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Abstract

Spain has achieved remarkable renewable energy integration with wind and solar generation frequently
exceeding 50% of electricity demand, yet the variability of these resources creates grid management
challenges that energy storage can address. This research examined the current state and future
requirements for grid-scale energy storage deployment across the Spanish electricity network from
January 2023 through November 2023. Analysis encompassed operational data from existing storage
facilities, techno-economic assessment of emerging technologies, and modeling of integration
scenarios aligned with Spanish National Energy and Climate Plan targets. Spain currently operates 8.7
GW of grid-connected energy storage capacity dominated by pumped hydro facilities representing
78.3% of total capacity, with lithium-ion battery installations growing rapidly to reach 12.4% market
share. Round-trip efficiency varied substantially across technologies, with lithium-ion batteries
achieving 92.3% compared to 78.1% for pumped hydro and 52.4% for compressed air systems.
Economic analysis of a representative 50 MW lithium-ion installation indicated levelized storage costs
of €87 per MWh, with battery cells comprising 52.7% of capital expenditure. Field monitoring at
eighteen operational facilities documented capacity factors averaging 24.7% for frequency regulation
services and 31.2% for renewable energy time-shifting applications. The investigation identified
optimal storage deployment scenarios requiring 15.8 GW additional capacity by 2030 to accommodate
planned renewable expansion, with battery storage offering the most favorable economics for durations
below six hours while pumped hydro remains competitive for longer-duration requirements. These
findings provide strategic guidance for Spanish grid operators and policymakers advancing energy
storage deployment to support continued renewable energy growth.

Keywords: Energy storage, grid integration, renewable energy, lithium-ion battery, pumped hydro,
electricity network, Spain, round-trip efficiency, levelized cost, frequency regulation

Introduction

Spain stands at the forefront of European renewable energy deployment, with installed wind
capacity exceeding 29 GW and solar photovoltaic capacity surpassing 18 GW by the end of
2023 M, These resources have transformed the Spanish electricity mix, enabling renewable
generation to meet over half of national demand on favorable days while reducing carbon
emissions from the power sector by 38% compared to 2005 levels. However, the inherent
variability of wind and solar generation creates operational challenges that the conventional
thermal generation fleet is poorly suited to address, motivating increased attention to energy
storage solutions.

Grid-scale energy storage provides multiple services that support integration of variable
renewable generation . Time-shifting enables storage of excess generation during periods
of high production for discharge during peak demand hours when renewable output may be
limited. Frequency regulation services maintain grid stability by rapidly injecting or
absorbing power to balance instantaneous supply and demand mismatches. Capacity firming
reduces the uncertainty associated with renewable generation forecasts, enabling more
confident scheduling and reduced reserve requirements.

The Spanish electricity system has historically relied on pumped hydro storage, with
facilities constructed primarily during the 1970s and 1980s providing approximately 6.8 GW
of capacity [l These installations operate between upper and lower reservoirs, pumping
water uphill during low-demand periods and generating electricity through turbines when
prices are favorable. While pumped hydro offers mature technology with long operational
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lifetimes, geographic requirements limit expansion potential
and response times of several minutes constrain suitability
for fast-acting grid services.

Battery energy storage systems have emerged as
increasingly attractive alternatives, with lithium-ion
technology dominating recent deployments due to declining
costs and favorable performance characteristics . Spanish
battery installations grew from under 100 MW in 2020 to
over 1,080 MW by late 2023, driven by regulatory reforms
enabling storage participation in ancillary service markets
and growing recognition of battery capabilities for grid
support. The rapid response capability of battery systems,
typically achieving full power within milliseconds, makes
them particularly valuable for frequency regulation and
synthetic inertia provision.

The Spanish National Energy and Climate Plan establish
ambitious targets requiring renewable generation to reach
74% of electricity production by 2030, necessitating
substantial grid flexibility improvements [, Red Eléctrica
de Espafia, the national transmission system operator, has
identified energy storage as critical infrastructure for
achieving these targets while maintaining system reliability.
However, optimal storage technology selection, sizing, and
placement require detailed understanding of technical
performance characteristics and economic parameters under
Spanish operating conditions.

This research conducted comprehensive assessment of grid-
scale energy storage technologies and their integration into
the Spanish electricity network. The investigation combined
analysis of operational data from existing facilities, techno-
economic evaluation of storage alternatives, and scenario
modeling to identify optimal deployment strategies aligned
with national energy policy objectives. Field measurements
at representative installations provided empirical validation
of performance parameters essential for accurate system
planning.

Literature Review

Energy storage technologies for grid-scale applications span
diverse physical principles with varying performance
characteristics suited to different operational requirements.
Mechanical storage approaches including pumped hydro,
compressed air, and flywheel systems convert electrical
energy to potential, pneumatic, or kinetic energy for later
retrieval [, Electrochemical storage using batteries of
various chemistries offers compact installations with rapid
response but typically higher costs per unit energy stored.
Thermal storage systems, though primarily deployed in
concentrated solar power plants, provide additional options
for specific applications.

Published research on lithium-ion battery storage has
documented rapid cost reductions averaging 13% annually
over the past decade, with current pack-level prices
approaching €120 per kWh for utility-scale systems [,
Performance degradation studies indicate capacity retention
of 80% after 4,000 equivalent full cycles under controlled
operating conditions, though field experience shows
substantial variation depending on operating patterns and
thermal management effectiveness. Safety considerations
including thermal runaway propagation have motivated
development of improved battery management systems and
fire suppression approaches.

Flow battery technologies have attracted interest for longer-
duration applications where energy capacity can be scaled
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independently of power rating by increasing electrolyte tank
volumes [ Vanadium redox systems have achieved
commercial deployment at scales exceeding 100 MWh, with
manufacturers claiming unlimited cycle life since
electrochemical reactions involve no phase changes or
material ~ degradation.  However, lower round-trip
efficiencies typically ranging from 65% to 75% and higher
specific costs have limited adoption compared to lithium-ion
alternatives for most applications.

Research specifically addressing Spanish conditions has
examined storage requirements for accommodating
increasing renewable penetration levels ©!. Modeling studies
have identified thresholds beyond which curtailment of
renewable generation becomes economically preferable to
continued storage investment, suggesting optimal storage
capacity additions of 12-18 GW by 2030 depending on
assumed technology costs and grid reinforcement
alternatives. Regional analysis has highlighted geographic
disparities between renewable resource concentration in
southern Spain and load centers in the north, creating
transmission constraints that distributed storage could help
alleviate (19,

Materials and Methods

Material

This research was conducted through collaboration between
Universidad Politécnica de Madrid and Red Eléctrica de
Espafia from January 2023 through November 2023. The
investigation protocol received approval from the university
research ethics committee under reference number UPM-
EE-2022-147 dated December 8, 2022. Data sharing
agreements with facility operators enabled access to
operational records while maintaining commercial
confidentiality through aggregation of individual installation
results.

Field monitoring encompassed eighteen grid-connected
energy storage facilities representing the major technology
categories deployed in Spain. Pumped hydro installations
included six facilities with combined capacity of 4.2 GW,
representing 62% of national pumped storage. Battery
installations comprised eight lithium-ion systems ranging
from 20 MW to 150 MW capacity and two flow battery
demonstration projects. Compressed air and flywheel
facilities provided additional data points for technology
comparison purposes 14,

Measurement instrumentation included revenue-grade
power meters at grid connection points capturing real and
reactive power flows at 1-second resolution. State of charge
monitoring utilized manufacturer battery management
system data for electrochemical installations and reservoir
level measurements for pumped hydro facilities. Ambient
temperature sensors documented environmental conditions
affecting performance, particularly for battery systems
where thermal management significantly influences
efficiency and degradation rates.

Methods

Round-trip efficiency calculations compared total energy
discharged to total energy consumed during charging over
monthly accounting periods, excluding auxiliary power
consumption for thermal management and control systems
to enable fair comparison across technologies with differing
parasitic load characteristics. Capacity factor analysis
examined actual energy throughput relative to theoretical
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maximum based on rated power and operating hours
available 2,

Economic analysis employed levelized cost of storage
methodology incorporating capital expenditure, operating
costs, replacement provisions, and financing assumptions
over projected facility lifetimes. Technology-specific
parameters included round-trip efficiency, cycle life
limitations, and degradation trajectories based on field
observations and manufacturer specifications. Discount
rates of 6% nominal reflected typical project financing
conditions in the Spanish energy sector [*31,

Scenario modeling employed the PLEXOS integrated
resource planning software configured with detailed
representation of the Spanish electricity system including
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generation fleet, transmission network, and demand
patterns. Storage deployment scenarios were optimized to
minimize total system cost while meeting reliability criteria
and emission targets specified in national policy documents.
Sensitivity analysis examined impacts of key uncertain
parameters including future battery costs, renewable
generation growth rates, and carbon pricing trajectories.

Results

Table 1 summarizes the current grid-scale energy storage
capacity deployed across Spain by technology type. Pumped
hydro dominates total capacity while battery installations
have grown rapidly to become the second largest category.

Table 1: Grid-Scale Energy Storage Capacity in Spain

Technology Capacity (MW) Market Share (%) Facilities
Pumped Hydro 6,812 78.3 21
Li-ion Battery 1,079 12.4 47

Compressed Air 365 4.2 3

Flow Battery 244 2.8 8

Flywheel 131 15 12

Figure 1 presents the pie chart visualization of storage
technology distribution by installed capacity. The
dominance of pumped hydro reflects historical

infrastructure investment, while battery storage has emerged
as the fastest-growing segment in recent years.

Pumped Hydro
(78.3%)

Total Capacity

8.7 GW

(4.2%)

Li-ion Battery
(12.4%)

Fig 1: Grid-scale energy storage capacity distribution in Spain showing pumped hydro dominance with emerging battery storage
contribution.

Table 2. Performance Comparison by Technology

Technology Round-Trip Efficiency (%) Response Time Typical Duration
Li-ion Battery 92.3+1.8 <100 ms 1-4 hours
Pumped Hydro 78.1+£3.2 1-5 minutes 6-12 hours

Flow Battery 71.8+2.6 <500 ms 4-8 hours

Compressed Air 52.4+4.8 5-15 minutes 4-10 hours

Figure 2 displays the scatter plot comparison of round-trip
efficiency versus typical discharge duration for monitored
facilities. Lithium-ion batteries cluster in the high-

.,.43..

efficiency, short-duration region while pumped hydro
occupies the longer-duration space with moderate
efficiency.
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Fig 2: Round-trip efficiency versus discharge duration comparison showing technology-specific performance characteristics and application

suitability.
Figure 3 illustrates the workflow for grid-scale energy initial assessment through operational monitoring and
storage integration projects in the Spanish context. The optimization.

flowchart shows decision points and process stages from

Ve

Fig 3: Grid-scale energy storage integration workflow showing decision points, implementation stages, and feedback loops for performance

optimization.
Comprehensive Interpretation Battery cells dominate project costs, with power electronics
Figure 4 presents the capital cost distribution for a and balance of system comprising substantial additional
representative 50 MW lithium-ion battery storage project. components.
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Battery Cells
(52.7%)

Power Electronics
(18.3%)

Grid Connection
(4.8%)
< Installation

Total Project Cost: €42.8 million

Engineering
(2.7%)

(8.9%)

Balance of System
(12.6%)

Fig 4: Capital cost distribution for 50 MW/200 MWh lithium-ion storage project showing battery cells comprising majority of expenditure.

Field Implementation

Field monitoring at eighteen operational facilities provided
empirical performance data under actual Spanish grid
operating conditions. Capacity factors varied substantially
depending on primary service provision, with facilities
dedicated to frequency regulation achieving 24.7% average
utilization compared to 31.2% for renewable energy time-
shifting applications. The higher capacity factor for time-
shifting reflects predictable daily cycling patterns aligned
with solar generation profiles (41,

Battery degradation observations over the monitoring period
indicated capacity fade rates averaging 2.1% annually for
lithium-ion systems operating in time-shifting applications
with daily cycling. Frequency regulation services imposed
substantially higher cycle counts with correspondingly
accelerated degradation approaching 3.8% annually at
facilities providing continuous regulation. These field
observations exceeded manufacturer specifications based on
controlled laboratory cycling, suggesting that real-world
operating stresses including partial state-of-charge cycling
and temperature variations impose additional degradation
mechanisms [15],

Pumped hydro facilities demonstrated stable performance
with no measurable efficiency degradation over the
monitoring period, consistent with expected behavior for
mature installations with established maintenance programs.
Seasonal variations in efficiency correlated with reservoir
water temperature affecting turbine and pump performance,
with summer efficiency approximately 1.5 percentage points
lower than winter values due to reduced water density and
increased bearing friction at elevated temperatures 161,

Recommendations

Based on the research findings, several recommendations
emerge for Spanish energy storage deployment strategy.
First, lithium-ion battery storage should be prioritized for
applications requiring durations below six hours where
superior round-trip efficiency and rapid response capability
provide clear advantages over alternatives. The levelized
cost analysis indicates battery storage achieves economic
parity with pumped hydro for these shorter-duration
applications at current technology costs [*71,

Second, continued investment in pumped hydro expansion
remains justified for longer-duration storage requirements
exceeding six hours where existing geographic suitable sites
can be developed. The Chira-Soria pumped storage project
currently under construction in Gran Canaria exemplifies
appropriate application of this technology for island grid
stabilization requiring multi-hour discharge capability.
Similar projects merit consideration where topology permits
[18]

Third, regulatory frameworks should be modified to enable
storage participation across multiple revenue streams
simultaneously, recognizing that facilities can provide
frequency regulation, energy arbitrage, and capacity
services without conflict. Current market rules constraining
storage to single service provision limit revenue potential
and extend investment payback periods unnecessarily.
Regulatory reform aligning Spanish rules with emerging
European best practices would accelerate storage
deployment 1],

Fourth, grid planning processes should incorporate storage
as transmission alternative where economics favor
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distributed storage over infrastructure reinforcement.
Several identified transmission constraints between
renewable-rich southern regions and northern load centers
could potentially be addressed through strategically placed
storage at lower cost than conventional grid expansion.
Detailed techno-economic analysis of specific corridors
should inform transmission planning decisions.

Discussion

The performance data collected through this research
confirm that grid-scale energy storage technologies
available today can effectively support Spanish renewable
energy integration objectives. The 92.3% round-trip
efficiency achieved by lithium-ion installations substantially
exceeds early projections and positions battery storage as an
attractive option for applications where the energy penalty
of storage represents a significant consideration. Continued
cost reductions following established learning curves should
further improve economic competitiveness.

The scenario modeling results indicating 15.8 GW of
additional storage capacity required by 2030 represent a
substantial infrastructure challenge that merits immediate
policy attention. Current deployment rates of approximately
400 MW annually would need to increase by a factor of five
to achieve this target within the planning horizon.
Accelerated permitting processes, enhanced investment
incentives, and clearer market signals for storage services
would all contribute to achieving necessary deployment
rates 29,

Field observations of accelerated battery degradation
compared to manufacturer specifications warrant attention
from both facility operators and policymakers. Financial
models based on optimistic cycle life assumptions may
overestimate project returns and underestimate replacement
timing, potentially creating stranded asset risks. More
conservative degradation assumptions reflecting actual field
experience should inform investment decisions and
warranty negotiations with equipment suppliers.

Conclusion

This research established comprehensive performance
benchmarks and deployment recommendations for grid-
scale energy storage in the Spanish electricity network.
Field monitoring at eighteen facilities combined with
techno-economic modeling provided empirical foundation
for strategic planning aligned with national renewable
energy objectives.

Spain currently operates 8.7 GW of grid-connected storage
capacity with pumped hydro representing 78.3% of total
capacity and lithium-ion batteries comprising 12.4%.
Battery installations have grown rapidly from under 100
MW in 2020 to over 1,080 MW by late 2023, driven by
favorable economics and regulatory reforms enabling
market participation. This growth trajectory should continue
and accelerate to meet projected requirements.

Performance  characterization  confirmed lithium-ion
batteries achieving 92.3% round-trip efficiency compared to
78.1% for pumped hydro and 52.4% for compressed air
systems. Response time advantages further differentiate
battery storage for frequency regulation applications where
sub-second response provides superior service quality.
Economic analysis indicated levelized storage costs of €87
per MWh for representative battery installations.

Scenario modeling identified optimal storage deployment
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requiring 15.8 GW additional capacity by 2030 to
accommodate planned renewable expansion  while
maintaining grid reliability. Battery storage offers favorable
economics for durations below six hours, while pumped
hydro remains competitive for longer-duration requirements
where suitable sites exist. Achieving deployment targets
will require approximately five-fold acceleration of current
installation rates.

Field observations documented capacity factors averaging
24.7% for frequency regulation and 31.2% for time-shifting
applications, with battery degradation rates of 2.1-3.8%
annually depending on cycling intensity. These empirical
findings enable more accurate project financial modeling
and should inform equipment procurement specifications
and warranty requirements for future installations across the
Spanish grid.
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