
 
 

Delft University of Technology

Document Version
Final published version

Licence
CC BY

Citation (APA)
Fadul-Bonamusa, M., Jarquin Laguna, A., & Steubing, B. (2025). Life cycle assessment of offshore low-head pumped
hydro storage and its comparison with other energy storage technologies. International Journal of Life Cycle
Assessment, 30(12), 3005-3017. https://doi.org/10.1007/s11367-025-02538-4

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1007/s11367-025-02538-4


Vol.:(0123456789)

The International Journal of Life Cycle Assessment 
https://doi.org/10.1007/s11367-025-02538-4

LCA FOR ENERGY SYSTEMS AND FOOD PRODUCTS

Life cycle assessment of offshore low-head pumped hydro storage 
and its comparison with other energy storage technologies

Mikel Fadul‑Bonamusa1   · Antonio Jarquin Laguna2 · Bernhard Steubing3

Received: 17 February 2025 / Accepted: 23 August 2025 
© The Author(s) 2025

Abstract
Purpose  Europe aims to decarbonize its economy by 2050, which implies a significant deployment of renewables and energy 
storage technologies. Offshore low-head pumped hydro storage (O-PHS) is presented as an alternative solution for coastal 
countries with shallow seas and flat topography as a technology for grid-scale energy storage.
Methods  We conduct a Life Cycle Assessment (LCA) for the construction, operation, and maintenance stages of an O-PHS 
plant located in the North Sea, with a rated installed power of 2 GW and an average daily storage capacity of 8 GWh. We 
further compare O-PHS with conventional pumped hydro storage (C-PHS) in two inland European locations and lithium 
iron phosphate (LFP) batteries. Due to the location of the O-PHS plant, offshore wind electricity generation is assumed. 
Although the study focuses on climate change, the results for all 16 environmental impact categories of the European Product 
Environmental Footprint methodology are provided.
Results and discussion  We find that the O-PHS plant’s construction, maintenance, and operation emits around 33 gCO2eq/kWh.  
When comparing technologies, O-PHS greenhouse gas (GHG) emissions are slightly higher than C-PHS in the Alpine region  
and LFP batteries. In contrast, C-PHS results in the non-Alpine region are twice as high as the rest of the technology values.  
From these emissions, we see that the impacts related to electricity storage are roughly the same as those related to electricity  
generation. In other words, the use of O-PHS technology doubles the emissions from offshore wind farms. Although this may  
seem a high premium to pay, it becomes a relatively low value when comparing it to the GHG emissions from the electricity  
mix from surrounding countries like Germany or the Netherlands. On the other hand, the high demand for steel, copper, and  
magnets, together with efficiency losses, makes turbines a hotspot for the O-PHS plant in all environmental indicators.
Conclusion  This article urges engineers working in the O-PHS technology to focus on the turbines, increasing efficiency and 
considering circularity strategies during the design phase, including lifetime extension and recycling to reduce emissions 
across all impact categories.

Keywords  Life Cycle Assessment · LCA · Low-Head Pumped Hydro Storage · Sustainability · Environmental impact · 
Energy storage · Hydropower · Batteries

1  Introduction

Energy accounts for more than 75% of GHG emissions in 
Europe (CEU. Commu., 2019) and securing affordable and 
clean energy supply is of growing global interest (European 
Commission. Directorate General for Research and Innova-
tion., 2021). Clean energy from renewable sources and the 
electrification of sectors currently dependent on fossil fuels 
are essential to reducing emissions. Energy storage is con-
sidered a critical technology for the energy transition due to 
the intermittency in electricity production from renewables 
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and the asymmetry between electricity production and con-
sumption (Hainsch et al. 2022; Rehman et al. 2015).

Among the different energy storage technologies, 
pumped hydro storage is a mature and well-established 
technology for large-scale energy storage (Blakers et al. 
2021; Rehman et al. 2015). However, traditional hydro-
power plants rely on high elevation differences to function, 
making them unsuitable for regions with flat topography. 
Ongoing research explores the possibility of implement-
ing offshore low-head pumped hydro storage (O-PHS) as 
a viable solution (Ansorena Ruiz et al. 2022; Hoffstaedt 
et al. 2022). This technology works on the same principle 
as conventional pumped hydro storage (C-PHS), where 
height differences between two separated water bodies 
provide energy for turbines to spin and generate electricity 
and pump water upstream when there is excess electricity 
production. The novelty of O-PHS is that turbines operate 
with a height difference of 30 m or less between the two 
water bodies (Bricker et al. 2023). Consequently, O-PHS 
requires more significant amounts of water, and thus vol-
ume, than C-PHS for the same storage capacity. Therefore, 
a logical place to build this infrastructure is at sea, close to 
offshore wind farms.

Many studies have looked into the environmental per-
formance of different storage technologies. However, to 
the best of our knowledge, the ecological footprint of 
O-PHS has not been previously investigated. This research 
aims to fill this gap by performing a Life Cycle Assess-
ment (LCA) of this technology using a reference case in 
the North Sea. Additionally, it compares the environmen-
tal impacts of O-PHS with those of existing storage tech-
nologies, namely C-PHS and lithium iron phosphate (LFP) 
batteries.

2 � Methods

2.1 � Goal, scope and overall approach

Using LCA, we aim to estimate the environmental impacts 
of an O-PHS plant and to compare it with alternative tech-
nologies. Figure 1 depicts a cradle-to-gate approach with two 
functional units (FU). Firstly, the construction and mainte-
nance of an O-PHS plant. Secondly, the delivery of 1 kWh of 
stored electricity with a daily delivery of 8 GWh for 20 years, 
including the operation of the previously accounted con-
struction and maintenance. The latter has a broader system 
boundary since it also considers operation emissions from 
electricity production, storage, and delivery. We use this sec-
ond FU to compare technologies, such as O-PHS, lithium 
iron phosphate (LFP) batteries, and C-PHS. For compara-
bility purposes, the system boundaries considered for these 
technologies are the same as in the O-PHS plant. Also, we 
assume that electricity is sourced from offshore wind energy 
for all three alternatives. Finally, the end-of-life (EoL) stage 
is not considered for any of the technologies due to a lack of 
data in this respect; instead, possible environmental impacts 
from this life cycle stage are discussed qualitatively.

2.2 � Inventory analysis

We used the following data sources for this research. Firstly, 
data for the design and construction of the O-PHS plant 
comes mainly from (ALPHEUS H2020 Project 2024a; 
Ansorena Ruiz et al. 2022; Prasasti et al. 2024) related to 
the ALPHEUS project.

Secondly, the ecoinvent 3.9.1 cut-off database (Wernet 
et al. 2016) was used as a background life cycle inven-
tory (LCI) database to represent the materials and energy 

Fig. 1   Overall approach with 
the main sections of the system 
modelled fall inside the system 
boundaries, whereas the EoL 
fall outside of them. The two 
system boundaries present dif-
ferent functional units (FU), the 
first one depicted in black, and 
the second in blue
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consumption for the three technologies. LFP batteries and 
C-PHS are modelled using LCI data from ecoinvent. Thirdly, 
missing information was estimated using data from available 
literature sources, as indicated in the respective references.

2.2.1 � Offshore Low‑Head Pumped Hydro Storage

We assume the O-PHS plant is located in the North Sea, 
45 km from the Dutch shores as shown in Fig. 2. The spe-
cific location was identified from (ALPHEUS H2020 Pro-
ject 2024b) and also employed in Hoffstaedt et al. (2024), 
after considering a technically viable location within the 
Dutch exclusive economic area, i.e. the sea considered as 
Dutch territory which extends 200 nautical miles from the 
state’s baseline, excluding spaces already devoted for other 
uses, such as navigation routes, offshore windfarms, mili-
tary purposes, or environmental protection (ALPHEUS 
H2020 Project 2024b). Further, it considers future offshore 
wind projects surrounding the location, providing the elec-
tricity needed for its 2000 MW capacity. Nevertheless, by 

increasing the electric machines’ power, the reservoir size 
could be reduced (Hoffstaedt et al. 2024). In fact, seven 
potential sites have been identified, 3 in the Netherlands, 
and 2 in both Germany and France (ALPHEUS H2020, 
2024b).

We follow the design proposed by Prasasti et al. (2024) 
for the construction, based on building a circular wall with 
a diameter of 5 km. The essential elements that constitute 
the most relevant parts of the dam are the foundations, 
the caissons, the inner berm, and the protecting layer, as 
depicted in Fig. 2. The plant’s Lifetime is 100 years, and 
all the infrastructure needed for its construction and main-
tenance is considered.

Construction  The energy and material requirements for the 
extraction of resources, transportation, component manu-
facturing, and construction of the O-PHS plant form the 
construction stage. The life cycle inventory data, calcula-
tions, and assumptions are provided in the Supplementary 
Information.

Fig. 2   O-PHS construction. a Transverse view of the dam with its 
different parts. b Top view of the dam with its diameter. c High-
lighted as a red square, the project’s geographical location is 45 km 

from the Dutch shores in the North Sea. Images retrieved from 
Alpheus Project’s documentation (ALPHEUS H2020 Project 2024a, 
2024b; Hoffstaedt et al. 2024)
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Civil infrastructure  Civil infrastructure refers to the non-
moving parts of the construction, i.e. the dam. This struc-
ture is divided into four elements: the foundations, caissons, 
inner berm, and the protective layer. The foundations are 
made of granite and are modelled using data from Braga 
et al. (2017). Caissons are hollow rectangular blocks of rein-
forced concrete with dimensions 65.1 m long, 22 m wide, 
and 35 m tall. Once in place, they are filled with sand and are 
used to build the wall that separates the reservoir and the sea. 
The inner berm refers to the sand counterweight preventing 
the caissons from moving due to wave and current forces. 
All sand needed for this project is assumed to be taken from 
the inner reservoir’s seabed, avoiding sand production on 
land and transport to the construction site.

A double layer of protection is considered to keep the 
inner berm’s sand from excessive spilling: a filter layer 
composed of geotextile (Tencate 2019) and an armour layer 
made from granite rocks.

Electromechanical equipment  Electromechanical equip-
ment encompasses all machinery and components necessary 
for electricity conversion. Due to the extensive nature of this 
list, we focus on the most critical elements: reversible pump-
turbines, power electronics, transformers, and subsea cables.

Counter-rotating pump turbines are considered a promis-
ing technology for O-PHS due to their efficiency in lower 
height differences (Ansorena Ruiz et al. 2022) and their dual 
ability to pump water up the reservoir and generate elec-
tricity. With an average round-trip efficiency of 70% (Fahl-
beck et al. 2023; Prasasti et al. 2024; Truijen et al. 2024), the 
impacts of these turbines are estimated based on the material 
and energy inputs required for their manufacture. Electron-
ics play an essential role in monitoring and controlling the 
machine. This study estimates the required amounts based 
on the turbine’s weight. Literature consulted presents values 
from 0.59% to 1.32% of the total weight for turbines up to 
2 MW (Alsaleh and Sattler 2019; Schmidt 2006). Consider-
ing that turbines in this study reach 10 MW, a conservative 
estimate of 2% of the total turbine weight is used to determine 
the electronics needed. Transformers are used to increase the 
voltage of a current to minimize transmission losses. An 880 
MVA transformer is estimated to support a 2000 MW plant 
capacity (Molina Gómez et al. 2022). Using kg/MVA data 
(ABB 2003), the total weight of the transformer is calculated. 
Finally, 60 km of subsea cable is considered to ensure a safe 
range over the 45 km distance from shore.

Maintenance  Maintenance is essential to ensure the long-
term functionality of the infrastructure. For the dams’ 
infrastructure operational and maintenance costs in stand-
ard PHS can go from 1 to 2.2% of the CAPEX (Connolly 
2011; Renewable Power Generation Costs in 2012, 2013). 

Considering this, the assumption that the protective layer 
of granite will require 1% of the initial material for mainte-
nance over the plant’s Lifetime falls within that range. On 
the other hand, a more conservative approach is taken for 
sand losses, and for the inner berm, 10% of the initial sand 
requirements is considered for maintenance.

The electromechanical equipment has a Lifespan of 
25 years, meaning all the equipment will be replaced three 
times during the 100-year operation of the plant. Addition-
ally, lubricating oil usage is considered. Based on other stud-
ies, further, lubricating oil is considered and, based on other 
studies (Briones Hidrovo et al. 2017; Pang et al. 2015), it is 
observed that larger plants require less lubricant per MWh, 
resulting in a usage rate of 4.91e-6 kg/MWh. Maintenance 
and construction material requirements are summarized in 
Table 1.

Operation  The machinery used for the operation of the 
plant results in emissions. Fugitive emissions of sulfur hex-
afluoride (SF6) from the cooling system and transformers 
amount to 3.4e-10 kg/kWh of electricity production (Verán-
Leigh and Vázquez-Rowe 2019). Importantly, no biogenic 
emissions are considered for O-PHS, as these emissions, 
typically released from organic matter after flooding and 
drying the land, do not apply here due to the absence of 
such land changes associated with C-PHS plants (Gemechu 
and Kumar 2022; Pacca 2007). Figure 3 presents a simpli-
fied flowchart of the modeled Life Cycle Assessment (LCA) 
structure.

2.2.2 � Conventional PHS

C-PHS is the technological parent of O-PHS. Their simi-
larities make this comparison very relevant since C-PHS 
maturity can show O-PHS potential. C-PHS is modelled 
using the ecoinvent processes “electricity production, 
hydro, reservoir, alpine region” and “electricity produc-
tion, hydro, reservoir, non-alpine region” (Wernet et al. 
2016) with Norway and Germany as respective geogra-
phies. This is done following the reasoning that plants 
in these regions would be the closest alternative to the 
presented O-PHS. The main difference between these 
two processes is the amount of biogenic CO2 eq emis-
sions, defined directly by their location. These processes 
are selected because they consider all the infrastructure 
needed to produce 1 kWh from hydropower construction, 
operation, and maintenance. It is important to note that 
for these processes, the Lifetime of civil infrastructure 
is 150 years and 80 years for electromechanical equip-
ment. Although this does not fit entirely with the model for 
O-PHS, it is considered the closest process from ecoinvent.
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Table 1   Material requirements for the infrastructure of a 2 GW O-PHS plant. The percentage in the Maintenance column quantifies the amount 
of material needed to maintain the infrastructure compared with the initial construction amount

Infrastructure Infrastructure sections Major processes Material needs (tonnes)

Construction Maintenance

Civil infrastructure Caisson Reinforcing Steel 158,368 -
Concrete
CEM II/B-V

2,532,288 -

Sand 18,561,067 -
Foundations Granite 12,119,007 -
Protection Layer Granite 12,563,323 125,633 (1%)

Geotextile 3,411  -
Inner Berm Sand 104,141,023 10,414,102 (10%)

Electromechanical equipment Turbine Stainless Steel 157,072 471,216 (300%)
Unalloyed Steel 31,554 94,662 (300%)
Low Allowed Steel 11,326 33,978 (300%)
Copper 11,326 33,978 (300%)
Magnet 555 1,665 (300%)

Electronics Steel 487 1,461 (300%)
Low Allowed Steel 487 1,461 (300%)
Copper 29 87 (300%)

Transformers Steel 94 282 (300%)
Low Allowed Steel 174 522 (300%)
Copper 76 228 (300%)

Sea cable Low Allowed Steel 2112 6,336 (300%)
Copper 847 2,541 (300%)

General equipment Lubricating oil - 1,430

Fig. 3   A simplified flowchart was used in the O-PHS LCA model. 
Blue represents the construction, green represents the maintenance, 
and yellow represents the needed electricity. In practice, to model FU 

1 (a single O-PHS plant), operation electricity is set to zero, and the 
electricity output is scaled to the total electricity output of the plant’s 
life cycle
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2.2.3 � LFP batteries

From the many types of Li-ion batteries, LFP batteries are 
particularly suitable for grid storage applications and offer 
lower costs compared to other alternatives (Fan et al. 2020; 
Killer et al. 2020). Additionally, it is expected that battery 
manufacturers will shift away from utilizing conflictive 
materials such as cobalt. For these reasons, this study has 
chosen LFP batteries for comparison.

Following the recommendations of Arshad et al. (2022), 
all assumptions regarding battery Lifetime are clearly 
described to provide a comprehensive and transparent view 
of the model. It is assumed that the batteries will undergo 
a complete daily cycle, delivering the same amount of 
electricity as the O-PHS plant, 8 GWh per day. Accurately 
determining the Lifetime of a battery is challenging due to 
significant technological advances over the years and vary-
ing Literature values ranging from 1800 to 8000 cycles and 
from 5 to 20 years (Chen et al. 2012; Gallo et al. 2016; 
Lehtola and Zahedi 2019; Peters et al. 2017; Popp et al. 
2014; Swierczynski et al. 2015). Furthermore, future tech-
nology developments may increase the lifetime of LFP bat-
teries or result in new materials that outperform the assessed 
alternative. For this reason, we do not consider replacements 
once the lifetime of the LFP batteries is over. Based on the 
assumption that the battery conditions (material and opera-
tional) will be optimal, a Lifetime of 7300 cycles or 20 years 
has been selected.

The number of cycles a battery can undergo during its 
lifetime directly depends on the depth of discharge (DoD), 
which is the percentage of the battery that is regularly 
charged and discharged. To ensure a higher number of cycles 
and thus a longer lifespan, the DoD must also be optimal, 
though there is no consensus on the exact value. For elec-
tric vehicles (EVs), a DoD of 80% is commonly considered 
(Arshad et al. 2022; Peters et al. 2017), while some indi-
cations suggest that LFP batteries benefit from complete 
(100%) cycles (Spitthoff et al. 2020). Other research states 
that a DoD of 70% ensures the highest performance from 
lithium batteries (Park et al. 2023). This report adopts the 
most conservative approach, using a 70% DoD. This choice 
means that with 70% of the total capacity, the battery infra-
structure must meet the O-PHS storage capacity, resulting 
in oversizing the number of batteries needed, directly affect-
ing the infrastructure needs. Utilising LFP batteries’ specific 
energy capacity of 0.159 kWh/kg (Dai et al. 2018), the total 
battery requirement is estimated at 71,878 tons for construc-
tion and 20 years of operation.

2.2.4 � Electricity for storage and losses

Emissions from electricity production are highly depend-
ent on the energy source and technology selection. The 

O-PHS plant analysed in this study aims to store elec-
tricity produced from offshore wind farms. Therefore, it 
is assumed that all the energy stored is sourced directly 
from offshore wind turbines. Similarly, storage technolo-
gies have inherent round-trip efficiencies, leading to a per-
centage of electricity being lost during the storing process. 
Such energy losses result in additional emissions associ-
ated with the energy required. To account for the storage 
efficiency in the model, the gross electricity inputs have 
been classified into the net energy delivered (i.e., the out-
put of 1 kWh of stored electricity) and the energy losses 
(i.e., the additional electricity lost in the storage process).

For each technology, a range of average efficiency val-
ues is considered as a sensitivity analysis. The round-trip 
efficiencies for O-PHS are 65%, 70%, and 75%. For LFP 
batteries, Literature values range from 70 to 99% (Gallo 
et al. 2016; Killer et al. 2020; Peters et al. 2017). We use 
results from Peters et al. (2017), providing a range of 80% 
to 99%, with an average of 92.4%. For C-PHS, values of 
65%, 76%, and 87% are used (Kougias and Szabó, 2017). 
Also, the lifespan of the different technologies has been 
varied ±10% as a sensitivity analysis. This will affect the 
final energy stored and delivered and is modelled through 
increasing or decreasing the electricity variables — i.e.: 
input, output, loses — while leaving the infrastructural 
needs the same. The best values regarding the efficiency 
and lifetime scenarios are combined into one scenario to 
model, and the same is done for the worst-case scenario.

2.3 � Life Cycle Impact Assessment

Within the Product Environmental Footprint (PEF) meth-
odology proposed by the European Commission (THE 
European Commission 2021), the Environmental Footprint 
(EF) 3.1 methodology provides a standard set of impact 
categories to assess with a specific characterization model. 
The assessed EF impact categories are Climate change 
(kg CO2 eq), ozone depletion potential (kg CFC-11 eq), 
Human toxicity, cancer (CTU​h), Human toxicity non-
cancer (CTU​h), Particulate matter (Disease incidence), 
Ionising radiation (kBq U235 eq), Photochemical ozone 
formation (kg NMVOC eq), Acidification (mol H + eq), 
Eutrophication terrestrial (mol N eq), Eutrophication 
freshwater (kg P eq), Eutrophication marine (kg N eq), 
Ecotoxicity freshwater (CTUe), Land use (dimensionless), 
Water use (m3 water eq of deprived water), Resource use 
minerals and metals (kg Sb eq), and lastly Resource use 
fossil (MJ).

The database from ecoinvent 3.9.1 cut-off (Wernet et al. 
2016) feeds the modelling and calculations done through 
the open-source LCA software Activity Browser (Steubing 
et al. 2020).
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3 � Results

3.1 � Environmental impacts of O‑PHS

GHG emissions from the construction and maintenance 
of the O-PHS plant amount to 2,779 kt of CO2 eq over 
100 years. These emissions are broken down into differ-
ent plant sections and material types in Fig. 4. The high 
amount of material requirements highlights the scale of the 
infrastructure, which is the primary contributor, account-
ing for 94.5% of the total climate emissions for this case 
study.

Civil infrastructure accounts for 55.7% of these emis-
sions (1548 kt of CO2 eq) while electromechanical equip-
ment accounts for 44.1% (1,225 kt of CO2 eq). Considering 
maintenance as the substitution of the electromechanical 
equipment once it reaches its EoL makes maintenance 
emissions three times higher than those of construction. 
The single largest emitter is the turbines, contributing 
36.3% of the total emissions. Stainless steel, used in tur-
bine manufacturing, is responsible for 28% of the over-
all GHG emissions. The caissons are another significant 
source, representing almost 29% of all emissions. This is 
divided between concrete CEM II/B-V (a type specifically 
used for marine constructions) at 11.8% and reinforcing 
steel at 17%. Lastly, granite, used for the foundations and 

protective layer, accounts for 21.6% of total CO2 eq emis-
sions, split into 10.6% and 11%, respectively.

One noteworthy material is sand, which is required in 
quantities exceeding 120 million tons. However, this sand is 
not produced but transported from the seabed and piled up 
to build the inner berm. Consequently, the inner berm has 
no emissions from sand production, only from the transpor-
tation process. Transportation-related emissions fall under 
‘Construction works’ and account for 0.6% of total plant 
emissions. This mainly includes fuel consumption by ships 
used in various construction activities.

These absolute emissions can be translated into relative 
emissions by dividing the total number by the O-PHS plant’s 
expected electricity, which results in 9.52 g of CO2 eq/kWh 
for all the infrastructure. Emissions beyond GHG have also 
been analysed and categorised according to their origin to 
identify hotspots in the infrastructure. All impact catego-
ries listed in the LCIA part are quantified (per kWh) and 
depicted in Fig. 5. Despite the substantial dimensions of 
the dam—5 km in diameter and over 30 m tall—the emis-
sions from electromechanical equipment exceed those from 
civil infrastructure in 12 out of the 16 impact categories. 
Furthermore, the contribution of civil infrastructure does 
not exceed 60% in any category, whereas electromechani-
cal equipment accounts for over 60% in 8 impact categories 
and approximately 90% in 5. These findings highlight the 

Fig. 4   Disaggregated absolute 
and relative GHG emis-
sions from the O-PHS plant 
infrastructure. a Plant sections, 
construction in plain colour, 
and maintenance striped. b 
Materials and works used for 
the construction of the different 
sections. Between a and b, 
horizontal lines link the emis-
sions from each plant section to 
the emissions of materials and 
works
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significant impact of electromechanical equipment, particu-
larly turbines, on the overall environmental footprint of the 
infrastructure. Turbines account for over 50% of the total 
emissions in five impact categories (see Fig. 5). In the acidi-
fication impact category, where turbines have their lowest 
contribution, they still represent an important role, account-
ing for 30% of the total impact. Therefore, mitigating emis-
sions from turbines and their components stands out as an 
effective approach to addressing emissions across all impact 
categories in the infrastructure.

3.2 � Comparison with alternative energy storage 
technologies

Factors such as electricity use, efficiency scenarios, and 
infrastructure emissions were considered together when 
comparing technologies. Overall, the GHG emissions of 
all technologies are approximately 30 g CO2 eq, except for 
C-PHS non-Alpine, where biogenic emissions from the 
infrastructure increase the total to around 70 g CO2 eq. Bio-
genic emissions are accounted for within the infrastructure 
block because they are the direct result of processes needed 
for the construction of a hydropower plant. GHG emis-
sions from electricity delivered after storage are consistent 
across the four technologies, reflecting the footprint of 1 

kWh produced by offshore wind turbines. These emissions 
from the electricity stored are the highest for three of the 
four technologies, reaching 16.25 g CO2 eq/kWh. However, 
C-PHS non-Alpine diverges, presenting the highest emis-
sions from storage infrastructure at around 50 g CO2 eq/
kWh. Despite variations in the type and quantity of materi-
als used in their construction, the remaining technologies 
exhibit similar infrastructure emissions, ranging from 8.05 
to 9.52 g CO2 eq/kWh.

Emissions from electricity losses vary, considering the 
efficiency and the infrastructure Lifetime ranges defined 
in Section 2.2.4 for the different technologies. For O-PHS, 
emissions range from 5.42 to 8.75 g CO2 eq (17.9%–24.6%); 
for C-PHS (Alpine and non-Alpine), they range from 2.43 
to 8.755 g CO2 eq (10.1%–30.2% and 3.8%–11.2%, respec-
tively); and for LFP batteries, they range from 0.16 to 4.06 g 
CO2 eq (0.6%–13.4%). This sensitivity analysis of efficiency 
and infrastructure lifetime is depicted by the error bars 
shown for each technology in Fig. 6.

When considering impact categories beyond climate 
change, the picture shifts (Fig. 7). The C-PHS results in 
Alpine and non-Alpine regions are nearly identical across 
the other assessed categories. LFP batteries are the highest 
emitters in 10 of the 16 categories, with copper and the cath-
odes’ lithium-iron-phosphate being the primary contributors 

Fig. 5   Contribution analysis 
for the different sections of 
the O-PHS infrastructure with 
results for each category per 
kWh. The electromechani-
cal footprint for each impact 
category is squared for easier 
identification. *Turbine’s envi-
ronmental footprint above 50%
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to these emissions. In contrast, O-PHS has the highest emis-
sions in four impact categories, while C-PHS leads in two. 
Although impact categories are not directly comparable, 
these findings provide a broader environmental perspective. 
They suggest that O-PHS is a less polluting technology than 
LFP batteries in most assessed impact categories. Not only 
that, but it quantifies how less pollutant O-PHS is compared 
with LFP batteries.

4 � Discussion

When comparing O-PHS with other technologies in this 
study, it can be seen that O-PHS results are in the same order 
of magnitude as LFP batteries and C-PHS. Moreover, there 
is no impact category in which O-PHS emissions dispropor-
tionally overshoot other technologies. Taking a closer look 
at the source of GHG emissions, we see that the production 
of electricity causes half of the emissions, while efficiency 
losses and the infrastructure account for 21% and 29% of the 
total emissions, respectively. This can be seen as an “envi-
ronmental premium” to pay to store electricity; however, sta-
tionary batteries serve other purposes beyond storing energy. 
They also regulate the frequency in the grid and manage 
power(Bielewski et al. 2022), a task that is usually per-
formed by thermal plants. In other words, the O-PHS plant 
not only would store energy, but would provide stability to 

the grid and therefore increase renewable penetration and 
reduce curtailment, dealing with the intermittency issues 
related to renewables. All this, at the relatively low cost of 
around 33 g of CO2 eq/kWh, whereas the emissions of the 
countries surrounding the plant in 2023 (Netherlands, Ger-
many, Denmark, and Belgium) went from 94 to 381 g of 
CO2 eq/kWh (European Environmental Agency, 2024; Our 
World in Data, 2024).

Nevertheless, seeing these optimistic results, we also 
compared our findings with results from the literature on 
different technologies. For this, we based the comparison on 
the literature review done by Rahman et al. (2015), which 
accounts for more technologies than those analysed in this 
study. We excluded results previous to 2015 and results with 
a different unit to g of CO2 eq/kWh. Lead acid batteries, for 
example, present values ranging from 65 to 1157 g of CO2 
eq/kWh, while Li-ion batteries values range from 28–810 
g of CO2 eq/kWh, C-PHS results range from 8–276 g of 
CO2 eq/kWh, and other alternative technologies Like com-
pressed air energy storage and green hydrogen have results 
of 20–380 g of CO2 eq/kWh and 386–700 g of CO2 eq/
kWh, respectively. This analysis shows that electricity-stor-
ing technologies, especially batteries, have a wide range of 
variability in the LCA results for GHG emissions. Consider-
ing these ranges, our results (28 and 29 g of CO2 eq/kWh for 
C-PHS and LFP batteries) fall under the lower values range 
but are not outliers. When considering LFP infrastructure 
(Hiremath et al. 2015; Wang et al. 2018) find similar results 
as those in this study with 16 and 20 g of CO2 eq/kWh, 
respectively.

However, we find three main reasons for these results to 
be at the low end of the ranges. First, different studies pre-
sent their own assumptions and system boundaries that may 
differ. For example, Wang et al. (2018) consider 2000 cycles 
for the entire Lifetime of the LFP batteries and exclude the 
use phase, while in this study we consider 8000 cycles and 
include its use. Second, for C-PHS, biogenic emissions vary 
depending on the weather where the C-PHS plant is located, 
rising GHG emissions up to 547 g of CO2 eq/kWh in tropi-
cal climates (Gemechu and Kumar 2022). Third and most 
importantly, in the referenced studies that consider the use 
phase (Abdon et al. 2017; Baumann et al. 2017; Hiremath 
et al. 2015) the electricity stored is from the grid from Ger-
many, Switzerland, or the EU average. These GHG emis-
sions per kWh surpass those from the infrastructure, going 
from 100 g of CO2 eq/kWh in the Swiss case to more than 
700 g of CO2 eq/kWh in the German scenario.

This variance present in other technologies is important 
to give robustness to results. Thus, we believe that further 
research in O-PHS environmental assessment should be 
carried out to confirm the results presented in this study 
and to go into deeper detail on several key aspects of the 
O-PHS technology. Firstly, closer attention should be paid 

Fig. 6   GHG emissions from the three technologies analysed in this 
study. The source of the emissions is divided by the infrastructure: 
the material needs for the plant to work; energy delivered, the emis-
sions associated with the production, storage, and delivery of 1 kWh; 
and energy losses, associated with the storage of 1 kWh
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to the circularity and EoL stage of the materials used, which 
stands out as a notable gap in most research, including this 
study. Considering the O-PHS plant is mainly made of steel, 
concrete, sand, and granite, returning these materials to the 
loop of economically valuable goods is already technically 
possible (de Andrade Salgado and de Andrade Silva 2022). 
Preventing equipment from becoming waste with designs 
that give higher importance to the EoL stage of the product 
has the potential to reduce the infrastructure’s environmen-
tal footprint in virtually all impact categories. Strategies, 

including, but not limited to, repairing and remanufactur-
ing the turbines, reusing the granite stones, or recycling the 
concrete and the steel from the caissons, can make a remark-
able difference in the infrastructure footprint (Russell and 
Nasr 2023). However, although technological innovations 
are required to achieve this goal, the challenge is not only 
on the technical side.

Exploring business models and incentivising the eco-
nomics of the activities involved in the recovery and circu-
larization of material is paramount since the location and 

Fig. 7   Results for the 16 impact 
categories included in PEF. 
Negative results are depicted 
with a shortened bar rather than 
its value in maintaining graphic 
aesthetics
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scale of the plant pose significant challenges for EoL and 
circularity strategies. In other words, although all these EoL 
strategies are already technically possible, this may not be 
economically feasible due to the magnitude and geographi-
cal situation of the materials. Therefore, more research in 
EoL strategies, scenarios, and alternatives for material cir-
cularity, waste management, and the decommissioning of 
the O-PHS plant is necessary in both the environmental and 
the economic spheres.

Secondly, the impact on the living organisms in the con-
struction area and its surroundings is of the highest impor-
tance. This fact is not only relevant per se since the dam 
would create an artificial reef that could improve biodiver-
sity in the area like offshore wind farms in the North Sea 
(Li et al. 2023) but also, it could potentially destroy all bio-
diversity in the construction area and surroundings during 
the construction process. Moreover, the decay of organic 
matter is precisely the main reason for biogenic emissions 
to appear in C-PHS. Depending on the location of the plant 
and the weather, this type of emissions can be the primary 
source of GHG emissions in the C-PHS technology (Geme-
chu and Kumar 2022). With this precedent and considering 
the scale of the O-PHS plant, we believe it is highly relevant 
to analyse the quantity and type of marine species that stay 
or pass through the area where the O-PHS plant is planned. 
More importantly, research should be carried out to study 
how the construction and operation of the O-PHS can affect 
them, if their decay in a closed area would result in biogenic 
emissions and if so, how high these emissions are.

5 � Conclusions

Using LCA, we studied the environmental impacts of 
the emerging technology of Offshore Low-Head Pumped 
Hydro Storage (O-PHS). We find that the GHG emissions 
from an O-PHS plant are in the same order of magnitude 
as those from lithium iron phosphate (LFP) batteries and 
the best-performing Conventional Pumped Hydro Storage 
plants (C-PHS). Additionally, O-PHS results do not present 
disproportionate spikes in any impact category with respect 
to other technologies. On the contrary, LFP batteries pre-
sent environmental hotspots for non-carcinogenic human 
toxicity, acidification, terrestrial eutrophication, and metal 
resource depletion; while water use is the most pressing 
issue for C-PHS. Despite further research needs, this high-
lights the potential of O-PHS as an alternative electricity 
storage technology from an ecological perspective. Also, 
from a scalability point of view, only in the North Sea, 
seven potential sites have been identified near the coasts of 
the Netherlands, Germany, and France (ALPHEUS H2020, 
2024). In fact, smaller reservoirs are also possible options 

(Hoffstaedt et al. 2024). Although at this moment it is dif-
ficult to foresee with accuracy further potential sites for an 
O-PHS plant to be deployed, it could be argued that there 
are zones that already comply with some necessary require-
ments. The Yellow and the Baltic Sea comply with some 
of these requirements, such as having a relatively narrow 
sea bed and the presence, or foreseen presence, of offshore 
wind farms (4C Offshore, 2025).

Moreover, storing technologies like O-PHS not only store 
energy but also can provide ancillary services to the grid, 
such as frequency regulation, power management (Bielewski 
et al. 2022), and, in general, support grid stability. A stabil-
ity that is crucial from a grid perspective as it deals with 
the intermittency of the renewables, increases their pen-
etration, and reduces curtailments. With this context, the 
emissions from using an O-PHS plant to store energy and 
deliver it to the grid are about 33 g of CO2 eq/kWh, while 
emissions from the plant itself (construction, maintenance 
and operation) result in 16.3 g of CO2 eq/kWh. This means 
that there is a premium attached to the storage of electricity 
and providing the aforementioned services. A premium that 
is one-sixth of the current electricity mix of Denmark, the 
country with the cleanest mix in the region of the O-PHS 
plant from this study. While 50% of the emissions have their 
origin in the production of electricity from the offshore wind 
farms surrounding the O-PHS plant, the rest of the GHG 
arise from the construction and maintenance of the plant 
(29%) and from the wind energy that needs to be produced to 
compensate for the energy losses linked to the 70% roundtrip 
efficiency (21%). Among the infrastructure-related impacts, 
turbines account for around 32% of the total GHG emissions 
of the O-PHS plant, with 11% coming from the turbines’ 
materials and 21% from the efficiency losses. Nevertheless, 
turbines are not only a major player in GHG emissions, 
but they are the major contributor in 15 of the 16 assessed 
impact categories when looking only at the infrastructure. 
Considering this, increasing turbine efficiency is paramount 
and should be prioritized to reduce the environmental foot-
print in all the impact categories. However, efficiency alone 
is not enough, as mining and refining materials, such as 
steel and copper, are highly polluting and energy-intensive 
processes. Therefore, all life-cycle phases of the turbines 
should be carefully considered for environmental improve-
ments during the design stage. Future research should also 
consider the End-of-Life stage and the environmental gains 
that could be made through recycling. In addition, maxim-
ising the turbines’ lifetime through, e.g., enhanced mainte-
nance, repairs, and remanufacturing may further lower their 
per kWh impact. Furthermore, the use of less environmen-
tally impactful materials or alternative production methods 
should be explored to reduce emissions across all impact 
categories for O-PHS.



	 The International Journal of Life Cycle Assessment

Supplementary information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11367-​025-​02538-4.

Acknowledgements  We want to thank those researchers from the 
Alpheus project for the data provided, their patient explanations, and 
their overall help.

Author contributions  Mikel Fadul Bonamusa: original draft, writ-
ing — review and editing, visualization, validation, methodology, 
investigation, formal analysis, conceptualization. Antonio Jarquin-
Laguna: writing — review and editing, validation, funding acquisi-
tion, methodology, conceptualization. Bernhard Steubing: writing 
— review and editing, validation, funding acquisition, methodology, 
conceptualization.

Data availability  Supplementary data to this article can be found online 
at (https://​doi.​org/​10.​1007/​s11367-​025-​02538-4).

Declarations 

Competing interests  The authors declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

4C Offshore (2025) Global Offshore Renewables Map [WWW Docu-
ment]. 4C Offshore - Offshore Wind. URL https://​map.​4coff​shore.​
com/​offsh​orewi​nd/. Accessed 23 Jul 2025

 ABB (2003) Power Transformer TrafoStar 500 MVA [WWW Docu-
ment]. URL https://​search.​abb.​com/​Libra​ry/​Downl​oad.​aspx?​
Docum​entID=​SEEPD_​TPT_​Trafo​Star0​001_​1&​Docum​entPa​
rtId=​&. Accessed 22 May 2023

Abdon A, Zhang X, Parra D, Patel MK, Bauer C, Worlitschek J (2017) 
Techno-economic and environmental assessment of stationary 
electricity storage technologies for different time scales. Energy 
139:1173–1187. https://​doi.​org/​10.​1016/j.​energy.​2017.​07.​097

ALPHEUS H2020 Project (2024a) Low head Seawater pumped hydro-
power storage. WP5: Dam design https://​alphe​us-​h2020.​eu/​work-​
packa​ges/​wp5-​civil-​struc​ture-​design/. Accessed 31 Jan 2025

ALPHEUS H2020 Project (2024b) Site identification GIS tool. https://​
alphe​us-​h2020.​eu/​gis/ . Accessed 22 Jul 2025

Alsaleh A, Sattler M (2019) Comprehensive life cycle assessment 
of large wind turbines in the US. Clean Technol Environ Policy 
21:887–903. https://​doi.​org/​10.​1007/​s10098-​019-​01678-0

Ansorena Ruiz R, De Vilder LH, Prasasti EB, Aouad M, De Luca A, 
Geisseler B, Terheiden K, Scanu S, Miccoli A, Roeber V, Marence 
M, Moll R, Bricker JD, Goseberg N (2022) Low-head pumped 
hydro storage: a review on civil structure designs, legal and envi-
ronmental aspects to make its realization feasible in seawater. 

Renew Sustain Energy Rev 160:112281. https://​doi.​org/​10.​1016/j.​
rser.​2022.​112281

Arshad F, Lin J, Manurkar N, Fan E, Ahmad A, Tariq M-N, Wu F, 
Chen R, Li L (2022) Life cycle assessment of lithium-ion batter-
ies: a critical review. Resour Conserv Recycl 180:106164. https://​
doi.​org/​10.​1016/j.​resco​nrec.​2022.​106164

Baumann M, Peters JF, Weil M, Grunwald A (2017) CO2 footprint and 
life-cycle costs of electrochemical energy storage for stationary 
grid applications. Energy Technol 5:1071–1083. https://​doi.​org/​
10.​1002/​ente.​20160​0622

Bielewski M, Pfrang A, Bobba S, Kronberga A, Georgakaki A et al 
(2022) Clean Energy Technology Observatory, Batteries for 
energy storage in the European Union – Status report on tech-
nology development, trends, value chains and markets – 2022, 
Publications Office of the European Union. https://​data.​europa.​
eu/​doi/​10.​2760/​808352

Blakers A, Stocks M, Lu B, Cheng C (2021) A review of pumped hydro 
energy storage. Prog Energy 3:022003. https://​doi.​org/​10.​1088/​
2516-​1083/​abeb5b

Braga AM, Silvestre JD, de Brito J (2017) Compared environmental 
and economic impact from cradle to gate of concrete with natu-
ral and recycled coarse aggregates. J Clean Prod 162:529–543. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2017.​06.​057

Bricker JD, Nilsson H, Storli P-TS, Truijen D, De Kooning J, Laguna AJ,  
Terheiden K, Engel B, Goseberg N, Moll R (2023) Grid-scale pumped  
hydro energy storage for the low countries. Hydrolink 2023:16–20

Briones Hidrovo A, Uche J, Martínez-Gracia A (2017) Accounting for  
GHG net reservoir emissions of hydropower in Ecuador. Renew  
Energy 112:209–221. https://​doi.​org/​10.​1016/j.​renene.​2017.​05.​047

European Commission: Directorate-General for Communication (2019) 
What is the European Green Deal?, Publications Office. https://​
data.​europa.​eu/​doi/​10.​2775/​275924

 Chen X, Shen W, Vo TT, Cao Z, Kapoor A (2012) An overview of 
lithium-ion batteries for electric vehicles, in: 2012 10th Interna-
tional Power & Energy Conference (IPEC). Presented at the 2012 
10th International Power & Energy Conference (IPEC), IEEE, 
Ho Chi Minh City, pp 230–235. https://​doi.​org/​10.​1109/​ASSCC.​
2012.​65232​69

Connolly D (2011). The integration of fluctuating renewable energy using  
energy storage (Doctoral dissertation, University of Limerick).

Dai Q, Kelly JC, Dunn J, Benavides PT (2018). Update of Bill-of-mate-
rials and Cathode Materials Production for Lithium-ion Batteries 
in the GREET Model. Argonne National Laboratory.

de Andrade Salgado F, de Andrade Silva F (2022) Recycled aggregates 
from construction and demolition waste towards an application on 
structural concrete: a review. J Build Eng 52:104452. https://​doi.​
org/​10.​1016/j.​jobe.​2022.​104452

European Commission: Directorate-General for Research and Innova-
tion (2021) European Green Deal – Research & innovation call, 
Publications Office of the European Union. https://​data.​europa.​
eu/​doi/​10.​2777/​33415

European Environmental Agency (2024) Greenhouse gas emission 
intensity of electricity generation, country level. https://​www.​eea.​
europa.​eu/​en/​analy​sis/​indic​ators/​green​house-​gas-​emiss​ion-​inten​
sity-​of-1/​green​house-​gas-​emiss​ion-​inten​sity-​of-​elect​ricity-​gener​
ation-​count​ry-​level. Accessed 31 Jan 2025

Fahlbeck J, Nilsson H, Salehi S (2023) Surrogate based optimisation of  
a pump mode startup sequence for a contra-rotating pump-turbine  
using a genetic algorithm and computational fluid dynamics. J Energy  
Storage 62:106902. https://​doi.​org/​10.​1016/j.​est.​2023.​106902

Fan E, Li L, Wang Z, Lin J, Huang Y, Yao Y, Chen R, Wu F (2020) 
Sustainable recycling technology for Li-ion batteries and beyond: 
challenges and future prospects. Chem Rev 120:7020–7063. 
https://​doi.​org/​10.​1021/​acs.​chemr​ev.​9b005​35

Gallo AB, Simões-Moreira JR, Costa HKM, Santos MM, Moutinho dos 
Santos E (2016) Energy storage in the energy transition context: 

https://doi.org/10.1007/s11367-025-02538-4
https://doi.org/10.1007/s11367-025-02538-4
http://creativecommons.org/licenses/by/4.0/
https://map.4coffshore.com/offshorewind/
https://map.4coffshore.com/offshorewind/
https://search.abb.com/Library/Download.aspx?DocumentID=SEEPD_TPT_TrafoStar0001_1&DocumentPartId=&
https://search.abb.com/Library/Download.aspx?DocumentID=SEEPD_TPT_TrafoStar0001_1&DocumentPartId=&
https://search.abb.com/Library/Download.aspx?DocumentID=SEEPD_TPT_TrafoStar0001_1&DocumentPartId=&
https://doi.org/10.1016/j.energy.2017.07.097
https://alpheus-h2020.eu/work-packages/wp5-civil-structure-design/
https://alpheus-h2020.eu/work-packages/wp5-civil-structure-design/
https://alpheus-h2020.eu/gis/
https://alpheus-h2020.eu/gis/
https://doi.org/10.1007/s10098-019-01678-0
https://doi.org/10.1016/j.rser.2022.112281
https://doi.org/10.1016/j.rser.2022.112281
https://doi.org/10.1016/j.resconrec.2022.106164
https://doi.org/10.1016/j.resconrec.2022.106164
https://doi.org/10.1002/ente.201600622
https://doi.org/10.1002/ente.201600622
https://data.europa.eu/doi/10.2760/808352
https://data.europa.eu/doi/10.2760/808352
https://doi.org/10.1088/2516-1083/abeb5b
https://doi.org/10.1088/2516-1083/abeb5b
https://doi.org/10.1016/j.jclepro.2017.06.057
https://doi.org/10.1016/j.renene.2017.05.047
https://data.europa.eu/doi/10.2775/275924
https://data.europa.eu/doi/10.2775/275924
https://doi.org/10.1109/ASSCC.2012.6523269
https://doi.org/10.1109/ASSCC.2012.6523269
https://doi.org/10.1016/j.jobe.2022.104452
https://doi.org/10.1016/j.jobe.2022.104452
https://data.europa.eu/doi/10.2777/33415
https://data.europa.eu/doi/10.2777/33415
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1/greenhouse-gas-emission-intensity-of-electricity-generation-country-level
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1/greenhouse-gas-emission-intensity-of-electricity-generation-country-level
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1/greenhouse-gas-emission-intensity-of-electricity-generation-country-level
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1/greenhouse-gas-emission-intensity-of-electricity-generation-country-level
https://doi.org/10.1016/j.est.2023.106902
https://doi.org/10.1021/acs.chemrev.9b00535


The International Journal of Life Cycle Assessment	

a technology review. Renew Sustain Energy Rev 65:800–822. 
https://​doi.​org/​10.​1016/j.​rser.​2016.​07.​028

Gemechu E, Kumar A (2022) A review of how life cycle assessment 
has been used to assess the environmental impacts of hydropower 
energy. Renew Sustain Energy Rev 167:112684. https://​doi.​org/​
10.​1016/j.​rser.​2022.​112684

Hainsch K, Löffler K, Burandt T, Auer H, Crespo del Granado P, Pis-
ciella P, Zwickl-Bernhard S (2022) Energy transition scenarios: 
what policies, societal attitudes, and technology developments 
will realize the EU Green Deal? Energy 239:122067. https://​doi.​
org/​10.​1016/j.​energy.​2021.​122067

Hiremath M, Derendorf K, Vogt T (2015) Comparative life cycle assess- 
ment of battery storage systems for stationary applications. Environ  
Sci Technol 49:4825–4833. https://​doi.​org/​10.​1021/​es504​572q

Hoffstaedt JP, Truijen DPK, Fahlbeck J, Gans LHA, Qudaih M, 
Laguna AJ, De Kooning JDM, Stockman K, Nilsson H, Storli 
P-T, Engel B, Marence M, Bricker JD (2022) Low-head pumped 
hydro storage: a review of applicable technologies for design, grid 
integration, control and modelling. Renew Sustain Energy Rev 
158:112119. https://​doi.​org/​10.​1016/j.​rser.​2022.​112119

Hoffstaedt JP, Truijen D, Jarquin Laguna A, De Kooning J, Stockman 
K, Fahlbeck J, Nilsson H (2024) Low-head pumped hydro stor-
age: an evaluation of energy balancing and frequency support. 
IET Renew Power Gener 18(S1):4465–4479. https://​doi.​org/​10.​
1049/​rpg2.​13125

Killer M, Farrokhseresht M, Paterakis NG (2020) Implementation 
of large-scale Li-ion battery energy storage systems within the 
EMEA region. Appl Energy 260:114166. https://​doi.​org/​10.​
1016/j.​apene​rgy.​2019.​114166

Kougias I, Szabó S (2017) Pumped hydroelectric storage utilization 
assessment: forerunner of renewable energy integration or trojan 
horse? Energy 140:318–329. https://​doi.​org/​10.​1016/j.​energy.​
2017.​08.​106

Lehtola TA, Zahedi A (2019) Electric vehicle battery cell cycle aging in  
vehicle to grid operations: a review. IEEE J Emerg Sel Top Power  
Electron 9:423–437. https://​doi.​org/​10.​1109/​JESTPE.​2019.​29592​76

Li C, Coolen JWP, Scherer L, Mogollón JM, Braeckman U, Vanaver-
beke J, Tukker A, Steubing B (2023) Offshore wind energy and 
marine biodiversity in the North Sea: life cycle impact assessment 
for benthic communities. Environ Sci Technol 57:6455–6464. 
https://​doi.​org/​10.​1021/​acs.​est.​2c077​97

Molina Gómez A, Morozovska K, Laneryd T, Hilber P (2022) Optimal 
sizing of the wind farm and wind farm transformer using MILP 
and dynamic transformer rating. Int J Electr Power Energy Syst 
136:107645. https://​doi.​org/​10.​1016/j.​ijepes.​2021.​107645

Our World in Data (2024) Carbon intensity of electricity generation – 
Ember and Energy Institute” . Ember, “Yearly Electricity Data”; 
Energy Institute, “Statistical Review of World Energy”. https://​
ourwo​rldin​data.​org/​graph​er/​carbon-​inten​sity-​elect​ricity. Accessed 
31 Jan 2025

Pacca S (2007) Impacts from decommissioning of hydroelectric dams: 
a life cycle perspective. Clim Change 84:281–294. https://​doi.​org/​
10.​1007/​s10584-​007-​9261-4

Pang M, Zhang L, Wang C, Liu G (2015) Environmental life cycle 
assessment of a small hydropower plant in China. Int J Life Cycle 
Assess 20:796–806. https://​doi.​org/​10.​1007/​s11367-​015-​0878-7

Park S-J, Song Y-W, Kang B-S, Kim W-J, Choi Y-J, Kim C, Hong Y-S 
(2023) Depth of discharge characteristics and control strategy to 
optimize electric vehicle battery life. J Energy Storage 59:106477. 
https://​doi.​org/​10.​1016/j.​est.​2022.​106477

Peters JF, Baumann M, Zimmermann B, Braun J, Weil M (2017) The 
environmental impact of Li-ion batteries and the role of key 
parameters – a review. Renew Sustain Energy Rev 67:491–506. 
https://​doi.​org/​10.​1016/j.​rser.​2016.​08.​039

Popp H, Attia J, Delcorso F, Trifonova A (2014) Lifetime analysis of 
four different lithium ion batteries for (plug–in) electric vehicle. 

In Transport research arena (TRA) 5th conference: Transport solu-
tions from research to deployment

Prasasti EB, Aouad M, Joseph M, Zangeneh M, Terheiden K (2024) 
Optimization of pumped hydro energy storage design and opera-
tion for offshore low-head application and grid stabilization. 
Renew Sustain Energy Rev 191:114122. https://​doi.​org/​10.​1016/j.​
rser.​2023.​114122

Rehman S, Al-Hadhrami LM, Alam MM (2015) Pumped hydro energy 
storage system: a technological review. Renew Sustain Energy 
Rev 44:586–598. https://​doi.​org/​10.​1016/j.​rser.​2014.​12.​040

Renewable Power Generation Costs in 2012 (2013) IRENA - Inter-
national Renewable Energy Agency. https://​www.​irena.​org/​publi​
catio​ns/​2013/​Jan/​Renew​able-​Power-​Gener​ation-​Costs-​in-​2012-​
An-​Overv​iew. Accessed 18 Jul 2025

Russell JD, Nasr NZ (2023) Value-retained vs. impacts avoided: the 
differentiated contributions of remanufacturing, refurbishment, 
repair, and reuse within a circular economy. J Remanufacturing 
13:25–51. https://​doi.​org/​10.​1007/​s13243-​022-​00119-4

Schmidt A (2006) Life cycle assessment of electricity delivered from 
an onshore power plant based on Vestas V82–1.65 MW turbines. 
https://​windf​armre​aliti​es.​org/​wp-​conte​nt/​uploa​ds/​wfr-​docs/​vestas-​
v82-​lca.​pdf. Accessed 26 Apr 2023

Spitthoff L, Lamb JJ, Pollet BG, Burheim OS (2020) Lifetime expec-
tancy of lithium-ion batteries. In: Lamb JJ, Pollet BG (eds) Micro-
Optics and Energy. Springer International Publishing, Cham, pp 
157–180. https://​doi.​org/​10.​1007/​978-3-​030-​43676-6_​11

Steubing B, De Koning D, Haas A, Mutel CL (2020) The activity 
browser — an open source LCA software building on top of the 
brightway framework. Softw Impacts 3:100012. https://​doi.​org/​
10.​1016/j.​simpa.​2019.​100012

Swierczynski M, Stroe D-I, Stan A-I, Teodorescu R, Kær SK (2015) 
Lifetime estimation of the nanophosphate \hboxLiFePO_4\hbox/C 
battery chemistry used in fully electric vehicles. IEEE Trans Ind 
Appl 51:3453–3461. https://​doi.​org/​10.​1109/​TIA.​2015.​24055​00

Tencate (2019) Polyfelt [WWW Document]. URL https://​www.​
tenca​tegeo.​eu/​media/​fa088​124-​1268-​4ffb-​9625-​f7931​ecc82​bb/​
kWFIqA/​TenCa​te%​20Geo​synth​etics/​Docum​ents%​20EMEA/​
Engli​sh%​20Eur​ope/​Datas​heet/​Nonwo​ven%​20-%​20Ten​Cate%​
20Pol​yfelt/​TenCa​te_​Polyf​eltF_​Techi​calDa​ta_​EN_​502042.​pdf. 
Accessed 21 May 2023

European Commission (2021) Commission Recommendation (EU) 
2021/2279 of 15 December 2021 on the use of the Environmen-
tal Footprint methods to measure and communicate the life cycle 
environmental performance of products and organisations. https://​
eur-​lex.​europa.​eu/​eli/​reco/​2021/​2279/​oj/​eng. Accessed 24 Apr 
2023

Truijen DPK, Hoffstaedt JP, Fahlbeck J, Jarquin Laguna A, Nilsson 
H, Stockman K, De Kooning JDM (2024) Impact of dual vari-
able speed and inlet valve control on the efficiency and operating 
range of low-head contra-rotating pump-turbines. IEEE Access 
12:86854–86868. https://​doi.​org/​10.​1109/​ACCESS.​2024.​34166​79

Verán-Leigh D, Vázquez-Rowe I (2019) Life cycle assessment of run-
of-river hydropower plants in the Peruvian Andes: a policy sup-
port perspective. Int J Life Cycle Assess 24:1376–1395. https://​
doi.​org/​10.​1007/​s11367-​018-​01579-2

Wang Q, Liu W, Yuan X, Tang H, Tang Y, Wang M, Zuo J, Song Z, 
Sun J (2018) Environmental impact analysis and process optimi-
zation of batteries based on life cycle assessment. J Clean Prod 
174:1262–1273. https://​doi.​org/​10.​1016/j.​jclep​ro.​2017.​11.​059

Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E, Weidema 
B (2016) The ecoinvent database version 3 (part I): overview and 
methodology. Int J Life Cycle Assess 21:1218–1230. https://​doi.​
org/​10.​1007/​s11367-​016-​1087-8

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.rser.2016.07.028
https://doi.org/10.1016/j.rser.2022.112684
https://doi.org/10.1016/j.rser.2022.112684
https://doi.org/10.1016/j.energy.2021.122067
https://doi.org/10.1016/j.energy.2021.122067
https://doi.org/10.1021/es504572q
https://doi.org/10.1016/j.rser.2022.112119
https://doi.org/10.1049/rpg2.13125
https://doi.org/10.1049/rpg2.13125
https://doi.org/10.1016/j.apenergy.2019.114166
https://doi.org/10.1016/j.apenergy.2019.114166
https://doi.org/10.1016/j.energy.2017.08.106
https://doi.org/10.1016/j.energy.2017.08.106
https://doi.org/10.1109/JESTPE.2019.2959276
https://doi.org/10.1021/acs.est.2c07797
https://doi.org/10.1016/j.ijepes.2021.107645
https://ourworldindata.org/grapher/carbon-intensity-electricity
https://ourworldindata.org/grapher/carbon-intensity-electricity
https://doi.org/10.1007/s10584-007-9261-4
https://doi.org/10.1007/s10584-007-9261-4
https://doi.org/10.1007/s11367-015-0878-7
https://doi.org/10.1016/j.est.2022.106477
https://doi.org/10.1016/j.rser.2016.08.039
https://doi.org/10.1016/j.rser.2023.114122
https://doi.org/10.1016/j.rser.2023.114122
https://doi.org/10.1016/j.rser.2014.12.040
https://www.irena.org/publications/2013/Jan/Renewable-Power-Generation-Costs-in-2012-An-Overview
https://www.irena.org/publications/2013/Jan/Renewable-Power-Generation-Costs-in-2012-An-Overview
https://www.irena.org/publications/2013/Jan/Renewable-Power-Generation-Costs-in-2012-An-Overview
https://doi.org/10.1007/s13243-022-00119-4
https://windfarmrealities.org/wp-content/uploads/wfr-docs/vestas-v82-lca.pdf
https://windfarmrealities.org/wp-content/uploads/wfr-docs/vestas-v82-lca.pdf
https://doi.org/10.1007/978-3-030-43676-6_11
https://doi.org/10.1016/j.simpa.2019.100012
https://doi.org/10.1016/j.simpa.2019.100012
https://doi.org/10.1109/TIA.2015.2405500
https://www.tencategeo.eu/media/fa088124-1268-4ffb-9625-f7931ecc82bb/kWFIqA/TenCate%20Geosynthetics/Documents%20EMEA/English%20Europe/Datasheet/Nonwoven%20-%20TenCate%20Polyfelt/TenCate_PolyfeltF_TechicalData_EN_502042.pdf
https://www.tencategeo.eu/media/fa088124-1268-4ffb-9625-f7931ecc82bb/kWFIqA/TenCate%20Geosynthetics/Documents%20EMEA/English%20Europe/Datasheet/Nonwoven%20-%20TenCate%20Polyfelt/TenCate_PolyfeltF_TechicalData_EN_502042.pdf
https://www.tencategeo.eu/media/fa088124-1268-4ffb-9625-f7931ecc82bb/kWFIqA/TenCate%20Geosynthetics/Documents%20EMEA/English%20Europe/Datasheet/Nonwoven%20-%20TenCate%20Polyfelt/TenCate_PolyfeltF_TechicalData_EN_502042.pdf
https://www.tencategeo.eu/media/fa088124-1268-4ffb-9625-f7931ecc82bb/kWFIqA/TenCate%20Geosynthetics/Documents%20EMEA/English%20Europe/Datasheet/Nonwoven%20-%20TenCate%20Polyfelt/TenCate_PolyfeltF_TechicalData_EN_502042.pdf
https://www.tencategeo.eu/media/fa088124-1268-4ffb-9625-f7931ecc82bb/kWFIqA/TenCate%20Geosynthetics/Documents%20EMEA/English%20Europe/Datasheet/Nonwoven%20-%20TenCate%20Polyfelt/TenCate_PolyfeltF_TechicalData_EN_502042.pdf
https://eur-lex.europa.eu/eli/reco/2021/2279/oj/eng
https://eur-lex.europa.eu/eli/reco/2021/2279/oj/eng
https://doi.org/10.1109/ACCESS.2024.3416679
https://doi.org/10.1007/s11367-018-01579-2
https://doi.org/10.1007/s11367-018-01579-2
https://doi.org/10.1016/j.jclepro.2017.11.059
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8

	Life cycle assessment of offshore low-head pumped hydro storage and its comparison with other energy storage technologies
	Abstract
	Purpose 
	Methods 
	Results and discussion 
	Conclusion 

	1 Introduction
	2 Methods
	2.1 Goal, scope and overall approach
	2.2 Inventory analysis
	2.2.1 Offshore Low-Head Pumped Hydro Storage
	2.2.2 Conventional PHS
	2.2.3 LFP batteries
	2.2.4 Electricity for storage and losses

	2.3 Life Cycle Impact Assessment

	3 Results
	3.1 Environmental impacts of O-PHS
	3.2 Comparison with alternative energy storage technologies

	4 Discussion
	5 Conclusions
	Acknowledgements 
	References


