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Abstract

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 techno-
economic 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.
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Introduction

Global energy demand grew by 2,1% in 2017 and jieeted to increase by 30% until 2040 with
respect to the current world consumption. Thiséaske is equivalent to add another China and India
to the current energy demand [1]. Although thiswghois slower than in the past, when a rise of
40% from 2000 to 2017 was registered, the congtgpansion of world economy and population,
as well as the concerns about climate change, sepr@ew challenges for the energy sector [1,2].
One of the main issues to handle is the need tsfisdhe energy requirements in a sustainable
manner, considering that, among human activitibe, use of energy is the largest source of
greenhouse gas emissions [3]. Thus, the trendhéoupcoming years is to increase electricity as an
end-use energy due to its important role for thereslof renewable and low-emission sources (25%
in 2017) [2].

Besides mitigating the climate change effectsutbe of renewable energies is boosted by concerns
about air quality and energy security. Free-emissmurces are a great opportunity to reduce health
problems derived from air contamination, which iaimty produced by the dependence of fossil
fuels in transport, power and industry sector (3. the other hand, energy security has to deal not
only with the finite character of traditional engrgources, but also with the need to supply
electricity to 1,2 billion people (mainly in devgiog countries and rural regions) who lack of it [5

In this line, the emergence of distributed energtesms (DES) and the growing share of renewable
energies are changing the way in which power systm planned, designed and operated [6].

DES are based on the idea that they replace or leomept the large-scale and conventional
centralized generation plants, with smaller unitsated close to energy consumers [7].This concept
suggested a shift in the paradigm of energy framlkewand appears as an alternative to face the
aforementioned challenges of the energy sector,peoyiding electricity to isolated communities.
Besides offering more flexibility in generation, dieing inefficiencies in delivering and
vulnerability of the system, DES can provide aatglie pathway for energy transition from the
technological, economic, environmental and soahtpof view [8]. One of the key aspects about
DES lies in the inclusion of multi-generation teologies and the use of renewable sources. Hence,
by easing the integration of renewables throudgkxalie transformation system, DES allow to take
advantage of the synergies among different soueteb energy carriers while responding to
electricity, heat, cooling, fuel and even water dads [9,10].

Among energy carriers, hydrogen has emerged aseadly solution for climate change, air
pollution and energy security [10]. Although hydeogis the most abundant element on earth, it
cannot be found by itself in nature. However, rathan a barrier, this represents a large range of
possibilities, since hydrogen can be obtained feogreat variety of sources covering fossil fuels,
biomass, nuclear power and renewable energiesJ[LlHydrogen as an energy carrier and raw
material has a wide range of applications thatuide$ fuel (e.g. transportation, power units),
chemical industry (e.qg. oil refining, fertilizersqauction) and energy storage [10]. When hydrogen
is employed to store energy, it offers the posgjbib be an interface among electricity, chemical
and heat energy networks through the so-called ptovgas process [13]. This can help to balance
the intermittent renewable energy supply (wind asudar) with the demand, and therefore,
facilitates and promotes its development [10,145Eility makes hydrogen a valuable element to



be incorporated in DES, in addition to the fact traly steam water and heat are emitted during its
combustion.

Introducing hydrogen into a multi-generation systam DES is a complex problem, and as a
consequence, an integrated approach including aleaspects is required. Indeed, this complexity
could be explained by the simultaneous objectives$ eonstraints to be considered. From the
technical point of view, a set of potential tectogital alternatives must be evaluated in order to
establish their complementarities and build the tragequate configuration. Furthermore, this set
of possible configurations also needs to be studiedier economic, environmental and
socio/political dimensions [15-17], and fitted beetconditions (e.g. climate, resources availability
scale) of the specific context where it would bepliemented. In this way, modelling and
optimization tools are crucial to study, desigrdseland operate a system to satisfy all these
dimensions from a global perspective. Currentlyerditure includes a significant amount of
scientific documents about DES with and without roggtn as a vector. However, the research
work has been focused on some specific aspectd, ohtlsem from a single-disciplinary point of
view and mainly addressing economic and technisaliégs. Hence, there is a lack of multi-
disciplinary approaches including all the above-tisered aspects, and thus a need to improve the
decision-making process to hydrogen-related DE $ogiegent.

The cited publications include the general presemtaof some fundamental concepts related to
distributed energy systems, their structures, charistics and applications at small scale [18f Th
study in [19] presents a review addressed to ifletitie models proposed for energy. Research
about the perspectives of hydrogen in energy systiemupcoming years are discussed in [20]
considering regional and national scales, as veeitsadrivers and challenges. Some reviews have
emphasized on production methods, storage andysefsies about hydrogen, and also some
challenges and perspectives of hydrogen as enarggicare discussed in [21,22]. Meanwhile, [23]
presents a work around the concept of 100% renevet#rgy, and the importance of hydrogen and
fuel cells in the energy transition of storage &radsport sectors. In [24], a study for the assegtm
of hydrogen options in energy systems under theran of smartness is developed according to a
sustainable-based portfolio, including exergizatigneenization, renewabilization, integration,
hydrogenization, multigeneration, storagization andtelligization concepts. Regarding
technological and economic aspects, this issuebbaa considered from the energy management
point of view [25], reviewing the most importanthaical and economical optimization criteria.
Likewise, some studies have focused on techno-esimndifficulties [26], and assessment of
hydrogen use in relation with end-users of powegds processes in Germany [27].

Additionally, an overview of software tools for hidb renewable energy systems, their capabilities
and limitations is carried out in [28], and speagfly, the state of the art of research using HOMER
software is presented in [29]. A general clasdiiicaof agent-based modelling techniques applied
to electricity grids, and their relevance for timegration of stakeholders is given in [30,31]. A
review of energy management strategies for hybeigewable energy systems (only electricity
generation) can be found in [32]. Authors in [33¢$ent a state of the art about application and
optimization tools in microgrids integrating rendl& energies, emphasizing on optimization
objectives and methods. In [34], a review of povteegas pilot plants is presented, which includes
both, the plants already operating and the ondsatteabeing planned worldwide. This document



also gives information about components, capacéig$ obtained experience during the systems
operation, and highlights the influence of the geskizing and operation strategy on the efficiency
and reliability of the projects.

Furthermore, for hydrogen production and storageersé documents have been published. For
instance, concerning the production stage, [35fvshiie current energy landscape, and highlights
the main characteristics, strengths and weakne$ske hydrogen production process. Likewise, in
[36], 19 hydrogen production routes are assessg@d@mpared under sustainability concept, so that
energy and exergy efficiencies, cost, global wagmetential, acidification potential, and social
cost of carbon are evaluated. Meanwhile, in [3&rbgen production, processing and end-use are
summarized from the innovation point of view unttez 18s concept, which includes some items
such as source, sector, safety, sustainabilitiebtader, and scale-up among others. With respect
to hydrogen storage, an overview of technologiesiien in [38], along with their recent
improvements and industrial perspectives. In [38] expert opinion survey is performed for
analyzing both, the current state and the persmectf renewable hydrogen storage systems in
Europe, as well as their locations, capacitiesnesoc factors, and regulatory and government
frameworks. [40] presents a benchmarking and anyfical Hierarchy Process to compare the
power-to-gas with other energy storage technolofgiedifferent application scales. In [41], the
analysis of storage needs and its performance &g@rocess perspective is performed, with focus
on power-to-gas and long-term storage.

The hydrogen supply chain issue has been analyzg2j43], where the objective is to understand
the way for integrating the hydrogen supply pathsvaly bottom-up energy system models.
Additionally, in [44] is presented a study on thm®omic and environmental assessment of three
different hydrogen delivery scenarios, which inéutorage, transmission and distribution stages.
From the social perspective, some publications lepmeared about the assessment of the socio-
technical evolution of DES in urban planning andigies, focusing on solar photovoltaics and
thermal applications [6], and on the review of driv and barriers for social acceptance of
distributed energy systems [45].

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

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



2. Overview on DES and Hydrogen asEnergy Carrier

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

2.1. Distributed Energy Systems

The growing concerns about climate change, enengfependence, and the need to supply
electricity to isolated communities have fosteredyreat transformation for energy systems.
Therefore, the focus is oriented to develop powantp located close to end-users and designed
according to local resources and demands, in additi renewable sources deployment [46]. These
issues have been addressed under the DES conckjoh) mvolves both the placement of
generation plants (decentralized generation), hedrtegration of different energy sources [47]. In
DES, the distributed generation can offer techn{eal. system flexibility), economic (e.g. local
resources development) and social (e.g. self-seiffic communities) advantages, while the
employment of a variety of energy forms can easa¢hewables penetration.

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

Energy hub: This approach represents an interface betweemeseurces (fossil fuels, biomass,
solar, wind) and demands (electricity, cooling,then fuels). Energy hub is based on considering
the energy system as a unit where multiple eneagyers can be converted, stored and distributed
[48]. It is characterized by a black-box approadkried to obtain an optimal arrangement among
energy vectors, where the components relationships modelled through coupling matrices
composed of efficiencies and conversion factors4dR

Microgrid: It is defined as a local power system composedigifibuted generation and storage
units, in addition to clearly delimited energy leg6,50]. Microgrids have the capability to operate
in isolated (self-sufficient) and grid-connecteddas, and are generally operated by means of a
control center that is in charge of managing enaupply and demands in real-time [51]. One of
the key advantages of microgrids lies on theirritigted generation based on local resources,
because besides improving the resilience of théesysit enables the integration of renewable
energies [52].

Multi-energy systems: These are based on the idea of changing theigaraghere sector-oriented
(electricity, heating, fueling) energy systems joatre few interactions, or are even planned and



operated in a completely independent way [19]. Tlhis approach intends to expand the system
boundary beyond a specific energy sector in ordeake advantage of the synergies provided by
the integration (also called integrated energyesys) of different energy networks [51]. Regarding

scale, it is important to point out that in contragth microgrids, multi-energy systems (MES) can

be addressed for both centralized and decentradigedration.

Polygeneration: From the most general point of view, it consigtshie generation of more than one

energy vector from a single process [53]. Howether,concept can be used for referring to a unit
as well as to the whole system. On the one hamdtbst common examples of polygeneration
units are the combined heat and power plants (GrB)uel cells, where heat and electricity can be
obtained from a unique fuel and process. On therottand, when all the energy system is
considered, polygeneration represents one casd6s [91].

Hybrid energy systems. These systems represent the kind of applicationereavmore than one
energy conversion device or source are involvesufmply an energy requirement [54,55]. Unlike
polygeneration definition, which is based on thedorced energy, the concept of hybrid energy
systems (HES) is addressed to energy sourcesamfdrmation units. For instance, a power plant
fed by wind and sun, or employing batteries andrbyein simultaneously for energy storage, can
be considered as a hybrid system. Neverthelebssito be indicated that HES are not constrained
by system products (more than one could be coreiflewhereby these can be seen as a sub-case
of MES as well.

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

2.2. Hydrogen as Energy Vector

Hydrogen is an energy carrier with a wide rangeroperties to be used as fuel, as raw material or
as interface between electricity and chemical endogms through the power-to-gas process.
There, it can be used as storage medium to absertehewables fluctuations and/or as feedstock
for synthetic natural gas production through metiian reaction, with the key feature of offering a
completely emission-free pathway [10,56]. Its higntent of energy per mass (higher heating
value 142 MJ/kg), is around three times larger tbammon fossil-derived fuels, namely natural
gas (53,6 MJ/kg), diesel (45,4MJ/kg) and gasolis&,4MJ/kg). Additionally, its capability to
enable the decarbonization of some chemical presemsd the transport sector, makes hydrogen a
key energy carrier to face the current energy anvitenmental challenges [22,57].

Although hydrogen is the most common element, itdspresent by itself in nature but combined
mainly with carbon and oxygen, thus it needs t@xteacted and/or separated. In this regard, there
are several sources, such as hiomass, fossil subsand wind energies, and different pathways,
including reforming, electrochemical and biocherhipeocesses to produce hydrogen. All these
possibilities about sources and processes reprasgmgat opportunity for its integration into DES,
because as mentioned previously, one of the maness of this kind of systems lies on
incorporating a variety of sources and technolodsenergy transformation. The following



overview presents the main characteristics, sthsngteaknesses and perspectives of the hydrogen
production processes (Table 1), as well as somebgd storage alternatives.

Reforming: The steam reforming of natural gas is the mostiredechnology and common process
to produce hydrogen around the world [58]. It cstssin the catalytic reaction of methane with
steam to produce syngas (Eqg. 1), which is a mixtanmposed of HHand CO. In general, this
reaction is carried out using a nickel-based catagnd under temperature and pressure ranging
between 700-900°C and 3-25 bar respectively. Timearder to increase the amount of hydrogen,
the syngas is submitted to water-gas shift reactien 2), where Hand CQare the products.
Finally, the resulting gas stream (rich in)Hs subjected to separation/purification by meahs
pressure swing adsorption (PSA) process, to oliteindesired hydrogen purity according to its
end-use [58].

CH, + H,0 & 3H, + CO (1)

CO + H,0 & H, + CO, )

Usually, reformer units are conceived to operatéage-scale (150-300 MW), mainly to supply
refining and chemical industry requirements, witlatare technologies that reach efficiencies
around 70-85% [10]. However, in order to respondthe current energy trends towards
decentralized systems, and the expected deployofidntdrogen as fuel in transport applications,
the reforming technology is being adapted to smaflles (0,15-15 MW) for on-site hydrogen
production [10,58].

Furthermore, from the process perspective, it i lown that the packed-bed reactors used in
large-scale plants, have to deal with problems tlilee diffusional limitations produced by the size
of catalyst particles (needed to avoid excessiesqure drop), the low heat-transfer rates, and the
thermodynamic constraints intrinsic to equilibriveactions [59]. Meanwhile, small-scale hydrogen
production systems are operated using processsifitattion principles, in micro-reactor reformers,
which allow the deployment of on-site and portahlgrogen infrastructure. These units are
composed of a set of plates with parallel chan(dilmeter between 10 and 500 um), where the
catalyst is charged or coated, and where the meaoticurs. As a result, this configuration provides
the process with a higher surface area to voluitie ttzan large reactors, overcoming their heat and
mass transfer limitations [59,60]. Taking into amb the decreasing influence of transport
phenomena, in micro-reformers the process becommesidally controlled, and thus, it achieves
additional improvement by acting over the catalystthis way, it has been identified that noble
metals (mainly Pt, Pd and Rh) are more active, meséstant to sulfur, and less prone to coke
deposition than nickel-based ones [58,60,61]. Ggrethe main challenges of these miniaturized
systems concern to the sensitivity to fouling, poes drop and difficulties in sealing, which are
expected to be solved in the near future througkaneh in the materials selection and equipment
design [60].

Electrolysis: This electro-chemical process consists in theemsplitting into oxygen and hydrogen

by using electrical energy (Eq.3). The electrolyimeicomposed of a cathode, an anode, and an
electrolyte that acts as the medium for ions trartsprhe process is based on the transfer of
electron through an electrical circuit and ioniceaps across the electrolyte, from the anode



(oxidation) to the cathode (reduction), i.e. a pedeaction occurs [62]. Currently, there are three
main electrolysis technologies: alkaline, polyméectolyte membrane (PEM) and solid oxide
electrolyzer cell (SOEC), which differ in the mad¢rof the electrolyte, efficiency and operational
conditions.

2H,0 - 2H, + 0, (3)

Alkaline electrolyzers are the most mature techgwpld@hey use a solution of sodium or potassium
hydroxide (20-40% wt.) as electrolyte, and operatetemperatures between 60-90°C with a
resulting efficiency of 70-80% [58].Unlike alkalinenes, PEM devices have an acidic and solid
electrolyte, and a platinum-based catalyst is ngefde make that reaction proceeds. These
electrolyzers have efficiencies of 65-80%, andrthairking temperatures are 25-80°C [10]. Some
advantages of PEM technology are its higher powesitly and hydrogen purity, the short response
time, and its capability to operate in a wider lsadge and at more elevated pressures with respect
to alkaline ones [58].However, they are limitedthg lifetime of the membrane and the cost of the
catalyst [10]. Otherwise, SOEC with a solid cerapl&ctrolyte are considered as high-temperature
electrolysis units, because the reaction is cargatl at 700-900°C, which allows to achieve
efficiencies up to 90%[10]. Nowadays, despite thenpsing potential of this electrolysis
alternative, SOEC is the least mature technology incurrent development is still restricted at
lab-scale processes [13,39,58], whereas alkaliree REBM electrolyzers systems are already
available at megawatt scale [39,63]. From the eciaigoint of view, challenges for the electro-
chemical process still remain. For instance, cargig a price of 27 €/ MWh for the natural gas, in
Europe the cost for producing hydrogen from methaferming is about 1,6 €/kg, which can be
between two and five times lower than the cost letteolysis, due to the current prices of
equipment and electricity [39]. Nevertheless, tsatk the continuous research and technological
developments on electrolyzers and the installatibtarger plants, a significant decrease in their
investment and operating costs is expected inpeming years [39].

Gadification: It is a thermo-chemical conversion of solid or ldjearbon-formed materials (fossil
fuels or biomass) mainly into hydrogen and carb@moxide (syngas). However, depending on the
feedstock and operating conditions, £HH,S, CQ and NH can be produced as well [64].
Gasification is a process involving different steppdie first one consists in moisture removal
(drying); then, a chemical decomposition by heaimgbsence of oxygen (pyrolysis) is done in
order to release volatile compounds (mainly,CEO, H). In the next step, an oxygen-controlled
environment is supplied to the system for the costibn of the volatile matter, which helps to
increase the process temperature and providesetaim for the subsequent operation. Finally, the
gasification ends with the reactions (e.g. Eq.4&)ween the char coal and a gas phase mainly
composed of Cg H,O and Q under temperatures of 800-1300°C [64].

Subsequently, depending on the end-use of the syprgaluced, it is further subjected to water-gas
shift reaction and/or purification processes to lempt as fuel, or raw material for methanol or
synthetic natural gas production (methanation).[64]

C(S) + 02 d C02 (4)



2C(s) + 05 > 2C0 (5)
Cio) + H,0 & Hy + CO (6)

Cs) + 2H,0 © 2H, + CO, @)

In general, gasifiers can be classified accordm@ twide variety of characteristics such as bed
temperature and type, pressure, oxidant flow thidhg equipment and ash formations [64,65].The
most conventional grouping considers entrained-fléwed-bed and fluidized-bed gasification
technologies. Currently entrained-flow gasifierge #ne most efficient alternative and, have the
smallest environmental impact and the largest pridoin capacity, thus they represent the major
part of the commercial market for centralized syngkants [65]. This technology is characterized
by operating at high temperatures (1100-1500°C)chvhllows good conversions in short reaction
times, and avoids technical limitations in the faedk type. Fluidized-bed equipment offers a
homogeneous temperature environment promotingeghednd mass transfer between the reactants.
The main advantages of these gasifiers are theiy seale-up and adaptation to changes in the
feedstock, as well as the better temperature domth®reas their drawbacks are related to the need
of specific particle size and lower conversion wilspect to other gasification options [64,65].
Otherwise, fixed-bed reactors are commonly usedbifmass gasification, and are divided into co-
current (downdraft) and counter-current (updraétyifiers. From these, downdraft gasifiers are the
preferred option for small scale and on-site apfitims due to their relatively easy design,
fabrication and operation, as well as their lowdantent in the product [65,66]. However, there are
some drawbacks such as the channeling, and theafioms to obtain good performances with
feedstock moisture over 20% that still need to\mrame [66].

Biochemical Processes. There are several different pathways to produgelrdgen from
microorganisms and/or biomass (waste, wood, agui@ll crops, and human or animal residues)
including dark fermentation, direct and indirecoftiotolysis, photofermentation, and even the
biogas synthesis through anaerobic digestion andubsequent reforming process [67]. Among
these, dark fermentation and digestion exhibitntizagor developments and offer the most promising
options for biochemical production of hydrogen B8, In dark fermentation, the process is
performed by an anaerobic bacterium that acts thesrorganic matter to produce a gas stream
composed of Hand CQ. The main advantages of this process are the hplitysto use a wide
variety of waste as feedstock and its simple regetthnology, making even nonsterile conditions
and impurities acceptable without negative effettie performance of the process [24]. However,
the process constraint due to the accumulatioryqdrbducts in the reactor and the difficulties of
hydrogen purification are some drawbacks that neetle further studied. On the other hand,
anaerobic digestion is a biochemical process whgferent types of microorganisms metabolize
the organic compounds of biomass to produce bidgesgture of CH, and CQ), which is then
subjected to a reforming process for hydrogen ggis67].



Table 1. Summary of characteristics and challenges ofdgein production technologies. Adapted
from [35-37,68].

Technology Strengths Weaknesses Per spectives/ Challenges
Established and mature  High energy consumption e
. Improve product purification
technology and operating costs
Steam . - - Renewable feedstocks
Reforming High thermal efficiency CO, emissions (biofuels, biogas, bio-ethanol)
Cheapest production methc L Process intensification
Catalyst deactivation . .
(currently) (membranes, on-site units)
No pollution - decarbonizec High electricity -
. Improve efficiency
pathway consumption
Electrolysis Hydrogen purity Low system efficiency =~ Renewable sources integration
Link betwe_e n electrical anc High capital cost Durable and cheap materials
chemical energy
Abundant and cheap . e
feedstock (biomass) High reactor costs Product purification
e . . - Handle with feedstock
Gasification Environment-friendly System efficiency variability
Favorable for !arge-scale Greenhouse gas emissior  Process cost and efficiency
production
Simple reactor technology Low hydrogen yield Research n metabollc
engineering
Dark _ No light and oxygen Large quar)tlty of side Materials science breakthrough
Fermentation dependence products is formed

Wide variety of carbon

Reactor-to-reactor variatio  Improve hydrogen selectivity
sources can be used

Besides synthesis alternatives, the reliable depdmy of hydrogen as energy carrier is strongly
connected to the performance of its storage [38}his regard, hydrogen has the capability to be
stored as compressed gas or in liquefied cryogimim (physical), and through metal hydrides
(chemical) in solid state. Among these alternatilégh pressure system for gaseous hydrogen
storage is the most common method, and offers @&saap to 10 MWh [10]. However, due to the
low density of hydrogen as gas (0,08 ki)/mpressures up to 700 bar are employed to avoid
excessive volume of the tanks, which implies cimgiéss for vessel materials and safety concerns
[38,69]. Otherwise, liquid hydrogen storage is igafrout by cryogenic process to condense the
hydrogen from gas to liquid state using temperat@a®und -253°C. This method allows higher
energy densities (capacity up to 100 GWh), andésgreferred option for transport, short-term
storage and in space applications. Neverthelesspdin limitations lie in the energy consumption
and isolation conditions that the process demaaldag with the product losses by boil-off (0,3%
per day) [10,38,62].

Considering the aforementioned hydrogen storagentdogies, the cryo-compressed alternative
has been developed in order to trade-off their @rigs. In this option, the hydrogen is stored unde
cryogenic temperature (-253°C) and elevated preséur300 bar) to avoid evaporation losses
keeping high energy density, and with the key athga of being compatible with hydrogen in gas
and liquid state [38]. Furthermore, hydrogen canstmeed as solid by means of metal hydrides
formation in a physicochemical process. In thigralative, the hydrogen atoms are chemically



bonded to the host material (e.g. sodium, lithialaminum or magnesium) during the adsorption
phase (charging), and subsequently released byingedhrough the desorption process
(discharging). This is a promising technology beeait provides high volumetric densities with
operating conditions that do not entail the safetgcerns of pressurized and cryogenic processes
[38,69]. However, it is the least mature technolagyd some issues still need to be solved, such as
the material volume expansion due to the stressusex by the adsorption/desorption cycles [70].

Besides reducing the environmental impacts, inangashe efficiency, and promoting the
deployment of renewable sources, it is also expetttat energy systems be safe along the whole
system supply chain, which includes production;agje, transport, delivery and end-use [37,38]. In
this regard, hydrogen energy systems, particularbjistributed applications, have to deal with the
limited operative experience of this kind of plarasd with the public reputation of hydrogen for
some unfortunate accidents that implied significantietal and economic costs in the history
[71,72]. However, from the safety point of viewdnggen is not more or less dangerous than other
fuels, e.g. gasoline or natural gas, but like ladl fuels, it must be manipulated responsibly and
according to specific standards and procedure§ 3p7l.eaking is one of the main challenges that
hydrogen has to tackle due to its difficult deteatisince it is a colorless, odorless and tastgjass
Other safety concerns are its low ignition energgd its capability to have a wide range of
combustible concentrations with air [58,73]. Nekieless, these issues can be addressed with a
well-defined framework including standards, comnyr@ducation, and technology improvement
and certification, in order to ease the consumeeptability and the integration of hydrogen
solutions in the energy network [37,73].

Despite of the potential benefits of using hydrogenenergy vector, there are several economic,
technical, environmental and social issues thaehawe considered in order to take advantage of
the complementarities between DES features andobgdr capabilities. This problem could be
addressed from the point of view of an optimizatzase, where multiple constraints must be
satisfied to support the feasibility of the solatifor a problem with defined objectives. For
instance, in this case the constraints could bénieal (capacity, technological maturity,
efficiency), geographical (resources availabiléyld/or socio/political (legislation, safety), whase
the objectives can be economical (profit), envirental (gas emissions, residues), social
(employability) or technical (share of renewablgstimal operation). For this reason, a systematic
literature review is proposed in this work with thien to identify the current state of research abou
DES using hydrogen as energy vector, and therelolytfends, gaps and opportunities that could be
explored for further research work.

3. Methodology

Considering the above-mentioned challenges, trandgerspectives of DES, the goal of this study
is to understand how hydrogen is employed in DESdjction technologies, applications), and to

identify the criteria that are evaluated when tkisd of system is designed, planned and/or
operated. The results of this mapping include aeggnframework about technologies (e.g.

electrolyzers, reforming, gasification), end-usesy.( storage, fuel, raw material) and objectives
(e.g. technical, economic, environmental) addressedesearchers. Thus, a systematic literature
review based on a search strategy, and the docardessification and analysis was performed.



3.1. Search Strategy Definition

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

Table 2. Search strategy

Field Option Introduced
("energy hub" OR microgrid OR "integrated energgteyns” OR "distributed energy
Keywords system" OR "decentralized energy system" OR "naulérgy system" OR "hybrid
energy system" OR "polygeneration") AND (hydrogelR @ower to gas")
Searchin Title, abstract, keywords
Period explored 2000 - 2018
Type of documents Articles and conference papers
Database Scopu® and Web of Science

3.2. Documents Analysis

After applying this search strategy, the correspumalassification, selection and analysis of the
documents was realized. In order to choose the mtsstant papers according to objectives of the
work, two main filters were established. The foae lies on the inclusion of hydrogen or power-to-
gas technologies within an energy system with eefisources and demands. It implies that
documents focused on hydrogen production, isolegelthology applications, methane synthesis or
related, were not selected for the subsequent siraljjhe second filter deals with one of the key
aspects of DES that is synergy among differentcasurfFor that reason, only documents including
more than one energy source (i.e. solar, wind, Bssnnatural gas) were chosen. In the same way,
research work dedicated to control of energy systeas not covered in this study.

4, Results and Discussion

According to the defined search strategy, 501 &l ientific publications (many are repeated)
were found in Scopus® and Web of Science datalyasegctively. Then, the two proposed filters
were used to classify the documents, and 106 res@apers were selected to be analyzed in detail.
Among them, a wide range of scales is covered enctises studied by researchers. These scales
range from national energy networks and the replace of current coal-based power plants, to
laboratory pilot-scale systems, neighborhoods, @shbuildings, or even households. In Table 3, a
general summary of the results related with therdgeh infrastructure and use, size of the energy
system (peak electricity demand) and the evalualbgettive is presented.



Table 3. Publications summary. Elc, electrolyzer (Alk-alkadj PEM-polymer electrolyte
membrane, SOEC-solid oxide electrolyzer cell); k@&l cell (SOFC-solid oxide fuel cell); Met,
methanation; Rfo, reforming; Gas, gasification;C§i, storage option (G-compressed gas, MH-
metal hydrid, U-underground).St, storage; F, fueiNG, blend with natural gas; RM, raw
material.Ec, economical; Tec, technical, Env, estvinental; * health impact cost

Hydrogen related infrastructure Hydrogen Use

Ref. Peak Demand Perf. Goal

Elc FC Met Rfo. Gas St.Op. St F FNG 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 Env
[86] X X 220 kW Tec
[87] PEM G X X X 4 MW Tec
[88] SOEC SOFC 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 G X 480 kW Ec
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2 kW

48 kW
160 kW
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3750 MW
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[161]
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17 kw
14 kw
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Tec
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Among these results, two studies evaluate energpess coupling renewable sources with nuclear
reactors to supply power requirements [151,155].[8B], the life cycle assessment for the
application of microgrids to cover hydrogen andrggalemands of an industrial ammonia plant is
reported. On the other hand, the synergies of wd biorefinery - microgrid system in terms of
optimal design and costs, and their comparison esith structure separately is presented in [125].
The sustainability assessment, using thermodynao@omic and environmental factors, and the
safety evaluation in terms of failure mode and @ffealysis for a hybrid energy system are made
in [146] and [109] respectively. Concerning modwg]li strategies, most of the publications
developed scenario-based studies (combinationcbht#ogies, prices, demands), whereas only a
few documents employ fuzzy logic and multi-agenprapches to deal with optimal equipment
sizing and energy management strategies [93,9508]7,The consideration of some input data like
weather conditions and energy demands was donadirdeterministic approaches in the major
part of the reviewed papers. However, 17 reseamrksainclude probabilistic functions and Monte-
Carlo simulations (stochastic approach) to conditkeluncertainty of this information.



Regarding conversion technologies, the most comynaisled are photovoltaic panels, wind
turbines, engine generators and gas turbines. Enerobtained results, it can be noticed that only
one research does not include any renewable sonareely solar, wind or biomass within its
configuration, whereas around 70% of the documentploy at least two of them, which reflects
the high integration of renewable energy sourcddh$. Additionally, it is important to highlight
that biomass can be burned to supply heat demétisalso, can be employed as feedstock for
biogas and syngas synthesis, through anaerobiefeation (digestion) and gasification processes
respectively.

4.1. Hydrogen Technologies

The set of technological alternatives analyzedhia work includes electrolyzers (EL), fuel cells
(FC), methanation and reforming reactors, gasificatinits and hydrogen storage options (gas,
liquid, metal hydride adsorption). Figure 1 showatt(EL) and (FC) are the preferred technologies
to involve hydrogen in energy systems. In this rdgalkaline electrolyzers are selected because of
their higher capacity and technological maturitheneas PEM and SOEC options are chosen when
response to operational conditions (frequent sipst-and shut-downs) or energy efficiency are
privileged.

90%
80% —+

g 70%
= 60%
= 50%
& 40%
< 30%
20%
10%
0%

Electrolyzer Fuel cell Methanation Reforming Gasifioati

Figure 1. Publication distribution as a functiorhgfirogen technologies ) solid oxide
technology; &) alkaline electrolyzerss) PEM technology; &) not specified.

In Figure 1, the distribution of EL and FC techrgpés is also presented, where PEM type
represents the most widely used technology for Heithand FC. Regarding the methanation
process, it is significant to foreground that th@dogen employed comes from the gasification
product, or from an electrolyzer powered by wintbines or photovoltaic panels. This means that
the whole methane produced in the evaluated sypteneeds from renewable sources. In the case
of reforming process, natural gas (NG), biogasieethanol are used as raw materials.



In order to identify some trends for the sizingkdf and FC in DES, Figure 2 is presented. From
the data reported on the studied papers, theitst@lled capacity of EL and FC are correlated with
the peak electricity demand of the system. It ipdntant to clarify that despite the couple EL — FC
is present in most of cases, there are few stwdiese only one of them is included depending on
the configuration of the whole system and/or hyerogise. For instance, just EL could appear
when hydrogen is going to be used as raw materidirectly as fuel (boiler, transport). On the
other hand, systems with FC but without EL represiem studies where hydrogen is obtained from
reforming, gasification or biomass digestion preess

From these results, three groups of data that septalifferent application scales can be identified
in accordance with the information reported by aeseers (Table 2). The first one corresponds to
energy systems with peak demands lower than 20 tk¥/second one has energy requirements
between 25 and 80 kW approximately, and the thirel for electricity consumptions upper 90 kW.
Besides, there is one additional set of works ihaiddressed to replace current coal-based power
plants, and correspond to energy peak demands &et3200 — 4800 MW. It is important to note
that the proposed classification aims to show stverals relative to application cases, however it is
not the standard one, because the case study mtiom{peak demand, scale) is not reported in all
the documents.

Table 2. Classification of peak electricity demavith respect to application scale.

Group Peak Demand Scale Characteristics
1 < 20 kKW Household Domes'_uc demands, stl_Jd|es from1to5
five homes are included
5 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 2 illustrates that a considerable rangeapfcity factors exist for sizing of units, mainbr f
electrolyzers. However, it appears that the sizé®@fis generally smaller than of EL, because the
electrolyzer is the equipment in charge of respumdd fluctuations of renewable sources (solar
and wind). Additionally, it seems that this intetiance has greater influence in smaller systems (<
20 kW), and as a consequence, a higher installpacist of EL is needed for the energy
management in this type of systems. In generag vell known that several factors need to be
evaluated for equipment sizing in DES. However, thsults of this work can be useful for
preliminary design stages and constraints defimit{iim optimization problems) for DES with
hydrogen as energy vector.
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Figure 2. Correlation between installed capacitglettrolyzersA) and fuel cellstf) with respect
to peak electricity demand.

The box plot of Figure 3 illustrates the size dittion of EL, FC, and peak demand for the
analyzed energy systems. Most research works (7&§desent applications with electricity
requirements below 200 kW. This means, accordiregptove mentioned results (Table 2), that the
major part of case studies employed for evaludiie@ with hydrogen as energy vector correspond
to households or small villages. This result cocbmstitute an opportunity for further research,
supported with the technological development, toweghe deployment of this kind of systems in
larger applications.

10000 -

1400 1500
580

1000

10 ¢
1 + 1,3
0,5
i 0,3
0,1
Fuel Cell Electrolyzer Demand

Figure 3. Size distribution of hydrogen-relatedtsifelectrolyzer — fuel cell) and peak electricity
demands.



With respect to hydrogen storage alternativess itmiportant to point out that no studies with
hydrogen stored as a liquid were found. It is madue to the high economic and energetic costs to
liquefy it and keep it in liquid state (high presswand low temperature). Among the publications
that report a specific form of hydrogen storagss, igapressurized tanks (58%) is the preferred one.
Metal hydride adsorption, natural gas pipelines amderground (salt caverns) alternatives are also
used. In [122], the so-called vehicle-to-grid systis proposed, with the aim to use the hydrogen
stored in the fuel cell vehicles for providing egertto the microgrid, when cars are parked and
renewable generation is scarce.

4.2. Hydrogen end-uses

Regarding end-uses, the following hydrogen apptoatwere found: as storage medium, as fuel,
fuel blended with natural gas, and as raw matdoiaindustry. The storage option refers to the
cases where the only objective is to manage theluwirenewable production through the
electrolyzer — storage - fuel cell system. The igpfibns in transport (vehicles, buses), gas tadin
and combined heating and power units like fuel usesincluded. The syngas utilization for
methanation process, and the case where hydrogeidigor chemical industry are covered by raw
material group.
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Figure 4.Publication distribution of hydrogen ergks in distributed energy systems.

It is important to clarify that hydrogen applicat®are not excluding each other, therefore, studies
with more than one or even the whole set of comsiipossibilities were found. The prevalence of
hydrogen to store energy shown by results (Figliragpears as a response to the high penetration
of intermittent renewable sources in DES. Fromalresults, it is also interesting to note that DES
have the capacity to provide a clean fuel for tpans and to supply chemical industry with
renewable-based feedstock. This fact representduale opportunity for the economic and social
development of communities, because in additiorsatisfying their energy needs, they could
participate as hydrogen suppliers, based on tbe# kesources.



4.3. Performance Objectives

Economic, technical and environmental issues agefdlous of research to evaluate the energy
systems involving hydrogen as energy vector. Amesgnomic objectives, net present value,
levelized ($/kwh) and operational costs, are thestmcommonly used. In a few cases,
environmental and human health impacts (produceshtigsions) were also addressed in economic
terms [74,110,116,123,156]. Exergy analysis, enegfficiency, technological feasibility and
experimental validations like technical targetseveonsidered, while, the life cycle assessment and
greenhouse gas emissions represent the main giblalsegpect to environmental aspects.

Ec - Tec - Env

oy
o

v

Figure 5. Publication distribution of performandgestives evaluated in distributed energy
systems. (Ec-economic, Tec-technical, Env-envirartaig

Figure 5 shows the distribution of publications@ding to their evaluated objective. It highlights

the prevalence of economic issues, which are irgbla almost 80% of studies. It is also important
to notice that around 45% of documents include irallfective analysis, 9 works address

economic, technical and environmental goals simehasly and one of them includes the health
impact cost produced by pollution (social factdr}].

In summary, the results of this mapping study carptesented in two main topic groups, one of
them corresponds to technical issues, and the otieeto approaches and research objectives. From
the first one, which is related to conversion andrbgen technologies, the results constitute
baseline information (type of technologies, equiptneizes) that could be valuable for the
preliminary stages of research or project planmhdES involving hydrogen. Additionally, the
lack of approaches considering the unpredictabtevier of input data (weather conditions, prices,
demands), or including social and/or political ssdor DES evaluation, appears as a possibility to
future research work.



Furthermore, regarding hydrogen production procgdses noted that the technological challenges
for the upcoming years are mainly focused on th@rawvement of the system efficiency
(conversion, purification), the reduction of capi#ad operation costs, the emission decrease and
the employment of renewable resources in procddseseforming and gasification. Besides, all
these technological developments need to be sugabbst a framework that includes policies and
the integration of the whole project stakeholdeteng with the implementation of safety codes,
standards, certifications, and education programas ¢nhance the community acceptability and
comfort with hydrogen technologies.

Moreover, integrative and holistic point of view stube further explored. For instance, one
promising area can be the implication (at the cpthwa design stage of DES) of the changes in
consumer patterns as a consequence of disaggregatstdmption feedback and collaborative
behavior. In this way, empirical studies in [180Q,l8ave reported an average reduction of 7,8%
and 4,5% in households energy demand, with a maxrirnf 14,5% for the named “energy
enthusiast”. Evidences from these studies couldesgmt the opportunity to explore new design
spaces with implication in the entire system camfigion, because changes in energy consumption
could entail in smaller equipment and/or the ecananability of emerging solutions.

4.4. Bibliometric Summary

This sub-section presents some results relatiteetalistribution of documents along the years, the
main publication journals, and a summary of ori@ountries and institutions) of the 106 analyzed

papers. The results of the evolution of publicationer the years (Figure 6) show an increase of
published documents about DES including hydrogeimiyan the last 8 years. It emerges as a

response of the research community to the conedrost climate change and the new trends in the
energy sector.
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In Figure 7, the chart depicts the main publicajmurnals for documents related to DES including
hydrogen as energy carrier. From these resulegppears thalknternational Journal of Hydrogen
Energy, Applied Energy, Renewable Energy and Energy journals have been preferred by the
researchers for publishing their works, and thpsaegent an important source of information for the
studied subiject.

Figure 7. Chart with the main publication journals.

Concerning the origin of the analyzed papers, #@sailts indicate that in Europe most documents
come from Germany (Karlsruhe Institute of Techng)pdSpain (University of Seville), Italy
(Politecnico di Milano and University of CagliariNetherlands (Delft University of Technology
and Utrecht University), Greece (Agricultural Unisity of Athens), Switzertland (Swiss Federal
Institute of Technology and Ecole Polytechnique éféte de Lausanne), France (Université de
Bourgogne and European Institute for Energy Rebgaand United Kingdom (Imperial College
London). In North America, the publications comenfr Canada (University of Waterloo and
University of Ontario Institute of Technology) ahklhited States (University of Minnesota). In the
rest of the world, papers are mainly from Chingadaand Iran (Sharif University of Technology
and Islamic Azad University).

5. Conclusions

In this paper, a systematic literature review dftributed energy systems involving hydrogen as
energy carrier was done through the analysis of rE@@arch documents. It includes a general
mapping of energy sources and a detailed reviditnydrogen-related technologies (type, size), the
identification of hydrogen end-uses, and the evatli@bjectives when this kind of systems are
planned, designed or operated. From these restl@ppears that a wide variety of scales
(household, neighborhood, buildings, universitiesyrent power plants) are considered as
application cases, as well as the high penetraiforenewable sources (mainly sun and wind).
Regarding hydrogen technologies, the prevalencéoriselectrolyzers and fuel cells, although



reforming, gasification and methanation proces®teso been included by researchers. In general,
it is noted that the installed capacity of EL isgker than FC, and that small systems (< 20 kW)
receives greater influence of the intermittenceenfewables on the size of the EL, thus a higher
capacity respect to peak demand could be requivitl. respect to end-use, most publications have
considered the application of hydrogen as storagdium for mitigating renewable production
fluctuations. However, the hydrogen use as fualdrs, scooters, boilers or CHP units (alone and
blended with natural gas), and as raw materialtherindustry have also been addressed, which
constitute an opportunity for communities to papti¢e in hydrogen economy.

Results concerning about evaluated objectives ghawthe design and analysis of DES including
hydrogen have been predominantly focused on teebhnoemic issues. Nevertheless, there is lack
of approaches including data uncertainties in weratbnditions, prices and demands that can affect
the performance of the system. Hence, there ispgortunity for future work to include social
aspects, and consider specific context conditieng.(sources availability, weather) and uncenaint
to improve the decision-making process for planring type of energy systems.
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