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1. Introductio n

Oxygen production is a foundational operation in modern 
industry, supporting steelmaking, chemical synthesis, gasification, 
and electrical power generation. Despite continuous optimization, 
cryogenic air separation remains an energy-intensive and capital-
heavy process, particularly ill-suited for dynamic operation or 
close coupling with high-temperature reactors. As industrial sys-
tems come under increasing pressure to reduce energy consump-
tion and carbon emissions, air separation can no longer be
viewed as an isolated unit operation; it must be reconsidered as
part of an integrated energy–materials–carbon network.

High-temperature air separation using oxygen-deficient cera-
mic materials represents a fundamentally different paradigm. 
Rather than separating oxygen through phase change or physical 
adsorption alone, these materials exploit thermodynamically 
reversible oxygen exchange between the solid lattice and the gas 
phase. This intrinsic oxygen-exchange functionality enables the 
transport or storage of only oxygen, not other gases, at elevated
temperatures, where thermal energy is abundant and often
underutilized. As a result, ceramic-based air-separation technolo-
gies are uniquely positioned to interface with combustion systems,
gas turbines, and chemical reactors, offering pathways to higher
overall system efficiency and inherent carbon dioxide (CO2) cap-
ture [1]. 

The defining characteristic of oxygen-deficient ceramics is their 
ability to accommodate a variable concentration of oxygen vacan-
cies while maintaining structural integrity [2]. Perovskite-type oxi-
des such as La1−xSrxCo1−yFeyO3−d (LSCF) and fluorite-type oxides 
such as yttria-stabilized zirconia (YSZ) exemplify this behavior. In 
these materials, oxygen non-stoichiometry (d) is governed by tem-
perature and oxygen partial pressure, establishing a direct thermo-
dynamic link between the solid state and the surrounding gas 
environment. The heat of oxygen sorption on oxygen-deficient per-
ovskite ceramics is 150–250 kJ.mol−1, similar to the heat of redox
reactions. However, unlike traditional redox reactions, oxygen
exchange between the gas phase and oxygen vacant sites in oxy-
gen-deficient ceramics preserves the crystal structure, thereby
maintaining the mechanical integrity of the separation media dur-
ing practical use.
Defect chemistry models, ranging from point-defect and clus-
ter-defect approaches to semi-empirical formulations, have been 
developed to describe the relationship of oxygen non-stoichiome-
try to oxygen partial pressure and temperature [3,4]. While such 
models are mathematically complex, they underscore an impor-
tant conceptual shift: Oxygen becomes a mobile, exchangeable 
species within the solid lattice, transforming ceramics from passive 
structural materials into active process media as a membrane or
sorbent for the separation of air for oxygen production, partial oxi-
dation, and oxy-fuel combustion.
2. High-temperature ion-transport membrane processes

Ion-transport membranes (ITMs) are the most direct applica-
tion of mixed-ionic and electronic-conducting ceramics with oxy-
gen vacancies for air separation. In ITM systems, non-poro us
membranes selectively transport oxygen ions under a gradient of
oxygen chemical potential, producing high-purity oxygen (Fig. 
1(a)). Oxygen permeation is driven by coupled ionic and electronic 
transport, typically described by Wagner’s theory, and is strongly 
dependent on membrane thickness, temperature, and surface 
exchange kinetics. ITM can couple with a chemical reactor, if a
reactant is fed to the permeate side of the membrane, for a selec-
tive partial oxidative reaction to produce the desired product with
enhanced selectivity and yield (Fig. 1(b)). Since ITM typically oper-
ates above 700 °C for adequate oxygen flux, while air remains at 
room temperature, efficient heat exchange and integration are
essential in designing an ITM air-separation process [5], as illus-
trated in Fig. 1(c). As shown, two heat exchangers are provided 
to heat up the feed air using the hot stream of nitrogen from the
ITM.

Air Products and Chemicals, Inc., was issued the first patent for
an ITM for oxygen permeation in 1992 [6]. Over the past 30 years, 
this company has undertaken significant industrial activities, 
alongside substantial academic research, to greatly advance the
understanding and development of the ITM process [5,7]. ITM 
technology has evolved from laboratory-scale to pilot- and inter-
mediate-scale (100 tonnes per day (TPD) oxygen) industrial
demonstration systems (Fig. 2). Notably, development efforts have 
shown that ITM units can achieve oxygen purities exceeding 99% 
for over 800 days, while operating at temperatures compatible
with gas turbines and reformers [5]. When integrated with 
appropriate heat-recovery systems, ITMs outperform both
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Fig. 1. ITMs for air separation. (a) ITM for oxygen production; (b) ITM in a membrane reactor for selective oxidation reactions; (c) process block flow diagram of the ITM
process with proper heat exchange and integration for air separation (TSA: temperature swing adsorption). (c) Reproduced from Ref. [5] with permission. 

Fig. 2. (a) Photo of a 100-TPD oxygen demonstration plant developed by Air 
Products and Chemicals, Inc.; (b) planar ITM element with an oxygen production 
capacity of 1 TPD; (c) cross-sectional view showing the structure of the planar ITM
element developed by Air Products and Chemicals, Inc. (courtesy of Michael
Carolan).
cryogenic distillation and conventional pressure swing adsorption 
(PSA) in terms of specific energy consumption [8]. 

Despite these advances in ITM for air separation, ITM technol-
ogy presents persistent challenges. The fabrication of thin, 
defect-free membranes over large areas remains costly, and long-
term stability under thermal cycling and chemically aggressive 
environments is not yet fully resolved. Sealing and module design 
at temperatures above 700 °C add further complexity and capital 
cost. These constraints have hindered the development of large-
scale ITM systems, such as those at the scale of commercial cryo-
genic air-separation systems (2000 TPD). At present, only small-
scale ITM units with capacities ranging from 0.4 to 1.0 TPD of oxy-
gen are commercially available. ITM reactors for partial oxidation
processes, including syngas production, have predominantly
remained in laboratory research settings due to challenges related
to membrane instability and engineering complexities such as heat
31
management and high-temperature sealing. These challenges have 
motivated the parallel exploration of alternative ceramic-based
separation strategies for high-temperature air separation [9]. 

3. High-temperature sorption-based pathways for air
separation

High-temperature sorption processes utilizing oxygen-deficient 
ceramics present an alternative method to separate air at high 
temperatures for oxygen production or the partial oxidation of 
hydrocarbons. Rather than relying on continuous oxygen transport 
through a membrane, these systems cyclically adsorb and desorb 
oxygen within a packed bed of ceramic particles exhibiting oxygen
deficiency, achieved by modulating pressure, temperature, or gas
composition. The application of perovskite ceramics with oxygen
vacancies as the sorbent for high-temperature air separation was
first reported about 25 years ago [10], with the initial patent 
assigned to The BOC Group, Inc. (now Linde Group) [11]. Based 
on this concept, BOC/Linde developed the ceramic autothermal 
recovery (CAR) technology for oxygen production, oxy-fuel com-
bustion, and the partial oxidation of hydrocarbons [12]. In the 
CAR process, oxygen is selectively adsorbed from air at elevated 
temperatures and subsequently released when exposed to a regen-
eration gas with low oxygen partial pressure, such as CO2 or steam
[13], as depicted in Fig. 3(a). Building on this concept, the process 
has recently gained recognition under the name of chemical loop-
ing air separation (CLAS) [14]. Since adsorption and desorption 
occur at elevated temperatures (400–800 °C), effective heat man-
agement is essential in the design of an adsorption-based air-
separation process, as illustrated in Fig. 3(b) [15].

Because oxygen exchange occurs throughout the bulk of finely 
divided particles, effective oxygen diffusion lengths are orders of 
magnitude shorter than those in dense mixed-conducting ceramic 
membranes, resulting in rapid kinetics and high productivity. This 
permits the operation of CAR processes at lower temperatures 
(400–800 °C) in comparison with ITM processes (>700 °C). Experi-
mental studies have demonstrated that perovskite ceramics exhi-
bit an oxygen sorption capacity and selectivity far exceeding
those of conventional zeolites under comparable conditions. From
an engineering standpoint, sorption-based processes offer notable
advantages: simpler reactor design, lower operating temperatures,
and reduced materials costs relative to those of ITM systems.
Fixed-bed reactors resemble established adsorption technologies,
facilitating scale-up and integration. Pilot-scale (0.7 TPD)
demonstrations have validated the feasibility of producing
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Fig. 3. (a) Illustration of the high-temperature sorption process for oxygen production and oxy-fuel combustion; (b) a proposed process diagram for air separation using this
technology with appropriate heat integration (HXer: heat exchanger). (b) Reproduced from Ref. [15] with permission.
high-purity oxygen using ceramic PSA cycles, particularly in con-
junction with oxy-fuel combustion and chemical looping concepts.

4. A comparative perspective: Energy, cost, and system
integration

A central insight emerging from comparative analyses of ITM 
and CAR (high-temperature sorption) technologies is that no single 
metric, such as energy efficiency or capital cost, can fully capture 
their value. The minimum energy (Wmin) required for separating 
air to produce oxygen at 25 °C  (Wmin = RTRYiln(1/Yi), in which R 
is gas constant, T is absolute temperature, and Yi is the molar
fraction of N2 or O2) is about 53 kW.h.t−1 of oxygen. Energy costs
for air separation are approximately 220 kW.h.t−1 (distillation),
140 kW.h.t−1 (ITM), and 170 kW.h.t−1 (CAR) [13]. ITM processes 
offer the best energy efficiency but come with higher capital and 
material costs. In contrast, CAR processes are less efficient but
use simpler equipment and cheaper separation media.

Crucially, both technologies challenge the conventional 
assumption that air separation must be optimized as a standalone 
unit operation. When embedded within integrated systems, such 
as gasification-based power plants, oxy-combustion units, or 
chemical looping reactors, the distinction between separation,
reaction, and heat management becomes blurred. In these con-
texts, oxygen-deficient ceramics enable inherent CO2 capture,
improved heat utilization, and reduced overall system complexity.

It is also essential to acknowledge existing constraints. Table 1 
provides a comparison of the costs of the separation media (mem-
Table 1 
Estimated costs of separation media for ITM and a high-temperature sorption process for

Description ITM process

Item

Workload Oxygen permeation flux (mL(STP) min−1).

.
Separation medium load Membrane area (103 m2)
Unit price Membrane (USD m− 2)
Total cost Total cost of membrane (106 USD)

STP: standard temperature and pressure.
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brane or sorbent) for ITM and CAR processes utilizing LSCF per-
ovskite in a full-scale air-separation plant (2000 TPD). The 
membrane cost for ITM is approximately 48 million USD, which 
is substantially higher than the adsorbent cost for the CAR process 
(∼3.9 million USD). A perovskite membrane with a thickness of 
about 1 mm is capable of achieving an oxygen permeation flux of 
1 mL(STP).min−1 (STP is short for standard temperature and pres-
sure). The estimated material cost alone is 3.5 million USD. While 
reducing the membrane thickness may increase the O2 permeation 
flux, which would reduce the required membrane area and hence 
the material costs, the additional manufacturing costs for thin 
membranes would increase the overall membrane price, likely
exceeding 500 USD.m−2. For comparison, a 2000-TPD cryogenic
distillation plant typically costs between 100 million and 180 mil-
lion USD. Accordingly, the total costs for ITM or CAR air-separation
plants at this capacity are expected to be even higher. Therefore,
neither ITM nor CAR processes currently outperform cryogenic dis-
tillation in terms of total cost at full scale. This should not be
viewed as a shortcoming but rather as a sign that ceramic-based
air-separation technologies offer their greatest value through attri-
butes such as operational flexibility, integration with heat sources,
and potential for decarbonization.

5. Perspecti ve

High-temperature air separation using oxygen-deficient ceram-
ics has matured from a niche research topic into a credible techno-
logical pathway with broad implications for energy and chemical
a 2000-TPD oxygen-production plant.

CAR process 

Value Item Value 

1 . .

.

Oxygen productivity (mmol (s kg)−1) 1.22 
97 Sorbent consumption (103 kg) 593 
500 Sorbent (USD kg− 1) 6.5 
48.6 Total cost of sorbent (106 USD) 3.85 
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engineering. Both ITM and sorption (CAR) processes offer distinct 
advantages and present distinct challenges; together, they illus-
trate the transformative potential of materials-enabled process 
integration. Looking forward, the impact of oxygen-deficient 
ceramic technologies will depend on advances across multiple 
fronts. Materials research remains central: Improvements in oxy-
gen sorption capacity, oxygen-exchange kinetics, stability, and 
resistance to poisoning or sintering will directly translate into
improved performance and longer lifetimes. Specifically, for ITM
processes, innovations should focus on developing more perme-
able membranes operated at lower temperatures and improving
membrane module design to unlock new trade-offs between
efficiency and cost. For CAR processes, research should focus on
adsorbent material selections and process design with enhanced
oxygen desorption rates.

Equally important is the integration of these technologies into 
broader energy- and carbon-management strategies. As industrial 
systems move toward electrification, hydrogen utilization, and car-
bon capture, oxygen production will increasingly serve as an 
enabling function rather than an end in itself. In this context, oxy-
gen-deficient ceramics offer a platform technology capable of cou-
pling air separation with power generation, CO2 capture and 
utilization, chemical and material production, and aerospace and
advanced energy systems. Due to the engineering complexity asso-
ciated with large-scale high-temperature ITM and CAR processes,
future efforts should focus on small-scale applications that require
high-purity oxygen or enable the production of chemicals with tai-
lored properties through the integration of air separation and
chemical reactions.

More broadly, this field exemplifies how advances in materials 
science can catalyze new process concepts and system architec-
tures. While cryogenic distillation will remain indispensable for 
large-scale oxygen production in the near term, oxygen-deficie nt
ceramics point toward a future in which air separation is no longer
a bottleneck but rather a lever for efficiency, flexibility, and decar-
bonization in chemical and energy processes.
33
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