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Summary

Hydropower remains a flexible and stabilizing component of the energy system, offering
substantial storage capacity through large reservoirs and regulated rivers. However, the
increasing share of intermittent electricity production from wind and solar in Sweden and
neighboring countries challenges Northern Europe’s storage capacity, highlighting the need
for new technologies and innovative solutions to secure a sustainable electricity system.
Pumped hydropower storage (PHS) is a highly flexible and efficient storage method, yet
it is currently only applied at a few locations in Sweden, with an overall minimal installed
capacity to date. This implies a potential for future utilization, and thereby a need to
investigate the environmental impacts associated with its implementation in detail.

Thermal stratification is a key determinant of lake ecosystem health. Even small shifts in
its onset or breakdown can significantly alter ecological processes, influencing nutrient
and carbon recycling and, in turn, all higher trophic levels. To investigate how exactly
PHS operations affect the temperature regime, a three-dimensional hydrodynamic model
was developed to simulate diurnal thermal dynamics induced by pumping. Implemented
in Delft3D FM, the model represents the upper reservoir of a PHS plant under initial
conditions of thermal stratification. Paper A presents a methodology for setting up a
generic model for Swedish PHS reservoirs, making it a versatile tool for comparative
studies in Sweden and internationally.

Using this framework, Paper B numerically analyzes how PHS operations influence thermal
stratification and examines how the initial thermocline phenology shapes ecological effects.
It demonstrates that thermocline phenology may influence the ecological response of the
reservoir by determining the extent of vertical mixing and thereby nutrient redistribution
and oxygen availability. Further, in Paper C, a full factorial experimental design is
employed to systematically assess the relative influence of initial thermal conditions,
pumping characteristics such as flow rate, elevation and temperature and reservoir
morphometry.

The results provide new insights into the thermal responses of PHS reservoirs and their
potential ecological impacts on aquatic ecosystems. This understanding supports the
identification of ecological worst-case scenarios and informs strategies for the design and
management of PHS systems to minimize environmental impacts while enhancing energy
system resilience.
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Appended Papers

Paper A

Hydraulic modeling of thermal dynamics in a generic reservoir
during pumped hydropower operation
Melina Sattelmeier, Anders G. Andersson, J. Gunnar I. Hellström, T.
Staffan Lundström
Environmental Modeling and Assessment
https://doi.org/10.1007/s10666-025-10067-5

Abstract: In this study, a three-dimensional hydrodynamic model is developed to
investigate diurnal thermal dynamics induced by pumped hydropower storage operations.
At this stage, the focus is on thermal mixing in a generic reservoir, with the aim of
providing a methodology that can be adapted to various reservoir scenarios. Key issues
include enhancing the understanding of how numerical grid resolution impacts modeling
results and demonstrating a method for conducting mesh studies in standing water
bodies influenced by flow fields, such as those generated by pumping. The model, being
implemented in Delft3D FM, is designed to simulate the upper reservoir of a pumped
hydropower plant under initial conditions of thermal stratification. A systematic mesh
study was conducted by varying cell sizes in different directions to evaluate their influence
on the modeling results. A Richardson analysis shows that the longitudinal resolution,
along the main reservoir direction, has minimal impact, while the vertical and the lateral
resolutions are critical to avoid thin layers in the mesh and prevent oscillations and
numerical inaccuracies. The research demonstrates that pumped hydropower operations
alter the thermal regime in the upper reservoir, leading to thinning and temperature
fluctuations in the epilimnion, as well as weakening the thickness and strength of the
thermocline. Additionally, these operations promote the formation of a large-scale
recirculation zone. The adaptable model framework allows for changes in bathymetry,
initial stratification conditions, and pumping scenarios, enabling new insights into general
temperature dynamics and mixing patterns.



Appended Papers

Paper B

Influence of Pumped Hydropower Storage Operations on Reser-
voir Ecosystems: A Numerical Study on Thermal Stratification
Melina Sattelmeier, Anders G. Andersson, J. Gunnar I. Hellström, T.
Staffan Lundström
Proceedings of the 41st IAHR World Congress 22-27 June 2025 Singapore
https://doi.org/10.64697/978-90-835589-7-4_41WC-P2037-cd

Abstract: The increasing integration of fluctuating renewable energy into our energy
systems has created a high demand for efficient electricity storage solutions, aiming to
meet demand under intermittent supply conditions and maintain grid stability. Pumped
hydropower storage (PHS) can be seen as a key solution, already accounting for the
majority of the electricity storage today. However, the impact of PHS on reservoir ecology
remains poorly explored, with open questions regarding how the physics within the
reservoir is affected by pumping. Thermal stratification is a main factor influencing the
ecological state of a lake ecosystem. To exemplify, stratification is a decisive factor for
both nutrient recycling and deoxygenation. Therefore, this numerical study investigates
the influence of PHS on thermal stratification in reservoirs. A 3D hydrodynamic model of
a generic PHS reservoir is used to test how different types of stratification phenology are
disrupted by a diel pumping cycle. The study demonstrates that thermocline phenology
may influence the ecological effects of PHS operations by determining the extent of vertical
mixing and thereby nutrient redistribution and oxygen availability. Scenarios with a
well-established thermocline exhibit different responses to pumping compared to weakly
stratified conditions, leading to variations in thermal structure and potential biological im-
pacts. This adds to the comparability of existing case studies and improves understanding
of the thermal dynamics in hydropower reservoirs, necessary to optimize PHS operations
as to the status of the ecosystem and enhance water quality management.



Appended Papers

Paper C

Parametric Study on Thermal and Fluid Dynamics in Pumped
Hydropower Reservoirs: Effects of Morphometry, Pumping, and
Initial Temperature
Melina Sattelmeier, Anders G. Andersson, J. Gunnar I. Hellström, T.
Staffan Lundström
Manuscript

Abstract: With the growing need for efficient energy-storage solutions in times of a
green energy transition, assessing the ecological consequences of implementing large-scale
storage technologies such as pumped hydropower storage (PHS) is becoming increasingly
important, particularly in cases where ecological effects need to be assessed prior to
deployment. One central question is how different initial thermal conditions and pumping
characteristics influence reservoir hydrodynamics. Previous studies have shown that PHS
can alter the thermal regime of the upper reservoir and that thermocline dynamics plays
a role in shaping reservoir responses. However, it remains unclear which factors have
the greatest influence, including initial temperature and stratification, morphometric
features of the reservoir, as well as pumping characteristics such as flow rate, temperature,
and elevation. To address this, a full factorial simulation design was applied, varying
these parameters over a 24-hour pumping cycle and analyzing the resulting changes in
temperature structure and flow dynamics. The results show that morphometry is a critical
factor for reservoir vulnerability, while stratification affects mixing dynamics and inflow
propagation. An environmental impact map summarizing epilimnion and hypolimnion
warming and cooling across scenarios highlights the diverse potential ecological responses
and reciprocal effects. These findings emphasize the need for continued investigation of
ecological consequences of PHS and provide a basis for more informed reservoir planning
and management.
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