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Abstract

Multi-energy polygeneration systems offer significant potential to improve energy utilization, enhance
operational flexibility and integrate diverse energy sources into advanced infrastructure. This study
proposes a long-term, large-scale and cross-regional CO,-based polygeneration system for energy
conversion and management in integrated energy hubs, particularly ports and energy islands. The system
integrates a direct air capture module, a carbon dioxide energy storage module and a power-to-fuel
module to utilize renewable electricity during charging and to deliver electricity, heating, cooling and
transportable fuels during discharging. Thermodynamic models are developed to optimize the system
energy, exergy, electricity, heating, cooling and fuel utilization factors, as well as the levelized cost of
energy. Under optimal conditions, the system achieves an energy utilization factor of up to 146%, with
electricity, heating, cooling and fuel utilization factors of 30%, 79%, 19% and 18%, respectively. The CO-
secondary distribution coefficient regulates the system's power-to-fuel ratio, while the heat allocation
ratio of the high-temperature thermal energy storage governs the overall power-to-heat ratio. The
introduction of external waste heat significantly improves the system energy, exergy, electricity and
heating utilization factors while reducing the levelized cost of energy from $0.075/kWh to $0.039/kWh.
High-temperature waste heat primarily enhances electricity output, whereas low-temperature waste heat
predominantly increases heating output. Overall, the proposed system can flexibly deliver multiple forms

of energy to meet end-user demands. It therefore provides a promising pathway for efficient energy
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conversion, carbon utilization and sustainable development across diverse application scenarios.
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Nomenclature

Abbreviations
CAES compressed-air energy storage IC intercooler
CCHP combined - cooling, - heating and LAES liquid-air energy storage

power
CDES | carbon dioxide energy storage LHV low heating value
CES cold energy storage LPL low-pressure liquid storage tank
CHP combined heating and power ORC organic Rankine cycle
CLHS | cascaded latent-heat stores P2F power-to-fuel
CON condenser PTES pumped-thermal energy storage
DAC direct air capture RH reheater
EH electric heater RWGS reversible water gas shift
EUF energy utilization factor SOEC solid oxide electrolysis cell
ExUF | exergy utilization factor TES thermal energy storage
HHV high heating value TMES thermo-mechanical energy storage
HPL high-pressure liquid storage tank TV throttle valve
HTF heat transfer fluid WF working fluid
HX heat exchanger
Greek symbols
a heat source coefficient, - 4 heat allocation ratio, -
B discharging power ratio, - n efficiency, -
y mass flow ratio, - A secondary distribution coefficient, -
6 primary distribution coefficient, - u dynamic viscosity, Pa-s
€ effectiveness, - p density, kg/m3
& particle porosity, -
Symbols
Acell electrolysis cell active area, m? W power rate, W
E voltage, V Cp specific heat capacity, ] /(kg-K)
Ex exergy transfer rate, W dp particle diameter, m
G Gibbs free energy, ] /mol h specific enthalpy, ] /kg

current, A i current density, A/m?
K, equilibrium constant, - io exchange current density, A/m?2
N molar flow rate, mol/s m mass flow rate, kg/s
N number of cells in electrolysis stack, N number of stages
P pressure, Pa p partial pressure, Pa
0 heat transfer rate, W q adsorption loading of sorbent, mol/kg




T temperature, K t time, sorh

1% volume flow rate, m3/s 1% velocity, m/s
Superscripts and subscripts

* ideal isentropic process dis discharging process
0 ambient state working fluid
C compressor h hot fluid

E expander i i-th stage

P pump in inlet

ads adsorption process max maximum

o cold fluid out outlet

char charging process vac vacuum pump
des desorption process blo blower




1. Introduction

The utilization of renewable energy sources is a critical component of the ongoing global energy
transition [1]. Technologies such as wind and solar energy offer significant potential because of their
abundance and environmental benefits. However, their inherent intermittency and variability present
challenges for large-scale integration. These fluctuations highlight the need for innovative energy storage
and conversion technologies to ensure grid stability and a reliable energy supply, particularly for power

balancing and advanced energy management [2].

At the same time, energy consumption patterns are evolving with increasingly diverse demand profiles.
While traditional energy systems primarily focused on electricity supply to industrial, commercial and
residential sectors, advancements in technology and sustainability have broadened the scope [3]. Modern
energy systems now require integrated solutions capable of simultaneously producing, storing and
distributing multiple energy vectors, such as electricity, heating, cooling and fuels, across various sectors
[4]- This trend is especially important in specialized applications like offshore ports and energy islands,
where energy systems must be flexible, resilient and autonomous [5]. These locations need not only
reliable electricity but also cooling for logistics, heating for operations and clean fuels for transportation.
Their geographic and operational constraints demand long-term, large-scale and cross-regional energy
storage capabilities. Consequently, integrated multi-energy polygeneration systems are becoming
essential to meet the complex demands of these frontier energy environments and to ensure sustainable

and resilient energy infrastructures.

To address the diverse energy demands in renewable-dominated scenarios, polygeneration systems
driven by energy storage have attracted growing attention. Among the emerging solutions, thermo-
mechanical energy storage (TMES) technologies [6], such as compressed-air energy storage (CAES) [7],
liquid-air energy storage (LAES) [8], pumped-thermal energy storage (PTES) [9] and carbon dioxide
energy storage (CDES) [10], stand out due to their capability for large-scale energy storage. These systems
convert electrical energy into mechanical or thermal energy during charging and reverse this process
during discharging [11]. Their versatility in handling multiple energy forms makes them particularly

suitable for integration into combined cooling, heating and power (CCHP) systems [12].

In particular, CDES uses CO; as the working fluid, leveraging its high energy density, excellent heat transfer,
low viscosity and ability to be stored as a liquid under near-ambient conditions. These properties make
CDES not only an efficient storage medium but also a carbon buffer that decouples capture and utilization
in time. When integrated with direct air capture (DAC) and power-to-fuel (P2F) subsystems, CDES forms
a carbon conversion chain that links capture, storage and fuel synthesis, and delivers electricity, heating,

cooling and fuel within a unified platform.

Such polygeneration systems typically comprise three interlinked modules: DAC, CDES and P2F. During
the charging phase, surplus electricity, often from renewable sources, is converted and stored in the form
of thermal and mechanical energy within the CDES module. In the discharging phase, this stored energy

is flexibly released as electricity, heating, cooling and fuel. The carbon dioxide is first captured from the



atmosphere via the DAC module, then directed into the CDES module for intermediate storage, and finally
utilized in the P2F module to synthesize highly valuable fuels such as methane, methanol or Fischer-
Tropsch products. This integrated configuration not only facilitates energy vector diversification but also
supports renewable energy

smoothing, long-duration storage and carbon circularity.

However, integrating such systems involves complex interactions among multiple energy forms and mass
flows, resulting in highly coupled system behavior. To date, no comprehensive studies have addressed the
modeling and analysis of such fully integrated polygeneration systems. To bridge this gap, this study
proposes a long-term, large-scale and cross-regional CO:-based polygeneration system that
simultaneously delivers electricity, heating, cooling and fuel. As illustrated in Fig. 1, the system is designed
to mitigate the spatiotemporal mismatch between intermittent renewable energy supply and diverse end-
use energy demands. The core objective is to establish a carbon conversion chain that provides multi-
energy services while enabling negative-carbon operation through the integrated coupling of carbon

capture, energy storage and fuel utilization.

A thermodynamic model is developed to evaluate eight critical operational parameters: CO2 mass flow rate,
inter-module allocation ratio, adsorption temperature, desorption temperature, compression and
expansion stage configuration, heat allocation ratio, solid oxide electrolysis cell (SOEC) parameters and
external waste heat characteristics. Dual-scenario optimization (with and without waste heat integration)
evaluates seven performance dimensions: energy, exergy, electricity, heating, cooling and fuel utilization
factors, as well as the levelized cost of energy (LCOE). This study reveals the fundamental energy conversion
mechanisms within the system and clarifies how system configurations and operating parameters are
optimized according to different performance objectives. The proposed design offers a novel pathway for
efficient renewable energy utilization, deep carbon integration and multifunctional energy outputs, making

it well suited for offshore ports, energy islands and other emerging application scenarios.
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Fig. 1. COz-based polygeneration system framework.
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This article is organized as follows. Section 2 presents a detailed literature review of DAC, CDES and P2F
technologies, highlighting their current development status as well as the challenges and opportunities
associated with their integration. Section 3 introduces the operational principles of the proposed
polygeneration system, explaining the system configuration and energy flow. Section 4 describes the
mathematical models and performance indicators used to evaluate the system, including the assumptions
made for simulation and optimization. Section 5 discusses the simulation results and evaluates the
technical and economic performance of the system under various scenarios. Finally, Section 6 concludes

the article by summarizing the key findings and offering suggestions for future research.
2. Literature review
2.1 Direct air capture

DAC captures CO; directly from ambient air, providing a sustainable carbon source that can subsequently
be stored or utilized [13]. As a technology capable of extracting low-concentration CO; (~400 ppm), DAC
offers flexibility and is well suited for remote or energy-constrained locations such as islands and ports
[14]. When integrated with carbon storage and utilization pathways, DAC can enable net-negative

emissions and contribute to an integrated carbon conversion chain [15].

DAC generally operates through two main approaches: high-temperature liquid solvents [16] and low-
temperature solid sorbents [17]. In the liquid solvent approach, CO- is absorbed using alkaline hydroxides
and later released through thermal decomposition at temperatures between 800 °C and 900 °C. This
process is highly energy-intensive. Alternatively, solid sorbent-based methods for CO; capture include
techniques such as temperature swing adsorption [18], pressure-vacuum swing adsorption [19] and
temperature-vacuum swing adsorption [20]. In these systems, selectivity is often enhanced by

functionalizing the sorbents with amine groups [21] or by using covalent organic frameworks [22].

While DAC technologies are advancing from laboratory research to pilot-scale and commercial
deployment, they still face challenges, particularly high energy consumption [23]. Liquid solvent
regeneration requires high-temperature heat (800-900 °C) [24], whereas solid sorbents operate at lower
temperatures (80-120 °C) but still demand a continuous heat input [25]. To improve efficiency and reduce
costs, DAC systems are increasingly integrated with waste heat recovery, solar thermal energy, heat

pumps and thermal energy storage (TES) solutions [26].

Fahr et al. [27] evaluated the integration of DAC with various renewable energy sources, including solar,
wind, biomass, geothermal and nuclear power, and demonstrated the feasibility of large-scale carbon
capture for each of them. Mohan et al. [28] demonstrated that extracting ~10% of low-pressure steam
from nuclear turbines meets the heat requirements for DAC, enabling 1 GW plants to capture one million
tons of CO; annually. Similarly, Bertoni et al. [29] found that small modular reactors improve the thermal
utilization ratio from 32% to 85% when combined with DAC. Other studies have explored integrating DAC
with solar thermal systems, industrial waste heat and high-temperature heat pumps to reduce energy use
to 2.8 GJ/t CO2 [30].



Among various energy integration pathways, nuclear- and geothermal-powered DAC systems offer high
thermal efficiency and reliability but face infrastructure and public acceptance challenges [27]. In
contrast, solar- or waste-heat-powered DAC systems provide flexible deployment options but are limited
by variability or site-specific availability [31]. Economic analyses suggest that integration with nuclear or
geothermal can lower CO; removal costs to $200-$300/t CO, compared to $600/t CO; for natural gas-
driven DAC [32].

Despite the increasing interest in integrating DAC with various thermal and renewable systems, existing
studies focus primarily on coupling DAC with external heat sources to facilitate CO, capture, followed by
either carbon sequestration or utilization. However, these approaches often overlook the broader system-
level dynamics and interdependencies involved in the full CO; conversion chain from atmospheric capture
through intermediate storage and energy integration to downstream utilization in multi-energy
production. A more holistic perspective is therefore essential to unlock the full potential of DAC as a core

component in future carbon-neutral energy systems.
2.2 Carbon dioxide energy storage

CDES functions as a multifunctional system that bridges carbon capture and utilization [33]. CDES utilizes
CO; as both a carbon carrier and a working fluid. This facilitates the temporal decoupling between CO;
capture and downstream processes, and enhances the operational flexibility and stability of integrated
energy systems [34]. Depending on the pressure and temperature conditions within the storage tanks, CO;
can be maintained in various thermodynamic states, such as the supercritical [35] or liquid state [36]. This
versatility in CO, storage enables tailored energy-management strategies that respond effectively to
system demands and external load fluctuations. As a result, the overall operational efficiency and reliability

of the system can be improved [37].

In recent years, considerable research efforts have focused on advancing the thermodynamic performance
and optimization of CDES systems. Hao et al. [38] explored the use of multiple heat transfer fluids for
staged thermal storage, optimizing the heat transfer performance of the system. Their work achieved a
roundtrip efficiency of 76% and a thermal utilization efficiency of 96%. Liu et al. [39] conducted a
comparative study of CO; liquefaction and storage strategies. They found that systems employing
throttling-based cooling for CO; liquefaction combined with isochoric storage achieved the best
performance, with a roundtrip efficiency of 72% and a levelized cost as low as $0.11/kWh. Sun et al. [40]
proposed the use of liquid methanol for sensible cold storage together with a latent cold storage unit, which

broadens the application scenarios of CDES.

Dynamic performance analysis is crucial for accurately evaluating CDES operation under real-world
conditions. Huang et al. [41] developed a dynamic model for CDES and revealed significant discrepancies
compared to steady-state simulations. They found that the electricity and heating outputs estimated by
the steady-state model were over three times higher than those of the dynamic model. Furthermore, the
roundtrip efficiency of the dynamic model (55%) was notably lower than that of the steady-state model

(69%), primarily because during actual dynamic operation, the storage pressures in the high- and low-



pressure tanks fluctuate over time. These pressure variations alter the compression and expansion ratios,
leading to continuous changes in both the performance and mass flow rates of the compressor and
expander. Hao et al. [42] also investigated the dynamic response curves of high-pressure liquid CO; tanks
during depressurization, providing important insights for the design and safe operation of CDES systems.
Under variable-pressure operating conditions, increasing the mass flow rate of CO2 can reduce the
roundtrip efficiency, but it significantly enhances the energy storage density [43]. Zhao et al. [44]
investigated the overall performance and found that the roundtrip efficiencies under constant-pressure

and variable-pressure modes were 65% and 67%, respectively.

CDES can also be coupled with external heat sources to improve overall system performance [45]. Heat
sources can include solar thermal collectors, waste heat from gas turbine exhaust, residual heat from
nuclear power plants and other similar sources [46]. Xu et al. [47] showed that coupling geothermal
energy with CDES raises the turbine inlet temperature during discharge, significantly improving the
roundtrip efficiency and lowering the levelized cost of electricity. Solar thermal integration reduces grid
fluctuations [48] while increasing power output [49]. Coupling CDES with high-temperature TES enables

the use of surplus renewable electricity, improving system flexibility under variable power quality [50].

Building upon the foundational studies of CDES, recent research has extended its application beyond simple
charge-discharge operation toward delivering multiple forms of energy. The first step in this evolution has
been the development of combined heat and power (CDES-CHP) systems, in which surplus heat from the
thermal storage tank or from the outlet of the last-stage expander is recovered for external heating. Hao et
al. [51] developed a CDES-CHP configuration achieving a roundtrip efficiency of 67% and an energy
efficiency of 88%. Xu et al. [52] proposed a CDES-CHP system coupled with a gas turbine cycle and CO;
capture, which reached an energy efficiency of 63% and an LCOE of $0.087/kWh. These studies
demonstrated that CDES can effectively provide not only electricity but also valuable thermal energy, laying

the foundation for multi-energy applications.

It is worth noting that the distinction between CHP and CCP modes in CDES is primarily determined by
the temperature at the outlet of the last-stage expander, which depends on system operating parameters.
When this temperature exceeds the ambient temperature, surplus heat can be recovered for heating, and
the system operates in CHP mode. In contrast, when the temperature is lower than ambient temperature,
surplus cold energy can be recovered for cooling, leading to CCP operation. Building on this concept,
research has moved toward combined cooling and power (CDES-CCP) systems, which utilize cold energy
recovered from CO; expansion for external cooling. Sun et al. [53] developed a CDES-CCP system that
operates without additional heat or cold sources. In this configuration, a regenerator was incorporated
into the discharge process, which lowered the temperature at the outlet of the last-stage expander and
allowed surplus cold energy to be extracted from an ice-water mixture pool. The system achieved an
energy efficiency of 79%, an exergy efficiency of 58% and a total cost per unit of energy output of
$0.15/kWh. Wang et al. [54] proposed a CDES-CCP configuration based on gas-liquid phase change, where
cooling during charging was supplied by a refrigeration cycle and cooling during discharging was

provided by the cold CO; at the outlet of the last-stage expander, achieving an energy efficiency of 112%



and a total cost per unit of energy output of $0.10/kWh.

The most recent and advanced stage of this progression is combined cooling, heating and power (CDES-
CCHP) systems, which integrate both heating and cooling functions alongside power generation within a
single platform. In such systems, heating is primarily derived from CO. compression, while cooling
originates from CO; expansion. However, CDES-CCHP systems face challenges related to the cooling-to-
power ratio. Liu et al. [55] addressed this by demonstrating adjustable capacities through variations in
pressure and temperature parameters. Throttle valve integration also enables the decoupling of cooling
[56], and Deng et al. [57] achieved a remarkable energy efficiency of 320% through parallel loop
configurations. Supercritical CO, storage integration reduces throttling losses [58], while ejector-based

designs further enhance system flexibility [59].

Current research on CDES predominantly centers on closed-loop analyses, focusing on internal CO-
cycling and thermodynamic optimization. Most multi-energy applications studied to date have been
limited to CDES-CHP, CDES-CCP or CDES-CCHP configurations, with little attention given to integrating
additional energy forms such as fuels. Furthermore, the potential of CDES as a bridging element within
an open-loop carbon management chain linking carbon capture, storage and utilization has yet to be fully
explored. Few studies have addressed the system-level interactions between CDES and upstream and
downstream technologies. A more integrated perspective is therefore essential to unlock the full value of

CDES in future carbon-neutral multi-energy systems.
2.3 Power-to-fuel

The P2F pathway enables the utilization of CO; either captured directly from emission sources or retrieved
from carbon storage systems, converting it into storable and transportable fuels using renewable
electricity [60]. This approach not only promotes CO- recycling but also offers sustainable energy carriers
for the transportation and industrial sectors [61]. Conventional P2F processes typically involve two
sequential stages: (1) the electrolysis of water using renewable electricity to generate H, and (2) the
catalytic synthesis of fuels such as methane [62], methanol [63], dimethyl carbonate [64] or Fischer-
Tropsch hydrocarbons [65] through reaction with captured CO». While these technologies are considered
technically mature, they still face significant challenges, such as high overall energy demand [66] and issues

related to hydrogen storage and transportation [67].

SOEC offers an efficient alternative by co-electrolyzing CO; and H0 to directly produce syngas (H + CO), with
a tunable H:CO ratio suitable for fuel synthesis in a single step [68]. Operating at temperatures between 773
K and 1273 K, SOECs benefit from enhanced reaction kinetics and reduced electrical energy input [69].
Compared to conventional alkaline and proton exchange membrane electrolysis, SOECs are better suited for
thermal integration and can theoretically achieve nearly 100% electrical efficiency [70]. Co-electrolysis in
SOECs also results in lower area-specific resistance, improving electrochemical performance compared with
separate H,0 and CO; electrolysis [71]. The all-solid-state design of SOECs supports reversible operation as
solid oxide fuel cells, enabling flexible two-way conversion between electrical and chemical energy [72]. This

versatility promotes their integration into hybrid energy systems [73].
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Current research in SOEC technology mainly focuses on the following aspects: (1) reaction mechanisms
and performance optimization of co-electrolysis [74], (2) syngas composition control to ensure
compatibility with downstream processes [75] and (3) catalyst development and thermal coupling for
methanation [76]. CO in SOEC syngas is primarily produced via the reverse water gas shift (RWGS)
reaction, with significant direct CO; electrolysis occurring at high current densities [77]. By adjusting
electrode materials and operating conditions, SOECs can flexibly tailor the H:CO ratio to meet the

requirements of downstream synthesis [78].

System-level optimization of SOECs focuses on operating parameters such as temperature [79], inlet gas
composition [80] and operating voltage [81] to increase current density and syngas yield. Moreover,
integrating SOECs with external heat sources or recovering internal waste heat can enhance overall
efficiency and energy recovery. This provides a promising route for efficient renewable energy conversion

and fuel production [82].

Compared with the conventional two-step process of water electrolysis followed by syngas synthesis, the
SOEC approach streamlines the pathway by eliminating intermediate stages. However, it also imposes
stricter requirements on thermal management and waste heat recovery, which makes system integration

more challenging.

Current P2F research largely centers on the direct use of CO; sourced from carbon capture outlets for fuel
production, frequently neglecting the variability in CO, supply at this point. This limitation highlights the
critical need for incorporating a CO> storage module to buffer supply fluctuations and ensure consistent
fuel output. Moreover, the thermal storage tanks within the CO; energy storage system offer a promising
approach to efficient thermal management and address one of the key challenges in integrating SOEC-
based P2F systems. Addressing these challenges is vital to improving the reliability, scalability and overall

performance of P2F technologies in practical applications.
2.4 Integrated system

The integration of DAC, CDES and P2F technologies enables a complete carbon conversion chain while
supporting polygeneration. Among them, the coupling of DAC and P2F has garnered increasing attention
in recent studies, with particular focus on thermal integration strategies [83]. Researchers have shown
that low-grade heat recovered from P2F units can drive the desorption process in DAC. Such integration
can achieve internal thermal self-sufficiency, reduce thermal losses, improve carbon utilization, and

significantly enhance overall system efficiency [84].

Paulsen et al. [85] employed a high-temperature liquid solvent DAC to capture CO; which was
subsequently converted into jet fuel via Fischer-Tropsch synthesis using electrolytic hydrogen. The
authors evaluated five system configurations and found that the solid oxide electrolysis cell (SOEC)-based
design achieved the highest heat recovery efficiency of 85%. However, economic analysis showed negative
net present values for all scenarios, with the lowest levelized cost of fuel at €4.45 /L, highlighting the need
for further cost reduction. Similarly, Emadi et al. [86] proposed a system in which captured CO; and steam

are co-electrolyzed in a SOEC to produce syngas, which can then be converted into either methanol or
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synthetic fuels, depending on the downstream process selection. The system was designed to capture
250,000 tons of COz annually, with levelized production costs of $1320/ton for methanol and $2780/ton
for synthetic fuels. In contrast, Furst et al. [87] used a low-temperature solid sorbent DAC and
demonstrated that integrating low-grade heat from the P2F process into the DAC regeneration step could
achieve an energy efficiency of 75%. Zhang et al. [88] investigated the thermal integration of DAC, alkaline
water electrolysis and methanol synthesis. Compared to a nonintegrated configuration, the energy
demand for methanol production was reduced from 50 GJ/ton to 38 GJ/ton, with an overall system energy

efficiency of 53% and a levelized cost of methanol of just over $800/ton.

Some studies have gone further by exploring the tri-coupling of DAC, CDES and P2F systems. These
configurations leverage CDES technologies not only as a buffer for CO; flow and pressure but also as a
thermal energy storage mechanism. This helps stabilize the intermittent output of renewable energy and
improves overall system flexibility. The stored CO; can be directly used for downstream fuel synthesis,
and the carbon conversion chain is thus completed. Moreover, during the charging and discharging
processes, the CDES unit may provide useful heating or cooling that can be redistributed to DAC or P2F
modules. This enables multi-energy integration and reduces the external energy input. Song et al. [89]
proposed a system integrating flue gas CO, capture, CDES and dry reforming of methane. In this system,
the reforming reaction heat is partially used to enhance CDES power output and partially used to
regenerate captured CO,. Under this configuration, the system achieves a 220% roundtrip efficiency and
a 25% internal rate of return (IRR). Qi et al. [90] demonstrated the use of CO; storage in CDES as a buffer
to support water electrolysis for hydrogen production. The hydrogen reacts with CO; to form methane.
The integrated system coproduces electricity, hydrogen and methane with an energy efficiency of 41%.
The projected cost of methane by 2050 is ~€100/kWh. These integrated systems hold promise for
deployment in regions with high renewable energy penetration and strong decarbonization demands,

such as offshore ports and energy islands.

Despite notable progress, current research on integrated systems typically focuses on fuel or electricity
output, overlooking the potential of CDES to deliver heating and cooling externally. This limits the full
exploitation of its multi-energy output capability, which is essential for enhancing system-wide flexibility
and cross-sector integration. Therefore, future research should adopt a holistic perspective that fully
leverages all energy forms, including electricity, heating, cooling and fuel, in order to optimize the
performance and versatility of integrated carbon-conversion systems and enable the external delivery of

high-value-added energy products across sectors.
2.5 Critical analysis of the state-of-the-art and identification of gaps

Despite significant progress in each module, critical gaps persist throughout the carbon conversion chain.
Research on DAC has largely focused on thermal integration with external heat sources [91], without fully
capturing the dynamic interactions spanning from CO; capture and intermediate storage to downstream
multi-energy production. Studies on CDES primarily concentrate on closed-loop thermodynamic

optimization [92], with limited exploration of its potential role as an open-loop buffer linking capture,
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storage and utilization processes, and they have so far focused mainly on CDES-CHP, CDES-CCP or CDES-
CCHP configurations, without extending to polygeneration schemes that also incorporate fuel production.
Similarly, P2F research tends to focus on the direct conversion of CO; from capture outlets into fuels [93],
often overlooking fluctuations in CO, supply and the opportunity to leverage thermal storage within CO»
tanks for enhanced heat management. Even studies of integrated systems, although they move beyond
analyses of individual components, generally prioritize fuel or electricity outputs and fail to fully consider

the capacity of CDES to provide both heating and cooling.

These gaps collectively reveal a broader research deficiency: the lack of holistic modeling frameworks
that capture the spatiotemporal coordination and synergistic operation of fully integrated CO»-based
polygeneration systems. Such systems involve tightly coupled electricity, heating, cooling and fuel flows,
along with interacting mass streams and intermediate storage. Existing studies often isolate individual
modules or emphasize specific outputs, and thus fall short of capturing the full complexity and integration
potential of a unified cross-domain framework. Moreover, economic assessments, particularly those
incorporating metrics such as the LCOE, remain scarce, limiting the ability to evaluate cost-effectiveness
alongside technical performance and hindering the identification of economically viable configurations

for large-scale deployment.

In this context, the CO;-based polygeneration system proposed in this work serves as a conceptual
framework highlighting the potential of integrated carbon capture, storage and utilization. By forming a
complete carbon conversion chain that spans capture (DAC), intermediate storage and regulation (CDES)
and high-value utilization (P2F), the system not only achieves carbon circularity but also enables flexible
outputs of electricity, heating, cooling and fuel. Although implementation challenges remain, the multi-
energy flexibility of the proposed system enhances its compatibility with renewable energy integration,
localized demand response and cross-sector coupling. Furthermore, by incorporating economic
indicators such as the LCOE into the assessment, the framework enables a comprehensive evaluation of
both the technical and economic performance of the proposed system in comparison with other
polygeneration systems discussed in Section 5.8, thereby positioning the carbon conversion chain as a

promising reference architecture for future carbon-neutral energy systems.
3. System description

Fig. 2 illustrates the proposed CO-based polygeneration system, which integrates the DAC, CDES and P2F
modules. The system operates at approximately 10 MW and consists of two main phases: charging and

discharging.
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Fig. 2. Schematic diagram of the proposed CO,-based polygeneration system. (C: Compressor, E: Expander,
P: Pump, TV: Throttle valve, HX: Heat exchanger, CON: Condenser, H-TES: High-temperature thermal
energy storage, L-TES: Low-temperature thermal energy storage, H-CES: High-temperature cold energy
storage, L-CES: Low-temperature cold energy storage, CS: Cold storage, LPL: Low-pressure liquid storage
tank, HPL: High-pressure liquid storage tank, HX-D: Heat exchanger in the DAC module, C-D: Compressor
in the DAC module, C-IC: Intercooler in the compression process, E-RH: Reheater in the expansion process,
E-C: Heat exchangers for cold storage in the expansion process, TES Heating: Flow of high-temperature
heat transfer fluid associated with the H-TES, TES Cooling: Flow of low-temperature heat transfer fluid
associated with the L-TES, CES Heating: Flow of high-temperature cold fluid associated with the H-CES,
CES Cooling: Flow of low-temperature cold fluid associated with the L-CES.)

Charging process: During off-peak hours, CO captured via DAC is introduced into the system. A portion is
routed to the P2F module, where it is co-electrolyzed with high-temperature steam in the SOEC to produce
syngas, which is then converted into methane. The remaining CO; serves as the working fluid in the CDES
module. In the CDES module, CO transfers thermal energy to the high-temperature thermal energy
storage (H-TES) and absorbs cold energy from the cold storage (CS), where itliquefies in the low-pressure
liquid storage tank (LPL). The liquefied CO>, along with recirculated CO; from the CS, is compressed in
multiple stages. Each compression stage uses intercoolers (C-IC) to transfer recovered heat to the H-TES.
After final compression and heat recovery, the CO; is condensed into a high-pressure liquid and stored in

the high-pressure liquid storage tank (HPL).

Discharging process: During peak demand, the CO; stored in the HPL is passed through the reheater (E-
RH), where it absorbs thermal energy from the H-TES before driving multi-stage expansion turbines to

generate electricity. CO; exiting each expander (E) is routed based on its temperature. If the outlet
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temperature is below ambient, the CO; flows through heat exchangers for cold storage (E-C) to store cold
energy in the L-CES. Otherwise, it moves to the next reheater for further expansion. The final-stage
expanded CO; is sent to the P2F module, where it is co-electrolyzed together with the CO; from the CDES
module. Synthetic methane is then produced. CO; exiting E-C-n continues to the CDES module, where its
thermal management depends on its temperature. If it is above ambient, it transfers thermal energy
through HX-1 for heat recovery, then absorbs cold energy from the CS. If it is below ambient, it directly
enters the CS for cooling. The liquefied CO; is stored in the LPL. This completes the cycle and prepares the

system for the next charging process.

SOEC component operation (see Fig. 3): Thermal energy from the cathode and anode exhaust streams
preheats the incoming fluid, with excess heat from the anode stored in the H-TES. An electric heater (EH4)
raises the temperature of the syngas from the cathode outlet to the required level for methanation. All
thermal energy is stored in the H-TES. It is used for two purposes: direct heating applications and
reheating CO; at the expander inlets to boost electricity generation efficiency. CO; exiting the expander at

below-ambient temperatures is directed to the L-CES to provide cooling.
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| Anode |
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P-3 HX-4

| :

|

|

|

i

O
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Fig. 2. Schematic diagram of the SOEC component layout and interconnections (EH: Electric heater).

The system dynamically regulates CO; flow and heat allocation in the H-TES. This enables adaptive co-

generation of electricity, heating, cooling and fuel to meet end-user needs.
4. Methodology

The research methodology adopted in this study is illustrated in Fig. 4. [t encompasses three main parts:
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model development, parameter analysis and optimization. Specifically, detailed mathematical models of
DAC, CDES and P2F modules are developed with integrated energy and mass coupling. Subsequently, the
effects of key parameters on system performance are analyzed. Finally, single-objective optimizations
targeting different performance metrics are conducted based on the first law of thermodynamics, the

second law of thermodynamics and economic considerations.

e ™
. Model Developmen . Parameter Analysis . imization
/1MdlD lop t 4 2.p ter Analysi N 3. Optimizati '
Ve First Law of Thermodynamics
CO, flow parameters
: [ Energy utilization factor ]
DAC module
Adsorption and desorption [Electricity utilization factor]
N\ temperature
v [ Heating utilization factor ]
8 Compression and : e
‘ Expansion stage numbers ‘ [ Cooling utilization factor ]
‘ Cblg s msdinls [ Fuel utilization factor ]
H-TES heat allocation ratio
hS Second Law of Thermodynamics
Vv
' e )
P2F module h SOEC operating conditions [ Exergy utilization factor ]
p. - ~
Economics
&) Blectiely, 2o iz, T e [ Levelized cost of energy ]

\ Heating Cooling / \ / N - _/.

Fig. 3. Research methodology flowchart for the proposed CO,-based polygeneration system modeling,

performance evaluation and optimization process.

This study is a theoretical work focused on steady-state thermodynamic modeling of the proposed system.
All simulations were carried out using MATLAB (R2023a), which offers a flexible environment for equation-
based modeling and numerical computation. Thermophysical properties of the working fluids were
obtained from the REFPROP 9.1 database developed by NIST, which ensures high-accuracy data for real-gas
behavior. The combination of MATLAB and REFPROP provides both computational efficiency and reliable

property estimation, making it well suited for the system-level energy analyses conducted in this work.
This section describes the modeling framework for the proposed system, using the following assumptions:
(1) Pressure losses in tanks, heat exchangers, condensers, electric heaters and pipelines are neglected.
(2) Constant pressure ratios are maintained across all compression and expansion stages.

(3) Mechanical losses, as well as changes in potential and kinetic energy, are disregarded.

(4) Steady-state operation governs system simulations.

(5) HPL/LPL pressures and temperatures remain invariant during charging/discharging.

(6) TES/CES units operate adiabatically during energy storage/release.

(7) Compressors, expanders and pumps exhibit 85% isentropic efficiency [94, 95] and heat exchangers
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maintain an effectiveness of 0.90 [95].
(8) The SOEC operates continuously at 1073 K [96].
(9) Electrochemical mechanisms in the SOEC focus on CO2-H20 co-electrolysis and RWGS reactions.

(10) Catalytic methanation achieves 95% CO.-to-CH4 conversion efficiency under the simulation

parameters [97, 98].

The component models are developed on the basis of the first law of thermodynamics and the law of mass

conservation.
4.1 Direct air capture module

The DAC module comprises multiple parallel adsorption units. The primary energy consumption of the
system includes electric power for blower operation (Eq. (1)) and vacuum pump activation (Eq. (2)),
alongside thermal energy for adsorbent regeneration heating (Eg. (3)), CO2 thermal conditioning (Eq. (4))
and desorption enthalpy (Eq. (5)) [99, 100]:

W, = APV, (1)

Wi,o, = (RT.ec /75 ) IN (P, /Prey) @
Quss = MasCy a5 (Tees — Tacs ) (3)
Qco, =Meo,Cc0, (Taes ~Taas ) 4)
Ques = ~AHco, Mo, (5)

where AP is the pressure drop across the adsorbent bed, Vi is the volumetric air flow rate, AH is the

adsorption enthalpy, n» is the pump isentropic efficiency, and the subscripts “vac”, “ads” and “des” denote

the vacuum pump, adsorption process and desorption process, respectively.
The pressure drop in Eq. (1) is calculated using the Ergun equation [101]:

o _ 1504, L (1-£)v, L L75Lp, 1-)V?

2.3 3
dPgP dPgP

(6)

where yg and pg represent the air dynamic viscosity and density, respectively, Lieq indicates the adsorbent

bed length, vs denotes the superficial air velocity, while d, and &, correspond to the particle diameter and
porosity.

This study employs mmen-Mg,(dobpdc) as the porous adsorption material. The key thermal and

structural properties of the material are provided in Table 1.
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Table 1. Thermal and structural properties of mmen-Mg,(dobpdc).

Parameters Value Source
Heat capacity, k] /(kg-K) 1.6 [102]
Sorbent density, kg/m3 860 [103, 104]
Sorbent porosity, - 0.35 [105]

CO; adsorption enthalpy, kJ/mol 71 [106, 107]

The adsorption behavior of mmen-Mg,(dobpdc) is modeled using a weighted dual-site Langmuir
isotherm model, initially proposed by Hefti et al. [103] and refined by Darunte et al. [104]. The

equilibrium loading is expressed as:

Oeq = Giow (1= W)+ GigyW (7)
1+(Qj%%)
high — mi—zz +0y Peo, (9)
W =exp H1£EQ%XEE?) 1+exp EiQQEgzgﬁﬂ) (10)
o (o2

where giow and gnigh quantify adsorption through two distinct mechanisms driven by differences in CO;
partial pressure, p represents the partial pressure and w is a smoothing function used to weight these

mechanisms. Temperature-dependent parameters pstep, b1, by, qu, 1 and o complete the model.

The adsorption kinetics are governed by the linear driving force (LDF) model [108]:

aq/at = kCOZ (qeq _q) (11)

Integrating Eq. (11) over time yields:
qavg = qeq (1_ exp(_kcozt)) (12)

where qavg represents the average adsorption loading of the sorbent after time ¢, and kco2 is the mass
transfer constant that is determined through [108]:
2
1 d 1
kco2 GngDeﬁ,COZ kad,co2

(13)
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and kaqco2 is the reaction kinetic parameter for intracrystalline diffusion in the micropore that is assumed

to be governed by Arrhenius kinetics [108]:

AE T
k = Aexp| —4|1-2L 14
ad,CO, p[ RTO ( T j} ( )

4.2 Carbon dioxide energy storage module
4.2.1 Compressor model

Compressors increase the pressure of gases through mechanical work input. The isentropic efficiency

definition for a compressor relates the enthalpy change across the component:

h;ut — hin

_in. 15
hout - hin ( )

e =

where h denotes the specific enthalpy, subscripts “in” and “out” indicate the inlet and outlet states, and

superscript “*” denotes isentropic conditions.

The system utilizes multi-stage compression driven by off-peak grid electricity and each compression
stage is usually completed by a single compressor. The electric power input of the i-th compression stage

is calculated as follows:

WC,i = mf (hout,i - hout,i) (16)

such that the total electric power input is the sum of the power inputs of all compression stages:
. nc .
Wc = ZWC,i (17)
i=1

where mrepresents the mass flow rate of the working fluid (WF) and nc is the number of compression stages.
4.2.2 Expander model

Expanders are the functional inverse of compressors. The isentropic efficiency of an expander is:

h —h,,
— n (iu 18
Tle h (18)

in out

Multi-stage expansion generates electric power during peak demand periods, with each expansion stage
performed by a single expander. The electric power output of the i-th expansion stage is calculated as

follows:

WE,i = mf (hin,i - hout,i) (19)

and the total electric power output is obtained by summing the power outputs of all expansion stages ng:
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WE = ZWE,i (20)
i=1

4.2.3 Pump model

Pumps pressurize liquids and are characterized by their isentropic efficiency:

h, —h
_ Lou in 21
e hout - hin ( )

Similarly, the electric power consumed by a pump is calculated as follows:
W, = m; (N, —hy,) (22)

4.2.4 Throttle valve model

Throttling processes are assumed to be fast and thus to occur at constant enthalpy:

h. =h (23)

out n

4.2.5 HPL and LPL models

HPL and LPL storage tanks maintain thermodynamic stability according to Assumption (4):

Put = Pa (24)
Tow =Ty (25)

where P and T denote pressure and temperature, respectively.
4.2.6 Heat exchanger model

Heat exchangers (i.e., intermediate coolers, reheaters and cold storage heat exchangers) satisfy energy

conservation:
QHX = r‘hh (hh,in - hh,out) = rﬁc(hc,out - hc,in) (26)

where subscript “HX” indicates the heat exchanger, and “h” and “c” represent the hot and cold fluid

streams.

The effectiveness of a heat exchanger is defined as:

Spx = QHX /Qmax (27)

It is introduced to evaluate its heat transfer performance relative to an ideal heat exchanger:
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Qmax = (mcp ) (Th,in _Tc,in ) (28)

min

where Qmax is the theoretical maximum heat transfer rate, and (mcp)min is the smaller heat-capacity rate
of the hot and cold fluids when ¢, is constant; if ¢, varies, the theoretical maximum heat transfer rate

requires pinch point analysis [95]:

3 . (Thin
Q =m, ITm CondT (29)

3 . (Thin
Q, = mCL_ C,cdT (30)
Q,=m, [ ¢, dT +1m, [ c,,dT 31)

cin pinch
where Tpinch is the temperature at the pinch point.

The theoretical maximum heat transfer rate is the minimum of the above three parameters:
Qmax :min(Ql’QZ’QS) (32)

4.3 Power-to-fuel module
4.3.1 CO2-H20 co-electrolysis and methanation model

The SOEC operates under three thermal modes based on the applied voltage: endothermic, exothermic

and thermoneutral. With H-TES storing heat from the SOEC, it maintains exothermic operation at 1073 K.

In CO2-H20 co-electrolysis, the core reactions are initiated:

H20—>H2+%02 (33)

1
CO, _>CO+EOZ (34)
Additionally, the RWGS reaction plays an important role in the process:
H,+CO, & H,0+CO (35)

The equilibrium constant of the RWGS reaction is temperature-dependent [109]:

3
In(K,) = % ~7.78x10"In(T) + 2.56x10°T —5.10x10'T? -1.25 (36)
The operating voltage combines the Nernst potentials and overpotentials:

EceII = Erev,H2 + nact (in ) + 770hm (in ) + 77conc (iH2 ) (37)
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EceII = Erev,CO + 77act (iCO) + 77ohm (iCO) + 77conc (iCO) (38)

where Ereynz and Erevco are the Nernst potentials for Hz and CO, respectively, and 1act, fohm and 7conc are the

activation, ohmic and concentration overpotentials, respectively.

The Nernst potentials for H; and CO are given by:

AG 0 0 05
Evvr, =52 +ﬂln(W) (39)
2F 2F Pro
0 0 05
Erev,CO = AGCO +ﬂ In(w) (40)
2F  2F Pco,

where F is the Faraday constant, R is the universal gas constant, and p; is the partial pressure of the

species j at the electrode surface, where j denotes either H; or CO.

The relationship between the activation overpotential and current density can be expressed as:

o 1+x,)F F
i, = xp(EE R _exp Koy (1)
1 F
o =l col€XP(—=—* % 770) Xp(- %)] (42)

1 a na Kana
I =l o, [EXP(—2 RT ) —exp(- ?)] (43)

where k is the symmetry factor or charge transfer coefficient, and the ohmic overpotential is calculated

considering only the electrolyte layer as follows:

Topm = Rl (44)
and R. is the resistance of the electrolyte layer:

R, =d,/o, (45)

Here, d. is the electrolyte layer thickness, and o. is the conductivity of the layer, which depends on

temperature and is given by:

Oy _Eel
o. = —Lexp(— 46
T X RT ) (46)

where oy is the pre-exponential factor, and E. is the activation energy for ion transport [110].

The concentration overpotential depends on the partial pressure of the species at the electrode-

electrolyte surface and can be expressed as:
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RT ( Pr, Pro

nconc,c (iHZ) = 2F pgz p:_izo) (47)
RT,  PeoPc
o) = —— IN(———= 48
nconc,c( CO) 2F ( pgo péoz ) ( )
[
RT \ (Po. o

nconc,a = Eln[(p_gz 5] (49)

where p; denotes the partial pressure of the species j at the electrode-electrolyte surface.

The relationship between the electrolysis products and current follows Faraday’s law:

Ij = ijA;euNceus (50)
N; =1, / 2F (51)

The outlet temperature of the electrolytic cell is calculated using the principle of energy conservation:

dT, . : .
z(l\/lcp)outd—;th :WSOEC +Z(mh)in _z(mh)out (52)

where Wsorc is the electrical power input to the electrolytic cell.
The simulated parameters for the CO,-H20 co-electrolysis mode are summarized in Table 2.

Table 2. COz-H0 co-electrolysis simulation parameters.

Parameter Value Source
SOEC operating mode, - Exothermic [96]
SOEC inlet temperature, K 1073 [96]
Anode asymmetry factor for H; electrode, - 0.7 [111]
Anode asymmetry factor for CO electrode, - 0.5 [111]
Cathode asymmetry factor, - 0.1 [111]
Operating voltage, V 1.4 [96]
Active area of each cell, cm? 100 [112]
SOEC operating pressure, MPa 1.13 [113]

The syngas (a mixture of H, and CO) produced by SOEC co-electrolysis, together with any unconverted

CO., enters the methanation reactor at 523 K, where it undergoes an exothermic conversion:
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CO+3H, —CH, +H,0 AH =-215.4kJ/mol (523 K) (53)

CO,+4H, >CH,+2H,0  AH =-175.8kJ/mol (523 K) (54)

4.3.2 Standalone HO electrolysis and H; production model

In standalone H;O electrolysis mode, the SOEC performs water splitting as shown in Eq. (33), producing
H and 0. H; is used as a clean zero-carbon fuel, while O; is released as a by-product. The schematic of
the P2F module in this mode is illustrated in Fig. 5. This process operates at 1073 K to maximize ionic
conductivity and catalytic activity. The thermal and electrochemical parameters for this mode mirror

those of the CO2-H20 co-electrolysis mode.

|P2F module _ _ __ _ _ _ __ __ _ __ _ __ _ __ __ __ |
componen
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N
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| | P-4 HX3 HX-5 I
| : : ! |
| L-TES I—]X-Zl_ _______________ _! |
 Ar . HmO 0, _ __ ®W
Electricity TES Heating TES Cooling

Fig. 4. Schematic diagram of the P2F module in standalone H0 electrolysis mode.
4.4 Exergy analysis

Under Assumption (3), the exergy within the system is categorized into physical and chemical

components. The total exergy for each stream is expressed as:
EX =mex = m; (exph +exch) (55)

Physical exergy and chemical exergy are calculated as follows:

ex;, =(h—hy)-T,(s-5,) (56)

ex,, :izjex‘j’MRT{izj In(zj)) (57)
i1 i1
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where z; denotes the mole fraction of species jand ex" denotes the standard chemical exergy of species j
[114].

4.5 Economic analysis

The Chemical Engineering Plant Cost Index (CEPCI) is adopted in this study to adjust all capital cost
estimates to a consistent reference year. As a widely used index in the chemical and energy industries, the
CEPCl reflects changes in construction costs, equipment prices and labor rates over time, enabling a more
accurate and up-to-date economic analysis. All capital costs in this study are adjusted to the year of 2023
using CEPCI values [59]:

Zzozs/zrefer = CEPCIzozs/CEPCI (58)

refer

where Z represents the purchased cost of the component, and the subscript “refer” denotes the reference

year. Table 3 summarizes the purchase costs of the components in the system.

Table 3. Component investment cost.

Component Cost equation/$

Heat exchanger [115] Zux =12000 x (Aux / 100)06

Compressor [116] Zc=71.1xm;/ (0.92-nc) x mic x In(mc)

Expander [116] Zr=479.34 x m; / (0.93-ng) x In(mg) x [1 + exp(0.036 x T; - 54.4)]
Vacuum pump [108] Zyp =19123.137 + 278.58745 x (Q)061845

Pump [117] Zp =200 x (W)os6s

Condenser [118] Zcon = 8000 x (Acon / 100)06

Cold box [119] Zcg=32.8 x (Acs / 80)068

ZAB = 50 X msorbent + FM X eXp[5.6336 + 0.4599 X ln(z.z X mreactor) + 0.00582

Adsorption bed [108]

X ln(zz X mreactor)z]
Stack [120] Zstack = Aa X Neen x (2.96 x Tsoec — 1907) x (Ngystem / Nstack)
Mixer [120] ZMIXER =0

Zst = 1.218 x Fy x exp[11.662 - 0.6104 x In(264.17 x V) + 0.04536 x

Storage tank [121] In(264.17 x V)?]

Methanation reactor

Zur = 504 x HHViual
[122]

Throttle valve [123] Zrv=114.5xm

Electrical heater [124] Zen = 14 x (W)
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Component Cost equation/$

Ze, = 1.218 x Fy x Fp x exp[0.04 + 0.1821 x In(1.7896 x ) + 0.0786 x

Blower [121] In(1.7896 1)’

To evaluate the economic performance of the polygeneration system, the LCOE is adopted to represent

the cost of electricity over the system lifetime [12]:

5 Coy +C
7 oM “C
22 ;g; (1+r)

LCOE =

(59)

Lais
365 | (W, + Qe /COPR, +Q
0

i1 (1+ I’)i

Naysiem cool/ COPC +queInGTC)

where Coum is the combined operation and maintenance costs, C¢ is the charging cost, r is the discount rate,
and Niyseem is the operating lifetime of the system, which is set to 30 years in this study. Wele, Qneat, Qcool and

Wie are the electricity, heating, cooling and fuel output rates of the system, respectively.

In the above equation, the heating, cooling and fuel outputs are converted into equivalent electricity to
enable a consistent comparison. Specifically, heating and cooling are converted using the coefficient of
performance of a reversible heat pump operating in heating (COP:) or cooling (COP.) mode [57], while
fuel is converted based on the assumed electricity generation efficiency of a gas turbine cycle (nerc) [125].

4.6 System parameters and metrics

4.6.1 Designed parameters

CO; serves as a multi-functional medium in the system, acting as a carbon capture product, energy storage

medium and fuel feedstock. Fig. 6 illustrates the CO, mass flow distribution network within the system.
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Fig. 5. CO; mass flow allocation schematic diagram.

To characterize the CO exchange dynamics between modules, three key parameters are introduced: CO>
primary distribution coefficient (§), CO; mass flow ratio between CDES and DAC (y) and CO; secondary
distribution coefficient (1). The CO primary distribution coefficient (§) governs the allocation of CO2 mass
flow from the DAC module to the CDES and P2F modules and is defined as the ratio of the CO; mass flow
rate entering the CDES module to that at the DAC module outlet during charging:

0= thC/mDAC (60)

The CO; mass flow ratio between CDES and DAC (y) represents the scale ratio between the CDES and DAC

modules:

V= mCDES/mDAC (61)

and the CO; secondary distribution coefficient (1) governs the allocation of CO, mass flow between the

CDES and P2F modules during discharging:
A= mCtP/thC (62)

In the above relations, mpac, Mptc, Mptp, Mcep, and mcpes are the COz mass flow rates at the DAC module outlet,
from the DAC module to the CDES module during charging, from the DAC module to the P2F module
during charging, from the CDES module to the P2F module during discharging, and within the CDES

module, respectively.

In this system, H-TES serves as a thermal hub that integrates both internal module heat and external waste
heat to reheat CO; at the expander inlets. The heat source coefficient is defined as the ratio of the external
waste heat input rate to the internal heat storage rate and is used to quantify the impact of external waste

heat on system performance:

a= .ext /QH—TES (63)

where Qex is the external waste heat input rate and Qu.tes is the internal heat storage rate in the H-TES.

The heat stored in the H-TES serves two purposes: one part is used for reheating CO; at the expander
inlets, while the rest is supplied externally. The heat allocation ratio is defined as the ratio of the mass
flow rate of the heat transfer fluid (HTF) used for CO; reheating to the total HTF mass flow rate in the H-

TES and is used to clarify heat distribution within the system:
¢ = mHTF,pre / mHTF,tot (64)

where murgpre and mutreoc are the HTF mass flow rates used for CO; reheating at the expander inlets and

in the H-TES overall, respectively.
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4.6.2 Performance metrics

The total electrical output rate of the system is derived solely from the expander:
Wele :WE (65)
The heating and cooling output rates are derived from the corresponding enthalpy differences:

Qheat = mh,f (hh,f - hh,f,o) (66)

Qcool = mc,f (hc,f,O - hc,f) (67)

where ¢ and mcr are the mass flow rates of the hot and cold WFs, respectively, hnf and h. represent the
specific enthalpies of the hot and cold WFs at the H-TES and L-CES temperatures, and subscript “0”

represents the ambient temperature.

The fuel output rate of the system is the product of the CHs mass flow rate and its lower heating value

(LHV):
quel = mCH4 I-HVCH4 (68)

The system energy utilization factor (EUF) accounts for all output forms [126]:

Lais

I Wele + Qheat + Qcool + quel
EUF = -0 (69)

tchar tciis
_[ Win + _[Win
0

0

where tgis and tear represent the discharging time and charging time, respectively, and Wi, is the electrical

input rate. During discharging, the electrical output can be provided by the expander.

It should be noted that the EUF, as defined in this study, is based on the first law of thermodynamics and
is calculated as the ratio of the total useful energy outputs (electricity, heating, cooling and fuel) to the
external electricity input. Since the energy outputs include heating and cooling, and their calculation does
not consider quality (as in exergy), the EUF can exceed 100% without violating thermodynamic laws. For
example, when electricity is converted to cooling via absorption refrigeration or to heating via resistive
or compression-based methods, the amount of useful thermal or cold energy delivered can numerically
exceed the input electricity, resulting in a COP > 1. This effect contributes to the EUF exceeding 100%,

which is acceptable under energy-based analysis.

The individual energy utilization factors are defined for the four energy forms delivered by the system:

electricity, heating, cooling and fuel:
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Lais Lenar Lo Lais Lenar Lais
EUFtype = J.Wtype/[ J. Win + J-WinJ or _[ Q.type/( j Win + J-Winj (70)
0 0 0 0 0 0

where “type” denotes the energy form (ele/heat/cool/fuel).

Thermal exergy contributions from heating and cooling processes are expressed as:

E-Xheat = Qheat (1_T0 / T) (71)

E-Xcool = Qcool (1_T/T0) (72)

where T is the reference temperature.
The system exergy utilization factor (ExUF) reflects the quality of energy conversion:

Lais

J‘Wele + Exheat + E.Xcool + E.Xfuel
EXUF = -2 (73)

The discharging power ratio is given by:

ﬂ :Wdis,ele,out /Wdis,ele,in (74)
where Wiiseleout and Waiselein are the electrical output and input rates during the discharging process,
respectively. A ratio exceeding 100% indicates surplus electricity, enabling net export to the grid.

5. Results and discussion

This section presents a comprehensive parametric analysis of the system, followed by the constrained
optimization of the key parameters. Table 4 summarizes the design values for all parameters, with

nontarget parameters fixed at their specified design values for subsequent analyses.

Table 4. System parameters under design conditions.

Parameter Value
CO2 mass flow rate at DAC outlet, kg/s 1.45x101
CO; primary distribution coefficient, - 0.5

CO; secondary distribution coefficient, - 1

COz mass flow ratio between CDES and DAC, - 500
Adsorption temperature, K 303
Desorption temperature, K 363
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Parameter Value

Compression and expansion stage numbers, - (2,2)

H-TES heat allocation ratio, % 94

Heat source coefficient, - -

External waste heat temperature, K -

SOEC operating mode, - C02-H20 co-electrolysis

SOEC operating pressure, MPa 1.13

SOEC charging/discharging operating voltage, V.= 1.4
Lifetime of the SOEC stack, yr 7.51[97,127]

Lifetime of the system, yr 30

5.1 Influence of CO; flow parameters
5.1.1 CO; mass flow rate at the DAC outlet

The CO; mass flow rate at the DAC outlet is a key scaling parameter for the system, directly influencing
the energy input and output rates. As shown in Fig. 7, the system is insensitive to the CO; flow rate across
arange spanning three orders of magnitude (1.45x10-4 to 1.45 kg/s). The energy utilization factor (80%),
exergy utilization factor (57%) and discharging power ratio (152%) remain stable, highlighting the
scalability of the system.

160
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Fig. 6. Effect of the CO, mass flow rate at the DAC outlet on system performance metrics.
5.1.2 CO: flow allocation dynamics between DAC and CDES

The CO; flow allocation between DAC and CDES is influenced by two key parameters: the CO; primary
distribution coefficient (6) and the CO, mass flow ratio between CDES and DAC (y). Fig. 8 demonstrates
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that while ¢ has little impact on the individual energy utilization factors, y significantly influences system

behavior.

Fig. 8 (a) and (b) demonstrate the variations in the electricity and heating utilization factors. As y
increases, the resulting increase in the CO, mass flow rate within the CDES module during internal
circulation leads to higher electricity demands and greater generation of compression heat and expansion
work. Since the CDES module's electricity and heating outputs dominate those of the other two modules,
this leads to corresponding increases in the electricity and heating utilization factors. Fig. 8 (c) shows that
the cooling utilization factor remains consistently at zero due to the system's inherent inability to
generate cold energy in this configuration. Fig. 8 (d) demonstrates the decrease in the fuel utilization
factor with increasing y, which stems from the higher total energy input required by the system. Since the

fuel output remains constant, this elevated energy demand inevitably reduces the fuel utilization factor.
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Fig. 7. Effect of the CO; primary distribution coefficient (6) and the CO, mass flow ratio between CDES
and DAC (y) on: (a) electricity utilization factor, EUFe., (b) heating utilization factor, EUFeat, (c) cooling

utilization factor, EUF.01 and (d) fuel utilization factor, EUFjyel.

Fig. 9 shows the effect of the CO; primary distribution coefficient (§) and the CO, mass flow ratio between

CDES and DAC (y) on the system performance metrics, with § also having a negligible influence.
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Fig. 9 (a) and (b) show that increasing y improves the system's energy and exergy utilization factors. This
is due to the system's ability to generate more electricity and thermal energy as y rises, as seen in Fig. 8
(a) and (b). Although the fuel utilization factor declines with higher y, this is offset by significant gains in
electricity and heating outputs, resulting in a net improvement in energy and exergy utilization.
Specifically, as y increases from 200 to 600, the system energy and exergy utilization factors increase by

7.9% and 3%, respectively.

Fig. 9 (c) illustrates the combined effect of § and y on the discharging power ratio. Increasing y boosts the
stored CO; mass in the CDES, enhancing expansion work during discharging. Simultaneously, a lower &
reduces the CO; flow into the CDES during charging, decreasing the electrolyzer's CO» processing load for
discharging. Together, these factors increase the discharging power ratio. Specifically, a 100-unit increase
in y improves discharging autonomy by approximately 30%, whereas decreasing 6 from 0.7 to 0.3 raises

B by 20%. This interplay of y and § optimizes electricity export capacity and operational flexibility.
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discharging power ratio, S.
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5.1.3 CO: secondary distribution coefficient

Fig. 10 shows the impact of the CO secondary distribution coefficient (A) on the system and individual
performance metrics, focusing on the discharging power ratio and the electrical and fuel utilization

factors.

Fig. 10 (a) illustrates that as A increases from 0 to 4, the discharging power ratio drops from 218% to 80%,
crossing the self-sufficiency threshold (= 100%) at A = 2.7. System energy and exergy utilization factors
remain nearly unchanged. Fig. 10 (b) shows that higher A values increase electricity consumption for co-
electrolysis, raising fuel energy utilization (EUFs.e from 14% to 25%) but decreasing exportable electricity
(EUF . from 38% to 30%). A becomes a key control parameter, with the system operating in net electricity
export mode (> 100%) when A < 2.7. Beyond this point, grid support is required. Strategic A modulation
enables dynamic output configuration, balancing electricity generation with fuel synthesis while
maintaining operational flexibility for grid interaction and multi-energy dispatch. The CO; not entering the
P2F module is directed through HX-1, where its waste heat is stored in the H-TES. Increasing A reduces CO;
flow to HX-1, lowering heating output (EUFheat from 28% to 25%), but A has no effect on the cooling
utilization factor (EUFcool).
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Fig. 9. Effect of the CO; secondary distribution coefficient on: (a) system performance metrics and (b)

individual energy utilization factors.
5.2 Effect of adsorption and desorption temperatures in the DAC module

The adsorption temperature (Taas) governs the equilibrium CO, loading of the mmen-Mg,(dobpdc)
sorbent (Egs. (7)-(10)). For a constant CO; capture rate, there is an inverse correlation between
equilibrium CO; loading and sorbent mass. Changes in Tags affect the total sorbent mass and the thermal
demand during desorption (Eq. (3)). Additionally, Egs. (3) and (4) show that the desorption temperature
(Tees) governs the thermal requirements for regeneration. Thus, Ta.ss and Tees in the DAC module

significantly impact system performance via thermal energy demands.

Fig. 11 illustrates the effects of Tads and Tees on the system energy and exergy utilization factors. As shown

in Fig. 11 (a) and (b), for a CO, concentration of 400 ppm, when Tags exceeds 313 K, the sorbent's CO;
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loading capacity decreases sharply, leading to the need for a greater sorbent mass and higher heat
demand during desorption. This exceeds the available thermal energy, reducing both system utilization
factors. When Tags is below 310 K, T4es has minimal impact on performance. However, above this threshold,
higher Tqes significantly increases the energy demand for desorption, worsening the energy and exergy
utilization factors. These results highlight the importance of maintaining Tass below 313 K to optimize

system performance.
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Fig. 10. Effect of the adsorption and desorption temperatures on: (a) system energy utilization factor, EUF

and (b) system exergy utilization factor, ExUF.
5.3 Effect of compression and expansion stage numbers in the CDES module

The feasible numbers of compression and expansion stages are identified by ensuring that CO; remains
in the gaseous or supercritical phase at all expander outlets, thereby avoiding phase change. Only these

thermodynamically stable configurations are considered in further analysis, excluding those prone to

two-phase flow or liquid formation, which would degrade system performance metrics.

5.3.1 H-TES performance metric

Fig. 12 illustrates the impact of compression and expansion stage configurations on the H-TES

performance metrics.
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Fig. 11. Effect of the compression and expansion stage numbers on: (a) stored thermal energy, (b)

temperature profile, (c) maximum expander inlet temperature and (d) maximum heat allocation ratio.

As shown in Fig. 12 (a) and (b), the thermal energy storage capacity and temperature of the H-TES are
primarily determined by the number of compression stages (n.), with the number of expansion stages
having no measurable effect. Increasing nc from one to ten reduces the stored heat by 18% and lowers

the temperature by 38%, with these trends being consistent across all expansion stage configurations.

Fig. 12 (c) shows the maximum expander inlet temperature. For a fixed n, increasing the number of
expansion stages results in the thermal energy being distributed across more stages. This leads to a
proportional reduction in the heat allocation per reheater, lowering the maximum CO; inlet temperature

at the expander.

Fig. 12 (d) demonstrates configuration-dependent variations in the maximum heat allocation ratio ({).
The (1, 1) configuration achieves { = 75% and is constrained by inefficient heat exchange caused by
excessive temperature gradients during CO; reheating from the high-temperature TES. Conversely, the
(10, 5) configuration utilizes sub-ambient CO, temperatures after the third to fifth expansion stages for

cold storage, which reduces reheating demands and lowers { to 67%.
5.3.2 Individual energy utilization factor

Fig. 13 illustrates the relationship between the compression and expansion stage configuration and the

individual energy utilization factors
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Fig. 12. Effect of the compression-and-expansion stage configuration on: (a) electricity utilization factor,
EUFe, (b) heating utilization factor, EUFhea, (c) cooling utilization factor, EUFc0 and (d) fuel utilization
factor, EUFtuel.

Fig. 13 (a) shows that the electricity utilization factor ranges from 26% to 36%. The optimal value (36%)
occurs at the (2, 2) stage configuration, which strikes a balance between compression work reduction and
thermal energy availability. A single expansion stage configuration is limited by the heat exchanger
effectiveness, with a maximum H-TES allocation ratio of 75% (see Fig. 12 (d)) for CO; heating. In contrast,
multi-expansion stage systems (with one or two compression stages) exhibit a significantly improved H-
TES allocation ratio, but beyond a single expansion stage, the distribution of thermal energy across
additional reheaters leads to a decrease in the electricity utilization factor. The optimal configuration for
electrical utilization is the (2, 2) configuration, which maximizes heat-to-electricity conversion efficiency

while mitigating entropy effects.

Fig. 13 (b) and (c) highlight the heating (69%) and cooling (15%) utilization factors, both of which reach
their optimal values under the (10, 5) configuration. As the number of expansion stages exceeds three,
increasing the number of compression stages improves both the heating and cooling utilization factors.
This trend is most pronounced when the number of expansion stages is five. In multi-stage expansion

systems, cold energy recovery from downstream expanders reduces the thermal energy required for CO>
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reheating, lowering the total heat consumption and allowing for the simultaneous optimization of both

the heating and cooling utilization factors.

The co-electrolysis process maintains a constant fuel output independent of compression and expansion
stage configurations. In Fig. 13 (d), fuel utilization factor variations (15-22%) are exclusively governed by
the system energy input: multi-stage compression reduces energy consumption, achieving a maximum

fuel utilization factor of 22% at ten compression stages.
5.3.3 System performance metrics

Fig. 14 shows the effect of the compression and expansion stage numbers on the system energy and
exergy utilization factors. Fig. 14 (a) demonstrates that the (10, 5) compression and expansion
configuration achieves the highest system energy utilization factor of 134%. With total energy input and
output of 1.38x105 kWh and 1.84x105 kWh, the configuration results in electricity (27%), heating (69%),
cooling (15%) and fuel (22%) utilization factors. When the number of expansion stages (ng) is < 6,
increasing the number of compression stages (nc) reduces electricity demand during charging, which
lowers the H-TES storage temperature and consequently decreases the expander inlet temperature,
triggering cold energy production. This dual effect provides cooling output and reduces internal thermal
energy demand, leading to an increased system energy utilization factor. This synergy is discussed in
Section 5.3.2.

Fig. 14 (b) shows that the system exergy utilization factor improves with increasing nc and decreasing ng,
peaking at 60% for the (1, 1) configuration. The (10, 5) configuration achieves an exergy utilization factor
of 58%, which is 2 percentage points lower than the peak value. This minimal reduction highlights the
configuration's ability to effectively balance a high energy utilization factor with the utilization of multiple

energy forms, despite prioritizing energy quantity over absolute exergy preservation.

I B ] % (IR
o[ = 134 B 140 o b L LW 62
@ AR R @ A
[ UEERENEN A 8L L i L
ANANEENEEEE S 120 @ 7] © oo E i S 58
S 6 N S 6
% - £ E._J:. = g - daaad
8 o U 100 8 °| 54
Q ' Q
g gjr 777777777777 g g
O YL o b 80 O T} 50
2 bbb 2
60 46
123456738910 12345678 910
Expansion stage Expansion stage
() (b)

Fig. 13. Effect of the compression and expansion stage numbers on: (a) system energy utilization factor,
EUF, and (b) system exergy utilization factor, ExUF.
5.4 Effect of H-TES heat allocation ratio in the CDES module

Fig. 15 shows the impact of the H-TES heat allocation ratio ({) on the system performance within the
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constrained range from 80% to 96%. The upper limit (96%) is constrained by the heat exchanger

effectiveness, while the lower limit (80%) prevents CO; from entering two-phase flow.

Fig. 15 (a) demonstrates that increasing ¢ from 80% to 96% causes a non-monotonic variation in the
system exergy utilization factor, which initially drops from 58% to 57% before slightly recovering, though
it does not surpass its initial value. This change leads to a 6% reduction in the system energy utilization
factor, while the discharging power ratio improves by 15%. Fig. 15 (b) reveals that higher ¢ values
prioritize thermal energy for CO, reheating at the expander inlets, enhancing electricity output (which is
reflected in the discharging power ratio) but reducing heating and cooling outputs, with fuel output

remaining unchanged.

When { is below 86%, the system maintains cooling output, which progressively decreases with
increasing ¢. This reduction in cooling capacity primarily drives the observed decrease in the system
exergy utilization factor. Conversely, when { exceeds 86%, the system converts thermal energy into
electrical energy, resulting in a modest recovery of the system exergy utilization factor. The overall trend
indicates that higher ¢ values promote the conversion of both thermal energy and cold energy into
electrical output. However, due to inherent energy losses during these conversion processes, the system
energy utilization factor exhibits a consistent downward trend. This thermal allocation enables
modulation of the power-to-heat ratio through ¢ adjustment, where a lower { allows simultaneous

extraction of cold energy.
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Fig. 14. Effect of the H-TES heat allocation ratio on: (a) system performance metrics and (b) energy output
composition.

5.5 Effect of SOEC operating conditions in the P2F module

5.5.1 SOEC operating mode

The system primarily operates in CO.-H,O co-electrolysis mode for methane (CH4) production. To
accommodate regional hydrogen (Hz) demand, it switches to H,0 electrolysis mode by feeding only water
and air into the SOEC, which enables hydrogen generation. Both modes use the same total H,0O input for

the electrolysis process, with an H,0 conversion rate of 75% during charging and discharging.
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Table 5 compares the performance metrics between CO2-H20 co-electrolysis and H20 electrolysis modes.
H:0 electrolysis mode shows a 17% improvement in the discharging power ratio and enhances electricity
dispatch flexibility. This increase enables dual utilization: direct supply or recirculation for electrolysis-
driven fuel storage, with only minor changes in the core performance metrics (EUF = 80-81%, ExUF = 57-

589%).

Table 5. System performance comparison between the operational modes.

System metrics CO2-H:0 co-electrolysis H:O0 electrolysis
B, % 152 178

EUF, % 80 81

ExUF, % 57 58

EUFee, % 36 37

EUFhear, % 27 25

EUF o0, % 0 0

EUFte, % 17 19

5.5.2 SOEC operating pressure and CO; mass flow rate

The SOEC operating pressure affects system performance by shifting the reaction equilibrium and
modifying the polarization curve, which alters the electrical energy requirement for the electrolysis
process. The CO2 mass flow rate influences the outlet gas composition and product distribution in the P2F
module. Fig. 16 shows how the SOEC pressure and CO; mass flow rate affect key performance metrics
(polarization curves, outlet temperature and gas composition) under a fixed inlet gas molar ratio of

C02:H20:CO:H2 = 1:4.4:0.05:0.05.
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Fig. 15. Effect of the SOEC operating pressure and CO; mass flow rate on: (a) polarization curves, (b)

outlet temperature and (c) outlet gas composition.

In Fig. 16 (a), elevated operating pressure reduces current density under equivalent cell voltages, whereas
the CO, mass flow rate has a negligible influence on polarization behavior. This operational characteristic
reduces current density requirements at fixed voltage conditions, which improves the system energy

utilization factor through reduced co-electrolysis electricity demand.

Fig. 16 (b) reveals that operating pressure and CO; mass flow rate exert negligible effects on the thermal-
neutral voltage, which remains consistently at 1.32 V. When the operating voltage exceeds this threshold
(>1.32 V), elevated pressure enhances gas-phase diffusion efficiency. As a result, concentration
polarization is mitigated and overvoltage is reduced. As overvoltage decreases, Joule heating is reduced
and the SOEC outlet temperature falls. Conversely, at sub-thermal-neutral voltages, increased pressure
reduces the Nernst potential. This amplifies overvoltage and Joule heat generation, which elevates the

outlet temperature.

Fig. 16 (c) shows that higher operating pressures elevate the CO; and H,0 concentrations in the outlet gas
while reducing the CO and H; proportions, which indicates pressure-induced inhibition of co-electrolysis
product formation. This inverse relationship suggests that elevated pressures may detrimentally affect
the CO2-H20 co-electrolysis efficiency within SOEC systems. The CO, mass flow rate has only a limited
influence on the composition of the cathode outlet gases. Increasing the CO, flow rate only marginally
reduces the CO concentration in the exhaust stream while proportionally elevating the content of the

other three gaseous components.
5.5.3 SOEC charging and discharging operating voltage

The SOEC operating voltage also affects both the electrical energy requirement of the SOEC and the outlet
gas composition. It therefore influences system performance. Fig. 17 illustrates the effect of the SOEC
charging and discharging voltages on the system energy and exergy utilization factors under the design
conditions that the CO2 mass flow rate during discharging is three times that during charging. As shown

in Fig. 17 (a) and (b), the maximum system energy (81%) and exergy (58%) utilization factors are
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achieved at 1.4 V for both charging and discharging. Increasing voltage elevates SOEC electricity demand
while maintaining a constant CO; electrolysis mass flow rate. Methane production remains unchanged,
but the energy utilization factor decreases. Within the 1.35-1.4 V range, a higher voltage increases the
SOEC outlet gas temperature. This increases thermal exergy through higher-grade heat storage and
improves the system exergy utilization factor. Beyond

1.4 V, excessive electricity consumption dominates and the exergy utilization factor decreases

progressively.

Fig. 17 (c) reveals that the discharging power ratio is solely influenced by the discharging voltage. As the
voltage increases from 1.35 V to 1.45 V, the discharging power ratio decreases by 16% but remains above
100%. This confirms the system's ability to continue exporting net electricity to the grid or directly

supplying electricity to end-users during discharging.
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Fig. 16. Effect of the SOEC charging and discharging operating voltage on: (a) system energy utilization
factor, EUF, (b) system exergy utilization factor, ExUF and (c) discharging power ratio, 3.

5.6 Effect of external waste heat quantity and temperature

The H-TES enables the integrated use of both internal module heat and external waste heat. The stored

thermal energy can then be used for CO; reheating at the expander inlets or for direct heating supply to
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end-users. As such, the quantity («) and temperature (Twaste) Of external waste heat play a crucial role in
influencing the system performance metrics. Fig. 18 illustrates the impact of a and Twaste 0n the individual

energy utilization factors.
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Fig. 17. Effect of the external waste heat quantity and temperature on: (a) electricity utilization factor,
EUF, (b) heating utilization factor, EUFyeat, () cooling utilization factor, EUF..0 and (d) fuel utilization
factor, EUFsel.

In Fig. 18 (a), the electricity utilization factor varies between 31% and 43% depending on a and Twaste.
When Twaste < 443 K, the CO; temperature at the expander inlets decreases, which reduces electricity
output through constrained thermal expansion potential. Effective enhancement of the electricity
utilization factor requires maintaining Twaste = 443 K to ensure sufficient thermal energy for stable

expansion processes.

In Fig. 18 (b), the heating utilization factor can increase by up to 152% as a increases and Twaste decreases.
Higher Tuaste raises the thermal grade of the H-TES and more heat is redirected to reheat CO; at the
expander inlets, which improves the electricity utilization factor but reduces the heating utilization factor.
Meanwhile, some external waste heat stored in the H-TES bypasses the reheating process and is delivered
directly as external heating output. Therefore, the integration of external waste heat significantly

enhances the heating utilization factor, especially under conditions of high heat quantity and low
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temperature.

Fig. 18 (c) indicates that the cooling utilization factor achieves a maximum of 4% at Twaste = 353 K with «
= 0.2, and it is activated when Twaste < 404 K, under which conditions cooling production escalates with
increasing heat source coefficient. In contrast, Fig. 18 (d) confirms that the fuel utilization factor remains
constant at 17% and is unaffected by variations in external waste heat parameters, which demonstrates

the decoupling between fuel synthesis and thermal recovery processes.

Fig. 19 shows the effect of @ and Twaste On the system energy and exergy utilization factors. Fig. 19 (a)
demonstrates that the peak system energy utilization factor (202%) is achieved with increasing a and
decreasing Twaste. Increased a amplifies usable heating output to end-users, while reduced Twaste lowers
the H-TES thermal energy demand for CO; reheating at the expander inlets. This reduces heat-to-power
conversion losses and enhances the system energy utilization factor. Fig. 19 (b) shows that the peak
system exergy utilization factor (107%) is achieved with increasing a and Twasee. Higher a and Twaste

significantly elevate the quality of waste heat. Consequently, the system exergy output increases.
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Fig. 18. Effect of the external waste heat quantity and temperature on: (a) system energy utilization factor,

EUF and (b) system exergy utilization factor, ExUF.
5.7 Optimal results of system and individual performance metrics

The proposed CO»-based polygeneration system was optimized through genetic-algorithm-driven single-
objective analysis. Seven performance indices were evaluated, namely the energy, exergy, electricity,
heating, cooling and fuel utilization factors (EUF, ExUF, EUFee, EUFnear, EUFco0l and EUFyuel), as well as the
LCOE. Comparative studies were conducted under two configurations: with and without external waste
heat integration. Core optimization parameters included compression and expansion stages (1-10), H-TES
heat allocation ratio (50-100%), CO; secondary distribution coefficient (0-2), adsorption/desorption
temperatures (298-310 K/353-393 K) and charging/discharging voltages (1.35-1.45 V). For waste heat
scenarios, supplementary parameters included waste heat source coefficient (0-1) and waste heat

temperature range (353-623 K).

Table 6 presents optimal performance metrics under no-waste-heat conditions and highlights the
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consistent configurations for the peak system energy (146%), heating (79%) and cooling (19%)
utilization factors. A higher number of compression stages reduces the H-TES storage temperatures. This
decreases the CO; reheating demand before expansion and enables efficient cold energy storage at the
outlets of the third to fifth expanders. Surplus heat is redirected to end-users, which boosts the energy
utilization factor, with an H-TES heat allocation ratio of 65%. For the maximum electricity and fuel
utilization factors, 95% of the heat stored in the H-TES is allocated to reheating at the expander inlets.
This increases electricity generation and fuel output by enhancing CO; participation in co-electrolysis and
fuel synthesis. To optimize exergy utilization, reducing exergy destruction during energy conversion
processes is crucial. Lower compression stages generate higher-temperature compression heat, and
adjusting the H-TES heat allocation ratio reduces exergy losses and improves the system exergy utilization.
For the economic indicator LCOE, the minimum value is $0.075/kWh, which corresponds to the same
configuration as the one with the highest EUFe. This suggests that, when economic performance is driven
primarily by the amount of electricity produced without considering cross-regional fuel sales, higher

electricity output leads to better economic performance.

Table 6. Optimization results without external waste heat.

Optimization objectives EUF ExUF EUFge EUFneat EUFco EUFe LCOE

Compression and expansion stage
(10,5) (2,2) (2,2) (10,5) (10,5) (6,5) (2,2)

numbers
H-TES heat allocation ratio, {, % 65 76 95 65 65 93 95
CO; secondary distribution 0.00 2.00 0.00 0.00 0.00 1.15 0.00

coefficient, A, -

Adsorption temperature, K 309 307 298 309 309 312 298
Desorption temperature, K 354 353 393 354 354 381 393
Charging operating voltage, V 1.40 1.39 135 1.40 1.40 1.39 1.35

Discharging operating voltage, V 1.40 1.39 135 1.40 1.40 1.39 1.35

Discharging power ratio, 8, % 140 101 233 140 140 100 233
EUF, % 146 91 80 146 146 85 80
ExUF, % 57 60 56 57 57 53 56
EUFee, % 30 29 39 30 30 30 39
EUFhear, % 79 37 28 79 79 31 28
EUFco0, % 19 4 0 19 19 2 0
EUFue, % 18 20 13 18 18 22 13
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Optimization objectives EUF

ExXUF EUFee.

EUFheat

EUFcool

EUFfuel

LCOE

LCOE, $/kWh 0.092

0.098 0.075 0.092

0.092

0.21

0.075

Table 7 demonstrates that external waste heat integration substantially enhances the overall and individual

energy and exergy utilization factors, with the energy utilization factor increasing from 146% to 253%, the

exergy utilization factor from 60% to 112%, the electricity utilization factor from 39% to 52% and the

heating utilization factor from 79% to 193%. Elevated waste heat temperatures maximize CO; reheating at

the expander inlets and boost electricity output, whereas lower temperatures prioritize direct heating

supply. This improves the energy, exergy and heating utilization factors. The cooling utilization factor

remains unaffected by waste heat inputs. High-temperature waste heat additionally supports the P2F

module operation through surplus electricity generation. This elevates the fuel utilization factor via

intensified co-electrolysis. With the introduction of waste heat, the minimum LCOE decreases from

$0.075/kWh to $0.039/kWh. This demonstrates that incorporating waste heat can significantly enhance

the system's economic performance and improve its competitiveness in terms of cost.

Table 7. Optimization results with external waste heat.

Optimization objectives EUF  ExUF EUFue EUFheaa EUFio EUFa LCOE
Compression and expansion stage 94 (L2) @24 (4 9, 5) 6.6 (24
numbers

H-TES heat allocation ratio, {, % 50 66 89 50 60 79 89
CO; secondary distribution coefficient,A, 0.01 0.01  0.01 0.01 0.01 2.00 0.01
Adsorption temperature, K 306 307 307 306 301 311 307
Desorption temperature, K 379 357 368 379 389 361 368
Charging operating voltage, V 1.35 136 136 1.35 1.39 1.39 1.36
Discharging operating voltage, V 1.36 135 1.35 1.36 1.36 1.39 1.35
Heat source coefficient, «, - 1.00 1.00 1.00 1.00 0.03 0.93 1.00
Waste heat temperature, K 454 622 622 454 475 609 622
Discharging power ratio, 8, % 165 336 306 165 139 100 306
EUF, % 253 198 211 253 150 196 211
ExUF, % 80 112 108 80 57 79 108
EUFee, % 36 48 52 36 30 34 52
EUFhear, % 193 139 146 193 85 137 146
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Optimization objectives EUF  ExUF EUFee EUFheaa EUFoo EUFna LCOE
EUFco0, % 6 0 0 6 19 0 0
EUFue, % 17 11 13 17 17 25 13
LCOE, $/kWh 0.057 0.072 0.039 0.057 0.086 0.088 0.039

Fig. 20 presents the T-s diagrams and the corresponding energy flow diagrams for the seven optimization

cases, both without and with external waste heat.
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Fig. 19. T-s diagrams and energy flow diagrams for the following optimization cases: (a) optimal energy
and heating utilization factors, (b) optimal exergy utilization factor, (c) optimal electricity utilization
factor and levelized cost of energy, (d) optimal cooling utilization factor and (e) optimal fuel utilization
factor. Black and red figures represent values without and with external waste heat, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 20 (a) shows the system optimized for the energy and heating utilization factors, where the number
of compression stages is set to ten. This leads to lower compression heat temperatures, limiting effective
energy conversion. Without external waste heat, the system produces 1520 kW of electricity and 16700
kW of heating. With external waste heat, the system generates 2920 kW of electricity and 40100 kW of
heating. Fig. 20 (b) focuses on the optimal exergy utilization factor. Higher compression heat
temperatures reduce energy conversion losses and improve the exergy utilization factor. The system

generates cooling at the outlets of the first expansion stage without external waste heat.

The configuration for which the electricity utilization factor and the levelized cost of energy are both
optimized is shown in Fig. 20 (c). With high-quality compression heat, 95% of the heat stored in the H-
TES is used for CO; preheating and the electrical output reaches 5880 kW without external waste heat.
When external waste heat is integrated, the H-TES heat allocation ratio drops to 89%, while the electrical
output increases to 9240 kW. Fig. 20 (d) shows the system under the optimal cooling utilization factor.
Due to low CO; temperatures at the inlets of the third to fifth expansion stages, cooling outputs are 3820

kW without external waste heat and 3730 kW with external waste heat, with no significant change from
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external heat integration. Fig. 20 (e) illustrates the system under the optimal fuel utilization factor. When
the discharging power ratio exceeds 100%, more CO; is directed to the P2F module. As a result, the total

fuel output reaches 5210 kW without external waste heat and 6280 kW with external waste heat.
5.8 Comparative analysis of system performance metrics

This section provides a comprehensive comparison between the proposed CO»-based polygeneration
system and representative CDES-CHP, CDES-CCP and CDES-CCHP configurations reported in the literature,
as summarized in Table 8. The analysis emphasizes both technical efficiency and economic viability, and
reveals the added value of integrating fuel production and multi-energy cascading within a unified CO;

conversion chain.
5.8.1 Technical performance comparison

The EUF serves as a primary metric for evaluating the system's capacity to convert input energy into useful
outputs (electricity, heating, cooling and fuel). Without the use of external waste heat, it achieves an EUF of
146%, which exceeds most reported values for CHP and CCP systems (63%-112%) and significantly
outperforms those of typical CCHP configurations (119%-158%). This improvement is primarily attributed

to the inclusion of fuel production, which notably increases the total useful energy output.

When external waste heat (e.g., from industrial processes or renewable heat sources) is integrated into
the system, the EUF increases to 253%, more than doubling the best values reported in existing studies.
This reflects the system's ability to cascade heat across multiple temperature levels and energy

applications, thereby enhancing overall energy utilization performance.

The ExUF, a more rigorous metric for evaluating the quality of energy conversion, further underscores
the advantages of the proposed design. Existing systems typically achieve ExUF values in the range of
31%-58% and only a few exceed 50%. The proposed system achieves an ExUF of 60% without waste heat
and 112% with waste heat integration. This highlights the effective preservation and deployment of

exergy across the full spectrum of energy carriers.

This is particularly significant because exergy losses are often concentrated in low-value thermal outputs. By
leveraging CO; as both a working fluid and a storage medium and integrating thermal management strategies,

the proposed system reduces these losses and achieves a more balanced and efficient exergy profile.
5.8.2 Economic performance comparison

Beyond technical performance, economic competitiveness is essential for real-world adoption. The LCOE,
a widely accepted metric for comparing life-cycle energy costs, is significantly lower for the proposed
system: $0.075/kWh without external waste heat and $0.039/kWh with waste heat integration. In
comparison, the reference systems report LCOEs ranging from $0.068/kWh to $0.17/kWh, with most
falling above $0.10/kWh. The cost advantage of the proposed design arises from the efficient cascading
use of thermal energy, the added

value of co-produced fuels and the balanced output of heating and cooling services. Moreover, the system's

design, particularly its 10 MW scale and 6-h charge and discharge cycle, aligns well with large-scale

48



implementations reported in the literature and reinforces its feasibility and scalability for real-world

deployment.

Table 8. Comparative performance of the proposed CO2-based polygeneration system with CDES-CHP,
CDES-CCP and CDES-CCHP systems.

ExUF, LCOE, Scale, Charge/Discharge

Reference Type EUF, %

% $'kWh1 MW period, h
Haoetal. [51] CDES-CHP 88 - - 10 Charge: 7.5/Discharge: 5
Xu et al. [52] CDES-CHP 63 31 0.087 1 Charge: 2/Discharge: 9.8
Sun et al. [53] CDES-CCP 79 58 0.15 7 Charge/Discharge: 8
Wang et al. CDES-CCP 112 - 0.10 10 Charge/Discharge: 8
[54]
Liu etal. [55] CDES-CCHP 134 - - 2 --
Zhang et al. CDES-CCHP 119 - - 0.7 -
[56]
Dengetal. [57] CDES-CCHP 158 51 0.10- 25 Charge/Discharge: 6

0.17

Xu et al. [58] CDES-CCHP - 56 - 5 Charge/discharge: 6
Xu et al. [59] CDES-CCHP -- 49 0.068 10 Charge/Discharge: 4
Proposed -- 146 60 0.075 10 Charge/Discharge: 6
system without
external waste
heat
Proposed -- 253 112 0.039 10 Charge/Discharge: 6

system with
external waste

heat

6. Conclusions

This study presents a COz-based polygeneration system that integrates electricity, heating, cooling and
fuel production to meet diverse energy demands. The system stores energy during charging and
dispatches energy according to demand during discharging. Through thermodynamic modeling, its
performance is evaluated using seven key indicators: the energy, exergy, electricity, heating, cooling and
fuel utilization factors, together with the levelized cost of energy. These multidimensional metrics provide

a comprehensive assessment of operational effectiveness and establish a framework for optimizing
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system performance under different energy supply conditions.

The system exhibits strong adaptability, with negligible performance variations when the CO, mass flow
rate at the DAC outlet is altered. This indicates good scalability across different application scenarios.
Notably, integrating CO, capture, storage and utilization leads to a 7.9% improvement in the overall
energy utilization factor when the CO; mass flow ratio between CDES and DAC increases from 200 to 600.
In addition, the stage-number optimization shows that a (10, 5) compression and expansion stage
configuration is favorable for multioutput energy conversion under the fixed-parameter condition

considered in this study.

The process-control parameters exhibit distinct output-modulation characteristics. The CO2 secondary
distribution coefficient governs the balance between power generation and fuel production, whereas the
H-TES heat allocation ratio determines the coordination between power and heating output. Under
specific expansion-stage configurations (1 or 3-6) and low heat allocation ratios, thermodynamic analysis
reveals a staged energy-recovery pattern in which cooling generation becomes localized at the
downstream expander outlets. This demonstrates the spatiotemporal energy-harvesting characteristics

of multi-stage expansion.

External waste heat affects system performance in different ways. Higher source temperatures enhance
the electricity utilization factor while reducing the heating utilization factor. Threshold analysis indicates
that the electricity utilization factor improves only when the waste heat temperature exceeds 443 K,

identifying this value as the critical temperature for optimizing dual-energy output performance.

The system is modular and can be reconfigured from CO,-H,O co-electrolysis to standalone H»0O
electrolysis for hydrogen generation. This offers flexibility in allocating surplus electrical capacity either
to hydrogen production or to direct electricity supply. The optimal operating voltage is 1.4 V, and the peak
utilization factor is obtained under controlled SOEC inlet conditions (CO2:H20:CO:H2 molar ratio =
1:4.4:0.05:0.05), which demonstrates voltage-dependent performance optimization through gas-

composition regulation.

The optimization results indicate that, without waste heat integration, the system achieves optimal EUF,
ExUF and LCOE values of 146%, 60% and $0.075/kWh, respectively. With waste heat integration, these
metrics improve significantly to 253%, 112% and $0.039/kWh, respectively. This confirms a marked
performance advantage over existing CDES-CHP, CDES-CCP and CDES-CCHP system:s.

Overall, the proposed system offers a versatile energy architecture capable of delivering multiple energy
vectors tailored to sector-specific demands. It is well-suited for sustainable urban environments, off-grid
energy hubs and multi-nodal energy networks (e.g., offshore ports and energy islands), and is well aligned

with the principles of circular energy economies.
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