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Currently, a significant transformation for energy systems has emerged as a result of the trend to develop an energy framework without fossil fuel reliance, the concerns about climate change and air quality, and the need to provide electricity to around of 17% of world population who lacks the service. Accordingly, the deployment of power plants located close to end-users and including multiple energy sources and carriers, along with the growing share of renewable energies, have suggested changes in the energy sector. Despite their potential capabilities, the design of distributed energy systems (DES) is a complex problem due to the simultaneous goals and constraints that need to be considered, as well as to the high context dependence of this kind of projects. For these reasons, in this work a systematic literature review of DES including hydrogen as energy vector, was made analyzing 106 research papers published between the years 2000-2018, and extracted from Scopus® and Web of Science databases. The aim was to identify how hydrogen is employed (technologies, uses) and the criteria that are evaluated (economic, technical, social and environmental) when these systems are designed, planned and/or operated. The results constitute a baseline information covering the type of technologies, equipment sizes and hydrogen applications, that could be valuable for the preliminary stages of research or project planning of DES involving hydrogen. Furthermore, other factors have also been identified, such as the focus on technoeconomic issues, and the lack of considering socio/political aspects and the uncertainty about input data like weather conditions, energy prices and demands. Additionally, a more integrated approach is needed including all the hydrogen supply chain stages and project stakeholders, to tackle issues like safety of the energy systems that could produce consumer rejections.

Introduction

Global energy demand grew by 2,1% in 2017 and is expected to increase by 30% until 2040 with respect to the current world consumption. This increase is equivalent to add another China and India to the current energy demand [1]. Although this growth is slower than in the past, when a rise of 40% from 2000 to 2017 was registered, the constant expansion of world economy and population, as well as the concerns about climate change, represent new challenges for the energy sector [1,[START_REF]Global Energy & CO2 Status Report: The latest trends in energy and emissions in 2017[END_REF]. One of the main issues to handle is the need to satisfy the energy requirements in a sustainable manner, considering that, among human activities, the use of energy is the largest source of greenhouse gas emissions [START_REF]CO2 Emissions from Fuel Combustion[END_REF]. Thus, the trend for the upcoming years is to increase electricity as an end-use energy due to its important role for the share of renewable and low-emission sources (25% in 2017) [START_REF]Global Energy & CO2 Status Report: The latest trends in energy and emissions in 2017[END_REF].

Besides mitigating the climate change effects, the use of renewable energies is boosted by concerns about air quality and energy security. Free-emission sources are a great opportunity to reduce health problems derived from air contamination, which is mainly produced by the dependence of fossil fuels in transport, power and industry sector [4]. On the other hand, energy security has to deal not only with the finite character of traditional energy sources, but also with the need to supply electricity to 1,2 billion people (mainly in developing countries and rural regions) who lack of it [START_REF]Renewable Energy Policy Network for[END_REF]. In this line, the emergence of distributed energy systems (DES) and the growing share of renewable energies are changing the way in which power systems are planned, designed and operated [START_REF] Adil | Socio-technical evolution of Decentralized Energy Systems: A critical review and implications for urban planning and policy[END_REF].

DES are based on the idea that they replace or complement the large-scale and conventional centralized generation plants, with smaller units located close to energy consumers [START_REF] Alanne | Distributed energy generation and sustainable development[END_REF].This concept suggested a shift in the paradigm of energy framework, and appears as an alternative to face the aforementioned challenges of the energy sector, e.g. providing electricity to isolated communities. Besides offering more flexibility in generation, reducing inefficiencies in delivering and vulnerability of the system, DES can provide a reliable pathway for energy transition from the technological, economic, environmental and social point of view [START_REF] Bouffard | Centralised and distributed electricity systems[END_REF]. One of the key aspects about DES lies in the inclusion of multi-generation technologies and the use of renewable sources. Hence, by easing the integration of renewables through a flexible transformation system, DES allow to take advantage of the synergies among different sources and energy carriers while responding to electricity, heat, cooling, fuel and even water demands [START_REF] Müller | The power of transformation: Wind, Sun and the Economics of Flexible Power Systems[END_REF][START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF].

Among energy carriers, hydrogen has emerged as a friendly solution for climate change, air pollution and energy security [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF]. Although hydrogen is the most abundant element on earth, it cannot be found by itself in nature. However, rather than a barrier, this represents a large range of possibilities, since hydrogen can be obtained from a great variety of sources covering fossil fuels, biomass, nuclear power and renewable energies [START_REF]Hydrogen Energy[END_REF][START_REF] Linde | H2 Production[END_REF]. Hydrogen as an energy carrier and raw material has a wide range of applications that includes fuel (e.g. transportation, power units), chemical industry (e.g. oil refining, fertilizers production) and energy storage [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF]. When hydrogen is employed to store energy, it offers the possibility to be an interface among electricity, chemical and heat energy networks through the so-called power-to-gas process [START_REF] Nastasi | Hydrogen to link heat and electricity in the transition towards future Smart Energy Systems[END_REF]. This can help to balance the intermittent renewable energy supply (wind and solar) with the demand, and therefore, facilitates and promotes its development [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF][START_REF] Altmann | Decentralised Energy Systems[END_REF].This ability makes hydrogen a valuable element to be incorporated in DES, in addition to the fact that only steam water and heat are emitted during its combustion.

Introducing hydrogen into a multi-generation system as DES is a complex problem, and as a consequence, an integrated approach including several aspects is required. Indeed, this complexity could be explained by the simultaneous objectives and constraints to be considered. From the technical point of view, a set of potential technological alternatives must be evaluated in order to establish their complementarities and build the most adequate configuration. Furthermore, this set of possible configurations also needs to be studied under economic, environmental and socio/political dimensions [START_REF] Eriksson | Optimization and integration of hybrid renewable energy hydrogen fuel cell energy systems -A critical review[END_REF][START_REF]Global Energy transformation:A roadmap to 2050[END_REF][START_REF] Wolfe | The implications of an increasingly decentralised energy system[END_REF], and fitted to the conditions (e.g. climate, resources availability, scale) of the specific context where it would be implemented. In this way, modelling and optimization tools are crucial to study, design/select and operate a system to satisfy all these dimensions from a global perspective. Currently, literature includes a significant amount of scientific documents about DES with and without hydrogen as a vector. However, the research work has been focused on some specific aspects, most of them from a single-disciplinary point of view and mainly addressing economic and technical issues. Hence, there is a lack of multidisciplinary approaches including all the above-mentioned aspects, and thus a need to improve the decision-making process to hydrogen-related DES deployment.

The cited publications include the general presentation of some fundamental concepts related to distributed energy systems, their structures, characteristics and applications at small scale [START_REF] Chicco | Distributed multi-generation: A comprehensive view[END_REF]. The study in [START_REF] Mohammadi | Energy hub: From a model to a concept -A review[END_REF] presents a review addressed to identify the models proposed for energy. Research about the perspectives of hydrogen in energy systems for upcoming years are discussed in [START_REF] Hanley | The role of hydrogen in low carbon energy futures-A review of existing perspectives[END_REF] considering regional and national scales, as well as its drivers and challenges. Some reviews have emphasized on production methods, storage and safety issues about hydrogen, and also some challenges and perspectives of hydrogen as energy carrier are discussed in [START_REF] Dutta | A review on production, storage of hydrogen and its utilization as an energy resource[END_REF][START_REF] Mazloomi | Hydrogen as an energy carrier: Prospects and challenges[END_REF]. Meanwhile, [START_REF] Uyar | Integration of hydrogen energy systems into renewable energy systems for better design of 100% renewable energy communities[END_REF] presents a work around the concept of 100% renewable energy, and the importance of hydrogen and fuel cells in the energy transition of storage and transport sectors. In [START_REF] Dincer | Smart energy solutions with hydrogen options[END_REF], a study for the assessment of hydrogen options in energy systems under the criterion of smartness is developed according to a sustainable-based portfolio, including exergization, greenization, renewabilization, integration, hydrogenization, multigeneration, storagization and intelligization concepts. Regarding technological and economic aspects, this issue has been considered from the energy management point of view [START_REF] Vivas | A review of energy management strategies for renewable hybrid energy systems with hydrogen backup[END_REF], reviewing the most important technical and economical optimization criteria. Likewise, some studies have focused on techno-economic difficulties [START_REF] Götz | Renewable Power-to-Gas: A technological and economic review[END_REF], and assessment of hydrogen use in relation with end-users of power-to-gas processes in Germany [START_REF] Schiebahn | Power to gas: Technological overview, systems analysis and economic assessment for a case study in Germany[END_REF].

Additionally, an overview of software tools for hybrid renewable energy systems, their capabilities and limitations is carried out in [START_REF] Sinha | Review of software tools for hybrid renewable energy systems[END_REF], and specifically, the state of the art of research using HOMER software is presented in [START_REF] Bahramara | Optimal planning of hybrid renewable energy systems using HOMER: A review[END_REF]. A general classification of agent-based modelling techniques applied to electricity grids, and their relevance for the integration of stakeholders is given in [START_REF] Ringler | Agent-based modelling and simulation of smart electricity grids and markets -A literature review[END_REF][START_REF] Malik | Agents in Smart Grids[END_REF]. A review of energy management strategies for hybrid renewable energy systems (only electricity generation) can be found in [START_REF] Olatomiwa | Energy management strategies in hybrid renewable energy systems: A review[END_REF]. Authors in [START_REF] Fathima | Optimization in microgrids with hybrid energy systems -A review[END_REF] present a state of the art about application and optimization tools in microgrids integrating renewable energies, emphasizing on optimization objectives and methods. In [START_REF] Gahleitner | Hydrogen from renewable electricity: An international review of power-to-gas pilot plants for stationary applications[END_REF], a review of power-to-gas pilot plants is presented, which includes both, the plants already operating and the ones that are being planned worldwide. This document also gives information about components, capacities and obtained experience during the systems operation, and highlights the influence of the design, sizing and operation strategy on the efficiency and reliability of the projects. Furthermore, for hydrogen production and storage several documents have been published. For instance, concerning the production stage, [START_REF] Da | Hydrogen: Trends, production and characterization of the main process worldwide[END_REF] shows the current energy landscape, and highlights the main characteristics, strengths and weaknesses of the hydrogen production process. Likewise, in [START_REF] Dincer | Review and evaluation of hydrogen production methods for better sustainability[END_REF], 19 hydrogen production routes are assessed and compared under sustainability concept, so that energy and exergy efficiencies, cost, global warming potential, acidification potential, and social cost of carbon are evaluated. Meanwhile, in [START_REF] Dincer | Innovation in hydrogen production[END_REF] hydrogen production, processing and end-use are summarized from the innovation point of view under the 18s concept, which includes some items such as source, sector, safety, sustainability, stakeholder, and scale-up among others. With respect to hydrogen storage, an overview of technologies is given in [START_REF] Barthelemy | Hydrogen storage: Recent improvements and industrial perspectives[END_REF], along with their recent improvements and industrial perspectives. In [START_REF] Garcia | Expert opinion analysis on renewable hydrogen storage systems potential in Europe[END_REF] an expert opinion survey is performed for analyzing both, the current state and the perspectives of renewable hydrogen storage systems in Europe, as well as their locations, capacities, economic factors, and regulatory and government frameworks. [START_REF] Walker | Benchmarking and selection of Power-to-Gas utilizing electrolytic hydrogen as an energy storage alternative[END_REF] presents a benchmarking and an Analytical Hierarchy Process to compare the power-to-gas with other energy storage technologies for different application scales. In [START_REF] Blanco | A review at the role of storage in energy systems with a focus on Power to Gas and long-term storage[END_REF], the analysis of storage needs and its performance from a process perspective is performed, with focus on power-to-gas and long-term storage.

The hydrogen supply chain issue has been analyzed in [START_REF] Bolat | Hydrogen supply chain architecture for bottom-up energy systems models. Part 1: Developing pathways[END_REF][START_REF] Bolat | Hydrogen supply chain architecture for bottom-up energy systems models. Part 2: Techno-economic inputs for hydrogen production pathways[END_REF], where the objective is to understand the way for integrating the hydrogen supply pathways in bottom-up energy system models. Additionally, in [START_REF] Demir | Cost assessment and evaluation of various hydrogen delivery scenarios[END_REF] is presented a study on the economic and environmental assessment of three different hydrogen delivery scenarios, which include storage, transmission and distribution stages. From the social perspective, some publications have appeared about the assessment of the sociotechnical evolution of DES in urban planning and policies, focusing on solar photovoltaics and thermal applications [START_REF] Adil | Socio-technical evolution of Decentralized Energy Systems: A critical review and implications for urban planning and policy[END_REF], and on the review of drivers and barriers for social acceptance of distributed energy systems [START_REF] Von Wirth | Distributed energy systems on a neighborhood scale: Reviewing drivers of and barriers to social acceptance[END_REF].

According to the previous overview, this work presents a systematic study regarding DES with hydrogen as energy vector. It integrates a technological overview, analyzing multi-generation technologies (sources, energy converters), and the specific hydrogen-related infrastructure in the system. A review is also included about the hydrogen end-use in the energy system (storage, fuel, raw material), and the scale of application (e.g. building, neighborhood). In addition, the performance goal (e.g. economic, technical, environmental) and uncertainty management (inherent to renewables and energy demand) are studied too.

The originality of this work lies in the global perspective to address the analysis of DES, specifically when hydrogen is incorporated. In contrast to previous works, that were focused on approaches, software tools or optimization algorithms, this study is oriented to summarize the main results that have been obtained by the scientific community. This means that this work can constitute a baseline to identify trends and gaps that could be object of future research.

Overview on DES and Hydrogen as Energy Carrier

The crucial role of renewable sources to face the challenges like energy systems decarbonization, energy security, and the trend to move towards electricity as end-use energy have boosted the transition of energy sector. As a result, the goals are focused in the deployment of flexible and efficient energy systems that enable to increase the electricity coverage and the sharing of zero or low-emission resources. To reach these objectives, the decentralization of power plants and the integration of different energy networks by means of the combination of multiple energy sources, converters and carriers are needed. In this line, the DES and the introduction of energy vectors as hydrogen have emerged like possible solutions, and have been studied by researchers. For this reason, and taking into account the scope of this work, a brief overview regarding DES and hydrogen as energy carrier is presented in the following subsections.

Distributed Energy Systems

The growing concerns about climate change, energy independence, and the need to supply electricity to isolated communities have fostered a great transformation for energy systems. Therefore, the focus is oriented to develop power plants located close to end-users and designed according to local resources and demands, in addition to renewable sources deployment [START_REF]Status of Power System Transformation[END_REF]. These issues have been addressed under the DES concept, which involves both the placement of generation plants (decentralized generation), and the integration of different energy sources [START_REF] Krishna | A review on hybrid renewable energy systems[END_REF]. In DES, the distributed generation can offer technical (e.g. system flexibility), economic (e.g. local resources development) and social (e.g. self-sufficient communities) advantages, while the employment of a variety of energy forms can ease the renewables penetration.

According to the increasing interest in DES, a diversity of aggregation concepts and approaches has emerged in the scientific community. In the following, some of these concepts are defined with the aim to clarify the framework of this work. However, it is important to highlight that there is no complete consensus about this terminology, and in some cases it is used indistinctly.

Energy hub: This approach represents an interface between energy sources (fossil fuels, biomass, solar, wind) and demands (electricity, cooling, heating, fuels). Energy hub is based on considering the energy system as a unit where multiple energy carriers can be converted, stored and distributed [START_REF] Geidl | The Energy Hub-A powerful concept for future energy systems[END_REF]. It is characterized by a black-box approach oriented to obtain an optimal arrangement among energy vectors, where the components relationships are modelled through coupling matrices composed of efficiencies and conversion factors [START_REF] Chicco | Distributed multi-generation: A comprehensive view[END_REF][START_REF] Geidl | Integrated Modeling and Optimization of Multi-Carrier Energy Systems[END_REF].

Microgrid: It is defined as a local power system composed of distributed generation and storage units, in addition to clearly delimited energy loads [START_REF] Adil | Socio-technical evolution of Decentralized Energy Systems: A critical review and implications for urban planning and policy[END_REF][START_REF] Manfren | Paradigm shift in urban energy systems through distributed generation: Methods and models[END_REF]. Microgrids have the capability to operate in isolated (self-sufficient) and grid-connected modes, and are generally operated by means of a control center that is in charge of managing energy supply and demands in real-time [START_REF] Mancarella | MES (multi-energy systems): An overview of concepts and evaluation models[END_REF]. One of the key advantages of microgrids lies on their distributed generation based on local resources, because besides improving the resilience of the system, it enables the integration of renewable energies [START_REF] Koirala | Energetic communities for community energy: A review of key issues and trends shaping integrated community energy systems[END_REF].

Multi-energy systems: These are based on the idea of changing the paradigm where sector-oriented (electricity, heating, fueling) energy systems just have few interactions, or are even planned and operated in a completely independent way [START_REF] Mohammadi | Energy hub: From a model to a concept -A review[END_REF]. Thus, this approach intends to expand the system boundary beyond a specific energy sector in order to take advantage of the synergies provided by the integration (also called integrated energy systems) of different energy networks [START_REF] Mancarella | MES (multi-energy systems): An overview of concepts and evaluation models[END_REF]. Regarding scale, it is important to point out that in contrast with microgrids, multi-energy systems (MES) can be addressed for both centralized and decentralized generation.

Polygeneration: From the most general point of view, it consists in the generation of more than one energy vector from a single process [START_REF] Rong | Role of polygeneration in sustainable energy system development challenges and opportunities from optimization viewpoints[END_REF]. However, the concept can be used for referring to a unit as well as to the whole system. On the one hand, the most common examples of polygeneration units are the combined heat and power plants (CHP) and fuel cells, where heat and electricity can be obtained from a unique fuel and process. On the other hand, when all the energy system is considered, polygeneration represents one case of MES [START_REF] Mancarella | MES (multi-energy systems): An overview of concepts and evaluation models[END_REF].

Hybrid energy systems: These systems represent the kind of applications where more than one energy conversion device or source are involved to supply an energy requirement [START_REF] Krishna | A review on hybrid renewable energy systems[END_REF][START_REF] Manwell | Hybrid Energy Systems[END_REF]. Unlike polygeneration definition, which is based on the produced energy, the concept of hybrid energy systems (HES) is addressed to energy sources and transformation units. For instance, a power plant fed by wind and sun, or employing batteries and hydrogen simultaneously for energy storage, can be considered as a hybrid system. Nevertheless, it has to be indicated that HES are not constrained by system products (more than one could be considered), whereby these can be seen as a sub-case of MES as well.

As described-above, one of the main issues for energy systems transition relies on incorporating different energy carriers and establishing relationships among energy networks. In this line, hydrogen has appeared as a promising alternative thanks to its capabilities to be obtained from a wide range of renewable and non-renewable resources, and to connect different energy networks.

Hydrogen as Energy Vector

Hydrogen is an energy carrier with a wide range of properties to be used as fuel, as raw material or as interface between electricity and chemical energy forms through the power-to-gas process. There, it can be used as storage medium to absorb the renewables fluctuations and/or as feedstock for synthetic natural gas production through methanation reaction, with the key feature of offering a completely emission-free pathway [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF][START_REF] Nastasi | Power-to-Gas integration in the Transition towards Future Urban Energy Systems[END_REF]. Its high content of energy per mass (higher heating value 142 MJ/kg), is around three times larger than common fossil-derived fuels, namely natural gas (53,6 MJ/kg), diesel (45,4MJ/kg) and gasoline (46,4MJ/kg). Additionally, its capability to enable the decarbonization of some chemical processes and the transport sector, makes hydrogen a key energy carrier to face the current energy and environmental challenges [START_REF] Mazloomi | Hydrogen as an energy carrier: Prospects and challenges[END_REF][START_REF] Dincer | Smart energy solutions with hydrogen options[END_REF].

Although hydrogen is the most common element, it is not present by itself in nature but combined mainly with carbon and oxygen, thus it needs to be extracted and/or separated. In this regard, there are several sources, such as biomass, fossil fuels, sun and wind energies, and different pathways, including reforming, electrochemical and biochemical processes to produce hydrogen. All these possibilities about sources and processes represent a great opportunity for its integration into DES, because as mentioned previously, one of the main issues of this kind of systems lies on incorporating a variety of sources and technologies for energy transformation. The following overview presents the main characteristics, strengths, weaknesses and perspectives of the hydrogen production processes (Table 1), as well as some hydrogen storage alternatives.

Reforming: The steam reforming of natural gas is the most mature technology and common process to produce hydrogen around the world [58]. It consists in the catalytic reaction of methane with steam to produce syngas (Eq. 1), which is a mixture composed of H 2 and CO. In general, this reaction is carried out using a nickel-based catalyst, and under temperature and pressure ranging between 700-900°C and 3-25 bar respectively. Then, in order to increase the amount of hydrogen, the syngas is submitted to water-gas shift reaction (Eq. 2), where H 2 and CO 2 are the products. Finally, the resulting gas stream (rich in H 2 ) is subjected to separation/purification by means of pressure swing adsorption (PSA) process, to obtain the desired hydrogen purity according to its end-use [58].

+ ↔ 3 + (1) 
+ ↔ + (2) 
Usually, reformer units are conceived to operate at large-scale (150-300 MW), mainly to supply refining and chemical industry requirements, with mature technologies that reach efficiencies around 70-85% [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF]. However, in order to respond to the current energy trends towards decentralized systems, and the expected deployment of hydrogen as fuel in transport applications, the reforming technology is being adapted to small scales (0,15-15 MW) for on-site hydrogen production [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF]58].

Furthermore, from the process perspective, it is well known that the packed-bed reactors used in large-scale plants, have to deal with problems like the diffusional limitations produced by the size of catalyst particles (needed to avoid excessive pressure drop), the low heat-transfer rates, and the thermodynamic constraints intrinsic to equilibrium reactions [59]. Meanwhile, small-scale hydrogen production systems are operated using process intensification principles, in micro-reactor reformers, which allow the deployment of on-site and portable hydrogen infrastructure. These units are composed of a set of plates with parallel channels (diameter between 10 and 500 µm), where the catalyst is charged or coated, and where the reaction occurs. As a result, this configuration provides the process with a higher surface area to volume ratio than large reactors, overcoming their heat and mass transfer limitations [59,[START_REF] Squadrito | Advances in Hydrogen Production[END_REF]. Taking into account the decreasing influence of transport phenomena, in micro-reformers the process becomes kinetically controlled, and thus, it achieves additional improvement by acting over the catalyst. In this way, it has been identified that noble metals (mainly Pt, Pd and Rh) are more active, more resistant to sulfur, and less prone to coke deposition than nickel-based ones [58,[START_REF] Squadrito | Advances in Hydrogen Production[END_REF][START_REF] Chen | Methane steam reforming thermally coupled with catalytic combustion in catalytic microreactors for hydrogen production[END_REF]. Currently, the main challenges of these miniaturized systems concern to the sensitivity to fouling, pressure drop and difficulties in sealing, which are expected to be solved in the near future through research in the materials selection and equipment design [START_REF] Squadrito | Advances in Hydrogen Production[END_REF].

Electrolysis: This electro-chemical process consists in the water splitting into oxygen and hydrogen by using electrical energy (Eq.3). The electrolyzer is composed of a cathode, an anode, and an electrolyte that acts as the medium for ions transport. The process is based on the transfer of electron through an electrical circuit and ionic species across the electrolyte, from the anode (oxidation) to the cathode (reduction), i.e. a redox reaction occurs [START_REF] Dincer | Sustainable hydrogen production[END_REF]. Currently, there are three main electrolysis technologies: alkaline, polymer electrolyte membrane (PEM) and solid oxide electrolyzer cell (SOEC), which differ in the material of the electrolyte, efficiency and operational conditions.

2 → 2 + (3) 
Alkaline electrolyzers are the most mature technology. They use a solution of sodium or potassium hydroxide (20-40% wt.) as electrolyte, and operate at temperatures between 60-90°C with a resulting efficiency of 70-80% [58].Unlike alkaline ones, PEM devices have an acidic and solid electrolyte, and a platinum-based catalyst is needed to make that reaction proceeds. These electrolyzers have efficiencies of 65-80%, and their working temperatures are 25-80°C [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF]. Some advantages of PEM technology are its higher power density and hydrogen purity, the short response time, and its capability to operate in a wider load range and at more elevated pressures with respect to alkaline ones [58].However, they are limited by the lifetime of the membrane and the cost of the catalyst [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF]. Otherwise, SOEC with a solid ceramic electrolyte are considered as high-temperature electrolysis units, because the reaction is carried out at 700-900°C, which allows to achieve efficiencies up to 90% [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF]. Nowadays, despite the promising potential of this electrolysis alternative, SOEC is the least mature technology and its current development is still restricted at lab-scale processes [START_REF] Nastasi | Hydrogen to link heat and electricity in the transition towards future Smart Energy Systems[END_REF][START_REF] Garcia | Expert opinion analysis on renewable hydrogen storage systems potential in Europe[END_REF]58], whereas alkaline and PEM electrolyzers systems are already available at megawatt scale [START_REF] Garcia | Expert opinion analysis on renewable hydrogen storage systems potential in Europe[END_REF][START_REF] Valladares | Global Trends and Outlook for Hydrogen[END_REF]. From the economic point of view, challenges for the electrochemical process still remain. For instance, considering a price of 27 €/MWh for the natural gas, in Europe the cost for producing hydrogen from methane reforming is about 1,6 €/kg, which can be between two and five times lower than the cost of electrolysis, due to the current prices of equipment and electricity [START_REF] Garcia | Expert opinion analysis on renewable hydrogen storage systems potential in Europe[END_REF]. Nevertheless, thanks to the continuous research and technological developments on electrolyzers and the installation of larger plants, a significant decrease in their investment and operating costs is expected in the upcoming years [START_REF] Garcia | Expert opinion analysis on renewable hydrogen storage systems potential in Europe[END_REF].

Gasification: It is a thermo-chemical conversion of solid or liquid carbon-formed materials (fossil fuels or biomass) mainly into hydrogen and carbon monoxide (syngas). However, depending on the feedstock and operating conditions, CH 4 , H 2 S, CO 2 and NH 3 can be produced as well [START_REF] Liu | Hydrogen and Syngas Production and Purification Technologies[END_REF].

Gasification is a process involving different steps. The first one consists in moisture removal (drying); then, a chemical decomposition by heating in absence of oxygen (pyrolysis) is done in order to release volatile compounds (mainly CH 4 , CO, H 2 ). In the next step, an oxygen-controlled environment is supplied to the system for the combustion of the volatile matter, which helps to increase the process temperature and provides the medium for the subsequent operation. Finally, the gasification ends with the reactions (e.g. Eq.4-7) between the char coal and a gas phase mainly composed of CO 2 , H 2 O and O 2 under temperatures of 800-1300°C [START_REF] Liu | Hydrogen and Syngas Production and Purification Technologies[END_REF].

Subsequently, depending on the end-use of the syngas produced, it is further subjected to water-gas shift reaction and/or purification processes to employ it as fuel, or raw material for methanol or synthetic natural gas production (methanation) [START_REF] Liu | Hydrogen and Syngas Production and Purification Technologies[END_REF].

( ) + → (4) 2 ( ) + → 2 (5) 
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In general, gasifiers can be classified according to a wide variety of characteristics such as bed temperature and type, pressure, oxidant flow through the equipment and ash formations [START_REF] Liu | Hydrogen and Syngas Production and Purification Technologies[END_REF][START_REF] Silveira | Sustainable Hydrogen Production Processes[END_REF].The most conventional grouping considers entrained-flow, fixed-bed and fluidized-bed gasification technologies. Currently entrained-flow gasifiers are the most efficient alternative and, have the smallest environmental impact and the largest production capacity, thus they represent the major part of the commercial market for centralized syngas plants [START_REF] Silveira | Sustainable Hydrogen Production Processes[END_REF]. This technology is characterized by operating at high temperatures (1100-1500°C), which allows good conversions in short reaction times, and avoids technical limitations in the feedstock type. Fluidized-bed equipment offers a homogeneous temperature environment promoting the heat and mass transfer between the reactants. The main advantages of these gasifiers are their easy scale-up and adaptation to changes in the feedstock, as well as the better temperature control, whereas their drawbacks are related to the need of specific particle size and lower conversion with respect to other gasification options [START_REF] Liu | Hydrogen and Syngas Production and Purification Technologies[END_REF][START_REF] Silveira | Sustainable Hydrogen Production Processes[END_REF].

Otherwise, fixed-bed reactors are commonly used for biomass gasification, and are divided into cocurrent (downdraft) and counter-current (updraft) gasifiers. From these, downdraft gasifiers are the preferred option for small scale and on-site applications due to their relatively easy design, fabrication and operation, as well as their low tar content in the product [START_REF] Silveira | Sustainable Hydrogen Production Processes[END_REF][START_REF] Susastriawan | Small-scale downdraft gasifiers for biomass gasification: A review[END_REF]. However, there are some drawbacks such as the channeling, and the limitations to obtain good performances with feedstock moisture over 20% that still need to be overcome [START_REF] Susastriawan | Small-scale downdraft gasifiers for biomass gasification: A review[END_REF].

Biochemical Processes: There are several different pathways to produce hydrogen from microorganisms and/or biomass (waste, wood, agricultural crops, and human or animal residues) including dark fermentation, direct and indirect biophotolysis, photofermentation, and even the biogas synthesis through anaerobic digestion and its subsequent reforming process [START_REF] Luque | Handbook of Biofuels Production[END_REF]. Among these, dark fermentation and digestion exhibit the major developments and offer the most promising options for biochemical production of hydrogen [58,[START_REF] Luque | Handbook of Biofuels Production[END_REF]. In dark fermentation, the process is performed by an anaerobic bacterium that acts over the organic matter to produce a gas stream composed of H 2 and CO 2 . The main advantages of this process are the possibility to use a wide variety of waste as feedstock and its simple reactor technology, making even nonsterile conditions and impurities acceptable without negative effect on the performance of the process [START_REF] Dincer | Smart energy solutions with hydrogen options[END_REF]. However, the process constraint due to the accumulation of by-products in the reactor and the difficulties of hydrogen purification are some drawbacks that need to be further studied. On the other hand, anaerobic digestion is a biochemical process where different types of microorganisms metabolize the organic compounds of biomass to produce biogas (mixture of CH 4 and CO 2 ), which is then subjected to a reforming process for hydrogen synthesis [START_REF] Luque | Handbook of Biofuels Production[END_REF]. Besides synthesis alternatives, the reliable deployment of hydrogen as energy carrier is strongly connected to the performance of its storage [START_REF] Barthelemy | Hydrogen storage: Recent improvements and industrial perspectives[END_REF]. In this regard, hydrogen has the capability to be stored as compressed gas or in liquefied cryogenic form (physical), and through metal hydrides (chemical) in solid state. Among these alternatives, high pressure system for gaseous hydrogen storage is the most common method, and offers capacities up to 10 MWh [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF]. However, due to the low density of hydrogen as gas (0,08 kg/m 3 ) pressures up to 700 bar are employed to avoid excessive volume of the tanks, which implies challenges for vessel materials and safety concerns [START_REF] Barthelemy | Hydrogen storage: Recent improvements and industrial perspectives[END_REF][START_REF] Viswanathan | Energy Sources: Fundamentals of Chemical Conversion Processes and Applications[END_REF]. Otherwise, liquid hydrogen storage is carried out by cryogenic process to condense the hydrogen from gas to liquid state using temperatures around -253°C. This method allows higher energy densities (capacity up to 100 GWh), and is the preferred option for transport, short-term storage and in space applications. Nevertheless, its main limitations lie in the energy consumption and isolation conditions that the process demands, along with the product losses by boil-off (0,3% per day) [START_REF]Technology Roadmap: Hydrogen and Fuel Cells[END_REF][START_REF] Barthelemy | Hydrogen storage: Recent improvements and industrial perspectives[END_REF][START_REF] Dincer | Sustainable hydrogen production[END_REF].

Considering the aforementioned hydrogen storage technologies, the cryo-compressed alternative has been developed in order to trade-off their properties. In this option, the hydrogen is stored under cryogenic temperature (-253°C) and elevated pressure (> 300 bar) to avoid evaporation losses keeping high energy density, and with the key advantage of being compatible with hydrogen in gas and liquid state [START_REF] Barthelemy | Hydrogen storage: Recent improvements and industrial perspectives[END_REF]. Furthermore, hydrogen can be stored as solid by means of metal hydrides formation in a physicochemical process. In this alternative, the hydrogen atoms are chemically bonded to the host material (e.g. sodium, lithium, aluminum or magnesium) during the adsorption phase (charging), and subsequently released by heating through the desorption process (discharging). This is a promising technology because it provides high volumetric densities with operating conditions that do not entail the safety concerns of pressurized and cryogenic processes [START_REF] Barthelemy | Hydrogen storage: Recent improvements and industrial perspectives[END_REF][START_REF] Viswanathan | Energy Sources: Fundamentals of Chemical Conversion Processes and Applications[END_REF]. However, it is the least mature technology, and some issues still need to be solved, such as the material volume expansion due to the stress produced by the adsorption/desorption cycles [START_REF] Zhang | Development and Application of Hydrogen Storage[END_REF].

Besides reducing the environmental impacts, increasing the efficiency, and promoting the deployment of renewable sources, it is also expected that energy systems be safe along the whole system supply chain, which includes production, storage, transport, delivery and end-use [START_REF] Dincer | Innovation in hydrogen production[END_REF][START_REF] Barthelemy | Hydrogen storage: Recent improvements and industrial perspectives[END_REF]. In this regard, hydrogen energy systems, particularly in distributed applications, have to deal with the limited operative experience of this kind of plants, and with the public reputation of hydrogen for some unfortunate accidents that implied significant societal and economic costs in the history [START_REF] Najjar | Hydrogen safety: The road toward green technology[END_REF][START_REF] Royle | The safety of the future hydrogen economy[END_REF]. However, from the safety point of view, hydrogen is not more or less dangerous than other fuels, e.g. gasoline or natural gas, but like all the fuels, it must be manipulated responsibly and according to specific standards and procedures [START_REF] Dincer | Innovation in hydrogen production[END_REF][START_REF] Saffers | Hydrogen safety engineering framework and elementary design safety tools[END_REF]. Leaking is one of the main challenges that hydrogen has to tackle due to its difficult detection, since it is a colorless, odorless and tasteless gas.

Other safety concerns are its low ignition energy, and its capability to have a wide range of combustible concentrations with air [58,[START_REF] Saffers | Hydrogen safety engineering framework and elementary design safety tools[END_REF]. Nevertheless, these issues can be addressed with a well-defined framework including standards, community education, and technology improvement and certification, in order to ease the consumer acceptability and the integration of hydrogen solutions in the energy network [START_REF] Dincer | Innovation in hydrogen production[END_REF][START_REF] Saffers | Hydrogen safety engineering framework and elementary design safety tools[END_REF].

Despite of the potential benefits of using hydrogen as energy vector, there are several economic, technical, environmental and social issues that have to be considered in order to take advantage of the complementarities between DES features and hydrogen capabilities. This problem could be addressed from the point of view of an optimization case, where multiple constraints must be satisfied to support the feasibility of the solution for a problem with defined objectives. For instance, in this case the constraints could be technical (capacity, technological maturity, efficiency), geographical (resources availability) and/or socio/political (legislation, safety), whereas the objectives can be economical (profit), environmental (gas emissions, residues), social (employability) or technical (share of renewables, optimal operation). For this reason, a systematic literature review is proposed in this work with the aim to identify the current state of research about DES using hydrogen as energy vector, and thereby find trends, gaps and opportunities that could be explored for further research work.

Methodology

Considering the above-mentioned challenges, trends and perspectives of DES, the goal of this study is to understand how hydrogen is employed in DES (production technologies, applications), and to identify the criteria that are evaluated when this kind of system is designed, planned and/or operated. The results of this mapping include a general framework about technologies (e.g. electrolyzers, reforming, gasification), end-uses (e.g. storage, fuel, raw material) and objectives (e.g. technical, economic, environmental) addressed by researchers. Thus, a systematic literature review based on a search strategy, and the documents classification and analysis was performed.

Search Strategy Definition

This step consists in defining the search equation, which is composed of keywords, period of time, database and type of documents to be analyzed (Table 2). The key word field was divided into two complementary parts. The first one regarding DES, and the second one focused on specific studied technologies, namely hydrogen and power to gas. Taking into account the great variety of terminology related with DES, this aspect is composed of a set of terms (e.g. energy hub, microgrid, hybrid energy system). These keywords were defined according to a preliminary literature review, whereas the period of time was selected from 2000 because the first documents found in databases date back of this year.

Table 2. Search strategy

Field Option Introduced

Keywords

("energy hub" OR microgrid OR "integrated energy systems" OR "distributed energy system" OR "decentralized energy system" OR "multi energy system" OR "hybrid energy system" OR "polygeneration") AND (hydrogen OR "power to gas")

Search in

Title, abstract, keywords Period explored

-2018 Type of documents

Articles and conference papers Database Scopus® and Web of Science

Documents Analysis

After applying this search strategy, the corresponding classification, selection and analysis of the documents was realized. In order to choose the most relevant papers according to objectives of the work, two main filters were established. The first one lies on the inclusion of hydrogen or power-togas technologies within an energy system with defined sources and demands. It implies that documents focused on hydrogen production, isolated technology applications, methane synthesis or related, were not selected for the subsequent analysis. The second filter deals with one of the key aspects of DES that is synergy among different sources. For that reason, only documents including more than one energy source (i.e. solar, wind, biomass, natural gas) were chosen. In the same way, research work dedicated to control of energy systems was not covered in this study.

Results and Discussion

According to the defined search strategy, 501 and 352 scientific publications (many are repeated) were found in Scopus® and Web of Science databases respectively. Then, the two proposed filters were used to classify the documents, and 106 research papers were selected to be analyzed in detail. Among them, a wide range of scales is covered in the cases studied by researchers. These scales range from national energy networks and the replacement of current coal-based power plants, to laboratory pilot-scale systems, neighborhoods, schools, buildings, or even households. In Table 3, a general summary of the results related with the hydrogen infrastructure and use, size of the energy system (peak electricity demand) and the evaluated objective is presented. Among these results, two studies evaluate energy systems coupling renewable sources with nuclear reactors to supply power requirements [START_REF] Papaioannou | Role of a Hybrid Energy System Comprising a Small/Medium-Sized Nuclear Reactor and a Biomass Processing Plant in a Scenario with a High Deployment of Onshore Wind Farms[END_REF][START_REF] Maniyali | Energy Hub Based on Nuclear Energy and Hydrogen Energy Storage[END_REF]. In [START_REF] Li | A feasibility study of microgrids for reducing energy use and GHG emissions in an industrial application[END_REF], the life cycle assessment for the application of microgrids to cover hydrogen and energy demands of an industrial ammonia plant is reported. On the other hand, the synergies of a combined biorefinery -microgrid system in terms of optimal design and costs, and their comparison with each structure separately is presented in [START_REF] Allman | Optimal design of synergistic distributed renewable fuel and power systems[END_REF]. The sustainability assessment, using thermodynamic, economic and environmental factors, and the safety evaluation in terms of failure mode and effect analysis for a hybrid energy system are made in [START_REF] Hacatoglu | Sustainability assessment of a hybrid energy system with hydrogen-based storage[END_REF] and [START_REF] Mukherjee | Techno-economic, environmental, and safety assessment of hydrogen powered community microgrids; case study in Canada[END_REF] respectively. Concerning modelling strategies, most of the publications developed scenario-based studies (combination of technologies, prices, demands), whereas only a few documents employ fuzzy logic and multi-agent approaches to deal with optimal equipment sizing and energy management strategies [START_REF] Kyriakarakos | Intelligent demand side energy management system for autonomous polygeneration microgrids[END_REF][START_REF] Zhang | Energy management in a microgrid with distributed energy resources[END_REF][START_REF] Kyriakarakos | A fuzzy logic energy management system for polygeneration microgrids[END_REF][START_REF] Karavas | A multi-agent decentralized energy management system based on distributed intelligence for the design and control of autonomous polygeneration microgrids[END_REF][START_REF] Mohseni | A multi-agent system for optimal sizing of a cooperative self-sustainable multi-carrier microgrid[END_REF]. The consideration of some input data like weather conditions and energy demands was done through deterministic approaches in the major part of the reviewed papers. However, 17 research works include probabilistic functions and Monte-Carlo simulations (stochastic approach) to consider the uncertainty of this information.

Regarding conversion technologies, the most commonly used are photovoltaic panels, wind turbines, engine generators and gas turbines. From the obtained results, it can be noticed that only one research does not include any renewable source, namely solar, wind or biomass within its configuration, whereas around 70% of the documents employ at least two of them, which reflects the high integration of renewable energy sources in DES. Additionally, it is important to highlight that biomass can be burned to supply heat demands, but also, can be employed as feedstock for biogas and syngas synthesis, through anaerobic fermentation (digestion) and gasification processes respectively.

Hydrogen Technologies

The set of technological alternatives analyzed in this work includes electrolyzers (EL), fuel cells (FC), methanation and reforming reactors, gasification units and hydrogen storage options (gas, liquid, metal hydride adsorption). Figure 1 shows that (EL) and (FC) are the preferred technologies to involve hydrogen in energy systems. In this regard, alkaline electrolyzers are selected because of their higher capacity and technological maturity, whereas PEM and SOEC options are chosen when response to operational conditions (frequent start-ups and shut-downs) or energy efficiency are privileged. In Figure 1, the distribution of EL and FC technologies is also presented, where PEM type represents the most widely used technology for both EL and FC. Regarding the methanation process, it is significant to foreground that the hydrogen employed comes from the gasification product, or from an electrolyzer powered by wind turbines or photovoltaic panels. This means that the whole methane produced in the evaluated system proceeds from renewable sources. In the case of reforming process, natural gas (NG), biogas or bioethanol are used as raw materials.
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In order to identify some trends for the sizing of EL and FC in DES, Figure 2 is presented. From the data reported on the studied papers, the total installed capacity of EL and FC are correlated with the peak electricity demand of the system. It is important to clarify that despite the couple EL -FC is present in most of cases, there are few studies where only one of them is included depending on the configuration of the whole system and/or hydrogen use. For instance, just EL could appear when hydrogen is going to be used as raw material or directly as fuel (boiler, transport). On the other hand, systems with FC but without EL represent the studies where hydrogen is obtained from reforming, gasification or biomass digestion processes.

From these results, three groups of data that represent different application scales can be identified in accordance with the information reported by researchers (Table 2). The first one corresponds to energy systems with peak demands lower than 20 kW, the second one has energy requirements between 25 and 80 kW approximately, and the third one for electricity consumptions upper 90 kW.

Besides, there is one additional set of works that is addressed to replace current coal-based power plants, and correspond to energy peak demands between 3200 -4800 MW. It is important to note that the proposed classification aims to show some trends relative to application cases, however it is not the standard one, because the case study information (peak demand, scale) is not reported in all the documents. 2 illustrates that a considerable range of capacity factors exist for sizing of units, mainly for electrolyzers. However, it appears that the size of FC is generally smaller than of EL, because the electrolyzer is the equipment in charge of responding to fluctuations of renewable sources (solar and wind). Additionally, it seems that this intermittence has greater influence in smaller systems (< 20 kW), and as a consequence, a higher installed capacity of EL is needed for the energy management in this type of systems. In general, it is well known that several factors need to be evaluated for equipment sizing in DES. However, the results of this work can be useful for preliminary design stages and constraints definition (in optimization problems) for DES with hydrogen as energy vector. The box plot of Figure 3 illustrates the size distribution of EL, FC, and peak demand for the analyzed energy systems. Most research works (75%) represent applications with electricity requirements below 200 kW. This means, according to above mentioned results (Table 2), that the major part of case studies employed for evaluating DES with hydrogen as energy vector correspond to households or small villages. This result could constitute an opportunity for further research, supported with the technological development, towards the deployment of this kind of systems in larger applications. With respect to hydrogen storage alternatives, it is important to point out that no studies with hydrogen stored as a liquid were found. It is mainly due to the high economic and energetic costs to liquefy it and keep it in liquid state (high pressure and low temperature). Among the publications that report a specific form of hydrogen storage, gas in pressurized tanks (58%) is the preferred one. Metal hydride adsorption, natural gas pipelines and underground (salt caverns) alternatives are also used. In [START_REF] Alavi | Fuel cell cars in a microgrid for synergies between hydrogen and electricity networks[END_REF], the so-called vehicle-to-grid system is proposed, with the aim to use the hydrogen stored in the fuel cell vehicles for providing energy to the microgrid, when cars are parked and renewable generation is scarce.

Hydrogen end-uses

Regarding end-uses, the following hydrogen applications were found: as storage medium, as fuel, fuel blended with natural gas, and as raw material for industry. The storage option refers to the cases where the only objective is to manage the surplus renewable production through the electrolyzer -storage -fuel cell system. The applications in transport (vehicles, buses), gas turbines and combined heating and power units like fuel uses are included. The syngas utilization for methanation process, and the case where hydrogen is sold for chemical industry are covered by raw material group. It is important to clarify that hydrogen applications are not excluding each other, therefore, studies with more than one or even the whole set of considered possibilities were found. The prevalence of hydrogen to store energy shown by results (Figure 4), appears as a response to the high penetration of intermittent renewable sources in DES. From these results, it is also interesting to note that DES have the capacity to provide a clean fuel for transport, and to supply chemical industry with renewable-based feedstock. This fact represents a valuable opportunity for the economic and social development of communities, because in addition to satisfying their energy needs, they could participate as hydrogen suppliers, based on their local resources. Economic, technical and environmental issues are the focus of research to evaluate the energy systems involving hydrogen as energy vector. Among economic objectives, net present value, levelized ($/kWh) and operational costs, are the most commonly used. In a few cases, environmental and human health impacts (produced by emissions) were also addressed in economic terms [START_REF] Ahmadi | Thermoeconomic multi-objective optimization of a novel biomass-based integrated energy system[END_REF][START_REF] Rafea | Integration of Decentralized Energy Systems with Utility-Scale Energy Storage through Underground Hydrogen-Natural Gas Co-Storage Using the Energy Hub Approach[END_REF][START_REF] Vafaei | Optimal unit-sizing of a wind-hydrogen-diesel microgrid system for a remote community[END_REF][START_REF] El-Emam | Assessment and Evolutionary Based Multi-Objective Optimization of a Novel Renewable-Based Polygeneration Energy System[END_REF][START_REF] Alrafea | Integration of renewable energy sources into combined cycle power plants through electrolysis generated hydrogen in a new designed energy hub[END_REF]. Exergy analysis, energy efficiency, technological feasibility and experimental validations like technical targets were considered, while, the life cycle assessment and greenhouse gas emissions represent the main goals with respect to environmental aspects. Figure 5 shows the distribution of publications according to their evaluated objective. It highlights the prevalence of economic issues, which are involved in almost 80% of studies. It is also important to notice that around 45% of documents include multi-objective analysis, 9 works address economic, technical and environmental goals simultaneously and one of them includes the health impact cost produced by pollution (social factor) [START_REF] Rafea | Integration of Decentralized Energy Systems with Utility-Scale Energy Storage through Underground Hydrogen-Natural Gas Co-Storage Using the Energy Hub Approach[END_REF].

In summary, the results of this mapping study can be presented in two main topic groups, one of them corresponds to technical issues, and the other one to approaches and research objectives. From the first one, which is related to conversion and hydrogen technologies, the results constitute baseline information (type of technologies, equipment sizes) that could be valuable for the preliminary stages of research or project planning of DES involving hydrogen. Additionally, the lack of approaches considering the unpredictable behavior of input data (weather conditions, prices, demands), or including social and/or political issues for DES evaluation, appears as a possibility to future research work.
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Furthermore, regarding hydrogen production processes, it is noted that the technological challenges for the upcoming years are mainly focused on the improvement of the system efficiency (conversion, purification), the reduction of capital and operation costs, the emission decrease and the employment of renewable resources in processes like reforming and gasification. Besides, all these technological developments need to be supported by a framework that includes policies and the integration of the whole project stakeholders, along with the implementation of safety codes, standards, certifications, and education programs that enhance the community acceptability and comfort with hydrogen technologies.

Moreover, integrative and holistic point of view must be further explored. For instance, one promising area can be the implication (at the conceptual design stage of DES) of the changes in consumer patterns as a consequence of disaggregated consumption feedback and collaborative behavior. In this way, empirical studies in [START_REF] Schwartz | What people do with consumption feedback: A long-term living lab study of a home energy management system[END_REF][START_REF] Kelly | Does disaggregated electricity feedback reduce domestic electricity consumption? A systematic review of the literature[END_REF] have reported an average reduction of 7,8% and 4,5% in households energy demand, with a maximum of 14,5% for the named "energy enthusiast". Evidences from these studies could represent the opportunity to explore new design spaces with implication in the entire system configuration, because changes in energy consumption could entail in smaller equipment and/or the economic viability of emerging solutions.

Bibliometric Summary

This sub-section presents some results relative to the distribution of documents along the years, the main publication journals, and a summary of origin (countries and institutions) of the 106 analyzed papers. The results of the evolution of publications over the years (Figure 6) show an increase of published documents about DES including hydrogen mainly in the last 8 years. It emerges as a response of the research community to the concerns about climate change and the new trends in the energy sector. 

Number of documents

In Figure 7, the chart depicts the main publication journals for documents related to DES including hydrogen as energy carrier. From these results, it appears that International Journal of Hydrogen Energy, Applied Energy, Renewable Energy and Energy journals have been preferred by the researchers for publishing their works, and thus represent an important source of information for the studied subject. 

Conclusions

In this paper, a systematic literature review of distributed energy systems involving hydrogen as energy carrier was done through the analysis of 106 research documents. It includes a general mapping of energy sources and a detailed revision of hydrogen-related technologies (type, size), the identification of hydrogen end-uses, and the evaluated objectives when this kind of systems are planned, designed or operated. From these results, it appears that a wide variety of scales (household, neighborhood, buildings, universities, current power plants) are considered as application cases, as well as the high penetration of renewable sources (mainly sun and wind). Regarding hydrogen technologies, the prevalence is for electrolyzers and fuel cells, although
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Applied Energy Renewable Energy Energy Others reforming, gasification and methanation process have also been included by researchers. In general, it is noted that the installed capacity of EL is larger than FC, and that small systems (< 20 kW) receives greater influence of the intermittence of renewables on the size of the EL, thus a higher capacity respect to peak demand could be required. With respect to end-use, most publications have considered the application of hydrogen as storage medium for mitigating renewable production fluctuations. However, the hydrogen use as fuel in cars, scooters, boilers or CHP units (alone and blended with natural gas), and as raw material for the industry have also been addressed, which constitute an opportunity for communities to participate in hydrogen economy.

Results concerning about evaluated objectives show that the design and analysis of DES including hydrogen have been predominantly focused on techno-economic issues. Nevertheless, there is lack of approaches including data uncertainties in weather conditions, prices and demands that can affect the performance of the system. Hence, there is an opportunity for future work to include social aspects, and consider specific context conditions (e. g. sources availability, weather) and uncertainty to improve the decision-making process for planning this type of energy systems.
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 1 Figure 1. Publication distribution as a function of hydrogen technologies. (■) solid oxide technology; (■) alkaline electrolyzers;(■) PEM technology; (■) not specified.
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 2 Figure 2. Correlation between installed capacity of electrolyzers (∆) and fuel cells (□) with respect to peak electricity demand.
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 3 Figure 3. Size distribution of hydrogen-related units (electrolyzer -fuel cell) and peak electricity demands.
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 4 Figure 4.Publication distribution of hydrogen end-uses in distributed energy systems.
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 5 Figure 5. Publication distribution of performance objectives evaluated in distributed energy systems. (Ec-economic, Tec-technical, Env-environmental)
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 6 Figure 6. Distribution of publications over the years. (--) Partial result for the year 2018.

Figure 7 .

 7 Figure 7. Chart with the main publication journals. Concerning the origin of the analyzed papers, the results indicate that in Europe most documents come from Germany (Karlsruhe Institute of Technology), Spain (University of Seville), Italy (Politecnico di Milano and University of Cagliari), Netherlands (Delft University of Technology and Utrecht University), Greece (Agricultural University of Athens), Switzertland (Swiss Federal Institute of Technology and École Polytechnique Fédérale de Lausanne), France (Université de Bourgogne and European Institute for Energy Research) and United Kingdom (Imperial College London). In North America, the publications come from Canada (University of Waterloo and University of Ontario Institute of Technology) and United States (University of Minnesota). In the rest of the world, papers are mainly from China, Japan and Iran (Sharif University of Technology and Islamic Azad University).

Table 1 .

 1 Summary of characteristics and challenges of hydrogen production technologies. Adapted from[START_REF] Da | Hydrogen: Trends, production and characterization of the main process worldwide[END_REF][START_REF] Dincer | Review and evaluation of hydrogen production methods for better sustainability[END_REF][START_REF] Dincer | Innovation in hydrogen production[END_REF][START_REF] Nikolaidis | A comparative overview of hydrogen production processes[END_REF].

	Technology	Strengths	Weaknesses	Perspectives/ Challenges
		Established and mature technology	High energy consumption and operating costs	Improve product purification
	Steam Reforming	High thermal efficiency	CO 2 emissions	Renewable feedstocks (biofuels, biogas, bio-ethanol)
		Cheapest production method (currently)	Catalyst deactivation	Process intensification (membranes, on-site units)
		No pollution -decarbonized pathway	High electricity consumption	Improve efficiency
	Electrolysis	Hydrogen purity	Low system efficiency	Renewable sources integration
		Link between electrical and chemical energy	High capital cost	Durable and cheap materials
		Abundant and cheap feedstock (biomass)	High reactor costs	Product purification
	Gasification	Environment-friendly	System efficiency	Handle with feedstock variability
		Favorable for large-scale production	Greenhouse gas emissions	Process cost and efficiency
		Simple reactor technology	Low hydrogen yield	Research in metabolic engineering
	Dark Fermentation	No light and oxygen dependence	Large quantity of side products is formed	Materials science breakthrough
		Wide variety of carbon sources can be used	Reactor-to-reactor variation	Improve hydrogen selectivity

Table 3 .

 3 Publications summary. Elc, electrolyzer (Alk-alkaline, PEM-polymer electrolyte membrane, SOEC-solid oxide electrolyzer cell); FC, fuel cell (SOFC-solid oxide fuel cell); Met, methanation; Rfo, reforming; Gas, gasification; St Op, storage option (G-compressed gas, MHmetal hydrid, U-underground).St, storage; F, fuel; F-NG, blend with natural gas; RM, raw material.Ec, economical; Tec, technical, Env, environmental; * health impact cost

			Hydrogen related infrastructure			Hydrogen Use
	Ref.								Peak Demand	Perf. Goal
		Elc	FC	Met	Rfo. Gas	St. Op.	St	F	F-NG RM
	[74]	PEM					G		x	Ec -Tec -Env
	[75]	PEM		x			G		x	x	Tec
	[76]		SOFC						x	Tec -Env
	[77]					x			x	Ec -Tec -Env
	[78]				x	x			x	Ec -Tec -Env
	[79]	x		x			G		x	Tec
	[80]	Alk.							x	x	3250 MW	Ec -Env
	[81]	PEM	PEM					x	7,5 kW	Tec
	[82]	PEM	PEM				MH	x	500 W	Tec -Ec
	[83]	x	x					x	600 kW	Tec
	[84]	x					U		x	x	x	Ec -Env
	[85]	PEM			x				x	Env
	[86]	x							x	220 kW	Tec
	[87]	PEM					G		x	x	x	4 MW	Tec
	[88]	SOEC SOFC	x		x			x	Ec -Tec
	[89]	PEM	PEM				MH	x	Tec
	[90]	Alk.					G		x	1500 kW	Ec -Tec
	[91]	PEM	PEM				MH	x	1,3 kW	Tec
	[92]	x	PEM				G	x	x	550 kW	Ec
	[93]	x	x				MH	x	Tec
	[94]	PEM	PEM				MH	x	x	1,6 kW	Ec
	[95]	x	x				G	x	40 kW	Ec -Tec -Env
	[96]	PEM	PEM				MH	x	x	1,6 kW	Ec-Tec
	[97]	x	PEM				G	x	x	7,7 kW	Ec
	[98]	x	PEM		x		G	x	480 kW	Ec

Table 2 .

 2 Classification of peak electricity demand with respect to application scale.

	Group	Peak Demand	Scale	Characteristics
	1	< 20 kW	Household	Domestic demands, studies from 1 to 5 five homes are included
	2	20 -80 kW	Small village	Mainly focused in rural sector, farms and remote areas far from the grid.
				Urban areas, including faculties of
	3	90 -1500 kW	Neighborhood	universities, schools, residential
				complexes, buildings, refueling stations
	Figure			
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