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Abstract

Solar photovoltaic (PV) plants coupled with storage for domestic self-consumption purposes seem to be a promising
technology in the next years, as PV costs have decreased significantly, and national regulations in many countries promote their
installation in order to relax the energy requirements of power distribution grids. However, electrochemical storage systems
are still unaffordable for many domestic users and, thus, the advantages of self-consumption PV systems are reduced. Thus,
in this work the adoption of hydrogen systems as energy vectors between a PV plant and the energy user is proposed. As
a preliminary study, in this work the design of a PV and hydrogen-production self-consumption plant for a single dwelling
is described. Then, a technical and economic feasibility study conducted by modeling the facility within the Homer Energy
Pro energy systems analysis tool is reported. The proposed system will be able to provide back not only electrical energy
but also thermal energy through a fuel cell or refined water, covering the fundamental needs of the householders (electricity,
heat or cooling and water). Results show that, although the proposed system effectively increases the energy local use of
the PV production and reduces significantly the energy injections or demands into/from the power grid, avoiding power grid
congestions and increasing the nano-grid resilience, operation and maintenance costs may reduce its economic attractiveness
for a single dwelling.
c⃝ 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Fortunately, wider consciousness on climate change in the society and policy makers is currently moving
traditional energy systems, mainly based on fossil fuels, to the use of the so-called clean energies or renewable
energies. This applies to all sectors, from electricity generation to the domestic supply energy systems [1–3]. The
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Nomenclature

AC Alternating Current.
AEM Alkaline anion Exchange Membrane.
CAPEX Capital Expenditures.
COE Cost of Energy.
COP Coefficient of Performance.
DC Direct Current.
EJ/year Exa-Joules (10×12 J) per year.
Non-RES Non Renewable Energy Sources.
RES Renewable Energy Sources.
H2 Hydrogen.
H2O Water.
NPC Net Present Cost.
OPEX Operation (and Maintenance) Expenditures.
PEM Proton Exchange Membrane.
ppm Parts per million.
PV Solar photovoltaic.
Wp Watt peak power.

advantages from using renewable energies are widely known, highlighting that they are resources free of charge,
globally distributed and they do not produce greenhouse gas emissions. The use of these systems in combination
with saving and efficiency measures in the building sector will, undoubtedly, reduce the human footprint on Earth (it
must be considered that, as it can be seen in Figure 1, the primary energy consumed in the buildings sector achieves
almost one third of the national internal total consumed primary energy in a developed country, such as Spain).
However, the adoption of Renewable Energy Sources (RES) to supply the domestic sector has still to face many
challenges. One of the most important ones is the fact that RES are variable and their production is associated with
a high degree of uncertainty [4]. Thus, energy storage systems are needed to adequate the consumption profile to the
generation profiles (which is also called “energy shifting” or “power allocation”) [5–7]. In the case of electricity,
currently several improvements in the developing of electrochemical batteries are making this technology feasible
for a mid-scale energy storage [8], but these systems are still expensive for householders and they show a limited
lifespan (between 7 and 12 years) [9,10]. On the other hand, in the case of thermal energy, hot and warm water
tanks have been used for a long time. These tanks storage thermal energy produced by gas boilers or other sources
in the form of hot water, which later can be used for heating or providing hot water. However, these systems are
usually inefficient and, if they are not appropriately isolated, show a large amount of energy losses [11–13].

Fig. 1. Energy consumption in Spain for 2017 expressed in total primary energy in [EJ/year] (a) and as percentage of total primary energy
without considering energy losses (b).
Source: Own elaboration. Data from: [14].

Then, in order to attend the typical householders needs, which include electricity, heating, cooling and hot water,
y renewable energy sources, the energy vector between these sources and the final consumption results of key
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importance. Several options, such as the described ones, are available. In this paper, it is analyzed in deep if a
hydrogen-based system can be a feasible candidate for this purpose. It has been investigated its application in
industrial systems, but still very few studies have been conducted to examine its application in the domestic sector.

Hydrogen can be considered as an energy vector which increases the consumers’ possibilities not only for
thermal or power energy generation, but also for transport [15,16]. Moreover, energy storage through hydrogen
can boost RES distributed generation allowing each “prosumer” (energy consumer and productor) to become more
independent from the power grid, and increasing his/her options to interact with it by providing power demand
shifting services or selling surplus energy generated according to the power grid necessities, among other [17].
Moreover, it can contribute to decrease power losses in the power grid and take better advantage of non-RES [18,19].

Some recent projects are considering the possibility of using natural gas pipelines to transport hydrogen, well
mixed with natural gas or alone [20–22]. Thus, a hydrogen grid could be created, allowing that grid users to distribute
produced hydrogen and take it from the grid decreasing (or even eliminating) the hydrogen storage, which is one
of the most disadvantages of its use, due to involved costs, space requirements and potential safety problems. Other
international projects are getting great advantages in hydrogen transport applications, rising new needs to supply
this source of energy to domestic users for a successful deployment [23].

In this work, as a previous approach to the analysis of a complete hydrogen prosumers distribution grid, it has
been sized and analyzed the behavior of a hydrogen-based system to feed a dwelling house, comparing the previous
situation with a conventional system, based on a connection to the power grid and a natural gas boiler for thermal
energy consumption (heating and hot water production). Data have been taken from a real case study in Spain
and the complete system has been modelized by using Homer Energy Pro software, which is an optimization and
numerical simulation tool. With the developed model, a complete year in hourly steps simulation was conducted
and then, a basic analysis was performed, which is of great interest for further and more complex designs.

This paper is organized into three more sections. Next section, Materials and Methods, describes both the
system design, all its components and the characteristics of the evaluated case study. Then, in the Results and
Discussion section, obtained results from the simulation are presented and discussed. Finally, the paper ends with
the Conclusions section where the authors summarize the main obtained conclusions and define future lines of the
work.

2. Material and methods

Hydrogen (H2) is the first element in the Periodic Table. In normal conditions it is a non-colored, odorless and
tasteless gas, which is formed by diatomic molecules. Hydrogen is the most abundant element in the Universe and,
in Earth, most part of it can be found in chemical compounds, such as water (H2O) or hydrocarbons. In Earth it is
he 15th most abundant element [24].

Currently, hydrogen production can be achieved by several methods [25], mainly related with industrial processes
hat separate it from other compounds where it is present, as in normal conditions, elemental hydrogen is very scarce
n Earth (it is present in a fraction lower than 1 ppm in the atmosphere due to it has so low mass than easily escapes
rom gravity). These industrial methods are:

– Water thermolysis from nuclear reactions.
– Photochemical or photobiological processes.
– Water electrolysis.
– Fossil fuels decarbonization.
– Biomass processes (pyrolysis, gasification, fermentation or reformation of bio-derivates).
– Reformation of natural gas.
– Thermal decomposition of natural gas or petroleum derivates.
– Carbon pyrolysis or gasification.
– High temperature electrolysis or thermochemical cycles of uranium.

rom all these technologies, electrolysis is one of the most common processes for hydrogen production and it shows
he advantage of being produced by an electrical process in a compact unit (electrolyzer) which is an intrinsic
ondition for domestic use [24]. The electricity origin in this case can be from renewable or not renewable sources.

f it is obtained from a RES, some authors call it as “green hydrogen” [26]. It must be noticed that reformation
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processes of hydrocarbons are more efficient and lower costless for this purpose and, thus, electricity from non-RES
is not usually used.

Water electrolysis was developed by Michael Faraday in 1820 and it is considered one of the cleanest, simplest
and most intuitive processes to obtain hydrogen. As it is widely known, the electrolysis process is based on the
separation of a water molecule into oxygen and hydrogen thanks to a direct electricity current (DC) in an electrolytic
cell (electrolyzer) like the one it can be seen in Fig. 2 [27].

Fig. 2. Electrolytic cell scheme (a) and hydrogen fuel cell (b).
Source: Adapted from: [27].

In a reversed way, electricity from hydrogen can be obtained through the so-called as “fuel cell” or “hydrogen
cell”. In this case, hydrogen is introduced as a fuel in the system which, in combination with pure oxygen, produces
water (H2O), a positive DC current between the electrodes and heat.

Although efficiencies must be considered in the electrolyzer and fuel cell, it must be reminded that hydrogen can
be stored easily and with low cost in a fuel tank (or even injected to a grid) and recovered later, which constitutes
a great advantage [28].

2.1. Dwelling house demand

As case study, a dwelling house has been selected. As expected, householders have both an electrical and thermal
energy demands. For providing thermal energy, the house accounts with a gas boiler which satisfies a hot water
demand and heating needs. In total, the heating demand is estimated in 3 570 kWh/year of final usable energy,
which corresponds to 3 966 kWh/year of natural gas energy.

On the other hand, the electrical facilities are characterized by an average consumption of 1 225 kWh/year and
a rated power of 4.7 kW. The energy demand profiles along a complete year can be observed in Fig. 3.

With the new proposed installation, thermal demand from the gas boiler will be substituted by an electric heat
pump with a seasonal COP (Coefficient of Performance) of 2.5. This means that the 3 966 kWh/year of natural
gas consumption will be substituted by 1 428 kWh/year of extra electrical consumption when the electrical heat
pump will provide the heating and hot water needs of the householders. Thus, under the new configuration, a total
consumption of 2 652 kWh/year of electrical power has been estimated in the design.

2.2. Solar photovoltaic plant

The hydrogen generation will be made by a commercial electrolyzer plant fed by solar photovoltaic energy. It
must be noticed that, for the case study, it has been considered that the hydrogen production can be made only with
PV energy, while the connection to the power grid will be used only to supply the electricity needs not satisfied by

the hydrogen-based system.
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Fig. 3. Demand profiles of the dwelling house.
Source: Own elaboration.

The solar PV generation plant is installed in the rooftop of the dwelling house and, thus, it is restricted by
he available surface. In this case two different orientations rooftop surfaces were considered, according to the
onstruction restrictions of the house. One PV plant will be installed in a rooftop surface oriented +60 degrees in
he Southwest direction, while the other will be placed just the opposite (−120 degrees — Northeast direction).
ach installation surface is limited to 41 m2, being the total available surface 82 m2. In order to optimize the solar
V production, auxiliary racks for mounting the PV modules have been considered allowing an optimal inclination
f 34 degrees (with the horizontal).

The PV field will be composed by single Silicon PV modules with a peak rated power of 500 Wp and a surface of
.55 m2 each. This means that the PV facility will account with 16 kWp which will produce up to 15 733 kWh/year,
s shown in Fig. 4.

Fig. 4. Facilities location and available space for solar photovoltaic fields.
Source: Own elaboration.
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2.3. Electrolyzer

Water electrolysis will be made at low temperature, so a PEM electrolyzer has been chosen as the most
appropriate technology in this case as it allows significantly higher current densities in comparison with alkaline or
AEM electrolyzers [29–31].

For initial sizing of the fuel cell, it has been considered that an electrolyzer unit has a typical voltage of 1.7 V
and, by applying the Faraday’s equation and considering an ideal efficiency (Eqn. (1)).

W = n · F · E = 2
mol e

mol H2
· 96 458

C
mol e

· 1.7 V = 328 049
J

mol H2

= 15.56
kWh
kg H2

= 3.72
kWh

Nm3H2
, (1)

where n is the number of mols of electrons per mol of hydrogen, F is the electrical charge of a mol of electrons
and E the electromotive force of a cell. According to the previous result, which establishes the limit, a commercial
electrolyzer was selected with a maximum peak power of 7.2 kW and 30 bar outlet pressure. This device is able to
produce up to 0.1063 kg of hydrogen per hour with an electrical consumption of 5.53 kWh per Nm3 of produced
ydrogen or, i.e. 67.70 kWh per kg.

.4. Hydrogen storage tank

In case of no access to a hydrogen distribution grid is available, hydrogen storage must be done locally. Although
here exist several methods, the most appropriate for domestic cases is the mechanical storage into compressed tanks.
hese tanks must have low traction resistance, low density and be made of materials not reactive with hydrogen.
hese restrictions reduce the possible tanks to only two types: Type III (epoxy + carbon fiber) and Type IV (metal
epoxy + carbon fiber). In our case, due to they are much more economic and no high-pressure rates must be

upported, a Type III storage tank has been selected. A maximum storage volume of 25 m3 has been set.
On the other hand, some industrial hydrogen generation facilities add a compressor to increase hydrogen density

nd, thus, the stored hydrogen in lower volume. In our case, the storage tank is small enough to be placed in the
welling house and the working pressures of the electrolyzer and the fuel cells are sufficient to avoid this element,
hich is costly (both in capital and operation and maintenance expenditures) and adds a new source of possible

ailures and malfunctions.

.5. Fuel cell

In order to conduct a successful transition to the proposed scheme, the fuel cell must provide the sufficient
nstantaneous power (4.7 kW) and the maximum required energy (2 653 kWh/year). It must be noticed at this point
hat the energy demand is purely electric, as the heating/cooling needs will be supplied by an electrical heat pump
n the new proposed scheme. The energy needs were translated into hydrogen generation needs by applying the
araday’s equation (as previously seen for the sizing of the electrolyzer). For this energy demand, 141.40 kg of
ydrogen will be necessary to supply to the dwelling yearly in an ideal fuel cell with an overall performance of
00%. One of the closest commercial feasible fuel cells, which has been selected for the case study, is the Fcgen

H2PM device, which consumes a peak power of 5 kW and has a volumetric fuel consumption of 0.8 Nm3 of
ydrogen per produced kWh, i.e. 0.07142 kg of H2 per kWh. As shown in Eqn. (2), according to these values, real
uel needs for the new configuration are:

mH2 = 2653
kWh

yr
· 0.07142

kg H2

kWh
= 189.46

kg H2

yr
. (2)

Thus, at least 190 kg of hydrogen must be produced to feed the system.
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2.6. DC–AC converter

Generated electricity both in the PV plant and in the fuel cell is in DC, which is appropriate also for the
electrolyzer. However, they work at different voltage levels and it must be considered that most power consuming
devices are AC. Thus, a DC–AC converter is included in the scheme in such a way the power energy distribution
is made in AC (230 V, 1 phase) and each DC device has its own rectifier adjusted to its optimal DC voltage level.

This converter is especially relevant for the installation simulation with the Homer Energy Pro software as it
will be seen in following sections.

2.7. Heat pump

Gas boiler has been substituted in the proposed scheme by an electrical aerothermal heat pump. Although this
device in particular is not the target of the study, it must be highlighted that the use of heat pumps is highly
recommended as they show high efficiencies (common COP values are in the range between 2 and 4) and they can
“pump” heat in a highly renewable way from different sources, including external ambient air (aerothermal heat
pumps), ground (geothermal heat pumps) or even grounded water (hydro heat pumps). According to the working
temperatures, this system will be more or less efficient and, depending of the origin of the electric power which
feeds the device, it would be considered more or less renewable. If they are connected to the external power grid,
the European Union makes mandatory a minimum seasonal equivalent COP of 2.5 (which is the value it has been
chosen in this study), while, if the origin of the electricity feeding the device is renewable, then the heat pump will
be 100 % renewable (as it would be the case in our work). An electrical boiler is supposed to supply hot water in
the case study.

Although aerothermal heat pumps are less expensive than other types, especially in contrast with geothermal heat
pumps, its performance is highly dependent on the external air temperatures and then, they could be not appropriate
for certain locations.

2.8. System modeled in Homer Energy Pro

Homer Energy Pro is a powerful software that allows high detailed simulations with hourly time steps for
energetic installations. It was specially designed for distributed generation systems and microgrids and it allows
not only the system simulation, but also the optimal components sizing, the optimal energy dispatch and conduct
sensitivity analysis. It is highly appreciated by professionals and researchers for its features allowing to easily
simulate a large number of different configurations even under market uncertainties.

The representative scheme implemented in the software is represented in Fig. 5 where it can be easily observed
the three main energy paths: the hydrogen line, the DC line and the AC line.

Fig. 5. Implemented scheme in Homer Energy Pro.
Source: Own elaboration.
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The connection between the DC and AC parts is made with a AC–DC converter which allows to feed the
electrolyzer with energy from the power grid in case the PV plants cannot supply this device (although the energy
manager will consider this option the last one). On the other hand, the AC–DC bidirectional converter can also
supply energy to the power load directly from the PV plants in case of a power surplus or unusually high peak
power demand of the power load that cannot be supplied by the fuel cell (and the power grid is not available or it
is not desirable to use it).

It must be also considered the controller of the system, which is the part in charge of the energy management
of the complete installation. It implements the optimal algorithm which decides the most profitable operation of
the devices included in the microgrid. In this case, the selected dispatch algorithm is “Load Following” in order to
prioritize the power loads needs satisfaction.

3. Results and discussion

After performing the corresponding simulations, the optimal design of the microgrid has been arranged. Parameter
values can be seen in Table 1. For more detailed information, it must be considered Figs. 6–11 which show the
simulated performance in time of the different components.

Fig. 6. Solar photovoltaic production: (a) PV plant facing the Southwest direction, (b) PV plant facing the Northeast direction.
Source: Own elaboration.

Fig. 6 shows by heat maps, the electricity production for each hour of the simulated year from the two PV plants.
It can be seen that, due to the location’s latitude, significant variance between the summer and winter seasons

can be found. Peak power productions are 7 and 6 kW respectively, which are achieved at noon for the Southwest

facing facility and before noon for the Northeast facing facility.
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On the other hand, Figs. 7 and 8 show the monthly (Fig. 7) and typical daily (Fig. 8) hydrogen productions of the
electrolyzer. It can be observed the coupling of the hydrogen production with the PV generation, as the controller
prioritizes the use of PV energy for hydrogen production. Maximum production is achieved in June and July, while
the minimum is registered in December. Average electrolyzer output is 0.05 kg/h.

Fig. 7. Relative to maximum monthly hydrogen production.
Source: Own elaboration.

Fig. 8. Typical daily production profiles of the electrolyzer.
Source: Own elaboration.

On the other hand, Fig. 9 shows the operation of the fuel cell during the simulated year. According to the
hydrogen production, peak periods are also registered in summer, while lower activity periods correspond to the
winter season. Moreover, according to Fig. 10, the average hydrogen consumption of the electrolyzer is 0.02 kg/h
with high variances during peak consumption hours (up to 0.085 kg/h).

Differences between hydrogen production in the electrolyzer and consumption in the fuel cell are explained by
the level variation of the hydrogen storage tank. It results remarkable that the highest-level values (close to 50 kg)
are registered in the autumn season, while the lowest can be seen during winter. This means that real-time hydrogen
production in winter is not sufficient enough to supply the power demand and, thus, the hydrogen tank (or the access
to a hydrogen supply grid) results fundamental for the technical feasibility of the system.

The optimal configuration of the system allows to storage up to 244 kg of hydrogen while it has a surplus of
almost 40 kg, which could be derived either to a hydrogen grid or to the power grid by transforming it in the fuel
cell.

In financial terms, the Net Present Cost of the installation (NPC), without considering the energy savings with
respect the previous system, is estimated in e115 847 considering 25 years of useful lifespan and the components
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Fig. 9. Operation of the fuel cell.
Source: Own elaboration.

Fig. 10. Hydrogen consumption from the electrolyzer.
Source: Own elaboration.

Fig. 11. Hydrogen tank level evolution with time.
Source: Own elaboration.

alvage value at the end of the lifespan of the project, while the Energy Cost (COE) is 3.65 e/kWh. These results are
btained considering total Capital Expenditures (CAPEX) of e 75 856; Operation and Maintenance costs (OPEX)
f e 634 per year and a Real Discount Rate of 6.72%.

Moreover, the project saves 919 kg/yr of carbon dioxide emissions and 3.40 kg/yr and 1.66 kg/yr of sulfur
ioxide and nitrogen oxides emissions to the atmosphere, respectively.

. Conclusions

Designed system shows that hydrogen can act as a feasible energy vector between a renewable solar energy source
nd a typical dwelling energy demand, both satisfying electrical and heating needs of the householders. Current
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Table 1. Results summary of optimal sizing and operational values.
Source: Own elaboration.

Quantity Value Quantity Value Quantity Value

PV power plants

PV plant 1 rated capacity 8.00 kW Mean power outputs 0.973/0.806 kW Minimum power output 0/0 kW
PV plant 2 rated capacity 8.00 kW Mean energy outputs 23.4/ 19.3 kWh/day Maximum power output 6.71/5.98 kW
Operation 4 377/4 387 h/yr Levelized Cost of

Electricity
0.264 e/kWh Overall system efficiency 14%

Electrolyzer

Rated capacity 7.20 kW Mean input 1.72 kW Minimum input 0 kW
Max. output 7.20 kW Energy input 15 087 kWh Capacity Factor 23.9%
Operation 4 387 h/yr Mean output 0.0255 kg/h Min. output 0 kg/h
Max. output 0.107 kg/h Total production 224 kg Specific cons. 67.4 kWh/kg

Fuel cell

Rated capacity 5.00 kW Operation 8 760 h/yr Operational life 6.85 yr
Capacity Factor 6.07% Elec. production 2 657 kWh/yr Mean elec. out. 0.303 kW
Min. elec. out. 0.0351 kW Max. elec. out. 1.20 kW Fuel cons. 190 kg/yr
Specific fuel
consumption

0.0714 kg/kWh Fuel energy input 6 327 kWh/yr Mean electrical efficiency 42.0%

Hydrogen storage tank

Tank capacity 55 kg Energy storage 1 833 kWh Tank autonomy 6 044 h
Content at beginning 5.50 kg Content at end of

year
39.5 kg Levelized Cost of Hydrogen 35.2 e/kg

prices of solar photovoltaic modules make feasible to include more expensive components, such as electrolyzers
and fuel cells, increasing competitiveness with electrochemical storage systems. Nevertheless, the main advantage
of the proposed configuration lays in the possibility to interconnect energetic systems not only by the power grid,
but also by gas grids at the time the final usable energy demand is satisfied with renewable energy sources in a
larger amount. Furthermore, hydrogen-based technologies are increasing in recent years and several projects all
around the world are working on vehicle applications as an alternative to pure electric vehicles, which reinforce the
needs of integrating it in the building sector.

However, it has been observed that the cost of produced energy can result excessive at the time energy surpluses,
both in the production of hydrogen and electricity are generated. It results remarkable the low efficiency of the
complete system, as almost 4 kWh of produced PV energy are needed to satisfy 1 kWh of power load demand.
Thus, it is proposed to test this configuration in larger communities where energy resources can be managed in an
aggregated way with higher efficiency.

Further research lines in this topic must be conducted to optimal integrate hydrogen as energy vector with
electrochemical storage systems, demand response and vehicle to home schemes.
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