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Transforming the energy system towards more sustainability can only be achieved through a combination of low-carbon energy, energy efficiency, and the coupling of energy sectors. In this context, the application of Power-to-Hydrogen concepts for managing demand, providing seasonal storage, and linking elements between different sectors has attracted significant interest during the last decade. Demonstration is a key first step towards large-scale market introduction. This paper presents the results of a review of 192 Power-to-X demo projects in 32 countries. Results show that the features of demonstrations have evolved significantly over the years: electrolysis capacity has increased, both for PEM and alkaline systems, and the potential for balancing and ancillary services is increasingly investigated via grid-connected demos. The scope of Hydrogen-to-X pathways has also evolved over the years, mainly to include industry applications.

Introduction

Transforming the energy system to a more sustainable system, with a significant reduction of CO2 emissions in accordance with the Paris COP21 agreement [START_REF]Paris Agreement[END_REF], is the guiding principle of the national energy policies. [START_REF] Reetz | Das Micro Smart Grid als Baustein einer zukunftsfähigen Energieversorgung[END_REF] Parties of 197 have ratified the COP21 agreement [START_REF]Paris Agreement[END_REF], with the following goals: limit global warming below 2°C above pre-industrial levels and aim to limit the increase to 1.5 °C, set global emissions to peak as soon as possible, reduce emissions in accordance with the best available science. Developing countries shall receive support for adapting to the targets and specific climate actions are developed in Parties. In Europe for instance, the climate goals are threefold [START_REF]EU climate action[END_REF]: i/ At least 20% (2020), 40% (2030) and 80% (2050) cut in greenhouse gas emissions should be achieved compared to 1990 levels; ii/ At least 20% (2020), 32% (2030) of total energy consumption from renewable energy should be reached, and iii/ At least 20% (2020), 27% (2030) increase in energy efficiency should be gained. Such a transformation is demanding and all the means need to be leveraged, i.e. a combination of low-carbon energy, energy efficiency, and the coupling of energy sectors [START_REF] Robinius | Linking the Power and Transport Sectors-Part 1: The Principle of Sector Coupling[END_REF]. Due to the increasing penetration of renewable energies in the energy mix, balancing generation and demand for grid stability is becoming increasingly challenging. Solutions like creating a transmission super-grid, smart grids and demand management, or back-up capacity implementation could assist in overcoming this issue; but new measures that go beyond increasing transmission and distribution capacity and flexible generation or consumption will need to be introduced to manage the grid efficiently, as the level of renewable energy sources is increased. In this context, hydrogen systems are included in the global discussion on energy system progression [START_REF] Kikkert | The effect of power renewables on the grid in 20 years' time[END_REF]- [START_REF] Iea | The Future of Hydrogen. Seizing today's opportunities[END_REF]. The application of Power-to-Hydrogen concepts for managing demand, providing seasonal storage, and the linking element between different sectors (electricity generation, gas grids, transport and industry), has attracted significant interest during the last decade [START_REF] Iea | The Future of Hydrogen. Seizing today's opportunities[END_REF].

Power-to-Hydrogen (PtH) can support the integration of fluctuating renewable sources of power generation and convert (surplus) electricity to hydrogen. Power-to-Hydrogen systems can be used on-or off-grid and serve as a measure to avoid curtailment of excess electricity, or adjust the power demand they represent to provide load balancing, stabilization, or other electricity grid services. This is made possible by the characteristics of hydrogen production through water electrolysis to quickly adjust the power consumption: electrolysers can reach full load operation in a few minutes, even a few seconds [START_REF] Godula-Jopek | Hydrogen production by electrolysis[END_REF]. In addition, chemical energy carriers such as hydrogen can also facilitate large-scale long-term storage due to its high specific energy density and the comparatively low storage costs. Further down the value chain the hydrogen can be deployed in a large portfolio of applicationstermed as "Hydrogen-to-X" (HtX). Possible applications for hydrogen are: fuel cells in transport (HtF-H2); other transport pathways include using hydrogen to produce synfuels such as methanol or biofuels (HtF-S), or gas fuels for transport (HtF-G), "green" gas through methanation (PtG-M) or direct blending of hydrogen with natural gas (PtG-H2) [START_REF] Schiebahn | Power to gas: Technological overview, systems analysis and economic assessment for a case study in Germany[END_REF], in the industry e.g. refineries (HtI), heat generation (HtQ), production of chemicals (HtCh), and for re-electrification into the electricity grid or remote areas (HtP). Thereby, hydrogen interlinks the power sector to other energy intensive sectors (heat, transport, industry). This leads to consider an integrated energy system with interconnections between the energy carriers [START_REF] Decourt | Leading the energy transition. Factbook. Hydrogen-based energy conversion. More than storage: system flexibility[END_REF]. The total value chain from power generation to the usage of hydrogen in diverse applications is commonly termed "Power-to-X". Note that "Power-to-Gas" can be used in the literature to refer to PtH systems or PtG-M and PtG-H2 pathways. An attempt at categorizing precisely the different PtH -HtX pathways was presented in [START_REF] Dickinson | Power-to-Hydrogen and Hydrogen-to-X pathways: opportunities for next generation energy systems[END_REF] [START_REF] Dickinson | Power-to-Hydrogen and Hydrogen-to-X pathways: opportunities for next generation energy systems[END_REF]. Figure 1 summarizes the different Powerto-X pathways. 6 categories and 9 sub-categories are identified downstream hydrogen production ("Hydrogen-to-X" part). In this context, Power-to-X demonstrations are developed throughout the world to explore the potential of Power-to-X by identifying previously established knowledge and remaining concepts which should be further developed, before reaching the market. This work, carried out under the umbrella of Task 38 of the International Energy Agency's Hydrogen Technology Collaboration Programme [START_REF] Lucchese | Power-to-Hydrogen and Hydrogen-to-X: Midterm appraisal of the IEA HIA Task 38 accomplishments[END_REF], aims at reviewing all the PtH and HtX demonstrations that have been implemented around the world, to analyse the general trends and coverage, and remaining unknowns. The focus is put on the existing demonstrations, i.e. projects having a purpose of learning about the technology or system. Investigating the commercial plants is beyond the scope of this paper. So is a prospective study on planned projects. Indeed, the ultimate goal is to propose a roadmap depicting the needs for future projects based on what was demonstrated so far (be it in technical, economic or other terms such as regulation), which will be done in collaboration with the IEA. The following section briefly describes the methodology and selected parameters for a review of 192 demonstration projects in 32 regions (see Appendix 1). Section 3 then provides the analysis of the results, focusing first on the Hydrogen-to-X part, and then on the electrolysis system (Power-to-Hydrogen). The aim is to provide insights about the general trends, and obviously not an in-depth analysis of each demonstration project.

Methodology

As stated in the introduction, 192 demonstration projects were reviewed using a methodology developed in several steps. The demonstration projects were first identified, using the expertise of the Task 38 members. The time coverage started from the oldest demonstration that was identified (in the eighties) up to now.

Over 40 parameters characterizing the demonstrations were identified (see Appendix 2 for the list):

-Overview: Project location, start date, duration of demonstration, investigated pathways, consideration of services to the grid; -Technical specifications: Type of electrolysis system, installed capacity of electrolyser, power supply scheme (on-grid, off-grid, on-grid + connection to renewable energy source (RES)), in case of renewable connection: type of power supply (e.g. all-in, excess power) and RES capacity, type of hydrogen storage (CHG, MH, CNG, salt cavern, etc.), capacity of hydrogen storage, hydrogen production mode (baseload, flexible), load factor and efficiency; -Objectives: overall scope and demonstration objective(s); for example, technical, economic, other, and more specifically, when relevant: focus of technical objective (component, system, pathway), type of technical objective (operation validation, efficiency improvement, upscaling, etc.), type of economic objective (e.g. hydrogen production cost optimisation), type of regulatory objective; -Results and maturity: Major technical results of the demonstrations, major economic results, technology readiness level (TRL) and market readiness level (MRL). -Legal aspects: Specific regulations taken into account, certification scheme considered, green labeling for hydrogen production, policy support scheme, avoidance of grid fees, maximum hydrogen concentration in the natural gas grid, and incentives if any. -Future plans: Planned future demonstrations, connection with other demonstrations, links to a roadmap, steps towards the market and messages to policy makers.

To collect the data for all the demonstrations, the demonstration coordinators were contacted directly using a template questionnaire. Also, data was collected from the literature. Over 200 references were consulted, including scientific papers, specific studies on Power-to-Gas projects, articles and news, dedicated platforms (European Power to Gas, DOE global energy storage database, EASE, Dena, etc.) [START_REF]Energieinstitut an der Johannes Kepler[END_REF]- [START_REF] Philibert | Renewable energy for industry[END_REF].

The results are detailed and discussed in the following section. Note that the information regarding each demonstration project is not always available; therefore, the demonstration numbers may not always sum up to 192 (and each indicator listed in the Appendix 2 was not used). Moreover, multiple nominations may be allowed on certain indicators (such as the investigated pathways), which explains that, on the contrary, totals higher than 192 may be noticed.

Results

General outlook

192 demonstration projects were examined in 32 different countries, the HYSOLAR project being the first demonstration being identified in 1985, designed by the German Aerospace Center (DLR) and the University of Stuttgart, and implemented in two different countries (Saudi Arabia and Germany). Demonstration projects are implemented in each continent except for Africa (cf. Figure 2), Europe leading the way with 154 projects, and more specifically Germany being far from the other countries with 50 demonstration plants. Demonstration projects have been installed for over twenty years, and we can notice a considerable increase from 2010 onwards. Of these projects, 69% are completed and 31% are still ongoing, which reflects hydrogen being on the current research agenda. 

Pathway trends ("Hydrogen-to-X")

Hydrogen is versatile. To investigate which pathways are more explored, Figure 3 shows the number of demonstrations for each of the Hydrogen-to-X (HtX) pathways being identified in Figure 1. Since each demonstration project can address more than one pathway, multiple nominations in different categories have been taken into account. Overall, the pathways that have been addressed most extensively are Hydrogen-to-Power (HtP) and Hydrogen-to-Fuel (HtF). As to the first, this is even more so if we take into account that 85% of the Hydrogen-to-heat (HtQ) projects are related to HtP as well through Combined Heat and Power (CHP) concepts. At first glance, hydrogen use for industry or chemical applications seems less investigated, with only 7% of demonstrations covering this pathway. If we look at the temporal progression of the different pathways (cf. Figure 4), HtP and HtF have also been the pathways that have raised interest first, which contributes to explain that they appear more often among the demonstrations: they have been investigated since the beginning and still are.

Hydrogen-to-Gas (HtG) applications have emerged in the early 2000's and had a boom ten years later. Most recently, the number of demonstrations on Hydrogen-to-Industry (HtI) and Hydrogen-to-Chemicals (HtCh) have risen significantly, and are now close in number to the other pathways. Since they raised interest later, it is quite logical that, overall, there are fewer of them. When we consider more specifically the role of H2 as a fuel (HtF) or a gas (HtG), it can be seen in Figure 5 that pure hydrogen as a fuel is the most investigated pathway, rather than H2-based mixtures. It should be noted however that demonstrations on liquid synfuels only started in 2010, along with the interest for Hydrogen-to-Industry and Hydrogen-to-Chemicals as in the literature [START_REF] Philibert | Renewable energy for industry[END_REF], making them as of today a viable alternative to pure H2 gas for fuelling applications. With respect to Hydrogen-to-Gas, Figure 5 indicates that the injection of synthetic methane is more investigated than the direct injection and blending of pure hydrogen into the natural gas grid. This may be explained by the regulation challenges regarding the latter pathway (the allowed hydrogen concentration in the natural gas network may vary significantly from one region to another) [START_REF] Dolci | Incentives and legal barriers for Power-to-Hydrogen pathways: An international snapshot[END_REF]. However, this state of affairs also calls for demonstrations in order to establish the actual technical limits, push them back, and make regulation advance on this topic. Finally, with respect to the multiple nominations, it can be seen in Figure 7 that in most cases demonstration projects still focus on one specific application. However, demonstrations have gradually examined multiple pathways (up to 5) within the same project. In the recent years, the majority of demonstrations are dedicated to two or more applications. This trend reveals an increasing interest in investigating hydrogen versatility in the field. Investigating a given pathway does not depend on how many applications are considered: all the pathways appear in the demonstrations, whatever how many pathways are being considered. In other words, each pathway seems relevant by itself. 

Focus on Power-to-Hydrogen

In this section, the focus is put on the demonstration upstream: the Power-to-Hydrogen part, i.e. the production (and storage when requested) of hydrogen from low-carbon electricity, either from the grid or off-grid. As the power supply scheme is a crucial topic for the production of "green" or lowcarbon hydrogen, the power source of the projects was identified and classified in three main categories: on-grid supply (connected to the power grid), off-grid supply (only powered by renewable energy installed nearby or micro-grids isolated from the public power grid), and "on-grid + RES", meaning that two connections co-exist: a direct connection with a renewable capacity, as well as a grid connection. As shown in Figure 8 (left), the majority of demonstrations have focused so far on off-grid systems (52% vs. 29% for on-grid demonstrations and 19% for on-grid + RES). Moreover, almost all of the renewables considered were coming from wind power (cf. Fig. 8 right). In recent years however, ongrid systems start to prevail (cf. Figure 9). This may be due to the fact that the pathways may be investigated with a more holistic approach (what could be the contribution of hydrogen to the energy system), including the potential input to help balancing the electric system. Indeed, 41% of the demonstration projects that started after 2015 include grid balancing services, while only 22% in the period 2010-2014, 8% between 2000 and 2010, and zero before 2000. Three electrolyser technologies are considered in general: alkaline electrolysers, PEM (Proton Exchange Membrane) electrolysers, and SOEC (Solid Oxide Electrolysis Cell) electrolysers. PEM electrolysis is the technology often promoted in a context of rising renewable energy shares, due to interesting features: high current densities (>2 A/cm²), gas purity, compact system design and dynamic operation [START_REF] Saba | The investment costs of electrolysis-A comparison of cost studies from the past 30 years[END_REF]. Alkaline electrolysers are commercially-available but less flexible, even though they can still be operated between 20 and 100% of the design capacity, and overload operation up to 150% is possible [START_REF] Gotz | Renewable Power-to-Gas: A technological and economic review[END_REF]. By 2030, the capital costs of these technologies are expected to converge [START_REF] Proost | State-of-the art CAPEX data for water electrolysers, and their impact on renewable hydrogen price settings[END_REF]. SOEC electrolysers are at an earlier stage of development but may become a key technology in the energy system to come, thanks to specific features such as the potential to work in a reversible mode or to co-electrolyse water and carbon dioxide to produce syngas [START_REF] Mougin | Hydrogen production by high-temperature steam electrolysis[END_REF]. All these technologies are investigated by the project demonstrations. It can be seen in Figure 10 that alkaline and PEM electrolysers are almost as often selected (50% of the demonstrations assess alkaline electrolysers; 42% PEM). As a result, the total installed capacity over the years is similar: 45.7 MW of alkaline electrolysis vs. 37.5 MW for PEM. The situation differs greatly for SOEC electrolysers. This technology, even though promising, is much less mature. As a result, demonstrations are still at a different scale: SOEC are investigated in only 8% of the demonstration projects, with a mere 0.55 MW being installed. Figure 11 and 12 consider in more detail the installed PtH electrolyser capacity as a function of starting date, both on a year-to-year basis (Fig. 11) and cumulatively (Fig. 12). Although alkaline is a more mature technology that was also installed first, very similar trends can be observed with a 5year interval. Moreover, an upscaling phenomenon can be seen, the yearly total installed capacity per demonstration reaching 10 MW in recent years. The electrolysis system efficiency was also assessed from the available data. To this end, the total installed electrolyser capacity (in MW) was plotted as a function of H2 output (in Nm 3 /hr), whenever available. The slope of a linear fit through such data is then inversely proportional to the system efficiency. The results are shown in Figure 13. It appears that, contrary to what is often being claimed in the literature, no significant difference can be observed between alkaline and PEM systems. For ≤2 MW systems, the slopes are even identical, resulting in an average efficiency of 73%, based on a slope of 4.9 kWh/Nm 3 and a HHV value of 3.54 kWh/Nm 3 . Moreover, when looking at the temporal evolution in Figure 14, the efficiency values are quite scattered, and no obvious trend can be observed. Also in the framework of Task 38 of IEA Hydrogen, an international network of experts assessed the techno-economic potential of Power-to-Hydrogen pathways. From their review of 230 internationally-published studies [START_REF] Robinius | Techno-economic potential of Power-to-Hydrogen pathways: An international literature review[END_REF], two thirds of the studies assume an average electricity consumption of 45 to 50 kWh/kgH2. Finally, regarding storage, 79% of the demonstration projects that provide information on this matter, include a storage option. Most of these projects considered a compressed hydrogen gas technology to store the produced hydrogen (cf. Figure 15). In what follows, the percentages are based on these 156 projects. 100 % of demonstrations have technical objectives, with 91% of these projects testing the operational validation, 88% evaluating the efficiency, and a mere 27% considering an upscaling plan. Since 2010, the interest in only the technical aspects of the demonstrations has been decreasing. Economic assessments are included in the demonstration objectives as well (cf. Table 1). 42% of the projects have an economic objective, of which only 14% consider the H2 production cost though. When studying the other targets of the projects, it appeared that most of the direct feedbacks received indicated a regulatory objective, while in the reviewed literature only 2% of the projects highlighted the regulatory aspect. This shows that the regulatory objectives are rather implicit subjects, yet crucial ones, as mentioned previously.

Conclusion

'Low-carbon' hydrogen (i.e. H2 produced through low-carbon pathways) can be used by many energy-consuming services. It has a potential role to play in the electric, gas, transport, and industrial sectors. Demonstrations are a key step towards reaching the market. A review of the Power-to-X projects in the world was carried out, identifying 192 demonstrations in 32 countries. Results show that the features of demonstrations evolved significantly in the recent years. The investigated pathways diversified, with a recent interest for industry applications. This is happening in the context of a recent and general momentum for industry applications, both at national and international levels [START_REF] Iea | The Future of Hydrogen. Seizing today's opportunities[END_REF], [START_REF] Philibert | Renewable energy for industry[END_REF],[236]- [238]. Also, recent studies showed that only approaches favoring synergies between sectors and acknowledging sector coupling can reveal the full potential of hydrogen to decarbonize the energy system [START_REF]H2 at scale: Deeply Decarbonizing Our Energy System[END_REF]- [START_REF] Vita | Sectoral integration-long-term perspective in the EU Energy System[END_REF]. Accordingly, demonstrations consider several applications simultaneously, together with an increase of on-grid systems investigating the potential of providing system balancing to the electric grid. This reviewing work is the first step towards an international roadmap, to be designed with the IEA, in order to better identify what are the demonstrations that are required and focus the effort on the most relevant topics, in order to reach the different markets in the near term. The increasing installed capacities of electrolysers show that we are on the way. 
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 14 Figure 14. Evolution of Alkaline and PEM efficiencies in function of time, as calculated from Fig. 13

Figure 15 .

 15 Figure 15. Demonstration storage technology

Table 1 . Demonstration objectives Demonstration start date Share of demonstrations with technical objective(s) only Share of demonstrations with economic objective(s)

 1 

	Before 2000		92%	8%
	2000-2004		35%	47%
	2005-2009		62%	18%
	2010-2014		46%	41%
	Since 2015		33%	39%
	Total	(90	58%

demos out of 156) 42% (66 demos out of 156)
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Appendix 2: List of indicators.

% Av. data provides information about the percentage of demonstrations for which data was available and so the indicator was filled in. 

Indicator