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Water electrolysis is considered as a cornerstone technology for the large scale storage of energy and for carbon abatements in the frame of the energy transition. The purpose of this research work was to analyze power grid operational constraints, to design specific load profiles of interest for power grid management and then to use these protocols for the characterization and qualification of polymer electrolyte membrane (PEM) water electrolysers in view of grid balancing services. In the first section, management constraints of European power grids are described and analyzed. Using a typical regulation mechanism as an illustrative example, power specifications for primary and secondary reserve management are specified. The economics of such management procedures is also analyzed. In the second section, some key technical characteristics of PEM water electrolysis stacks are described. Test specifications designed for the qualification of water electrolysers to both primary and secondary reserve markets are defined. In the last section, selected test results are reported and the ability of PEM water electrolysis stacks to provide the services of interest is analyzed. In particular, a set of key performance indicators, designed for the characterization of

INTRODUCTION

Large scale energy storage is at the heart of the energy transition [START_REF] Michalski | Hydrogen generation by electrolysis and storage in salt caverns: Potentials, economics and sytems aspects with regard to the German energy transition[END_REF][START_REF] Akizu | Tracing the emerging, energy transition in the Global North and the Global South[END_REF]. Since the mid-1970s and up to now, hydrogen has been considered as the main chemical energy vector for that purpose.

The so-called concept of hydrogen economy [START_REF] Scipioni | Hydrogen Economy, Supply Chain, Life Cycle Analysis and Energy Transition for Sustainability[END_REF] relies on a two-step reversible process (the water dissociation for energy storage and hydrogen electrochemical combustion in oxygen or air for reelectrification), and establishes water electrolysis as a cornerstone technology for future carbon abatements [START_REF] Weidner | Feasibility study of large scale hydrogen power-to-gas applications and cost of the systems evolving with scaling up in Germany, Belgium and Iceland[END_REF]. Among various technical options, water electro-dissociation based on polymer electrolyte membrane (PEM) cells [START_REF]Hydrogen Production[END_REF][START_REF] Carmo | A Comprehensive Review on PEM Water Electrolysis[END_REF], operating in near-ambient temperature conditions, is currently considered as very promising for operation with transient power sources. Potentially, electrolytic hydrogen could find applications in the domestic, energy and transport sectors.

However, large (> 100 MW) water electrolysis plants will be needed to satisfy future market requirements. Such plants will have to support severe operational constraints, both on the upstream (specified by grid operators) and downstream (specified by hydrogen end-users) sides of the process, including those related to storage and distribution options. The cost of electricity is a key driver for the large scale implementation of such technologies because on large (> MW-scale) water electrolysis plants, the electricity cost amounts up to ~80% of the hydrogen cost [START_REF] Saba | The investment cost of electrolysis-A comparison of cost studies over the past 30 years[END_REF]. In this context, the participation of water electrolysis plants to grid regulation procedures [START_REF] Guinot | Profitability of an electrolysis based hydrogen production plant providing grid balancing services[END_REF][START_REF] Bennoua | Role of hydrogen in resolving grid issues[END_REF] can potentially provide the necessary additional revenues required to reduce the hydrogen production cost down to suitable levels (~ 5 €/kg H2 ), in order to become cost-competitive with steam methane reforming.

Whereas most recent papers related to power grid management discuss issues related to the use of PV [START_REF] Özbay | SMC-DPC based active and reactive power control of griedtied three phase inverter for PV systems[END_REF], wind turbine [START_REF] Fang | Identification of vulnerable lines in power grids with wind power integration based on a weighted entropy analysis method[END_REF], fuel cells [START_REF] Mosaad | Power quality enhancement of grid-connected fuel cell using evolutionary computing techniques[END_REF], or combined technologies [START_REF] Cervantes | A graphical approach to optimal power management for uncertain OFF-Grid PV-FC-electrolyzer-battery hybrid systems[END_REF], the interest of using large power stand-alone water electrolysers to provide grid balancing services is a more recent topic which is currently under investigation among different groups. The purpose of this research paper was to analyze power grid operational constraints, to design specific load profiles of interest for power grid management, and then to use these protocols for the characterization and qualification of laboratory and commercial PEM water electrolysis technologies. In the first section, management constraints of European power grids are described and analyzed. Using a typical regulation mechanism as an illustrative example, power specifications for primary and secondary reserves management are specified. The economics of such management procedures is also analyzed. In the second section, the technical characteristics of PEM water electrolysis plants are summarized. Some test specifications required for the qualification of water electrolysers to both primary and secondary power reserves are defined. A list of key performance indicators used to characterize PEM water electrolysis plants operating under transient power conditions of interest, are provided. Some key findings showing the ability of PEM water electrolysis stacks to satisfy the most stringent grid constraints and to identify remaining technology limitations, are summarized and discussed.

DESCRIPTION OF GRID REQUIREMENTS

Overview of grid management constraints

The synchronous grid of Continental Europe or Continental Synchronous Area (formerly known as the UCTE grid i.e. the grid of the Union for the Coordination of Transmission of Electricity) is the largest synchronous power grid in operation in the world. This is the interconnection of single phase-locked 50 Hz (main frequency) electricity grids that supply over 400 million customers in 24 different countries, including most of the European Union. The reliable operation of such grid is obviously a complex and vital task. A large variety of stakeholders are contributing to the regulation process, in order to ensure the best possible power service, a prerequisite to any economic activity. Transmission system operators (TSO) are entities entrusted to transport energy through fixed infrastructures at local, regional, national or international levels. The TSOs operating the UCTE grid are now part of the European Network of Transmission System Operators for Electricity (ENTSO-E), an association of various European TSOs [14]. The national TSO in continental France is Réseau de Transport d'Électricité (RTE). The job of TSOs is therefore to guarantee the equilibrium between the supply of, and the demand for, electrical power. For both safety and economical reasons, equilibrium and reliability are critical issues. The lack of balance between power generation and consumption can be the source of various critical problems such as frequency fluctuations and interruptions of supply. Market actors incur their financial liability whenever then fail to maintain a set of operational indicators within a range of legal specifications.

Besides the uptime of the supply on the grid, the instantaneous voltage and frequency available any time and in any place on the grid, are the two main parameters that tell the quality of delivered power. In particular, the 50 Hz frequency set point of AC power on the UCTE grid is the main indicator used to assess that the grid is operating in a proper way. When a lack of balance occurs between power generation and consumption (the balance of power imports and exports among interrelated networks is also taken into account), there is a change of frequency on the grid: the frequency tends to increase when more power than necessary is supplied to the grid and conversely, the frequency tends to decrease when the demand overcome the supply. At any time, the frequency should remain within the 49.5 -50.5 Hz range. The situation can be illustrated by the mechanical analogy of Eq. ( 1) where the rotating speed is analog to the grid frequency, the motor torque is analog to the generation load, and the resistant torque is analog to the consumption load, J being the inertia of the electrical system:
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To satisfy such operating requirements, the TSO has several options. In particular, he has at his disposal a primary (PR) and a secondary (SR) power reserves, a list of pre-specified and prequalified volume of power that can be supplied to/withdrawn from the grid within a strict dynamic timeframe. The set of dynamic specifications applicable to both PR and SR in Germany are publicly available [15]. Despite some differences (that should disappear in the near future due to the deeper interconnection of European national grids), a similar set of specification is available in continental

France. From a practical viewpoint, both primary and secondary reserves are put at the disposal of the TSO by producers and consumers via a prescription/market mechanism:

• the mechanism used to release the primary reserve is controlled by the instantaneous frequency on the grid; it is activated by local speed regulators and made available within 30 seconds; its main role is to stop any frequency deviation; when fully activated, the frequency drift is stopped but the difference between actual and nominal frequencies remains unchanged and still needs correction.

• the purpose of the secondary reserve, which is activated after the primary reserve, is to set the grid frequency back to the nominal value; it is made available within 5 minutes; in France, it is activated using a specific command signal designed by RTE and updated every 5 seconds.

The activation of the primary reserve is a continuous process and the activation of the secondary reserve is a semi-continuous process. The technologies which are selected to contribute to this regulation process must be able to continuously adapt their power. The same constraints apply to those who inject power onto the grid (energy producers) and to those who take power from the grid and contribute to the regulation (regulators). In the equations used to define the specifications, there is only a difference of sign (a plus sign for producers and a minus sign for regulators). This difference has no impact on the dynamics of the power flows. In the case of numerical regulation, the sampling rate must be sufficiently high to stick to the specifications. In France and Germany, primary and secondary contributing technologies must demonstrate their ability to operate in a symmetrical way (power injection/withdrawal, at the same rate). There are some differences between the two countries in terms of technical specifications for the secondary reserve. The most stringent conditions imposed in France were used to design the power profiles of interest for the qualification of PEM water electrolysers.

Power specifications for the primary reserve

The entity planning to become an operator on the primary reserve market and seeking the qualification of its equipment (for example a water electrolysis plant operator) for a power amount of PR kW, should demonstrate that its technology can change its baseline power P 0 over the (P 0 -PR) to (P 0 +PR) power range within a maximum of 30 seconds. The driver used to release the PR is the grid frequency. The PR should be released proportionally to the frequency shift measured on the grid, and the total PR amount should be released for a frequency shift of 200 mHz. The amount of power released per frequency unit is given by Eq. ( 2):
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Whenever there is a regulation PR power demand on the grid, the power should be released according to a set of specifications (the situation is summarized in Figure 1 for a ramp-up regulation process):

• 50% of the power must be released in less than 15 seconds.

• 100% of the power must be released in less than 30 seconds.

• The instantaneous fraction of the PR used for regulation should be maintained at least 15 minutes to leave enough time to the TSO to engage the secondary and tertiary reserves in order to bring the frequency value back to the nominal 50 Hz set point.

From a practical viewpoint, the grid frequency is measured locally, close to the place where the equipment used for regulation is connected to the grid, with an accuracy of 10 mHz. The frequency shift threshold for the activation of the primary reserve is 10 mHz. The instantaneous power response of the equipment should not exceed the expected theoretical response and should not oscillate around the power set point once the target value is reached. It should be outlined here that grid power regulation is a dynamic process: there is a continuous variation of the set point. A template is used to control the dynamic response of the equipment. This template contains two model curves that bracket the expected power response of the equipment. The first one is the theoretical and instantaneous set point curve provided by the TSO; the second one is deduced from the theoretical one by applying a first order filter with a time constant of 10 seconds. This is the worst expected response of the qualified equipment. During operation, instantaneous power provided by the equipment should remain at least 95% of the time somewhere between these two limit curves. Let ∆P( ) be the instantaneous power difference between (i) P (t), the instantaneous set point power specified by the TSO (the Heaviside step in red on Figure 1), and (ii) P 0 , the constant baseline power of the equipment operated by the entity. ∆P( ) is a function of PR and of the instantaneous grid frequency f(t):

∆P( ) = P ( ) -P 0 = f( ) -50 . /0.2 (")

A "real-life" example is provided on Figure 2, where the situation that prevails for a 1 MW baseline system qualified for a 200 kW PR (primary reserve) power is highlighted. The plot extends over 30 minutes of time only to better show the fluctuations. The black dotted line (Y-axis on the right side of the plot) shows the instantaneous grid frequency that fluctuates (in this example between ± 50 mHz) due to grid activity. The two-curve template (Y-axis on the left side of the plot) is defined by the green (instantaneous theoretical set point) and red (instantaneous degraded set point still acceptable by the TSO) curves. In order to contribute to the regulation of the grid frequency, the PEM water electrolysis plant must follow the template and spend at least 95% of the time somewhere between the green and red lines otherwise penalties may apply. Controls are made on a periodical basis, either remotely or onsite.

Power specifications for the secondary reserve

The entity who plans to become an operator on the market of the secondary reserve and seek the qualification of its equipment (for example a water electrolysis plant) for a power amount of SR kW, should demonstrate that its technology can change its baseline power P 0 according to Equation (4):

∆P( ) = P ( ) -P 0 = SR .•N (t) (%)
where ∆P(t) has the same meaning as for primary reserve regulation; N (t) is the instantaneous value of the command signal provided by the TSO; SR is the total amount of power qualified by the entity for secondary reserve regulation. Depending on whether power is injected onto (or taken from) the grid, N (t) = ±1. Its sign also depends on whether this is a ramp-up or a ramp-down of power.

There are two main categories of ramps : soft ramps (SR available within 800 s) and emergency ramps (SR available within 133 s). The total amount of power used for SR activities should become available for N = 1 (respectively -1). From the dynamic viewpoint, the expected power response of the equipment should satisfy Equation ( 5) at any time :

P (t) -P * (t) ≤ ) * + •SR•. T eq (,)
where dN/dt is the first time derivative of the command signal N(t) and T eq = 20s is a time constant that expresses the maximum time delay acceptable by the TSO. At any time during the regulation process, the transient power response P * (t) of the equipment should remains within 20 seconds of the power set point P (t) and there should be no scillations around the set point value. Whenever the command signal is lost, it might be reinitialized and dN/dt might take very large values. To avoid problems, the maximum value of dN/dt (met during emergency power ramps) is set to ±2/133 seconds. For SR applications, the equipment should be designed in such a way that the power qualified for regulation should be maintained indefinitely (in practice, until a new set point is provided by the TSO). As for the primary reserve, a two-curve template is used as a guideline to control the dynamic response of the equipment. P * (t) should remain at least 95% of the time somewhere between these two curves. Figure 3 shows two examples of power regulation constraints for the secondary reserve (power ramps up and down). The two power profiles apply to soft (within 800 s) and emergency (within 133 s) power requests. For the ramp-up, the power set point (black line) is given by P c = (P max -SR)+(N x SR). The test starts with N = -1 (P c = P max -2.SR) and ends with N = +1 (P c = P max ). Conversely, for the ramp-down, the power set point (black line) is given by P c = (P min +SR)+(N x SR). The test starts with N = +1 (P c = P max +2.SR = P max ) and ends with N = -1 (P c = P min ). The blue lines show the power limits between which the power of the equipment contributing to the regulation process should remain at any time. The first limits (P c + ε v for ramps-up and P cε v for ramps-down) are defined by ε v which is the measurement uncertainty of the active power (the maximum value of ε v is set to 5% of SR). The second limits (P tolε v for ramps-up and P tol + ε v for ramps-down) are defined by P tol = P c /(1+ T eq . p). This is a tolerated set point obtained by the Laplace transformation (p is the Laplace operator) of P c , using the time constant T eq = 20 s. These two limits are the worst expected responses of the equipment qualified for the secondary reserve regulation. In Figure 3, t b is the time at which the secondary reserve is made fully available on the grid and T is the ramp duration + 100 seconds.

The economics of power grid services

The existing regulation framework was set by successive Energy packages issued in the European legislation. A distinction is made between the operational and the financial responsibility of the different actors, in order to ensure a continuously balanced operation of the European electrical system ("load frequency control"). Grid actors, both electricity producers and commercial companies selling electricity to a portfolio of end-consumers (as well as electro-intensive companies purchasing electricity by themselves through bilateral contracts or orders passed on the gross market, i.e. the European Energy Exchange) are financially responsible for the balance of their portfolio, at anytime. This means that the energy amount consumed by their end-clients (or sold to third parties) has to be equal, at anytime, to the amount of energy there are generating or buying from third parties. If this is not the case, TSOs are charging the concerned misbalances with significant fees. This is a situation illustrating the financial responsibility of each grid user for balancing their operational/commercial activities.

From a technical viewpoint, a perfect balance between energy consumption and supply is scarcely reached since the electrical system and the processes that rule the commercial activities are constantly affected by various perturbations. Indeed, plant outages, the behavior of transmission lines as well as errors made while forecasting expected energy consumption or generation, especially when renewable energy sources such as PV, wind or hydro are used, make the entire system unpredictable. At the same time, TSOs, as grid operators, have the responsibility to ensure anytime the physical balance of energy flows between production (+ import) and consumption (+ export). In order to achieve this critical objective, TSOs can mobilize several types of downward and upward reserves ready to activate anytime, at different rates, as discussed before. The procurement of reserves over variable periods of time occurs typically through call of tenders or auction with different periodicity and contractual duration (TSOs are not allowed to operate production means by themselves, despite some exceptions found in some Eastern Europe countries).

Both producers and consumers (assuming they can offer a critical power capacity) can put capacity at the disposal of the concerned TSO, and get remunerated for this when awarded. Two different kinds of remuneration exist (sometime simultaneously) for the same reserve product. One (in €/MW/h) is based on the availability of the capacity offered (this is called capacity payment). The other (in €/MWh) is based on the amount of energy effectively activated upwards or even downwards (this is called energy payment) during regulation. It should be outlined here that the corresponding energy amounts involved in these regulation processes are small compared to those considered on the European Energy Exchange (EEX) market. Producers can sale their production above market prices and consumers can access cheaper electricity. The main issue is that the operation rate is low: operational expenditures (Opex) of electro-intensive equipments are reduced but the return on investment is much longer than in conventional business.

When a consumer participates to these reserves (demand side management), these two types of remuneration can both or separately contribute to reduce significantly the overall costs related to electricity purchase. Thus, for electro-intensive processes such as water electrolysis, these reserve markets represent a great opportunity for reducing the OPEX part of the hydrogen generation costs.

Some examples of the current remuneration observed on the German auction platform for reserve products can be found in Ref. [START_REF] Smolinka | PEM water Electrolysis for hydrogen production: Principles and Applications[END_REF]. Figure 4 

The PEM water electrolysis plant

Overview of PEM water electrolysis plants

Depending on its size and hydrogen production capacity, a commercial PEM water electrolysis system is either placed in a transportable container, or directly installed on the hall of a plant, usually on industrial sites. Most commercial PEM water electrolysers are designed for operation under stationary power conditions. The objective of this research work was to determine the potential of the technology as a whole (electrolysis stack and balance of plant or BoP) to address markets in transient power operating conditions, and whether it is appropriate or not to provide grid services. Figure 5 provides a schematic overview of a conventional PEM water electrolysis plant [START_REF] Smolinka | PEM water Electrolysis for hydrogen production: Principles and Applications[END_REF].

The core component is the electrochemical reactor, the electrolysis stack of cells itself which, depending on the production capacity of the module, can contain up to several hundred individual cells connected in series in a filter press configuration. Each cell has usually a surface area in the 1,000-1,500 cm 2 range, but efforts are currently made to develop much larger cells, at the square meter scale. During operation, each cell requires an operating voltage in the 1.8 -2.0 Volt range, corresponding to a current density of 1-3 A.cm -2 . The necessary operating DC power source is provided by a power conditioning unit containing an AC/AC transformer and an AC/DC rectifier.

Water purification (milli-Q ® grade water, corresponding to a residual conductivity of 0.1-1.0 µS.cm -1 , is required) is achieved onsite using several water treatment units including UV treatment, total organic carbon abatement and osmosis. Purified water is pumped through the hydraulic circuit placed on the anode side of the reactor (left side of the stack on Figure 5) and water conductivity is continuously monitored since various deleterious corrosion processes tend to degrade the efficiency of the electrolysis module during operation. Power consumption required for water pumping is counted in the energy balance and usually amounts to only a few percent of the entire plant consumption. The liquid water/ gaseous biphasic mixtures are gravimetrically separated in separators. On the cathodic circuit (right side of the stack on Figure 5), gaseous hydrogen is collected; traces of oxygen are removed and the gas is dried. Electro-osmotic water transferred from the anode compartment down to the cathode compartment (as a result of the transport of hydrated protons) is usually recycled to the water reservoir or to the anodic loop for cost reasons.

Test specifications for the qualification of water electrolysers

Power profiles available in the literature usually consider power changes over the entire (0% to 100%) power scale. The main innovative contribution of this research work was to specify test protocols closer to real operating conditions (those shown on Figure 2), that would translate into electrical load profiles the main grid constraints described in the previous sections, and would take into account the necessity to operate the unit with a power base-load for economical reasons. This was done for both primary and secondary reserves (Figures 6 and 7 respectively). Both power profiles contain a succession of ramp-up and down and intermediate stationary power plateaus of fixed duration, in accordance to the specifications discussed above. The basic idea behind such design is that the PEM water electrolysis plant as a whole should operate around a pivotal nominal power (the power base-load), which is approximately 50% of the maximal power. In addition to this power baseload, the system should also be able to provide grid services in response to grid requirements, using the set of ramp-up/ramp-down and stationary power plateaus of interest. The time constants of these different steps are dictated by the grid requirements and the type of reserve of interest, as discussed above.

Selected test results

Efficiency

The efficiency of the PEM water electrolysis plant as a whole is mainly dictated by the efficiency of the PEM water electrolysis stack. The efficiency of the PEM water electrolysis stack is mainly dictated by operating current density and operating temperature. At the laboratory scale, most setups are using a temperature regulation unit that can set the test temperature to any value of interest, independently of the operating current density. On larger commercial systems, electrolysis stacks are usually operated in exothermic mode and there is only a need to extract the excess heat produced at nominal operating conditions: the maximum temperature is set to the nominal value and there is no temperature regulation unit as such, only a heat extraction unit used to prevent overheating. This is because most commercial PEM water electrolysis stacks are operated at constant current density and temperature. But grid services require continuous power changes.

Hence, the stack temperature is not constant and this situation impacts the energy consumption (and efficiency) of the water splitting reaction. A typical example is provided in Figure 8. The PEM stack is operated galvanostatically and non-isothermally. The driving parameter used during the experiment is the operating current density supplied to the stack (up to ≈ 2 A.cm -2 ). The initial temperature of water is sub-nominal (≈ 48°C). When current is turned on to the set point within seconds, the stack temperature gradually increases due to internal irreversible dissipations (curve d).

Operation in galvanostatic mode leads to a stack voltage overshoot and, as a result, to a power overshoot (curve c) that take ≈10 min to stabilize in that case (overshoots gradually decrease as the stack temperature reaches a stationary temperature value of ≈ 57°C). As a result, there is an overconsumption of specific energy of approximately 5 kWh.kg H2 -1 (curve a) and a loss of efficiency of approximately 5 % (curve b). Such behavior is directly related to the changing temperature during the test, a situation affecting both membrane conductivity and charge transfer kinetics. Power regulation instead of current regulation and strategies to buffer heat (and favor isothermal operation) still need to be implemented on large commercial PEM water electrolysis stacks in view of power grid services to avoid unnecessary efficiency losses.

Flexibility and power stability

Flexibility is a term making reference to the possibility to operate the PEM water electrolysis plant at different power values. Again, flexibility capabilities of the entire system are mainly dictated by stack capabilities, and to a lesser extent by balance-of-plant (BoP) capabilities (at least when the BoP is adequately designed). Figure 9 shows the result of a typical flexibility test. The data were collected during operation under current-controlled (galvanostatic) conditions, a choice usually dictated by down-stream hydrogen-consumption requirements. The observed power overshoot can be corrected by using power-controlled DC power sources. Results show that during operation, the electrolysis unit can stand idle as long as necessary and then jump to either nominal or maximal current (or power) density and back within seconds. These results show that PEM water electrolysis stacks have the necessary flexibility required to provide electrical services to power grids. PEM stacks and plants can be designed for operation over the entire 0-100% power range.

From the economical viewpoint however, there is no real interest to maintain the system in idle state. As discussed above, the current trend in the industry is to develop systems that can combine a power base-load operation (at nominal power condition) to a grid service capability, on top of the base-load, up to a maximum power value. Such upper limit is dictated by the cell design but also by the temperature of the environment for cooling purposes. When the water electrolysis unit is operated in such a way, remuneration can be obtain from both hydrogen production and grid services.

Power fluctuation on power plateaus is another issue of interest for grid services. Specifications may vary from one grid to another but qualification for grid services usually requires percent-range power stability. The electrolysis stack is the main power dissipation contributor of the PEM water electrolysis plant, and the main contributor to the power consumption signature. The problem is that during operation, the stack impedance (which is a function of operating parameters, mainly current density and temperature), can fluctuate. As a result, there are power fluctuations that need careful optimization to remain within specifications. Figure 10 shows the situation measured on a 20-cell stack at both nominal and maximum operating current density. There is a ≈ ± 2% power fluctuation over the mean power value on the power plateau. There is a number of factors that contribute to such situation (e.g. turbulences due to gas production within the cells, pressure changes and variable heat transfer characteristics) but it is beyond the scope of this paper to discuss these issues in detail.

Reactivity

Reactivity is a term making reference to the time it takes to the PEM water electrolysis stack/plant to change its power set point. Again, the reactivity is mainly dictated by the water electrolysis stack, and to a lesser extent by the balance-of-plant. Figure 11 shows the situation for both primary (Figure 11-a) and secondary (Figure 11-b) reserves. In both cases, data were obtained during a 'hot start' experiment, i.e. when the stack temperature is kept constant at nominal operating value before turning power on/off. For the primary reserve test (Figure 11-a), the constraint imposed during the test was to switch power density from 100 % down to 75% of nominal power density within less than 30 seconds, applying a linear power transient. For the secondary reserve test (Figure 11-b), the constraint was to switch power density on from initial (0%) to final (100%) set points in less than 2 min and backwards (soft and emergency ramps), again using a linear power sweep. The two curves of Figure 10 show that both constraints are adequately satisfied. This is a general characteristic of PEM water electrolysis technology (the same situation prevails on large, MW-scale, PEM water electrolysis plants), showing that the technology is suitable for operation on both power reserves. Such characteristics are due to the use of a thin proton-exchange membrane as polymer electrolyte and cell separator instead of a liquid electrolyte, a unique feature of PEM water electrolysis cells.

KPI of PEM water electrolysers for grid services

A SWOT analysis of PEM water electrolysis technology has been performed. A set of key performance indicators (KPIs) has been designed to measure the level of development of PEM water electrolysers, to measure the impact of operation with transient power sources (for grid services) on the performances, and to facilitate the comparison of commercial products available on the market. This is an extension of the list of indicators provided by the European Commission in its 2014-2020 annual work program [START_REF]Multi-Annual Work Program 2014-2020[END_REF]. Main results are summarized on the polar plot of Figure 12.

The reference case used for comparison is intended to measure mean water electrolysis performances (KPIs are arbitrarily set to 5 on a 0-10 scale, corresponding values are compiled in Table 1). This is a measure of the state-of-art in 2015, for systems (mainly alkaline ones) operating under stationary power conditions. A first group of KPIs is used to describe operating conditions. This is mainly the T, P, j range (T: temperature, P: pressure, j: current density) of operation. The KPIs of the second group are used to measure the level of advancement of the technologies, in terms of production capacity, engineering, and manufacturing capabilities. This is mainly the active area of individual cells (that shows the ability of the manufacturers to design large cells) and the stack power (that shows the capability of the manufacturers to design large systems needed by the market). The KPIs of the third group are specifically those used to assess the ability of the technology to provide grid services. In the frame of the energy transition, power grids are calling for electrical systems that are flexible (i.e., which can change their power set point between minimum and maximum values), and that are reactive (i.e., which can quickly change power set point). The KPIs of the last group are used to measure various performance levels and to visualize the impact of transient operating conditions.

The power profiles of Figures 6 and7 have been used as test specifications for the qualification of different laboratory and commercial PEM water electrolysis stacks and plants (i.e.

electrolysis stacks + balance of plant or BoP) in view of grid services. All test results are summarized in Figure 12. Despite the difficulty associated with the construction and use of quantitative scales that could be unanimously recognised by the water electrolysis community, the polar plot provides a quick overview of main strengths and limitations of PEM technology for such applications. KPI values of PEM water electrolysis technology were found mostly above average, except for the temperature of operation (a limitation due to the thermal stability of the polymer electrolyte) and the safety of operation (gas cross permeation issues across the polymer electrolyte at low current density).

CONCLUSIONS AND RECOMMENDATIONS

Hydrogen of electrolytic grade obtained by water electrolysis is potentially a game-changing energy vector. In the future, it is expected that water electrolysis plants will contribute to the largescale storage of transient renewable energy sources, but also to power grid regulation. In this research paper, power grid operational constraints have been analyzed, specific power profiles of interest for power grid management have been designed and these profiles have been used to test and qualify polymer electrolyte membrane (PEM) water electrolysers. In the first section, management constraints of European power grids have been described and analyzed, with a special focus on the power profiles of interest for primary and secondary reserves management. The economics of power grid management has also been discussed. Some test protocols required for the qualification of water electrolysers to both primary and secondary reserves have been designed and are presented. They have been used to test PEM water electrolysis stacks and plants of different sizes. Main test results have been summarized. In particular, the impact of grid service operation on the efficiency, flexibility and reactivity of PEM water electrolysis stacks is reported and discussed.

A list of key performance indicators has been used to assess the ability of PEM water electrolysis plants to operate in transient power conditions of interest. Key findings were that PEM water electrolysis stacks/plants show the necessary flexibility and reactivity to address the markets of primary and secondary power reserves. However, there are two main critical issues that are limiting the performances of existing technology and will require further developments: (i) the need for operation in isothermal conditions in order to reduce efficiency losses and degraded power responses; (ii) the need to reduce power fluctuations down to the appropriate level on power plateaus. Based on these results, it is recommended to technology manufacturers to take these aspects into consideration in order to further customize PEM water electrolysers and make the technology ready for grid balancing applications. The financial support of funding agencies is required to facilitate such developments. Limitations of commercial water electrolysers to comply with grid requirements should be taken into account by these agencies and existing roadmaps should be updated to facilitate the large scale deployment of the technology. 
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 6 Figure 6. Specific power profiles designed for primary reserve qualification.
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 8 Figure 8. Results of a galvanostatic on/off test using a 20-cells PEM water electrolysis stack (a)
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 9 Figure 9. Current density versus time plot measured on a 20-cells PEM water electrolysis stack
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 10 Figure 10. DC power fluctuations measured on a 20-cells PEM water electrolysis stack operated at
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 11 Figure 11. Power density versus time plots showing the reactivity of a 20-cells PEM water
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 12 Figure 12: KPIs of PEM water electrolysis technology. (--) reference case (stationary, 2015); (-)

  

  

  

  

  

  

  

  

  

  

  

  illustrates the capacity payments (expressed in €/MW/h) observed for French reserve products during fiscal year 2017. The remuneration for the SR is constant (flat rate) because this service is not yet open to market due to different technical requirements and practices among European countries.

Table 1 .

 1 Reference case of Figure12.

	j range (A.cm -2 )		0 -1
	T range (°C)		20 -80
	P range (bar)		0 -35
	Cell active area (cm 2 )	1,000
	Power range (MW)		0 -1
	Flexibility		stationary at different j values
	Reactivity (0 → nominal power)	< minutes
	Efficiency (kWh kgH2	-1 )	< 60
	Capex (€/kW @ 1 MW-scale)	1,500
	Durability (% performance loss/year)	< 5%
	H 2 purity at delivery (xN).	4
	Safety (% H 2 in O 2 )		< 25 % of the inferior limit of explosivity
			(ILE)
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