= . wescr - (N
g@ future internet 36 QL

Article

TwinP2G: A Software Application
for Optimal Power-to-Gas Planning

Eugenia Skepetari, Sotiris Pelekis, Hercules Koutalidis, Alexandros Menelaos Tzortzis,
Georgios Kormpakis, Christos Ntanos and Dimitris Askounis

https://doi.org/10.3390/fi17100451


https://www.mdpi.com/journal/futureinternet
https://www.scopus.com/sourceid/21100409311
https://www.mdpi.com/journal/futureinternet/stats
https://www.mdpi.com
https://doi.org/10.3390/fi17100451

o
i

= future internet

Article

TwinP2G: A Software Application for Optimal
Power-to-Gas Planning

Eugenia Skepetari *(*, Sotiris Pelekis *'*/, Hercules Koutalidis

Georgios Kormpakis

check for
updates
Academic Editor: Daniel Gutiérrez

Reina

Received: 25 July 2025
Revised: 23 September 2025
Accepted: 26 September 2025
Published: 30 September 2025

Citation: Skepetari, E.; Pelekis, S.;
Koutalidis, H.; Tzortzis, A.M.;

Kormpakis, G.; Ntanos, C.; Askounis,

D. TwinP2G: A Software Application
for Optimal Power-to-Gas Planning.
Future Internet 2025,17,451. https://
doi.org/10.3390/i17100451

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Christos Ntanos

, Alexandros Menelaos Tzortzis (=,
and Dimitris Askounis

Institute of Communication and Computer Systems, National Technical University of Athens, Patission 42,
10682 Athens, Greece
* Correspondence: eskepetari@epu.ntua.gr (E.S.); spelekis@epu.ntua.gr (S.P.)

Abstract

This paper presents TwinP2G, a software application for optimal planning of investments
in power-to-gas (PtG) systems. TwinP2G provides simulation and optimization services for
the techno-economic analysis of user-customized energy networks. The core of TwinP2G is
based on power flow simulation; however it supports energy sector coupling, including
electricity, green hydrogen, natural gas, and synthetic methane. The framework provides a
user-friendly user interface (UI) suitable for various user roles, including data scientists
and energy experts, using visualizations and metrics on the assessed investments. An
identity and access management mechanism also serves the security and authorization
needs of the framework. Finally, TwinP2G revolutionizes the concept of data availability
and data sharing by granting its users access to distributed energy datasets available in
the EnerShare Data Space. These data are available to TwinP2G users for conducting their
experiments and extracting useful insights on optimal PtG investments for the energy grid.

Keywords: power-to-gas; hydrogen; optimization; simulation; investments; software

1. Introduction

Climate change represents one of the most urgent challenges in the global energy
landscape. Actions like the Paris Agreement [1] and the REPowerEU Plan [2] have been un-
dertaken by the European Union (EU) to address global warming, support decarbonization
targets, and increase the utilization of renewable energy sources (RESs) and their energy
mix penetration. In this context, energy storage systems play a crucial role in the energy
transition, enabling effective RES integration into the power grid, ensuring system relia-
bility, addressing the energy demand fluctuations, and reducing the imbalances between
supply and demand.

Among these energy storage solutions, PtG technologies are increasingly recognized
as a promising contributor to the energy transition. PtG is an energy conversion technol-
ogy that captures excess renewable energy by transforming it into hydrogen via water
electrolysis and storing the latter for future use [3,4]. This green hydrogen can then be
used by hydrogen fuel cells (FCs) to generate electricity during peak demand periods [5-7],
integrated into natural gas infrastructure [8-11], and processed further to produce synthetic
natural gas (SNG), methanol, ammonia, or other sustainable fuels [6,12,13]. These appli-
cations not only enhance cross-sectoral integration but also reform the energy landscape,
integrate different energy sectors, and contribute significantly to reducing greenhouse gas
(GHG) emissions across various energy-intensive industries.
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Recent work has emphasized the role of digital twins in energy systems [14] and
advanced network-level optimization methods [15], underscoring the value of data-driven,
model-based planning. Several studies have also proposed optimization models for PtG ap-
plications, while others have focused on simulation. For real-time simulation, eMEGASIM
and RT-LAB are used, making them valuable for validating control strategies in power
electronics and smart grids [16]. These tools provide high-fidelity simulations of power
systems but are primarily designed for hardware-in-the-loop (HIL) testing rather than
PtG investment optimization. Meanwhile, simulation-based energy system modeling is
provided by Apros, which has been used to study PtG integration [9], while EnergyPro has
been designed for the simulation and optimization of energy projects and was employed by
research to examine PtG system efficiency [13]. In addition, MATLAB/Simulink is a widely
used platform for dynamic system modeling and control design utilized in many PtG
studies [6,7,11,17]; however as a general-utility platform, it does not include ready-to-use
modules for PtG investment optimization and techno-economic analysis.

Despite these advances, a literature gap remains: there is no widely available, open-
access platform that simultaneously (i) provides ready-to-use PtG components for modeling
multi-carrier systems; (ii) performs integrated techno-economic optimization for investment
planning,; (iii) integrates secure, real-world datasets for scenario analysis; and (iv) presents
a user-friendly interface designed to serve various stakeholders. Table 1 summarizes
representative tools highlighting how TwinP2G addresses this gap.

Table 1. Comparative overview of existing tools for PtG applications.

Tool TwinP2G el\I/{Ii%::IM/ Apros EnergyPro 1;[11:11‘1331?;/
System simulation v 4 4 4 v
PtG-specific components v/ X 4 X v
Techno-economic optimization v X X v /1
Open-source v/ X X X X
User-friendly Ul v X X 4 X
Integration with Data Spaces v X X X X

I Techno-economic investment optimization must be implemented by the user or performed via external solvers.

In this paper, we present TwinP2G, a software application for optimal PtG planning
that provides simulation and optimization services for PtG [18]. Its initial architecture was
first presented in [19]. TwinP2G provides a user-friendly platform for complex energy
modeling, allowing users to model, simulate, and optimize various user-customized data-
driven PtG integration scenarios involving hydrogen production, storage, and utilization
in electrical and gas networks. It can leverage real data ingestion from EnerShare Data
Space and deliver detailed techno-economic reporting concerning the energy network’s
performance, such as the optimal energy generation and usage time series, transmission
and storage; network metrics for each network component, such as CAPEX and OPEX;
optimally installed PtG components’ capacities; and RES curtailment.

The main contributions of TwinP2G are described as follows:

*  Techno-economic analysis of PtG systems: Compared to generic tools such as MAT-
LAB/Simulink, RT-LAB, eMEGASIM, EnergyPro, and Apros, TwinP2G offers simu-
lation, optimization, and techno-economic analysis in multi-carrier energy systems.
Specifically, TwinP2G provides ready-to-use components for electrolysis, fuel cells,
methanation, and hydrogen storage, allowing direct techno-economic analysis of
PtG integration into power and gas networks without requiring users to build these
processes from scratch, thereby facilitating the evaluation of their economic and oper-
ational feasibility.



Future Internet 2025, 17,451

30f18

Its optimization framework aims to minimize total system costs, respecting techni-
cal and operational constraints, offering a more tailored and investment-oriented
approach than the aforementioned simulation platforms.

*  Open-source: Unlike prior studies and general-purpose tools such as MATLAB/Simulink,
EnergyPro, and Apros, TwinP2G offers an open-access, Docker-based PtG simulation and
optimization platform, which can model highly customizable PtG use case scenarios. This
containerized approach ensures seamless development, scalability, and compatibility across
different platforms, allowing its users to develop and use the software in an open-source
environment efficiently.

e User-friendly, multi-role user interface (UI): In contrast with previous tools such as
MATLAB/Simulink, RT-LAB, eMEGASIM, and Apros, targeted primarily at devel-
opers, TwinP2G has a user-friendly Ul, serving multiple user roles based on their
expertise. This includes data scientists who are skilled in programming and mod-
eling, energy engineers, and investors with limited programming skills, as well as
researchers. Users can interact with TwinP2G and extract valuable results for their
customized simulations through its easy-to-use interface, which provides a range of
evaluation tools, including tables, charts, and graphs, to facilitate the evaluation and
decision-making process.

* Integration with Energy Data Spaces: TwinP2G is seamlessly integrated with Ener-
share Energy Data Space through International Data Space (IDS) connectors [20,21], en-
abling secure, standardized, and interoperable data exchange, enhancing collaboration
across energy stakeholders, and supporting advanced analytics for optimizing PtG sys-
tems. In particular, TwinP2G provides automated and secure access to datasets from
TSOs such as DESFA [22] and IPTO [23], minimizing manual collection or intermediate
transactions, reducing inconsistencies, and enhancing the accuracy and reliability of
the simulations. This allows users to perform optimizations on realistic, continuously
updated energy data, a functionality not available in comparable frameworks.

The paper is structured as follows: Section 2 provides an overview of the software
architecture and functionalities; Section 3 presents two illustrative examples demonstrating
the interaction with TwinP2G; Section 4 discusses the impact of the software application;
Section 5 presents the limitations of the tool; and finally Section 6 summarizes the paper.

2. Software Description

TwinP2G is an open-source, user-friendly software application that provides sim-
ulation and optimization services for data-driven, user-customized energy networks
with energy sector coupling across electricity, green hydrogen, natural gas, and synthetic
methane [18]. Its framework consists of several ready-to-use components of an integrated
energy system: buses, generators, lines, energy loads, energy conversion units, and storage,
allowing detailed modeling of multivariable interactions. It offers comprehensive techno-
economic analysis of PtG investments, enabling stakeholders to evaluate the impact of
various PtG integration scenarios on system performance, operational efficiency, and over-
all feasibility. The software is also fully integrated with the Enershare Data Space, offering
access to energy datasets from TSOs such as DESFA and IPTO.

2.1. Software Architecture

TwinP2G has been developed using a variety of Python (v3.11.3) programming mod-
ules along with Docker [24] to facilitate the efficient deployment of the application. Its
software architecture, as illustrated in Figure 1 consists of various subcomponents of
state-of-the-art technology, serving multiple user roles, namely, researchers, data scientists,
energy experts, and investors.
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Figure 1. TwinP2G architecture: (i) identity and access management (Keycloak), (ii) Streamlit-
based Ul for scenario configuration and visualization, (iii) PyPSA optimization for techno-economic
planning, and (iv) Enershare Data Space integration (TSO datasets, Dagster ingestion, TimescaleDB,
and Data Marketplace).

TwinP2G’s architecture (Figure 1) can be broken down into four pillars, as follows:

2.1.1. Identity and Access Management (Optional)

Identity and access management has been achieved via Keycloak [25], using OAuth
2.0 and OpenlID Connect for secure authentication and authorization. Keycloak provides
centralized user management, single sign-on (SSO), and integration with identity providers,
ensuring robust security and seamless access control.
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2.1.2. User Interface

TwinP2G’s user interface has been developed using Streamlit [26], an open-source
Python-based framework for interactive web application development. It is responsible
for (a) handling user inputs, (b) passing them to the backend to execute the simulation
and optimization processes, and (c) visualizing the resulting outputs in an interactive and
user-friendly way.

Its advantages include its easy-to-use interface with reactive and interactive com-
ponents, seamless integration with Python libraries, and rapid prototyping capabilities.
Moreover, Streamlit supports real-time data visualization and requires minimal front-end
coding, thus being an efficient option for the development of data-driven applications’ Uls.

2.1.3. Simulation and Optimization

TwinP2G’s back-end is responsible for (a) fetching data from the TimescaleDB database;
(b) simulating a user-customized network, (c) optimizing the energy network; and (d)
storing simulation results in the database.

The energy network system is optimized for each simulation snapshot using
PyPSA [27], a Python-based energy system modeling library, based on the power flow
equation. In this framework, buses, which represent the nodes of the network, serve to en-
force energy conservation across all components entering and leaving them. The electricity
demand d,; in each bus n must be met at each time ¢ either by the generators and storage
or by the flows f; ; from the branches I as in Equation (1). Variables are described in Table 2.

Zgn,r,t + Zen,s,t + Zal,n,tfl,t = dn,t < wt)\n,t (1)
r s 1
where
—1, if branch ! (line or link) starts from bus n
A =141, if branch [ is a line and ends at n

N1, if branch I is a link (electrolysis, fuel cell, methanation) and ends at n

The optimization seeks to minimize overall system costs based on user input parame-
ters, comprising factors such as generation, transmission, and storage capital expenditures
(CAPEX) as well as operational expenditures (OPEX), whilst respecting the network com-
ponents’ constraints such as nominal power and nominal energy capacity as in Equation (2).
RES curtailment (which is not a direct cost) is modeled as the difference between the poten-
tial and the actual RES production and occurs when it is more economically or technically
efficient to waste the surplus power rather than store or use it, often due to a lack of
demand, grid constraints, or the high cost of new PtG investments. Ultimately, the solver
trades off these factors to determine the most cost-effective long-term plan for the energy
system. Variables are described in Table 2:

min ch,r Snr+ Z én,s ens + ch F+ Z wt <Z Onrt nrt + ZOH,SJ e"ﬁﬂ‘) ‘| 2)
nr n,s 1 t n,r n,s
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Table 2. Definitions of simulation and optimization variables.

Symbol Unit Description

n Label the buses

t Label the snapshots

I Label the branches

s Label the storage types at each bus

r Label the generation types at each bus

Wi Weighting of time f in the objective function

Snrt MW Dispatch of generator r at bus n at time ¢

Snr MW Nominal power of generator r at bus n

Cnyr EUR/MW  Capital cost of extending generator nominal power by one MW
Cnys EUR/MWh Capital cost of extending store nominal energy by one MWh
C EUR/MW  Capital cost of extending branch power by one MW
O st EUR/MWh  Store operational cost

Ot EUR/MWh  Generator operational cost

fir MW Flow of power in branch [ at time ¢

F MW Capacity of branch [

s MWh Store nominal energy

n,s,t MWh Store dispatch

uir: Efficiency

dn MWh Electricity demand

Ant EUR/MWh Marginal cost

2.1.4. Data Sources and Enershare Data Space Integration

TwinP2G is integrated with the Enershare Data Space, as illustrated in Figure 2,
through the Data Marketplace and the data acquisition process, in which data from
DESFA [22], IPTO [23], as well as from TSOs, ENTSO-E [28], and ENTSO-G [29] are
retrieved through Data Space connectors. Data from DESFA include natural gas flows
at entry and exit points, natural gas grid topologies, and natural gas quality indicators,
while data from IPTO include RES generation, electrical power demand, and electrical grid
topologies. These data are supplied to the TwinP2G backend to run the desired simulations.

Integrating real-time data from multiple TSOs into the EnerShare Data Space has
several practical challenges. These arise from heterogeneous data formats, as each TSO
provides data in different formats (APIs, Excel), semantic interoperability, and data quality
issues such as missing values. TwinP2G overcomes these challenges using standardized
adapters, ontology-based semantic mapping, and automated validation routines, imple-
mented in complex Dagster pipelines and diverse ingestion workflows. This ensures robust
ingestion, harmonization, and reliable use of real-world TSO data.

IDS Components

Identity Vocabulary
Providr Mibidrlll fen s
i\ ) £l

Institution

-

TwinP2G © ~
Y

DS Connector

Data Policy

Data Provision App.
Investment analysis
App

SERVICE2

(=]

superser

Figure 2. Data Space integration.
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2.1.5. Technologies
The main technologies employed to develop TwinP2G are the following:

e Streamlit [26]: A Python framework used for developing the TwinP2G UL

¢ PyPSA [27]: The main module for energy system modeling, simulation, and optimiza-
tion. PyPSA leverages Linopy [30], a built-in optimization framework that uses the
Simplex algorithm, while the GNU linear programming kit (GLPK) [31] serves as
the optimization solver, which is designed to solve large-scale linear programming
(LP) and mixed-integer programming (MILP) problems. While commercial solvers
may provide faster runtimes, GLPK offers an open-source, license-free alternative that
ensures reproducibility across all environments.

¢ PVLib [32]: A Python library for solar plant simulation that uses data from the
Photovoltaic Geographical Information System (PVGIS) [33].

* Data Space Connector [20]: The ENERSHARE architecture employs the TNO Se-
curity Gateway (TSG) connector [34] to enable secure data acquisition from the
Data Space. Its security architecture prioritizes data sovereignty and trust, align-
ing with IDSA/GAIA-X principles. The connector integrates identity and policy
enforcement mechanisms, provenance logging, NGSI-LD brokers, and data transfor-
mation/compliance services to strictly regulate data access and usage. To reduce
latency, processing is pushed towards the edge, with transformations executed at
connectors. Compliance with GDPR is ensured through consent and role-based mod-
els, audit logging, pseudonymization, and privacy-preserving approaches such as
federated learning.

e FastAPI [35]: Used to build the API endpoint to communicate with the DeepTSF
forecasting tool [36], within a Dagster-based data pipeline for time series forecasting
and TwinP2G API integration [37].

2.2. Software Functionalities

TwinP2G software functionalities are detailed in the following sections. The software
is designed to serve three types of users: energy engineers or investors, data scientists, as
well as researchers.

2.2.1. User Roles

TwinP2G can be used by energy engineers and investors who have expertise in the
energy sector but have limited programming skills. These users can evaluate an investment
through metrics and visualizations by accessing the Visualization Engine [38] via TwinP2G.
Data scientists who have strong modeling and programming skills can directly use TwinP2G
to simulate their own highly customized energy networks, inserting system parameters—
such as costs, efficiency, and nominal power—for network components, including buses,
generators, lines, loads, energy conversion units (links), and storage systems, and analyze
the results. Lastly, researchers who want to extract data to conduct research and run
experiments can access the Data Marketplace via TwinP2G to acquire real data from the
EnerShare Data Space.

2.2.2. Simulation and Optimization

TwinP2G provides simulation and optimization functionalities for data-driven energy
systems and PtG integration, focusing on the techno-economic analysis of investments. By
minimizing total systems costs, including CAPEX and OPEX of network components, it
offers detailed techno-economic analysis of system’s performance. This includes optimal
time series for generation, energy conversion, and storage at each time snapshot, along
with key evaluation metrics for assessed investment scenarios, including CAPEX, OPEX,
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RES curtailment, optimal installed capacities, dispatch, energy supply, and withdrawal of
each component. Through this analysis, TwinP2G enables data-driven decision-making to
support the efficient and sustainable deployment of PtG technologies.

2.2.3. Enershare Visualization Engine

Visualization Engine is an interactive platform designed for data visualization and
analysis. TwinP2G users can access the Visualization Engine to create dynamic dashboards
and charts based on the TwinP2G simulation results, providing valuable insights into vari-
ous investment scenarios [38]. The platform supports real data exploration, enabling users
to analyze key performance indicators, compare alternative configurations, and identify
optimization opportunities. By turning complex simulation results into intuitive visualiza-
tions, the Visualization Engine enhances the decision-making process.

2.2.4. User Interface

TwinP2G offers a user-friendly interface designed to provide a smooth experience to
users. It involves the following components:

* Homepage: The main home page of TwinP2G, where users can access the TwinP2G
platform, the EnerShare Visualization Engine, or the EnerShare Data Marketplace
(Figure 3a).

¢  Sign-in and Sign-up: Secure user identification, authentication, and account manage-
ment (Figure 3b).

*  Customized simulations: Page for configuring and executing customized PtG simula-
tions and visualizing simulation results (Figure 3c).

*  Simulation history: Page to review previous experiments’ simulation runs and their
results (Figure 3d).

¢ EnerShare Visualization Engine: An interactive tool for data visualization and analysis
on TwinP2G experiments’ simulation results.

*  EnerShare Data Marketplace: Platform for energy-sharing transactions.

TwinP2G

Modeling expertlogi

To visualize the results of TwinP2G sil please navigate to lization Engine

To access data from Data Space please navigate to Enershare Marketplace

Copyright EnerShare Consortium ©2025. All rights reserved. n Co-funded by the Horizon 2020 Framework Programme of the European Union under Grant Agreement No 101069831

(a) Homepage.

Figure 3. Cont.
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Process Selected Stop
CSV Files

(d) Simulation history page.

Figure 3. TwinP2G user interface.

3. Results

In this section, two illustrative examples of how users can interact with TwinP2G are
presented. These examples are illustrative only; however, the software can be adapted to
more realistic configurations and handle larger and more diverse energy systems.

Data scientists can interact with the TwinP2G app, first by cloning the repository
available in [18], configuring the environment variables, and running it via Docker.
The application can then be accessed by navigating to localhost port 8501 (e.g., URL
https://localhost:8501 (accessed on 19 September 2025)) (Figure 3a). After signing in as


https://localhost:8501
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shown in Figure 3b, in the customized simulations page (illustrated in Figure 3c) they

must create a unique use case name for their simulation scenario and start inserting system

parameters as follows:

For buses, they should specify the number of network buses and their energy carrier
type: AC, DC, natural gas, or hydrogen (Figure 4a).

For generators, they must be assigned to one of the network’s buses and one of the
supported generator types: diesel, coal, natural gas, hydro, solar, or wind.
Additionally, generator nominal power in MW must be specified, as well as capital
and marginal production costs, in EUR/MW and EUR/MWHh, respectively.

If the generation type is wind or solar, users must insert their preferred RES generation
data. They can select ‘pvlib’, which is used for PV plant simulation; upload their
own data from their file system; or access data from the Data Space as in as shown in
Figure 4b.

For transmission lines (if applicable), they must select the two buses that they want to
connect and insert the lines” characteristics (as in Figure 4c).

For loads, which represent the energy demand, users are prompted to select the
desired load data time series. They have the option to upload their own data from
their file system or use data from the Data Space (Figure 4d).

For links, which represent energy conversion between two buses (e.g., from electrical
energy to hydrogen via electrolysis and vice versa via fuel cells or energy conversion
from hydrogen to SNG via methanation), users have to select the energy conversion
type along with its parameters as in Figure 4e.

For the energy storage, which represents the hydrogen storage system, users need to
complete the hydrogen storage requirements as in Figure 4f.

After the desired energy system has been set up, users must click the ‘Submit’ button,

as in Figure 4f, to run the simulation. Once the optimization is complete, simulation results

such as optimal time series graph and network components’ metrics are visible in the

TwinP2G Ul, as shown in Figures 5a and 5b, respectively.

Energy experts and investors can interact with the TwinP2G app by accessing TwinP2G

and being redirected to the EnerShare Visualization Engine. They can access TwinP2G

simulation results stored in the Data Space, create dashboards and charts, and use

these insights to evaluate and make decisions about PtG investment scenarios as in

Figure 5c.

Buses

Select your electrical network buses

Bus0

Select energy carrier for bus 0

Longitude for bus 0

0.00

Latitude for bus 0

Bus1

Select energy carrier for bus 1

(@)

Figure 4. Cont.
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Figure 4. TwinP2G system parameters. (a) Bus parameters: number of buses and energy carrier (AC,
DC, natural gas, or hydrogen). (b) Generator parameters: generator type, nominal power, capital
and marginal costs, and solar production data retrieval from the Data Space. (c) Line parameters:
start and ending bus and series resistance and reactance. (d) Load parameters: load type and energy
demand time series retrieval from the Data Space. (e) Link parameters: start and ending bus, nominal
power, capital and marginal costs, and efficiency. (f) Energy storage parameters: hydrogen bus,
nominal energy capacity, and capital and marginal costs.

Chart = Data

Components Chart

Generator Bus 0

Generator Bus 1

—— Electrolysis Bus 1- Bus2
Fuel Cell Bus2- Bus 1

—— StoreBus2

Load Bus1

2016 2017 2018 2019 2020

(a) TwinP2G optimal time series for generation, conversion, and energy storage.

Figure 5. Cont.
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Unnamed: 1 Optimal Capacity  Installed Capacity ~Capacity Factor  Dispatch Transmission Withdrawal Supply  Curtailment ~Capital Expenditureg
Generator  Diesel 5 5 042 92,951.09 0 0 92,951.09 0 0
Generator ~ Solar 1 1 0.96  42,209.52 0 0 42,209.52 942.06 0
Line AC 472 0 0.45 0 92,951.09  92,951.00 92,951.00 0 0
Link Electrolysis 2.33 2.5 0.15  -3843.77 0 1537507 115313 0 398,293.84
Link Fuel Cell 101 12 0.26  —4035.96 0 1153133 749536 0 120,732.15
Load o [ 0 ~127,280.89 0 127,280.89 [} 0 0
Store Hydrogen Store 16.87 15 0.19 0.03 0 11,531.3 1153133 0 72,5583
4 v
(b) TwinP2G result metrics of each network component.
TwinP2G dashboard Published EDIT DASHBOARD E]
e
- P2G Use Case 2030
P2G Capital Expenditure H Network components total power : Network components hourly power
@ Flectrolysis @ FuelCell 4 1/5 B (D) () usage dispatch
@ SUMMWithdrawal), AC @l 4 1718 p (A1) (inv) -O- AVG(Load Bus 1) ~O- AV 4 1/6 - (AID) (inv)

Hydrogen Store — g
120k

90k

60k

30k
Electro...

Link Store

(c) TwinP2G results visualizations via Visualization Engine.

Figure 5. TwinP2G output results.

4. Discussion

TwinP2G is an open-source, user-friendly software application developed for the
simulation, optimization, and visualization of energy networks, offering comprehensive
techno-economic analyses of user-customized, data-driven PtG integration scenarios into
energy networks. It is tailor-made for wider energy sector stakeholders, including data
scientists, energy system planners, investors, and researchers who are interested in PtG
systems’ optimal integration into existing energy systems’ infrastructure, strategic planning,
operational efficiency, as well as PtG systems’ investment feasibility and performance.

TwinP2G has been developed for and used in the EU Horizon project EnerShare
as a solution for optimal, data-driven PtG planning, focusing on energy transition and
decarbonization. It is seamlessly integrated with the Enershare Data Space through IDS
connectors. This integration ensures secure, standardized, and interoperable data exchange
and enables real-time data sharing among multiple energy stakeholders, assuring com-
pliance with data governance regulations while enhancing transparency and accessibility.
With this integration, TwinP2G accesses up-to-date datasets from various energy sources,
such as transmission system operators for electricity and natural gas, enabling customized
data-driven simulation scenarios that reflect real-world energy conditions. Consequently,
TwinP2G is well suited for experimental validation within the EnergyGuard Testing and
Experimentation Facility (TEF) project [39], which provides digital twins and hydrogen
testing platforms for evaluating Al-based energy solutions.

The service has been used by organizations such as the National Technical University
of Athens (NTUA) and DEPA Commercial to model, optimize, and analyze multiple PtG
use case scenarios for various energy demand profiles, as described in [40]. A first energy
system was simulated to evaluate PtG and fuel cell system integration in a solar/diesel
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power grid supplying a small community in Greece. Three scenarios were simulated using
the TwinP2G app (v2.1.0) , utilizing energy datasets from the Data Space: a baseline with
no PtG and fuel cell integration and two PtG and fuel cell integration scenarios reflecting
2023 and 2030 costs. The results indicated that in the second scenario (PtG 2023), the solar
plant production increased by 55%, significantly reducing RES curtailment from 38% to
3.5%, while total costs reduced by 2.78%. In the third scenario (PtG 2030), the solar plant
production increased by 57%, reducing RES curtailment from 38% to 2.2%, while the optimal
installed capacities of the PtG and fuel cell systems increased compared to the second
scenario, driven by projected cost reductions. A second type of TwinP2G implementation
was the investigation of two different competing renewable hydrogen production strategies
as analyzed in [41]: one in which the investor invests in RES generation and uses this to
produce renewable hydrogen and a second one where they procure the necessary RES
energy from third-party producers via Power Purchase Agreements (PPAs). The results
indicated 14% cheaper Levelized Cost of Hydrogen (LCOH) for the former production
method on average. Roughly 40% of the LCOH was related to the electrolysis process, 55%
was related to RES energy generation or procurement, and another 5% was attributed to
hydrogen storage costs. Under that study, renewable hydrogen was still economically not
viable, with prices in the 2.14-5 EUR/kg range. However, it could become economically
feasible in the following decades in the case of typical carbon emission cost increases,
for example, in the EU’s ETS.

TwinP2G contributes significantly to EU’s climate goals under the European Green
Deal [42], supporting the transition to decarbonization by providing simulation and opti-
mization services that enable efficient RES and hydrogen storage integration through PtG
and fuel cell technologies into power grids. It aligns with the Sustainable Development
Goals (SDGs) [43] by promoting RES and hydrogen storage integration while reducing GHG
emissions. At a larger scale, it can also accelerate the development of a circular economy
while promoting the utilization of surplus renewable energy to produce green hydrogen,
improving the efficiency of resources, and minimizing renewable energy curtailment.

Scalability and Computational Performance

TwinP2G uses LP formulation solved with GLPK (see Section 2.1.5). The complexity
grows polynomially based on system size, such as the number of network components
(buses, generators, lines, PtG links, storage) and the number of time snapshots. To quantify
memory usage and runtime, we executed three benchmark cases (Table 3) on an NTUA
workstation (Intel Xeon Gold 6244 @ 3.60 GHz, 26 GB RAM).

Table 3. Benchmark cases: system configuration, decision variables, memory, and runtime.

L. . . . Memory Runtime

Case System Description Horizon Decision Variables (MB) (hh:mm:ss)
Small: 3 buses (2 AC, 1 Hy), 1 vear

A 2 generators, 1 line, 1 (8}7,8 4 timestamps) 61,493 (N) 105.8 00:00:32.6
electrical load, 1 PtG unit p

B Same as A 5 years 306,941 (5 N) 525.2 00:27:20.7

(43,848 timestamps) ! ’ B

Medium: 6 buses (5 AC, 5 years

C 1 Hy), 9 generators, 4 lines, (43,848 timestamps) 745,424 (12.1 N) 1304.9 07:34:22.6

51loads, 1 PtG unit

The results indicate that memory usage increases approximately linearly with the number
of decision variables (Figure 6a), while the runtime grows superlinearly, as shown in Figure 6b.
Across the three cases, the memory cost per value is roughly ~1.72 x 10~3 MB/decision
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variable. Extending the small case A optimization horizon from 1 year to 5 years increased
decision variables by ~5 times, while runtime increased by ~50 times, whereas case C
required ~824 times more runtime than case A.

The presented benchmarks demonstrate predictable, linear memory usage growth and
superlinear solve-time growth. TwinP2G is tractable for single- and multi-year simulations
of small to medium systems on a standard workstation. For large-scale systems, adopting
a faster solver and temporal or system aggregation can further reduce complexity.

Memory vs Decision Variables Runtime vs Decision Variables
4543
1250 A
7 4001
2 1000 A =
= Z 300 1
> 750 £
g o 200 A
o 500 1 g
= < 100 A
250 A o dJ
N 0 0 0 Q Q
o o o o o o
,LQQ b D«OQ h 600 h ,LQQ h 0(00 h 600 h
Decision Variables Decision Variables
(a) Memory usage. (b) Runtime.

Figure 6. TwinP2G performance evaluation: (a) memory usage and (b) runtime.

5. Limitations

While TwinP2G provides a flexible and transparent platform for optimal power-to-
gas planning, several limitations of the current implementation must be acknowledged.
The current optimization relies on a linear programming (LP) formulation, which does
not explicitly capture non-linear dynamics such as AC power flow constraints, part-load
efficiencies, ramping behavior, thermal cycling, and electrolyzer degradation. These effects
can only be approximated indirectly (for example, by adjusting efficiency parameters in the
UI). Moreover, extensions toward mixed-integer linear programming (MILP), stochastic
optimization, and non-linear formulations are required to represent operational complexi-
ties more accurately. Finally, the platform has not yet been validated against plant-level
operational data, though such validation is planned for future work.

6. Conclusions and Future Work

In this paper, we introduced TwinP2G, an open-source software application designed
for data-driven PtG system modeling, simulation, and optimization within energy networks.
Through its intuitive and easy-to-use UlI, users are able to simulate and optimize their
customized energy networks, incorporating PtG and fuel cell system integrations and
ingesting real data and time series for both short- and long-term simulations. Using detailed
visualizations and metrics, users can extract valuable network performance insights and
assess system efficiency and techno-economic feasibility. TwinP2G is designed to serve
various types of users based on their area of expertise, such as data scientists, energy
engineers, investors, and researchers who seek to model energy networks and analyze
and evaluate PtG integration strategies. By providing a flexible and scalable platform
for simulation, optimization, and analysis, TwinP2G provides sophisticated data-driven
decision-making support for stakeholders who are engaged in sustainable energy transition
and decarbonization.

Future work will focus on benchmarking TwinP2G results against measured operation
from PtG pilot projects and commercial tools, using validated plant-level datasets, in order
to assess the gap between cost-optimal solutions and real-world operation and to support
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comprehensive economic feasibility case studies. A key priority is the incorporation of
ramping dynamics, component degradation, and other non-linear constraints through
extensions such as MILP or non-linear formulations while optionally evaluating integration
with commercial solvers. Finally, sensitivity analyses on CAPEX, OPEX, or efficiency will
be performed to assess the robustness of the results.
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