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Summary
The tool cd2es converts climate projections from CORDEX (WCRP, 2024) to energy system
model input data. The tool is written in Python and uses snakemake for workflow management.
cd2es can calculate the impact of climate change on input data time series for energy system
models (e.g. capacity factors). In contrast to existing tools, cd2es can use a variety of different
climate models instead of historic weather data. cd2es can automatically download CORDEX
model outputs. Optionally, a bias-adaption with ERA5-reanalysis data can be performed.
The outputs are time series for renewable capacity factors, demand and the availability of
thermal power plants aggregated to user specific geometries with an hourly resolution for easy
implementation into different energy system models.

Statement of need
Global Circulation Models (GCMs) modelling the properties of the atmosphere and oceans
project future climate developments (Jacob et al., 2014). Those GCMs project a significant
change in climate variables such as temperature and precipitation under climate change (Dosio
& Fischer, 2018). As many components of the energy system depend on climate variables,
climate change should be considered when planning future energy systems. It is therefore
important to convert climate projections into input data for energy system models, which are
commonly used for energy systems planning (DeCarolis et al., 2017; Plaga & Bertsch, 2023).

There is only a limited number of tools available which convert climate variables into energy
system model inputs. renewables.ninja calculates solar and wind capacity factors from historical
reanalysis data (Pfenninger & Staffell, 2016; Staffell & Pfenninger, 2016), but there is no
open-source code available for the conversion, furthermore, the tool is limited to solar and wind
capacity factors and historic data. The Python library pvlib (Anderson et al., 2023) allows for
a detailed calculation of solar capacity factors, yet is limited to historic data and solar capacity
factors. Pypsa/atlite (Hofmann et al., 2021) converts historic reanalysis data to energy system
input data. Yet, it cannot account for climate projections and does not calculate climate
influences on thermal power plants. Formayer et al. (2023) provide a data set for temperature,
radiation, wind power and hydro power based on future climate projections. However, they
only provide results for one climate model and the continent Europe and no ready to use
code to enlarge the findings to other climate models or other continents. In summary, there is
a lack of open source tools to include climate projections into energy system planning in a
comprehensive matter.

cd2es provides a tool for automatically downloading climate projections and the converting
them to energy system input data. It supports the calculation of wind and solar photovoltaic
capacity factors, concentrated solar power, availability of thermal power plants, hydro power
and electricity demand based on CORDEX climate data (WCRP, 2024). The tool can process a
variety of different climate models hosted on CORDEX for a wide geographical scope. It allows
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for an optional bias correction of the climate data based on ERA5-reanalysis data (Muñoz
Sabater, 2019). The output of cd2es are csv files with time series in hourly resolution for
a user-chosen geography. Therefore, they can be easily included in different energy system
optimization models. The cd2es tool was used in Plaga & Bertsch (2022) and is currently in
use in two research projects, StEAM and REWARDS (Härtel, 2024). cd2es is aimed at energy
system modelers who want to include climate data into their energy system models.

Software dependencies
The software is written in Python and uses the workflow management tool snakemake (Mölder
et al., 2021). For processing climate data, the open-source tool cdo (Schulzweida, 2020) is
used. On Windows, the open-source tool wsl is necessary to run cdo on Windows (microsoft,
2024).

Methods for converting climate variables to energy system input
data
Most conversion methods are based on Plaga & Bertsch (2023) and described in detail in the
documentation of the tool cd2es. However, we will also include a short overview here.

Bias adaption
The climate data is bias adapted using a quantile delta mapping approach (Cannon et al.,
2015).

Wind power
The wind speed 𝑣 is first interpolated from the height reported in the data to turbine height.
Then capacity factor 𝑐𝑓wind, single(𝑣) can be derived via a standardized production curve:

𝑐𝑓wind, single(𝑣) =

⎧{{
⎨{{⎩

0, 𝑣 < 𝑣in,
𝑣3−𝑣3in
𝑣3r −𝑣3in

, 𝑣in ≤ 𝑣 < 𝑣r,
1, 𝑣r ≤ 𝑣 < 𝑣out,
0, 𝑣 ≥ 𝑣out,

with cut-in velocity 𝑣in, rated velocity 𝑣r and cut-out velocity 𝑣out (van der Wiel et al., 2019).
We smooth the production curve with a gaussian filter to account for multiple turbines (Staffell
& Pfenninger, 2016).

Solar photovoltaics
Photovoltaic cells are influenced by climate variables in two ways: the solar irradiance influences
the available incoming energy, while the temperature influences the cell’s efficiency. The cd2es
tools supports three different models for calculating photovoltaic time series, see Jerez et al.
(2015).

Availability of thermal power plants
As thermal power plants need cooling, their availability decreases with rising temperatures.
cd2es distinguishes between once-through cooled plants and closed-loop cooled plants. For
once-through plants, not only the temperature but also available water is considered. The
availability of the plants follows piecewise linear equations, which were implemented as described
in Abdin et al. (2019).
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Hydropower
To calculate hydro power output, historic runoff at the hydro power plants’ locations are
evaluated. It is assumed, that power plants reach their installed capacity 𝑃0 at the average
historic runoff �̄�hist at their location (optionally multiplied by factor 𝑎). Then, future hydro
power of one power plant 𝑃(𝑡) can be calculated with

𝑃(𝑡) = 𝑄(𝑡) ⋅ 𝑃0
𝑎 ⋅ �̄�hist

using the linear relation between runoff and hydro power production and the future runoff
𝑄(𝑡) (Schlott et al., 2018).

Demand
To calculate future demand, a quadratic regression is performed between historic temperatures
and historic demand data as in Zhang & Ayyub (2020). The parameters derived here are then
used to scale future demand time series.

Acknowledgements
The tool was developed in the projects StEAM (funding code 03EI1043A) and REWARDS
(funding code 03EI1083D), both funded by the German Federal Ministry for Economic Affairs
and Climate Action.

References
Abdin, I. F., Fang, Y.-P., & Zio, E. (2019). A modeling and optimization framework for

power systems design with operational flexibility and resilience against extreme heat
waves and drought events. Renewable and Sustainable Energy Reviews, 112, 706–719.
https://doi.org/10.1016/j.rser.2019.06.006

Anderson, K. S., Hansen, C. W., Holmgren, W. F., Jensen, A. R., Mikofski, M. A., & Driesse,
A. (2023). Pvlib python: 2023 project update. Journal of Open Source Software, 8(92),
5994. https://doi.org/10.21105/joss.05994

Cannon, A. J., Sobie, S. R., & Murdock, T. Q. (2015). Bias Correction of GCM Precipitation
by Quantile Mapping: How Well Do Methods Preserve Changes in Quantiles and Extremes?
Journal of Climate, 28(17), 6938–6959. https://doi.org/10.1175/JCLI-D-14-00754.1

DeCarolis, J., Daly, H., Dodds, P., Keppo, I., Li, F., McDowall, W., Pye, S., Strachan, N.,
Trutnevyte, E., Usher, W., Winning, M., Yeh, S., & Zeyringer, M. (2017). Formalizing
best practice for energy system optimization modelling. Applied Energy, 194, 184–198.
https://doi.org/10.1016/j.apenergy.2017.03.001

Dosio, A., & Fischer, E. M. (2018). Will Half a Degree Make a Difference? Robust Projections of
Indices of Mean and Extreme Climate in Europe Under 1.5°C, 2°C, and 3°C Global Warming.
Geophysical Research Letters, 45(2), 935–944. https://doi.org/10.1002/2017GL076222

Formayer, H., Nadeem, I., Leidinger, D., Maier, P., Schöniger, F., Suna, D., Resch, G.,
Totschnig, G., & Lehner, F. (2023). SECURES-Met: A European meteorological data
set suitable for electricity modelling applications. Scientific Data, 10(1), 590. https:
//doi.org/10.1038/s41597-023-02494-4

Härtel, P. (2024). REWARDS - robuste entwicklung des energiesystems zur wahrung der
energiesicherheit. Fraunhofer IEE. https://www.iee.fraunhofer.de/de/projekte/suche/2024/
rewards.html

Plaga, & Bertsch. (2025). cd2es: Converting climate data to energy system input data. Journal of Open Source Software, 10(108), 7541.
https://doi.org/10.21105/joss.07541.

3

https://doi.org/10.1016/j.rser.2019.06.006
https://doi.org/10.21105/joss.05994
https://doi.org/10.1175/JCLI-D-14-00754.1
https://doi.org/10.1016/j.apenergy.2017.03.001
https://doi.org/10.1002/2017GL076222
https://doi.org/10.1038/s41597-023-02494-4
https://doi.org/10.1038/s41597-023-02494-4
https://www.iee.fraunhofer.de/de/projekte/suche/2024/rewards.html
https://www.iee.fraunhofer.de/de/projekte/suche/2024/rewards.html
https://doi.org/10.21105/joss.07541


Hofmann, F., Hampp, J., Neumann, F., Brown, T., & Hörsch, J. (2021). atlite: A Lightweight
Python Package for Calculating Renewable Power Potentials and Time Series. Journal of
Open Source Software, 6(62), 3294. https://doi.org/10.21105/joss.03294

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L. M., Braun,
A., Colette, A., Déqué, M., Georgievski, G., Georgopoulou, E., Gobiet, A., Menut, L.,
Nikulin, G., Haensler, A., Hempelmann, N., Jones, C., Keuler, K., Kovats, S., … Yiou, P.
(2014). EURO-CORDEX: new high-resolution climate change projections for European
impact research. Regional Environmental Change, 14(2), 563–578. https://doi.org/10.
1007/s10113-013-0499-2

Jerez, S., Thais, F., Tobin, I., Wild, M., Colette, A., Yiou, P., & Vautard, R. (2015). The
CLIMIX model: A tool to create and evaluate spatially-resolved scenarios of photovoltaic
and wind power development. Renewable and Sustainable Energy Reviews, 42, 1–15.
https://doi.org/10.1016/j.rser.2014.09.041

microsoft. (2024). Wsl. In GitHub repository. GitHub. https://github.com/microsoft/WSL

Mölder, F., Jablonski, K. P., Letcher, B., Hall, M. B., Tomkins-Tinch, C. H., Sochat, V., Forster,
J., Lee, S., Twardziok, S. O., Kanitz, A., Wilm, A., Holtgrewe, M., Rahmann, S., Nahnsen,
S., & Köster, J. (2021). Sustainable data analysis with Snakemake. F1000Research, 10,
33. https://doi.org/10.12688/f1000research.29032.2

Muñoz Sabater, J. (2019). ERA5-Land hourly data from 1981 to present. (Copernicus Climate
Change Service, Ed.). ECMWF. https://doi.org/10.24381/cds.e2161bac

Pfenninger, S., & Staffell, I. (2016). Long-term patterns of European PV output using 30
years of validated hourly reanalysis and satellite data. Energy, 114, 1251–1265. https:
//doi.org/10.1016/j.energy.2016.08.060

Plaga, L. S., & Bertsch, V. (2022). Robust planning of a European Electricity System under
climate uncertainty. 2022 18th International Conference on the European Energy Market
(EEM), 1–8. https://doi.org/10.1109/EEM54602.2022.9921057

Plaga, L. S., & Bertsch, V. (2023). Methods for assessing climate uncertainty in energy
system models — A systematic literature review. Applied Energy, 331, 120384. https:
//doi.org/10.1016/j.apenergy.2022.120384

Schlott, M., Kies, A., Brown, T., Schramm, S., & Greiner, M. (2018). The impact of climate
change on a cost-optimal highly renewable European electricity network. Applied Energy,
230, 1645–1659. https://doi.org/10.1016/j.apenergy.2018.09.084

Schulzweida, U. (2020). CDO User Guide. Zenodo. https://doi.org/10.5281/zenodo.5614769

Staffell, I., & Pfenninger, S. (2016). Using bias-corrected reanalysis to simulate current and
future wind power output. Energy, 114, 1224–1239. https://doi.org/10.1016/j.energy.
2016.08.068

van der Wiel, K., Stoop, L. P., van Zuijlen, B. R. H., Blackport, R., van den Broek, M. A., &
Selten, F. M. (2019). Meteorological conditions leading to extreme low variable renewable
energy production and extreme high energy shortfall. Renewable and Sustainable Energy
Reviews, 111, 261–275. https://doi.org/10.1016/j.rser.2019.04.065

WCRP. (2024). CORDEX: Coordinated Regional Climate Downscaling Experiment. https:
//cordex.org/

Zhang, Y., & Ayyub, B. M. (2020). Electricity System Assessment and Adaptation to Rising
Temperatures in a Changing Climate Using Washington Metro Area as a Case Study.
Journal of Infrastructure Systems, 26(2), 04020017. https://doi.org/10.1061/(ASCE)IS.
1943-555X.0000550

Plaga, & Bertsch. (2025). cd2es: Converting climate data to energy system input data. Journal of Open Source Software, 10(108), 7541.
https://doi.org/10.21105/joss.07541.

4

https://doi.org/10.21105/joss.03294
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1016/j.rser.2014.09.041
https://github.com/microsoft/WSL
https://doi.org/10.12688/f1000research.29032.2
https://doi.org/10.24381/cds.e2161bac
https://doi.org/10.1016/j.energy.2016.08.060
https://doi.org/10.1016/j.energy.2016.08.060
https://doi.org/10.1109/EEM54602.2022.9921057
https://doi.org/10.1016/j.apenergy.2022.120384
https://doi.org/10.1016/j.apenergy.2022.120384
https://doi.org/10.1016/j.apenergy.2018.09.084
https://doi.org/10.5281/zenodo.5614769
https://doi.org/10.1016/j.energy.2016.08.068
https://doi.org/10.1016/j.energy.2016.08.068
https://doi.org/10.1016/j.rser.2019.04.065
https://cordex.org/
https://cordex.org/
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000550
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000550
https://doi.org/10.21105/joss.07541

	Summary
	Statement of need
	Software dependencies
	Methods for converting climate variables to energy system input data
	Bias adaption
	Wind power
	Solar photovoltaics
	Availability of thermal power plants
	Hydropower
	Demand

	Acknowledgements
	References

