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Executive Summary

The transition to a low carbon energy system is creating challenges in multiple fronts. In the
electricity sector, this largely means accommodating a large share of Renewable Energy
Resources (RES), while for the gas sector, it mainly involves re-routing gas in a short period of time
to provide fast ramping response from gas power plants to RES fluctuations. Hence, with wind and
solar generation becoming a significant share of the energy mix, the energy system will face major
challenges to balance a higher variability in the power supply. In order to deal with the increased
short-term supply variability and uncertainty, the energy system will need to raise a higher amount
and different quality of balancing power than today’s levels. Raising the question, what is the mix
of supply-side flexibility options that will facilitate a large RES integration? What synergies will
emerge among different flexibility options? For example, by shifting energy through pumping water,
hydropower provides the much-needed flexibility that allows balancing high fluctuations in RES
surplus while gas power plants provide the required back up capacity in times of low RES
production.

Based on a long-term perspective of the EU electricity system, this issue paper presents an
analysis into the role of different supply-side flexibility options in the EU electricity generation mix
towards 2050. For this purpose, three defined cases (or scenarios) analyse the usage of the
transmission grid to share flexibility, the deployment of electricity storage options and other
technologies, and the role of gas power plants to achieve high levels of RES deployment. The
objective is to compare trade-offs between various supply side flexibility and outline key synergies
among them. We found that pursuing policies that strengthen grid capacity expansion and
upgrades are central to exploit different flexibility options across the continent. Gas power plants
are a catalyst in phasing out coal and they become the central backup source to balance an
extremely variable supply in 2050, which will likely reach curtailments in the order of 10%.

This SET-Nav issue paper contains four main sections. The first section provides a short overview
on background and objectives. Section 2 describes the modelling methodology developed as part
of the SET-Nav consortium along with the cases and scenario assumptions taken in the study. This
is followed by section 3, which illustrates the main overall results of the study. The section contains
figures that characterize each case, as well as, country specific examples. Section 4 contains a
more in depth analysis on electricity-gas interdependencies. It shows a country specific example
based on the United Kingdom. It mainly focuses on joint adequacy and security analysis of the gas-
electricity nexus.

Note that as part of the SET-Nav case study (Task 7.4) “Unlocking flexibility and synergy in
electricity and gas supply systems” a more detailed report is available in Crespo del Granado P.
(2018). That case study report contains a more comprehensive explanation on modelling
assumptions, data used, and further analysis for the three cases discussed in this issue paper.
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1 Introduction

1.1 Background and motivation

The integration of large amounts of renewable energy sources (RES) creates supply uncertainty
and balancing challenges to cope with peak demand. Supply-side flexibility options in the electricity
and natural gas transmission system can absorb short-term demand fluctuations and smooth
intermittent RES. Gas power plants ability to provide flexibility in a short time period make them
especially suitable for fast balancing. Additionally, hydropower production, pumped storage,
electricity storage and nuclear are alternatives for flexibility services and balancing. Moreover,
stronger grid transmission between countries with abundant hydropower reservoirs can open up
the inherent flexibility to wider parts of Europe, hence making transmission expansion an important
enabler of supply-side flexibility options.

The development of these supply-side flexibility options rely on countries indigenous energy
generation features, EU grid expansion and enhancements possibilities, technologies emissions
and costs, and on the value of flexibility for a given RES deployment. In this regard, to accomplish
the Paris agreement goals of a decarbonized energy system, what would be the role of supply side
flexibility options in the energy transition? How do they support RES deployment? What supply-
side flexibility synergies should be considered at the country level and for the EU? Will this affect
adequacy? This issue paper discusses all these questions as they are related to the SET-plan
themes (European Commission 2017):

- Modernizing the European electric grid and establishing synergies between the various
energy networks

- Unlocking the potentials of energy storage and conversion of electricity to other energy
carriers

- Providing the energy system with flexibly, security, and cost effectiveness

1.2 Case study Scope and objectives

The 2017 World Energy outlook (IAE, 2017) mentions Gas as a transitional fuel and an important
source on replacing coal in the forthcoming decade. Biomass could also be a complementary
source to the long-term energy mix as it has zero or negative emissions. Both options along with
flexible technologies such as hydro, batteries, demand response and others, will provide the ideal
decarbonisation mix for the energy transition. In this regard, the objective of this study is to analyse
the integration and use of electricity and natural gas supply flexibility options to deal with high levels
of short-term load-RES variability. Concretely, this SET-Nav case study focuses on:

- The assessment on how load-RES profiles can be met at lowest investment and operational
costs. For example, highlight insights in trade-offs between various supply side flexibility
such as reservoir/pumped hydropower and transmission for electricity, and linepacks in
natural gas pipelines.

- Provide country specific recommendations on usage and investment of supply-flexibility
options.

- Assess the EU transmission expansion and upgrades to share flexibility supply options
across EU countries.

- Analyze the interdependencies and synergies in electric power and gas supply systems

- Provide system security/reliability indices for electricity/gas and the value of flexibility: Could
gas power plants compensate RES fluctuations without creating instability in the gas
transmission network?

- Setting an integrated electricity-gas modelling framework based on capacity expansion
models to study substitution effects between the energy carriers.
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2 Modelling supply based flexibility options

2.1 Methodology: interlinkage of supply models
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Figure 1: Linkage framework developed for the case study and illustration on models coverage

As part of the group of supply models participating in the SET-Nav consortium, we setup a
framework that complements the different models strengths by taking into consideration
corresponding model inputs and outputs. Figure 1 depicts the modelling framework consisting of
the following models:

- EMPIRE models investments in electricity generation and transmission. It incorporates long
and short-term system dynamics by optimising investments under operational uncertainty, Skar
C. et. al (2016). TEPES models a detailed EU transmission grid and assesses its expansion
considering hundreds of nodes. Both models have an hourly resolution for operations.

- EGMM and RAMONA represent the natural gas production, gas cross-border exchange,
storage, and consumption in Europe. RAMONA comes up with endogenous decisions on
investments in the gas infrastructure! while EGMM calculates gas prices and demand.

- Nexus-Security assess the reliability of the gas network in compensating the volatility of
RES. For example, it quantifies the reduction of operational safety margins when line pack
in natural gas pipelines absorbs short-term demand fluctuations. It provides an
interdependence assessment on security between gas and electricity.

All models geographical coverage takes into consideration the continental European Union
countries plus Switzerland and Norway, and some Balkan states. The models represent a planning
horizon towards 2050. That is, representing infrastructure developments from 2015 to 2050.
Regarding the linkage and flow of information between models, the designed logic is as follows:

- EMPIRE is at the centre of the case study. EMPIRE determines the generation mix and the
flexibility supply options, i.e. investments in electricity generation and transmission
expansion

- EGMM provides gas prices for EMPIRE and RAMONA®.

1 We defined Projects of Common Interest as part of another SET-Nav case study focused on the gas infrastructure.
EGMM and RAMONA exchanged information on gas prices and demand for this case study. Both models assessed
gas production costs and other gas infrastructure developments towards 2050; see Kotek, P. et. al (2017).
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- Due to EMPIRE transmission expansion investments do not take into consideration a detail
representation of the power system, TEPES computes the optimal operation of the system
in each EMPIRE investment period and determines the network reinforcements along with
the annualized cost of each reinforcement.

- Nexus-Security receives information from EMPIRE and RAMONA. This is mainly the
capacity energy mix for electricity along with the cross-border electricity change among EU
countries. Since the highly specialization nature of Nexus-Security model requires
significant amount of technological detail and therefore significant computational effort, the
gas-electricity interdependency analyses focuses on specific countries.

2.2 Cases to analyse supply flexibility options

To analyse the performance and evolution of different supply flexibility options towards 2050, three
designed cases have the following assumptions and definitions:

i. Flexi-Grid: This case analyses the flexibility coming from grid expansion decisions.
EMPIRE/TEPES determine investment decisions on grid expansion and others.
ii. Flexi-1: For this case, the flexibility analysis centres on the role of electricity storage
technologies along with some expansion of the gas thermal system and others.
iii. Flexi-2: It is a case specifically focused on the value of the gas infrastructure to supply
flexibility to the electricity sector. It analyses gas-electricity interdependencies.

Since the main objective in the design of this study is to investigate the role of supply-flexibility
options in a world with large RES deployment, for all these analyses, the electricity models adopted
certain modifications and assumptions. For instance, all models use PRIMES data under the
decarbonisation scenario EUCO 27 (European Commission 2017). The models implementation
assumes that the prospects of nuclear development will undergo no major expansions in all
analyses and that the evolution of CCS technologies does not occur. These assumptions create
the need for higher RES investments in EMPIRE - an outcome shared to all other models. Hence,
for each individual assessment, EMPIRE/TEPES decisions on capacities for transmission and
generation will create different conditions on the need to invest and use certain supply based
flexibility technologies. Therefore, in order to study different supply flexibility options, we restrict
grid expansion for Flexi-1 and Flexi-2. Such a situation leads to focus on investing in other supply
flexibility options instead of relying on grid flexibility. For example, focusing on storage technologies
and gas for Flexi-1 and Flexi-2, respectively. Moreover, for a further understanding on supply
flexibility options coming from the gas-electricity nexus, in Flexi-2 we assume that electricity storage
is expensive and hence EMPIRE endogenous investments prioritize its interdependency to the gas
infrastructure.

2.3 Models implementation details and background

For the three cases, we use the PRIMES decarbonisation case (see E3MLab and IIASA, 2016)
because it has two major differences from the reference case: The demand for electricity is higher
and the price of carbon is higher. The main effect this has on EMPIRE is that the need for
investments is higher, and that the generation mix is forced to be cleaner. This means that much
more RES will be deployed, which increases the requirements for flexibility to balance the
intermittent production.

As part of the SET-Nav project, all the models used in this case study underwent different
extensions on their modelling capabilities as well as major updates on their data sets. Some of
these changes and other details are documented in Sensfuss, F. et. al. (2017). For further
implementation notes and details, refer to the case study report (Crespo del Granado P. et. al.,
2018) which complements and extends the work presented in this issue paper.
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3 Insights on supply flexibility options for EU

3.1 Overall results

The EU calculated electricity capacity and generation mix notes among the three cases have an
interesting mix of technologies. Figure 2 illustrates these results as the aggregated Europe
generation and capacity mixes in TWh.
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Figure 2. EU aggregated capacity and generation (TWh) mixes calculated for the three cases.

Flexi-Grid’s capacity mix is affected by transmission capacity expansion. High shares of RES are
possible thanks to the flexibility offered by transmission expansion. By comparing it to Flexi-2, we
notice that the lack of transmission expansion and storage clearly decreases the profitability of
solar, while in Flexi-1 there is no noticeable effects on solar deployment. Since there is no
transmission capacity expansion in Flexi-1, this implies that hourly flexibility of solar is more
important than spatial flexibility across countries. Therefore, in Flexi-1 and Flexi-2 there is a
stronger need of backup capacity from storage (Hydro or battery), gas and biomass plants.

This effect is less noticeable in Flexi-1’s generation and capacity mix, which have a similar trend to
Flexi-Grid. Therefore, RES in the system is cost-effective partially due to transmission and partially
due to electricity storage and small effects from demand response flexibility. Indeed, demand
response supports the integration of RES in Flexi-Grid and Flexi-1, with slightly more capacity in
Flexi-1. Since demand response and storage expansion is limited in Flexi-2, the RES share is
lower. Moreover, note that in Flexi-2, because solar generation has a lower share of the energy
mix, wind power capacity is higher (especially offshore wind) than in the other cases, making the
system cost higher (see Table 1).

A common trend in the three cases is the need of gas based generation plants as a transitional fuel
to achieve emission reductions in 2050. In Flexi-1, the gas generation is slightly higher than in Flexi-
Grid in 2030, and stays higher in Flexi-1 than in Flexi-grid until 2050. Gas replaces coal and lignite
plants from 2015 until 2030. The price of gas relative to coal price is determinant in this case. The
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gas prices obtained from the model EGMM are country specific. The result is that a coal rebound
is not cost effective in this period.

From 2030, gas declines progressively its annual generation in favour of solar PV and wind. The
gas abatement is much slower in Flexi-2 than in Flexi-1 and Flexi-Grid towards 2050. This is due
to there is less flexibility compared to Flexi-Grid and Flexi-1, i.e., limited expansion of storage and
grid capacities. Note that, the relative differences in gas-fired power plants capacities among the
three cases are not that significant, while the generation mix differences are more pronounced. In
other words, the capacity factors of those plants are higher in settings with low RES production, no
battery storage available and low transmission capacity. We also observed that hydropower stays
stable in the strategic horizon due to the expansion limitations across Europe. Therefore,
hydropower does not change from case to case.

3.2 Flexibility and adequacy under a high RES deployment

Table 1: Summary of main results and key metrics (EU aggregated) for each case under different years

Average  Generation Generation % of storage
Year electricity adequacy adequacy % of RES % of Gas generation Emissions Curtailment
cost with RES without generation generation & capacity (MtCO2) (TWh)
(€/MWh) (CQ) RES (%)
2025 54.8 182.9 104.3 225 42.30 0.06 & 4.9 702.5 1.6
F'fx' 2035 64.7 2905 89.0 45.6 31.05 0348&7.7 384.6 23.3
2050 814 500.9 80.7 74.9 7.29 1.67 & 18.2 97.0 480.3
2025 55.0 183.8 105.9 22.2 42.91 0.05& 4.9 703.9 1.7
Flexi
2 2035 66.0 264.9 97.8 38.6 36.43 0.17 & 3.3 434.6 22.6
2050 91.5 434.6 105.4 64.0 8.35 0.27&1.8 107.9 484.4
2025 54.6 184.1 101.0 24.2 40.61 0.05 & 4.9 682.0 1
Flexi
il | 2035 63.0 299.7 83.2 50.4 26.21 0.38 & 8.5 327.4 19.2
2050 74.2 484.4 75.8 77.0 5.90 1.42 & 16.1 78.6 406.8

The trends observed in Fig. 2 are highlighted further on the detailed results in Table 1. Note that,
on one hand, ‘Generation adequacy with RES’ is the percentage ratio of the total generation
capacity and the year’s peak demand. On the other hand, ‘generation adequacy without RES’ is
the percentage ratio of the total conventional generation capacity and the year’s peak demand. It
measures the capability of covering peak demand with the non-RES generation portfolio. This
adequacy measures for the three cases exhibit a higher conventional generation portfolio in Flexi-
2 than in Flexi-1 and Flexi-Grid. For instance, the generation adequacy without RES for Flexi-2
does not decrease from 2025 to 2050 compared to the other cases. This highlights that cases with
grid expansion (Flexi-Grid) or storage expansion (Flexi-1) require less conventional capacity to
cover peak demand, i.e. generation adequacy values at 80.7% and 75.8%. Moreover, these
adequacy measures are in line with the average electricity cost. In Flexi-Grid the 2050 average
electricity cost is the lowest with 74.2€/MWh, while in the other cases reaches 81.4€/MWh and
91.5€/MWh. That is because of the higher needs of conventional capacity in Flexi-1 and Flexi-2. In
particular, more gas generation with 8.6% and 12.5% respectively

In short, renewables are favoured in the mix, but this requires the necessary flexibility options to
be deployed along with them. Gas works as an intermediate solution for firm capacity, but towards
the end of the analysis horizon it is a highly limited option. That is, as in Figure 2, the trend is
increasing RES generation and less gas generation from 2025 to 2050 in all cases. These trends
are due to increasing fuel and carbon prices towards 2050, which calls for other flexibility options
to support RES integration, such as storage deployment. In this regard, storage charging / capacity
has a major role in Flexi-Grid and Flexi-1 in 2050, storing 1.67% and 1.42% of generated energy.
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