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1 | INTRODUCTION

| Xiaodong Zhang? |
Anton A. Kiss”

David Shan-Hill Wong® | Chi-Min Shu* |

Abstract

Distillation is widely used for separating liquid mixtures, but its high heating demand
poses challenges for achieving net-zero emissions. This study presents an innovative
approach to electrifying distillation for load adaptability and flexible operation, align-
ing with dynamic electricity markets driven by renewables. The approach integrates
flash vapor circulation and thermal storage into the distillation to optimize power
usage and capitalizes on economic opportunities from load-flexible operation in
response to fluctuating electricity pricing. A methanol/water distillation case study,
using two typical electricity pricing scenarios, demonstrates that the proposed
approach is more economically efficient than mechanical vapor recompression distil-
lation, especially in lowering operational costs when the latter operates under fixed
electricity pricing. However, compressor capital costs significantly impact overall
costs, with sensitivity analysis examining different cost models. This approach can be
applied to general distillation, allowing integration with the power sector and demand

response programs, while enhancing flexibility, decarbonization, and efficiency.

KEYWORDS
decarbonization, design and scheduling optimization, distillation, flash vapor circulation, flexible
operation, thermal storage

substituting conventional fossil fuel-based energy sources with

renewable electricity.?

The rapid expansion of solar and wind power generation represents a
major advancement in the integration of renewable energy into power
grids. This shift is essential to the broader objective of decarbonizing
the chemical industry, which relies on renewable electricity to meet
the various energy needs of chemical processes.® A key initial step in

this transition is the electrification of chemical processes, focusing on

Distillation is a major energy consumer in the chemical industry,
accounting for 60% of the energy used in all separation technologies.®
However, its thermal efficiency is still leaving much to be desired.*
Numerous approaches have been proposed to enhance efficiency and
achieve decarbonization, such as adopting advanced distillation tech-

nologies and incorporating renewable energy sources for process

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2025 The Author(s). AIChE Journal published by Wiley Periodicals LLC on behalf of American Institute of Chemical Engineers.

AIChE J. 2025;71:18750.
https://doi.org/10.1002/aic.18750

wileyonlinelibrary.com/journal/aic 1 0of 20


https://orcid.org/0000-0002-7323-6773
https://orcid.org/0000-0002-1270-2275
mailto:c.cui-1@tudelft.nl
mailto:a.a.kiss@tudelft.nl
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/aic
https://doi.org/10.1002/aic.18750
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faic.18750&domain=pdf&date_stamp=2025-01-31

Ql ET AL

ﬂI—AI?BIFJ RNAL

heating.>” Among these, electrifying distillation and integrating it
with renewable power supplies offers a promising solution.2 Mature
electrification technologies, including electric heaters (e-heaters), elec-
trode boilers (e-boilers), and heat pumps, are widely utilized in distilla-
tion operations, each with distinct advantages and limitations.
E-heaters and e-boilers offer nearly 100% power-to-heat efficiency,
corresponding to a coefficient of performance (COP) of 1. E-heaters
are versatile, operating across a broad temperature range of 200-
1800°C,° while e-boilers effectively generate steam at 100-350°C,®
covering most distillation process requirements. However, both are
limited by their maximum COP of 1, offering no energy efficiency
improvements beyond power input, with e-heaters potentially incur-
ring higher operational costs at elevated temperatures. In contrast,
heat pump-assisted distillation (HPAD),'°-12 such as the mechanical
vapor recompression (MVR), vapor compression (VC), compression-
resorption heat pump (CRHP), thermo-acoustic heat pump (TAHP),
heat integrated distillation column (HIDiC), and so forth, provides sig-
nificant primary energy savings of 20%-50% under certain condi-
tions.*®> Among them, MVR is widely used in industrial applications,
achieving a COP of up to 10 and making it a preferred option for pro-
cess electrification. Despite its high efficiency, MVR requires a lower
temperature lift to maintain its superior COP, limiting its applicability
in processes needing substantial temperature differences. This bal-
ance of advantages and constraints highlights the importance of
selecting the appropriate technology for specific distillation
applications.

In addition, electrifying distillation faces notable challenges due to
the mismatch between the stable energy demands of distillation and
the fluctuating nature of renewable power generation. Although
energy storage systems within utility infrastructure could, in theory,
provide a stable renewable electricity supply, current electricity stor-
age technologies are costly and lack sufficient capacity for large-scale
industrial use.** The variability of renewable energy in the grid results
in fluctuations in electricity supply and dynamic market pricing, some-
times even leading to negative prices. This creates an opportunity to
operate distillation columns at a lower cost.

As the energy landscape becomes more dynamic, the concept of
process flexibility has emerged as a crucial factor. Process flexibility
refers to the ability of chemical processes to adjust power consump-
tion in response to fluctuations in electricity availability and
pricing.”>"*” This adaptability not only offers economic benefits by
taking advantage of lower electricity prices but also helps maintain
operational efficiency under variable power supply conditions. In
power-to-X processes, process flexibility has demonstrated cost
reductions of 20%-30% and improvements in efficiency.*>*®-2° How-
ever, these studies were conducted at the system level, assuming
inherent flexibility without addressing detailed process designs to
implement it. In reality, plenty of chemical processes, especially distil-
lation, have limited operational flexibility due to constraints on load
adjustments tied to mass transfers within the process.?* Despite these
challenges, early research has explored ways to enhance process flexi-
bility through electrification and integration with energy and material

storage. Wajeh et al. designed a flexible biodiesel production process

by electrifying the distillation reboiler and incorporating intermediate
and final buffer tanks, resulting in energy savings of up to 29%.%? Sim-
ilar strategies were applied to CO, capture processes, where electrifi-
cation via heat pumps and solvent storage integration achieved 15%
cost savings.2>24

In the literature, air separation units (ASUs) have been extensively
studied for operational flexibility, largely because they are electricity-
intensive processes that can readily be integrated with the grid for
demand-response programs.2>2¢ Caspari et al. proposed a flexible
ASU design incorporating reflux liquid storage and an additional
refrigeration unit, enabling a broad operational range from 3.5 to
28 MW.2” An economic model predictive control applied to this flexi-
ble ASU vyielded a 14% increase in economic benefits.?® While
enhancing flexibility in distillation processes is recognized as a key
strategy, most studies have focused on ASUs, which are already fully
electrified systems. There is a clear gap in both the literature and
industrial practices regarding the development of a generalized flexi-
bility design strategy applicable to conventional steam-driven distilla-
tion. Addressing this gap is essential, as the question of how to
achieve operational flexibility in these systems—along with the devel-
opment of corresponding design and operational strategies—remains
unresolved. This highlights the need for innovative distillation designs
that can adapt to fluctuating electricity supplies and pricing while pre-
serving operational efficiency and economic feasibility.

This article introduces a first-of-a-kind approach for generalized
distillation processes, designed for load adaptability and flexible oper-
ation in alignment with dynamic electricity markets shaped by the
growing integration of renewable energy. The approach features a
flexible electrified distillation system that utilizes flash vapor circula-
tion (FVC) (a modification of MVR) for both electrification and adapt-
able operation, integrated with thermal storage to enable energy
storage and management, resulting in exceptional operational flexibil-
ity. By integrating thermal storage, the system can act as a buffer
against fluctuations in renewable power supply, allowing distillation to
operate with zero electricity consumption, regardless of external
energy conditions. To the best of the authors' knowledge, this is the
first approach to propose flexible operation and energy storage for
generalized steam-driven distillation systems. This represents a major
advancement in distillation technology, offering a solution that not
only aligns with the goals of decarbonization but also addresses the
operational challenges associated with dynamic electricity markets
and fluctuating renewable energy supplies. A case study on methanol/
water distillation demonstrates the feasibility of this approach using
two typical electricity pricing scenarios. The article also presents a
systematic design and operational strategy for this flexible distillation
system, along with mathematical models for simultaneous design and
scheduling optimization, highlighting its economic benefits under vari-
ous scenarios.

The structure of this article is organized as follows: Section 2
introduces the mechanisms and design concepts, including the FVC
and thermal storage, for achieving load-adaptable distillation pro-
cesses. Section 3 provides technical insights into the design of the

FVC and thermal storage using a methanol/water example, analyzing
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key factors influencing performance. Based on this analysis, Section 4
outlines the mathematical models for the simultaneous design and
scheduling of the proposed distillation approach under two typical
electricity pricing scenarios. Section 5 presents the optimization
results and economic analysis. Finally, Section 6 concludes with key

findings, limitations, and future recommendations.

2 | OVERVIEW OF THE APPROACH

2.1 | Load-adaptable distillation approach

The proposed load-adaptable distillation approach begins by electrify-
ing the distillation process using heat pumps. These heat pumps
upgrade the low-temperature waste heat in the overhead vapor to
drive the reboilers.2?° However, existing heat pump-assisted distilla-
tion cannot adjust power consumption in response to fluctuating
energy supplies or dynamic electricity markets. Therefore, this study
proposes an innovative, load-adaptable distillation approach with the

following key features.

1. Electrified distillation with FVC: The conventional steam-driven dis-
tillation column is integrated with an FVC system for electrification
and load-adaptable operation, featuring a flash drum and vapor cir-
culation. The FVC enables the variable generation of useful heat
through flexible vapor circulation, controlled by compression pres-
sure and condensation temperature, allowing for energy manage-
ment and storage.

2. Flexible power consumption: With the implementation of FVC, the
electricity usage can be flexibly adjusted by manipulating the vapor
circulation rate, without prominently affecting the operational
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FIGURE 1 Proposed approach for load-adaptable distillation.
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dynamics of the distillation column. The variation in electricity con-
sumption enables operational flexibility when coupled with
dynamic electricity markets or fluctuating energy supplies.

3. Thermal storage mechanism: A thermal storage system is designed
to store the heat generated by the FVC, and the stored heat is
used to drive the reboiler, in which cases the FVC is bypassed and
electricity consumption is reduced to zero. Water is used as a stor-
age medium for its high thermal capacity (compared to most fluids
and suitable for days-long storage), easy availability (with potential

reuse from the steam utility), and non-hazardous nature.

Two operational modes when coupled with dynamic electricity
markets are shown in Figure 1. During off-peak periods, the distilla-
tion column operates at higher electricity consumption (off-peak oper-
ational mode) to store thermal energy, taking advantage of low
electricity prices. The FVC is active, compressing the overhead vapor
and generating heat. A portion of this heat is used to drive the reboi-
ler, while the excess is stored in the thermal storage. During peak
periods, the distillation column operates without electricity consump-
tion (peak operational mode). The overhead vapor condenses conven-
tionally, the FVC is off, and the boilup vapor is supplied using the heat
from the thermal storage. By switching between two modes, the dis-
tillation process achieves flexibility and can adapt to dynamic electric-
ity markets.

2.2 | Flash vapor circulation

The design and analysis of the FVC are presented. Initially proposed
by the authors as an alternative to mechanical vapor recompression
(MVR), the FVC is designed to fully electrify distillation processes.®!
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Vapor circulation within the FVC not only satisfies the reboiler's heat
demands but also generates additional heat through the compressor.
The FVC has operational limits related to the maximum compression
ratio and the outlet temperature of the compressor, which need to be
controlled to ensure safety. To safely operate at high pressures, multi-
stage compressors with inter-stage heat exchangers should be
employed. The amount of additional heat that can be generated and
the efficiency of this process are the two main aspects required to be
considered in the FVC, which are measured by the COP of the heat
pump. The COP is defined as the ratio of the heat output to the elec-
tricity input.

Figure 2 illustrates possible configurations of the FVC, which are
primarily distinguished by the use of a multistage compressor and the
location of vapor circulation. A comparison and analysis of these FVC
configurations is necessary to identify the one with better perfor-
mance. Considering the economic and complexity factors of the FVC,
it is assumed that a compressor with no more than three stages is
used. For vapor circulation, the pressure should match the inlet pres-
sure of the corresponding stage of the compressor. Therefore, if the
vapor circulation occurs at the first stage, the flash pressure should be
the same as the column top pressure. Otherwise, the pressure will be
higher than the column pressure, necessitating an additional valve and
cooler to reduce the pressure and condense any vaporized fraction of
the reflux. Additionally, in scenarios involving a three-stage compres-
sor, vapor circulation to the third stage is not considered because an
exceptionally high pressure may be required which can lead to safety
issues and potentially insufficient heat generation due to a low vapor
circulation rate. Inter-stage heat exchangers are installed to provide
heat to the reboiler. Two heat exchangers are placed after the last
stage: the first one supplies heat for storage, and the second one pro-
vides the remaining heat to the reboiler. The reason for supplying heat
to storage via the first heat exchanger is that it operates at a higher

temperature, allowing for a larger temperature difference in the

thermal storage cycle, which reduces the amount of thermal storage
medium required. Consequently, the temperature and pressure of the
stream (a, a3, and a4, respectively) before the valve are two critical

parameters that determine the FVC performance.

2.3 | Thermal storage

The storage of compression heat in the thermal storage system is cru-
cial for managing the transition between off-peak and peak opera-
tions, which is commonly used in the design of Carnot battery
systems.®2 In distillation, this process can be achieved through two
methods: direct and indirect thermal storage, which are illustrated in
Figure 3. In the indirect method, heat is transferred from the thermal
storage medium to the reboiler. This method requires retrofitting the
existing device to be heated by the thermal medium during peak oper-
ations. Pressurized water can be used as a thermal storage medium
because of its high heat capacity, affordability, safety, and compatibil-
ity with existing steam utility systems. With a pressure of 20 bar, the
boiling point of water can reach up to 212°C. This allows the stored
water to remain in the liquid phase while providing the sensible heat
for distillation processes, typically requiring temperatures below
200°C, particularly for hydrocarbons separation.

The direct method of heat storage involves pumping the bottom
stream to high pressure, where it directly absorbs heat from the FVC.
This heated bottom stream thus serves as the thermal storage
medium in its liquid form. To recover energy, the stored liquid is
depressurized through a valve to the bottom pressure, causing a frac-
tion to vaporize. This vapor is then directed back to the column, pro-
viding the necessary boilup vapor. The remaining liquid fraction
constitutes the bottom product. One distinct advantage of the direct
method is the direct heat transfer between the medium and bottoms,

which minimizes thermal energy losses. However, a notable
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disadvantage is the inconsistent production of the bottom product.
Specifically, during off-peak periods, the bottom product is utilized for
thermal storage, which could potentially influence subsequent pro-
cesses if the bottom product is required as feedstock to continuously
feed to the subsequent process. In this case, an intermediate product
tank is needed to stabilize the bottom production. During peak periods,
the liquid drawn from the bottom is directly used as the product, since
there is no need for reboiling to produce vapor for returning to the col-
umn; the returning vapor is supplied directly from the thermal storage.
In this situation, the liquid product from the column may be off-
specification, as it bypasses the reboiler (equivalent to the loss of one
theoretical tray). However, the liquid from the flash is above the quality
specification, as it undergoes an additional flashing process (equivalent
to the gain of one theoretical tray). The mixture of these two liquids
should balance the mole fraction of the bottom product to meet the
predetermined separation specifications. Therefore, it is assumed that
there will be no significant impact on the liquid product quality.

Given the approach and possible configurations for both the FVC
and thermal storage, detailed design and optimization are presented
using a motivating example to demonstrate the feasibility of the pro-

posed approach.

3 | MOTIVATING EXAMPLE

3.1 | Methanol/water separation

Methanol/water separation through distillation is a crucial process,
particularly in the context of using methanol as a renewable energy

33 Methanol can be synthesized from hydrogen, which is

carrier.
obtained by water electrolysis, and CO,. This process is referred to as
power-to-methanol where renewable electricity serves as the primary
energy source, aligning with the background of the proposed

approach.®*

The distillation column has 40 theoretical stages including
the condenser and the reboiler, where the feed, consisting of metha-

nol and water in molar fractions of 0.55 and 0.45 respectively, enters

at the 30th stage at a flow rate of 100 kmol/h, temperature of 50°C,
and pressure of 5 bar. The column operates at atmospheric pressure
with a stage pressure drop of 0.7 kPa, producing high-purity products
of 99.8 mol% methanol and 99.9 mol% water.

The modeling of a methanol/water distillation column was per-
formed in Aspen Plus V14 using the NRTL property method. A reflux
ratio of 0.4 is required to meet the separation criteria. The condenser
and reboiler duties (Qcong and Qqep) Were calculated to be 1071 and
1167 kW4, respectively. Vapor temperatures at the top and bottom
of the distillation column were calculated at 64.6 and 106.8°C, respec-
tively. A comparison was conducted between MVR and FVC designs
to highlight the advantages of the FVC under identical separation con-
ditions. The simulation employed several assumptions: (1) the com-
pressor has an isentropic efficiency of 75%, (2) pressure drops
throughout the FVC and thermal storage are considered negligible,
and (3) a minimum temperature approach of 10°C is maintained in the
heat exchangers.

Figure 4 compares the steady-state designs for conventional,
MVR, and FVC distillation systems using one-stage or two-stage com-
pressors. In the MVR design, the one-stage compressor outlet pres-
sure is set at 8.87 bar to meet the reboiler's heat demand, while the
FVC design only requires 5.86 bar, reducing power consumption to
285 kW, compared with 295 kW, in the MVR design. In MVR,
200 kW4, of heat is wasted, which is then recovered through vapor
circulation in the FVC, delivering 190 kWy, of useful heat to storage.
The same pattern holds for two-stage compressor designs, where
both MVR and FVC have the same electricity consumption and heat
output as their one-stage counterparts, though the two-stage MVR
design requires a higher compressor outlet pressure of 9.2 bar. These
results show that FVC outperforms MVR in terms of power efficiency
and heat utilization, regardless of the number of compressor stages.
The COP of the FVC (4.76) is higher than that of the MVR (4.63).
Given this separation task, FVC is the preferred option over MVR.

As for dynamic operation, if the MVR operates dynamically to
increase its compression pressure for higher power consumption and

heat generation, a significant portion of the generated heat must be
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rejected using cooling water to ensure complete condensation of the
top product and prevent any vapor formation in the separator. In this
case, the MVR is not suitable for flexible operation or for integrating
thermal storage. In contrast, the FVC system recovers the rejected
heat from the MVR system, enhancing overall efficiency and enabling

thermal storage for later use in the reboiler.

3.2 | FVCdesign boundary

The temperature and pressure of streams a, a3, and a4 (as shown in
Figure 2), hereinafter referred to as FVC's high temperature and pres-
sure, are key parameters affecting the electricity consumption and
heat output of the FVC. To explore the design boundaries, variations
in these two parameters are examined for their impact on FVC's heat
output (only for the heat to storage part) and COP in different config-
urations. The analysis includes two additional assumptions in the sim-
ulation: (1) The reflux pressure matches the operating pressure of the
column, and (2) no constraints on compression ratio and outlet tem-
perature for each compressor stage. The temperature range consid-
ered is from 117 to 200°C. The lower bound of 117°C accounts for
the bottom temperature and a 10°C temperature approach, while the
lower pressure bound is determined by the condensation pressure at

117°C, approximately 5.86 bar. The upper pressure bounds are set at

30, 50, and 80 bar for one-, two-, and three-stage compressor config-
urations, respectively. However, there is a case that the hot streams
leaving the inter-stage heat exchangers at a high pressure become lig-
uid at 117°C, thus it is invalid to enter the next stage compressor. In
this case, the heat exchanger is specified as “hot stream outlet vapor
fraction is 1” in the simulation, which corresponds to the pressure
above 5.86 bar for the inter-stage stream. The detailed parameter
ranges under investigation are listed in Table 1.

An initial screening of the possible FVC configurations was con-
ducted under the ideal assumption that each compressor stage main-
tains an equal compression ratio, with the detailed procedure
described in Appendix S1. The heat outputs and COPs for each con-
figuration across the investigated temperature and pressure ranges
are presented in Figures S5 and Sé, and summarized in Table 2. As
FVC's high temperature and pressure increase, heat output also
increases. However, there is an infeasible region where certain combi-
nations of FVC's high temperature and pressure are not feasible for
its design. These infeasible regions were identified through simulation
samples that indicated whether specific temperature and pressure
combinations in the FVC were feasible. The results show that configu-
rations with vapor circulation in the first stage, that is, configurations
of one-stage, two-stage (a), and three-stage (a), achieved similar COPs
across different compressor stage numbers, given the same heat out-

put. Configurations (a) demonstrate significantly better performance,
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TABLE 1 Investigated temperature
and pressure ranges.

Parameter
Temperature range (°C)

Pressure range (bar)?

AI?BII:'J R NALJﬂ

One-stage FVC
117-185°
5.86-30

Two-stage FVC
117-200
5.86-50

Three-stage FVC
117-200
7.4°-80

2Different simulation specifications were used for the inter-stage heat exchangers: the hot stream outlet
temperature is set to 117°C when the pressure is below 5.86 bar, otherwise, the hot stream outlet is
specified with a vapor fraction of 1.

PMaximum feasible temperature for one-stage configuration is 185°C.

“Minimum feasible pressure for three-stage configurations is 7.4 bar.

TABLE 2

Configuration Min and max heat output (kW4,)

One-stage 189.8-939.3
Two-stage (a) 189.1-1307.8
Two-stage (b) 64.3-479.2
Three-stage (a) 223.2-1495.5
Three-stage (b) 132.5-827.5

(A) 2-stage compressor configuration
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o =
2 160 1800 3
fud 5
[ o
g 150 1640 %
ko) (]
[ I
140 480
120 320
120
160

10 20 30 40 50
Pressure (bar)

FIGURE 5
compressor configuration.

providing both higher heat output and a higher COP for the same heat
output compared to configurations (b) across all compressor stages.
Additionally, increasing the number of compressor stages enhances
the FVC's maximum heat output capacity: the three-stage compressor
can deliver up to 1590 kWy,, while the one-stage and two-stage con-
figurations peak at approximately 1000 and 1400 kW4, respectively.
On average, the FVC can provide between one-third and the full
amount of heat required for the reboiler.

Further analysis is conducted for the two-stage and three-stage
compressor configurations (a), as they are identified to have better
performance compared to configuration (b). The results are shown in
Figures 5 and 6.

The one-stage configuration is typically not considered due to its
limited compression ratio in real-world applications. This time, the
analysis was performed without the assumption of equal compression

ratios. Instead, the compression ratio for each stage was optimized to

Summary of the initial screening results assuming equal compression ratio.

Min and max power usage (kW,) COP range
285.2-1034.8 4.76-2.04
284.5-1403.2 4.77-1.76
284.5-803.9 4.33-2.05
328.6-1590.9 4.23-1.67
289.9-1079.2 4.48-1.85
(B) 3-stage compressor configuration
. 200
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80] 109 .
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& \ 640 ©
140
- 480
130 ) 320
120 160

10 20 30 40 50 60 70 80
Pressure (bar)

Effect of FVC's high temperature and pressure on its heat output. (A) Two-stage compressor configuration; (B) three-stage

maximize COP for a given final compression pressure based on sensi-
tivity analysis. There is a trade-off between heat output and COP,
with COP decreasing from approximately 4.7 at 200 kW, to 1.7 at
1400 kWy,, highlighting that higher heat output leads to reduced effi-
ciency in the FVC. Notably, in both configurations, the same heat out-
put corresponds to the same COP, as shown in Figure é6c,d. This
suggests that regardless of the number of compressor stages, the
COP is primarily determined by the heat output. Therefore, an optimi-
zation is needed to determine the optimal heat output, considering
the potential decline in energy efficiency.

3.3 | Thermal storage analysis

In the indirect method of thermal storage, water is supplied at a pres-

sure of 20 bar and a temperature of 117°C. This temperature
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(A) 2-stage compressor configuration
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(B) 3-stage compressor configuration
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Effect of FVC's high temperature and pressure on its COP. (A) Two-stage compressor configuration; (B) three-stage compressor

configuration; (C) comparison between COP and heat output of the two-stage compressor configuration; (D) comparison between COP and heat

output of the three-stage compressor configuration.

represents the minimum expected temperature of the return water
after heat has been released during peak operation. The flow rate of
water required for thermal storage is calculated based on the heat
output from the FVC, taking into account the minimum temperature
difference allowed in the heat exchanger used for heat storage. The
thermal storage tanks are assumed to be ideally insulated and have no
heat loss. Conversely, the direct method involves supplying water for
thermal storage directly from the column bottom at a temperature of
107°C, where the bottom product is high-purity water. Owing to the
lower temperature, a reduced water flow rate is anticipated compared
to the indirect method. This water is also pressurized to 30 bar and
the flow rate to the storage is determined by the minimum tempera-
ture difference in the heat exchanger when interfacing with the FVC.
In the three-stage configuration, the water pressure for storage is
increased to 40 bar to accommodate the higher top compression
pressure of 80 bar.

Figure 7 illustrates the outcomes in relation to varying the FVC's
high temperature and pressure. The results suggest that the direct
method conserves around 40 kmol/h of water compared to the indi-
rect method. However, the direct method requires about five to eight
times the flow rate of the bottom product. Consequently, a product

tank is necessary to hold sufficient bottom water when it is utilized

for thermal storage. Importantly, when factoring in the required water
flow, there is an optimal pathway for changing FVC's high pressure
and temperature to raise heat output from low to high: first, raise the
FVC's high pressure to 50 bar while maintaining the temperature at
117°C, and then increase the temperature while maintaining the pres-
sure at 50 bar. Interestingly, as the heat output increases by raising
the compressor pressure, the required water storage flow decreases
due to the greater temperature difference in the heat exchanger,

which is further caused by a higher compressor outlet temperature.

4 | DESIGN AND SCHEDULING
OPTIMIZATION

During peak operation, the distillation column draws high-
temperature water from the thermal storage tank, allowing it to oper-
ate only for a limited time until the storage reaches a minimum level.
Optimal scheduling of the distillation column would balance the peak
and off-peak operational modes, adjusting based on electricity price
fluctuations and process dynamics. It should be noted that only the
FVC-based distillation system is considered for flexible operation, as

the MVR-based system is excluded due to its limited load-adjustment
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FIGURE 7 Effect of FVC's high temperature and pressure on water flow rate for thermal storage. (A) Indirect method for two-stage

compressor; (B) direct method for two-stage compressor; (C) indirect method for three-stage; (D) direct method for three-stage.

capability and lower efficiency. Therefore, the MVR system is typically

operated in a steady-state under constant electricity prices.

4.1 | Problem definition

The optimal design and scheduling of the proposed distillation
approach are closely linked due to its time-varying operation. This
interdependence impacts the sizing of units involved in the dynamic
operation (e.g., compressor, heat exchanger, and thermal storage tank)
as part of the design decisions, as well as their operating modes
(on/off status of the FVC and charging/discharging status of the
thermal storage) and parameters. Traditionally, this is addressed by
formulating a combined design and scheduling (CDS) problem, where
operational decisions are explicitly incorporated into the design. How-
ever, this makes the optimization problem inherently large and com-
putationally complex. In this study, the scheduling-informed design
(SID) optimization method, proposed by Allman et al.,3° is applied to
overcome this challenge. The method first solves the scheduling prob-
lem using fixed design parameters, then leverages the optimal sched-
uling results obtained from a range of design parameters to solve the

design problem, as illustrated in Figure 8.

4.2 | Optimization models

421 | Scheduling and storage constraints

In this study, simulation data from the FVC are used for design and
operation optimization at an upper system level. At each time step,
the optimal high temperature (Tryc) and pressure (Pryc) of the FVC
must be determined, with the corresponding operating variables Qs;,,
Wstr, and F,, associated with each optimal condition pair. Based on
the previously identified optimal pathway for increasing heat output
in the FVC, Tryc and Pgyc can be determined given Qs allowing Wy,
and Fg, to be calculated accordingly. Thus, the relationships between
these operating variables within the optimal pathway of the FVC can
be effectively modeled using surrogate models to provide the mass

and heat balances:
fl (Qstr) = Wstr (1)

fZ(Qstr) = Fstr (2)

Here, Qg denotes the heat output (kWy,) for storage, Wy, stands
for the power required (kW,) for compression, and Fg, annotates the
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problem.

required mole flow rate (kmol/h) of water for thermal storage. The
surrogate functions f1 and f, are derived using the ALAMO (auto-
mated learning of algebraic models for optimization) method,3¢ which
utilizes a set of basis functions of the input variables to build the sur-
rogate models from Aspen simulation data. This approach ensures
efficient optimization with reduced computational demands, utilizing
the algebraic surrogate models. Detailed surrogate modeling is pro-
vided in Appendix S1.

The energy flows between the distillation column, FVC, and ther-
mal storage tank are the physical bounds for the optimization, which

are as follows:
Etank(t) = Etank (t - AT) + Qstr(t) AT — ers (t) -AT (3)

Quis (t) =Qreb - (1 - E(t)) (4)

where Egn and Qus denote the stored energy (kWch) and thermal
energy output (kWy,) from the storage tank, respectively. § is a binary
variable for which 1 represents the off-peak operational mode and O
represents the peak operational mode of the distillation column,
respectively. The time step size for the optimization, AT, is set to 1h,
as the column units have high ramp rates and fast dynamics relative
to the time step (1 h). This choice is based on several factors: (1) The
dynamic components of the system (FVC and thermal storage) oper-
ate with faster dynamics than the column itself, with minimal impact
on mass and heat transfer within the column. (2) The day-ahead elec-
tricity market updates prices hourly, aligning with the 1-h time step.
(3) The 1-h interval strikes a balance between computational effi-
ciency and optimization accuracy.

Therefore, quasi-stationarity is assumed at each operating point,
meaning the distillation column is considered to be in a steady state at
each time step, independent of the operating point from the previous
time step. Additionally, further calculations are needed to account for
the liquid holdup in the thermal storage tank, using the temperature

correlation:
Ltank(t) = Ltank(t - AT) + Fstr(t) AT — Frls(t) AT (5)

o Qrs(t)
Frls (t) Tc (Ttank (t) l Tbtm - Tdiff) (6)

where Ly and Fys denote the liquid holdup (kmol) and released
water flow rate (kmol/h) from the thermal storage tank, respectively.
The released water flow is influenced by the temperature of the

stored water, which can be described as follows:

Ltank (t - AT) : (Ttank(t) - Ttank (t - AT))

= Fstr(t) . (Tstr(t) - Ttank(t)) : AT-ﬁ(t) (7)
Tar(t) = C_Q:-trt(z) + Totm + Taitf (8)

where Tiank, Tstrs Thtm, and Tgies represent the temperature of the stored
water, the temperature of the water at the charging end, the bottom
temperature of the distillation column, and the minimum temperature
difference in the heat exchangers (10°C), respectively. c is the specific
heat capacity (kWy,h/kmol/°C) of water at the working pressure. It is
important to note that an initial storage holdup is required for the
optimization, with the initial tank temperature estimated as follows:

EA
Tint ==+ Totm + Taitr (9)
c- Lint

where Tit, Eint, and Li: represent the initial temperature, initial
energy, and initial holdup of the thermal storage tank. In this study,
the initial holdup is set to 15% of the storage capacity, and the initial
energy is assumed to be half of the holdup value to estimate a reason-
able initial temperature. Demonstrations of the operational modes
and scheduling variables of the distillation system are provided in Fig-
ures 9 and 10, respectively.

The thermal storage is constrained by a physical limit that
requires the storage holdup to remain below its maximum capacity,
Leap. Additionally, while the high temperature and pressure in the FVC
can be varied to adjust the heat output, the heat exchanger has a
maximum capacity, Qcp, Which the heat output to thermal storage
must not exceed. Similarly, the compressor must be designed with a
maximum power output capacity, Wcap.

(OF Ltank(t) s ‘—cap (10)

05 Qu () < Qup (11)
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9(9+ 1)PL Nunits

0= Wete(t) < Weap (12) TAC=—"—"25 ) " CAPEX;(Lcap, Weeap, Qeap) + OPEXere

0+1)" -1 i3

+ OPEXcooling (13)
422 | Cost modeling

8760

The optimization considers the design capacities of the FAC and thermal OPEXele = Z Cele(t) - Wete(t) - 6(t) (14)
storage, the change of high temperature and pressure in the FVC, and =
the switch between peak and off-peak operational modes for minimizing
the total annual cost (TAC) of the distillation column taking advantage 8760
of electricity price fluctuations. The TAC is calculated as follows: OPEXcooling = ; Ceooling * Qeond - (1 = 5(t)) (15)

858017 SUOWWOD BAIE8.D 3(gedljdde ayy Aq peusenob ae saolie VO ‘8sN JO S9INJ 10} A%iq178UIIUQ A1 UO (SUOIIPUOD-PUR-SLUR)ALIO" A3 1M AsRIq U1 |UO//STIY) SUORIPUOD Pue SWs 1 84} 88S *[5202/70/GT] U0 Akiqiauluo /(1M ‘Wed AseAlun eouyoe L Aq 0528T 9./200T 0T/I0pAW0D A8 | Ake.q 1 pulU0'ayofe//Sdny WOy pepeoumod ‘G ‘SZ0Z ‘S06SLYST



Ql ET AL

12 of 20 AI?BIEI RNAL
Power input (W) @

Energy stored

o
2 2
Water temp. | =
(Tser) N
str H
o
Tank temp. |
o
(Teank) ,”9,)
Feed Tank level | &
Leani Eq 5]
Distillate (Leano Evank) | @
Releasedenergy & flow
(Qris: Fris) N
Bottoms
—>
Pump Product water
storage

FIGURE 10 Scheduling variables for the distillation system.

where CAPEX; represents the CAPEX of unit i taking into account the
unit size such as L¢,, for the storage tank, Qc,, for the heat exchanger,
and W,, for the compressor. OPEX denotes the annual OPEX which
includes the annual electricity cost (OPEX,) and annual cooling cost
(OPEXcooling)- @ is the interest rate (set as 8%), and PL is plant life (set
as 25 years). Equipment such as pumps, valves, and the reflux drum
are ignored at the conceptual design stage. Detailed CAPEX modeling
of each unit of the distillation column and the FVC is provided in
Appendix S1.

423 | Scheduling optimization problem

A 24-h receding horizon scheduling problem (P.1) is formulated to
determine the operating states (on-/off-peak) and the scheduling of
the units, taking into account the day-ahead electricity market. The
term “horizon scheduling” refers to solving a dynamic optimization
problem over a defined time horizon, using available forecasts for the
next 24 h and the current system state to develop a scheduling strat-
egy that minimizes OPEX over the 24-h period. Once solved, the
actions for the first hour are implemented, forecasts are updated, and
a new scheduling problem is solved based on the updated state
and forecasts. This process repeats every hour throughout the operat-
ing period, and all costs incurred are accumulated to calculate the
annual OPEX for the distillation system. Whole-period simulations are
then conducted iteratively across the design space to establish corre-
lations between annual OPEX and the design parameters. The sched-

uling problem P.1 is defined as follows.

24
min.OPEXor = Z Cele(t) - Weer(t) - 5(t) + Ccooling *Qeond
o (16)
(1=5(t)) +¢ - (Eint — Exank (t = 24))

s.t. Equations(1) — (12)

Here, OPEXy,r is the calculated OPEX over the 24-h period. ¢ is
the artificial penalty term for using the initial energy from the thermal
storage, set to 0.01 in this study. The OPEX for the first time frame is

recorded. Problem P.1 is a mixed-integer nonlinear programming

(MINLP) model, consisting of 336 equations and 242 variables.

424 | Design optimization problem

OPEX correlations based on the installed capacities of size-varying units
can be developed (OPEX(Lcap, Weap) ) using the results from the sched-
uling optimization problem P.1. Thus, both capital and operating costs
are functions of the installed capacities of the candidate units. It
should be noted that using electricity price profiles from different
years leads to different correlations for OPEX. These variations in
electricity price profiles can affect the design optimization process.
Therefore, the uncertainty associated with electricity prices from dif-
ferent years can impact the optimization results. However, this is out-
side the scope of the current study, as a fixed-period electricity price
profile was used to determine the optimal design. The design optimi-
zation problem (P.2) can be defined as follows, based on Equa-
tion (13).

00+ 1)PL Nunits
a7 1 2y AP Lo e Qo)
=

+ OPEX(Lcap, Weap) s.t. Equations (1) — (12) (17)

min.TAC =

Problem P.2 is formulated as a nonlinear programming (NLP)
model. Furthermore, when the distillation operation is aligned with
predefined peak and off-peak periods with fixed electricity prices, the
combined design and scheduling optimization problem (P.3) should be
solved as an NLP model, since the integer variables in the original
problem are removed. In this case, an additional constraint, as
described in Equation (18), should be incorporated:

1 t e offpeak hours
= (18)
0 tepeakhours
Problem P.3 can thus be defined as follows.
) 06+ 1P N
min.TAC= % Z CAPEX,‘ (Lcapa Wcap, Qcap)
(0+1) -1 i=1 (19)

+OPEXeje + OPExcooIing
s.t. Equations(1) — (12),(18)

4.3 | Electricity market scenarios and optimization
implementation

The distillation column is assumed to be grid-connected, with no
power availability limitations and no impact of energy exchange on
electricity prices. Two representative electricity price scenarios were
analyzed: one based on historical day-ahead electricity prices in the
Netherlands for the first two months of 2022%” (Scenario a) and
another based on predefined peak and off-peak periods with fixed

prices in Gansu province, China (Scenario b). Scenario a is typical of
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province, China.

grids with high renewable energy penetration, such as in Europe,
while Scenario b represents grids with low to medium renewable pen-
etration, as seen in China. As illustrated in Figure 11, the average elec-
tricity price in Scenario a is 154 €/MWh with a standard deviation of
75 €/MWh, while in Scenario b, the off-peak electricity price is set at

which is assumed to operate under constant electricity prices. This is
because the MVR system is not suitable for flexible operation or for
adjusting power consumption for energy management in response to
electricity price fluctuations, as evidenced by previous discussions.

Therefore, it does not participate in electricity market services.

75 USD/MWh for 16 h per day, based on the local grid's electricity

pricing and availability.3® The peak electricity price is not displayed, as

it is not used in the optimization.

5.1 | Effect of storage and compressor capacities

Scenario a corresponds to the original optimization problems P.1

and P.2, where integer variables determine the operational mode for
each time step. The scheduling optimization problem P.1 was solved
over a two-month period, and the annual OPEX was extrapolated to a
full year (8760 h), assuming that the annual OPEX is six times the
OPEX over the two-month period. In Scenario b, distinct peak and
off-peak periods are defined, with the FVC operating only during off-
peak periods, reflecting optimization problem P.3. All problems (P.1-
P.3) were solved using the DICOPT4 solver in GAMS in under 1min,
thanks to DICOPT4's efficient handling of MINLP problems. By balan-
cing solution quality with computational efficiency, DICOPT4 effec-
tively manages both nonlinearities and discrete variables, allowing for
fast convergence. This makes it particularly suitable for large-scale
optimization problems and provides a practical alternative to global
solvers, which would be computationally intensive in this case. How-

ever, other local solvers, such as CPLEX and Gurobi, can also be used

in this case.

5
ANALYSIS

The proposed distillation approach is optimized under two scenarios,

and the results are compared to the MVR-based distillation system,

OPTIMIZATION AND PERFORMANCE

The scheduling optimization results in Scenario a are obtained under
varying thermal storage and compressor capacities, showing a clear
correlation between these design capacities and the resulting annual
OPEX of the proposed distillation system. This relationship is illus-
trated in Figure 12, where the relative OPEX values are plotted
against thermal storage capacity and maximum allowed compressor
work (compressor capacity). A third-order polynomial function was
used to fit these relationships, with trendlines and R? values mostly
exceeding 0.98, indicating a strong fit. Both thermal storage capacity
and maximum compressor work exhibit a strong correlation with
OPEX. As storage capacity increases, OPEX decreases, but it levels off
after 15,000 kmol, indicating that further increases beyond this point
yield minimal reductions in OPEX. Additionally, increasing the maxi-
mum compressor work results in a near-linear decrease in OPEX, as
indicated by the trendlines. These trendline equations are used to
model the correlation between OPEX and the two design variables,
which are then applied in the design optimization process. The design
ranges considered include compressor work between 400 and
700 kW,

17,000 kmol. A minimum compressor work of 400 kW, corresponds

and thermal storage capacity between 4000 and
to approximately 300 kW, of heat output, below which the required
water flow for storage increases significantly, as shown in Figure 7.

This results in the need for large piping and equipment.
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FIGURE 12 Optimal annual OPEX under varying storage and
compressor capacities.

5.2 | Design optimization of FVC and thermal
storage in Scenario a

Using the correlated function between the design space (compressor
and thermal storage capacities) and annual OPEX, the design optimi-
zation was solved for Scenario a. Specifically, the two-stage compres-
sor configuration is included in the optimization, with the design
range for compressor work set between 400 and 700 kW,. The opti-
mal design resulted in a compressor capacity of 400 kW, and a ther-
mal storage capacity of 13,246 kmol (approximately 303.2 m®), with
the compressor capacity reaching the minimum limit of the considered
design range. This optimal design was then compared to the MVR sys-
tem, which is based on a two-stage compressor, under the assumption
that the MVR operates at a fixed electricity price ranging from the
average price in Scenario a (154 €/MWh) to a higher value of 180 €/
MWh. Figure 13a presents the annual OPEX comparison, showing
that the MVR's OPEX is 6.1% higher than the FVC's at the average
electricity price. Additionally, when the electricity price for constant
use in the MVR increases from 154 to 180 €/MWh, the OPEX of the
MVR rises sharply, up to 23.9% higher than the FVC's. This highlights
the cost-saving potential of flexible operation under fluctuating elec-
tricity markets. Figure 13b,c displays the CAPEX and TAC compari-
sons for MVR and FVC distillation systems. In both cases, the
compressor is the most expensive component, accounting for over
68% of the CAPEX. The cost shares for heat exchangers and the distil-
lation column are similar, while the thermal storage contributes the
least, only 7.8% of the total CAPEX for the FVC. The lower cost of
thermal storage supports the viability of the proposed approach for
coupling with dynamic electricity markets. However, the high CAPEX
of the compressor poses a challenge, limiting the cost benefits of flexi-
ble operation. Consequently, the TAC of the FVC is slightly higher
than that of the MVR at the average electricity price. Nonetheless, if
electricity prices increase to 180 €/MWHh, the FVC shows cost advan-
tages due to the substantial reduction in OPEX.

The scheduling results under the optimal design for Scenario a
provide insights into system operation. Figure 14a,b displays the stor-

age holdup profile for a selected time period (49th to 96th hour) and

over a two-month period, respectively. The storage holdup fluctuates
between zero and the tank's maximum capacity, demonstrating that
thermal storage effectively balances the heat demand of the distilla-
tion column. The FVC's on and off status is clearly visible in the
zoomed-in period, with the FVC operating primarily during periods of
decreasing electricity prices, especially after the 20th hour. The sys-
tem is optimally scheduled to capitalize on lower electricity prices by
storing heat produced by the FVC. Conversely, the FVC shuts off, and
the distillation column relies on stored heat during periods of high
electricity prices. Figure 14c illustrates the tank temperature profile,
where the temperature initially rises and stabilizes at around 146°C,
reaching near-equilibrium between water charging and discharging
operations. This temperature is optimal for safe storage and minimizes
energy loss due to heat transfer to the environment. The initial tem-
perature increase is due to the lower starting temperature, deter-
mined by the initial condition of the thermal storage tank. Different
initial tank conditions could have a notable impact on the system
operation and performance.

5.3 | Design optimization of FVC and thermal
storage in Scenario b

For Scenario b, the design and scheduling problem was solved to
determine the optimal design, using the same compressor work and
thermal storage design ranges as in Scenario a. The optimal design
resulted in a 679 kW, compressor capacity and 1956 kmol thermal
storage capacity (approximately 44.8 m?). Compared to Scenario a,
the optimal design in Scenario b requires a larger compressor capacity
but a significantly smaller storage capacity. This design was also com-
pared with the MVR based on a two-stage compressor, under the
assumption that the MVR operates at a fixed electricity price ranging
from 115 to 150 USD/MWh. Figure 15a presents the OPEX compari-
son across different electricity prices. Additionally, various off-peak
electricity prices were considered for the FVC, ranging from the base
case of 75 USD/MWh to 100 and 125 USD/MWh. When the elec-
tricity price for the MVR reaches 115.3 USD/MWh, the FVC's OPEX
is lower, demonstrating its cost advantage when the electricity price
exceeds 115.3 USD/MWh. In real-world scenarios, electricity prices
fluctuate based on the local market, but the all-time fixed electricity
price is typically more than 1.5 times the off-peak price, which is
above 112.5 USD/MWh. This suggests that in most cases, the FVC
can reduce OPEX during operation. If the all-time fixed electricity
price rises to 200 €/MWh, the OPEX of the MVR significantly
increases, reaching up to 90.1% higher than that of the FVC. By
adjusting the off-peak electricity price, the minimum all-time fixed
electricity prices at which the FVC retains its OPEX advantage are
153.5 and 191.8 USD/MWHh, corresponding to off-peak prices of
100 and 125 USD/MWh, respectively. Generally, the FVC maintains
its OPEX advantage when the all-time fixed electricity price is at least
1.5 times higher than the off-peak price.

Figure 14b,c presents the CAPEX and TAC comparisons between
the MVR and FVC distillation systems. In Scenario b, the compressor
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FIGURE 14 System scheduling under the optimal design for Scenario a. (A) Storage holdup profile for a selected time period (49th to 96th
hour); (B) storage holdup profile over a two-month period; (C) tank temperature profile over a 2-month period.
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accounts for a larger portion of the CAPEX (88.2%) compared to Sce-
nario a, due to the increased demand for compressor work. The
CAPEX for heat exchangers slightly decreased, as the increased com-
pressor outlet temperature allowed for a greater temperature
approach. With greatly reduced thermal storage capacity, the thermal
storage contributes only 0.9% of the total CAPEX for the FVC. As a
result of the higher compressor CAPEX, the TAC for the FVC is also
higher. In the base case with an all-time fixed electricity price of
115 USD/MWh, the FVC offers no economic advantage. However,
the FVC becomes competitive when the fixed electricity price is dou-
ble the off-peak price, which is common in many regions with high
penetration of renewables. Therefore, the FVC still holds economic
potential in scenarios where the off-peak electricity price is very low
and significantly different from normal or peak prices.

From the storage holdup profile for the first 48 h shown in
Figure 16 (1000 kmol approximates to 23 m®), the FVC operates peri-
odically, cycling from zero holdup back to zero over a 24-h period, in
response to the electricity price, which also changes periodically. For
balanced operation within 24 h, a high charging rate is required, lead-
ing to a greater demand for compressor work. However, this balanced
operation, along with the low required water storage flow caused by a
high compressor work, reduces the need for long-period thermal stor-
age compared to Scenario a, highlighting a design trade-off between
requiring a larger compressor (Scenario b) and a larger thermal storage
tank (Scenario a). This, in turn, results in a trade-off between the high
CAPEX of the compressor and the high CAPEX of the storage tank. It

is important to note that the total duration of peak and off-peak
periods within a day affects scheduling, influencing the charging rate
and the optimal design. A shorter off-peak period increases the charg-
ing rate, necessitating a larger compressor capacity. Additionally, the
water storage temperature rises, with the current scenario maintain-
ing a constant tank temperature of 268°C due to a steady charging
rate throughout the operation period. This temperature is consider-
ably higher than in Scenario a, indicating the need for minimizing
energy losses and ensuring the safety of thermal storage.

5.4 | Effect of compressor cost model

Given that compressor cost is the most significant factor influencing
the optimal design and economic performance of the proposed distil-
lation approach, an investigation was conducted to compare the opti-
mal results using different compressor cost models. Luyben reviewed
various published models for estimating compressor costs and found
that different models yield substantial variations in compressor costs,
introducing uncertainty even for conceptual design evaluations.? A
total of eight cost modes, listed in Table 3, are available for estimating
the purchase cost of centrifugal and reciprocating compressors, both
of which can be used in the FVC. Two cost indexes, the Chemical
Engineering Plant Cost (CE) Index and the Marshall-Swift Equipment
Cost (MS) Index, were used to update the costs to the recent CE index
of 800 and MS index of 1975.8.
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TABLE 3 Summary of compressor cost models.
Author Cost equation (s) Cost index Note
Douglas*° CAPEX comp = 5840Wcap0'82 - Base case, no specific compressor type
Turton et al.* CAPEX comp = 10?2-2897+1.360410g 10 (Weap)~0.1027 108 10 (Weap)|* CE =397 For both centrifugal and reciprocating types
CAPEXyrives = 1(02-9508:+1.0688l0g 10(Weap) ~0.1315l0g 10(Weap)I* -
Peters and Timmerhaus*?? CAPEX omp =315W,, + 13,000 MS = 904 For centrifugal type
CAPEX omp =430W,, + 16,000 For reciprocating type
Seider et al.*® CAPEX omp = €xp[9.1553 +0.63In(Wegp)] CE = 567 For centrifugal type
CAPEXcomp = exp[4.6762 +1.23In(Wap)] For reciprocating type
Ulrich*# CAPEXcomp = 315W,, + 13,000 CE = 315 For both centrifugal and reciprocating types
Luyben®? CAPEXomp =2.5exp[7.58 4 0.8In(Wcyp)] - No specific compressor type

CAPEXotor = 2049 + 668.16W ¢4

2Self-fitted equations within the specified design range.

The compressor cost models were reapplied in the optimization
problems for both Scenarios a and b, and the comparison of different
cost models is shown in Figure 17. The use of different cost models
does not affect the optimal design capacities of the compressor and
thermal storage, meaning only the compressor CAPEX changes. In
Scenario a, the variation in cost models results in a wide range of com-
pressor CAPEX, from under 200,000 USD to nearly 1000,000 USD,
accounting for 30% to almost 70% of the total CAPEX, which signifi-
cantly impacts the TAC across all cases. For most models that yield a
high compressor CAPEX (above 400,000 USD), the TAC for the MVR
at a fixed electricity price of 154 €/MWh is lower than that of the
FVC. However, the opposite is true when the compressor CAPEX is
less than 400,000 USD, as seen in the cases of centrifugal compres-
sors in the Peters' model and reciprocating compressors in the Sei-
der's model. This demonstrates that a lower compressor CAPEX and
its smaller share of total CAPEX are favorable for the proposed FVC
distillation approach. When the fixed electricity price increases to
180 €/MWh, the FVC shows significant cost advantages in all cost
model cases. These results highlight that the choice of cost model
influences the optimal design and operation of the FVC distillation
system, making it crucial to select the most appropriate cost model,
particularly for multistage compressors.

In Scenario b, all models yield consistent results when comparing
and ranking the TAC of MVR and FVC. The MVR's TAC at an electric-
ity price of 115 USD/MWh is the lowest, followed by the FVC.
Although the compressor CAPEX varies significantly, as in Scenario a,

its share of the total CAPEX is higher, reaching a maximum of 83.3%.
This high share, driven by the need for a large compressor capacity, is
the main reason for the higher TAC of the FVC. Despite this, the con-
clusion remains that the FVC becomes competitive when the fixed
electricity price is double the off-peak price. If compressor CAPEX can
be reduced, a 1.5 times difference between fixed and off-peak elec-
tricity prices would make the FVC economically advantageous, partic-
ularly if the lower compressor cost models from Scenario a are
applied. Overall, Scenario b requires greater compressor CAPEX
reduction for the FVC to be preferred, whereas Scenario a demon-

strates advantages under current compressor cost estimates.

6 | CONCLUSIONS

This research introduces a novel approach to designing load-
adaptable, electrified distillation processes by integrating FVC with
thermal storage. Various configurations of the FVC and thermal stor-
age are analyzed to gain insights into energy efficiency and storage
requirements, showing that FVC outperforms MVR in terms of elec-
tricity consumption and heat output. Optimization models for system-
atic design and scheduling are developed to determine the optimal
design and scheduling of the FVC and thermal storage under both
time-varying and fixed peak/off-peak electricity pricing scenarios. The
proposed distillation approach demonstrates flexibility in responding

to dynamic electricity markets, offering economic potential,
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FIGURE 17 Comparison of TAC and compressor CAPEX using different compressor cost models: (A) results for Scenario a; (B) results for

Scenario b.

particularly in reducing OPEX. Greater reduction potential is found
with time-varying electricity prices, leading to an OPEX reduction of
6%-24%. These specific reductions may vary depending on different
electricity markets.

However, the high CAPEX of compressors remains a challenge,
significantly influencing the TAC. A key finding is the importance of
selecting appropriate compressor cost models, as different models
resulted in substantial CAPEX variation, especially for the FVC. Lower
compressor costs favor the FVC's economic viability. In conclusion,
FVC combined with thermal storage is preferred over MVR in cases
with highly variable electricity prices and low compressor CAPEX. The
high CAPEX of the compressor, particularly in multistage configura-
tions, is a key factor limiting the feasibility of FVC. Future research
should focus on reducing compressor costs and exploring advanced
compressor technologies to improve the economic viability of FVC in
load-adaptable distillation processes. Additionally, electricity pricing
plays a significant role in determining OPEX, and different electricity
market scenarios should be evaluated on a case-by-case basis to fully
assess the economic potential of the proposed system.

While the proposed distillation approach shows great potential,
there are several limitations in this study that require further investi-
gation. The case study focused solely on water-methanol separation,
but additional separation processes, particularly those with high

energy demands such as propane-propylene separation, should be

explored. Additionally, while the direct storage method is more effi-
cient for heat transfer and reduces the amount of storage medium
required in this study, the use of water as a storage medium—drawn
directly from the column bottom—may not be applicable for separa-
tion tasks that do not involve water purification. Indirect storage
methods using different mediums should also be evaluated across
various separation tasks. Although this study performed scheduling
optimization, the operation of the FVC was assumed to be quasi-
stationary. In reality, the system dynamics of the FVC and thermal
storage need to be incorporated into the optimization process to
account for transient behavior and nonlinear performance changes
during scheduling. The use of quasi-stationary models should be fur-
ther justified by evaluating whether the two critical scheduling units
exhibit fast ramp rates and dynamics relative to the 1-h time interval.
Moreover, advanced control strategies should be developed for real-
time, precise control of column operations in response to fluctuating
electricity prices.

At last, this study highlights the importance of flexibility for distil-
lation and introduces a novel approach, but other methods are
expected to emerge using different mechanisms and configurations
(e.g., distillation design with electric boilers and pressure-varying oper-
ations*®) to design flexible, load-adaptable distillation systems. Devel-
oping such approaches would be an essential and exciting step in

advancing distillation technologies, revitalizing distillation's role
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in response to the evolving energy landscape during the transition to

net zero.
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