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INTRODUCTION

The storage of surplus electricity is critical to facilitate the large-scale integration of intermittent
renewable technologies into energy systems. In this regard, power-to-X (PtX) technologies are a
promising approach to convert and store excess renewable electricity in the form of synthetic fuels,
chemicals, and other energy carriers, and to contribute decarbonizing difficult-to-abate sectors such
as heavy/long-distance transport and industry (Lund et al., 2015). However, further development of
PtX technologies faces sizeable challenges, including process efficiency limitations, limited
availability of affordable (quasi) carbon-neutral carbon dioxide (CO2) sources for hydrogenation,
and economic aspects (Eveloy, 2019). Such challenges need to be overcome for PtX products to
compete economically and in terms of environmental impact with conventional and other alternative
energy vectors.

This Frontiers in Energy Research special issue seeks to present recent advancements, and identify
challenges and future research needs in the area of PtX. The collection brings together nine research,
review, and perspective articles contributed by researchers from academia, government, and industry
based in Europe, Australia, and the United States. The topics of these articles are categorized herein
into three areas, namely, PtX processes (4 articles), systems (3 articles), and deployment (2 articles).

PTX PROCESSES

The identification of optimum PtX energy vectors and synthesis pathways for a given application,
based on technical and economic considerations, is being extensively pursued (Rego de Vasconcelos
and Lavoie, 2019). In terms of energy carriers, hydrogen and methane produced using power-to-gas
processes (Götz et al., 2016) have been the most widely investigated to date. Despite the need for
additional process steps, equipment, and conversion losses relative to hydrogen, synthetic methane
would be more readily supported by existing large-scale gas infrastructure (Lehner et al., 2014) than
either pure or blended hydrogen, depending on blending regulations. A sustainable and affordable
source of CO2 is however required (Schiebahn et al., 2015). Although synthetic methane could
provide a suitable source of CO2, the direct use of biogas in power-to-methane processes without
CO2 separation from biogas could reduce process complexity, greenhouse gas (GHG) emissions, and
cost, subject to biogas availability. Focusing on the direct use of biogas in power-to-methane
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processes, Calbry-Muzyka and Schildhauer reviewed key
challenges associated with the treatment of biogas impurities,
and discussed both competing methanation reactor and final
upgrading process concepts at a high technology readiness level
recently demonstrated at relevant scales. A potential alternative
direction to reduce the number of methane synthesis process
steps, equipment size, GHG emissions, and cost is based on one-
step, in situ solid oxide cell steam and CO2 co-electrolysis.
Focusing on such processes, Biswas et al. reviewed recent
advancements and challenges in solid oxide cell materials,
design, and optimized operating conditions. Ultimately, to
effectively and comprehensively evaluate the potential of PtX
technologies to contribute to meeting emission reduction targets,
life cycle assessments are required (Sternberg and Bardow, 2015;
Wevers et al., 2020). Schreiber et al. presented a life cycle
assessment of high-temperature co-electrolysis–based power-
to-syngas in the context of German Climate Action Plan 2050
energy scenarios. Generalizing the PtX concept (Bailera et al.,
2017), solar-powered semiconductor-based artificial
photosynthesis is another category of processes having the
potential to reduce the complexity and increase the efficiency
of water and/or CO2 conversion processes to produce hydrogen,
methane, syngas, liquid fuels (e.g., methanol), and chemicals (e.g.,
ammonia and formic acid). Mi and Sick provided a perspective
on recent developments and techno-economic prospects of three
major such process paths, namely, photocatalytic,
photoelectrochemical, and photovoltaic-electrolysis, in terms of
efficiency, stability and cost, and candidate promising
semiconductor light absorber materials and catalysts.

PTX SYSTEMS

The design, evaluation, and optimization of PtX systems involve
efforts at the prototype to plant or facility level, using a
combination of experimentation and modeling. At the PtX
prototype element level, Barton et al.
experimentally characterized and modeled the dynamic
performance of a novel nickel–iron battery-electrolyzer or
“battolyser” prototype cell intended for both short-term (as a
battery) and long-term energy storage (as an electrolyzer), either
in remote mini-grid or national energy system applications. At
the prototype level, bioelectrochemical power-to-methane
reactors may offer a low-energy, single-step methanation
route (i.e., without the need for preliminary hydrogen
production) with simultaneous wastewater treatment.
Molognoni et al. experimentally investigated the long-term
performance of such a prototype reactor integrating CO2

capture in wastewater via membrane contactors. At the
facility level, combined cycle power plants in future
renewable-dominated energy systems are expected to mainly
serve as flexible regulating generators, the efficiency and
economics of which could be adversely affected by low
capacity/load utilization (Song et al., 2020). Bailera et al.
investigated the use of power-to-methane under a range of
combined cycle power plant start-up scenarios to virtually

reduce plant minimum complaint load, hence augmenting
electricity revenues and reducing specific CO2 emissions.

PTX DEPLOYMENT

PtX techno-economic deployment studies and demonstration
projects are critical to identify optimum plant configurations
and their integration into energy systems, including supporting
appropriate market structures and regulatory frameworks (Bailera
et al., 2017; Eveloy and Gebreegziabher, 2018). The strategic role,
cost, and value creation of PtX applications require to be carefully
assessed to enable effective deployment strategies (Parra et al.,
2019). Wulf et al. reviewed 220 PtX demonstration projects in
Europe, in terms of commissioning time, location, capacity,
electricity/CO2 sources, electrolysis, and hydrogen post-processing
technologies, and targeted PtX product applications, leading to
recommendations on future PtX project strategies. Focusing on the
management of wind generation in the 2030 Great Britain energy
system, Ameli et al. evaluated an integrated, optimized approach to
operate gas and electricity systems assisted with power-to-gas and
other flexibility technologies, to reduce annual operating cost and
GHG emissions, and improve the security of gas supply.

OUTLOOK

This Research Topic collection advances our understanding on the
emerging and important role that PtX technologies are likely to play in
future energy systems, as well as on challenges and future research
needs in these areas. The further development of PtX technologies will
ultimately depend on the level of decarbonization and renewable
energy penetration in energy systems. Diversity in processes, products,
and applications is essential to optimize the use of local resources in
meeting local, national, and global energy/feedstock demands, while
minimizing deployment risks. TheGuest Editors hope that the readers
of this collection will find the research presented informative and
useful in pursuing their own research and development activities in the
areas of PtX and sustainable energy systems.
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