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Abstract:

The transition to a sustainable energy future requires a thorough understanding of the intricate dynamics within electricity, hydrogen
and natural gas energy markets. Integrated models have emerged as essential tools to navigate this complexity, providing comprehensive
insights into future energy landscapes and enabling prudent decision-making. However, the integration of these energy systems presents
unique challenges, requiring strategic capacity planning and co-optimisation to ensure seamless interactions. This paper explores the
integration of the electricity, hydrogen and natural gas energy worlds within a co-optimisation framework, addressing practical issues
and benefits for strategic planning. The co-optimisation model generates dynamic commodity pricing by linking, for example, the produc-
tion of hydrogen to the hourly generation of electricity used to produce the same hydrogen through electrolysis. The utilisation of the
produced hydrogen is in turn linked to the generation of electricity through combined cycle gas turbines (CCGT). Critical considerations
include maintaining consistent units and currency, ensuring technology and price consistency, and addressing cumulative differences.
The benefits of co-optimisation models extend to both companies and policy makers, facilitating better decision-making by optimising
capacity expansions, minimising costs and balancing economic efficiency with environmental impact. These models enable the seamless
deployment of clean energy solutions, mitigate the risks associated with energy price volatility, and promote operational resilience. In
summary, the integration of co-optimisation models provides a holistic approach to energy decision-making, maximising the potential of
electricity and hydrogen energy systems in the transition to a sustainable energy future.
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I'IpeMMyu.l,eC'rBa UCnosb30BaHUA pel.ueHm'i B cq)epe MoaenupoBaHua KoontuMusauum ona B3aUMOCBA3AHHbIX SHEPreTuYeCcKux
PbIHKOB

AHHOTauus: Nepexos K yCTOMUYMBOMY 3HepreTuyeckoMy Byayliemy Tpe6yeT rny6oKoro NOHMMaHUS CNOXHOM AUHAMUKKU PbIHKOB 3N1EKTPO-
3HEpruu, BOAOPOAA W NPUPOJHOTO rasa. MHTerpupoBaHHble MOAENU CTalu BaXKHbIMU MHCTPYMEHTaMU A1l NPEOAOEHUS 3TON CIOXHOCTH,
obecneynBas BCECTOPOHHEE MOHUMaHUe ByAyLIMX SHEPreTUYECKMX NaHALadToB, NO3BONSS NPUHUMATb pa3yMHble pelleHus. OQHAKO MHTe-
rpaumsi 3TUX IHEPreTUYECKUX CUCTEM MPEACTaBNSET coboi cneuuduyeckue npobnemsl, Tpebyiolume CTPaTErMYECKOro NIaHUPOBaHUS Npo-
M3BOACTBEHHbIX MOLLHOCTEM M COMNACcOBaHHOMO MOAXOAA B MOAENUPOBAHUU ANs obecneyeHust TOYHOro B3aUMOAENCTBUS BCEX 3/IEMEHTOB
KOOMTUMM3ULMOHHOM Mofenu. B AaHHOM cTaTbe UCCNenyeTCs MHTErpaLmMs MUPOB 3NEKTPO3HEPTHM, BOAOPOAA M MPUPOAHOTO rasa B paMKax
KOOMTUMM3ALMM, pacCMaTPUBAIOTCS NMPAKTUUECKUE BOMPOChl U MPEUMYLLECTBA [/ CTPATErMYecKoro NaaHWpoBaHus. Moaenbs KoonTUMu-
3aummn GopMUpyeT AMHAMUYECKOe LEeHO06Pa30BaHME Ha CbipbeBble TOBApbI, CBA3bIBAS, HANPUMeEP, MPOU3BOACTBO BOAOPOAA C NOYACOBOM
reHepaumei 3NeKTpPO3HEePTruM, UCTIONb3YEMOM s NPOM3BOACTBA 3TOrO e BOLOPOAA NyTEM 3NeKTponusa. Mcnonb3oBaHue Npon3BeAEHHOTO
BOLOPOZA, B CBOI O4Yepenb, COEAVMHEHO C reHepalMeii 3NeKTpUYecTBa NoCcpeacTBOM ra3oBbiX Typ6uH KoMBuHKMpoBaHHoro uukna (CCGT).
BaxxHbIMK hakTOpaMu SBNAKOTCS NOAAEPKAHWE eAMHO06Pa3us eAUHUL, U3MEPEHUS, TEXHONOTWI U BaioT, YTO 06eCcneyuT nocnefoBaTesb-
HOCTb B KOHTEKCTE LLeHO06pa3oBaHUs U MO3BONUT YCTPaHUTb KYMYNSTUBHbIE pasnnuus. [penmyluectsa Mofenei KOoNTUMMU3aLMK akTyab-
Hbl KaK A4S KOMMaHWiA, Tak U A0S 3aKOHOAATeNei, Tak Kak AaHHble MOoAenu crnocobcTByioT 6onee 3hdEKTUBHOMY NPUHATUIO PELLIEHMI 3a
CYET ONTUMM3ALMM PACLUIMPEHUS MOLLHOCTEN, MUHMMU3ALIMM 3aTPaT M YPaBHOBELIMBAHUS 3KOHOMUYECKOK 3PHEKTUBHOCTU M BO3AEHCTBUS
Ha OKpY>XatoLLyto cpeny. TM MOLENU NO3BOASIKOT 6eCcnpensTCTBEHHO BHEAPATL peLleHus B 061aCTV 3KONOTUYECKM YMCTON IHEPTETHKM, CHU-
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XaTb PUCKK, CBA3AHHbIE C BONATUNbHOCTbIO LUEH Ha 3HEPIUI0, U NOBbIWATb 3KCN/TyaTaUMOHHYIO yCTOﬁHMBOCTb. Takum 06p330M, MHTErpaumna
Moaenern KoonTMMM3aLumum npeacrasnaeTt €060/ LEeNoCTHbIM Noaxoa K NPUHATUIO pemeHMH B chepe SHEPreTnkn, MakKCMMmU3Npya NoTeHLMan
31IEKTPO3HEPreTUYEeCKMX U BOAOPOAHbIX SHEPrEeTUYECKNUX CUCTEM MNMPU nepexone K yCTOVNMBOMy JHepreTmyeckomy 6yp,ymeMy.

KntoueBble cnoBa: B3aMMOCBA3aHHbIE CUCTEMBI, AMHAMMUKA pPblHKA, MHTErpauua sogopoaa, UHTeErpupoBaHHoOE MOAeNNPOBaHKE, KOONTUMU-
3auud, nepexon Ha ,qpyroﬁ BUA TONNKUBA, NPUHATUE CTPATEMMYECKUX DELUEHMﬁ, pacluumpeHune MOLLHOCTEMN, yCTOﬁHMBaﬂ JHEepreTunka, aHepre-

TUYECKMI Nepexon,

A Holistic Approach to Navigating the Complexities of
Energy Market Integration in Co-optimisation Modelling

Navigating the complex dynamics of energy markets is akin
to deciphering a labyrinth of interconnected systems, where
every decision has ripple effects across the landscape. Re-
cent studies highlight the paramount importance of inte-
grated models over isolated simulations in navigating the
complexities of energy transitions?, which have long since
moved beyond planning or creating simulations of individu-
al standalone energy markets.

Some authors note that the need to coordinate data from
multiple energy market actors can make co-optimisation of
non-isolated energy systems more complex. However, they
also point out that practical applications of these co-opti-
misation approaches show significant improvements in the
operational efficiency of the whole energy system and re-
ductions in carbon emissions?.

More and more researchers?® are highlighting that carefully
designed co-optimisation models mainly aim to achieve se-
veral key objectives: minimising total costs, improving the
integration of energy conversion and storage technologies,
developing the knowledge of different market behaviours,
and understanding market interconnectedness.

In addition, current European network organisations, such as
the European Network of Transmission System Operators for
Gas (ENTSOG), emphasise the importance of testing “Inter-
linked Models”. These models integrate hydrogen, electricity
and other gas markets to understand the impact of the ener-
gy transition on the size and design of future energy net-
works*. The recently published Interlinked Model (ILM) 2024
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progress report> highlights several benefits of developing
co-optimisation models. The report notes that this direction
of energy modelling is in line with the TEN-E Regulations:
Regulation (EU) 2022/869 on guidelines for trans-Europe-
an energy infrastructure, which requires coordinated system
planning across sectors. Co-optimisation energy modelling
represents a significant step forward in understanding and
managing an increasingly integrated energy system, which is
crucial for achieving the EU’s long-term energy and climate
goals.

However, in the midst of this complexity, strategic capacity
planning within an integrated framework takes centre stage.
Models that convolutely connect together market interacti-
ons, including the dynamics of fuel switching in generation
capacity, provide a comprehensive view of the future energy
landscape and enable more prudent decision-making.

Delving deeper into the realm of energy markets, the elec-
tricity sector operates within its own unique set of rules and
dynamics. With a strong focus on hourly production and dis-
patch, the electricity market requires bespoke models that
reflect day-ahead electricity markets, meticulously analysing
bidding strategies and generator capacity across a range of
energy sources, from renewables to traditional fossil fuels.

As the world moves towards a cleaner energy future, hydro-
gen is emerging as a key player in the transition. To under-
stand the nuances of the hydrogen market, it is necessary to
look at the various sources of supply. Among these, blue hy-
drogen, derived from Steam Methane Reforming (SMR) plants,
embodies the stability of the natural gas world, characterised
by relatively stable pricing with contracted volumes.

In contrast, green hydrogen, which is produced by power-to-x
(P2X) electrolysers, represents a paradigm shift, relying enti-
rely on intermittent renewable electricity generation. These
different sources of supply must seamlessly match demand
volumes at national hubs connected by hydrogen pipelines,
with flexibility provided by additional storage capacity to ac-
commodate fluctuations in demand and price adjustments
during peak periods.

Although hydrogen, electricity and natural gas are integral
parts of the future energy landscape, they are measured in
fundamentally different units. Electricity, typically measured

> Progress Report on Interlinked Modelling. The Cross-sectorial Integration
of Energy System Planning, ENTSOG and ENTSO-E. https://www.entsog.
eu/sites/default/files/2024-05/entsos_ILM_progress_report_240430.pdf.
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in kilowatt hours (kWh), quantifies the amount of energy
consumed over a period of time, reflecting the flow of elec-
trical charge through a circuit. Hydrogen, on the other hand,
is often measured by volume, typically in cubic metres (m?3),
or by mass, such as kilograms (kg) or metric tonnes (t). This
distinction arises from the different nature of their respec-
tive properties and applications. While electricity represents
the flow of electrons through a conductor, hydrogen is a gas
that can be stored and transported in various forms, such
as compressed gas or liquid. Understanding and reconciling
these differences in units of measurement is essential for
effectively integrating hydrogen and electricity into energy
models and systems, and for ensuring accurate analysis and
decision-making in the transition to a sustainable energy
future.

In addition, natural gas, an important player in the energy
landscape, is measured in units such as cubic metres (m?) or
cubic feet (ft3), reflecting its volume when stored or trans-
ported. Unlike hydrogen and electricity, natural gas is a fossil
fuel composed primarily of methane and is widely used for
power generation, heating and industrial processes. Its diffe-
rent properties and applications further emphasise the need
to understand and accommodate different units of measure-
ment within energy modelling frameworks.

In addition, liquefied natural gas (LNG) represents an additi-
onal dimension to the measurement and use of natural gas.
LNG is natural gas that has been cooled to a liquid state for
ease of storage and transportation and is typically measured
in metric tonnes (t) or cubic metres (m?) in its liquefied form.
This process allows natural gas to be transported over long
distances to regions without pipeline infrastructure, facili-
tating global trade and increasing energy security. As LNG
plays an increasingly important role in the global energy
market, understanding its unique units of measurement and
logistical considerations is critical to comprehensive ener-
gy planning and sustainable development initiatives. In the
context of energy modelling and system integration, the
consideration of LNG's unique characteristics alongside hy-
drogen and electricity further underlines the complexity and
importance of reconciling different units of measurement
for effective decision-making in the transition to a more sus-
tainable energy future.

As we navigate the transition to a sustainable energy future,
harmonising the units of measurement of hydrogen, electri-
city and natural gas will be paramount for holistic energy
planning and decision-making.

Creating a cohesive, integrated model that fully captures
the nuances of different energy markets is a formidable task.
Each market operates within its own ecosystem, governed
by unique rules, dynamics and nuances. From the hourly nu-
ances of electricity generation and dispatch, to the stability
of contracted volumes in the natural gas world, to the re-
newable-dependent nature of hydrogen production, every
detail matters.

Failure to account for these nuances risks compromising the
effectiveness of the model and, consequently, the integrity
of the decision-making process. The importance of attention
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to detail cannot be overstated. Only by carefully considering
the specifics of each market can we ensure the seamless in-
terplay necessary for a sustainable energy future. Embracing
this complexity and seeking a holistic understanding paves
the way for informed decision-making and the realisation of
a greener, more resilient energy landscape.

Practical Issues Needed to Be Awarded and Solved
prior of Designing the Model

The design of the co-optimisation model depends on the
establishment of complex linkages. These links weave to-
gether the dynamic price of natural gas, driven by funda-
mental market movements, and the price of hydrogen, de-
termined by two different production methods (SMR and
electrolysis) alongside Combined Cycle Gas Turbines (CCGT).
The objective is twofold: firstly, to manage the supply of
electricity to electrolysers (P2X units) for green hydrogen
production, while meeting baseload electricity demand. Se-
condly, it needs to be checked that CCGTs receive hydrogen
from both SMR and P2X sources, each with its own market
fundamentals. At the same time, hydrogen fuel, which is sub-
ject to dynamic pricing at the national hydrogen hubs, must
be delivered efficiently to the hydrogen-fuelled CCGTs, and
this requires accurate regional modelling for seamless con-
nections. A similar process applies to natural gas generation
units, with natural gas being connected to both natural gas
power generators and SMR units.

Developing a co-optimisation solution for such a model pre-
sents its own set of challenges. It's like conducting a symp-
hony in which a classical orchestra meets modern electro-
nic beats — balancing the levels of granularity, time scales
and volatility risks inherent in two different energy domains.
Bridging these divides is not just about finding common
ground; it is about embracing the inherent complexities and
intricacies of both worlds.

To ensure the accuracy and reliability of our modelling ap-
proach, we need to address several critical considerations:

1. Unit and heating value consistency. Maintaining consi-
stency in units across all parameters is critical for accurate
comparisons and calculations. In particular, for prices, volu-
mes and energy content, consistency in units and heating va-
lues, whether high heating value (HHV) or low heating value
(LHV), is paramount when dealing with different fuels.

2. Currency and base year consistency. Using the same cur-
rency and base year throughout the modelling process faci-
litates meaningful comparisons and ensures consistency of
price data and economic parameters across different model
segments.

3.Price mechanisms and technological consistency. Ensuring
consistency of pricing mechanisms across different parts of
the model is critical to maintaining accuracy in forecasting
and analysis. For example, if a disaggregated model uses a
specific natural gas pricing mechanism for gas-fired plants, it
is important to verify that the natural gas price nodes in the
co-optimisation model are connected correctly and reflect
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what was intended. Similarly, maintaining consistency bet-
ween technologies in the co-optimisation model, including
the non-fuel portion of operating costs, is key to accurate
assessments. For example, if hydrogen-methane reforming
is linked to steam reforming rather than autothermal refor-
ming in a disaggregated model, this distinction should be
appropriately reflected in the linked model.

4. Awareness of cumulative differences. Recognising the po-
tential impact of accumulated differences is critical, as even
small discrepancies can lead to significant errors in model-
ling results. Proactively addressing these differences impro-
ves the accuracy and precision of our analyses and avoids
potential pitfalls.

By following these guidelines and carefully addressing each
aspect, we can strengthen the integrity of our modelling fra-
mework, paving the way for reliable insights and informed
decisions in the dynamic energy landscape.

Benefits for Strategic Planning

The integration of co-optimisation models and solutions
provides a flexible approach to the complexities of energy
markets, benefiting both companies and policy makers. The-
se models combine the dynamics of different natural energy
markets, providing a comprehensive view of the energy land-
scape, which in turn facilitates better decision-making. By
prioritising strategic capacity planning within an integrated
framework, they enable detailed analysis of market interac-
tions and fuel switching dynamics that are critical for effec-
tive energy transitions.

These models have demonstrated superior performance
compared to stand-alone models, resulting in smoother pri-
ce curves and more optimal capacity expansions. They excel
at simultaneously optimising different facets of the energy
landscape, including generation, transmission and storage.
By harmonising cost targets across all components, market
participants can determine the optimal mix of energy sour-
ces to meet demand while minimising costs. Essentially, they
foster a dialogue between different fuel types, enabling a
thorough assessment of how different renewable technolo-
gies can be seamlessly integrated.

Taking into account factors such as intermittency, geograp-
hy and grid constraints, these models enable policymakers
to develop strategies that facilitate the seamless deploy-
ment of clean energy through diverse solutions. Navigating
energy markets is similar to navigating complex ecosystems
with myriad stakeholders, ranging from producers and con-
sumers to grid operators. As a result, energy price volatility
and supply disruptions pose risks to businesses and utiliti-
es. These models enable companies to assess risk scenarios
and develop strategies to mitigate them, such as optimising
investments in energy storage to reduce exposure to price
fluctuations.

They also help to determine the optimal timing of such ac-
tions, thereby saving costs and strengthening grid stability.
In essence, these energy models provide policy makers and
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market participants with data-driven insights that enable
them to make informed decisions that balance economic ef-
ficiency, environmental impact and operational resilience, all
based on a single solution to the equation.

Conclusions

The inclusion of hydrogen in the energy market has led to
smoother price fluctuations with fewer sudden spikes, fo-
stering a more stable and balanced energy ecosystem. This
success is due in part to the inclusion of a fully modelled
hydrogen system that includes both blue and green hydro-
gen production methods. In addition, the use of natural gas
for SMR processes has played a significant role in diversi-
fying hydrogen production sources and reducing electricity
consumption. In particular, the integration of blue hydrogen
production with carbon capture and storage (CCS) technolo-
gies highlights its role in mitigating carbon emissions and
promoting sustainable energy practices.

Through co-optimisation modelling solutions, we can stra-
tegically fuse all the pieces of the energy puzzle to maximi-
se their potential within the landscape. By simultaneously
addressing multiple objectives such as cost minimisation,
emissions reduction and resource optimisation, these mo-
dels provide a holistic approach to energy decision-making.

The dynamics of energy markets present a complex but ma-
nageable challenge if the model is well designed, with the
integration of different energy worlds emerging as a pillar
for strategic planning in the transition to a sustainable ener-
gy future. By creating carefully designed links between the
different energy worlds, co-optimisation models provide a
comprehensive understanding of the interactions between
markets and the dynamics of fuel switching and energy tran-
sition process.
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