (2016). After reforming, the liquid
mixture of H,O, DMA and solvent is separated by distillation.

Synthesis
—

Storage Reforming

DMA, Solvent

Figure 2: Schematic flowsheet of the Synthesis-Storage-Reforming process using dimethylamine (DMA) as an
additional reactant and dimethylformamide (DMF) as liquid energy storage.
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Figure 3: Process flowsheet for CO production from CO; via liquid storage of dimethylformamide. The
minimum solvent demand in the absorption column is denoted by Smin and calculated by the pinch-based
process model for absorption (Redepenning and Marquardt, 2017). The equilibrium conversion in the
synthesis reactor is denoted by £. The minimum condenser and reboiler duties in the two distillation columns
are denoted by Qc,1, Qs 1, Qc2 and Qg2 respectively and are calculated by the pinch-based process model for
distillation (Bausa et al., 1998).

Jens et al. (2016) assumed that pure CO, was available as input stream. In this work, the capture of CO; is
included in the process and a solvent is screened that balances absorption, reaction and distillation.

In the considered case study, the pressure in the synthesis reactor and the flow rate of water to the synthesis
reactor are optimized to reduce the total exergy demand of the process. The type and amount of solvent is
considered as an additional degree of freedom influencing each part of the process (Figure 3), e.g., selectivity
of absorption, equilibrium conversion in reaction and exergy demand in distillation. The selectivity of
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absorption Saps is defined as the molar fraction of CO; in the liquid absorber outlet divided by the molar
fraction of methane in the liquid absorber outlet (Eq. 3):

Xco,

SAbs -

3
Xcr, 3)
The objective of the optimization is to minimize the overall process exergy E required by heating and cooling
throughout the process for each solvent (Eq. 4):

2
Ty Ty
min £ =Z-Qc,i <1ﬁ> + Qg (1ﬁ) )
= ! !

The condenser and reboiler duties are denoted by Q¢ and Qg; at their corresponding temperatures Tc¢; and
Tg,. The ambient temperature is T,. Cooling above ambient temperature reduces the exergy demand because
utilization of exergy from cooling is assumed, which approximates perfect heat integration.

3.2 Result: Identification of promising solvent candidates

In total, 4488 compounds are used as solvent candidates for the case study (step 1). These candidates are
taken from the COSMObase database considering only candidates containing carbon, oxygen and hydrogen
atoms for biocompatibility (Scheffczyk et al., 2016). From these 4488 solvent candidates, 1826 compounds
fulfill the feasibility requirements (step 2). Thus, process optimization is performed for these 1826 solvents
(step 3). Optimization of 1826 solvent-process combinations demonstrates the reliable and efficient evaluation
of process flowsheets using the presented method. After optimization, further refinement of promising solvents
based on practical considerations excludes another 135 solvents with high experimental melting points.

The resulting exergy demand for each solvent is shown in Figure 4. Generally, the results show that a high
absorption selectivity for CO, reduces the exergy demand (Figure 4). However, the results reveal complex
tradeoffs in molecular properties: Selectivity for CO, absorption, equilibrium conversion and exergy demand in
distillation are closely linked and need to be balanced for optimal process performance.

In particular, solvents with high absorption selectivity or a high equilibrium conversion do not guarantee low
exergy demand of the process: The solvent with the lowest process exergy demand (1-trans-3-pentadiene,
red diamond Figure 4) is neither the solvent with the highest absorption selectivity nor equilibrium conversion.
Moreover, the importance of considering the absorption of CO; is highlighted when comparing the results for
1-trans-3-pentadiene to a solvent screening without considering absorption. 1-trans-3-pentadiene ranks only
93" if absorption of CO; is not considered. Thus, evaluation of parts of the flowsheet separately would lead to
suboptimal choices.
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Figure 4: Exergy demand of process versus selectivity of absorption for each solvent. The red diamond marks
the solvent with the lowest exergy demand.
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Notably, the results indicate that ranking using single property targets is not sufficient to capture process-level
trade-offs in molecular properties. The top two solvents with the lowest total exergy demand have low boiling
points compared to all evaluated solvents (Table 1), suggesting that a low boiling point is desirable for this
process. However, a ranking only based on the boiling points of the solvents is not sufficient, e.g., the solvent
3-methyl-pentane is ranked fifth regarding boiling points, but on rank 1478 regarding the total exergy demand
of the process (see Table 1). The comparison highlights the need for full process evaluation for optimal results
instead of heuristic evaluation of thermodynamic properties.

For practical purpose, additional constraints need to be applied such as availability or chemical stability, which
are currently not evaluated in the screening framework. Our design approach therefore provides a ranked list
of several solvent candidates and not only one promising solvent. This ranking can serve as an input for
decision-making and further refinement by a process engineer.

Table 1: Top two solvents with the lowest exergy demand E of the process (°) compared to the solvents with
highest selectivity of absorption Sass (*), equilibrium conversion & (°) and benchmark solvent for heuristic
evaluation of boiling point Ty (d ). The exergy demand of each solvent E; is given in multiples of the exergy
demand of the top solvent E;.

Rank Solvent Shbs g Thooil E;/E,
/K
1 1-trans-3-pentadiene® 0.38 0.38 306 1
2 1-penten-3-yne? 0.48 0.61 330 1.2
504  phenoxyacetaldehyde® 0.95 0.80 535 3.9
1195 4-ethenyl-1,3-dioxolan-2-one® 0.94 0.85 570 6.9
1478  3-methylpentane® 0.19 0.26 319 14.4

4. Conclusion

A method for integrated solvent and process design is presented. The method combines predictive
thermodynamics and process optimization for optimal selection of solvents and processes. All unit operations
are modeled by advanced pinch-based process models allowing for accurate but still efficient process
optimization of complete flowsheets. All pinch-based process models consistently use the same
thermodynamic models for equilibrium properties, which are predicted by COSMO-RS for each solvent
candidate. Thus, the presented method avoids extensive experiments for thermodynamic parameters by
predictive assessment of several thousand solvents.

The method is applied for optimal solvent selection in a complex flowsheet for the integrated capture and
conversion of COs,. In this case study, CO; is absorbed from natural gas and subsequently converted to CO
via liquid energy storage using dimethylformamide. More than 4000 solvent candidates are evaluated
regarding the overall exergy demand of the process. For each solvent, the operating conditions of the process
flowsheet are optimized to find the optimal solvent-process combination. The results show a close interaction
between absorption, reaction and distillation requiring a solvent with balanced molecular properties. The
results thus highlight the need for process evaluation based on a complete flowsheet. Evaluation of single
process units or heuristic property targets would lead to different, suboptimal results. The presented integrated
design approach is shown to capture complex interaction while still being computationally efficient. Based on
the predictive evaluation with the presented method, a ranked list of solvents is obtained, in which 1-trans-3-
pentadiene is identified as the best solvent for integrated capture and conversion of CO.. The results of the
presented case study serve as an input for further rigorous and experimental validation.

Acknowledgments

This work was performed as part of the Cluster of Excellence ,Tailor-Made Fuels from Biomass®, which is
funded by the Excellence Initiative by the German federal and state governments to promote science and
research at German universities. Furthermore, the authors thank Christian Redepenning and Wolfgang
Marquardt for valuable comments and recommendations on the use of advanced pinch-based process
models.

André Bardow is also affiliated with the Institute of Energy and Climate Research, Energy Systems
Engineering (IEK-10), at Forschungszentrum Jdlich, Jilich, Germany.



564

References

Adjiman C.S., Galindo A., Jackson G., 2014, Molecules Matter: The Expanding Envelope of Process Design,
Chapter In M.R. Eden, J.D. Siirola, G.P. Towler (Ed.), Comput. Aided Chem. Eng., Elsevier, Amsterdam,
Volume 34, 55-64

von der Assen N, Miller L.J., Steingrube A., Voll P., Bardow A., 2016, Selecting CO, Sources for CO,
Utilization by Environmental-Merit-Order Curves, Environ. Sci. Technol., 50, 1093-1101

Bausa J., Watzdorf R.v., Marquardt W., 1998, Shortcut methods for nonideal multicomponent distillation: 1.
Simple columns, AIChE J., 44, 2181-2198

Behr A., Ebbinghaus P., Naendrup F., 2004, Process Concepts for the Transition Metal Catalyzed Syntheses
of Formic Acid and Dimethylformamide Based on Carbon Dioxide. Chem. Eng. Technol., 27, 495-501

Burger J., Papaioannou V., Gopinath S., Jackson G., Galindo A., Adjiman C.S., 2015, A hierarchical method
to integrated solvent and process design of physical CO, absorption using the SAFT-y Mie approach.
AIChE J., 61, 3249-3269

Jens C.M., Nowakowski K., Scheffczyk J., Leonhard K., Bardow A., 2016, CO from CO; and fluctuating
renewable energy via formic-acid derivatives, Green Chem,18, 5621-5629

Klamt A., Eckert F., Arlt W., 2010, COSMO-RS: An Alternative to Simulation for Calculating Thermodynamic
Properties of Liquid Mixtures, Annu. Rev. Chem. Biomol. Eng., 1, 101-121

Marquardt W., Kossack S., Kraemer K., 2008, A framework for the systematic design of hybrid separation
processes, Chin. J. Chem. Eng., 16, 333-342.

Pereira F., Keskes E., Galindo A., Jackson G., Adjiman C.S., 2011, Integrated solvent and process design
using a SAFT-VR thermodynamic description: High-pressure separation of carbon dioxide and methane,
Comput. Chem. Eng., 35, 474 - 491

Redepenning C., Marquardt W., 2017, Pinch-based shortcut method for the conceptual design of adiabatic
absorption columns, AIChE J., 63, 1213-1225

Scheffczyk J., Redepenning C., Jens C. M., Winter B., Leonhard K., Marquardt W., Bardow A., 2016, Massive,
automated solvent screening for minimum energy demand in hybrid extraction—distillation using COSMO-
RS, Chem. Eng. Res. Des., 115, 433-442

Scheffczyk J., Schafer P., Jens C.M., Leonhard K., Bardow A., 2017, Integrated process and solvent design
using COSMO-RS for the production of CO from CO; and Hy, Chapter In A. Espufia, M. Graells, L.
Puigjaner (Ed.), Comp. Aided Chem. Eng., Elsevier, Volume 40, 1765-1770





