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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/pz-max/pypsa Macro-energy system modelling is used by decision-makers to steer the global energy transition towards an
-earth-paper affordable, sustainable and reliable future. Closed-source models are the current standard for most policy and
Keywords: industry decisions. However, open models have proven to be competitive alternatives that promote science,
Macro-energy systems robust technical analysis, collaboration and transparent policy decision-making. Yet, two issues slow the
Optimization adoption: open models are often designed with particular geographic scope in mind, thus hindering synergies
OpenStreetMap from collaborating, or are based on low spatially resolved data, limiting their use. Here we introduce PyPSA-
PyPSA-Earth Earth, an open-source global energy system model with data in high spatial and temporal resolution. It enables
PyPSA-Africa large-scale collaboration by providing a tool that can model the world’s energy system or any subset of it. The
PyPSA meets Earth model is suitable for operational as well as combined generation, storage and transmission expansion studies.

In this study, the novel power system capabilities of PyPSA-Earth are highlighted and demonstrated. The
model provides two main features: (1) customizable data extraction and preparation with global coverage
and (2) a PyPSA energy modelling framework integration. The data includes electricity demand, generation
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and medium to high-voltage networks from open sources, yet additional data can be further integrated. A
broad range of clustering and grid meshing strategies help adapt the model to computational and practical
needs. Data validation for the entire African continent is performed and the optimization features are tested
with a 2060 net-zero planning study for Nigeria. The demonstration shows that the presented developments
can build a highly detailed power system model for energy planning studies to support policy and technical
decision-making. We anticipate that PyPSA-Earth can represent an open reference model for system planning,
and we welcome joining forces to address the challenges of the energy transition together.

1. Introduction
1.1. Motivation

Energy system planning models are broadly adopted around the
world. They are used as instruments to inform policy and investment
decision-making, such as operational, supply diversification, and long-
term infrastructure planning studies. Inscrutable ‘black-box’ models,
despite being criticized in academia [1], are still the standard for
high-impact modelling such as the African Continental Power System
Plan [2]. This prevents transparent decision-making while having other
major drawbacks, as described in [1]. Open-source models evolved to
overcome these typical black-box model problems and can perform
equivalent or even more tasks, but at no charge, while additionally
supporting transparent and robust analyses [3]. In many examples,
the European Commission applies open tools and requests their use
in funded projects, proving its belief in the benefits of openness and
transparency [4]. Now with the encouraging rise of more than 31
models in 2019 [5], simultaneously, concerns of failed collaboration
and duplication are arising that cost taxpayer money [6]. As a result,
it becomes increasingly important to avoid duplication and provide
modelling solutions that allow global united efforts. For these reasons,
in this study, we propose an open-source community-backed flexible
energy system model able to represent any arbitrarily large region
of the world power system in high spatial and temporal resolution
that leverages other existing open-source projects to serve industry,
policymakers, and researchers.

1.2. Literature analysis

In general, models are idealized representations of real physical
systems. To ease building idealized systems, ‘frameworks’ have been
developed to provide pre-compiled equations, algorithms, solver inter-
faces and/or input/output features. A framework becomes a ‘model’
only when data is added that describes real physical systems [7]. In
this view, PyPSA is a framework and PyPSA-Eur and PyPSA-Earth are
models for the European and Earth energy system, respectively. Nowa-
days, the open-source community is rich in energy system modelling
frameworks that can provide similar functionalities. Table 1 compares
some available functionalities across selected widely-adopted mod-
elling frameworks [3,8,9]. Undoubtedly, each developer team might
be capable of filling in missing features, but the functionality of the
frameworks is only one important part of models, the other one, often
even more relevant, is the integration of data.

Existing models are often designed to implement data with lim-
ited geographical coverage, such as a specific province, country or
continent [22]. Continental models with implemented high-resolution
data have proven to be the most maintained and active, possibly by
covering many regions of interest and giving the user options for the
aggregation level [23,24]. In contrast, there are several examples where
single-country models have soon become outdated, poorly documented
or inactive [25-27]. While global energy system models exist, they
currently need to improve. The pioneering global energy system models
that impacted policy and research discussions are closed source; for
instance, LOADMATCH from Jacobson et al. [28] and LUT model from
Breyer et al. [14]. GlobalEnergyGIS [29], an open-source tool which

can create energy system model data for any arbitrary region, is used
in the Supergrid model [30], but misses network data or a workflow
management system that are important for flexible and reproducible
data processing [31]. Similarly, the GENeSYS-MOD model is a global
open-source model; however, it is written in GAMS, preventing free
use and offers no data processing workflows [32]. Another promising
candidate is the recently released OSeMOSYS Global model, which
includes a workflow management system but misses network topology
data as well as unit-commitment and power flow constraints that have
been shown to strongly affect model results [9,33].

Similarly, existing PyPSA models are geographically limited. While
PyPSA as a framework is adopted worldwide by many companies, non-
profit organizations and universities (see example studies in [34]), no
global model solution is available. Providing a global energy system
model ecosystem solution has the potential to unlock collaboration
potentials that accelerate and improve the energy transition planning.

1.3. Contributions

This paper presents PyPSA-Earth, an open-source global energy
system model with data in high spatial and temporal resolution. We
classify PyPSA-Earth as an energy system model even though the
manuscript focuses on the electricity sector. We do this for three
reasons: first, the underlying model framework allows sector-coupling,
meaning modelling not only electricity, but also other sector such as
heating and transport; second, the model can already build hydrogen
networks and supply hydrogen demands which is not demonstrated in
this study but visible in the source code; and finally, existing work
is ongoing to implement the data for the other sectors. Across the
manuscript high spatial resolution implies the ability to represent a
regional (e.g. country) energy system with a flexible number of sub-
regions, each of them describing an arbitrary large (e.g. counties) or
small (e.g. provinces) proportion of the region under consideration.
Similarly, high temporal resolution means that the time series used in
dispatch analyses can be hourly, sub-hourly or larger than an hour, in
agreement with the requirements of the energy model. Details on the
data and methods are explained in Section 3.

Users can flexibly model the world or any subset of it. Using an auto-
mated workflow procedure, they can (a) generate energy system model
relevant data and (b) perform planning studies. The novel contributions
of PyPSA-Earth are detailed as follows:

1. New model creates arbitrary high spatial and temporal resolu-
tion representation of power systems around the world

2. Automated workflow generates national, regional, continental or
global model-ready data for planning studies based on open or
optionally closed data

3. Integration and linking of multiple data sources and open-source
tools to process raw data, e.g. OpenStreetMap

4. Provision of new spatial clustering strategies to simplify the
high-resolution model

5. Data and model validation for the African continent and Nigeria

6. Development of 2060 net-zero energy planning study for Nigeria

PyPSA-Earth includes several novel modelling features that make
this manuscript unique. While the model leverages previous open-
source tools, such as PyPSA-Eur [23], the aim of modelling the globe
with flexible spatial and time resolution, the filtering methodology,
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Comparison of selected features for energy system modelling frameworks that are applied in Africa.

Software Version Citation Language Free and open Power flow Transport model LOPF! SCLOPF® Unit commitment Sector-coupling Pathway optimization'
Calliope v0.6.8 [10] Python v v v v

Dispa-SET v2.4 [11] GAMS v v 4

GridPath v0.14.1 [12] Python v v v v v
LEAP 2020.1.63 [13] NA*? 4

LUT 2021 [14] GNUP v v v v
NEMO v1.7 [15] Julia v 4 v v 4

0SeMOSYS 2022 [16] GNU* v v v v
PLEXOS 9 [17] NA® v v v v 4 v
PYPOWER 5.15.5 [18] Python v 4 v v 4

PyPSA v0.20.0 [3] Python 4 v 4 4 v v 4 v/
SPLAT-MESSAGE 2022 [19] GAMS v v 4

TIMES# 2022 [20] GAMS v v 4 v v

2NA = no information available.

bMix of GNU-Mathprog and Matlab.

¢Available in GNU Mathprog, Python and GAMS.

dinearized optimal power flow [3].

€Security constrained linearized optimal power flow [3].

fIncludes myopic and perfect foresight optimizations over multiple years [21].

8Times is open source but not free as licensing for GAMS is required to operate the model.

the automatic data fetching by OpenStreetMap, and the data workflow
procedures here detailed are a novelty. Accordingly, PyPSA-Earth is not
an extension of any previous models but a novel approach and tool
that is first presented in this manuscript with a focus on the African
continent. In the following, PyPSA-Earth is presented and quantitatively
validated for the African continent and Nigeria; its optimization fea-
tures are finally tested for a 2060 net-zero energy planning study for
Nigeria’s electricity sector.

All code and validation scripts are shared open-source under GPL
3.0 license. The data, often extracted by python script activation, is
available under multiple open licenses. For a detailed license listing,
see [35].

1.4. Organization of the paper

The rest of the paper is organized as follows. Section 2 introduces
the novel PyPSA-Earth model that can perform large-scale modelling
studies. The data processing novelties are detailed in Section 3. Data
validation for the African continent is performed in Section 4, and a
quantitative case study on Nigeria is discussed in Section 5. Finally, the
limitations of the model are discussed, and the conclusions are drawn.

2. PyPSA-Earth model

This section describes the scope of the PyPSA-Earth model, its
features as well as the role of the initiative that is facilitating the model
developments.

2.1. Scope

The PyPSA-Earth model is a novel open-source data management
and optimization tool that aims to provide policymakers, companies
and researchers with a shared platform for a wide range of macro-
energy system analyses needed to achieve the energy transition to-
gether. The option to create a tailored country, continental or global
model under a unique code repository maximizes synergies and wider
user benefits. For instance, one user in Africa can implement new
features and data, improve the documentation or implement bug fixes
that immediately benefit all other users worldwide.

By leveraging on existing methodologies and PyPSA-based tools
[34], PyPSA-Earth has been developed to enable, among others, the
following studies in any country or region on the planet:

1. energy system transition studies
2. power system studies

3. technology evaluation studies (e.g. energy storage, synthetic
fuels and hydrogen pipelines)

4. technology phase-out plans (e.g. coal and nuclear)

5. supply diversification studies

6. electricity market simulations.

In this manuscript, we focus on the power system modelling features
of PyPSA-Earth.

2.2. Features

The following features are implemented in PyPSA-Earth:

. flexible model scope: from Earth to any subregion

. high temporal and spatial resolution

. model-ready data creation

. co-optimization of investment and operation

. single or multi-year optimization

. flexible addition of arbitrary optimization constraints, e.g. socio-
economic, technical, or economic.

U WN

Moreover, the PyPSA-Earth model has been developed with the
following non-functional requirements:

1. easy to use and learn

2. highly customizable and flexible

3. modular to include new features and data
4. fully reproducible.

The proposed features of PyPSA-Earth are a novelty compared to
the literature in Section 1. Furthermore, new features can be created in
or adopted from other PyPSA-based models that share a similar back-
bone. Examples are the work on endogenous learning with pathway
optimization and multiple investment periods [36], dynamic line rating
constraints based on spatially differing environmental conditions [37],
the implementation of generic constraint settings that enable equity
constraints such as applied in [38] and uncertainty analyses by input
parameter sweeps or by exploring the near-optimal solution space [39].

The data and methods Section 3 presents more details on the
presented features.

2.3. PyPSA meets Earth initiative

The PyPSA meets Earth initiative is an independent research initia-
tive that aims to improve energy system planning with open solutions.
It supports, builds and maintains the PyPSA-Earth model and is there-
fore briefly introduced. The initiative’s vision is to support transparent
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.csv .
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Fig. 1. PyPSA-Earth model design. After providing the configuration parameters and countries of interest, data is collected and processed to be then fed into the PyPSA model
framework which enables to perform the desired optimization studies such as least-cost system transition scenarios.

and debatable decision-making on the energy matter that cannot be
achieved with the status quo ruled by commercial inscrutable closed-
source “black-box” tools. Current research activities in the initiative
can be categorized into three distinct groups:

+ open data
+ open energy system model
* open-source solver.

First, the open data activities focus on open data creation, collec-
tion, fusion, modification, prediction and validation for energy system
models. These data activities are not limited to aggregated country
information but prioritize work on high spatial and temporal resolu-
tion data, which is fundamental for scalable and accurate mini-grid
and macro-energy system model solutions. Second, the open energy
system modelling activities focus on implementing new functions and
data streams into the model, such as building a sector-coupled model
with multi-horizon optimization that is useful across the globe. Third,
open-source solver-related activities deal with benchmarks and efficient
interfaces that help to adopt and develop open-source solvers. For
instance, we created a benchmark that became a successful public
funding proposal and attracted sufficient funding for the open-source
solver HiGHS [40]. This activity pushes breakthroughs in large-scale
optimization performance required for energy system models, which
were until now reserved only for people that can afford commercial
proprietary solvers.

In order to assure a continuous inflow of people that maintain,
improve and use the software, as needed by open-source software [41],
the initiative supports a free and open community where anyone can
contribute. The initiative adopts:

* GitHub to publicly record issues, requests, solutions or source
code-based discussions;

* Discord as a voice channel and messaging social platform for
regular public meetings and exchanges;

* Google Drive to publicly store files and meeting notes.

Together, these tools provide the backbone of the open community
supporting the initiative goals and activities (data, model, solver).

3. Data and methods

In this section, the novelties of PyPSA-Earth methodology are high-
lighted and described in detail. As depicted in Fig. 1, first, we introduce
the workflow management tool that supports the model user expe-
rience. Then, data creation and processing approaches are discussed
considering the main data blocks used by the PyPSA-Earth model:
power grid topology and spatial shapes, electricity demand, renew-
able potential and power plant locations. Further, we describe some
advanced pre-processing techniques, such as clustering and line aug-
mentation, used to introduce data into the model in a robust and
efficient way. Finally, we describe the energy system modelling and
optimization framework with its solver interfaces.

3.1. Workflow management tool

First of all, similarly to PyPSA-Eur [23], PyPSA-Earth relies on
the ‘Snakemake’ workflow management [42] that decomposes a large
software process into a set of subtasks, or ‘rules’, that are automati-
cally chained to obtain the desired output. Accordingly, ‘Snakemake’
helps sustainable software design that enables reproducible, adaptable
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and transparent science, as described in [43]. The whole PyPSA-Earth
workflow was implemented as a new set of ‘Snakemake’ rules. For more
details, Figure B.13 in Appendix B represents a workflow of PyPSA-
Earth automatically created by ‘Snakemake’ for which the user can
execute any part of the workflow with a single line of code. That is
expected to improve the user and developer experience, as complex
tasks are decomposed into multiple modular smaller problems that are
easier to handle and maintain.

3.2. Network topology and model

The electricity network topology is one of the main inputs needed to
build an energy system model which accounts for realistic power flow
approximations across regions. The most comprehensive and accurate
data on power grids are curated by the transmission system operator. In
practice, the availability of open power grid data is still relatively low
for many parts of the world, with the situation in Africa being extremely
sparse.

A natural way to address the lack of power grid data is to uti-
lize open geospatial datasets. Currently, a few open-source packages
have been published to extract and build networks from such datasets
(e.g. Gridkit [44], Transnet [45], SciGrid [44]). However, each package
focuses on applications for a particular world region rather than on
the global coverage and there still needs to be a ready-to-use solution
which could be implemented into a global model. To fill this gap, we
have developed an original approach which reconstructs the network
topology by relying solely on open globally-available data. The devel-
oped approach is based on the OpenStreetMap (OSM) datasets that are
a crowd-sourced collection of geographic information, which is daily
updated and includes geolocation Refs. [46].

The electricity network topology is created in three novel steps:
(i) downloading, (ii) filtering and cleaning the data, and (iii) build-
ing a meshed network dataset with transformer, substation, converter
and high voltage alternating current (HVAC) as well as high voltage
direct current (HVDC) components. Figure B.14 shows sample raw
and cleaned networks along with the options for clustering and line
augmentation that are introduced in Sections 3.7 and 3.8, respectively.

For the download step, the esy-osm tool is used to allow fast retrieval
of OSM data through multi-threaded processing [47]. Appropriate OSM
features are used to extract all necessary network components, in-
cluding substations, transformers and power lines. Their geospatial
description was cleaned in this process, and the data structure aligned
with the PyPSA framework requirements.

Beyond that, to build the network, an approach has been devel-
oped to improve the quality of the OSM-extracted grid topology by
accounting for a reasonable tolerance of OSM-derived coordinates.

3.3. Fundamental shapes

Fundamental shapes represent the smallest defined regions that
gather various data types to characterize the energy system, such as
in Fig. 2 or Figure B.15 in Appendix B. Before being ready for the
model-framework execution, data is often provided in many different
ways, e.g. geo-referenced point locations and raster data. To properly
execute the modelling, such information is gathered and aggregated at
the level of the fundamental shapes. These shapes can represent either
administrative zones or spatial zones generated from the grid structure
as shown in Figure B.15 in Appendix B, which is in the following
discussed in more detail for onshore and offshore shapes.

For onshore regions, the model provides two ways to build funda-
mental data shapes. The first retrieves the so-called Global Adminis-
trative Areas (GADM) that represent administrative zones at various
levels of detail (e.g. national, regional, province, municipality) [48].
The second one uses the substation GIS location to create Voronoi
partitioned areas for each substation, which boundary is defined as
equidistant to the centroid of the nearest sites [49]. The latter approach

Applied Energy 341 (2023) 121096

is beneficial to replicating the network accurately, while the former
helps communicate results.

For offshore regions, the model uses only Voronoi partitioned areas
to create fundamental shapes. These Voronoi areas are built from high
voltage onshore nodes and are limited to the offshore extent by the
Maritime Boundaries and Exclusive Economic Zones (EEZ) data for each
country [50].

3.4. Electricity consumption and prediction

The model currently provides globally hourly demand predictions
considering ’Shared Socioeconomic Pathways’ [51] scenarios for 2030,
2040, 2050 and 2100 and weather years of 2011, 2013 and 2018.
The demand time series is created using the new contributed synde
package [52], which implements a workflow management system to
extract the demand data created with the open-source Global-Energy
GIS (GEGIS) package [29].

In principle, GEGIS produces hourly demand time series by apply-
ing machine learning methods [29] using as predictors temperature,
population, GDP, industrial structure, heating, cooling technologies,
among others, similarly to [53]. The observed absolute error of GEGIS
in the validation test is considered acceptable for energy studies as it
is 8% across 44 countries, yet with generally worse performance in
low-income countries [29].

The coverage of the synde package is currently limited. Figure B.16
in Appendix B shows no data outputs for especially low-demand coun-
tries. A heuristic creates data for the countries with missing data by
scaling the Nigerian demand time series proportionally to population
and GDP. We validate this approach in Section 4.2.

3.5. Renewable energy sources

Renewable energy sources such as solar, wind and hydro time
series are modelled with the open-source package Atlite [54]. Atlite
(i) creates cutouts that define spatio-temporal boundaries, (ii) prepares
cutouts, which means that environmental and weather data is added to
geospatial boundaries by matching various datasets (ERAS5 reanalysis
data [55], SARAH-2 satellite data [56], and GEBCO bathymetry [571),
and finally, (iii) applies conversion functions to produce technology-
specific spatially resolved time series and potentials [54]. Currently,
the PyPSA-Earth model framework implements solar photovoltaic, on-
and offshore wind turbines, hydro-runoff, reservoir and dam power
resources. In the case of hydro, the runoff time series are obtained by
Atlite for each powerplant location, as described in Section 3.6. As our
new contribution, the hydro power output is thereby proportionally
rescaled to match the total energy production of existing power plants
by country [58]. At the time of writing, available in Atlite but not
yet implemented in PyPSA-Earth are potentials and time series for
concentrated solar power, solar thermal collectors, heat demand and
dynamic line rating with a wide range of technology options. For
details on the model implementation for each technology, we refer the
reader to the PyPSA-Eur publication which the presented model mostly
builds-upon [23]. A brief concept demonstration of Atlite is provided in
Fig. 3.

3.6. Generators

Given the limitation of reliable datasets for power plants for the
African region, the existing powerplantmatching tool [59] has been
extended to include additional datasets, such as OpenStreetMap, to
fine-tune the African model and validate the results with the final goal
of maximizing accuracy and quality of the result.

Powerplantmatching has been successfully proposed to estimate the
location and capacity of power plants in Europe. The validation per-
formed with respect to the commercial World Electric Power Plants
Database (WEPP) by Platts and the dataset by the Association of Eu-
ropean Transmission System Operators (ENTSO-E) reaches an accuracy
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Fig. 2. Representation of transmission networks by Open Street Map (OSM) and shapes produced by PyPSA-Earth.
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Fig. 3. A concept demonstration of Atlite for Nigeria. (a) Shows that environmental and weather data is extracted in a cutout for the region of interest. (b) The cutout is split in
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influx time series are shown for one cutout cell that contains an ERAS5 extract of the Copernicus Data Store [55]. (c) Shows the eligible area raster, which is built by excluding
protected and reserved areas recorded in protectedplanet.net and excluding specific land-cover types from Copernicus Global Land Service whose eligibility can vary depending on the
technology. (d) Illustrates the maximal installable power raster, which is calculated by the eligible area and the socio-technical power density of a technology e.g. 4.6 MW /km*
for solar photovoltaic. (e) The raster is then downsampled to the region of interest or fundamental shape by averaging the proportion of the overlapping areas. (f) Finally, by
applying a PV technology model to (b) and combining it with (e) we can define per region the upper expansion limit and the maximal hourly availability constraint for a given

technology.

of around 90% using only open data [59]. By default, various open data
sources are included, such as [60], ENTSO-E [61], GEO [62], and re-
newable statistics by IRENA [63] among others. The approach applied
for powerplantmatching is based on the procedure depicted in Fig. 4
available in Appendix B, where the raw datasets are first downloaded,
then filtered to remove missing or damaged data, and aggregated. Once
the refined data are obtained, the datasets are pairwise compared to

identify duplicated entries. Finally, non-duplicated data are merged
into a unique dataset and used as a source for PyPSA-Earth. Only a few
of these datasets have global scope (GEO, GPD and IRENA) and have
been validated for Africa. In particular for Africa, where data is lacking,
including all available open data can be critical to maximizing the
accuracy of the results. Therefore, inspired by future work suggested
in [64], we have extended the powerplantmatching tool to optionally
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Fig. 4. Flowchart of the powerplantmatching procedure, including the novel OSM input (in bold) which was developed for PyPSA-Earth.

include and process OpenStreetMap data to improve the quality of
outputs.

3.7. Spatial clustering approach

In order to tackle the computational complexity of solving a co-
optimization problem of transmission and generation capacity ex-
pansion, the model offers state-of-the-art spatial clustering methods
adapted from the PyPSA package and PyPSA-Eur model [3,65]. Spatial
clustering allows aggregating nodes of the system to reduce the com-
plexity of the model, which is essential for reducing the computational
needs.

The available clustering methods provide a focus on (i) conserving
the representation of renewable potentials as well as the topology of
the transmission grid, (ii) accurately representing the electrical param-
eters to improve estimates of electrical power flows in an aggregated
model, (iii) aggregating spatially close nodes disregarding other a-priori
information of the network, or (iv) according to their location with
regards to the country’s subdivisions facilitating results interpretation
for policy recommendations. An analysis of suitable clustering methods
that depend on the modelling application is provided in [66].

In summary, (i) the clustering approach that focuses on a better
representation of variable sources or sinks of the model is inspired
by [67]. It includes variable potentials, i.e. capacity factors or full
load hours for solar and wind, or the variable electricity demand as
a distance metric between nodes. This is combined with a hierarchi-
cal clustering approach, similar to the suggestions provided in [68].
However, we only allow nodes to be aggregated when a physical
transmission line connects them instead of assuming a synthesized grid
in contrast with [68]. (ii) The clustering method that focuses on a better
representation of the transmission grid was initially suggested by [69]
to be applied to the case of electricity system modelling. It is a density-
based hierarchical clustering operating on the line impedance. (iii) The
network can also be reduced using a weighted k-means algorithm on
the locations of the network nodes as explained in detail in [49]. (iv)
Finally, using the GADM shapes allows aggregating all nodes in the
same shape.

Any of these methods can be applied in single or two distinct itera-
tions, as displayed in Fig. 5 for Nigeria. In each of these two iterations,
a different method can be applied, choosing from (i)-(iv). In the first
iteration, all nodes are clustered to a desired number of representative
nodes, aggregating generators, flexibility options (electricity storage
and transmission lines) and electrical demand. The second iteration
is optional and allows the remaining nodes to be clustered again.
However, now only the transmission network is effectively reduced
such that the representation of renewable resources is fixed to the
resolution of the previous iteration (compare the first row and second
row of Fig. 5). The spatial resolution of the transmission network must
always be larger or equal to the resource resolution, i.e. the clustering
of the first iteration sets an upper bound.

3.8. Augmented line connection

The African network is often not well interconnected. This is due to
isolated national planning data or the presence of isolated mini-grids
that are popular electrification measures [70]. Therefore, we propose
an algorithm to mesh a given network and assess different grades of
connectivity. To investigate the benefits of meshed networks, PyPSA-
Earth can perform a k-edge augmentation algorithm that guarantees
every node has a modifiable number of connections to other nodes.
Only if nodes do not already fulfil the connectivity condition, the
algorithm will create new lines to the nearest neighbour by a minimum
spanning tree. The new ‘augmented’ lines can be set to an insignif-
icant size (e.g. 1 MW) to create new options for line expansion in
the investment optimization. For example, Figure B.14 in Appendix B
compares between the standard clustered network with 420 nodes and
its augmented version. Only the model that includes augmented line
connections can explore an interconnected continent.

3.9. Model framework and solver interface

The PyPSA-Earth model integrates the PyPSA model framework
with its solver interfaces to perform planning studies; details on the
mathematical modelling are provided in Appendix A for the sake of
brevity. Using PyPSA has several benefits compared to other tools that
are briefly introduced in the following. First, PyPSA enables large-scale
optimization in Python. Python is well known for being user-friendly,
but when analysing the memory consumption and speed for building
optimization problems, it was considered non-competitive compared
to tools based on the programming language Julia or C++ [71] -
a bottleneck which also hinders large-scale optimization required for
PyPSA-Earth. As a reaction, developers in the PyPSA ecosystem built
nomopyomo overcoming the bottlenecks [5]. More recently, the same
group has been working on a general package called Linopy that
promises a 4-6 runtime speed up and a 50% improvement in mem-
ory consumption compared to the optimization problem formulator
Pyomo, possibly making it also more memory efficient than the Ju-
lia alternative JuMP as indicated in [71]. Another point making the
PyPSA dependency attractive is that it is one of the most popular
tools, as suggested by GitHub stars in the GPST benchmark [72],
possibly due to its standard component objects and the continuously
maintained documentation [34]. Finally, the framework offers several
solver interfaces (HiGHS, Cbc, GLPK, Gurobi, among others), providing
flexibility in solving various optimization problems with open-source
and proprietary solutions.

4. Validation

The data validation section aims to assess the data quality with
publicly available data: at a continental level in Africa and a country
level in Nigeria.
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Clustering all information simultaneously

Fig. 5. Illustration of the clustering methodology applied for the transmission network (red nodes and edges) and resource resolution (grey nodes and edges). In the first row, we
show how nodal data (i.e. generators, storage units, electrical loads etc.) is aggregated in tandem with the resolution of the transmission network. Three exemplary resolutions
of the network for Nigeria are displayed here: 4, 14 and 54 nodes from left to right. The second row shows how the clustering also allows modelling the transmission grid at
a different resolution than the resources. In this example, the transmission network contains 4 nodes connected by 4 lines (all in red) at every resolution, while 4, 14 and 54
generation sites become available (left to right). The background colour represents exemplary capacity factors in shades of red, for an arbitrary technology. The darker the colour,

the higher the capacity factor.

4.1. Network topology and length

Validating the African power grid is challenging. Different from Eu-
rope, where ENTSO-E [73] provides reliable open data with continental
scope, such a transparent data source is lacking in Africa, and only a
few utilities release open data. The self-proclaimed most complete and
up-to-date open map of Africa’s electricity network is offered by the
World Bank Group, which implements Open Street Map data, as well as
indicative maps data from multiple sources [74]. However, the World
Bank data should not be used as a single validation set because it may
report outdated data, given that it has yet to be updated after 2020,
and is partially based on indicative maps rather than on geo-referenced
data, making the post-validation time-consuming. Conversely, PyPSA-
Earth builds its grid topology directly from daily updated Open Street
Map data. Finally, the World Bank data also provides less detailed
information than Open Street Map; for instance, it does not give any
information on the frequency, circuit or cable number, limiting the
information that can be used for validation. The following compares
grid statistics and topology on a Nigerian and African scale, including
nationally reported data from the Nigerian energy commission.

First, the transmission lines are validated by comparing the total
circuit lengths at different alternate current (AC) voltage levels. Trans-
mission lines can carry one or more 3-phase circuits, each with at least
three cables. Instead of looking only at the line length, which is the
distance between high voltage towers, it is common to report the total
circuit length, which multiplies each line length, e.g. distance from
tower to tower, with the number of circuits [23]. Table 2 indicates
that the Nigerian network length reported at the World Bank aligns
approximately with the official transmission company statistics [75],
suggesting that the World Bank data is either accurate in Nigeria or
used as a reference by the transmission system operator. This officially
reported total circuit length is approximately 35% longer than the
original Open Street Map data or the modified and cleaned PyPSA-
Earth derivative. Conversely, on a continental scale, Open Street Map
provides approximately a 117% longer total circuit length than the

reported World Bank data. To summarize, while Open Street Map data
is qualitatively less available in Nigeria by looking at the statistics, it
offers significantly more data on a continental scale.

To further compare and validate the data, Fig. 6 highlights good
agreement between the network topology in Nigeria and Africa of
Open Street Map and World Bank sources. However, in central and
south Nigeria, the World Bank covers more power lines. On the African
scale, the opposite is observed. Open Street Map covers more network
structures in East and North Africa.

4.2. Electricity consumption

This subsection validates the demand prediction on the example
year 2030 for every African country by comparing the individual
country consumption for 2020 and 2030 with official continental an-
nual electricity consumption used in PyPSA-Earth. Fig. 7 shows 2020
reported electricity consumption data per country, published from Our
World in Data that is additionally refined by data from the global energy
think-tank Ember and BP’s statistical review of world energy [76].
The used electricity demand data in PyPSA-Earth roughly doubled
from 2020 to 2030, indicating demand growth. While national demand
predictions are often unavailable, the demand prediction is further val-
idated by comparing it to other more common continental demand pre-
dictions. In Africa, Our World in Data reported an electricity consump-
tion in 2020 of 782 TWh/a. For 2030, [77] predicted 1924TWh/a, [78]
1877 TWh/a and the PyPSA-Earth model data 1866 TWh/a, predicting
more than a doubling of Africa’s electricity consumption by 2030. In
summary, looking at the total African electricity consumption suggests
that the data used in the global PyPSA model is in the range of others.

4.3. Solar and wind power potentials

The validation of solar and wind potential is performed by com-
paring statistics by international organizations, such as IRENA, with
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Table 2
HVAC and HVDC circuit line lengths of Nigeria and Africa from different sources.
Circuit lengths in 1000 km Nigeria Africa Ref
110-220 kV 220-380 kV >380 kV 110-220 kV 220-380 kV >380 kV
World Bank Group® 9.3 12.1 0.0 59.4 63.5 41.0 [74]
Open Street Map (OSM) 6.3 9.1 0.0 87.9 180.7 76.7 [46]
Transmission Company of Nigeria More than 20 - - - [75]
PyPSA-Earth (cleaned OSM) 6.7 9.1 0.0 88.3 183.7 82.9
aInformation about circuits is missing.
Data: Open Street Map —_— 132kV Data: World Bank Group — 1331y
— 330kV — 330kV
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Fig. 6. Network topology of open available transmission network data (above 110 kV) from (a) & (d) Open Street Map, (b) & (e) World Bank Group and (c) the Nigerian
Transmission Company. On the African scale, the voltage ranges from 110-765 kV in both data sets. The line format varies with the voltage level and includes transparency,

thickness and colour.

the outputs of the PyPSA-Earth model, both including total generation
capabilities and the specific power densities per unit of available land.

Solar and wind potentials are well-reported across the African con-
tinent. In 2021, the Global Wind Energy Council estimated for Africa
a technical potential for wind generation of 180.000 TWh (PyPSA-
Earth: 108.700 TWh), sufficient to electrify the continent 250 times
relative to the 2019 demand [79]. Similarly, the International Renew-
able Energy Agency estimated in 2014 that the technical potential in
Africa is 660.000 TWh (PyPSA-Earth: 122.200 TWh), which is sufficient
to electrify the continent 916 times [80]. The discrepancy between
the technical potentials observed in the PyPSA-Earth model and the
institutional reports is due to the underlying assumptions. How many
renewables can be installed in a region depends on two main assump-
tions: the excluded areas [km?’] and the power density per technology
[ MW/kmz], both discussed in the following.

While we define the available areas in a data-driven way similar
to [23,80] (see details in Section 3.5), the remaining eligible area
quantifies the technical potential per technology through the technical
power density factor. However, this density applies only to land specif-
ically and uniquely allocated to renewable production, yet this cannot
easily be generalized to all non-protected land areas at the country
level. Land areas are also necessary for non-technical activities such
as economic activities, industries, farming, well-being, and housing.
Accordingly, in PyPSA-Earth we considered a more conservative power
density coefficient to account for such socio-economic considerations.

Focusing on solar photovoltaic power plants, we assessed the power
density of the 41 largest installations in the world [81,82]: the average
power density is 46.4 MW /km?, the minimum 10.41 MW /km?, and the
maximum 150.0 MW /km?. The type of solar module and the design of
the solar photovoltaic plant drive this extensive range of values. For
instance, the Cestas Solar Park in France uses high-performing solar
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Fig. 7. Comparison of reported [76] and predicted annual electricity consumption data across African countries indicate in every country demand growth. For 2030, the African

total electricity consumption of PyPSA aligns with other predictions from [77,78].

modules and additionally contains a compact east-west orientation
solar field design leading to the 150.0 MW /km? extreme. Similarly
to [23], we reduced the technical power density to 10% of the average
power plant density to represent the socio-technical limit: 4.6 MW /km?
for solar photovoltaic.

For onshore and offshore wind farm technologies, we verify power
density assumptions by analysing seven existing utility-scale wind
farms. The observed average technically feasible power density for
onshore wind farms is 6.2 MW/kmz, and for offshore wind farms,
4 MW/km2 [83]. Using the same approach as [23], we reduced these
values from 6.2 to 3 MW/km? and from 4 to 2 MW /km? for onshore
and offshore wind farms, respectively, to represent socio-technical
power densities and give wind farms space to lower generation reduc-
ing wake-effects.

Currently, we apply the same socio-technical power density ir-
respective of the land cover type. However, roughly about 43% of
the continent is characterized as extreme deserts [84], allowing these
regions to be less conservative about the social-technical power density.

4.4. Power plant database

This section compares the site-specific power plant database used in
PyPSA-Earth to national statistics.

Data on existing power plants is critical for accurate energy simu-
lations as they affect long-term investments, dispatch, and stability of
the energy systems. For validation purposes, relevant country statistics
are provided by IRENA [85] and USAID [86]. While the PyPSA-Earth
data is geo-referenced, including each power plant’s location, type
and nominal capacities of each power plant, the other sources only
provide country statistics. Therefore, data used in PyPSA-Earth is of
higher quality, especially for energy system modelling in high spatial
resolution that would be impossible to perform only with the IRENA
and USAID sources.

Fig. 8(b) shows that the PyPSA-Earth model matches the largest
fraction of the installed capacity of existing databases, with 165 GW
out of the 229 GW reported by IRENA. Most technologies are matched
with adequate accuracy (2%-15% error), yet larger differences occur,
especially for coal and gas power plants, partially due to the recent
installation of power plants over the last 3-4 years, whose data has
not been updated by the sources described in Section 3.6. In future
work, adding more recent data sources may improve the data situa-
tion [87]. Furthermore, we note that, although the current PyPSA-Earth
procedure does not include geothermal and CSP technologies, their
capacity can be relevant for certain countries (e.g. Kenya, Morrocco
and South Africa), but at an African scope, these technologies still
represent a small fraction of the installed capacity. Therefore, the
proposed validation is considered of good accuracy, supporting the
appropriateness of the PyPSA-Earth model.
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5. Demonstration of optimization capabilities in Nigeria

At COP26, Nigeria’s president Buhari committed to net zero emis-
sions by 2060 [88]. To demonstrate that the presented model can be
useful for Nigeria’s energy planning activities, we showcase the opti-
mization capabilities of PyPSA-Earth. In particular, this section covers
two least-cost power system optimizations, one for 2020 to reproduce
the historical system behaviour and one representing a decarbonized
2060 scenario (see Figs. 10 and 11).

5.1. Nigeria 2020 - Dispatch validation

The 2020 scenario applies a dispatch optimization with linear opti-
mal power flow constraints to simulate and validate the optimization
results for Nigeria. Accordingly, only the operation of existing in-
frastructure is optimized for the lowest system cost, excluding any
infrastructure expansion e.g. generation or transmission line expansion
(see Fig. 10).

Starting with the scenario design. The power grid retrieved from
OpenStreetMap is clustered into 54 nodes, representing the aggrega-
tion zones for the demand and supply. Since the existing network is
more meshed than the OpenStreetMap based PyPSA-Earth network (see
Fig. 6), a few augmented line connections with a negligible minimal
capacity of 1 MW are added such that every node has at least two
line connections, see (b) in Fig. 10, to overcome missing network
data. A total demand of 29.5 TWh is considered for 2020 using the
national demand profiles provided in PyPSA-Earth. The magnitude
aligns with reports from Our World in Data (28.2 TWh) [76]. The
demand profiles are distributed across all nodes proportional to GDP
and population. With the available hourly electricity demand time
series and the existing 2020 power plant fleet (validated in Section 4.4),
the model calculates the optimal generator dispatch considering power
flow constraints.

The dispatch validation shown in Table 3 compares the generation
shares of the PyPSA-Earth results to those reported at Our World in
Data [76]. The comparison highlights that PyPSA-Earth adequately
represents the total electricity production shares by source in Nigeria
with acceptable accuracy. Model results for the solar generation have
a 100% accuracy compared to data provided by Our World in Data, gas
generation is 2 TWh (10%) higher than the benchmark, while hydro
generation is 0.3 TWh (5%) lower. These deviations could be explained
by the 1.3 TWh (4%) higher assumption of total electricity demand
and differences in the specific marginal costs of resources. Using the
cost assumptions from [24], we derive an average marginal price for
electricity of 59 €/MWh, which aligns with reported production costs
in the range of 45 — 70 €/MWh [89].
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Fig. 8. Total installed generation capacity in Africa by (a) country and (b) technology, including a focus on (c) the installed capacities in Nigeria.
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Fig. 9. Solution time (a) and memory requirements (b) for the 2020 Nigeria dispatch optimization for Gurobi 9.5.1, HiGHS 1.2.1 and CBC 2.10.8 solvers at different spatial

resolution; solution time is weighted by threads.

Table 3
Nigeria 2020 dispatch comparison.
Total Hydro Coal Gas Wind Solar
PyPSA-Earth [TWh] 29.5 5.8 - 23.6 0 0.04
Our World in Data [TWh] 28.2 6.1 0.6 21.4 0 0.04

The computational needs for this scenario in terms of total solving
time (computational time times the average load of the processors)
and memory are shown in Fig. 9. We used four threads with Gurobi
9.5.1 solver while only a single-core with HiGHS 1.2.1 and CBC 2.10.8,
since their parallel solving capabilities are currently limited. While the
commercial Gurobi solver is very efficient, the results in Fig. 9 confirm
that the open-source HiGHS solver can also optimize the network below
one day with memory requirements that are available for laptops. Given
the expected improvements for open-source solvers, the computational
requirements are likely to decrease significantly [40].
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5.2. Nigeria 2060 - Net-zero study

In the 2060 net-zero scenario, we perform a brownfield capac-
ity expansion optimization. This means new renewable energy and
transmission capacity can be built on top of existing infrastructure.
Simultaneously, a dispatch optimization is performed subject to linear
optimal power flow constraints. To explore new transmission grid struc-
tures, the meshing strategy is modified such that each node connects
HVAC lines to at least three nearest neighbouring nodes and that a
random selection of far distance nodes above 600 km connects HVDC
lines, see (b) in Fig. 11. Using a random selection for long-distance
HVDC can help identify valuable line connections before applying any
heuristic that might not find these. In addition to the net-zero emission
constraint, the 2060 total demand has been calibrated in agreement
to [90] to about 250 TWh by linear interpolating the stated energy
policies of IEA for Nigeria [63]. Observing the optimized infrastructure
in Fig. 10, the overall optimal least-cost power system can be mostly
supplied with solar energy and a mix of battery energy storage. Hy-
drogen energy storage with steel tanks is included as an expansion
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Fig. 10. Optimization results of Nigeria’s (a) 2020 power system. The coloured points represent installed capacities. (b) Shows all network options on a different scale as (a) with

the total electricity consumption per node.

option. However, it is not significantly optimized, probably because we
ignore fuel trade with other countries and the unique geo-location of
the country. Nigeria lies close to the equator, where solar irradiation is
homogeneous across the year, requiring less seasonal energy storage.
The battery storage consists of an inverter component [€/MW] and
a Li-Ion battery stack [€/MWh] that can be independently scaled by
the model such as applied in [91]. The energy-to-power ratio (EP)
indicating the sizing between these storage components is optimized in
the range 4.5 h — 15.0 h with an average of 6.75 h. The total optimized Li-
Ion battery storage discharging capacity and energy capacity is 67.9 GW
and 459.7 GWh, respectively. The optimal solar capacity distribution is
spatially uneven. Most solar is expanded in the country’s north, where
the solar potential is significantly higher [92]. It is also cost-optimal
to build new transmission routes in the north and east of Nigeria,
enabling the spatial distribution of electricity. The total optimized solar
PV capacity is 256.9 GW, whereas about 20% of the solar energy is
curtailed on an annual average. The HVDC options are not used signif-
icantly, indicating it is not cost-optimal in the scenario. Fig. 12 shows
the dispatch profiles outputs of the optimization, which illustrates that
most batteries charge during the day and discharge at night. Notably,
to be conservative, with cost assumptions for 2050 [93], the average
marginal prices reach only 51 €/MWh, compared to 59 €/MWh in the
2020 scenario. While we do not address in this demonstration uncer-
tainty that could strengthen the results, future work can add modelling
to generate alternatives and structured parameter sweeps [39] as well
as robust optimization techniques [94]. Nevertheless, the results of the
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demonstration indicate that the optimized renewable electricity future
for Nigeria could be cheaper than today.

6. Limitations and future opportunities
6.1. Missing network topology data

Modelling can only be as good as underlying data — the same applies
to PyPSA-Earth. By relying on open sources to model energy systems,
their data quality is a concern that we also acknowledge for the present
paper. Yet, we also describe possible image recognition procedures to
improve the data situation in PyPSA-Earth and potentially all energy
models. This effort may complement the traditional effort by public
institutions that disclose data of public relevance, such as installed
network infrastructure, as performed by ENTSO-E [61].

Compared to Europe or North America, institutions that provide
infrastructure data with geolocation for modelling have no analogues in
Africa. The missing network data situation is limiting the use of energy
system models. However, other types of data from which energy system
components can be inferred exist on a much larger scale. Satellite
imagery is one such data type. As part of the PyPSA meets Earth
initiative, we are exploring opportunities to use neural network-based
object detection applied to satellite imagery to enrich the existing
datasets on energy infrastructure. In the past, such efforts have either
been hard to apply on larger scales due to high requirements on manual
input [95] or are coarse approximations to the true grid structure [96].
Under the umbrella of this initiative, we aim to develop precise and
scalable methods and base our efforts on recent advances in the field.
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Fig. 11. Optimization result represent Nigeria’s (a) 2060 power system. The coloured points represent installed capacities. Light grey and dark grey lines are existing and newly
optimized transmission lines, respectively. (b) Shows all network options on a different scale as (a) with the total electricity consumption per node.
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Fig. 12. Total electricity balance for the 2060 scenario. The time-series is hourly sampled for selected days in March including electricity supply (above zero) and consumption
(below zero). CCGT and OCGT stands for closed and open cycle gas turbines, respectively.

6.2. Missing demand time series and prediction biases into our model and highlight research opportunities to address this
challenge. PyPSA-Earth demand data is limited, as indicated in Sec-

Demand is a significant uncertainty factor in Africa due to the tion 3.4, by poor prediction performance for low-income countries due
growth in magnitudes over the following decades that has implications to input data biases and by missing machine learning output data for
on results created by PyPSA-Earth. Therefore, improving demand pre- some low-demand countries due to software bugs. Additionally, while

dictions is essential. We acknowledge this limitation in the data fed the open-source synde package [52] used in PyPSA-Earth extended the

13
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original GEGIS package for demand prediction by a workflow, there are
opportunities to create a package focusing only on demand prediction
substituting the GEGIS design that provides all energy model data in
one package [29].

Developing a package focusing on sector-coupled energy demand
forecast for macro-energy system modelling worldwide is an opportu-
nity to improve the status quo of existing tools, not limited to the power
sector. Further, instead of validating the demand with annual means,
one should validate with hourly officially reported time series since the
data quality is better indicated by the latter.

6.3. Imprecise global data

PyPSA-Earth relies on open data with global scope. This means
that sometimes data is used that approximate country-specific details
needed for national energy planning studies. While improving the
global open data situation is one opportunity [97], another is to enable
the integration of national and regional more precise data that can also
be used as a source for validation. Therefore, PyPSA-Earth does not
only use global data as default but will allow the integration of national
or regional more precise data with specialized functions, here named
“linkers”.

6.4. Additional technologies

PyPSA-Earth includes the major transmission, generation and stor-
age technologies. However, some system components are not yet in-
cluded. Examples of not implemented generation technologies are Con-
centrating Solar Power (CSP), location-based geothermal, and other
secondary technologies such as wave/tidal energy harvesting. While
at a global scale these technologies represent a minor fraction, for
country-specific analyses, they may have substantial implications, such
as in the case of Kenya for geothermal or Morocco for CSP. Moreover,
while currently only lithium-ion batteries and hydrogen energy stor-
age are considered, other technologies may be considered and tested,
such as the well-known Redox Flow batteries, Compressed-Air Energy
Storage (CAES), Liquified-Air Energy Storage (LAES), that can have a
large market in the future. Moreover, the dynamic calculation of the
transmission capacity as a function of weather conditions [23], also
known as Dynamic Line Rating (DLR) [98], still needs to be included.

These limitations, at the time of writing, represent future opportuni-
ties to improve the model and capture relevant technologies to perform
detailed energy studies for all countries.

7. Conclusions

This paper presents the PyPSA-Earth model, which is an open-source
global energy system model in high spatial and temporal resolution. It
is making high-resolution modelling accessible to countries which so
far had not detailed energy planning scenarios developed. Using a novel
comprehensive workflow procedure PyPSA-Earth automatically down-
loads open data, provides model-ready data and integrates optimization
features to address large-scale energy system planning. In agreement
with the open-source spirit, the model is not built from scratch but
derived from the European-focused PyPSA-Eur model adding global
data as well as several new features.

The methodology is confirmed to be flexible and accommodate a
high temporal and spatial resolution power model for national and
regional energy planning with global scope. The validation performed
for the African continent highlighted that PyPSA-Earth successfully
provides power network and installed generation data that match
trustworthy third-party national data with adequate accuracy, hence
suggesting PyPSA-Earth to be a reliable model for energy planning. The
2020 and 2060 planning studies for Nigeria have further confirmed that
net-zero emission scenarios for the electricity sector can be performed
using PyPSA-Earth, leading to realistic results comparable with similar
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studies but in higher spatial detail. That further stresses the robustness
of the approach and the flexibility of the methodology to be used in
practical projects.

Given the need for reliable tools to foster the energy transition and
the efficient use of resources, PyPSA-Earth can successfully support pol-
icymakers, utilities, and scholars in providing reliable, transparent, and
efficient decision-making on energy studies. While several open-source
projects are developed but discontinued, the authors of this paper and
other PyPSA-Earth developers aim to foster collaborative energy system
modelling on the same code-base to provide a well-maintained and
robust tool rather than disperse resources across multiple models that
get quickly outdated. Given the flexibility of the approach, additional
improvements can be integrated, and scholars interested in contributing
are invited to contact the model initiative team to join forces. Ac-
cordingly, this paper and the proposed tool can serve as a backbone,
enabling further research and business activities to built on top to meet
various energy transition planning needs that must be cheap and fast
to develop for every nation and community on Earth.

Further studies may address the sector-coupled version of PyPSA-
Earth. In addition to power and hydrogen data, sector-coupling requires
various electric as well as non-electric demand and supply side data
from other sectors, including heat, industry and/or transport. Other
future work may interface energy modelling with economics mod-
elling, add robust-optimization capabilities, improve demand forecasts
in alignment with climate change scenarios, adapt imprecise global
network data using object detection on satellite images or validate the
model in other regions.
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Appendix A. The mathematical modelling

The following paragraphs are an extract of [91], which formulates
PyPSA-Earth based on [3,23,99,100].

The objective of PyPSA-Earth is to minimize the total Annualized
Costs (AC) of the system shown in (A.1), comprised of the annualized
capital and operational expenditures. Capital expenditures include
capacity-related, long-term investment costs ¢ at location i for genera-
tor G;, of technology r, storage energy capacity H ""’“, charging capac-
ity H}', and discharging capacity H;, of technology s and transmission
line F, Operational expenditures 1nclude energy-related variable cost
o for generation g;,, and storage charging h+ ., and discharging A7,

as well as energy-level related storage cost e; ;,. Thereby, the operation
depends on the time steps ¢ that are weighted by duration w, that sums
up to one year ¥, w, = 365day * 24 - = 8760 h.

Z(Cl rt

+ Z(Cstore . Hsture

+2(01r g/rl wt)"'z 1:

irt it

m1n1m1ze AC =
G,H,F.g.h

G+ Y(e - F)
1
N ~H’ +c:S ~HITS)

+
hlst+0 l.st) w’)

+ D01 ey wy)

i,s,t

(A1)

The objective function is subject to multiple linear constraints to make
scenarios more realistic, leading to a convex linear program with con-
tinuous variables. The constraints explained in the following in more
detail consist of (i) demand equals supply constraint, (ii) geophysical
and operational constraint for generators, storage units as well as
power lines, (iii) Kirchhoff’s current and voltage law constraints that
represent the physics of electric energy flows in the power network,
(iv) a recovering cyclic energy storage constraint and finally, (v) green-
house gas emissions reduction constraint. Such linear problems have
in general one unique objective value with sometimes multiple non-
unique operational solutions [100], making complex problems solvable
in reasonable amount of time (sometimes multiple days).

Firstly, the PyPSA-Earth model guarantees the energy balance by
the linearized power flow in Egs. (A.2) and (A.3) to guarantee the
energy balance of the power network, which is very distinctive feature
compared to most other planning models [3]. This is done by including
Kirchhoff’s Current Law and Kirchhoff’s Voltage Law constraints. The
equivalent formulation of Kirchhoff’s Current Law in (A.2) guarantees
that the net energy balance for each substation i match, accounting for
local generation, storage, transmission system and inelastic electricity
demand d;,. The variable f;, identifies the power flow in the line /
having networks’ incident matrix K; .

Zg”’ thYl-'_zhlst-‘—ZKi,l'fl,tzdi.t Vi, t
1

While Kirchhoff’s Current Law accounts for both, AC and control-
lable DC lines, the Kirchhoff’s Voltage Law only additionally constraints
AC power lines. In PyPSA-Earth the voltage angle difference around

(A.2)
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every closed cycle in the network must add up to zero. PyPSA-Earth
formulates this constraint using linearized load flow assumptions, in
particular, cycle basis C; . of the network graph where the independent
cycles ¢ are expressed as directed linear combinations of lines [101].
This leads to the constraints (A.3), where x; is the series inductive
reactance of line / [99]. As might be noted, the linearized power flow
assumptions completely disregard the resistance. These assumptions
introduce negligible errors when (i) the reactance is much larger than
the resistance, such as for high voltage lines, and (ii) the voltage angle
differences are small i.e. sin(6) =6 [101].

Z Cre X
]

Secondly, since generator and storage units as well as transmission
lines can experience geographical restriction, PyPSA-Earth can con-
strain the installed capacities and gives the options for lower as well as
upper limits. Equations from (A.4) to (A.6) specify the power capacities
for generators, storages and lines, respectively.

Sy =0 Vet (A.3)

G, <G, <G, Yir (A.4)
H, <H <H; Vis (A.5)
F/ <F<F VI (A.6)

Thirdly, while the previous constraint only limits the installations,
some components require time-varying operational limits. Examples for
such technologies are renewable generators, described by the subset
RG, and power lines with dynamic line-rating (DLR) [102], whose op-
eration highly depend on the weather signals. With roughly 20x20 km
globally rasterized era5 weather data that are available for more than
30 years, calculated using Atlite, PyPSA-Earth can limit the rated power
of generators G;, and lines F, by a location and time dependent
variable, i.e. temperature, wind speed, humidity and solar irradiation,
as mathematically described in (A.7) and (A.8).

0<g,,<8,." G, Vire€RG,t (A7)
0L fi, < fi - F Vit (A.8)
Fourth, describing storage constraints. Storage charging 4} , and

St
are both positive variables and limited by the installed

in (A.9) and (A.10).

discharging A,
capacity H  and H,,
Vi, s, t (A.9)

0<hf <HY
i,s,t i,s

0<h; <H

= ist — is

Vi, s, t (A.10)

This formulation keeps the feasible solution space convex, though does
not prevent simultaneous charging and discharging, which is often
an unrealistic effect that can heavily distort modelling results in net-
zero scenarios. Setting adequate variable cost parameter solves this
modelling artefact while keeping the problem formulation linear [100].

The storage energy level e, is the result of a balance between
energy inflow, outflow and self-consumption described in (A.11). Addi-
tional to directed charging and discharging with its respective efficien-
cies n,,, and 5, _, natural inflow hi"sﬁl"w, spillage hi’;‘;i’”g" as well as
standing storage losses that reduces the storage energy content of the
previous time step by a factor of #; ; , are considered.

-1
rli,s,—

Vi, s, t

e leT

= Nis+ " Cisi— 1+'71s+ Wy - h,”
hmflou

i,5,t

i,8,t
hspl[lage (All)
i,5,t

+w; - —w; -

The amount of energy that can be stored is limited by the en-
ergy capacity of the installed store unit H*¢ [MWh], which allows
independent storage component scaling shown in (A.12).

0<e,, <HM® Vis,t (A.12)
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To fix the storage technology design, in (A.13) a technology-specific
energy to discharging power ratio T, is multiplied with the capacity of
the discharging unit H" to define the upper energy limit per installed
storage.
0<e,, <T,-H, Vist

st =

(A.13)

Further, Eq. (A.14) guarantees that the energy storage units are
operated cyclically: the state of charge at the first and last period of
the optimization period T (i.e. 1 year) must be equal.

€50 =¢isr Vi (A.14)

This cyclic definition is not mandatory but helps with the comparability
of model results. It further avoids the free use of storage energy
endowment, meaning that the model could prefer to start with a higher
and end with a lower storage level to save costs.

Finally, PyPSA-Earth can constrain the total emissions. These emis-
sions are tracked by a variable at each generator unit r and marginal
emission intensity y, to constrain the total emission by a limiting
parameter GHG as in (A.15).

8iri ¥ <GHG Yi,rt (A.15)

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.apenergy.2023.121096.
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