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Abstract: In recent years, many CO; capture technologies have been developed due to growing
awareness about the importance of reducing greenhouse gas emissions. In this paper, publications
from the last decade addressing this topic were analyzed, paying special attention to patent status
to provide useful information for policymakers, industry, and businesses and to help determine the
direction of future research. To show the most current patent activity related to carbon capture using
membrane technology, we collected 2749 patent documents and 572 scientific papers. The results
demonstrated that membranes are a developing field, with the number of applications growing at a
steady pace, exceeding 100 applications per year in 2013 and 2014. North American assignees were
the main contributors, with the greatest number of patents owned by companies such as UOP LLC,
Kilimanjaro Energy Inc., and Membrane Technology and Research Inc., making up 26% of the total
number of published patents. Asian countries (China, Japan, and Korea) and international offices
were also important knowledge sources, providing 29% and 24% of the documents, respectively.
Furthermore, this paper highlights 10 more valuable patents regarding their degree of innovation and
citations, classified as YO2C 10/10 according to the Cooperative Patent Classification (CPC) criteria.

Keywords: membrane-based technology; CO, capture and storage; patent; cooperative patent
classification (CPC) code

1. Introduction

Anthropogenic greenhouse gas (GHG) emissions have been growing uninterrupted since the
beginning of fossil fuel use, and they are expected to grow by approximately 30% by 2040 from 2016
levels, mainly due to contributions from industrial activity [1]. Carbon dioxide is the major causative
agent of global climate change and currently reaches atmospheric concentrations above 400 ppm,
which is an alarming and substantially higher value compared to the preindustrial period when the
concentration was approximately 280 ppm [2,3]. Hence, future actuations have to be guided to reverse
current trends, stabilize GHG concentrations in the atmosphere, and avoid a temperature increase of
more than 2 °C in the present century.

As awareness of global warming grows, certain strategies are being studied in order to mitigate
the consequences. The main ones focus on the following [4]: reducing energy intensity through energy
efficiency, as several authors have explained [5-7]; reducing carbon intensity by means of renewable
energy and use of less carbon-intensive fuels, as shown in many studies [8-12]; and promoting the
implementation of carbon capture and storage (CCS) technologies [13]. Owing to the intrinsic GHG
emissions of some industries and the fact that hydrocarbons are expected to be used as fuels for a long
time yet, CCS techniques have become essential. According to the International Energy Agency, 95% of
coal-fired plants and 40% of gas-fired plants are required to be equipped with CCS systems in order
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to curtail the rise in global temperature [1]. Industries such as natural gas, fertilizer manufacturing,
and hydrogen production operate in a mature CO; separation market. However, carbon capture for
large-scale power plants still remains to be implemented due to economic or technical viability [14].

In recent years, many researchers have studied CCS technologies. Zheng and Xu, Figueroa et al.,
Leung et al., Pires et al., and Tan et al. [15-19] all reviewed the current status of carbon capture
technologies. Strazza et al. [20] provided key information related to the development of specific
rules for the application of Life Cycle Assessment (LCA) to CCS. Carbon capture can be carried
out in different phases of the combustion process. The available procedures are postcombustion
systems, which have been studied by many authors such as Lior Rao [21,22] among others;
precombustion systems, reviewed by Jansen et al. [23]; and oxy-fuel capture systems, shown in several
studies [24-26]. The most common CO, separation techniques used to accomplish the previously
mentioned procedures are absorption process [27-30], adsorption [31-47], gas separation membranes
and cryogenic distillation [17,48-52], and biological separation [53-59].

Membranes, which are described more deeply in this paper, utilize differences in the
diffusivity, solubility, absorption, and adsorption abilities of different gases on different materials
for separation [60]. According to Ebner and Ritter [61], membranes are an attractive option for CO,
separation because their molecular size is smaller than that of most gases. The performance of the
membrane depends on the membrane material, thickness, structure, configuration as well as the
design of the capture system [62], and they can obtain results up to 88% [16]. As the use of separating
agents or phase changes is unnecessary, membranes have lower costs compared to other separation
technologies [61]. In addition, they present high versatility in industrial applications because they have
the possibility of being used in both postcombustion and particularly in precombustion modes [63].
Other advantages of membranes are low weight, low maintenance requirements, the possibility of
being vertically or horizontally positioned, and scalability. However, the technique also has limitations,
such as the requirement for low CO, concentration and pressure in waste gases, together with the loss
of its separating properties [63], which requires the use of large flow volumes and low temperatures
for some materials, such as polymers, in order to increase membrane durability [64].

Several authors, including Park et al., Bernardo et al., Brunetti et al., Ebner and Ritter, Khalilpour
et al., Kotowicz et al., and Atsonios et al., have collected available information to show recent advances
in membrane utilization for CO, separation [61,62,65-69]. Kotowicz et al., in several works [70,71],
studied the impact of introducing membranes for CCS in coal power plants. Burdyny et al. studied
the availability of hybrid separation using membrane and cryogenic systems together in oxy-fuel
processes [72]. Luis et al. [73] established membrane classification based on the separation mechanism
employed, obtaining performance indicators as a function of the materials used. Another classification
based on the membrane material was made by D’Alessandro et al. [74].

Polymeric membranes are most common in commercial applications, and two types of polymeric
membranes are defined according to their glass transition temperature [61,75,76]. Glassy polymers,
such as polysulfones, polyimides, polyaramides, and polycarbonates, are more common in commercial
applications. From the large variety of available polymers, polyethylene oxide (PEO, consisting
of polar ether groups that can produce quadrupolar interactions with CO,, being translated into
remarkably high CO,/H,; solubility selectivity) [77] is one of the most selective polymers for CCS
because it has a high affinity towards CO,, as seen in several studies [78-80]. Hollow fibers are
mainly used in membrane contactors as nonselective barriers between liquid (sorbent) and gas
phases, with the possibility of operating in parallel flow or cross-flow modes [81,82]. Wang and
Zhang [83] studied the influence of membrane wetting using an aqueous diethanolamine (DEA)
solution as an absorbent and a polymeric-based membrane. Inorganic membranes have greater
stability than the other previously mentioned ones and are able to resist high temperatures and hard
work conditions. They can be nonporous (made of materials such as palladium or stainless steel)
or porous [84] (commonly made of alumina, zeolites, or silicates), and they are widely treated by
Pera-Titus [85]. Emerging materials in this field include metal-organic frameworks (MOFs, consisting
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of microporous crystalline solids composing a three-dimensional network of metallic ions to resultin a
porous structure), which are used in hybrid membranes [40,74]; and graphene [86,87]. Recently, mixed
matrix membranes (MMMs)—also called hybrid membranes—have been developed by blending at
least two materials with different properties. Three types of MMMs have been reported depending
on the filler: solid, liquid, and solid-liquid [88,89]. Nafisi and Hagg [90] worked on solid—polymer
membranes with nanoparticle fillers, creating a membrane with zeolite imidazolate framework-8 (ZIE-8,
a member of the Zeolitic Imidazole Framework family characterized by a high internal surface area,
high thermo-chemical stability, and highly selective sieving ability) nanoparticles as an inorganic filler
in a Pebax-2533 polymer matrix (Pebax is the trade name of commercial products made of poly(ether
amide) block copolymer materials). Other examples of hybrid membranes include three-component
membranes such as Pebax, poly (ethylene glycol), and multiwalled carbon nanotubes, as studied
by Wang et al. [91]; and graphene oxide (GO) nanosheets as fillers in polymeric matrix membranes,
provided by Li et al. [92]. Another membrane type is a facilitated transport membrane in which
carriers transport gas molecules through the membrane by means of a reversible reaction. Fixed
carrier, solvent-swollen, and immobilized liquid membranes are distinguished according to their
carrier mobility [93] and were studied by Sandru et al. [94,95] and Kasahara et al. [96] among others.

The study of the economic viability of carbon capture has also been the topic of some reviews.
Lockwood [97], Markusson et al. [98,99], and Noureldein et al. studied different uncertainties about
CCS, including economic and technological ones [98,99]. Melien et al. [100], Viebahn et al. [101],
and Valentic et al. [102] focused on the cost of CCS in different locations. Other researchers have
studied the feasibility of concrete CCS techniques. Abanades et al. [103] focused on sorbent costs,
while Ho et al. [104,105] analyzed pressure swing adsorption and membrane costs.

Patent documents contain valuable research results that are useful for industries, businesses,
and policymakers. Their main applications include analyzing competitors, tracking technology,
and identifying trends in markets [106-108]. Hall et al. [109] assigned a measurement of company
reputation from the number of patent citations. Patents are also used by some industries as a protection
guarantee for trade secrets [110]. On average, approximately 13,500 scientific publications per year
cite patents, which is 1.7% of the total publications indexed in the Science Citation Index (SCI)
database. Nearly 70% of them are related to chemistry, followed distantly by physics [111]. Database
digitalization has led to growth in this trend in recent years, with a 10-fold increase in patent citations
in Google Scholar between 2010 and 2014 [112].

Unfortunately, few investigations about the most recent patent documents of membrane-based
CCS were found within the reviewed literature in this study. An earlier work [113] gave a general
review of the whole CCS patent process, also providing information from the point of view of
knowledge-generating companies. A more recent study, developed by Qiu and Liu [114], was focused
on the investigation of knowledge mapping of CCS technologies. Accordingly, the aim of this paper
was to analyze the current status of patents related to specific CCS technology based on the use of
membranes. The study of the status of CCS membrane technology focused on the most prominent
scientific producers. Moreover, it was performed as a function of the geographical provenance of the
documents and the number of assignees and in consideration of the classification of patents according
to Cooperative Patent Classification (CPC) codes and the degree of innovation.

2. Methodology

More than 100 international databases comprising international patent offices, such as the
European office (EPO) and the World Intellectual Property Office (WIPO), as well as the national
offices of the United States, France, Germany, United Kingdom, China, Korea, and Japan among others,
were consulted to provide more details for this study. Keywords and their variants combined with
the CPC codes were used to design the search strategy following the method used in a previous work
where a more generic CCS patent study was performed [113]. Moreover, the search was restricted to
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the last decade because only approximately 25% of documents related to CO, capture were published
before that.

The main sources utilized were the Derwent World Patents Index (DWPI), a very complete
database containing more than 28 million patent families from approximately 50 patent offices, created
by Thomson Reuters; PatBase, the most used patent database developed by Minesoft and RNS Group
which provides a tool offering very complete results; Patentscope, the WIPO’s database; Espacenet,
providing access to more than 80 million patent documents; and Web of Science, an online service for
scientific information.

According to the CPC code, only documents classified as Y02C 10/10 (capture by membranes
or diffusion) were collected, which was included as one of the six technologies for carbon dioxide
separation, codified as BO1D 2257/504. The most used terms in the 787 innovations found (2749 patent

7

documents) were waste gas-related and gas stream-related terms, such as “gas steam”, “separation
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device”, “gas mixture”, “preparation method”, “CO,”, and “CH,” in addition to membrane technology
terms, such as “membrane module”, “composite membrane”, “hollow fiber”, and “molecular sieve”.
The literature was also analyzed using the same keyword criteria, producing 572 scientific papers
related to membrane separation.

Most of the patents were classified as the Y02 or BO1 groups. However, activity in sections C
(C01, C10, C08) and F (F25, F23) was observed to a lesser degree. Subgroups B01D 2257/504 and B01D
53/228 were the most dominant—assigned to 64% and 40% of patents, respectively—and were related
to the CO;, capture process and membrane usage for gas or vapor separation. Other relevant subgroups,
although to a lesser extent, were Y02P20/152 and B01D53 /22, which related to CO, emission reduction
and waste gas purification and represented 30% and 27% of patents, respectively.

Prior knowledge related to each innovation is generally requested by international offices.
Therefore, related patent documents and scientific papers have to be cited in patent texts by applicants
and even by patent examiners if they are considered necessary. These references are shown by
search tools such as Scopus or Google Scholar, allowing the analysis of innovations in a specific field.
Patents that receive numerous citations indicate the introduction of an interesting innovation that
must be further developed, whilst uncited patents represent the end of the line of development. Thus,
a relationship can be defined between patent relevance and a high number of citations received [115].

Consequently, not every patent has the same level of quality but depends on the technical and
economic value of the inventions, which can be inferred by the number of citations received [112,116].
An indicator (i), shown in Equation (1) below, was created to rank patents according to innovation
and breakthrough. The indicator compared the citations provided and citations received and added a
weighing criterion that depended on the time elapsed since the patent publishing date. A reasonable
comparison was established among patents. Hence, recent patents with few issued references and
many received citations had the highest i values and were therefore considered to have a better position.

P Patent j received citations — Patent j issued citations
N Present year — Patent j pubication year

)

3. Results and Discussion

3.1. Analysis of Scientific Literature

Scientific literature from the decade studied was analyzed due to the parallelism shown by patent
activity. Figure 1 shows that the number of membrane-related papers started increasing from 2007,
reaching a maximum in 2013 with almost 100 documents. The activity slowly diminished from then on.

As expected, most active publishers were research centers and universities; this is shown in
Table 1 where the main scientific producers are listed. The list was topped by a French organization,
the Centre National de la Recherche Scientifique, which contributed 5% of the total, followed by the US
Department of Energy and the Norwegian University of Science & Technology. The scientific papers
could be found in more than 150 scientific journals and publications, with the highest percentage
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(11%) being published in the Journal of Membrane Science. Other top sources included International
Journal of Greenhouse Gas Control and Industrial and Engineering Chemistry Research. In regard to
sources of information, peer-reviewed journals prevailed above proceedings papers or other types of
publications, such as reviews or book chapters, with 71% of total coming from peer-reviewed articles
versus 19% and 10% from proceedings and other types of publications, respectively.

Table 1. Top 10 organizations producing scientific papers related to carbon capture using membranes.

ID Organization Documents % Total
1 Centre National de la Recherche Scientifique (CNRS) 30 5%
2 United States Department of Energy 27 5%
3 Norwegian University of Science & Technology (NTNU) 24 4%
4 University of Lorraine 22 4%
5 Chinese Academy of Sciences 18 3%
6 SINTEF Mat & Chem 16 3%
7 University System of Georgia 16 3%
8 Zhejiang University 16 3%
9  Cooperative Research Centre for Greenhouse Gas Technologies (CO,CRC) 15 3%
10 University of Melbourne 12 2%

Ebner and Ritter [61] had studied peer review manuscripts from several universities, research
centers, and some companies published over an earlier period (1995-2005). In that study, the University
of Texas and Georgia Institute of Technology had stood out, taking part in more than 40 studies each.
The study evidenced considerable research activity at that time.

Differences between the scientific literature and patents could also be noted in our study.
Contributing organizations had a more equal number of studies carried out than assignees with
owned patents, and research centers outpaced companies in terms of published papers. Moreover,
co-authorship was usual; therefore, most of the papers were written by investigators from more than
one organization.

Citations are also important indicators of relevance, as are patent documents. Two papers could
be highlighted in terms of received references, surpassing the thousand others. Sumida et al. from the
University of California studied Carbon dioxide capture in metal-organic frameworks [117]. This research
obtained more than 2300 citations since it was published in 2012. In this work, recent advances in
MOFs were reviewed as well as their ability as adsorbents in different applications and combined with
amines. The performance of MOF-containing membranes in CO;,/H; and H,/CO, mixture separation
was also studied, and selectivity and permeability properties were compared according to the MOF
type used.

D’Alessandro et al. authored the second most-cited paper, Carbon Dioxide Capture: Prospects for
New Materials [74], which received approximately 1600 citations since 2010. This publication addressed
progress in CO, separation by chemical or physical adsorption, sorbent absorption, and membranes in
natural gas sweetening, postcombustion, and precombustion applications.

3.2. Number of Patents and Assignees

According to the WIPO [118], a patent family is defined as “a collection of published patent
documents relating to the same invention, or to several inventions sharing a common aspect, that are
published at different times in the same country or published in different countries or regions”.

Figure 1 illustrates the evolution of the collected membrane patent family (CPC Y02C 10/10)
and the relationship between applications and publications. During the period between 2007 and
2013, the number of applications was growing yearly, starting from less than 50 in 2007 until reaching
more than 100 in the years 2013 and 2014. From 2015 onwards, a pronounced decrease occurred in
applications, while publications were still growing due to the delay that usually occurs following the
application date.
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Figure 1. Evolution of the number of patent family applications and publications of Cooperative Patent
Classification (CPC) Y02C 10/10 and scientific literature between 2007 and 2017.

Patent information was analyzed to see the relevance of the patent. It was found that 67% of the
patent families did not receive any citation, whereas less than 1% of documents had been referenced
more than 50 times. The amount of received citations is an indicator of patent relevance, and the results
demonstrated that only a small percentage of published documents had high value.

3.3. Analysis by Country/Office and Assignee Nationality

Geographical analysis of patents based on publishing country or international office can help
determines the extension of patent generation areas and potential markets for that technology. Figure 2
depicts the distribution of patents from the last decade showing their provenance, both published and
generated. The USA appeared as the main receiving market of CO, capture technology innovations,
with 714 publications in the last 10 years (27%). Asian countries, especially China, Japan, and Korea,
and international offices were also important publishers, with 29% and 24% patents, respectively.
However, among the countries generating patents, the USA clearly stood out as the primary knowledge
generator, with 42% of the total. The fact that only six countries/offices generated 90% of patents
worldwide was also remarkable; publications were slightly more geographically distributed.

Considering the type of applicants can reveal the ownership of the membrane technology. It was
observed that 27% of patents were generated by companies. Furthermore, 14% of patents came from
research centers and universities, while the rest (59%) were owned by individual inventors. Although
membrane technologies have entered the market, market implementation will not be strong if the
high percentage of patents from individuals continues. US policy on this field involves the inventor’s
identity often prevailing over the institution to which they belong, indicating that there was probably a
greater number of patents from companies or governmental academic institutions than those accounted
for in this study.

Moreover, there are competitive barriers or obstacles to introducing new products in the market,
which are caused by a high technological concentration of innovations. Indeed, our results showed that
a few applicants generated more than half of the patent families. These were considered the reference
group and are summarized in Table 2. In contrast, 88% of applicants had generated only one or two
patent families, and 9% of them possessed between three and seven innovations.
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Figure 2. Patents of CPC Y02C 10/10 as a function of their provenance.

Companies from different CO; emitting sectors, such as oil and gas, power generation, and cement
and steel production, along with research centers investigated the technology presented in this paper.
Multinational UOP LLC, which is a provider of technological solutions to oil and petrochemical
companies, led the reference group list with 7% of total patent production. This company is the owner
of processes and technologies for gas separation, including the UOP Separex™ Membrane System
designed for natural gas sweetening and Selexol Process for carbon dioxide and acid gas separation
through the use of a high pressure solvent. The second-highest applicant was General Electric Co.,
followed by Kilimanjaro Energy Inc. and Fuji Film Corp. In fifth place was Shell Internationale
Research Maatschappij BV, a company that has developed different CO, capture technologies on an
industrial scale. The biggest CCS project worldwide, which is located in Australia and led by Chevron
with participation from ExxonMobil, was included in this study, and it is expected to capture between
3 and 4 million tons of carbon dioxide per year.

Figure 3 represents patent evolution of the top five companies in Table 2, including data from
the previously mentioned research by Ebner and Ritter [61]. From the graph, it can be seen that these
companies emerged in the membrane technology field in this decade, especially from 2007 onwards.
Two tendencies can be distinguished: UOP LLC and Fuji Film Corp. continued increasing their efforts.
By contrast, General Electric Co. and Kilimanjaro Energy Inc. decelerated their patent production. Shell
Internationale Research Maatschappij maintained almost stable activity throughout the studied period.
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Table 2. Number of published patent families and individual patents according to the main assignees

(Y02C 10/10).

ID Applicant Pcatent Families % Total Patent Documents % Total
1 UOP LLC 56 7% 203 7%
2 General Electric Co. 29 4% 145 5%
3 Kilimanjaro Energy Inc. 19 2% 136 5%
4 Fuji Film Corp. 39 5% 123 4%
5 Shell Internationale Research Maatschappij 19 2% 120 4%
6 Air Liquide SA 27 3% 97 4%
7 Membrane Technology & Res. Inc. 28 4% 89 3%
8  Mitsubishi Hitachi Power Systems Euro GM 25 3% 81 3%
9 Chevron Corp. 23 3% 79 3%
10 University of Colorado 14 2% 74 3%
11 Renaissance Energy Res. Corp. 12 2% 57 2%
12 Nippon Steel & Sumitomo Metal Corp. 13 2% 54 2%
13 ExxonMobil Res & Eng Co. 8 1% 53 2%
14 Nippon Oil Co. Ltd. 10 1% 47 2%
15 Evonik Degussa GMBH 3 <1% 42 2%
16 Georgia Tech Res. Corp. 11 1% 42 2%
17 University of Tianjin 27 3% 41 1%
18 Samsung Electronics Co. Ltd. 8 1% 40 1%
19 JEE Steel Corp. 2 <1% 38 1%

20 University of Hanyang IUCF-HYU 8 1% 37 1%

21 Saudi Arabian Oil Co. 6 1% 32 1%

22 Aramco Services Co. 4 1% 29 1%

23 Gas Technology Institute 10 1% 27 1%

Total 401 51% 1686 61%
120 O Shell Internationale Research Maatschappij OFuji Film Corp.
OKilimanjaro Energy Inc. B General Electric Co.
BUOPLLC
90 +
4
2
[~
S 60 Tt
=2
¥
30 1
0 T T T T T T T T T T
1995-2005 2007 2009 2011 2013 2015

Figure 3. Evolution of the current top five patent-generator companies.

It can be seen that the first patents of UOP LLC originated from the period between 1995 and
2005, but production frequency increased from 2007 onwards; this was also the case for General
Electric Co. Fuji Film Corp. was mostly known for image- and document-related activity but started
membrane investigations later as a means of business diversification. Their contribution is remarkable
considering the number of recent publications (over 50% in only two years) and collaboration with
other organizations in membrane development for industrial applications. Kilimanjaro Energy Inc.
did not have any innovation before 2007 as it is a new company founded in 2004. The organization was
born with the purpose of researching and developing CO; capture technology. Indeed, it is focused on
a system called ACCESS for carbon dioxide capture from the atmosphere.
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A similar study of patent assignees was carried out by Ebner and Ritter [61], who collected
information about the main companies creating membrane, adsorption, and absorption patents. Most
of the innovations at that time were related to adsorption, followed by absorption, with membrane
technology in the last place. According to them, the first commercial PRISM membrane was developed
in the 1980s by Monsanto. This product uses asymmetric hollow fibers to perform selective permeation
and to separate nitrogen from air [119]. PRISM membranes are still commercialized currently by
Air Products and Chemicals, which was part of Monsanto when this technology appeared. Other
companies started to develop their own systems for natural gas purification. Thus, Cynara, Selexol,
and Grace Membrane Systems took part in the membrane business, being acquired in the 1990s
by Natco, UOP, and Kvaerner, respectively, as mentioned by Baker and Drioli [120,121]. Later,
the improvement in membrane properties allowed them to be used in other applications, diversifying
the market and encouraging the appearance of new companies.

The abovementioned study separated patent assignees into two categories: companies and
research groups. It encompassed the years between 1995 and 2005, adding up to a total of 154 published
patents by companies over the entire period. In addition, almost half came from a short period from
2002 to 2005. Most active organizations in that decade were Membrane Technology and Research and
Praxair Technology, tied at first place with 23 patents each, followed by Air Products and Chemicals Inc.
and Air Liquide. Table 3 compares the 10 most active companies at the time with their current activity.
Most of the summarized companies have increased their activity, except Praxair Technology, Engelhard
Corp. and Norsk Hydro ASA. The last two have halted innovations in the membrane field. These
results reveal a big increase in patent production and a change in membrane technology leadership.

Table 3. Evolution of published patents of the 10 most active companies between 1995 and 2005
according to Ebner and Ritter [61].

Company 1995-2005 2007-2017
Praxair Technology, Inc., USA 23 6
Membrane Tech. & Research, Inc., USA 23 89
Air Products and Chemicals, Inc., USA 11 24
Air Liquide, France 11 97
Exxon Mobil, USA 10 53
Chevron USA Inc., USA 9 79
UOP LLC, USA 7 203
Engelhard Corporation, USA 6 0
Norsk hydro ASA, Norway 6 0
E.I Du Pont de Nemours and Company, USA 5 13

3.4. Analysis by Innovation Index

According to the innovation index mentioned in the Methodology section, we carried out a
classification of membrane patents for carbon capture. Table 4 presents a list of the 10 most valuable
patents organized by their degree of innovation as well as their assignee, date, and number of
issued /received references.

In the first place was patent US20080127632A1 Carbon dioxide capture systems and methods [122],
which had the highest i value; it was published in 2008 by General Electric Co. This innovation protects
a CO, capture system based on a membrane, whose selective permeability of carbon dioxide allows
separation from a gas stream. This system includes a compressor to heighten the pressure of the
exhaust gas and a separator, with the membrane located in the middle. The separator produces a CO,
lean stream, which is carried to an expander in order to generate power and optimize this process, and
a CO;y-rich stream, which will be stored. This patent only cited 11 documents, whilst it was widely
cited by patents from SustainX Inc., ExxonMobil, and General Electric Co. related to emission control,
carbon capture, and compressed gas energy.
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The abovementioned company is the current assignee of patent US20070072949A1 Methods and
apparatus for hydrogen gas production [123] as well, which is related to a method and reactor for syngas
conversion and hydrogen purification. This reactor contains a catalyst combined with a membrane
and integrates a heat exchanger for cooling the catalyst.

Kilimanjaro Energy Inc. possessed two valuable patents. US20080087165A1 Method and apparatus
for extracting carbon dioxide from air [124] describes different techniques with a common foundation:
extraction of CO; using conventional methods and subsequent release of a portion of extracted gas
in controlled environments, with the purpose of improving the growth of vegetal species. This was
the most cited document in the list and was referenced by 154 other patents. Citations were made
since the publication date, reaching the highest amount in 2011 with a total of 32 citing documents,
but decreasing from then on. Approximately 60% of new patents citing this addressed the CCS topic not
only through membranes but also using biological capture, adsorption, or absorption. Assignees were
analyzed, and the results showed that half of them were companies, 38% were particular inventors,
and the remaining 10% were research centers. SustainX Inc. turned out to be the company with
the highest number of citing patents (26%), mostly related to energy storage using compressed gas.
Kilimanjaro Energy Inc. had 9% of references in other carbon capture patents, making it the second
most-cited company; however, it was found that 15% of citations were from patents of individual
inventors belonging to this company.

WO2007016271A2 Removal of carbon dioxide from air [125] was also patented by Kilimanjaro
Energy Inc. It proposes a method and apparatus for CO; removal that exposes the gas stream to
sorbent-covered surfaces. Then, the captured gas is extracted from the sorbent using an ionic exchange
resin. This resin is exposed to a second sorbent, which is cleaned by a thermal or pressure swing,
recovering a CO,-rich stream on one side and recirculating the sorbent on the other side.

Fuji Film Corp., the most active company during the last two years, owns two of the patents
included in the previous list. WO2012096055A1 Composition for formation of carbon dioxide separation
membrane, carbon dioxide separation membrane and process for production thereof, and carbon dioxide separation
apparatus [126] is a patent in which two other companies have contributed as developers to a lesser
extent. The document discloses a high efficiency membrane made of water-absorbable polymer cooled
at 0 °C and the method for its production. WO2013018538A1 Carbon dioxide separation member, method
for producing same, and carbon dioxide separation module [127] presents a separation method consisting
of a hydrophobic porous membrane that can resist temperatures above 100 °C. The membrane is
surrounded by a polymeric layer and contains an alkali metal carbonate working as a carrier, allowing
carbon dioxide from a CO, /H; mixture to permeate at temperatures between 100 °C and 250 °C.

Renaissance Energy Corp., in collaboration with Kobe University, created a facilitated transport
membrane that is able to work under temperatures above 100 °C and in different pressure ranges,
as documented in JP2009195900A Carbon dioxide separation apparatus [128]. This system is designed
to carry out hydrogen purification and consists of a hydrophilic porous membrane surrounded by a
gel layer made of a mixture of caesium carbonate and polyvinyl alcohol-polyacrylic acid copolymer.
The membrane is fed with a gas stream containing carbon dioxide, steam, and other gas impurities,
with CO; permeation to the other side.

Another carbon capture system was patented in 2010 by Innosepra LLC. It is designed to be
implanted in a refinery, a natural gas-fired power plant, or a coal-fired power plant. The system is
able to process feed gas containing impurities and water vapor using temperature and pressure swing
adsorption. Approximately 80% of the moisture and other impurities from the CO,-rich stream is
eliminated by membrane separation, pressure swing adsorption, or temperature swing adsorption,
as explained in patent US20100251887A1 Carbon dioxide recovery [129].



Energies 2018, 11, 3153 11 of 18

Table 4. Main innovations according to the CPC field Y02C 10/10 and innovation degree.

ID Publication Number Title Assignee Year Cited Documents Rfecel.ved Innovation deg. “1”
Citations
1 US20080127632A1 [111] ~ Carbon dioxide capture systems and General Electric Co. 2008 11 107 10.7
methods
2 US20070004023A1 [115]  Methods, apparatuses, and reactors for Trachtenberg, M. 2007 8 114 106
gas separations
3 US20080087165A1[113] ~ Method and apparatus for extracting  yypianiaro Energy Ine. 2008 7 154 92
carbon dioxide from air

4 WO02007016271A2 [114] Removal of carbon dioxide from air Kilimanjaro Energy Inc. 2007 11 87 7.6
Ordered mesopore silica mixed matrix

5 US20070022877A1 [116] membranes and production methods for — p, ‘g 4 Marand, B 2007 18 90 7.2
making ordered mesopore silica mixed

matrix membranes
6 JP2009195900A [117] Carbon dioxide separation apparatus Re“alf’es:“ézi“ergy 2009 6 60 6.8
7 US20100251887A1 [118] Carbon dioxide recovery University of Kobe 2010 7 50 6.0
Innosepra LLC

Composition for formation of carbon
dioxide separation membrane, carbon
8  WO02012096055A1 [119] dioxide separation membrane and Jain Ravi Fuji Film Corp. 2012 8 35 5.6
process for production thereof, and
carbon dioxide separation apparatus
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Moreover, individual inventors also held positions in the list of top 10 patents. Trachtenberg’s
phase-conversion membrane, US20070004023A1 Methods, apparatuses and reactors for gas separation [130],
occupied second place in the ranking. Here, several systems are presented, common among them
being a membrane that is able to interact chemically with mixed gas streams, turning one component
into a second phase and releasing it into the purified form. The designed apparatus comprises a
spiral body reactor with a membrane reactor bag in liquid contact with a hollow fiber, with the
phase-conversion membrane settled in the middle. Furthermore, this is a versatile system because
operating temperatures oscillate from 4 °C to 140 °C and feed streams can be gases from the combustion
of natural gas. Marand and Kim studied MMM s in US20070022877A1 Ordered mesopore silica mixed
matrix membranes and production methods for making ordered mesopore silica mixed matrix membranes [131].
The membrane, made by adding mesoporous silica in a polymeric matrix, commonly polysulfone, has
improved selectivity and permeability compared to simple polymeric membranes.

4. Summary

Although absorption continues to be the most used method for carbon capture, membrane
separation has high potential in the field of carbon capture as a less energy-intensive and more
affordable technique. Many types of membranes can be prepared depending on the separation method
or the fabrication material, including polymeric, hollow fiber, or mixed matrix membranes among
others. In fact, this diversity allows membranes to be adapted to feed gas features depending on the
temperature, pressure, and carbon dioxide concentration.

This study collected 572 scientific papers and 2749 membrane-related patents from the last decade
and analyzed them according to their geographical distribution, assignee, and innovation degree.
The results showed that the number of patents had been increasing every year, starting from less than
50 applications in 2007 to more than 100 in the most recent years (2013 and 2014).

The USA was the main source of knowledge in this field, with many patents from companies
such as UOP LLC, the main worldwide patent producer, Kilimanjaro Energy Inc., and Membrane
Technology & Research Inc., including innovations created by particular inventors or research centers
and universities. The USA was also the target market for membranes in terms of publication countries.

The results, together with some advantages such as versatility and lower cost, demonstrate that
the state-of-the-art membrane technology is an emerging and attractive CCS system. Its benefits are
more evident when the feed gas has an acceptable partial pressure of CO, and the purity requirements
of the output stream are not too high, providing high potential for its industrial implementation.
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The following abbreviations are used in this article

CCs carbon capture and storage

CNRS Centre National de la Recherche Scientifique

Co. company

CO2CRC Cooperative Research Centre for Greenhouse Gas Technologies
Corp. corporation

CPC Cooperative Patent Classification

DEA diethanolamine
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DWPI Derwent World Patents Index
EPO European Patent Office

GHG greeenhouse gas

GO graphene oxide

IEA International Energy Agency

Inc. incorporation

LCA Life Cycle Assessment

LLC limited liability company

MMMs mixed matrix membranes

MOF metal-organic frameworks
NTNU Norwegian University of Science & Technology
PEBAX polyether block amide

PEO polyethilene oxide

SCI Science Citation Index

US/A United States of America

WIPO World Intellectual Property Office
ZIF zeolitic imidazolate framework
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