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Abstract

:

Power-to-X is an upcoming sector-coupling technology that can play a role in the decarbonisation of energy systems. The aim of this study was to widen the current knowledge of strengths, weaknesses, opportunities, and threats (SWOT) of this innovative technology in the Danish context by utilizing the analytic hierarchy process (AHP) to evaluate and compare perception of academic and industrial experts. The results of this analysis indicate that the external factors such as current policy framework are more important than the internal technology related factors. Further, positive factors predominate negative ones, with academic experts indicating strengths as the most important category and practitioners’ opportunities. All experts consider the country being a P2X knowledge hub as one of the most important factors, and in the given context of the Danish energy system, wind developments and Danish industrial environment, seizing this opportunity could be the biggest enabler for P2X success.
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1. Introduction


The combustion of fossil fuels is the main anthropogenic driver of climate change [1]. The energy sector emits 78% of the total greenhouse gas (GHG) emissions of the EU according to Kyoto Protocol in 2018 [2]. The transition to renewable energy is a central strategy to mitigate climate change. In the EU plus Iceland, 17.5% of the consumed energy in 2017 stems from renewable sources, whereas the electricity sector has a share of 31%, the heating and cooling sector of 19.5%, and the transport sector of 7.6% renewable energy [3]. However, transition to renewable energy needs to be supported with other measures, otherwise, the transition to 100% renewable energy system cannot be achieved. To reduce GHG emissions from the energy sector, (i) the energy demand must be reduced, (ii) efficiency for generating and distributing of energy improved, (iii) end use electrified, and (iv) the share of renewable energy substantially increased [4,5].



In the current, fossil fuel based energy system, the flexibility to meet the demand lies within (the storage of) the resources. Fluctuating renewable energy sources, however, cannot provide this flexibility. The smart energy system introduced by Lund et al. [6], therefore, takes a holistic energy system approach for a 100% renewable energy system. By coupling the electricity, heating and transport sector and utilizing energy storage, the lost flexibility can be generated in the energy system [7]. Power-to-X (P2X) is a key element of sector coupling. Most commonly, P2X stands for power-to-fuels or chemicals, where electricity production is typically via electrolysis converted to different types of end-products such as hydrogen, synthetic gases, hydrocarbons or chemicals [8]. In this study, P2X stands for all technological pathways combining electrolysis technologies (alkaline, polymer electrolyte membrane, and solid-oxide—high temperature), with carbon source in the form of gasification of biomass or other means of production of biogas or CO2 capture, nitrogen source, and finally its conversion to methanol, methane or ammonia. Methanol and methane can be further processed to other liquid fuels if desired.



Even though some of the technologies in the P2X value chain have been known for 100 years, the concept of production of electrofuels is relatively new [9]. However, activities have progressed at a considerably faster rate than had been predicted just a couple of years ago, with a total of 220 P2X research and demonstration projects in Europe either been realized, completed, or currently being planned as of June 2020 [10]. Nevertheless, technical aspects, like the utilization of intermittent renewable resources and the degradation processes [11], as well as non-technical aspects, like regulatory frameworks [12], lack of market formation [13], social acceptance, current prices and lack of comprehensive life-cycle assessment (LCA), challenge the introduction of P2X [14]



Figure 1 illustrates a keyword analysis on Scopus, showing a significant increase of publications about the topic “Power-to-X” in recent years, indicating that this concept is indeed discussed in the scientific literature. However, there still exists a knowledge gap concerning SWOT factors, as none of the publications included in the review have looked into this specific topic.



This paper fills in the gap by investigating the technology-inherent strengths and weaknesses, and external opportunities and threats (SWOT) of P2X technologies in the Danish context. By pairing SWOT analysis with the multicriteria decision-making technique called Analytic Hierarchy Process (AHP), the paper evaluates and equates the perception of academic experts and experts from the field about P2X technologies. Denmark was chosen as it already has high shares of renewable energy and ambitious targets for 2030 with 70% reductions in CO2 emissions and 2050 targets to be fossil free [15], as well as relevant actors that can drive the technology implementation.




2. Methods


To analyse the strengths, weaknesses, opportunities, and threats of P2X in Denmark, a two-stage expert survey was conducted, relying on four main expert groups: (i) academia, (ii) public authorities, (iii) energy providers/network operators, and (iv) technology producers. We selected the individual experts from academia (i) based on their number of publications on P2X or related topics that are listed in the literature database Scopus [16]. The Danish practitioners (ii–iv) were chosen according to their actual involvement or keen interest in P2X projects.



In the first empirical round, we invited eleven persons to qualitative interviews, of which all agreed (see Table 1). The interviews took place in March and April 2020, with the aim of establishing a list of the main SWOT-factors. The interview guidelines (i) included a description of the P2X technology to avoid contributions outside the scope of the study, and (ii) on open questions to avoid possible biased answers and to avoid missing important issues and perspectives. We transcribed the interviews by using Otter [17] and conducted a qualitative content analysis of the answers to identify the commonly mentioned SWOT-factors [18]. The analysis ended in a list of four factors for each of the SWOT categories as a result of merging and grouping the answers from the experts. The findings from the first round of expert interviews represent relevant technology-inherent strengths and weaknesses, and technology-external opportunities and threats of P2X in Denmark.



In a second round, experts were asked to judge the relative importance of the SWOT factors identified in the first round. For doing so, the Analytic Hierarchy Process (AHP) method according to Saaty [19] was used. The AHP has been used previously in a number of studies focused on sustainable development in general, [20], and renewable energy technologies in particular [21]. In the paper at hand, we integrate the AHP with a SWOT analysis to assess the SWOT factors’ relative priorities. Sixty-seven experts were invited to the second survey round (online via LimeSurvey), of which 28 completed it. As illustrated in Table 1, eleven experts were from academia and 17 from practice, resulting in a response rate of 41.8%.



The survey consisted of a pairwise comparison of the predefined SWOT factors, i.e., for each factor pair, the experts had to rate which factor is how much more important than the other. Given the four factors per group, six comparisons were conducted by SWOT group. Randomizing the order of the comparisons prevented a systematic bias in the experts’ answers. To validate the predefined SWOT factors’ selection, the experts were asked to provide any other factor they would consider more important than the ones listed. This question was asked for each SWOT group, but the respondents brought up no other essential factors. In addition to comparing the individual SWOT factors per group, the experts had to also compare the groups amongst each other to derive group priorities.



For all the comparisons, we applied the nine-step scale proposed by Saaty [22]. The scale ranges from 9 (meaning that factor “a” is much more important than factor “b”), over 1 (meaning equal importance of factors “a” and “b”) to 1/9 (meaning that factor “b” is much more important than factor “a”). We omitted the even numbers as intermediate steps. Each pairwise comparison followed the logic explained above for the comparison of factor “a” and “b”.



The individual judgements of the participants were furthermore aggregated using the geometric mean method [23]. The aggregated judgements and their reciprocal counterparts were furthermore used to fill five matrices. These matrices corresponded to the four categories “Strengths”, “Weaknesses”, “Opportunities”, and “Threats”, as well as to the comparison among them. The relative factor priorities (i.e., local priorities) and the group priorities were calculated using the eigenvalue method in line with Saaty [19]. For each of the five matrices, the consistency ratios where calculated according to Saaty [19]. Finally, by weighing the individual factor priorities with the respective group priorities, a normalized global priority was obtained for each factor. For conducting the AHP, we used R version 4.0.2 [24] and the package “ahpsurvey” version 0.4.1 [25].



Moreover, additional qualitative statements on potential niche markets as well as on regulatory framework and incentive structures were included in the second part of the survey. Experts were asked to assess their level of agreement with 24 statements on a seven-level Likert scale. The possible levels at the scale were (1) Entirely disagree, (2) Mostly disagree, (3) Somewhat disagree, (4) Neither agree nor disagree, (5) Somewhat agree, (6) Mostly agree, (7) Entirely agree.




3. Results and Discussion


3.1. Identified SWOT-Factors


The outcome of the interviews conducted with academic and industrial experts were 16 SWOT-factors, i.e., four factors in each category, which are presented in Table 2 and described below. The strengths and weaknesses of Power-to-X are positive and negative factors that are technology-inherent, while the opportunities and threats are positive and negative factors or potential developments in the surrounding system in which the technology is embedded. All identified SWOT-factors are supposed to influence the further diffusion, i.e., the success of the technology in the given context of the Danish energy system. In the following, these factors are briefly described and brought into relation to existing scientific literature on Power-to-X.



As strengths of Power-to-X, the experts indicated the improved flexibility of the energy system (Sa), directly linked to this, the enabled sector coupling (Sb), the large spectrum of end-products (Sc), and the potential contribution to the decarbonization of parts of the transport sector that are not suitable for direct electrification (Sd). The high emphasis on the benefits of P2X as a technology that improves the system flexibility (Sa) [7,26,27,28] needs to be seen in the context of the already high level of electricity production from fluctuating renewable energy sources such as wind power and PV in Denmark. At this stage, the system flexibility becomes a critical factor in the energy transition by allowing for higher penetration of renewables [29]. A further key feature of P2X, as indicated by its name, was seen in the technology’s potential to enable to connection of the power sector to other energy sectors, such as to the heating or transport sector (Sb) [30,31,32]. The experts also stated that a strength lies in the large spectrum of end-products, i.e., energy carriers (different possible “X”), which can be produced by this technology (Sc). This is important especially in regard to the compatibility with existing infrastructure and equipment: gas networks and storage facilities, industrial processes, vehicles with internal combustion engines, etc. [33]. Finally, with hydrogen or electrofuels generated with electricity and carbon (or nitrogen) source from renewables, P2X offers a solution to the decarbonisation of parts of the transport sector that are not suitable for direct electrification (Sd), such as heavy duty road transport (mainly long-haul), aviation and shipping [31,34,35]. The contribution of P2X has also been recognized as a potential part of meeting the Danish 70% CO2 reductions goal in 2030 [36,37].



The weaknesses of P2X that were named by the experts refer to low competitiveness of the technology (Wa), the lack in production capacity (Wb), low production efficiency (Wc), and the immaturity and short lifetime of the electrolysis (Wd). As a consequence of the high investment cost of electrolysers and the higher price of electricity compared to other energy carriers such as gas, P2X currently lacks cost efficiency compared to other hydrogen production processes (Wa) [38,39,40]. Furthermore, production capacities of electrolysis cells and stacks are not sufficient at present in Denmark to allow upscaling (Wb) [41,42]. In addition, P2X is a power-intensive technology, which leads to low energy efficiency with currently available technologies (Wc) [43]. As another disadvantage, even if some electrolysis technologies such as alkaline have a high Technology Readiness Level (TRL), lifetime of electrolysis units might be relatively short and, when it comes to linking to electrofuel production, most of the technologies have not been demonstrated on larger scale and can be defined as immature (Wd) [41,42,44].



As opportunities, i.e., external positive factors, the experts identified factors related to ambitious EU climate targets (Oa), the consensus on the limited availability of biomass and the resulting need to lower its use (Ob), the existing district heating networks in Denmark that can benefit from the technology (Oc), and the fact that Denmark is perceived as P2X knowledge hub (Od). The higher the production of electricity from variable renewable energy sources, the more the development of P2X will be favoured [45]. In this respect, the ambitious climate policies of the European Union and Denmark, which set targets for renewable energy production, represent an actual opportunity for P2X (Oa) [15,46]. There is also nowadays a consensus on the limited availability of (sustainable) biomass [47]. Yet precisely, P2X either uses bioenergy in the most efficient way [48], or can be decoupled from bioenergy with direct carbon [49] or nitrogen capture from the air. The consensus on the need for minimising the use of biomass thus constitutes an opportunity for P2X technologies (Ob). Another opportunity for P2X in Denmark is that the production process produces excess heat, which could be sold to the many existing district heating networks (Oc) [50]. Finally, Denmark’s leadership in the fight against climate change has for many years encouraged the involvement of academia and industry in finding sustainable alternatives to fossil fuels, including in challenging key sectors such as heavy transport. In conjunction with Denmark’s abundant offshore wind resources and diverse supply chains within sustainable solutions, this creates the potential to make Denmark a knowledge hub for the development of P2X solutions (Od). Denmark has all predispositions to establish the strong position within the P2X market, acting as a knowledge and product exporter, by having local producers of wind turbines, electrolysers, and fuel synthesis.



Threats to the P2X technology are seen in competitive technologies that are more visible and economically attractive (Ta), the uncertainty upon fuel market readiness or support schemes (Tb), rising electricity prices (Tc), and finally the uncertainty on the climate agenda due to external shocks such as the COVID 19 pandemic (Td). P2X has to face the competition with other more visible and economically attractive technologies (Ta) that could supersede it to deliver on the climate targets, such as biofuels, or blue hydrogen and carbon capture and storage [51]. Another threat is seen in the uncertainty in the fuel market readiness or support schemes (Tb). In fact, the market framework is not adapted to facilitate the use of electrofuels [41], for which there is currently no certification schemes, and well-established lobbies keep securing support schemes for competing technologies. Moreover, as some experts mentioned as a weakness, P2X technologies efficiency is still rather low and needs large electricity inputs in order to produce fuels. Therefore, if the electricity price from renewables is not low or there is a need for purchasing electricity from the grid with belonging tariffs, there is a risk that P2X cannot become a cost competitive option (Tc) [35], which would be exacerbated if no support scheme is implemented [52]. Denmark however, could potentially, due to the low prices of renewable electricity production produce P2X-products at lower costs than other parts of Europe. In addition, there is always a risk that the climate agenda will be called into question by economic shocks such as that generated by the COVID-19 crisis (Td), sweeping away the opportunities for the development of P2X not only in Denmark but worldwide.




3.2. Relative Importance of SWOT-Factors


As a next step, the relative relevance of these SWOT-factors, which were derived from expert interviews and backed-up with scientific literature, was investigated by conducting an AHP-analysis based on the results of an online survey (as presented in the Methods section). The results were separately analysed for academic experts and practitioners and presented in table format (Table 3 and Table 4) and graphically (Figure 2 and Figure 3). As illustrated in Table 3, all comparison matrices exhibit consistency ratios below the threshold of 0.1, which suggests an acceptable amount of inconsistencies [22].



Graphical illustration of the results is visible below; Figure 2 shows the results for the academic experts and Figure 3 for the practitioners. The four sections of the graph illustrate the four SWOT fields, with the length of the diagonally running straight line, starting from the origin (0; 0) to the yellow or red filled point, representing the relative importance of the respective SWOT field. Each of the four factors identified per SWOT field is illustrated by a transparent circle, whereas the distance between the circle and the origin represents the overall priority of the respective factor. The longer the distance from the origin, the higher the importance of the factors and the SWOT field.



The different priority scores (p) given to individual SWOT factors by the two expert groups point out to main dissimilarities in the perceived importance of those SWOT factors. In the academic group, the Strength category received the highest overall score (p = 0.41), followed by Opportunities (p = 0.39), while Threats (p = 0.11) and Weaknesses (p = 0.09) were perceived far less important. In contrast, in the practitioner’s group, Opportunities (p = 0.35) received the highest overall scores, followed by Strengths (p = 0.26); again Threats (p = 0.18) and Weaknesses (p = 0.20) seen as less important. This means that academics who do research on P2X are optimistic about the technology mainly because of its inherent strengths, while practitioners are optimistic because of the positive developments in the context of the technology. However, the analysis of the survey results shows that the combined positive values of academic and practitioner groups were 0.32 and 0.37, respectively, and combined negative values were 0.15 and 0.15, pointing that the positive factors clearly dominate the negative factors.



The overall priority score indicate that academic experts identified the strength “P2X contributes to decarbonize parts of transport sector not suitable for direct electrification” as the most important factor of all 16 factors, while the practitioners consider that “Denmark is a P2X knowledge hub” as the most important. Both academic experts and practitioners had this factor in their top three priority scores. Even though Denmark has been lagging behind Germany in the deployment of P2X technologies [53,54], Denmark being a wind knowledge hub and a country that has strong industrial actors and producers of P2X technology represents a big opportunity for the deployment of this technology [55]. Even though there is no commercial production of P2X products in Denmark to this date, there is an ambition to commercialize this technology in the near future. As a part of project Green fuels for Denmark, the biggest electricity provider Ørsted engages in establishing the world’s first energy island with a P2X fuel factory at the Danish island of Brønholm [56]. Further, Ørsted is demonstrating a large-scale electrolysis plant for hydrogen production close to Copenhagen as a part of the H2RES project [57]. The Danish government has granted two other large-scale Power-to-X projects: HySynergy and Greenlab Skive Power-to-X, the first project with the aim to green the fossil fuel based production of hydrogen in a large-scale facility at a Shell refinery, and the latter to establish a commercial production facility of hydrogen with part processing of methanol for heavy-duty transport [58].



Within the Strength and Threats categories, the ranking of the factors by academics and practitioners was very similar, while the Opportunities and Weaknesses categories indicate disagreements between academic experts and practitioners. Both groups agree that the potential contribution of the P2X technology to decarbonize those parts of the transportation sector that cannot be electrified (Sd) is the key strength that could be leveraged for this technology and its deployment. Here, the “Uncertainty upon fuel market readiness or support schemes” is considered as the most important threat for the future of the P2X. However, it has been ranked as the third highest overall priority by practitioners but is not so highly ranked by academics. This difference could be explained by the fact that practitioners are aware that they will have to produce and implement the products on the market, but business cases of P2X projects seems at the moment very dependent on the support schemes. The uncertainty regarding support schemes has been discussed in the literature before [41], pointing to lack of clarity on how P2X fuels should be accounted for in meeting the renewable energy targets, especially for the fuels originating from carbon emissions. RED II directive [59] seems also to pose the limitations of connecting the P2X production units to the existing renewable infrastructure to avoid double support schemes.



There is a disagreement between the two expert groups on the importance of the factor “Consensus on limited biomass availability and the need to minimise its use”. While academic experts have ranked this factor with the second highest priority overall, practitioners ranked it very low, even as the least relevant factor in the Opportunities field, with an overall priority rank of nine. In this regard, it needs to be stated that the P2X technology can definitely offer a range of fuel derivatives that are independent of biomass sources or minimize the use of it in the production process. Certainly, the biomass potential is often difficult to compare across studies [60]; however, there are regions in the EU that are richer in biomass resources than others, Denmark being one of them. This could be an explanation of the different ranking. Practitioners ranked the factor that “The European Union ambitious climate targets support further expansion of renewable energy” [59] with second highest overall priority. The climate targets for increasing the share of renewable energy are a very important opportunity for the deployment of P2X technologies in the system, as they enable integration of RES by improving the system flexibility (Sa) with sector coupling (Sb).



While academics point that the “immaturity and the short lifetime of the P2X technologies” as the most important weakness factor, practitioners point towards “lack of P2X competitiveness”. P2X has been struggling to enter the market, due to high prices in comparison to fossil-based products. Further, it has for a long time been compared with other technologies that do not necessarily represent a competition, such as energy storage systems or electric vehicles. Low carbon prices arguably spur investment in long-term abatement technologies such as P2X, and potential changes to the EU-ETS [61] or imposed carbon taxes could lead to higher competitiveness of this technology.




3.3. Additional Quantitative Results


In the second part of the survey, experts were provided different statements on potential niche markets as well as on regulatory framework and incentive structures, and asked the question: “To what extent do you agree to the following statements?” The possible answers ranged from “Entirely agree” (7) to “Entirely disagree” (1) on a seven-point Likert scale. Table 5 shows the mean, median, and interpolated median of the answers for the respective questions.



The statement with highest disagreement (interp. median of 2.2) is the one that there is enough public funding opportunities for P2X. This is in line with the fact that the respondents agree that there is a need for further funding and support schemes in order to outset the implementation of this technology, most importantly for innovation markets, but also for P2X producers, and least for consumers of electrofuels. The creation of a robust policy framework is indeed important, as P2X technologies have a power to redraw the geography of energy trade [62], independent on which derivative the X represents. Positive political environment on P2X is raising momentum in Denmark, it is therefore anticipated that concrete policy framework and strategy for deployment of P2X will be developed soon as a part of the CO2 reduction targets [15] as well as long-term energy transition vision.



The statement with the highest rate of agreement is that P2X fuels need to meet a mandatory low carbon footprint to contribute to reductions of carbon emissions. This is in line with different types of P2X and especially targets the origin of carbon source for carbon-based P2X products. Even in policies, the biogenic origin of carbon for reuse and utilization for fuel production is granted priority, ahead of reuse of carbon emissions from for example cement production plants [59]. Actually currently, it is up to the Member states to decide whether they will account the latter in meeting their renewable goals [59]. This is primarily to ensure carbon reductions from P2X fuels. However, there have been debates that hydrocarbons produced by P2X are not contributing enough to carbon reduction [63,64]. Therefore, it is important to have LCA results for the specific P2X derivative in order to see their impact on carbon emissions and potential reductions in comparison to other alternatives. Koj et al. [65] report the evident lack of LCA methodological specifications for P2X technologies.



Targeting P2X towards specific markets could enable faster deployment. Experts agree that jet fuels seem to be the most promising. Schmidt et al. [66] have reviewed power-to-liquids and their role in the aviation sector, pointing out that P2X is a viable option for the transformation of the aviation sector. According to the experts, a potential end-use sector is the shipping sector with ammonia, which has been investigated in the literature [67] and also specifically for the Danish case [68]. Another possible application is in the chemical industry to displace fossil-based products.





4. Conclusions


This study provides important insights on the perceptions of 28 Danish experts from both research institutions and industry on the strengths, weaknesses, opportunities, and threats of P2X technology. The main findings of the study could supposedly influence the success of P2X technology in the Danish energy system. The results show that positive factors are considered more important than their negative counterparts, with the only difference in the order assigned to them; the academics stress factors from the strengths category as the most important and practitioners’ opportunities. Both practitioners and academics have two out of three top-rated factors under opportunities. This confirms that they see the potential developments and current frameworks in the surrounding system, in which technology is to be implemented, is more important than the technology-inherent factors.



Both academics and experts from the industry point to Denmark being a P2X knowledge hub (top three priority score overall) as a driver for this technology, both locally but also as being a knowledge exporter. P2X could be seen as a new industrial success story in Denmark due to the strong industrial environment, wind developments, and already high share of renewable electricity in the energy system. Danish experts agree that the main contribution for P2X technology should be its application in the transport sector, as a solution for the decarbonisation of the aviation and shipping sectors as well as long-haul road transport.



We found consistency in the Strength and Threats category, while the Opportunities and Weaknesses categories point towards some disagreements between academic experts and practitioners. While industrial experts are concerned about the lack of P2X cost competitiveness, in connection with the uncertainty upon fuel market readiness or support schemes, academics are pointing towards the lack of the production capacity and current technological development status. Academics see consensus of the limited biomass availability as a main opportunity for P2X (as it can offer reduction or elimination of biomass use for fuel production), while practitioners do not value this factor highly within the SWOT category. Finally, both academic experts and practitioners point towards the need for improving the current regulatory framework in order to enable the faster deployment of this technology. Further research is needed to investigate the implications of the different policy initiatives and strategies on the potential deployment of P2X.
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Figure 1. Number of publications between 2014 and October 2020 that include the term Power-to-X in the title, abstract, or keywords according to the literature database Scopus. Excluding not relevant publications as P2X term stands also for P2X7 and paclitaxel. 
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Figure 2. Illustration of integrated SWOT-AHP analysis results as perceived by academic experts. The highest importance is highlighted in yellow; the lowest importance in grey. 
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Figure 3. Illustration of integrated SWOT-AHP analysis results as perceived by practitioners. The highest importance in the field is marked in red, the lowest importance in grey. 
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Table 1. Composition of the samples of the first and second phases of the empirical survey.
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Approach

	
Research

	
Practitioner

	






	

	
Academic

experts

	
Public

authorities

	
Energy providers/

Network operators

	
Technology producers

	
Other *

	
Total




	
SWOT Phase 1 qualitative

	
3

	
1

	
4

	
3

	

	
11




	
SWOT Phase 2 semi-quantitative

	
11

	
1

	
2

	
4

	
10

	
28








* “Other” category mainly represents consultancies and end-users such as maritime or air transport companies.
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Table 2. Overview of the main SWOT factors regarding Power-to-X in Denmark based on the first round of expert interviews.






Table 2. Overview of the main SWOT factors regarding Power-to-X in Denmark based on the first round of expert interviews.





	

	
Positive

	
Negative






	
Internal

	
Strengths

	
Weaknesses




	
Sa: P2X improves system flexibility

	
Wa: P2X lacks cost competitiveness due to

electricity price and electrolysis CAPEX




	
Sb: P2X enables sector coupling

	
Wb: P2X lacks upscaling and manufacturing

production capacity




	
Sc: P2X provides a large spectrum of end-products that are compatible with existing infrastructure and equipment

	
Wc: P2X technologies have low

production efficiency




	
Sd: P2X contributes to decarbonize parts of transport sector not suitable for direct electrification

	
Wd: P2X technologies are immature and have short lifetime (electrolysis)




	
External

	
Opportunities

	
Threats




	
Oa: The European Union ambitious climate targets support further expansion of renewable energy.

	
Ta: Competitive technologies are more visible and economically attractive




	
Ob: Consensus on limited biomass availability and the need to minimise its use

	
Tb: Uncertainty upon fuel market readiness or support schemes.




	
Oc: Existing district heating networks can benefit from excess heat from the P2X processes.

	
Tc: Rising electricity prices




	
Od: Denmark is a P2X knowledge hub.

	
Td: Uncertainty on the climate agenda due to

external shocks such as the COVID-19 pandemic
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Table 3. Consistency ratios.
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	Strengths
	Weaknesses
	Opportunities
	Threats
	Groups





	Academics
	0.05
	0.04
	0.01
	0.03
	0.00



	Practitioners
	0.02
	0.00
	0.01
	0.00
	0.02
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Table 4. Priority scores given to different SWOT factors and categories by academics and practitioners.
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Factor Priority

	
Overall Priority




	

	
Academics

	
Practitioners

	
Academics

	
Practitioners






	
Strengths

	

	

	
0.41

	
0.26




	
Sa: P2X improves system flexibility

	
0.09

	
0.14

	
0.04

	
0.04




	
Sb: P2X enables sector coupling

	
0.15

	
0.25

	
0.06

	
0.07




	
Sc: P2X provides a large spectrum of end-products that are compatible with existing infrastructure and equipment

	
0.17

	
0.26

	
0.07

	
0.07




	
Sd: P2X contributes to decarbonize parts of transport sector not suitable for direct electrification

	
0.60

	
0.35

	
0.24

	
0.09




	
Weaknesses

	

	

	
0.09

	
0.20




	
Wa: P2X lacks cost competitiveness due to electricity price and electrolysis CAPEX

	
0.23

	
0.45

	
0.02

	
0.09




	
Wb: P2X lacks upscaling and manufacturing production capacity

	
0.34

	
0.27

	
0.03

	
0.05




	
Wc: P2X technologies have low production efficiency

	
0.10

	
0.14

	
0.01

	
0.03




	
Wd: P2X technologies are immature and have short lifetime (electrolysis)

	
0.33

	
0.14

	
0.03

	
0.03




	
Opportunities

	

	

	
0.39

	
0.35




	
Oa: The European Union’s ambitious climate targets support for further expansion of renewable energy.

	
0.23

	
0.29

	
0.09

	
0.10




	
Ob: Consensus on limited biomass availability and the need to minimise its use

	
0.32

	
0.18

	
0.12

	
0.06




	
Oc: Existing district heating networks can benefit from excess heat from the P2X processes.

	
0.15

	
0.20

	
0.06

	
0.07




	
Od: Denmark is a P2X knowledge hub.

	
0.31

	
0.33

	
0.12

	
0.12




	
Threats

	

	

	
0.11

	
0.18




	
Ta: Competitive technologies are more visible and economically attractive

	
0.23

	
0.18

	
0.03

	
0.03




	
Tb: Uncertainty upon fuel market readiness or support schemes.

	
0.41

	
0.53

	
0.05

	
0.09




	
Tc: Rising electricity prices

	
0.20

	
0.15

	
0.02

	
0.03




	
Td: Uncertainty on the climate agenda due to external shocks such as the COVID 19 pandemic

	
0.16

	
0.14

	
0.02

	
0.03








Bold values indicate the highest priority scores for each factor and category.
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Table 5. Statistical analysis of the answers from both academics and practitioners.
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	Statements on Potential Niche Markets, Regulatory Framework and Incentive Structures of P2X
	Mean
	Median
	Interp. Median





	There is currently enough public funding for P2X
	3.3
	2.0
	2.2



	Ammonia combustion engines are solution for lorries. trucks and tractors
	4.1
	4.0
	3.7



	Blending options for P2X fuels (such as methanol and DME) have been sufficiently

investigated
	4.3
	4.0
	3.8



	Hydrogen bus fleets are an essential stepping stone to push the development of P2X further
	4.4
	5.0
	4.7



	Methanol fuel cell cars are a potential niche market
	5.0
	5.0
	4.8



	Small decentralised ammonia production for agricultural industry is an attractive

niche market
	5.3
	5.0
	4.9



	CO2 price of 150€/t is sufficient to enable P2X implementation
	6.0
	6.0
	5.4



	Methanol is attractive for the shipping sector
	5.5
	6.0
	5.6



	Mandatory blending is needed to create competitiveness on the fuel market
	5.6
	6.0
	5.7



	Green hydrogen is attractive for industrial processes in the existing industry
	5.5
	6.0
	5.7



	CO2 taxation is needed to enable P2X implementation
	6.0
	6.0
	5.9



	E-methanol is attractive for chemical industry
	5.7
	6.0
	6.0



	Ammonia is attractive for the shipping sector
	6.0
	6.0
	6.0



	P2X fuel certification needs to be further investigated
	6.1
	6.0
	6.0



	Support schemes for consumers of e-fuels are required
	6.3
	6.0
	6.0



	P2X should be prioritized in the chemical and pharmaceutical industry
	6.0
	6.0
	6.1



	High purity CO from electrolysis is an interesting option for industrial purposes
	5.8
	6.0
	6.1



	Support schemes for P2X producers are required
	6.3
	6.0
	6.3



	Replacing black hydrogen with green hydrogen in refineries is a transition step to P2X fuels
	6.2
	7.0
	6.5



	Support schemes for innovation markets are needed
	5.9
	7.0
	6.5



	Support schemes for R&D and demonstration (flagship) projects are required
	6.0
	6.5
	6.5



	Mandatory low-carbon footprints of new projects are needed in order to demonstrate

contribution to CO2 reductions
	6.3
	7.0
	6.5



	Jet fuels are a target market for electrofuels
	6.0
	7.0
	6.7



	P2X fuels need to meet a mandatory low carbon footprint in order to contribute to CO2

reductions
	6.3
	7.0
	6.7
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