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A B S T R A C T   

Europe has set ambitious targets to reduce the final energy consumption of buildings in concerning the degree of 
electrification, energy efficiency, and penetration of renewable energy sources (RES). So far, hydrogen is 
becoming an increasingly important energy vector, offering huge opportunities to promote the share of inter
mittent RES. Thus, this manuscript proposes an energy model for the complete decarbonization of the estimated 
electricity consumed by the Spanish building stock in 2030 and 2050 scenarios; the model is based on the 
combination of photovoltaic and wind primary sources and hydrogen technologies considering both distributed 
and centralized configurations, applying also geospatial criteria for their optimal allocation. Large-scale RES 
generation, centralized hydrogen production, and re-electrification, along with underground hydrogen storage, 
result in the lowest levelized cost of energy (LCOE), hydrogen production costs (HPC), and the highest overall 
efficiency (μSYS). Wind energy is mainly harvested in the north of Spain, while large PV farms are deployed in the 
mid-south. Furthermore, reinforcement of underground hydrogen storage enhances the overall system perfor
mance, reducing surplus energy and the required RES generation capacity. Finally, all the considered scenarios 
achieve LCOE below the Spanish utility grid benchmark, apart from accomplishing the decarbonization goals 
established for the year 2030.   

1. Introduction 

The unsustainable climate situation generated by fossil fuel-based 
energy production has increased the urgency to implement an energy 
model based on renewable energy sources (RES) [1]. However, their 
intermittent nature requires large and durable energy storage systems 
(ESS) [2]. In this regard, hydrogen has been appointed as a feasible and 
versatile energy carrier that can be produced during peak power gen
eration periods [3], stored seasonally [4], and then employed to 
decarbonize different economic sectors [5] from recovered waste 
streams [6], replacing fossil fuels [7], used as feedstock [8] or purified 
from industrial activities [9], or for heat and power generation [10,11]. 

So far, different works have modeled theoretical scenarios where 
high penetration of RES‑hydrogen infrastructures are evaluated to 
ensure a low-carbon energy supply in Europe. Caglayan et al. [12] 
analyzed the supply with 100 % RES and hydrogen infrastructure in 
Europe to design the required hydrogen pipelines and electricity trans
mission network through a multi-year analysis. Moreover, they studied 
the potential capacity of salt caverns in Europe to store the hydrogen 
required for the energy transition to a low-carbon supply system. Moser 

et al. [13] integrated a variety of ESS and their prospected evolution to 
optimize the system costs and distribution of the transmission network, 
performing a sensitivity analysis on the CAPEX of converter and storage. 
Pavičević et al. [14] studied the need for sector coupling to ensure the 
flexibility of the European energy system with high RES penetration. 
Child et al. [15] provided a detailed evaluation of two different sce
narios of 100 % RES in Europe: considering each country independently 
or assuming transmission interconnections between regions. Löffler 
et al. [16] accounted for the possible risks of creating stranded assets 
during the energy transition in case of lack of planning. The model 
considered electricity, heating, and transportation sectors in different 
scenarios during the 2015–2050 period. Furthermore, different storage 
methods such as lithium-ion or redox-flow batteries, pumped hydro, 
compressed air, hydrogen, and methane are analyzed. Likewise, Zappa 
et al. [17] analyzed the feasibility of a 100 % RES European power 
system by 2050 with modeling and optimization of the size and 
geographical distribution of generation facilities, including the pro
spected electricity requirements to generate green hydrogen. 

Likewise, several reported studies have evaluated the potential use of 
hydrogen as seasonal energy storage system in different countries of 
Europe, as well as global trading routes from countries with abundant 
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renewable resources to those with high energetic requirements. Welder 
et al. [18] carried out a spatio-temporal optimization of the energy 
system required to cover industrial and mobility demands in Germany 
using hydrogen and power-to-gas facilities for energy storage. Likewise, 
Grüger et al. and Reuß et al. [19,20] compared different hydrogen 
infrastructure technologies for transport applications. Guandalini et al. 
[21] established a similar case study for Italy aiming at decarbonizing 
the electricity generation sector. Subsequently, they compared the re
sults with the ones obtained with different energy models in Germany. 
Samsatli et al. addressed the potential transition of transport [22] and 
heat sectors [23] in the UK by combining wind turbines and hydrogen 
storage. Furthermore, Tlili et al. [24] assessed the possibilities to in
crease RES penetration and reduce the prominent role of nuclear power 
in France by simulating and comparing both an isolated and inter
connected French scenario to assess the potential hydrogen capacity that 
could be generated from electricity surpluses in 2035. Heras et al. [25] 
studied the substitution of current power facilities with renewable 
hydrogen-based systems (RHS) to cover the baseload production in 
Spain. This work employed magnesium for hydrogen storage in the form 
of solid magnesium hydride (MgH2). Then hydrogen is released by 
reacting with water, generating pure hydrogen and magnesium oxide 
(MgO). The work additionally compares the energetic needs of the 
system with and without magnesium oxide (MgO) regeneration. 
Furthermore, Heuser et al. [26] performed a techno-economic analysis 
of the potential hydrogen trade between Japan and the region of Pata
gonia (Argentina and Chile). Additionally, the geographical distribution 
and location of hydrogen energy generation, production, and storage 
systems have been the subject of study in recent years. In particular, 
Ryberg et al. [27,28] have developed a model to determine the area 
available at a given region for the location of solar panels and wind 
turbines considering different exclusion criteria such as socio-political, 
physical, economic, and conservation of nature. For instance, this 
model has been employed for the assessment of onshore wind turbines 
deployment in Europe [29]. 

Most of the analyzed references so far, study the possibilities of 
decarbonizing hard-to-abate sectors such as industry or transportation, 

as well as evaluating the possible use of RHS in microgrids, addressing 
their control [30], design [31] and operation [32]. Other works are 
assessing the potential use of reversible fuel cells (specially solid oxide 
ones), that are being simulated for microgrid heat and power supply 
[33] and studied at prototype scale [34], with ultimate targets for 2050 
of achieving roundtrip efficiencies over 70 % (including thermal en
ergy), and competitive costs and lifetimes [35]. However, few of the 
reported articles focus on the residential and buildings sector, which is 
responsible for around 40 % of the final energy consumed in Europe 
[36,37]. Moreover, this assessment has not been carried out so far at 
country level in Spain, which is the fourth most populated country of the 
European Union with around 47 million inhabitants. Geographically, 
Spain is in the southwest of Europe and is characterized by a huge PV 
potential (particularly in the south of the country) combined with 
relevant wind possibilities in the north, in several mountain chains 
across the country, and the surroundings of the Strait of Gibraltar. 
Furthermore, the low density of population in some regions of Spain 
increases the land eligible for the deployment of large renewable gen
eration hubs. Moreover, other technologies such as concentrated solar 
power or novel floating offshore wind turbines could play a relevant role 
in the upcoming years. 

In this sense, this work addresses the decarbonization of the Spanish 
building stock as a case study, carrying out a geospatial assessment of 
the available territory to reduce the size of additional wind farms and 
solar parks to be installed. The main objective of this research is the 
accomplishment of the optimal renewables‑hydrogen configurations in 
terms of levelized cost of energy (LCOE), hydrogen production costs 
(HPC) [38], and overall efficiency to decarbonize the Spanish building 
stock, together with the definition of the most suitable and profitable 
locations of RES generation hubs and hydrogen technologies throughout 
the country. For this purpose, several case studies are evaluated 
combining large-scale renewable energy production with hydrogen 
chain alternatives. Although liquid [39] and solid [40]hydrogen storage 
are being considered to improve the volumetric density of hydrogen, 
these configurations include different gaseous hydrogen storage 
methods such as steel tanks, underground storage in salt caverns [41], 

Abbreviations 

ANL Argonne National Laboratory 
BNEF BloombergNEF 
CAPEX Capital Expenditures 
CCSU Carbon Capture, Storage and Utilization 
CF Capacity Factor 
CHP FC Combined Heat & Power Fuel Cell 
CO2 Carbon Dioxide 
EL Electrolyzer 
EMEA Europe, The Middle East and Africa region 
ESS Energy Storage System 
FC Fuel Cell 
GLAES Geospatial Land Availability for Energy Systems 
H2 Hydrogen 
HDSAM Hydrogen Delivery Scenario Analysis Model 
HOMER Pro Hybrid Optimization of Multiple Energy Resources 

Professional 
HPC Hydrogen Production Cost, US$/kg 
IEA International Energy Agency 
LCOE Levelized Cost of Energy, US$/kWh 
MgH2 Magnesium Hydride 
MgO Magnesium Oxide 
NPC Net Present Cost 
NREL National Renewable Energy Laboratory of the United 

States 

OPEX Operational Expenditures 
PEMEC Proton Exchange Membrane Electrolyzer 
PEMFC Proton Exchange Membrane Fuel Cell 
PV Photovoltaic 
RES Renewable Energy Sources 
RHS Renewable Hydrogen-based Systems 
WT Wind Turbine 
μSYS System efficiency, % 

Case studies 
CEN1 Centralized base scenario 
CEN2-SV Centralized with compressed H2 stored in steel vessels 
CEN3-SC Centralized with compressed H2 stored in salt caverns 
CEN4-CP Centralized with compressed H2 stored in salt caverns and 

distribution in pipelines 
DIS1-PVB Distributed base scenario (with rooftop PV and batteries) 
DIS2-PVBC Distributed with compressed H2 stored in steel vessels 
DIS3-PVSC Distributed with compressed H2 stored in salt caverns 
DIS4-FCB Distributed with Combined Heat & Power Fuel Cell and 

H2 distribution in pipelines 
DIS5-SV Distributed with Combined Heat & Power Fuel Cell, 

compressed H2 stored in steel vessels and distribution in 
pipelines 

DIS6-SC Distributed with Combined Heat & Power Fuel Cell, 
compressed H2 stored in salt caverns and distribution in 
pipelines  
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hydrogen pipelines, and their combinations [42] apart from two alter
natives of power retrieval in multi-MW PEM fuel cells [43] or small/ 
medium-scale cogeneration fuel cell units deployed in buildings [44]. 
The analysis on a country basis will provide greater robustness and 
detail to the results obtained, apart from enabling their comparison with 
the objectives defined by the long-term decarbonization strategy of 
Spain [45]. Besides, the proposed methodology has the advantage that it 
can be extended to different regions or countries, by introducing the 
required electricity demand profile and climate conditions at a given 
location along with the eligibility of the region subject of study. 

2. Methodology 

This section briefly describes the techno-economic and spatial 
analysis carried out on a country basis within this research work, 
including the modeling software, the electricity demand of the Spanish 
building stock (excluding those in Balearic and Canary Islands), the cost 
and characteristics of the main technologies considered for the optimi
zation, and the case studies analyzed. The problem addressed in this 
paper has the ultimate goal of achieving the lowest levelized cost of 
energy (LCOE) through a configuration that is based on wind and 
photovoltaic RES as the primary energy source, hydrogen production via 
water electrolysis, seasonal hydrogen storage, and power retrieval in 
fuel cells to cover the electricity needs of the Spanish building stock in 
2030 and 2050 time spans. Besides, this study evaluates the geo-spatial 
distribution of RES generation hubs within the Spanish territory along 
with the allocation of hydrogen technologies. The methodology frame
work proposed and followed in this manuscript is depicted in Fig. 1. 

This methodology is divided into three stages: 1) input data in
ventory, 2) definition of the objective function and computational tools 
employed, and 3) analysis and evaluation of the results. The first stage 
requires the estimation of the electrical load to be covered by RES and 
the hydrogen chain as well as the estimated compressor consumption. 
Thus, the consumption has been distributed proportionally by autono
mous community and the load profile varies according to the climate 
zones defined by the Spanish Institute for Energy Diversification and 
Saving (IDAE) [46]. Then, the meteorological information of Spain is 
considered along with the land eligible to place the generation facilities, 
together with the equipment costs and characteristics. In this regard, 
restrictive criteria have been defined concerning wind speed and solar 
irradiation to obtain the optimal locations of renewable energy sources, 
being the climate conditions of the eligible areas the ones selected in 
each region for the simulations in HOMER Pro. Apart from minimizing 

LCOE, main objective in the present study, the selection of the most 
suitable locations to deploy renewables‑hydrogen configurations has 
been investigated. Furthermore, the balance between the minimum 
hydrogen production costs (HPC) and the maximum system efficiency 
(μSYS) has been considered to obtain the most favorable implementation. 
HOMER Pro has been employed for the techno-economic optimization 
and GLAES based on Python programming to get land eligibility. In 
addition to these outcomes, the electricity mix composition has been 
obtained for every case study. The evaluated scenarios have been 
compared based on the above parameters. Moreover, different solutions 
have been proposed to enhance the system performance by harnessing 
energetic surpluses. 

2.1. Computational tools 

This section briefly describes the tools HOMER Pro and GLAES, that 
have been used to perform the techno-economic and spatial analysis. 

2.1.1. HOMER Pro software 
HOMER Pro software (acronym of Hybrid Optimization of Multiple 

Energy Resources) [47] was developed by the National Renewable En
ergy Laboratory (NREL) of the United States. This tool enables the user 
to calculate the optimal size of the target system with the objective 
function of minimizing the levelized cost of energy (LCOE) and the net 
present cost (NPC). It has been employed during the last decade to 
optimize the energy system for multiple stationary applications such as 
remote areas [48], microgrids [49], homes [50], commercial or research 
buildings [51,52], sports complexes [53], reverse osmosis desalination 
plants [54] or mines [55]. 

In this work, HOMER Pro has been employed to define the system 
required to decarbonize the electricity consumption of the Spanish 
building stock in 2030 and 2050. The average daily load, for both 2030 
and 2050 time horizons, is entered and then distributed hourly, defining 
peak and off-peak periods. The compressor consumption is included in 
the average daily load. At the same time, the climate conditions (solar 
resources, average wind speed, and temperature) of Spain are down
loaded from NASA databases. Subsequently, all the components are 
modeled by introducing their costs (CAPEX, OPEX, and replacement), 
and characteristics (lifetime, efficiency, temperature effects, and 
degradation). As a result, different possible configurations are simulated 
and optimized, being classified, and ranked according to the lowest 
LCOE and NPC. The main results of the simulations consist of the ca
pacities of the components, LCOE, NPC, and the electricity mix 

Fig. 1. Methodology framework for the proposed model.  
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composition. Moreover, this tool provides a detailed report of every 
component included in the system, evaluating several additional pa
rameters such as hours of operation, maximum, minimum and average 
power delivered or consumed, hydrogen production and consumption, 
or hourly distribution of the generation among others. 

2.1.2. Land eligibility 
Land availability plays a crucial role in the deployment of energy 

systems. Thus, their implementation is not only subjected to their 
techno-economic competitiveness, but to several constraints and criteria 
for an effective evaluation of whether the technology in question is 
allowed to be placed at a given location. In this regard, the land eligi
bility of the energy systems obtained in HOMER Pro and discussed 
herein is based on a program developed in the Python programming 
language named Geospatial Land Availability for Energy Systems 
(GLAES). This program developed by Forschungszentrum Jülich GmbH 
can be found on GitHub as open source [56]. It covers four generalized 
criteria to assess the availability of a defined spatial region: physical, 
sociopolitical, conservation, and economic criteria [57,58]. Depending 
on how restrictive one wishes to be concerning the main criteria defined 
above, low, typical, or high exclusion values are set. These criteria 
determine the surface of Spain that is excluded in relation to the prox
imity of the generation hub to infrastructure such as roadways or power 
lines; protected areas, like wildernesses, or biospheres; and geological 
formations (rivers, lakes, coasts, woods, etc.). Likewise, regions that do 
not achieve a minimum value of average wind speed or direct normal 
irradiance are dismissed [27]. In this work, low exclusion criteria have 
been set as it has been assumed a political, social, and economic 
framework that favors the achievement of the decarbonization objec
tives in the 2030 and 2050 time horizons. These criteria are collected in 
the Supplementary Information sheet, section S2.1. 

2.2. Definition of the energy demand 

The buildings sector in Spain (accounting for residential, commer
cial, public administration, and buildings for different services) is 
responsible for around two-thirds of the total electricity consumption in 
the country, while the other third is mainly related to industrial activ
ities [59]. Due to the climatic characteristics of Spain, the contribution 
of electricity to the total energy consumption in buildings is higher than 
that of heating compared with other countries in Europe, representing a 
more favorable scenario for the use of hydrogen as energy carrier for 
RES surplus seasonal storage [46]. Hence, the total electricity con
sumption in Spain in 2019 was around 234.5 TWh of which 147.6 TWh 
corresponded to the building stock [59]. Regarding electricity genera
tion, 37.2 % of the total production (275.8 TWh) came from renewables 
[60]. Considering the same percentage between generation and final 
electricity consumption in all the sectors, despite differences due to 
transmission losses, exported and imported energy or mismatches be
tween generation and demand, it turns out that about 55 TWh of elec
tricity consumed by buildings comes from renewable sources. 

Regarding future consumption forecasts for the years 2030 and 2050, 
different scenarios depending on the degree of compliance with the Paris 
agreement and the required energy transition may be considered. 
Within the most ambitious decarbonization scenario whereby global 
warming is limited to 1.5 ◦C above pre-industrial levels, electrification 
rates of 68 % and 51 % are set for residential and service buildings 
respectively in 2030, while 74 % and 100 % are required in 2050 [61]. 
In this scenario, the total electricity demand of the Spanish building 
stock would be 162 TWh in 2030 and 240 TWh in 2050. However, there 
are already 55 TWh of electricity that are covered with RES, so the newly 
designed energy systems based on RES, hydrogen generation, storage, 
and power retrieval in fuel cells are sized to cover 107 TWh and 185 
TWh in 2030 and 2050, respectively. More details of the demand 
modeling are given in the Supplementary Information sheet, section S1.8. 

2.3. Description of the system components 

The size, distribution, and layout of the components within the 
Spanish territory are highly impacted by the characteristics of the 
technologies and their planned evolution in the 2030 and 2050 time 
horizons. Therefore, Table 1 gathers the forecasted range of capital ex
penditures (CAPEX), operational expenditures (OPEX), and replacement 
costs of the equipment along with the main characteristics considered in 
the simulation of the energy system. The lower limit of CAPEX ranges 
has been selected for the simulations under the hypothesis of a favorable 
policy framework for the development of the different technologies. 

The energy systems are designed to cover the previously depicted 
load demands by employing new additions of photovoltaic (PV) panels 
and wind turbines (WT) as primary RES. Whenever renewable surpluses 
from PV panels and WT are available, they are converted into hydrogen 
in proton exchange membrane electrolyzers (PEMEC) and stored at 
different pressure and through different methods. Moreover, batteries 
could also be used as an alternative or a complementary solution for 
short-term energy storage. Finally, if renewable energy is not sufficient 
to fulfill the energy requirements, proton exchange membrane fuel cells 
(PEMFC) are employed for power retrieval. To guarantee the appro
priate flow of electricity throughout the electricity network and its 
signal quality (in terms of voltage and frequency) it is necessary to 
deploy different electrical sub-stations and power electronics. Thus, 
electricity is properly transmitted from large RES generation hubs to the 
load and is also adapted to the voltage, current, and frequency required 
by electrolyzer stacks for hydrogen generation. All these components are 
modeled in HOMER Pro software and the detailed models are provided 
in the Supplementary Information sheet, section S1. 

Hydrogen compressors are employed to reduce the storage volume of 
the hydrogen produced in PEMEC. Thus, technological differences 
associated to the number of stages required and hydrogen pressure 
leaving the electrolyzer are considered. Moreover, the storage method 
(steel vessel, salt cavern, or pipeline) determines the target outlet 
pressure. The energy consumption of the compressor has been estimated 
through the Hydrogen Delivery Scenario Analysis Model (HDSAM) 
developed by the Argonne National Laboratory (ANL) of the US National 
Renewable Energy Laboratory (NREL) [74,75], according to Eqs. (1) and 
(2): 

Power, kW = (Z)(ṁ)(R)(T)(n)
(

1
η

)(
k

k − 1

)[(
Poutlet

Pinlet

)
(

k− 1
n⋅k

)

− 1

]

(1)  

z =
z2

z1
ln
(

z2

z1

)

(2)  

where z is the mean compressibility factor of hydrogen; z1 and z2 are the 
compressibility factors of hydrogen at the compressor inlet and outlet, 
respectively [76]; ṁ is the mass flow rate of hydrogen (kg/s); R is the 
universal constant, 8.3144 kJ/kg-mole-K; T is the inlet hydrogen tem
perature (K); n is the number of stages; η is the isentropic efficiency, 88 
%; k is the isentropic exponent of hydrogen (k = 1.4); Poutlet and Pintlet are 
the outlet and inlet pressures of the compressor respectively. 

As HOMER Pro software does not include hydrogen compressor in its 
components library, it has been calculated by introducing the electro
lyzer generation profile in Eq. 1. Hence, it results in the compressor 
consumption that is simulated along with the building stock demand. 

2.4. Case studies 

The future decarbonization of the buildings sector in Spain can be 
adapted to different configurations. In this regard, a variety of possible 
future alternatives is presented in Fig. 2 to assess the cost-effectiveness 
and dimensions of the case studies. Every scenario considers large- 
scale RES generation through the combination of PV panels and WT. 
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However, the hydrogen supply chain varies from centralized to 
distributed scenarios to evaluate whether the best alternative is to pro
duce, store and consume hydrogen in large-scale facilities or distribute 
hydrogen through dedicated and/or repurposed pipelines to end users 
for in situ power retrieval in domestic fuel cells. Thus, the case studies 
have been organized and named as follows:  

a) Centralized scenarios: include large-scale RES generation, large-scale 
hydrogen production, compression, and storage in different methods 
along with hydrogen re-electrification in large fuel cells. Only elec
tricity is transmitted to buildings. The baseline scenario (CEN1) 
considers storage in steel vessels without compression, while CEN2- 
SV considers compression to reduce the volume and number of steel 
tanks. Additionally, two scenarios considering hydrogen compres
sion and storage in salt caverns are analyzed, but they differ in 
whether the hydrogen is consumed in fuel cells next to the salt 
caverns (CEN3-SC) or the fuel cells are separated from the storage, 
requiring hydrogen distribution (CEN4-CP).  

b) Distributed scenarios: as for centralized ones, these include large- 
scale RES generation, but PV panels on the rooftop of buildings are 
considered to reduce the land footprint of large PV parks. Further
more, batteries are also evaluated as a complementary solution for 
short-term energy storage. The use of batteries as energy storage 

system has been limited to distributed scenarios for different reasons: 
loss of energy storage capacity over time due to degradation of large 
Li-ion batteries, lithium high growth forecast in future demand 
(more than 40 times by 2040 compared to 2020), and high 
geographical concentration of this mineral from both a production 
and processing perspective [77]. Among distributed scenarios, their 
main differences come from the hydrogen value chain. In three cases 
hydrogen is produced, stored, and used for re-electrification in large 
facilities. Hydrogen is stored directly from the outlet of PEMEC and 
stored in steel vessels (DIS1-PVB), being previously compressed and 
stored in steel tanks (DIS2-PVBC) or salt deposits (DIS3-PVSC). For 
the remaining scenarios, hydrogen is generated in multi-MW elec
trolyzers and it can either be stored in steel vessels without (DIS4- 
FCB) and with compression (DIS5-SV) or compressed in salt caverns 
(DIS6-SC). In these last scenarios, hydrogen is distributed and 
transmitted for its consumption in combined heat and power fuel 
cells that are installed in every building. 

3. Results and discussion 

The results obtained in this study using the aforementioned meth
odology are described and discussed in this section to analyze the 
techno-economic capabilities of renewable energies and hydrogen- 

Table 1 
Equipment costs and main characteristics.  

Year Component Technology Costs Equipment characteristics Ref. 

CAPEX (US 
$/kW) 

Replacement (US 
$/kW) 

OPEX (US 
$/kW) 

Description 

2030 

PV Large scale 550–800 50 % CAPEX 5 % CAPEX Lifetime: 25 years. Derating factor: 85 % [62–65] 
Rooftop 1100–1300 50 % CAPEX 5 % CAPEX 

Wind turbine On-shore 1100–1300 75 % CAPEX 2 % CAPEX Lifetime: 22 years. Rated capacity: 7.58 MW (Enercon E- 
126). Hub height: 135 m. Rotor diameter: 127 m. 

[62,66] 

Fuel Cell 
PEMFC 800–1100 40 % CAPEX 5 % CAPEX Lifetime: 80,000 h. Efficiency: 54 %. 

Fuel consumption: 0.055 kg/kWh [4,8,67,68] CHP FC 2000–2500 25 % CAPEX 4 % CAPEX 

Electrolyzer PEMEC 800–1100 30 % CAPEX 2 % CAPEX 
Lifetime: 20 years. 
Efficiency: 48 kWh/kg. 
Outlet pressure: 60 bar. 

[8,11,67,69] 

Hydrogen 
storage 
(US$/kg) 

Steel vessel 500–650 
(100− 130)a 85 % CAPEX 1 % CAPEX Lifetime: 25 years. Storage pressure: 60 bar (300 bar when 

compressed) 

[67,70] Salt cavern 30–60 50 % CAPEX 
10 % 
CAPEX 

Lifetime: 50 years. Storage pressure: 120 bar with 
compression. 

Salt cavern +
pipeline 550–650 50 % CAPEX 

10 % 
CAPEX 

Lifetime: 50 years (pipelines, 25 years). Storage pressure: 
120 bar with compression. 

Battery 
(US$/kWh) 

Li-Ion 400–600 100 % CAPEX 1 % CAPEX Lifetime: 15 years. Roundtrip efficiency: 90 % [71] 

Compressor Mechanical 700–900 85 % CAPEX 5 % CAPEX Lifetime: 20 years. Isentropic efficiency: 88 %. [67,72] 
Power 
conversion  

500–700 85 % CAPEX 5 % CAPEX Lifetime: 25 years. Efficiency: 95 % [73] 

2050 

PV 
Large scale 400–600 50 % CAPEX 4 % CAPEX 

Lifetime: 25 years. Derating factor: 90 % [62–65] Rooftop 800–1000 50 % CAPEX 4 % CAPEX 

Wind turbine On-shore 900–1100 75 % CAPEX 2 % CAPEX 
Lifetime: 25 years. Rated capacity: 7.58 MW (Enercon E- 
126). Hub height: 135 m. Rotor diameter: 127 m. [62,66] 

Fuel cell PEMFC 600–800 40 % CAPEX 5 % CAPEX Lifetime: 100,000 h. Efficiency: 60 %. Fuel consumption: 
0.045 kg/kWh 

[4,8,67,68] 
CHP FC 1000–1400 25 % CAPEX 4 % CAPEX 

Electrolyzer PEMEC 200–600 30 % CAPEX 2 % CAPEX Lifetime: 25 years. Efficiency: 43.8 kWh/kg. Outlet 
pressure: 70 bar 

[8,11,67,69] 

Hydrogen 
storage 
(US$/kg) 

Steel vessel 
425–550 
(100–130)a 85 % CAPEX 1 % CAPEX 

Lifetime: 25 years. Storage pressure: 70 bar (300 bar when 
compressed) 

[67,70] Salt cavern 30–60 50 % CAPEX 
10 % 
CAPEX 

Lifetime: 50 years. Storage pressure: 120 bar with 
compression. 

Salt cavern +
pipeline 

550–650 50 % CAPEX 10 % 
CAPEX 

Lifetime: 50 years (pipelines, 25 years). Storage pressure: 
120 bar with compression. 

Battery 
(US$/kWh) 

Li-Ion 300–500 100 % CAPEX 1 % CAPEX Lifetime: 17 years. Roundtrip efficiency: 90 % [71] 

Compressor Mechanical 600–800 85 % CAPEX 5 % CAPEX Lifetime: 22 years. Isentropic efficiency: 88 %. [67,72] 
Power 
conversion  400–600 85 % CAPEX 5 % CAPEX Lifetime: 25 years. Efficiency: 95 % [73] 

Abbreviations: CAPEX (Capital Expenditures), OPEX (Operational Expenditures), PV (Photovoltaic), PEMFC (Proton Exchange Membrane Fuel Cell), CHP (Combined 
Heat and Power Fuel Cell), PEMEC (Proton Exchange Membrane Electrolyzer Cell). 

a CAPEX costs for hydrogen storage in steel vessels when compressed to 300 bar. 
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based technologies to cover the electricity demand of the Spanish 
building stock. Moreover, the geospatial distribution of energy genera
tion hubs within the Spanish territory is displayed. Finally, possible uses 
of energy excess and alternatives to enhance the energy performance of 
the systems are evaluated. 

3.1. Centralized scenarios (2030 & 2050) 

Fig. 3a depicts the generation, conversion, and required storage ca
pacities per centralized scenario to cover the Spanish building stock 
demand in both 2030 and 2050 horizons. By the end of 2020s decade, 
the predominant RES will be wind energy, growing up to 47.4 or 53.7 
GW depending on the scenario. The characteristics of the energy de
mand in buildings (higher consumption during evening/night) makes 
wind energy profile more suitable, as the capacity factor and the hours of 
operation are higher than those for PV panels. This results in a lower 
LCOE for wind energy than for PV energy. The predominance of wind 
energy as main renewable source in Spain has been already forecasted 
by the Spanish Government in the Integrated Energy and Climate 

Strategy [78]. 
However, in 2050, photovoltaic energy will experience the greatest 

increase (between 75 % and 90 % of installed capacity in 2030 except for 
the CEN3-SC scenario), even surpassing the power of wind generators in 
the CEN2-SV scenario (68.8 and 62.9GW respectively). The develop
ment of PV panels, along with the great solar potential of Spain, will 
contribute to the rapid growth in the deployment of photovoltaic energy 
in 2050. In addition, considering that the PV generation profile could 
better cover the demands of other sectors such as industry and trans
portation will promote the deployment of this technology across the 
country. 

Regarding the electrolyzer, the fuel cell, and the required hydrogen 
storage capacities, all of them reflect the same values for every scenario 
since the demand to be covered is constant. The required installed 
PEMEC capacity in 2030 is 33 GW, 26 GW of PEMFC, and 63,000 t of 
hydrogen storage capacity (equivalent to 2100 GWh); while in 2050, 
these dimensions rise to 65 GW, 45 GW, and 87,000 t (equivalent to 
2900 GWh). 

It can be noted that the installed capacity of compressors is below 

Fig. 2. Case studies simulated to achieve the Spanish building stock decarbonization: a) Centralized vs b) distributed scenarios.  
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1.5 % of RES capacity in every scenario and time horizon, with energy 
consumptions always below 3 % of that required for the Spanish 
building stock. The comparison between base scenario CEN1 and CEN2- 
SV (same case study including hydrogen compression to 300 bar) re
flects the growth of renewable energy required capacity from 80.2 GW 
to 86.7 GW in 2030 (8 % increase) and from 123.6 GW to 131.7 GW in 
2050 (6.5 % increase). Additionally, hydrogen storage in salt deposits 
without and with pipeline distribution (scenarios CEN3-SC and CEN4- 
CP) results in more efficient configurations regarding compression and 
RES requirements than CEN2-SV as lower pressure is needed (300 bar 
for steel vessels vs 120 bar salt deposits with and without distribution 
[70]). Besides, there are slight differences in the amount of hydrogen 
generated along one year even having the same hydrogen storage ca
pacities (all the details of the simulations are provided in the Supple
mentary data Excel sheet). Therefore, it can be concluded that hydrogen 
compression has not had a major impact on configurations size as their 
electricity consumption is not very significant compared with the esti
mated buildings demand, and the extra renewable capacity is below 8 % 
in every case. Moreover, compressors contribute to reducing drastically 
the volume required for hydrogen storage. For instance, 4.9 kg/m3 of 
hydrogen can be stored at 60 bar, while 24.6 kg/m3 can be stored if 
hydrogen is compressed up to 300 bar. 

Regarding economic competitiveness, Fig. 3b represents the lev
elized cost of energy (LCOE) and hydrogen production costs (HPC) per 

scenario in 2030 and 2050. Furthermore, ranges for prospected blue and 
grey hydrogen production costs are defined as the benchmark for the 
results obtained in this work. The ranges for both grey and blue 
hydrogen (from natural gas and coal) have been obtained from the 
“Global Hydrogen Review 2021” elaborated by the International Energy 
Agency (IEA) [79]. Grey hydrogen costs are forecasted between 1.3 and 
6.5 US$/kg, while blue hydrogen is predicted from 1.2 to 3.2 US$/kg, 
depending on the region and the availability of fossil fuels. According to 
this report, current prices of grey hydrogen are about 0.50 US$/kg 
cheaper than those reflected for blue hydrogen with carbon capture, 
storage and utilization (CCSU). However, the pricing and penalties for 
CO2 emissions from 100 to 200 US$/t in the mid and long term, make 
blue hydrogen more cost-effective. Furthermore, the price of natural gas 
has suffered an exponential growth due to inflation and Ukraine war, 
making green hydrogen already cheaper than grey one in Europe, the 
Middle East and Africa (EMEA) region, and China according to BNEF 
[80]. 

The most competitive scenario concerning LCOE is CEN3-SC where 
hydrogen is compressed and stored in salt caverns for both periods 2030 
and 2050. This price is highly influenced by the low cost per kilogram of 
underground storage. Nonetheless, every scenario results in lower 
LCOEs than the current electricity price in Spain (0.326 US$/kWh as of 
December 2021) which is continuously increasing [81]. Concerning 
HPC, the most competitive scenario is the baseline as there is no 

Fig. 3. a) Variation of generation, conversion (GW), and storage capacities (GWh) for centralized scenarios in 2030 and 2050; b) Hydrogen production costs (HPC) in 
US$/kg and levelized cost of energy (LCOE) in US$/kWh for centralized scenarios in 2030 and 2050. Blue and grey hydrogen production costs are based on [79]. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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compression considered with the associated decrease in RES and power 
conversion needs. Despite these configurations are not intended for 
hydrogen generation, but for seasonal energy storage with demand- 
driven hydrogen re-electrification, in 2030 every scenario achieves 
HPCs in the range of grey hydrogen and comparable values to blue 
hydrogen in 2050. 

Furthermore, Table 2 reflects the system efficiencies of the central
ized scenarios for 2030 and 2050. In general, the development of re
newables and hydrogen technologies will lead to an improvement on the 
overall performance from 2030 to 2050. In this regard, the systems 
storing hydrogen in salt deposits are the most efficient ones in both the 
2030 and 2050 time horizons. Therefore, considering the obtained 
LCOE, HPC and efficiency, the most interesting configuration turns out 
from combining large-scale RES generation, hydrogen production, 
compression and storage in salt deposits, and power retrieval in large 
FCs (scenario CEN3-SC). 

Fig. 4 represents the land eligibility of CEN3-SC case study for PV 
farms (Fig. 4a) and wind turbines (Fig. 4b), the RES capacity that has to 
be installed per province in 2030 (Fig. 4c) and 2050 (Fig. 4d) with the 
total capacity required by Autonomous Community represented in 
growing circles and the sharing between PV and WT, the required 
hydrogen storage capacity per province in 2030 (Fig. 4e) and 2050 
(Fig. 4f) with the total capacity of PEMEC and PEMFC required by 
Autonomous Community represented with growing icons respectively. 

The land eligibility shows a great availability for both PV panels and 
wind turbines deployment (exclusion criteria are summarized in the 
Supplementary Information sheet, section S2.2). The final distribution has 
been carried out to harness the eligible regions with greater direct 
normal irradiance and higher average wind speeds. Thus, the northern 
half of Spain holds mostly wind farms (except for Salamanca with great 
solar potential), while the southern half contains large PV farms (apart 
from Cadiz and Malaga provinces, with high average wind speeds). As 
the eligible zones for RES deployment widely surpass the building stock 
requirements, the distribution remains constant for 2050, but with the 
corresponding repower of RES capacities per region. Finally, regarding 
the hydrogen value chain, the provinces with wider underground stor
age potential reflected by HyUnder European project [82] are selected, 
with hydrogen generation and re-electrification hubs next to the storage 
facilities. These regions correspond to mountain ranges like Cantabrian, 
Iberian, Betic, or Sierra Morena. The Ebro Valley is another region with 
potential. 

In total, Spain accounts for a huge capacity of up to 1260 TWh of 
hydrogen that can be stored in underground in salt caverns according to 
Caglayan et al. [83], making CEN3-SC a very attractive solution not only 
for buildings decarbonization but for other economic sectors like in
dustry or transportation. However, although this great potential, it is 
still a technology under development that needs further testing and 
demonstration. Other formations like depleted oil and gas fields or 
aquifers are being studied as well [79,84]. 

3.2. Distributed scenarios (2030 & 2050) 

Like in centralized scenarios, Fig. 5a shows the production, conver
sion, and required storage capacities per distributed case study to cover 
the Spanish building stock demand in both 2030 and 2050 time hori
zons. These scenarios reflect the same trend and predominance of wind 
energy, with a newly installed capacity between 47.8 and 51.1 GW for 
2030, and growth between 64.9 and 70.5 GW for 2050 depending on the 

scenario. The main variations correspond to the addition of rooftop PV 
panels. According to the Spanish roadmap for PV self-consumption [85], 
the estimated capacity installable on the roofs of the Spanish building 
stock (considering those roofs that reflect techno-economic competi
tiveness) is 9 GW for 2030 and 15 GW for 2050. However, these data 
may change if the development of roof-mounted PV panels leads to 
greater economic savings than expected, in addition to the creation of 
measures and subsidies that favor both their installation and acceptance 
by end users. The large-scale adoption of PV self-consumption implies a 
minimization of the land footprint of renewables, harnessing the exist
ing infrastructure to generate renewable energy. In this case, both 
rooftop and grounded PV panels double their capacity from 2030 to 
2050, and in the DIS5-SV case study almost results in the same capacity 
as wind energy: 65.9 GW for WT and 64.8 for PV. Furthermore, the 
addition of batteries, sufficient in all the cases to cover the peak demand 
of buildings for one hour (29 GW peak load and 29 GWh battery capacity 
in 2030, 50 GW peak load and 50 GWh battery capacity in 2050), 
minimizes the hydrogen storage needs compared to centralized sce
narios, especially for those including cogeneration fuel cells that can 
additionally harness the heat generated during operation to reduce 
heating energy consumption in buildings. For instance, a decrease from 
63,000 t of H2 for centralized scenarios to 50,000 t of H2 for distributed 
scenarios with CHP FC in 2030 is appreciated. 

Finally, the utilization of small and medium-sized CHP fuel cells 
along with the presence of pipelines for the transmission of hydrogen in 
the case of DIS4-FCB, DIS5-SV, and DIS6-SC affects the system config
uration. In 2030, these scenarios reflect higher penetration of grounded 
PV panels and higher utilization of batteries due to the higher cost per 
kW of CHP fuel cells, which implies lower needs in terms of hydrogen 
production and storage. However, as wind energy has a slightly lower 
contribution to the energy mix, it is necessary to install higher capacity 
of cogeneration fuel cells to cover peak demands. In this case, the ca
pacity factor of the fuel cell (calculated as the ratio between its average 
power delivered and installed capacity) is lower for DIS4-FCB, DIS5-SV, 
and DIS6-SC scenarios. Likewise, in 2050 the hydrogen storage re
quirements decrease, and the FC capacity increase due to the above 
reasons: higher contribution of PV panels and batteries, lower genera
tion of wind turbines, and higher prices of hydrogen storage systems. 
Nevertheless, in this period, the electrolyzer capacity increases from 60 
GW in DIS1-PVB, DIS2-PVBC, and DIS3-PVSC scenarios to 64 GW in the 
remaining case studies. The low prices of electrolyzers are reflected in 
the optimization, as in terms of costs it is more advantageous having a 
greater capacity of hydrogen production and less storage than vice 
versa. 

From an economic point of view, the most competitive case study in 
terms of LCOE is the DIS3-PVSC. As for centralized scenarios, the low 
cost per kg of hydrogen stored in salt caverns results in the lowest LCOE, 
even lower than the CEN3-SC scenario in 2030 (0.142 vs 0.147 US 
$/kWh). In 2050 the centralized scenario results in a lower LCOE (0.093 
vs 0.089 US$/kWh). All the distributed case studies outperform the 
Spanish utility grid LCOE, being below the 0.326 US$/kWh reflected in 
December 2021 [81]. However, the scenarios including pipelines to 
distribute the hydrogen to the different buildings (DIS4-FCB, DIS5-SV, 
and DIS6-SC) report an increase between 37 % and 45 % compared to 
the other configurations. Regarding the hydrogen production cost 
(HPC), the most competitive scenario is DIS1-PVB followed by DIS3- 
PVSC. As for centralized scenarios, in 2030 every scenario achieves 
HPCs comparable to grey hydrogen and in 2050 they will be competitive 

Table 2 
System efficiencies of centralized case studies.  

Case study CEN1 CEN2-SV CEN3-SC CEN4-CP 

Year 2030 2050 2030 2050 2030 2050 2030 2050 

System efficiency (μSYS) 45.2 % 53.9 % 45.0 % 52.3 % 45.6 % 54.4 % 46.2 % 54.4 %  
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Fig. 4. Land eligibility for PV farms (a) and wind turbines (b), RES deployment (c and d), required hydrogen storage capacity in salt caverns, electrolyzers, and fuel 
cells layout (e and f) in 2030 and 2050 in Spain for scenario CEN3-SC. 

V.M. Maestre et al.                                                                                                                                                                                                                             



Journal of Energy Storage 56 (2022) 105889

10

with blue hydrogen. In general, centralized scenarios show a better 
performance in HPC related to the presence of rooftop PV panels, whose 
cost per kW is higher than grounded PV panels. 

Regarding the efficiency, as reported in Table 3, the DIS3-PVSC 
scenario is also the most competitive one for 2030 and 2050, 
achieving greater efficiencies than any other centralized or distributed 
scenario. Thus, this scenario is the most advantageous of the distributed 
configurations. 

Fig. 6 depicts the land eligibility, RES distribution, and hydrogen 
chain layout throughout the Spanish territory for DIS3-PVSC. As for 
centralized configurations, wind turbines are located in the northern 
half, while large PV farms are installed in the mid-south. However, the 
addition of both roof-mounted PV panels and batteries reduces the total 
RES capacity that must be installed for centralized cases. Moreover, it 
enhances a more distributed energy generation mix. Accounting for both 
the climate conditions and the number of buildings per Autonomous 
Community, those regions with more buildings such as the Community 
of Madrid, Andalusia, Catalunya, and the Community of Valencia show 

high penetration of self-consumption facilities (rooftop PV and batte
ries). Likewise, the layout of the hydrogen chain is analog to CEN3-SC, 
where hydrogen generation and re-electrification facilities are located 
close to salt caverns. The main difference is the reduction in hydrogen 
storage requirements due to the deployment of batteries. From the end 
users perspective, this solution also provides the possibility of applying 
for subsidies because of a legislative framework that favors energy ef
ficiency measures and solar self-consumption in buildings, apart from 
benefiting from injecting back to the utility grid the excess that cannot 
be directly used or stored. Although the price of this user-generated 
energy is lower (due to the fact that it does not include taxes for 
network maintenance, electricity meter rental and the contracted power 
is still charged), consumers can see a significant reduction in their bills. 

3.3. Possible uses of excess energy (2030 & 2050) 

To ensure a 100 % decarbonized electricity supply to the building 
sector in Spain through combined RES and hydrogen systems, it is 

Fig. 5. a) Variation of generation, conversion (GW), and storage capacities (GWh) for distributed scenarios in 2030 and 2050; b) Hydrogen production costs (HPC) in 
US$/kg and levelized cost of energy (LCOE) in US$/kWh for centralized scenarios in 2030 and 2050. Blue and grey hydrogen production costs are based on [79]. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
System efficiencies of distributed case studies.  

Case study DIS1-PVB DIS2-PVBC DIS3-PVSC DIS4-FCB DIS5-SV DISC6-SC 

Year 2030 2050 2030 2050 2030 2050 2030 2050 2030 2050 2030 2050 

System efficiency (μSYS) 49.9 % 54.6 % 49.5 % 54.1 % 50.0 % 54.6 % 47.1 % 52.9 % 46.8 % 52.0 % 46.8 % 52.5 %  
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Fig. 6. Land eligibility for PV farms (a) and wind turbines (b), RES deployment (c and d), required hydrogen storage capacity in salt caverns, electrolyzers and fuel 
cells layout (e and f) in 2030 and 2050 in Spain for scenario DIS3-PVSC. 
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necessary to produce a large amount of energy that cannot or does not 
need to be fully stored. In this sense, the distributed case study DIS3- 
PVSC will be analyzed as it presents the best trade-off (slightly better 
than the resulting CEN3-SC configuration) in terms of energy costs and 
hydrogen production, as well as efficiency and profitability for end 
users. This configuration presents an energy excess of 64 TWh/year in 
2030, which represents almost 60 % of the electricity demand of the 
building stock. Likewise, in 2050 this excess grows up to 95.1 TWh/year 
(51 % of the demand). Thus, this energy excess could be used to cover 
the electricity needs of other sectors such as industry, to generate more 
hydrogen, store more energy, or be exported to other countries. 

3.3.1. Excess energy for industry (2030 & 2050) 
As previously mentioned, the industrial sector is the other major 

electricity consumer, being responsible for almost the other third of the 
electricity demand in Spain. Thus, it is estimated that in 2030, the in
dustry will require 105.6 TWh/year of electricity; while 139.5 TWh/ 
year will be consumed in 2050 [61]. Assuming the 37.2 % of RES gen
eration in Spain during 2019, the remaining electricity to be decar
bonized is 65.9 TWh/year and 87.6 TWh/year in 2030 and 2050 
respectively. Thus, the DIS3-PVSC configuration turns out in a slightly 
lower electricity excess than the total amount required to decarbonize 
the industrial demands in 2030 (64 vs 65.9 TWh/year), while in 2050, 
the surplus energy generated is higher than the remaining industrial 
demand (95.1 vs 87.6 TWh/year). However, these excesses do not 
correspond exactly to the industrial needs. To calculate how much 
electricity could be leveraged from the total surplus generated in each 
time span, both excess energy and industrial demand profiles are 
compared considering their corresponding hourly distribution. Thus, 
not all the excesses would be repurposed as they does not exactly match 
the industrial demand profile. 

In 2030, only 20.6 TWh/year out of 64 TWh/year (32.2 %) can be 
used to partially cover the industrial needs, which represents around one 
third of the total demand. This improves the LCOE from 0.142 US$/kWh 
to 0.123 US$/kWh. Similarly, the excess electricity recovered in 2050 is 
24.7 TWh/year, accounting for 25.9 % of the industrial electricity 
consumption. In this scenario, the LCOE slightly improves from 0.0927 
US$/kWh to 0.0784 US$/kWh. The recovery values of electricity excess 
are so low because of the different characteristics of industrial and 
excess profiles. While industrial demand is almost constant throughout 
the day, the excess presents sharp peaks of production that quickly 
decrease to zero, as these correspond to residual energy from renewable 
sources. Therefore, it is very difficult to harness all the surpluses to cover 
just one sector given the differences between both profiles. 

3.3.2. Excess energy for extra hydrogen production (2030 & 2050) 
Another option to convert the great excess of energy produced into 

useful energy is the production of low-cost extra hydrogen. As previ
ously stated, the energetic excesses in 2030 and 2050 are 64 TWh/year 
and 95.1 TWh/year respectively. In this regard, Fig. 7 provides a 
sensitivity analysis of the electrolyzer size, the hydrogen production 
costs (HPC), the system efficiency, and the capacity factor (CF) in 2030 
and 2050. The X-axis represents the size of the electrolyzer to leverage 
the energy excesses for hydrogen generation, being “EL” the maximum 
size to obtain zero surpluses. It can be noted that harnessing all the 
excess electricity leads to the maximum efficiency of the system, 80 % in 
2030 and 82 % in 2050. However, the production costs of the extra 
hydrogen generated are even higher than the base case (3.955 US$/kg 
for the base DIS3-PVSC scenario against 5.134 US$/kg of the extra 
production). This is due to the low capacity factor, calculated as the ratio 
between the average power of the electrolyzer and the maximum 
installed capacity, associated with the abrupt profile of energy excess. 
This value measures the degree of utilization of the electrolyzer. 
Therefore, we see that as the size of the electrolyzer decreases, the CF 
increases. On the other hand, part of the excess energy is no longer used, 
and thus, the overall efficiency of the installation decreases. 

3.3.3. Extra energy storage capacity (2030 & 2050) 
The design of combined renewables‑hydrogen configurations im

plies the definition of a balance between direct RES consumption and 
energy storage in the form of hydrogen. The increase in direct RES 
consumption reduces the storage requirements, leading to faster filling 
of the storage systems and a corresponding increase in the energy excess. 
Hence, depending on the storage capacity availability it is possible to 
define suboptimal configurations that still achieve an LCOE below the 
Spanish utility grid benchmark. In this regard, as underground hydrogen 
storage in salt deposits accounts for a huge capacity, this section pro
poses to increase the storage capacity to dump the energy excess as 
much as possible and increase the overall system efficiency in the spe
cific case of the DIS3-PVSC case study. Thus, direct RES consumption 
will decrease linked to the growth of storage. To carry out this analysis, 
the fuel cell and electrolyzer dimensions will remain constant and equal 
to DIS3-PVSC in both 2030 and 2050 to assess how much excess elec
tricity could be reduced with the same hydrogen generation capacity. 

Fig. 8 represents the variation on storage and RES capacity, excess 
energy, system efficiency, and LCOE with extra storage availability for 
DIS3-PVSC scenario. As depicted in the graph, a five-fold increase in 
stored hydrogen in salt deposits for both 2030 and 2050 results in a 
decrease in RES capacity, especially for PV parks that are halved by 2030 
and reduced to less than one-third by 2050. On the other hand, wind 
turbines decrease from 47.8 GW to 36.8 GW in 2030, while in 2050 they 

Fig. 7. Sensitivity analysis of electrolyzer size, hydrogen production costs (HPC), system efficiency, and capacity factor (CF) in 2030 and 2050 for DIS3- 
PVSC scenario. 
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suffer a slight reduction of 3.1 GW from the initial value. The increase in 
storage capacity and the corresponding decrease in RES capacity in
fluences the energy excess, leading to a reduction to 1.9 TWh/year in 
2030. Furthermore, a complete removal of energy excess is achieved in 
2050. On the other hand, the performance of the system improves by 
around 17.5 % for both time horizons. Finally, the variation on the LCOE 
is negligible as a slight reduction of 0.001 US$/kWh is achieved in 2030 
and remains constant in 2050. Therefore, this alternative results in an 
interesting solution when having bulk hydrogen storage systems. 

3.3.4. Excess energy for international exports (2030 & 2050) 
Nowadays, international trading of energy and interconnections 

between countries are widely implemented. Particularly, Spain has 
strong electricity connections with the neighboring countries of 
Portugal, Andorra, and France. The latter country has a robust contin
uous supply based on nuclear energy. Therefore, France can be more 
suitable to purchase cheap RES excesses to fulfill energy requirements 
during peak periods. These RES excesses come from wind turbines and 
both rooftop and grounded PV panels, having a price of 0.0368 US 
$/kWh and 0.027 US$/kWh in 2030 and 2050 respectively. In this case, 
assuming that Spain sells extra electricity at these prices, it turns out in 
annual incomes of around 5 billion US$. Moreover, the final obtained 
costs of the energy are reduced from 0.142 US$/kWh to 0.095 US$/kWh 
in 2030, and from 0.093 US$/kWh to 0.053 US$/kWh. 

4. Conclusions 

This work analyzes the potential future decarbonization of the 
electricity demand of the Spanish building stock in 2030 and 2050 ho
rizons through combined renewables‑hydrogen configurations. To 
achieve this goal, different centralized and distributed scenarios of RES 
generation, hydrogen production, storage and re-electrification are 

evaluated. Moreover, not only the system dimensions are studied, but 
also the optimal locations selected through a land eligibility analysis. 

Among the evaluated configurations, the combination of large 
renewable generation hubs and hydrogen production facilities, under
ground storage in salt caverns, and power retrieval in MW-scale fuel 
cells results as the most cost-effective solution for centralized scenarios 
in 2030 and 2050. In this regard, the deployment of self-consumption 
facilities based on rooftop PV panels and batteries along with the 
above configuration is the most favorable solution among the distrib
uted case studies. In 2030, the CEN3-SC configuration reports a total 
renewable capacity of 84.5 GW, while DIS3-PVSC requires 74.4 GW to 
decarbonize the building sector. Likewise, the hydrogen chain is reduced 
from 26 GW of FC, 33 GW of EL, and 2100 GWh of hydrogen storage 
capacity for the CEN3-SC system to 19 GW of FC, 30 GW of EL, and 2000 
GWh of hydrogen storage capacity for DIS3-PVSC in combination with 
29 GWh of batteries. However, in 2050 the total renewable capacities for 
both scenarios slightly surpass 120 GW and the difference in electrolysis 
capacity is 1 GW. Concerning fuel cells, the DIS3-PVSC facility reports 
11 GW less FC capacity required, as well as a reduction of around 300 
GWh in hydrogen requirements thanks to batteries. These differences in 
the size imply a reduction in land utilization, that is further decrease due 
to the use of existing roofs to deploy PV panels. Moreover, end users 
could benefit from efficiency improvement subsidies in buildings, where 
PV self-consumption could be promoted, leading to additional revenues, 
the corresponding reduction of LCOE and HPC, and improvements in 
energy efficiency. Therefore, the DIS3-PVSC case study has been 
selected as the most promising configuration in the future. 

Different solutions have been analyzed to convert energy surpluses 
into useful energy for other sectors such as industry, extra hydrogen 
production for transportation, the possibility of having additional stor
age potential, or incomes thanks to international energy trading. In this 
sense, the reinforcement of underground hydrogen reservoirs has been 

Fig. 8. Variation on a) storage and b) RES capacity, c) excess energy, d) system efficiency, and e) LCOE with extra storage availability for DIS3-PVSC scenario.  

V.M. Maestre et al.                                                                                                                                                                                                                             



Journal of Energy Storage 56 (2022) 105889

14

proved the most advantageous solution, with deep reductions in RES 
deployment and great increases in overall efficiencies. In the case of 
Spain, with a huge potential of hydrogen storage in salt caverns, the 
development of this seasonal energy storage method will be key to boost 
energy transition towards a decarbonized electricity supply for the 
Spanish building stock. 

The long-term decarbonization strategy and different roadmaps set 
by the government of Spain propose more than 120 GW of RES capacity 
installed and 42 % of RES contribution to total final energy consumed 
(TFEC) by 2030. Thus, the DIS3-PVSC scenario achieves a deployment of 
additional 74.7 GW that combined with the current 60 GW already 
installed in Spain exceeds the objective. Concerning the total final en
ergy consumption, if we account for the total estimated electricity re
quirements of buildings in 2030 (162 TWh/year) and the total estimated 
electricity demand by Spain being 274 TWh/year, around 59.1 % of 
TFEC is provided by renewable energy sources which outperforms in 17 
% the goal for 2030. This value can be increased if we consider storage 
reinforcement or utilization by other sectors. Therefore, these configu
rations will enable the accomplishment of the Spanish decarbonization 
objectives. However, 2050 decarbonization will require robust measures 
and cross-sectoral solutions to achieve a carbon-neutral economy. In the 
case of buildings, heating needs are fundamental. Therefore, the joint 
adoption of strategies integrating RES, hydrogen technologies, heat 
pumps, air heaters, and other efficiency measures will be required. 
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