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Abstract:

 The world’s energy needs have been continually growing over the past decade, yet fossil fuels are limited. Renewable energies are becoming more prevalent, but are still a long way from being commonplace worldwide. Literature mining is applied to review carbon capture and storage (CCS) development trends and to develop and examine a novel carbon capture and storage technological paradigm (CCSTP), which incorporates CCSTP competition, diffusion and shift. This paper first provides an overview of the research and progress in CCS technological development, then applies a techno-paradigm theory to analyze CCSTP development and to provide a guide for future CCS technological trends. CCS could avoid CO2 being released into the atmosphere. Moreover, bioenergy with CCS (BECCS) can make a significant contribution to a net removal of anthropogenic CO2 emissions. In this study, we compare the different CCSTP developmental paths and the conventional techno-paradigm by examining the S-curves. The analyses in this paper provide a useful guide for scholars seeking new inspiration in their research and for potential investors who are seeking to invest research funds in more mature technologies. We conclude that political barriers and public acceptance are the major distinctions between the CCSTP and the conventional techno-paradigm. It is expected that policy instruments and economic instruments are going to play a pivotal role in the accomplishment of global carbon reduction scenarios.
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1. Introduction

There is an inextricable relationship between energy demand and economic progress. Driven by the twin forces of population growth and economic prosperity, global energy demand continues to soar as society pushes for higher living standards [1]. In 1977, Marchetti [2] suggested that rising atmospheric CO2 levels were a result of the burning of fossil fuels, and since this time, this issue has become increasingly severe globally. Climate change has now been directly attributed to air toxicants and greenhouse gases (GHG) and especially to the build-up of CO2, and it has become generally accepted that GHG emissions control is the most challenging environmental policy issue worldwide. According to Houghton et al. [3] and Watson and Albritton [4], anthropogenic CO2 emission concentrations have increased from a pre-industrial level of 280 ppm to over 380 ppm today. As a result, the global mean surface temperature has increased by 0.6 ± 0.2 °C during the 20th century [3]. In Peters et al. [5], global carbon emissions were shown to have incrementally increased by an average of 3% per year since 2000. The International Panel on Climate Change (IPCC) forecast that atmospheric CO2 concentrations may reach 570 ppm by 2100, leading to global climatic impacts, such as a rise in the mean global temperature of around 1.9 °C and an increase in mean sea level of 38 cm [6]. While previously, these emissions were mainly from developed countries, increasingly, developing countries are contributing to the rising carbon emissions, as can be evidenced in the results of urbanization in China [7]. Pacala and Socolow [8] and Mathews [9] showed that there was a net carbon addition of around 4 Gt, called the “carbon flux”, each year as a result of the combustion of conventional fuels and industrial processes (Figure 1) and further pointed out that it is possible that global carbon levels would be nearing 1000 Gt, or the “overflow point”, by 2050 [9].

Figure 1. The atmosphere as a “carbon tank”.
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To achieve cost optimized scenario of IEA [10] for the stabilization of CO2 emissions at 450 ppm by 2050, there needs to be a technological energy revolution involving a portfolio of integrated solutions, such as greater primary energy conversion and end-use efficiency, the commercialization of renewable energy technologies, the enhancement of nuclear power use and the de-carbonization of conventional power generation using carbon capture and storage (CCS). People, businesses and governments also need to reduce their global energy consumption, either through the utilization of more efficient technologies or through changes in lifestyle and behavior, or both. Developing and implementing sustainable energy policies is the most obvious path, which would not only provide sufficient energy, but also protect the environment and ecosystem integrity. However, at present, because of technical barriers and a lack of capital, renewable energy technologies are not financially viable for most countries. Conventional fossils fuels, such as oil, coal and natural gas, on the other hand, remain the most economically available, convenient source of energy. Considering these factors, CCS could play a positive role in immediately mitigating carbon emissions [11]. CCS technologies can be seen as a chain of technologies created to capture CO2 from industrial atmosphere [12]. Furthermore, CCS has also proven to be an important technology in seeking a reduction in overall stabilization costs [13]. The studies of IEA [10] studies strongly agree with this viewpoint, indicating that 19% of total emissions reductions could come as a result of CCS. Consequently, CCS has gained ground as an important part of environmental policy blueprints in many countries [14]. Although they are not yet classified as real renewable technologies, CCS methodologies are an important bridge between our current lifestyles and an environmentally-friendly world. In the latest IPCC Fifth Assessment Report (AR5), it strongly suggested that some negative emissions approaches are required to address the proposed CO2 mitigation goal. Bioenergy with carbon capture and storage (BECCS), as one of the promising alternatives, is expected to play a key role in abating anthropogenic CO2 concentrations [15].

In 2003, the British Government published an “Energy White Paper” [16], which was the first to propose the concept of a “low-carbon economy” by focusing on a reduction in both the consumption of natural resources and environmental pollution levels to increase economic output and showed that economic development and technological innovation were closely related to each other. In this context, Pearson and Foxon [17] suggested that the use of low carbon technologies could affect many areas of the economy by promoting technical innovation in the financial, economic, environmental and social markets. Moreover, the availability of these technologies has been identified as a key influence in reducing global mitigation costs [18].

Kuhn [19] first defined a paradigm as a coherent pattern of research designed around commonly held theoretical propositions and models. Dosi [20] believed that the theories of technical change have generally followed two different basic approaches. One of these is “demand-pull” theory, which states that market forces are the determining factor for technical change. The other is “technology-push” theory, which sees technology as an independent factor. Freeman [21] suggested that a new innovative pattern needs to be developed for large techno-economic system transitions. Van den Ende and Dolfsma [22] believe that the development of techno-paradigms is a result of the effects of push and pull, namely supply and demand. In competitive markets, Grübler et al. [23] outlined how patterns, processes and timescales are characteristic of the new technological diffusion. A typical long-term technology, which is an element in interlocking networks, generally requires a long time to diffuse and simultaneously develop with other technologies in the network. With the sharp deterioration in the environment, scientists around the world have become increasingly focused on research into low-carbon technological innovations and low-carbon economic development. Consequently, they have made outstanding achievements in GHG reductions and have had a positive influence on the development of global low-carbon economies. As a result, due to the lack of a systematic analytical framework for low-carbon technologies, much of the research in this area has had little integrity or universality. Moreover, as there have been few studies that have specifically examined the low carbon techno-paradigm or, in particular, the CCS technological paradigm, progress in this area has been slow, with previous achievements partially overlapping and therefore adding little to the field.

From the research mentioned, in this paper, we introduce the CCS techno-paradigm (CCSTP) concept, which is a member of the technological family universally relied on for the development of future mitigation and stabilization scenarios [24]. Through an analysis of the development of some analogous industries, such as the SO2-scrubber industry and the global liquefied natural gas industry (LNG) [25], we can conclude that the CCSTP meets the laws of the development paradigm and also has three similar stages: CCSTP competition, CCSTP diffusion and CCSTP shift, as shown in Table 1.

Table 1. The carbon capture and storage techno-paradigm (CCSTP) framework.


	Stage Name
	Representative Technology
	Technical Barriers





	Competition
	Carbon capture
	About both R&D to build up the key technological system and also the creation of nascent markets in which the technology can be deployed and proven



	Diffusion
	Carbon storage
	Lower the business risk of large-scale; reduce financial risk and acquiring operating experience in pilot-scale tests



	Shift
	Carbon utilization
	Carbon capture and storage technologies would come into being mature








As shown in Figure 2, along the classic “S-curve”, there is an assumption that any new technology experiences these three phases. The first phase is defined as competition and is recognized and adopted by early followers. Diffusion is the second phase in which the new technology prevails in the potential market. Ultimately, with the technology beginning to saturate its natural market, there is a technological shift, which leads to the third phase [25]. However, technological development is not discrete, but alternates in an S-curve way on the basis of technological continuity. Following this rule, we hold that, in practice, the CCSTP has the possibility of breaking technical barriers and reducing business costs in the future. In this paper, we define a new CCSTP concept, review existing CCS technologies, and analyze the formation process for the CCSTP by applying a conventional theoretical paradigm framework. Further, we make recommendations for the evolution of CCS technologies over the next few decades.

Figure 2. The growing trend of the techno-paradigm.
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The remainder of this paper is organized as follows: Section 2 reports on the results of the literature mining to filter the CCS development trends. Section 3 provides an overview of CCS techno-paradigm, and then, Section 4 analyzes and discusses the major distinctions between the conventional techno-paradigm and the CCSTP. Section 5 gives conclusions and recommendations for future research.



2. Literature Mining

With the vast quantity of research about carbon sequestration and storage and utilization technologies, it is extremely difficulty to analyze and uncover which issues are research hot spots [26]. Since the Greenhouse Gas Control Technologies (GHGT) conference series was established in 1997, the number of research articles in CCS-related fields has expanded significantly. Literature mining, as an effective approach, has been used to identify past and present research, as well as to predict prospective orientations [27]. Through this process, relationship networks based on research keywords and their published years of specific papers can be effectively identified [28].

Peer-reviewed scientific literature can assist potential researchers to identify the latest developments and ascertain the future directions of a specific research field [29]. Using literature mining methods, more than 300 published scientific research papers have been identified in many well-known journals [30,31]. Further, many analyses based on this scientific research have been published in the IPCC-AR5 [15]. It has been shown, therefore, that applying literature mining to a research field, such as CCS, can identify key areas in carbon capture, sequestration and utilization and provide predictions for future trends; so, this is the principal method used in this article.


2.1. The Data Analysis System

Garfield and Merton [32] first proposed that the citation indexing of academic literature is crucial for the bonding of similar research topics. A citation index is a synthesized result based on journal articles, keywords, publication dates and abstracts and is able to demonstrate the influences in a specific field. Therefore, for our research, it is essential to construct a sufficient and effective data analysis system based on keywords and publication dates [33]. As a comprehensive meta-synthesis approach, the data analysis system (DAS) is mainly composed of the ISI Web of Science database (WoS), NoteExpress and NodeXL, the framework for which is outlined in Figure 3.

Figure 3. The framework of a data analysis system.
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2.2. Analyzing the Literature

Carbon research development can be divided into three main groups; capture, storage and utilization. As shown in Table 2, we defined the specific topics by using a Boolean search to screen and filter the useful information. Through a four-step filtering process, the initial result of 279,676 peer-reviewed papers was screened down to 1398 articles. Taking representativeness and integrity into account, the 2014 articles were filtered out, leaving 1333 research papers in the final DAS, as shown in Figure 4. From this analysis, it can be clearly seen that the number of research papers have gradually increased since the Kyoto Protocol was formally published in December, 1997 [34], and when an agreement was arrived at in the Bali Road Map meeting in 2007, there was a sharper increase in published papers [35]. Here, we introduce the WoS to evaluate selected articles’ appropriateness and accuracy [26].

Figure 4. Statistics of the carbon research articles.
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Table 2. Selection criteria for carbon research.


	No.
	Quantity
	Selection Criteria





	#1
	279,676
	TI = (CO2 OR carbon OR carbon dioxide)



	#2
	32,772
	TI = (sequestration OR storage OR capture OR

utilization OR use) AND #1



	#3
	4558
	TI = (trends OR develop* OR review* OR

technolog* OR production OR assess* OR

progress OR evolution OR study) AND #2



	#4
	1398
	TS = (environment* OR climate OR improv* OR

polic* OR sustain* OR renewable) AND #3










2.3. Mapping the Network Diagram

We entered the final result of the DAS into NodeXL, which constructed a keywords-publication date network diagram. Because the software initially presented us with a disordered diagram, it was necessary to arrange all of the nodes and edges, so as to elucidate the linkages between them. By changing the keywords’ degree, we ensured that the figure was clean and readable. The complete handling and mapping processes are shown in Figure 5. Through this thorough and systematic analysis, a wide variety of carbon research activities on capture, storage and utilization were identified.

Figure 5. The handling process of the network diagram for the technical research of carbon.
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2.4. Identifying Development and Prediction Trends

The network diagram shown in Figure 6 can be primarily divided into two groups; carbon sequestration technologies (Area A) and BECCS (Area B). Area A focuses on carbon capture and sequestration (CCS). The most widely researched focus with 317 articles was CO2 sequestration, which belongs to storage technologies, whereas there were 150 articles that examined CO2 capture. For Area B, there were over 230 articles in total with 120 articles of these specifically examining bioenergy, such as biomass, biofuels, forests and ecosystems, and 110 papers focusing on soil organic matter issues, such as soil carbon and land use. Areas A and B are both representative of potential future trends. From the publication dates, we can conclude that carbon sequestration (Area A) has had a technological transition that has incorporated carbon capture and carbon storage. BECCS, as one of higher phases of the techno-paradigm, shows that carbon capture, utilization and storage (CCUS) technologies have been progressively commercialized, and in Area C the ultimate R&D goals for carbon control from 1991 to 2013, which incorporates central topics, such as climate change, CO2 emissions and life cycle management, are clearly shown.

Figure 6. Keywords focus trend of geothermal energy utilization.
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3. Techno-Paradigm for CCS

In spite of the rapid growth in carbon control research published worldwide, there is not a definitive or feasible theoretical framework, or a techno-paradigm, which can guide investors and funding agencies to efficiently distribute R&D funding. Further, the presence of a techno-paradigm is extremely essential to those policy-makers devoted to reducing the effects of global warming. Any techno-paradigm should demonstrate the complete life cycle of a technological development and therefore should include sprouting (competition), evolution (diffusion) and dying out (shift) phases. From the analysis above, it can be concluded that carbon abatement measures research has mainly focused on CCS and bioenergy with carbon capture and storage. Based on the results, the development of carbon management technologies also abides by the techno-paradigm rule. Here, we propose a carbon capture and storage techno-paradigm (CCSTP) and use it to predict and guide the evolution and direction of CCS technological development. CCSTP is primarily composed of CCSTP competition (carbon capture), diffusion (carbon storage) and shift (CCUS and BECCS). The first stage is competition-oriented, which involves the development of carbon capture technologies. CCSTP diffusion refers to all processes for carbon sequestration, and CCSTP shift is mainly related to carbon utilization and bioenergy based on carbon capture and storage applications.


3.1. CCSTP Competition

As awareness grows about the seriousness of global environmental problems, CO2 capture technologies have become increasingly attractive, resulting in a rise in investments in this area, thus creating the conditions for CCSTP competition. Marchetti [2] first proposed the concept of “carbon collection” in 1977. Consequently, as shown in Figures 7 and 8, a number of different CO2 capture technological trajectories were developed: (1) pre-combustion; (2) post-combustion separation; (3) oxy-fuel combustion; and (4) chemical-looping combustion [36,37]. It is well known that CO2 emissions abatement in power generation flue gas is heavily dependent on the first three methods, an issue which is addressed in Gibbins and Chalmers [38], Jordal et al. [39], Olajire [40]. Chemical-looping combustion, on the other hand, offers a possibility for the elimination of the energy intensive CO2 separation and reduces CO2 sequestration costs [41]. These four trajectories based on CO2 separation mechanisms, as the backbone of the paradigm, must contend with each other in the CCSTP competition phase.

Figure 7. Three main technological trajectories on CCSTP competition.
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Figure 8. The chemical-looping combustion schematic.
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The four classic carbon capture methodologies discussed above have their own advantages in the CCSTP competition stage. Depending on the type of fuel, these CO2 capture technologies have differing levels of performance. Pre-combustion capture is suitable for an integrated gasification combined cycle (IGCC), of which biomass and natural gas are examples [40]. Theoretically, IGCC technology is probably the cheapest option and the most promising route for CO2 capture [42]. Post-combustion capture involves separating CO2 from the flue gas mixture of power plants or some point sources and generally operates at a low pressure (1 bar) and at a low CO2 concentration (3%–20%) [43]. Based on available commercial technologies, coal plants are best for the deployment of post-combustion capture. Oxy-fuel combustion primarily deals with a mixture of oxygen (>95%) and recycled flue gas instead of air in conventional plants, and as a result, relatively pure CO2 can be easily captured by cooling and compression without further separation [36]. Based on the distinctive characteristic of a near-zero emission in flue gases, both new pulverized coal-fired power plants and reformed existing plants are optimal places for oxy-fuel combustion capture [36].

Pre-combustion, post-combustion and oxy-fuel combustion capture technologies may become viable options for GHG emissions minimization. However, these technologies are all energy-intensive alternatives, which tend toward a dramatic decline in overall combustion efficiency and an increase in electricity prices. With this in mind, chemical-looping combustion (CLC), originally proposed by Richter and Knoche [44], has the potential to be a more efficient means to increase the net power efficiency and for CO2 separation [45]. As CLC does not have any enthalpy gains, it has the distinct advantage of reducing NOx formation and separating CO2 and H2O from the flue gases [46]. Besides these advantages, a suitable oxygen carrier plays a critical role in reducing total costs.

Therefore, in the short term, by modifying flue gas processing facilities, post-combustion technology is a suitable technology, especially for power plants using amine solvents [40]. Pre-combustion technology, however, can really only be applied to new plants, but the separation of CO2 is an easier process than in post-combustion processes. Oxy-combustion, however, may be a better option than post-combustion for coal based power plants as there is less reduction in power efficiency, which would enhance CO2 capture investment [47]. In this way, oxy-combustion technology could be used in existing plants by retrofitting the combustion systems [39]. Although CLC has the significant advantage of reducing both the energy intensity of CO2 separation and CO2 storage costs, more research which focuses on specific process configurations and reactor designs needs to be done for this process to be commercially viable on a large scale [48]. Apart from the low efficiency and energy losses currently being experienced, power plants with CO2 capture are technically feasible and have positive environmental effects [11]. Carbon capture technological reliability, stability and separation efficiency are the biggest challenges facing the world [49]. In the evolutionary CCSTP competition process, there are many emerging technologies that will contribute to a renewable energy framework in the near future, but overall costs and technical barriers need to be overcome for these to be truly feasible options.



3.2. CCSTP Diffusion

In terms of the paradigm evolution, the most important features of these common technical innovations usually evolves during the diffusion phase [50]. Because of market demand and industrial competition, the diffusion phase gradually emerges with the dominant design being a combination of technical requirements and market demand, which can be likened to an epidemic contagion process [51]. Nagamatsu et al. [50] proposed that present technological diffusion could be divided into approximately three categories: (1) multi-generational technologies that coexist and mutually compete; (2) current technologies that are replaced by a dominant technology; and (3) innovative diffusion.

Along with the paradigm development law previously mentioned, CCSTP evolves to the diffusion phase; namely the development of carbon control from carbon capture to carbon storage. This is the stage where CO2 capture from large emission sources is permanently compressed and transported to suitable sites for sequestration as carbon sinks, instead of being released into the atmosphere, the procedure for which is shown in Figure 9.

Figure 9. Technical trajectories of the CO2 diffusion techno-paradigm.
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When selecting suitable CO2 sequestration sites, monitoring, verification and risk assessments need to be taken into consideration. The study of Bachu [52] indicated that safe CO2 storage should conform to rules, such as having a potential inventory, the conduct of adaptability analyses and risk assessments and the development of surface criteria. Other requirements, such as an environmentally-friendly impact, low cost and conformation to national and international laws also need to be taken into consideration. Although the principle of the trajectories is slightly different, the kernel of the diffusion paradigm is basically the same. At present, there are two main approaches to CO2 storage; underground geological sequestration and ocean storage. The former’s potential sites are primarily coal beds and mines, oil and gas reservoirs and saline aquifers, as shown in Figure 10 [48]. It is estimated that the CO2 sequestration potential of oil and gas reservoirs worldwide is between 400–900 Gt, which could increase by 25% through the addition of undetected reservoirs [12]. Compared with the several thousand GtC of storage capacity in geological storage, there is much less in ocean storage [15]. Ocean storage has its own advantages, but there are some potentially significant environmental risks, such as deep ocean acidification and low oxygen concentration regional expansion [53]. Many global and regional treaties, such as the Oslo and Paris Conventions (OSPAR), the London Convention and others, do limit or prohibit CO2 storage in the ocean to some extent. Taking into account the effectiveness and impact uncertainties, ocean storage technologies are in the initial stage of research, and so, they attract less interest from commercial enterprises. On the contrary, geological sequestration has an advantage over other trajectories because of its technical feasibility and availability, and it has the ability to reduce anthropogenic CO2 to efficiently combat climate change [52].

Figure 10. CO2 sequestration schematic diagram.
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CO2 geological storage is perceived to be one of the most promising solutions to a noticeable reduction in CO2 emissions in the short term, but the possibility of leakage is a major barrier. Further, it would take centuries to trap CO2 permanently using geological storage. Under these circumstances, it would be possible for the deep sea to be a safer CO2 storage place. This idea was first proposed by Marchetti [2], who suggested a direct ocean disposal of CO2 by injecting gaseous, liquid or solid CO2 into ocean waters. From existing science and technology, there are two primary approaches to CO2 ocean disposal, as shown in Figure 11. The first method involves CO2 dissolution by injecting it approximately 1500 m below sea level (at pressures above 50 bars), so that the liquid CO2 mixes with the seawater. The resulting solution reaches a higher density than that of the seawater, and the liquid CO2 sinks. In an alternative method, CO2 is injected 3000 m below sea level, where an absolute pressure can be achieved to form liquid CO2, the density of which is far higher than that of seawater [54]. A more promising recent program is for liquid CO2 to be injected into depths between 1000 and 1500 m through a fixed pipeline or a towed pipeline. At the same time, relatively pure CO2 could be injected into the deep ocean to form hydrates in the sediment or ice-like solids, thus creating “CO2 lakes” in the depths of the sea [48].

Figure 11. CO2 storage in a deep sea schematic diagram.
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As a non-permanent reservoir, ocean storage has played a positive role. In the IPCC-WG1 meeting in 2013, the ocean is still listed as one of the “carbon dioxide removal (CDR)” methods [53]. In the near future, it could become a benign “carbon sink”, provided that the prominent ocean fertilization technologies and the application of ground silicates in to the ocean become commercialized [15]. These novel technologies could avoid the hazards of direct ocean injection and the possible negative impact on marine ecosystems. Therefore, ocean storage is not currently a feasible trajectory for mitigating CO2 concentration.

Several carbon sequestration technologies have emerged as potential methods to mitigate the rising concentrations of CO2 in the atmosphere [55]. Given the possibility of accidental leakages, mineral carbonation could be one of the safest CCS alternatives compared to geological and ocean storage [56]. Mineral carbonation is a process whereby carbonate minerals are formed in a relatively steady state through the reaction of alkaline earth metals with CO2 [55]. The IPCC estimates that a power plant equipped with mineral carbonation would need 60% to 180% more energy than one without CCS. Though mineral carbonation’s costs are currently higher than those for geological storage, it is still deemed advantageous, because not only is there a ready availability of the raw material, but also, this method has a benign environmental effect [12].

Lackner et al. [57] first proposed mineral carbonation as a safe, permanent CO2 disposal method. The core of mineral carbonation technology is that the gaseous CO2 is converted into geologically stable carbonates using abundant raw materials. Further, the resulting carbonates have a lower energy state than the CO2, so mineral carbonation is thermodynamically favorable and naturally occurring. Advanced chemical approaches to CO2 sequestration could allow gaseous CO2 to be transferred into an inert, stable and long-lived solid material, which would minimize the possibility of CO2 leakage. Another potential benefit is its exothermic reaction process as the exothermic heat energy from the production process can be recovered and used in other energy consuming areas of the carbonation plant [58]. At present time, there are two primary mineral carbonation methods, direct carbonation and aqueous processes, neither of which are commercially feasible. However, it is vital to research this area for use in power plants or other industrial processes in the future [12].

In summary, the capacity offered by various CO2 disposal sites is very significant at the CCSTP diffusion stage. Nevertheless, there are still considerable uncertainties in determining the actual capacity of these sites. Compared to other possible storage sites, even though deep ocean disposal provides the largest CO2 storage capacity, it could possibly be fatal to deep ocean marine life environments if leakage occurs [54]. Therefore, it is necessary to conduct a comprehensive risk assessment before the deep ocean disposal implementation of large-scale CO2. Not only could potable water be possibly contaminated by the CO2, natural occurrences, such as earthquakes and volcanic eruptions, which cannot be controlled by humans, could also threaten CO2 storage, because they could lead to sudden underground leakages [48]. It should be noted that marine geo-engineering, including ocean fertilization, is overseen and controlled by many international conventions, except legitimate scientific research [15]. Secure storage verification and monitoring are the key areas to be developed [14]. Further, while mineral carbonation and industrial utilization are suitable alternatives, the storage capacities are significantly smaller compared with the two principal methods. Such as it is, CO2 storage technologies are still appropriate trajectories at this stage of CCSTP diffusion.



3.3. CCSTP Shift

When techno-paradigms move into shift phase, disruptive technologies and technological limitations emerge. Disruptive technologies are a result of full competition in a specific business area, while product demand in the market is closely related to the emergence of technological limitations. Therefore, market demand and industrial technological competition are the main reasons for the paradigm shift. This also explains why this CCSTP shift stage is later than that of a conventional shift. In this way, after the CCSTP competition and diffusion phases, the CCSTP shift phase gradually builds along the paradigm development rule. Despite the increasing maturity of these two phases and the gradual commercialization, it is only in this third phase that the goal of a sustainable world can be ultimately achieved. It is believed that carbon capture, utilization and storage (CCUS) and BECCS, as appropriate solutions, may be the two vital trajectories of the CCSTP shift cornerstone.


3.3.1. Carbon Capture, Utilization and Storage

As integrated technologies, CCUS avoids CO2 being released into the atmosphere [59]. As a raw material, the captured anthropogenic CO2 may make a possible contribution towards industrial and commercial processes, including such areas as the food industry, the chemical industry and the oil industry. Carbonated soft beverages and soda water are the main uses for CO2 in the food industry. Besides these, dry ice, a solid form of CO2, is also widely used to cool grapes quickly in the wine making process, as well as to freeze foods, such as ice cream, for transportation and storage. In industrial production processes, CO2 is mainly employed in the form of compressed air for pneumatic tools, pipeline purging and pressure testing and as a protective gas for welding, due to its low cost and inert gas characteristics. The former is mainly used for pneumatic tools and pipeline purging and pressure testing. In addition, CO2 is also often used in fire-fighting, especially in electrical fires.

CO2 captured from the atmosphere plays an extremely vital role in the energy industry. In the coming decades, it is expected that fossil fuels will still prevail as the world’s primary energy supplies. With this in mind, there are three dominant methodologies for the utilization of the CO2 captured from combustion flue gas and other plants; CO2 enhanced oil recovery (CO2-EOR), CO2 enhanced gas recovery (CO2-EGR) and CO2 enhanced coal-bed methane recovery (CO2-ECBM) [40,60]. Because of the substantial profits gained from oil and gas production, Van Bergen et al. [61] proposed that at the beginning of CO2 utilization, these three methods should be economical, regardless of CO2 credits or taxes. Thus, these primary methods could increase the value per ton of sequestration atmospheric CO2 [61].

It is widely believed that CO2 sequestration in sedimentary rocks can make a significant contribution to the abatement of atmospheric CO2 [12]. Oil and gas fields, which have trapped buoyant fluids for millions of years, are considered secure storage sites. So far, the application of CO2-EOR in depleted reservoirs has been found to be the most popular technology, not only for reducing the amount of anthropogenic CO2, but also in boosting crude oil production [62]. Although the deposition ability in oil reservoirs is very limited over the long run, petroleum reservoirs are still the most important carbon sinks today. Similarly, obsolete natural gas fields, where CO2 could be injected, might enhance natural gas extraction. Although the development of CO2-ECBM is a later technology than CO2-EOR, the many cases of CO2-ECBM demonstrate that CO2 storage in unmineable coal-beds is technically feasible [60]. However, when considering the production history, the degree of development, the gas injection conditions and the economic feasibility, not all reservoirs are suitable for CO2 storage. Storage capacity and the permeability of the reservoirs may limit oil reservoirs suitability for CO2 storage and postpone the arrival of the CCSTP shift. The EOR, EGR and ECBM CO2 storage capacities are shown in Table 3 [12].

Table 3. Capacity of CO2 storage by enhanced oil recovery (EOR), enhanced gas recovery (EGR) and enhanced coal-bed methane (ECBM).


	Reservoir Types
	Potential Storage Capacity (×109 Tons CO2)





	EOR, EGR
	675–900



	ECBM
	3–200








Hovorka and Tinker [63] believed that active oil producing fields, where CO2-EOR is technically feasible, provide credible opportunities for the initiation of CO2 storage demonstration projects, as shown in Figure 12. Not only can these sequester CO2, but they can also increase crude oil production, so that the petroleum traps and seals can be an ideal option now for CO2 geological storage. In 2011, it was reported that between 270 and 1300 million barrels of oil could be recovered using CO2 for EOR in the Chinese Daqing Oil field. Even though oil has been produced using conventional extraction technologies, CO2-EOR can be readily applied [64]. Highly dense phase CO2 is injected into the oil well instead of the more traditional water injection, which may offer a higher storage capacity on account of its higher density compared to gaseous CO2 [65].

Figure 12. CO2-EOR system flow diagram.
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EOR with CO2 injection is also a mature technology, but the economic benefits of this process are still variable, as it is heavily dependent on oil prices and the economy [66]. There is a fundamental distinction between commercial EOR and climate policy-oriented EOR (CPO-EOR). The former currently uses mainly CO2 co-produced with natural gas, as well as naturally occurring CO2, with the main purpose being to maximize oil recovery with a minimum of CO2 injection. On the contrary, CPO-EOR use CCS technology to capture anthropogenic CO2, with the primary aim of producing oil by using and storing as much anthropogenic CO2 as possible. This is why commercial EOR operators are relatively insensitive to climate policy and much more responsive to oil-price increases than to increases in carbon taxes. However, these approaches still remain experimental and require large-scale pilots before they are disseminated widely. Before such fields can be considered as suitable for CO2 storage in terms of feasibility and cost, detailed site assessments are also necessary [67]. Decisions on how to proceed with production should be made within the next few years to conclude whether new EOR processes should be introduced.

CO2-ECBM, an increasingly important GHG control issue, is regarded as one of the possible approaches to mitigate the ever-increasing anthropogenic CO2 concentrations and to boost CH4 recovery, as shown in Figure 13. CO2-ECBM, with a fine network of injection and production wells, could enhance coalbed methane recovery and provide a satisfactory solution to the permanent storage of CO2 [64,65], which could not only reduce initial costs, but also raise methane production [68]. Adsorption is the main trapping mechanism used for CO2 storage in coal seams, accounting for over 95% of total storage. Both the gas trapped in the matrix structure and the captured CO2 dissolved in the pore water are trapped [65]. However, only a few ECBM field tests have shown that the CO2/CH4 displacement mechanism is actually effective. The most promising ECBM cases can be found in China, Europe, Canada, Japan, Australia and Indonesia. China, especially, has demonstrated a high techno-economic potential for ECBM projects [64], but these have not yet been commercially proven. This further exposes the importance of government subsidies and public welfare sector investment.

Figure 13. ECBM conceptual model.
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3.3.2. Bioenergy with Carbon Capture and Storage

There are many mitigation scenarios to reduce the growth of the anthropogenic CO2 concentrations by 2100. However, faced with stringent GHG control policies, BECCS is a more rapid and effective approach to reduce CO2 emissions in the long term. In Figure 6, it can be seen from the literature mining that BECCS has been a dominant research focus around the world. In the IPCC-AR5-WG3, large-scale BECCS could have a significant mitigation potential, resulting in decreases of 430 to 480 ppm CO2 by 2100 [15,69–71]. As shown in Figure 14, it can be concluded that, while the use of CCS can meet most concentration targets, BECCS can play a more significant role in meeting lower stabilization targets at lower costs [72]. BECCS is able to remove atmospheric CO2 and meet energy demands through the delivery of power and heat with net negative emissions [73]. Bioenergy production from agricultural and forestry resources is absolutely necessary, not only to mitigate climate change, but also to ensure supply security. The application of BECCS is a compromise between fossil fuel alternatives and GHG emissions control [74]. As biomass is both an important carbon sink and a substitute for fossil-fuels, it is worthwhile to focus on the CO2 balance in bio-energy systems with CO2 capture and storage [75].

Figure 14. Radar map of the projected cost analysis.
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Rhodes and Keith [76] proposed that gasification, post-combustion capture and oxy-fuel combustion with CO2 capture, make it possible to apply CCS to biomass for the production of electricity, hydrogen and liquid biofuels and for use in power plants, combined heat and power plants and in flue gas streams from the pulp industry. As shown in Figure 15, compared to conventional CCS with near-zero emissions, BECCS can achieve negative emissions because of the permanent CO2 geological sequestration and sustainable biomass harvesting practices during its growth [73,77,78]. If the CO2 emitted within the closed cycle were to be captured and permanently stored, it could achieve net zero or even negative emissions. As biomass is sustainable because the CO2 from biomass combustion or transformation is neutral, BECCS can make a significant contribution to a net removal of anthropogenic CO2 emissions worldwide [79]. Table 4 shows a schematic representation that compares the lifecycle emissions of conventional CCS and BECCS, as well as highlighting the conceptual differences between them [12].

Figure 15. Comparison of bioenergy with CCS (BECCS) and conventional fossil fuel combustion.
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Table 4. Comparing lifecycle emissions of conventional CCS and BECCS.


	Phase name
	Biomass Energy with CCS
	Conventional CCS





	Biological sequestration
	−1
	—



	Fuel transformation
	1
	1



	Capture and storage
	−1
	−1



	Lifecycle emissions
	−1
	0








According to Obersteiner et al. [80], BECCS not only removes carbon from the natural carbon cycle, but it also provides low-carbon energy products through combustion and photosynthesis. Because this is likely to significantly reduce the mitigation costs of CO2 in the atmosphere, it is destined to become one of the future energy mixes [79]. However, as BECCS also has specific regional compatibilities, some countries and regions will be more suitable for large BECCS applications than others. For example, Sweden is well placed for bio-energy plants in the processing industry, has access to offshore storage sites and, thus, would be able to maintain relatively low power sector emissions [75]. On the contrary, bio-energy resources in the U.K. are relatively small, so BECCS would probably be designed to be co-firing rather than a dedicated biomass system. This means that establishing smaller scale biofuel plants adjacent to existing CO2 transport and storage infrastructure would maximize their performance.

As this paper has mentioned, the CCSTP evolution is slower than that of ordinary commercial paradigms. One of the main reasons is the need for additional incentives to encourage biological sequestration, capture or storage. Providing a safe solution for long-term CO2 storage, BECCS can give leverage to the carbon-reduction potential of the world’s biomass resources. The advantage for policy makers of providing these extra incentives at capture is that they can use the same basic administrative infrastructure. However, some countries may wish to put the BECCS incentive into biological sequestration if this fits better with their biomass policies. BECCS has not been economically viable, because environmental taxes have only concentrated on conventional environmental policy instruments, which is a key issue for researchers. Moreover, the regulations providing guidance for GHG reduction in the Kyoto framework do not consider BECCS eligible for the first commitment period of the protocol [81]. As a result, there are still no incentives for governments and firms to capture CO2 from biomass. To overcome this barrier, it is strongly recommended that a compromise policy based on a carbon tax and a subsidy for BECCS be considered. Specific subsidies for emissions reductions are important to stimulate the technological development of CCS and BECCS [79].

To summarize, the effective utilization of GHG emissions, particularly CO2, presents both a serious challenge and a major opportunity for sustainable development. Different fuels, materials or even chemicals can be synthesized using CO2, therefore CO2 utilization can contribute to enhancing sustainability. In this way, when renewable sources of energy are used as a basic energy, their use should be focused on long-term sustainability [82]. On the other hand, negative CO2 emissions through the implementation of BECCS could give leverage to the carbon-reduction potential of the world’s biomass resources [75]. Nowadays, CCS is still a viable alternative for the abatement of CO2 concentrations, although it is not theoretically the best choice. BECCS is recognized as a benign and low risk solution with negative emissions characteristics in the long run [83]. As silver bullets, these two alternatives, in the CCSTP shift phase, offer a unique opportunity for a net removal of anthropogenic CO2 while fulfilling energy needs, which is the future hope of the global renewable energy consumption structure.





4. Analysis and Discussion

The major distinctions between the CCS techno-paradigm and the conventional commercialized techno-paradigm are political barriers and public acceptance. Profit maximization is the fundamental driving force in this age of rapid economic development. Pearson and Foxon [17] argue that a characteristic of the CCS methodologies is that in the early stages, they are not generally competitive, except in specific industrial fields, and will remain so until learning curves fall, unit costs reduce, production scales rise and experience is accumulated. From the perspective of techno-paradigm development, the CCS techno-paradigm is different from others, as shown in Figure 16. In the competition stage, as the deployment of CCS has little financial benefit [14], the private sector is still unlikely to invest, because the cost of abatement is higher than current carbon prices. In the absence of urgent environmental pressures, governments are only willing to provide funding for research into a few CCS technologies. As a result, development is seriously impeded in the competition stage. However, once CCS technical and political obstacles have been overcome, the costs fall dramatically, as reflected in the S-curve. The situation of Δb indicates this, and it is at this point that the situation changes to one where there is a greater urgency to employ CCS technologies. With regard to Δc, we can see an increase in the development speed for the different CCSTP trajectories and an urgency to apply an appropriate CCSTP. As shown in Figure 17, the private sector’s willingness to invest may improve over time when CCS becomes a more competitive abatement option [84]. Incentive policies for the deployment of CCS initially focus on overcoming technical and commercial barriers, which also explains why the conventional paradigm is faster overall than CCS in the first half of the S-curve, while the opposite is true in the latter half.

Figure 16. A comparison of the conventional techno-paradigm and CCS techno-paradigm.
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Figure 17. Development of CCS as a competitive abatement alternative.
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The successful implementation of any government policy is heavily reliant on public acceptance, which is even more crucial for CCS technologies. In many countries and regions, the effect of carbon reduction measures on environmental protection, as well as for CCS technologies has been subject to controversy and discussion since the IPCC-AR4. Few relevant policy instruments or economic instruments have been invested in the development of CCS technological and infrastructure projects. However, as climate change effects are being more widely felt, the public’s attitude to CCS technologies is beginning to gradually change. Although there is a subtle divergence in the choice of the specific CCS technology trajectories and the related policies, it is generally believed that regional cooperation could offer substantial opportunities for improving the environment. Due to the effect of global environmental issues, close cooperation and mutual sharing between countries are essential for climate change mitigation, especially in the development of mutual policy frameworks, CCS infrastructure and the implementation of carbon taxes or carbon pricing schemes, as policies in isolated countries or regions have little effect. With the policy barriers gradually being overcome and public acceptance increasing, many countries and regions have begun to support carbon reduction policies and measures. Governments have begun to intensify funding towards CCS technology R&D, as well as encouraging financial investment and subsidies in infrastructure projects, both of which are in accordance with the different mitigation scenarios. It is estimated that between 2010 and 2012, of the total climate finance of USD 343 to 385 billion per year, about 95% of this is expected to be spent on carbon reduction. At the same time, private investment funds for environmental protection are rising, contributing USD 267 to 224 billion per year from 2010 to 2012 [15]. Since private capital investment, the 20 developed and developing countries that have the most serious level of CO2 emissions have significantly reduced this by 2012. Policy instruments are widely employed in many industries closely related to the public, such as energy, transport, buildings, industry, agriculture, human settlements and infrastructure [15].

Policy instruments and economic instruments are expected to play a pivotal role in the accomplishment of global carbon reduction. The huge uncertainties, such as complexity, broad geographic coverage and a long-term presence, are the basic characteristics of these environmental problems, particularly in CO2 emissions reduction. If there are no appropriate instruments, the development of CCS technology will be seriously impeded. Despite the serious environmental issues, uncertainties and the possible large risks, this means that governments are very cautious when developing specific carbon reduction policies and economic instruments, which, in turn, seriously affects private investments.

Economic instruments are primarily made up of incentives, carbon taxes and subsidies [15]. Incentives could be the most attractive instrument for the acceleration of CCS technologies R&D. Without adequate incentives, there would be few CCS pilot projects, pilot testing, accumulation of adequate empirical data or commercialized power plants, as CCS technology is difficult to deploy on a large scale. Carbon taxes are attractive, as they can force a change in consumption patterns and lifestyles. Furthermore, the fact that carbon taxes rely on existing tax infrastructures could also be an efficient instrument, which may encourage private investment funds to choose an appropriate CCS technology path, such as BECCS. Subsidies are a potential option for economic instruments, as they can encourage the adoption of cleaner industrial processes, such as the use of renewable energy sources. Further, subsidies can ensure that the government-selected technologies are developed as a priority. Fossil energy subsidies are a good example, the use of which has significantly reduced CO2 emission levels.

Public policy instruments, such as emissions trading, cap-and-trade, CO2 certificates and others, have had a significant effect, increasing guaranteed mechanisms to reduce the uncertainties and the risks that private investors face, while increasing confidence. The concept of emissions trading, originally proposed in 1968 by Dales and Pollution [85], has played a role in programs, such as the Regional Clean Air Incentives Market in California (California RECLAIM) Program and the U.S. Acid Rain Program. Learning from these successful experiences, governments have developed new emissions trading schemes to mitigate GHG emissions, but the effect has not been significant yet for several reasons. The formulation of any policy depends on the institutional and political feasibility and cost-effectiveness, as well as national economic strength. In the cap-and-trade case, as the cap is closely related to the stringency of the trading scheme, an appropriate price ceiling is vital to political feasibility. A better option for the allocating of rights and appropriate caps when developing trading emissions schemes should be taken into consideration. Carbon certificates are another potential alternative that can also provide a powerful support to CO2 emissions reductions. Carbon credits and carbon markets are an important part of the carbon reduction path. In the future, the development of carbon certificates in Europe, to some extent, will affect the large-scale deployment of CCS technologies, such as BECCS. These cases show that it is not enough to rely solely on one or two policy instruments to mitigate climate change. From a development perspective, these policy instruments to control CO2 emissions can provide governments and the public with a good reference and a clear direction. It is expected that these instruments are likely to shift over time, as shown in Table 5. To achieve the mitigation CO2 emissions, most countries have begun to employ a combination of policy and economic instruments. Public acceptance should be considered as a major obstacle to address the large-scale deployment of CCS [86]. Nowadays, public acceptance of energy technologies, as well as CCS technologies is gaining increasing importance.

Table 5. CCSTP policy instruments.


	No.
	CCSTP Competition
	CCSTP Diffusion
	CCSTP Shift





	1
	Supporting capital deployment and operations
	Greater willingness to invest by capital markets
	Incentivizing operations



	2
	Costs and risks shared by public and private sector
	Reduced learning spill-overs and better know-ledge of risks
	Costs and risks mainly borne by private sector



	3
	Special subsidizing
	Polluter pays principle
	Penalizing emissions



	4
	Specific support
	Technology commercialization
	Technology agnostic policy








Apart from public acceptance, policy and economic instruments, it is essential to focus on the CCS infrastructure, including CO2 transport and storage, in order to achieve many scenarios. The implementation of large-scale CCS infrastructure, as well as CCS technologies is significant to global climate control strategies. A full CCS value chain is principally involved in CO2 capture, transport and storage. From the perspective of transport, the major hurdles are technical feasibility and cost-effectiveness based on transport distance. Due to high investment and risk, large-scale transport alternatives are impossible in CCS pilot plants, although they are much more cost-effective in the long run. The CCS value chain is substantially determined by carbon storage as an important part. Without massive storage capacity, large-scale CCS demonstration projects will not be feasible. Although carbon capture technologies for plant-scale CO2 separation are rapidly evolving, there are some uncertainties in choosing ideal sites of carbon storage. As an urgent priority, precise evaluation after initial exploration of large capacity storage options is vital to address the large-scale deployment of CCS on a timescale. The capacity and cost of storage sites selected, such as geologic reservoirs or others, should be regarded as fundamental problems for CCS infrastructure. Many aspects of the CCS chain will be subject to uncertainties, which incorporate storage capacity, technical feasibility, capital investment, transportation cost, risks, etc. This requires extensive large-scale CCS demonstration projects, which can provide valuable references in many aspects, such as infrastructure designing, investment analysis, risk assessment and climate strategy planning.

Continuing political support and instruments, especially for CCS post-demonstration, are crucial to make CCS pilot plants commercially attractive to public and private investors. There are over 10 large-scale CCS pilot plants, encouraged by funds, that should be made in Europe, which are nominally active, but reducing funding [87]. The positive results of capital-intensive CCS infrastructure will have a significant impact on the carbon reduction scenario in the future. The fundamental uncertainties will be gradually clarified, provided large-scale CCS infrastructures are able to prove technically viable and economically credible. It will show the stakeholder, including public and private investors, a powerful confidence. If the CCS infrastructures had benign effects, the governments would give priority to increasing capital investment and policy or economic instruments for further public support. Meanwhile, private investors will have confidence in CCS infrastructure investment. In that case, the build-operate-transfer (BOT) pattern, usually used in traditional infrastructure, is a potential alternative to attract them. Yet, it is difficult to predict the winners amongst the low-carbon technologies, as success in the long run primarily depends on the CCS maturity and the availability of alternative energy technologies. However, there is no doubt that a stable and explicit policy framework can offer flexibility to governments and some certainties to investors.



5. Conclusions

Literature mining was introduced to review the CCS development trends. Based on the result, this study applied paradigm theory to analyze CCSTP processes and to provide a guide for the future development direction of CCS technologies. Depending on the different maturity periods for CCS technologies, three main stages were identified; CCSTP competition, CCSTP diffusion and CCSTP shift. Because of the increasing focus on CO2 emissions control, some low-carbon technologies are already being used. In particular, CCS technologies as an incorporated strategy are already playing a critical role in GHG management. Although scientists are making efforts to clean up the Earth, there is no common framework for CCS technological applications at present. As a result, the progress achieved in CCS technological development is at different levels and even overlapping. In this paper, we hope that the novel regulatory framework suggested can be useful in providing scholars with new inspiration for their research and in encouraging potential investors to focus on more mature technologies. By comparing the CCSTP S-curves with the conventional techno-paradigm, this paper also explained why CCSTP has a longer delay. In the final analysis and discussion, the major distinctions between the CCS techno-paradigm and the conventional commercialized techno-paradigm were identified as political barriers and public acceptance. Policy instruments and economic instruments are expected to play a pivotal role in the accomplishment of the global carbon reduction scenarios. Further, continuing political support and instruments, especially for CCS post-demonstration, are crucial to make CCS pilot plants commercially attractive to public and private investors. Apart from these factors, there are still many uncertainties about which technologies could lead to real improvements and which have no prospect in reducing anthropogenic CO2. Further work is required to evaluate the individual cases selected in this study.
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