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A B S T R A C T   

Grid-scale inter-seasonal energy storage and its ability to balance power demand and the supply of renewable 
energy may prove vital to decarbonise the broader energy system. Whilst there is a focus on techno-economic 
analysis and battery storage, there is a relative paucity of work on grid-scale energy storage on the system 
level with the required temporal resolution. Here, we evaluate the potential of power-to-gas-to-power as inter- 
seasonal energy storage technology. Our results suggest that inter-seasonal energy storage can reduce curtail-
ment of renewable energy, and overcapacity of intermittent renewable power. Importantly, grid scale energy 
storage assumes a critical role especially when the technology options for dispatchable power are limited. It 
appears that neither high CAPEX nor low round-trip efficiency preclude the value of the technology per se, 
however the rate of charge and discharge of the technology emerges as key technical characteristic. This study 
emphasises the rising importance of balancing seasonality in energy systems characterised by a high penetration 
of renewable energy, and prompts questions regarding sector integration and resilient decision-making toward a 
zero-carbon economy.   

1. Motivation and background 

The decarbonisation of the world’s energy system is crucial to miti-
gate anthropogenic climate change and poses challenges specific to each 
sector of the energy system. Owing to its relatively large contribution to 
CO2 emissions, and traditional domination by large, fixed-point emit-
ters, the power sector has historically been the primary focus of broader 
decarbonisation efforts. Furthermore, via electrification, a low/zero- 
carbon power sector enables the subsequent partial decarbonisation of 
the heating, mobility, and industrial sectors. While there is focus on 
technological solutions for the electrification of heat and transport, i.e., 
electric vehicles (EV) and heat pumps (HP), concerns remain regarding 
the system impacts of large-scale electrification (Teng et al., 2016). 

The challenges in the design of a power system which provides 
carbon-neutral electricity for power applications but also for carbon- 
neutral heat and transport services go beyond a mere expansion of 
grid capacity. Not only is the quantity of power demand expected to 
change, but so too is the qualitative shape of this demand profile. 
Importantly, peak demand may significantly increase as a result of the 
cumulative demand of the three sectors during peak hours of the day 
(Watson et al., 2019). Moreover, the inter-seasonal variation in power 

demand may become more pronounced owing to the impact of the 
electrification of heat. This is especially true for countries, such as the 
UK and most other European countries, with a seasonal climate and 
resulting seasonal variation in heating needs. Although not evaluated in 
this paper, inter-seasonal energy storage may also be important for 
warm countries with seasonal cooling requirements. For example, some 
Australian states (VIC, NSW and SA) experience black/brown outs 
during the hottest days of the year. Similar instances have been observed 
in the USA, e.g., California, South East Asia and Middle East. 

Globally, the number of countries committing to a net zero target 
appears to be rapidly increasing. At the time of writing, the UK, EU, 
South Korea, and Japan have committed to achieving net zero carbon 
emissions by 2050, with China making the same commitment for 2060. 
It is important to note that a net zero system, as opposed to a low-carbon 
system, either precludes the operation of any fossil emitters with re-
sidual emissions, or necessitates the deployment of negative emission 
technologies (NETs). Thus, the stipulation of a net zero target acts as a 
key constraint on the evolution of the electricity system. In this context, 
increased levels of political ambition notwithstanding, the design of a 
power system which not only meets this target but also does so in a cost- 
optimal and socially equitable way (Patrizio et al., 2018, 2020), with 
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sufficient resilience to future uncertainty, within the boundaries of ca-
pacity expansion speed and ecological constraints, remains a topic of 
active research. 

One major point of discussion is the optimal capacity mix, i.e., the 
combination of power generation and storage technologies which can 
best satisfy these requirements. It is worth noting that when designing 
the power system in particular, ancillary services - reserve capacity and 
inertia provision - and the ability to maintain them throughout the day 
and the year, must also be considered (Heuberger and Mac Dowell, 
2018; Heuberger et al., 2016, 2018). Here, we take the system 
perspective, and view individual technologies as archetypes charac-
terised by the grid services they provide and their advantages and 
challenges in that context. A brief overview of these archetypes is as 
follows:  

• Intermittent renewable energy sources (iRES), e.g., onshore & 
offshore wind, solar, provide zero-carbon power, but are limited in 
their ability to provide ancillary services, such as firm reserve and 
inertia. The level to which their intermittency poses an issue for their 
integration into the system is highly dependent on their share of the 
capacity mix, the level of interconnection, and available trans-
mission capacity. Limited flexibility can be provided in the form of 
curtailment. Their expansion may be limited by consideration of 
ecological constraints (Gove et al., 2016). Beyond a certain level of 
deployment, synchronous compensator technology may be needed to 
provide synthetic inertia and maintain grid stability (Nedd et al., 
2017). The provision of ancillary services by renewable energy 
sources is currently an active area of research.  

• Baseload dispatchable generators, e.g., most nuclear plants, 
geothermal, tidal, supply a steady level of power and ancillary ser-
vices with reduced flexibility and emissions. 

• Dispatchable emitters, e.g., combined cycle and open cycle gas tur-
bines (CCGT & OCGT), oil, coal, provide power from fossil fuels with 
(relatively) high emissions at (relatively) low CAPEX and OPEX. 
They can provide flexibility and ancillary services but emit CO2. The 
presence of a carbon price can substantially increase their operating 
cost.  

• Low-carbon dispatchable power generation technologies, e.g., gas- 
fired CCGT with carbon capture and sequestration (CCS), coal with 
CCS, blue/green H2-CCGT, blue/green H2-OCGT, provide power 
from fossil fuels with reduced CO2 emissions. They can provide 
flexibility and ancillary services at higher CAPEX compared to un-
abated plants.  

• Negative emissions technologies (NETs), e.g., bioenergy with CCS 
(BECCS), direct air capture with CO2 storage (DACCS), operate a net 
negative CO2 balance, while either producing or consuming heat and 
power.  

• Short-term energy storage, e.g., battery storage, can smooth the 
variation of power demand and power production at sub-hourly or 
hourly, or inter-daily time scales. It can further provide ancillary 
services.  

• Inter-seasonal energy storage, e.g., power-to-gas-to-power, power-to- 
liquid-to-power, balances inter-seasonal variation in power demand. 
The exact classification amongst storage technologies as short-term, 
long-term, or inter-seasonal storage may depend on the context. 
These storage technologies may provide ancillary services. 

The way in which technology archetypes interact with each other 
influences both the design and the operation of the electricity system. 
For example, the level of deployment of intermittent renewable energy 
impacts the necessity and, depending on the structure of the market, 
profitability of storage technologies. Similarly, the presence or absence 
of low-OPEX peaking plants can shift the role of dispatchable technol-
ogies between load-following and baseload. Further, the choice of 
BECCS or DACCS will impact the broader structure and operation of the 
electricity system (Daggash et al., 2019; Daggash and Mac Dowell, 

2019a, 2019b). It has been shown elsewhere that low-carbon dis-
patchable generation can provide value across a wide range of scenarios 
(Heuberger et al., 2017a, 2017b, 2018; Mac Dowell and Staffell, 2016; 
Sepulveda et al., 2018), and the operation of negative emissions tech-
nologies is key to reaching net zero in a technologically feasible way 
(Daggash et al., 2019; Fajardy and Mac Dowell, 2018; Mac Dowell and 
Fajardy, 2017). Furthermore, systems with 100% intermittent renew-
ables and storage may encounter challenges with demand satisfaction 
and ancillary services (Heard et al., 2017; Heuberger and Mac Dowell, 
2018). 

As the power system evolves to incorporate a greater proportion of 
renewable power, electricity storage technologies are expected to be key 
in balancing any potential mismatch between availability and demand. 
While a representation of hourly/daily storage and an inclusion of short- 
term storage technologies such as battery storage and pumped hydro 
storage is standard in energy systems models, there is a paucity of work 
which incorporates grid-scale inter-seasonal energy storage in power 
systems modelling. Seasonal energy storage may be of interest in 
countries where the operation of low-carbon dispatchable power may be 
limited, or the potential of iRES is particularly high. Importantly, the 
deployment of energy storage capacity in electricity systems impacts 
investment and market decisions for generation capacity (Borozan et al., 
2019; De Sisternes et al., 2016; Guerra et al., 2020; Oderinwale et al., 
2019), emphasising the need for detailed study in this area. 

The majority of work on energy storage has focused on short-term 
electrochemical (batteries) and mechanical (compressed air, flywheel) 
storage technologies (Akinyele and Rayudu, 2014; Beaudin et al., 2010; 
Chen et al., 2009; Díaz-González et al., 2012; Mahlia et al., 2014). In the 
context of grid-scale energy storage, the most mature option is pumped 
hydro; the currently installed capacity in the EU is on the order of 0.6 
TWh. However, the potential for expansion is inherently limited; there is 
an insufficient amount to balance inter-seasonal variations (Geth et al., 
2015), leading to a search for alternatives, such as chemical storage in 
the guise of so-called “power-to-x”. However, when chemical storage is 
discussed, this tends to be limited to hydrogen (Akinyele and Rayudu, 
2014; Beaudin et al., 2010; Chen et al., 2009; Díaz-González et al., 2012; 
Mahlia et al., 2014), despite there being limited evidence that it is the 
most cost-effective option (Yao et al., 2019). Research efforts in this 
space have, thus far, focused on the techno-economics of standalone 
power-to-gas systems in Germany, possibly due to the focus of the 
Energiewende on the expansion of renewable energy generation (Glenk 
and Reichelstein, 2019; Götz et al., 2016; Schiebahn et al., 2015; Varone 
and Ferrari, 2015). System-level studies in Germany have shown 
promise for power-to-gas, however they do not include nuclear or CCS 
which may compete with power-to-gas (Schill, 2020; Schill and Zerrahn, 
2018). US-based analysis suggests power-to-gas has merit in systems 
lacking dispatchable power options and highly renewable systems 
(Dowling et al., 2020; Safaei and Keith, 2015). Studies for the EU energy 
system and the global energy system indicate potential for power-to-gas 
for balancing intermittent renewables (Bogdanov et al., 2019; Brown 
et al., 2018; Victoria et al., 2019). However the studies exclude CCS and 
nuclear and arrive at low-carbon (not net zero) systems. Recent analyses 
for multiple electricity systems in the US discern which technology 
characteristics would be required for long-term storage to be competi-
tive (Guerra et al., 2020; Sepulveda et al., 2021). In the UK context, 
power-to-hydrogen has been explored as a link between the electricity 
system and the natural gas grid and shown to potentially reduce the 
curtailment of wind power (Clegg and Mancarella, 2015; Qadrdan et al., 
2015). However, all of this work notwithstanding, there is a marked 
absence of the evaluation of grid-scale energy storage technology in the 
context of the whole system (Schnellmann et al., 2018). To our knowl-
edge, no study has assessed the potential role of power-to-gas-to-power 
in the UK energy system. There also seem to exist gaps in the analysis of 
power-to-gas competing in a diverse system with nuclear and CCS. 
Furthermore, analysis of net zero, as opposed to low-carbon, systems 
becomes increasingly important. 
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Thus, we have identified a research gap for technology agnostic 
system analysis of grid-scale energy storage and a resulting lack of road 
maps for developing impactful energy storage technology. In this work, 
we explore the potential for inter-seasonal energy storage in the context 
of a net zero energy system. We present a thought experiment wherein 
the potential role and value of an archetypal grid scale energy storage 
technology is analysed at the system level. We explicitly account for the 
electrification of heating and mobility services and the consequent 
quantitative and qualitative impact on the power demand curve. We 
further examine the importance of key technology characteristics and 

perform a sensitivity analysis of the charging and discharging rate, 
round-trip efficiency, and CAPEX of the technologies to examine the 
robustness of the findings. We assess how characteristic technology 
parameters impact the design at the system level. The purpose of this 
contribution is not to design the optimal deployment of grid-scale en-
ergy storage, as this is a function of a wide range of factors dependent on 
both public policy and the natural year-on-year uncertainty associated 
with the availability of renewable energy. Rather, it is to provide insight 
as to the services that inter-seasonal storage provides to the energy 
system, and to discern which technical parameters are most important. 

Fig. 1. Total annual electricity demand, comprised of baseline power demand, power demand for electric vehicles (EV) and power demand for heat (electric heating 
and heat pumps), for electrification scenarios; as well as corresponding assumptions. This study neglects the potential impact associated with the electrification of the 
industrial sector, which could increase future demand. 

Fig. 2. Excerpt of power demand profile for central electrification in 2050, for 10 consecutive days in summer and winter.  
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2. Model and assumptions 

This work builds upon the Energy Systems Optimisation framework 
with capacity expansion (ESO-X) (Heuberger et al., 2017a, 2017b). We 
extend the ESO-X framework to enable inter-seasonal energy storage, 
and use full-hourly time representation – optimising 8760 h in the year – 
to allow seasonal effects to emerge. Perfect foresight over the time ho-
rizon (2020–2050) is assumed. The model is solved in its linear relax-
ation. The resulting LP exhibits solution times ranging from 1 h to more 
than 1 day, with most cases requiring 2–3 h. 

2.1. Electrification and power demand curve 

We obtain historical full-hourly power demand data describing the 
UK grid (spatially aggregated) from OPSD (Open Power System Data, 
2019), full-hourly heat pump coefficient of performance (COP) data 
from when2heat (Ruhnau et al., 2019), and EV profiles from the Element 
Energy EV charging behaviour study (Element Energy, 2019). Estimates for 
total power, heat, and EV demands are derived based on BEIS/DECC 
data (UK DECC, 2013, 2014) and scenarios (UK BEIS, 2018a) as well as 
on the National Grid Future Energy Scenarios (National Grid, 2019). Fig. 1 
summarises the main assumptions around the electrification scenarios 
which were constructed for this work. Total power demand is assumed 
to be the aggregate of electricity demand, added demand from heat 
pumps, and added demand from EVs. The share of deployment varies for 
each of the scenarios, and with it the power demand profile. The impact 
of electrification becomes visible in the demand profile when comparing 
summer vs. winter – shown in Fig. 2 – as increased seasonality and 
“peakiness”. The resulting peak demand of the central electrification 
scenario increases from 52 GW in 2020 to 81 GW in 2050. The total 
electricity demand in 2050 for the central electrification scenario com-
prises 235 TWh of baseline power demand, 90 TWh of added demand 
from EVs, and 58 TWh of added demand from the heating sector. 
Electrification of the industrial sector is excluded in this analysis. 

2.2. Capacity expansion and retirement 

The remaining lifetime of existing capacity is estimated using the 
plant commissioning year from BEIS data (UK BEIS, 2019a). Capacity is 
retired at the end of its normal lifetime, but early retirement is not 
permitted, in order to reduce the degrees of freedom and thus solution 
time. The capacity expansion is limited by maximum build rate con-
straints for individual technologies. These constraints are a substitute for 
a description of the hurdles in the system which restrict large-scale 
deployment of technologies. Reference case build rates are based on 

historical capacity deployment in order to provide a reasonable starting 
point for analysis (see Table A.1 in the appendix) (Heuberger et al., 
2017a; UK BEIS, 2019a). In addition to existing technologies (coal, 
bioenergy, CCGT, OCGT, solar, onshore & offshore wind, interconnec-
tion, pumped hydro storage), CCGT-CCS, BECCS, battery storage, and 
power-to-methane storage are included in the technology portfolio. For 
novel technologies, build rate limits are estimated based on similar 
technologies. Scenarios are run with relaxed build rate constraints to 
study the impact of allowing higher build rates on the results. 

2.3. Costs 

Technology CAPEX are based on a combination of BEIS assumptions 
and literature review (Bhave et al., 2017; European Association for 
Storage of Energy (EASE)/European Energy Research Alliance (EERA), 
2017; IEA, 2017; UK BEIS, 2016) and can be found in Table A.1 in the 
appendix. Since technology learning has been evaluated in previous 
work (Heuberger et al. (2017a)), it is neglected in this study. The OPEX 
includes start-up OPEX, no-load OPEX, fixed variable OPEX, and the 
carbon price for emitters. Fuel prices are contained in Table A.3. 

2.4. System reliability 

ESO-X includes constraints for system inertia and reserve re-
quirements. We assume these constraints remain the same regardless of 
system design, i.e., the demands for system stability are identical for 
systems with high shares of intermittent capacity or firm capacity. The 
lower bound on the system inertia is 100,000 MWs (Heuberger et al., 
2018; National Grid plc, 2016), and the reserve margin is set to 4%. 
Onshore and offshore wind technologies are assumed to be deployed 
with synthetic inertia providing technologies (Heuberger, 2018). Unmet 
demand is penalised by the value of lost load (40,000 £/MWh) (Flamm 
and Scott, 2014; Heuberger et al., 2018). Plant flexibility is constrained 
via up-time and down-time constraints. Interconnection, a contributor 
to balancing intermittency, is included in the model. Both model fea-
tures are detailed in Heuberger et al. (2017a). 

2.5. Availability of renewable energy 

Full-hourly country average profiles for the capacity factors of 
onshore wind, offshore wind, and solar power for 2016 are obtained 
from renewables.ninja (Pfenninger and Staffell, 2016; Staffell and Pfen-
ninger, 2016). These profiles are assumed to remain constant 
throughout the planning horizon. We recognise that capacity factor 
profiles, and with them optimal renewables capacity in the system, may 

Fig. 3. Power-to-gas storage types used in this work following Yao et al. (2019). In Case A, the CO2 is vented to atmosphere and is subsequently recaptured via DAC, 
whereas in Case B, the CO2 is recovered via a carbon capture plant and is recycled to the Sabatier process. 
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change for different years and with increased renewables penetration. 
However, sampling from multiple years of data and analysing the 
magnitude of this impact is beyond the scope of this study. 

2.6. Storage technologies and power-to-gas storage 

Pumped hydro storage, battery storage, and power-to-gas storage are 
included in this analysis. Table A.2 in the appendix summarises relevant 
technology data. The parametrisation of the power-to-gas technology is 
based on the work of (Yao et al., 2019). They suggest that 
power-to-methane (synthetic natural gas (SNG)) may be more 
cost-effective compared to power-to-hydrogen, when considering the 
complete balance of chemical conversion, storage, and re-electrification. 
Consequently, power-to-methane (P2M) is used as power-to-gas tech-
nology for inter-seasonal storage in this work. A schematic representa-
tion of the process is shown in Fig. 3. The charging process of the storage 
comprises electrolysis to form H2 and the Sabatier reaction converting it 
to SNG. The SNG is then stored in a salt cavern, and combusted in a 
combined cycle gas turbine (CCGT), which represents the discharging 
process. In case A of Fig. 3, all carbon in form of CO2 is recycled via the 
atmosphere and re-captured using direct air capture (DAC), whereas 
Case B incorporates a carbon capture (CC) unit to recover the majority of 
the CO2. All electricity requirements are satisfied with grid electricity, 
heat requirements are met by conversion of CH4, energy requirements of 
the capture unit are covered by the CCGT. Almost the entire technology 
cost is contributed by the power conversion systems, with the storage 
system representing only ≈ 10% of the total cost. For technological 
details concerning the storage technology, the reader is referred to Yao 
et al. (2019). Both cases are relatively close with regard to efficiency and 
cost. Case A may be preferred due to the presence of fewer process units 
and reduced complexity, whereas case B may be optimal due to the 
smaller size of the potentially expensive DAC unit. For the main runs, we 
assume 1700 MW charging power and 500 MW discharging power per 
unit, 8400 h of storage duration, and a round-trip efficiency of 29%. This 
can represent both case A and B, or a similar power-to-gas-to-power 
technology. Results therefore apply to both configurations. It is 
assumed the storage site is taken into operation once at the beginning of 
its lifetime and remains available thereafter. Therefore, all storage levels 
refer to the working capacity. 

Storage is assumed to be flexible, i.e., able to switch between 
charging and discharging as well as ramping up and down, below the 

time step of one hour. Given that the round-trip efficiency of short-term 
storage options is significantly higher than that of seasonal storage, one 
point which will be important to consider is the potential for a “merit 
order” for energy storage on this basis. However, it is not yet obvious 
which technical characteristics will emerge as dominant in this context. 
Ultimately, the purpose of energy storage technology is to absorb excess 
power when it is available, and discharge that power to meet demand in 
a timely fashion. In this context, charge and discharge rates have the 
potential to be of significant importance in establishing the role of these 
technologies in the energy system, and may well exhibit complex trade- 
offs against capital cost and round trip efficiency. Simply put, no matter 
how cost-effective or efficient an energy storage technology is, if it 
cannot provide the services required of it in a timely fashion, its po-
tential to add value to the system may well be greatly diminished. 
Consequently, this aspect is explored in detail. 

2.7. Bioenergy 

Previous work on bioenergy has demonstrated the impact of 
embodied emissions of biomass on its carbon balance and resulting 
abatement potential (Fajardy et al., 2018; Fajardy and Mac Dowell, 
2017; 2018; Tanzer and Ramirez, 2019). In this work, biomass is 
therefore assumed to have a non-zero amount of embodied emissions 
(0.25 t-CO2/t) associated with the cultivation, harvesting, processing, 
and transportation of biomass (Zhang et al., 2020). The amount is kept 
constant over all planning periods by default. This is due to the fact that 
while the bioenergy infrastructure may decarbonise leading up to 2050, 
one also moves up the biomass supply curve with increased utilisation of 
bioenergy, potentially using biomass sources with lower accessibility 
and larger carbon footprint. A full analysis of the impact of the trajectory 
which the embodied emissions of biomass may take over time is beyond 
the scope of this work and is left for future work. 

In terms of biomass cost and availability, a UK-specific biomass 
supply curve is taken from Zhang et al. (2020) and comprises waste 
wood, forest residue, virgin biomass, municipal solid waste (MSW), crop 
residue, and imported biomass, detailed in Table A.4. This provides a 
representation of biomass utilisation in terms of feedstock type and 
availability. 

Fig. 4. System design for scenarios with P2M and CCS, with P2M without CCS, and with neither. CCGT and Bio capacity in 2050 in scenarios without CCS is unused. 
The presence of P2M reduces the capacity stack compared to the scenario with only renewables and short-term storage. When adding CCS, even less generation 
capacity is needed, and P2M capacity is replaced with CCGT-CCS and CCGT for balancing seasonality. 
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2.8. Carbon price and carbon target 

We consider a carbon price which ramps up from 18 £/t-CO2 to 236 
£/t-CO2 in 2050 (UK BEIS, 2018b). A net zero carbon target in 2050 is 
imposed since previous work suggests a carbon price does not suffice to 
reach net zero (Daggash and Mac Dowell, 2019a). No intermediate 
carbon budgets are enforced as to not bias the results with regard to the 
optimal trajectory. 

3. Results 

3.1. Deployment and role in the system 

This analysis proceeds via a scenario-based approach where we 
discuss  

• a system with neither power-to-gas storage (P2M) or CCS,  
• a system with P2M, without CCS,  
• and a system with both. 

Fig. 4 shows the capacity stack arising for each scenario. Total ca-
pacity decreases when P2M and CCS are added to the system. Build rate 
constraints are relaxed for systems without CCS in order to maintain grid 
reliability. The performance indicators in Table 1 suggest that the 
presence of P2M leads to a reduction in curtailment almost to zero. 
Without CCS in the system, more P2M is needed to balance seasonality. 
A significant amount of storage volume is achieved through P2M, 
ranging up to 12.9 TWh, or 3.4% of total power demand in 2050. The 
lowest system cost is achieved when CCS and P2M are combined, and 
build rate constraints are relaxed. 

A key emerging characteristic of systems without the option of either 

CCS or P2M is that renewable capacity must be deployed at rates which 
significantly exceed that which has been historically achieved. In the 
scenario shown here, build rates are double the historical precedent, 
reflecting a very significant and sustained policy commitment to this 
effect. This scenario precipitates the significant deployment of both 
renewable capacity and large amounts of short-term storage. Never-
theless, as shown in Table 1, 1.63 TWh, or 0.43% of demand is unmet, 
and up to 69%, or 193 TWh of off-shore wind power are curtailed. 

A system with P2M but without CCGT-CCS and BECCS will also 
require higher than historical build rates in order to decarbonise while 
maintaining demand satisfaction. In the scenario shown in Fig. 4, 1.5×
baseline build rates are allowed. The absence of a NET precludes the 
operation of low-carbon dispatchable power (CCGT-CCS & bioenergy) 
and unabated peaking plants (CCGT & OCGT). This means all differ-
ences in renewables supply and power demand are satisfied by inter-
connection and storage. In the case of the UK, 26 GW of P2M are used in 
the system in 2050, with a maximum storage level of 13 TWh. This in-
dicates that in a high-renewables system, seasonal storage will be key to 
maintain system reliability. In this scenario, the amount of storage 
volume required cannot be provided by short-term storage alone. 

It is important to recognise that the optimum system design with CCS 
and P2M still comprises a high share of intermittent renewable gener-
ation. Here, renewable energy is complemented by CCGT-CCS, inter-
connection, pumped hydro, and inter-seasonal storage (P2M), with 
residual carbon emissions being mitigated via BECCS. Importantly, the 
availability of BECCS allows the retention of existing CCGT assets which, 
owing to their age, are not retrofitted with CCS, but are now used as 
peaking plants, thus avoiding both early retirement of CCGT and the 
deployment of additional, new, capital assets. In this scenario, the sys-
tem can reach net zero by 2050 under historical build rate constraints. 
These observations serve to underscore and emphasise the value of a 

Table 1 
Total system cost (tsc), curtailment, power-to-gas storage (P2M) capacity in terms of output power and maximum energy stored, and unmet demand for different 
combinations of technology options and maximum build rate (BR) multipliers. The presence of P2M reduces curtailment and lost load substantially, adding CCS 
achieves further reduction of tsc.     

tsc curtailment in 2050 P2M in 2050 unmet demand    

b£ TWh GW TWh GWh 

CCS P2M BR  solar on-wind off-wind    

✓ ✓ 1 237   0.83 (<1%) 6.4 3.6  
✓  1 240  0.54 (<1%) 15.4 (16%)    
✓ ✓ 1.5 228  0.02 (<1%) 1.3 (1.7%) 9.3 6.0  
✓  1.5 232 0.007 (<1%) 8.8 (6%) 12.9 (26%)     

✓ 1.5 233    25.9 12.9 4.3   
2 458 0.58 (<1%) 44 (20%) 193 (69%)   1630  

Fig. 5. Excerpts of full-hourly dispatch schedules in 2050 (one day every 30 days) for scenarios a) with P2M and CCS, b) with P2M, and c) without either. When 
power exceeds system demand, the excess power is fed to storage. Peak demand is met with a) CCGT, CCGT-CCS and P2M, b) P2M, and c) battery storage. High levels 
of renewable power are integrated in each scenario. c) requires high levels of curtailment, whereas in a) and b) renewable power can be used to charge P2M storage. 
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technology agnostic portfolio strategy when pursuing an ambitious 
decarbonisation agenda. 

Inspection of the dispatch schedules for the three scenarios illus-
trated in Fig. 5 gives further insight into the role of individual tech-
nologies within the system. A sample of one day every 30 days out of the 
full year is shown, illustrating how the system responds across a range of 
weather patterns and demand levels. In the scenario without either P2M 
or CCS (Fig. 5c), most of the demand has to be met by wind, solar, and 
short term storage. However, the storage duration of the storage options 
limits the shifting of renewable power produced, and large amounts of 
power remain unused. Arguably, this power could be utilised by 
renewable fuel production concepts, however it is questionable how 
much these potential concepts could cope with a very intermittent and 
uncertain power supply (Daggash et al., 2018; Ganzer and Mac Dowell, 
2020). Despite the large amount of storage, some demand remains un-
served, potentially leading to damaging impacts on the economy (Pat-
rizio et al., 2020). Notably, the utilisation of the existing nuclear 
capacity in 2050 is also reduced dramatically in the system. This in-
dicates that not only the utilisation of renewables themselves but also 
the utilisation of zero-carbon stable generation is decreased. While this 
may not cause issues for maintaining system reliability, it shows that a 
sub-optimal system design could prohibit the optimal use of existing 
assets. This observation is consistent with previous work on the value of 
low-carbon dispatchable technologies (Pratama and Mac Dowell, 2019). 

A system with seasonal storage (P2M), shown in Fig. 5b), seems to 
allow more renewable power to be transferred to storage. Curtailment is 
reduced to almost zero, which means that the capacity built can be 
utilised optimally. The dispatch shows that short term storage is used 
whenever possible, i.e., when enough power is produced on the same 
day, such as day 160 in Fig. 5, owing to the higher round-trip efficiency. 
When shifting the power within a 24 h period does not suffice, long-term 
storage is utilised, such as in day 70. Long-term storage not only pro-
vides power but also reserve and inertia. Inspection of the storage level 
throughout the year indicates that the increasing seasonality in the 
system, introduced by the combination of intermittent renewable energy 
capacity and electrification, could further increase the value of long- 
term storage. The quantity of stored energy increases over the sum-
mer, with the maximum storage level reached in October (day 300). It 
then decreases as heat demand increases and the availability of solar 
power reduces. The availability of wind power typically remains strong 
during the autumn and winter months, and, during this period, a sub-
stantial fraction of wind energy is directed to long term storage. Ulti-
mately, reserves of stored energy reach a minimum in April (day 100). 

The exact storage level is, of course, a function of the individual 
shares of the renewables energy sources, the capacity factor profile of 
the year, and the level of electrification of other sectors of the economy. 
The effective storage duration utilised by the model is 500 h, or 21 days 
(measured by output power). In other words, the system in this scenario 
optimally includes P2M with enough storage volume to discharge 
continuously over multiple weeks. This service cannot be provided by 
other storage options such as pumped hydro storage, battery storage, or 
compressed air storage, etc. (Schaaf et al., 2014) 

In a system with all the options including negative emissions 
(BECCS), low-carbon dispatchable power (CCGT-CCS) and inter- 
seasonal storage (Fig. 5a), the cost optimal combination of technolo-
gies to achieve zero carbon depends on the day and season. Renewable 
energy contributes most of the power on days with high availability, 
with surplus fed into storage. By 2050, BECCS has evolved to operate as 
a baseload asset, providing value through both power generation and 
also negative emissions. CCGT-CCS provides load-following throughout 
the year, whereas CCGT is exclusively utilised as a peaking plant. The 
flexibility provided by BECCS and low-CAPEX CCGT significantly re-
duces the quantity of required capacity – this can be observed on day 70 
in the dispatch schedule. Delivering an equivalent amount of power 
from CCGT-CCS or renewables would add considerable cost to the sys-
tem (Heuberger et al., 2016). Power-to-gas storage reduces the level of 
renewables curtailment to zero, and contributes to the power mix on 
high demand days. The evolution of the storage level over the year is as 
previously described. Notably, where P2M is available, it is deployed in 
greater amounts than battery storage despite the higher CAPEX and 
lower round-trip efficiency, indicating the increased need for 
inter-seasonal as opposed to short-term storage. Thus, the value of 
balancing inter-seasonal variations appears greater than the service of 
balancing daily fluctuations. 

3.2. Impact of electrification 

When comparing the scenarios with P2M without CCS, and with 
both, for minimal, central, and high levels of electrification, the quali-
tative structure of the system design does not change. The amount of 
capacity needed naturally increases with the amount of electrification, 
with P2M deployed in every scenario. Using our estimates, it seems high 
electrification scenarios with CCS, and minimal electrification without 
CCS with P2M, could be achieved under baseline build rate constraints, 
but in more ambitious scenarios, build rates had to be increased, as 
shown in Fig. 6. The challenge associated with greatly increasing build 

Fig. 6. Capacity deployed in a no-CCS scenario for minimal, central, and high electrification. Qualitative structure of the system remains the same. More generation 
and storage capacity is needed, and build rates are higher for central and high electrification. 
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rates should not be underestimated; this parameter consistently emerges 
as being decisive for the viability or otherwise of a great range of 
decarbonisation strategies, but delivering this result in practice requires 
the substantial and sustained upward flexing of existing supply chains – 
not a trivial exercise. The EVs in the system might act as energy storage, 

smoothing out the demand slightly, decreasing peak demand and 
thereby reducing the required power generation capacity. However, 
they can only act as daily storage – which does not address the need for 
dispatchable power in a seasonal system. 

We further examine the difference in model results for the demand 

Fig. 7. Dispatch schedules for systems during a period of low wind and solar availability. It shows CCGT-CCS running baseload and CCGT being utilised (top), P2M 
discharging every day over four days (middle), as well as a day where demand cannot be met due to lack of seasonal storage or dispatchable power (bottom). This 
sequence may function as a bottleneck for the system design. 

Fig. 8. Power-to-gas (P2M) capacity deployed (measured by output power) and total system cost (tsc) reduction relative to a system without P2M for varying round 
trip efficiency (RTE), and charging to discharging power ratio. Grey indicates model did not converge in allocated time. P2M is deployed even at low RTE and low 
charging rate. Higher charging rate and RTE reduce tsc, however benefits may be offset by higher CAPEX. 
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profile with and without electrification. Specifically, we compare the 
profile used in this work with the 2015 power demand profile, inflated 
1% per year, which approximates the change in total power demand but 
neglects the evolution of the shape of the demand curve. We find that 
while the inflated profile equals a slightly higher total annual power 
demand, the model determines a slightly smaller capacity stack. In a 
scenario predicated on the availability of CCS, it is specifically the 
amount of dispatchable generation which is significantly higher, when 
the profiles with electrification are used. This could be a result of the 
impact of the seasonality and the peak demand in particular. It could 
indicate that the amount of flexible capacity required in the system in-
creases with the level of electrification. 

3.3. Bottlenecks 

For the central electrification scenario, we evaluate the potential for 
periods of low availability of renewable energy to become bottlenecks 
for system design. First, the capacity factor profiles of solar and onshore 
wind are searched for periods of consecutive days with low capacity 
factor in one or both of the energy sources. Subsequently, the dispatch 
schedule for these periods is analysed. 

The results indicate that weeks with low solar availability alone do 
not seem to introduce particular challenges in meeting demand, as there 
is enough wind availability to compensate. Lows during the day are 
addressed with interconnection and short-term storage, short-term 

Fig. 9. Results of the sensitivity analysis. Colours indicate installed capacity in 2050 for key technologies and total system cost (tsc) for varying onshore-wind, CCGT- 
CCS, and power-to-gas storage (P2M) CAPEX. Build rate limits set to 2× historical values for all cases. Grey indicates model did not converge in allocated time. 
Higher CCGT-CCS CAPEX leads to more deployment of renewable generation capacity and storage. P2M CAPEX influences both P2M capacity as well as optimal 
capacity of CCGT-CCS and iRES. Wind CAPEX has the largest influence on tsc but less impact on the optimal design. 
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storage and P2M, or CCGT-CCS and storage, depending on the scenario. 
However, weeks with low wind availability seem to present greater 
difficulties for the system, even when solar energy is available. Either 
load-following CCGT-CCS or larger amounts of storage are required to 
complement the available renewable power. Unsurprisingly, it is a 
period where the availability of both solar and wind are low and demand 
is high that becomes constraining to the system. Fig.7 shows the 
dispatch schedules for the three scenarios during a bottleneck period. 
Using the iRES availability data discussed previously, we identify a 
period of four days in winter when all capacity factors are low, yet de-
mand is relatively high. In the scenario without P2M or CCS, this is when 
a significant amount of demand goes unmet. For three days, intercon-
nection and short-term storage are sufficient to satisfy demand. On the 
fourth day, storage levels are depleted, and demand cannot be met in 
full. When P2M is added, it can discharge varying amounts throughout 
the period due to its long storage duration, supplying around a third of 
the total power. In the CCS scenario, unabated CCGT are used during 
this period in addition to CCGT-CCS, P2M, and interconnection. 
Increasing electrification of the economy may exacerbate the gap be-
tween power demand and availability and present similar challenges to 
the system more frequently. 

This result ties into larger questions in energy systems modelling, 
design of energy systems, and policy for capacity expansion. A strong 
fluctuation of power capacity required depending on the day and season 
may result in a great variation in the utilisation of different dispatchable 
generators or inter-seasonal storage. However, since unmet demand and 
associated economic loss are to be avoided, the presence of this flexible 
capacity in the system could be crucial. The distinction between base-
load, load-following, and peaking plants for dispatchable capacity may 
impact not only the design and operation of these plants but also inform 
the policies needed for the transition. 

3.4. Importance of charging rate and round trip efficiency 

In addition to capital cost and round trip efficiency, grid-scale energy 
storage technologies are further characterised by the charging and dis-
charging rates. Greater charging rates implies a larger power-to-fuel 
component, i.e., greater electrolyser, DAC and sabatier capacity, and 
thus there is a likely implication to capital cost. Given the low TRL of this 
technology, and its potential importance to future energy systems, it is 
therefore instructive to evaluate the impact of these technology pa-
rameters on the P2M capacity deployed, and overall system value, ar-
ticulated here via the total system cost (tsc). These results are presented 
in Fig. 8. As can be observed, higher charging rates and round trip ef-
ficiencies lead to a reduction in total system cost. There are, however, 
diminishing returns for increases in charging ratio. This means that a 
ratio of higher than 2 does not yield much more reduction in system cost. 
The additional power-to-fuel components of the technology cannot be 
used and the storage would operate sub-optimally. 

In the context of total system cost, depending on the charging ratio 
and round-trip efficiency, one can compare cases where technological 
advances (improved charging rates and increased round trip efficiency) 
come at the cost of a greater capital intensity. This kind of analysis is 
important for both setting goals for technology innovation and also 
defining the value proposition for public investment into improved 
technologies. As can be observed from Fig. 8, improved round trip ef-
ficiency or charging rates do not obviously provide value at the system 
level, if they come at the cost of significantly increased capital cost, thus 
the viable budget for improving this technology may be limited. Hence, 
a less costly technology with lower charging rate and round-trip effi-
ciency may provide more value to the system than expensive technology 
with ostensibly improved performance when viewed in isolation. 

It is worth noting that the relatively low round-trip efficiency of the 
power-to-gas technology does not prevent it from adding value to the 
system. This may be primarily due to the fact that the power being 
subjected to the round-trip efficiency comes at near-zero marginal cost 

in conventional terms, though, the capital intensity of this capacity has a 
cost. Thus, in the context of a high renewable energy plus storage 
paradigm, minimising the capital cost of power generation is key. By 
considering the value proposition of future energy systems through this 
lens, the limits of evaluating technologies in isolation comes into focus, 
as does the value of adopting a whole-systems perspective. While it 
might seem intuitive that a round trip efficiency of 20% would be too 
low for a storage technology to have value, our results suggest that in a 
system characterised by a high penetration of intermittent renewable 
energy sources, it could provide substantial value, as long as this service 
is available at a low capital cost. 

3.5. Synergies of P2M with other technologies 

Building on the argument in the foregoing section, it is thus key to 
understand how advances in one technology systemically impact the 
deployment of others. Thus, in Fig. 9 the capacity in 2050 of P2M, wind 
power, CCGT-CCS, BECCS, as well as total system cost reduction, are 
evaluated as a function of capital cost. Large cost ranges are deliberately 
used for this analysis, with minimum costs estimated on the basis of a 
hypothetical limiting scenario, i.e., CCGT CAPEX for CCGT-CCS, CCGT 
and natural gas storage for P2M, and the lowest historical value for 
onshore-wind. It is important to emphasise that we are not suggesting 
that these limits are likely, or even possible – they simply provide 
context for this thought experiment. The maximum values represent 2×
the central value for P2M, and 1.5× central value for CCGT-CCS and 
onshore wind. Exact values are presented in Table A.5 of the appendix . 
Finally, it is important to recognise that this evaluation is intended to be 
an exploration of how technologies interact with each other rather than 
an assertion of the likelihood or plausibility of specific scenarios. 

The results illustrate a strong correlation link between the deploy-
ment of renewables and P2M. Lower P2M CAPEX appears to enable 
higher amounts of renewables, the same is true to a certain extent in 
reverse. Furthermore, wind CAPEX has greater influence on the total 
system cost than P2M or CCGT-CCS CAPEX due to its large share in the 
capacity stack. The value of renewables and storage depends on their 
CAPEX and combined deployment, whereas the CAPEX of CCGT-CCS 
hardly impacts the system cost. This is plausible considering intermit-
tent renewables and storage are CAPEX-dominated technologies, 
whereas CCGT-CCS requires continuous operating expenditure. Thus, in 
the context of this energy system archetype, cost reduction of wind 
power ought to be emphasised. 

It is also evident that the combination of renewables plus seasonal 
storage and low-carbon dispatchable power provide similar functions 
and thus may compete in the system. Depending on the CAPEX of the 
three technologies, there are cases dominated by P2M, and cases 
dominated by CCGT-CCS. This suggests that when the deployment of 
low-carbon dispatchable power is limited, seasonal storage becomes 
crucial, and vice versa. The optimal combination of inter-seasonal stor-
age and CCS may depend on the country, the seasonality of its power 
demand, its endowment of renewable energy resources and 
infrastructure. 

Importantly, the flexibility provided by BECCS appears valuable in 
almost all scenarios. When all technologies are assumed to be expensive, 
more BECCS is deployed to offsets emissions from the required CCGTs. 
Only when P2M is assumed to be at its lower bound of cost, and CCGT- 
CCS it at its upper bound does BECCS deployment minimise. 

The effects of technology learning can be estimated to some degree 
via this sensitivity analysis. Cost reductions in onshore wind, for 
instance, can increase the optimal capacity of onshore wind and inter- 
seasonal storage in the system and reduce total system cost. 

In conclusion, the optimal system design depends on a range of 
factors. High shares of intermittent renewable energy can be com-
plemented by inter-seasonal storage and low-carbon dispatchable 
power. A diverse system with many options for power generation and 
storage - renewable energy, low-carbon dispatchable generators such as 
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CCGT-CCS/H2/bioenergy, flexible high-carbon, negative emissions, 
daily and seasonal energy storage – would appear to minimise cost under 
a net zero constraint. Such a system could also be the most resilient to 
future uncertainty in technology cost, demand profiles, availability of 
renewable power, etc. 

4. Conclusions and future work 

We have explored the potential of power-to-gas-to-power as an 
archetypal inter-seasonal energy storage technology in a UK-type power 
system. Systems with and without CCS and inter-seasonal storage were 
evaluated under a range electrification scenarios. We found that inter- 
seasonal storage can provide value despite its high CAPEX and low 
round-trip efficiency. Instead, its value proposition is a function of the 
availability of renewable energy that would be otherwise curtailed. This 
is only material at very high deployment levels – and balance of the 
portfolio of technologies allowed in the system (Daggash et al., 2018). In 
the absence of low-carbon dispatchable power and negative emissions, 
inter-seasonal storage may emerge as a critical technology to ensure grid 
resilience. In combination with both, it may maximise the utilisation of 
renewable energy and reduce the total power generating capacity 
required to deliver a net zero electricity system. Through this analysis, 
we identified the ratio of the charging-to-discharging rates as a key 
technology parameter. This insight can be used by technology de-
velopers to better design power-to-gas technologies so as to maximise 
the provision of value to the system. 

Our results further suggest that a diverse system will prove the most 
resilient to uncertainties and increase the likelihood of reaching carbon 
targets. Further work is needed in evaluating the potential emergence of 
a “merit order” within energy storage technologies, and the position of 
inter-seasonal storage in this context, and further quantifying the value 
of grid flexibility and resilience they provide. Additional critical ques-
tions for future work include how to incentivise the deployment of 
technologies which aid decarbonisation in different ways, and how to 
define criteria for the set of services they need to provide. 

This work provides further evidence that sector-coupling, i.e., the 
linking of individual sustainable and renewable energy vectors (elec-
tricity, heat, fuel), could represent a critical element in the decarbon-
isation of energy systems with significant seasonality in demand. The 
ability to store renewable energy in dense energy carriers enables the 
integration of renewable power in other aspects of the economy. 
Gaseous and liquid energy storage media allow the cost of intermittency 
of wind and solar power to be borne by central pieces of infrastructure, 
such as the gas grid, and achievements in the decarbonisation of power 
to be passed on to heat and transport, which have proven harder to 
decarbonise. 

Results were obtained using an archetype of power-to-gas storage as 
inter-seasonal storage which recycles CO2 via a carbon capture and a 
direct air capture unit. This is not necessarily the best performing 
configuration of power-to-gas storage, other storage media such as 
hydrogen and other configurations may emerge as superior. The sensi-
tivity analysis suggests however that this category of storage can provide 
value across a range of technology parameters. Further, the results 
remain valid regardless of the specific long-term storage technology, it is 
the role in the system of balancing seasonal intermittency which needs 
to be filled. This study shows that there can be a place in the system for 
inter-seasonal storage with relatively low RTE and high storage 
duration. 

A limitation of this work arises from the use of one year of demand 
and capacity factor data, capturing seasonal effects, but neglecting inter- 
annual variation. Optimal results likely vary for different years, there-
fore including multiple years in the analysis could produce a more 
robust system design (Zeyringer et al., 2018). The demand profile used 
in this work incorporates a fixed demand from the electrification of heat 

and transport. EVs, household level energy storage, and the industrial 
sector could, however, have the potential of providing demand side 
management, and smoothing the demand profile, reducing peak de-
mand and the capacity required in the power sector. Exploring this is 
another possible direction for future work. Moreover, the UK was used 
as case study, hence there is limited applicability in other countries. It is 
expected that P2M could have potential in countries with similarly 
seasonal power demand and renewables availability. In countries with 
limited access to CO2 storage sites, inter-seasonal storage may be 
required to balance renewable energy – this would have to be evaluated 
for the country in question. Furthermore, disaggregating the 
inter-seasonal storage technology by power-to-storage, storage, and 
storage-to-power, instead of using one archetype of storage, may pro-
vide further insight into optimal configurations (Sepulveda et al., 2021). 
Another aspect not currently captured in the model is technology 
learning. It is estimated to have effects similar to those observed in the 
sensitivity analysis, but future analysis is needed to confirm this. Lastly, 
the assumption of perfect foresight over the year ensures optimal 
operation of the storage technologies. Modelling inter-seasonal storage 
with limited foresight could reveal more realistic charging/discharging 
profiles. 

Finally, we would emphasise the value of evaluating technologies in 
the context of their services to the whole energy system as opposed to in 
isolation as has traditionally been the convention. Considering the 
technologies’ portfolios of services provided to the system, the relative 
scarcity of those services in a given scenario, and a set of potential costs 
and drawbacks (economical, environmental, social) enables a move-
ment beyond zero-sum technology advocacy. Bridging between techno- 
economic assessment of novel generation and storage technologies and 
system-level modelling and thinking identifies new perspectives and 
informs priorities for future work. A future energy system comprised of a 
broad portfolio of technologies and energy vectors, each with its indi-
vidual competence, may evolve as the most capable to achieve the 
transition with the highest amount of economic, ecological, and social 
benefits. 
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Central storage technology data (European Association for Storage of Energy 
(EASE)/European Energy Research Alliance (EERA), 2017; UK BEIS, 2016; Yao 
et al., 2019).   

PHSto battery P2M 

round trip efficiency 75% 85% 29% 
storage duration 5 h 5 h 8,400 h 
input power : output power ratio 1 1 3.4 
self-discharge rate 0 0.005%/h 0  

Table A.3 
Central fuel prices [£/MWh] (UK BEIS, 2019b).   

natural gas coal nuclear 

2020 16.6 7.8 5.2 
2025 19.3 7.8 5.2 
2030 21.7 7.9 5.2 
2035 21.7 7.9 5.2 
2040 21.7 7.9 5.2 
2045 21.7 7.9 5.2 
2050 21.7 7.9 5.2  

Table A.4 
Biomass supply curve (Zhang et al., 2020).  

biomass type max. availability [TWh/yr] cost [£/MWh] 

waste wood 17 16 
forest residue 7 20 
indigenous virgin miscanthus 98 23 
crop residue 41 25 
municipal solid waste 35 27 
import (US) 800 28 
import (EU) 800 36  

Table A.5 
CAPEX ranges for sensitivity analysis (International Renewable Energy Agency 
(IRENA), 2017; UK BEIS, 2016; Yao et al., 2019).  

£/kW P2M CCGT-CCS onshore wind 

min 530 565 606 
low 1460 1310 1020 
central 2400 2055 1430 
high 3590 2570 1790 
max 4780 3080 2150  

Table A.1 
Central technology CAPEX and maximum build rate assumptions. CAPEX data 
from (Bhave et al., 2017; European Association for Storage of Energy (EASE)/-
European Energy Research Alliance (EERA), 2017; IEA, 2017; UK BEIS, 2016; 
Yao et al., 2019); build rates based on (Heuberger et al., 2017a; UK BEIS, 2019a).  

technology central CAPEX baseline maximum build rate  
£/kW MW/yr 

Nuclear 5270 360 
Coal 1550 600 
Bio 1860 300 
CCGT 565 900 
OCGT 846 500 
Coal-PostCCS 4030 600 
CCGT-PostCCS 2060 900 
BECCS 4250 900 
Wind-Onshore 1430 1600 
Wind-Offshore 2770 1500 
Solar 606 2000 
Interconnection 1000 1000 
Pumped hydro storage 1220 600 
Battery storage 1800 1500 
Power-to-methane storage 2400 900  
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