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1 Introduction 

This report describes all model adaptation, extensions and linkages for the supply side oriented 

models. The perspective of the different supply side models is used to structure the complex 

interaction between the models. The resulting classification is also used to structure this report. 

The aim of all model adaptations and extensions is a comprehensive modelling framework with 

well-defined linkages that can be used in the case studies and the pathway analysis.  

2 Coupling of models involved in WP7 

Our activities in WP7 complement the modelling activities in WP5 and WP6, which have special 

focus on energy demand and the energy infrastructure. The goal of WP7 is to build a strong 

modelling framework for energy supply with a particular focus on electricity supply. In this context, 

there is strong interaction with WP6 on energy infrastructure since energy supply cannot be 

assessed without the perspective on energy infrastructures. This also translates into the fact that 

one case study on the impact of centralized or decentralized electricity infrastructure is 

associated to WP6 and WP7. This section describes the model extensions and efforts for 

increased model coupling in WP7. 

2.1 Model coupling and data exchange concept case study 7.2 

The case study is identical to case study 6.2. The developments are described in the working 

paper on WP6.   

2.2 Model coupling and data exchange concept case study 7.3 

This data exchange concept describes the data flows between the models Enertile, EMPIRE and 

Green-X. Further input will come from WP3 regarding the impact of the innovation system on 

learning rates of RES technologies.  

In principle, Green-X will be applied to model the required RES premiums / certificate prices and 

corresponding assumptions on diffusion barriers in order to reach the optimum RES shares 

delivered by Enertile and EMPIRE. The main input data required from Enertile and EMPIRE are 

yearly averages of RES market values, electricity prices and RES generation per country. 

Assumptions for energy and carbon prices will be taken from the overall database.    
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2.3 Model coupling and data exchange concept case study 7.4 

This data exchange concept describes the data flows between the models for the case study 

“Unlocking unused flexibility and synergy in electric power and gas supply systems”. General 

assumptions, such as interest rates and overall input data that is only relevant for one model (e.g. 

O&M costs of power plants, lifetime of power plants, maximal land use factors for renewable 

electricity generation) are not managed within the data exchange between models. It is 

necessary to keep these assumptions consistent within each case study, and to reach a certain 

degree of consistency between case studies in the project. Inclusion of assumptions in the data 

exchange would just add complexity and result in a loop-through of data without additional 

benefit. 
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Market values A Enertile, Empire Green-X, Analysis Euro2016 per MWh

Capital costs A WP 3, Green-X Enertile, Empire, Green-X Euro2016 per kW

Non market valuation B Stakeholders Enertile, Empire, Green-X Euro2016 per MWh
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2.4 Model coupling and data exchange concept beyond WP7  

2.4.1 Linkages to WP5 

The models Green-X, EMPIRE and RAMONA are utilized in case studies of WP5. The latter 

deals with flexibility, which can be utilized in the interaction of energy demand and supply. 

2.4.2 Linkages to WP6 

The supply side models TEPES; RAMONA, EGMM, Enertile are utilized in different case studies 

of WP6 such as 6.2 on centralized and decentralized electricity supply and 6.3 on gas 

infrastructure and pricing. 

2.4.3 Linkages to WP8: Macro  

In the current concept of the case studies no direct data flows to the macroeconomic models are 

planned. However, macroeconomic data is used in the scenario design of the case studies. In the 

pathway analysis investment data created by the supply side models can be utilized by the 

macroeconomic models. 

2.4.4 Linkages to WP9  

The case studies, model developments and mode linkages established in WP7 will be utilized in 

the pathways analysis carried out in WP9.  

3 Classification of supply side models 

System optimisation models are widely used in strategic energy sector analysis. These models 

try to determine dispatch and investment of generation units and infrastructures. System 

optimisation models used in SET-Nav are Enertile and EMPIRE.  

Transmission grid models assess the physical feasibility of grid operation and the detailed 

physical extensions of the grid. TEPES is the transmission grid model that is used in SET-Nav. 

Renewable policy models cover policies that change the framework conditions in the sector. 

Renewable policy is a main driver in addition to technical and economic aspects. Green-X covers 

the renewable policy perspective in SET-Nav. 

The demand perspective is covered extensively in WP5. Demand Perspective models play also 

a major role in WP7, since demand and supply interact and this interaction will become even 

stronger in future. In SET-Nav FORECAST covers the demand in the industry sector, while 

INVERT has a special focus on the heating sector. 

Gas supply models assess the gas networks, gas storages and gas markets. Due to its low 

carbon content gas can be an important fuel on an emission reduction pathway for the energy 

system. Ramona with a focus on gas infrastructure and EGMM with a focus on gas markets are 

used in SET-Nav. 

System security models analyse the vulnerability of gas and electricity networks. Nexus-
Security is used to assess the energy system resilience and vulnerability in SET-Nav. 

Table 1: Overview of supply side models in WP7 

Perspective Models  

System optimisation Enertile EMPIRE 

Transmission grid TEPES  
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Renewable policy Green-X  

Gas supply Ramona EGMM 

System security Nexus  

 

 

4 Enertile 

 

4.1 Model description 

Enertile is an energy-system optimization model developed at the Fraunhofer Institute for System 

and Innovation Research, ISI. The model focuses on the power sector, but also covers the 

interdependencies with other sectors, especially heating/cooling and the transport sector. It is 

used mostly for long-term scenario studies and explicitly designed to depict the challenges and 

opportunities of increasing shares of renewable energies. A major advantage of the model is its 

high technical and temporal resolution. 

Integrated optimization of investments and dispatch 

Enertile optimizes the investments into all major infrastructures of the power sector, including 

conventional power generation, combined-heat-and-power (CHP), renewable power 

technologies, cross-border transmission grids, flexibility options, such as demand-side-

management (DSM) and power-to-heat storage technologies. The model chooses the optimal 

portfolio of technologies while determining the utilization of these in all hours of each analyzed 

year. 

High spatial coverage 

The model currently depicts and optimizes Europe, North Africa and the Middle East. Each 

country is usually represented by one node, although in some cases it is useful to aggregate 

smaller countries and split larger ones into several regions. Covering such a large region instead 

of single countries becomes increasingly necessary with high shares of renewable energy, as 

exchanging electricity between different weather regions is a central flexibility option. 
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Figure 1. Simplified structure of the model. 

High temporal resolution  

The model features a full hourly resolution: In each analysed year, 8,760 hours are covered. 

Since real weather data is applied, the interdependencies between weather regions and 

renewable technologies are implicitly included.   

Detailed picture of renewable energy potential and generation profiles  

The potential sites for renewable energy are calculated on the basis of several hundred thousand 

regional data points for wind and solar technologies with consideration of distance regulations 

and protected areas. The hourly generation profile is based on detailed regional weather data.  

http://www.enertile.eu/enertile-wAssets/img/optimisation/image001.png


http://www.enertile.eu/enertile-wAssets/img/optimisation/image003.png
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this can be addressed by additional flexibility within the electricity sector, on the other hand, a 

stronger linkage to other sectors could help to integrate renewable electricity. Within the SET-Nav 

project, Enertile was expanded by different modules to integrate demands and flexibilities from 

the heating and the transport sector. These modules will be used extensively in work package 5.  

4.3 Model linkages 

Enertile will be linked to the transmission grid model TEPES within the case study on 

“Decentralised vs. centralised development of the electricity sector - Impact on the transmission 

grid” within work package 6. In other work packages Enertile will also be linked to the renewable 

policy model Green-X and to the demand side models Invert/EE-Lab, Forecast and ASTRA. 

5 EMPIRE 

5.1 Model description 

EMPIRE is a capacity expansion model for the European power system, formulated as a multi-

horizon stochastic program. The objective is to minimize system cost for the European power 

system, including investment cost and expected operational costs, while satisfying its demand for 

electricity. This formulation is commonly used in energy-system models to represent strategic and 

operational decision-making in a perfectly competitive market. The main function of EMPIRE is to 

assess cost-efficient decarbonization pathways for the European power sector, with a particular 

focus on the interplay between low carbon technologies with different characteristics such as 

solar PV, wind energy, carbon-capture and storage and nuclear power. 

Spatial and temporal resolution 

Most of the European countries represented in the ENTSO-E are included in EMPIRE, and each 

country is represented by a separate node in the transmission system model. Fehler! 

Verweisquelle konnte nicht gefunden werden. shows the geographical coverage and spatial 

detail used. Strategic decisions (e.g. investments) are considered in five-year time intervals, 

starting from 2020, until the model time horizon of 2050 (expansion this horizon is 

straightforward). For each strategic period, annual system operation is optimized, at an hourly 

resolution, using eight representative days split across four seasons. See Fehler! Verweisquelle 

konnte nicht gefunden werden. for a stylized illustration of the level temporal detail used in 

EMPIRE. In addition to the representative days EMPIRE includes six periods with a duration of 

five hours each where the system is put under high stress (high-load periods). The main purpose 

of including high-load periods is to account for those situations during a year where capacity may 

be scarce, which is important to consider for investments back-up technologies, usually identified 

by low-to-medium capital costs and high operational costs.  
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Figure 4. EMPIRE geographical coverage. Black lines in this map indicate overhead lines while 
red lines indicate submarine cables. 

 

Figure 5. Stylized illustration of the representative days modelling used in EMPIRE. 

Technical modelling of generation, transmission and storage 

EMPIRE includes a total of 23 generation technologies with various characteristics. These 

technologies can broadly be grouped into three categories, which have a particular technical 

implementation. These are: thermal power plants (nuclear, fossil generation, CCS, biomass), 

intermittent power generation (wind, solar, run-of-the-river hydro) and energy constrained 

generation (reservoir hydro). All technologies are modelled with a maximum capacity on their 

power generation output. The thermal generation in addition have fuel costs and technical 

constraints (e.g. ramping limits). The intermittent power generation are modelled using predefined 

production profiles, and energy constrained generation have a limit on total output over a time 

interval (to represent available energy stored in reservoirs). Within each category, the different 

technologies are distinguished through their technical specifications and costs. 

The transmission infrastructure is modelled by cross-border interconnectors and national grids 

are not explicitly included. As a result, each country is modelled as a copperplate and internal 

grid bottlenecks are not considered. The flows in the network are computed using a 

transportation model, which means that loop-flows are not handled.  

In addition to the generation and transmission, EMPIRE models electricity storage units. These 

are implemented with a charging unit (pump), discharging unit (generator) and an energy 

reservoir, all with their respective capacities. In the operation, the energy balance of the reservoir 

is respected, and losses are incurred in the charging/discharging process. In terms of 

investments in new storage there are two types of possibilities in EMPIRE, investment in energy 

storage units where the power and energy capacity ratio is given (typical for electro chemical 

batteries), and independent investments in power and energy capacity (possible for pump hydro 

storage).  
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deployed throughout Europe it is important to capture the link between the power sector and 

centralized heat production. A key target is therefore to implement a logic to endogenously 

handle investment and operation of CHP plants in EMPIRE. This entails the modelling of heat 

demand, the operational characteristics of CHP plants.  

5.2.3 Increasing the geographical resolution of EMPIRE to sub-national regions 

In order to work more seamlessly with more spatially granular models such as CCTS MOD, we 

disaggregate some of the larger countries in Europe into several sub-national nodes. This 

disaggregation process involves (for each sub-national region): 

1. Acquiring wind and solar production profiles. 

2. Developing an inventory of current generation capacities. 

3. Gather data about hydro reservoir inflows. 

4. Assessing deployment potentials (including determining deployment limits) of wind and 

solar PV. 

5. Gather data about load and develop load profiles. 

5.3 Model linkages 

EMPIRE will be linked to the TEPES model and the CCTS MOD in case study 6.4. EMPIRE will 

also be actively used on case studies 7.3 and 7.4 by creating model linkages with RAMONA, 

Nexus-Security, EGMM and Green-X. 

6 TEPES 

 

6.1 Model description 

The intermittent nature of the output of most renewable energy resources (RES), its non 

homogeneous distribution and the deployment of a large share of this generation is expected to 

result in a significant increase in the power flows among areas in large-scale systems. As a result 

of this, the development of the transmission network should be planned in an integrated way and 

the number of operation snapshots to consider in the planning process should probably be high. 

Identifying the main optimal transmission network corridors to reinforce and the extent of 

reinforcements needed in them and other operation variables affected by the existence of the 

grid, like the investment cost of grid additions, network losses incurred, CO2 emissions produced, 

overall production by technology and fuel production costs is a major challenge for large-scale 

systems. Different future RES generation strategies associated with different RES targets may 

also strongly influence this network development. 

Transmission expansion planning (TEP) determines the investment plan for new facilities (lines 

and other network equipment) for supplying the forecasted demand at minimum cost. Tactical 

planning is concerned with time horizons of 10-20 years. Its objective is to evaluate the future 

network needs. The main results are the guidelines for future structure of the transmission 

network. 



http://www.enertile.eu/enertile-wAssets/img/optimisation/image001.png
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The resulting expansion plan for the transmission network can be represented in Google Earth for 

easy visual inspection. 

 

Figure 7. Example output for TEPES. 

TEPES has been used in 6 several projects and appears in over 20 academic publications.  

6.2 Model extensions 

TEPES had to be extended to link it to the other models in project SET-Nav.  

6.2.1 Modelling of innovative transmission technologies 

TEPES has been extended to include the option to use innovative transmission technologies in 

the expansion of the transmission system: 

- Phase-Shifting Transformers (PSTs) have been incorporated as a way of alleviating 

congestion without investing in new lines. These Flexible Alternating Current 

Transmission Systems (FACTS) are sometimes the most efficient way of alleviating 

operation problems due to Kirchhoff’s Voltage Law. 

- Combinations of AC transmission lines and PSTs. 

- HVDC (High-Voltage Direct-Current) lines. 

The model performs an automatic search of the most attractive investment candidates within 

these categories, builds an approximation of investment cost and considers them for the most 

efficient expansion. Then, they are included in the expansion options that are fed back to system 

optimization. 

6.2.2 Integration with supply-side models: disaggregation procedure 

TEPES performs a detailed expansion of the transmission grid: 

- Considering hundreds or potentially thousands of nodes (nodal level). 

- Integration with supply-side models: providing useful outputs for integrated system 

expansion 

System expansion is performed at a more aggregate level (we will refer to it as zonal level). 

Therefore, it is necessary to disaggregate this data. The results for the system expansion include 

conventional generation capacity, demand profiles, installation and use of storage (power 
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7 Green-X 

7.1 Model description 

The model Green-X has been developed by the Energy Economics Group (EEG) at the Vienna 

University of Technology under the EU research project “Green-X–Deriving optimal promotion 

strategies for increasing the share of RES-E in a dynamic European electricity market" (Contract 

No. ENG2-CT-2002-00607). Initially focused on the electricity sector, this modelling tool, and its 

database on renewable energy (RES) potentials and costs, has been extended to incorporate 

renewable energy technologies within all energy sectors. The general structure of the model is 

exemplified for the electricity sector in Figure 8. 

 

Figure 8:  Overview structure of Green-X (electricity sector) 

It allows the investigation of the future deployment of energy technologies using renewable 

energy sources (RES) as well as the accompanying cost (including capital expenditures, 

additional generation cost of RES compared to conventional options, consumer expenditures due 

to applied supporting policies) and benefits (for instance, avoidance of fossil fuels and 

corresponding carbon emission savings). Results are calculated at both a country- and 

technology-level on a yearly basis. The time-horizon allows for in-depth assessments up to 2050.  

Through its in-depth energy policy representation, the Green-X model allows an assessment of 

the impact of applying (combinations of) different energy policy instruments at both country or 

European level in a dynamic framework. Sensitivity investigations on key input parameters such 

as non-economic barriers (influencing the technology diffusion), conventional energy prices, 

energy demand developments or technological progress (technological learning) typically 

complement a policy assessment. 

Within the Green-X model, the allocation of biomass feedstock to feasible technologies and 

sectors is fully internalized into the overall calculation procedure. For each feedstock category, 

technology options (and their corresponding demands) are ranked based on the feasible revenue 

streams as available to a possible investor under the conditioned, scenario-specific energy policy 

framework that may change on a yearly basis. Recently, a module for intra-European trade of 

biomass feedstock has been added to Green-X that operates on the same principle as outlined 

above but at a European rather than at a purely national level. Thus, associated transport costs 

and GHG emissions reflect the outcomes of a detailed logistic model. Consequently, competition 

on biomass supply and demand arising within a country from the conditioned support incentives 

for heat and electricity as well as between countries can be reflected. In other words, the 

(2006-2050)
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7.2 Model extensions 

Within the course of this project, it is planned to significantly enhance the model functionality of 

Green-X. The planned extensions are motivated by two intertwined developments. First, since 

RES-E is not any more considered to be a marginal player in electricity markets a number of 

increasingly relevant interactions of RES electricity generation and market outcomes need to be 

taken into account. Second, the increasing market penetration of RES-E requires a shift of 

energy policy and regulations away from the sole aim of pushing RES development towards more 

market-oriented approaches. In order to adequately represent and to assess these developments 

we aim to extend the system boundaries and technology coverage of Green-X in two dimensions. 

On the one hand, multiple linkages of Green-X with the other models applied in this project will 

help to incorporate and to assess relevant interactions of RES development with markets, grids 

and the economy. On the other hand, the model itself needs to be extended in order to 

endogenously cover new framework conditions und which RES investments take place. 

In the following, the targeted model developments are described in more detail. We begin with 

model extensions that extend the scope of Green-X.  

7.2.1 Incorporate a simplified representation of wholesale electricity markets 

In market-based environments the profitability of each generation technology is determined by 

the market value of generated electricity minus total generation costs. One of the core strengths 

of the Green-X model is its detailed representation of cost-potential curves of RES across Europe 

and beyond. At present, electricity prices and corresponding market values of RES-E are 

exogenous to the model. As a consequence, interactions of RES generation with electricity 

markets had to be assessed via resource-intensive iterations with dedicated electricity market 

models. Not only the required model iterations, but also associated harmonisation efforts of data, 

often involving aggregation and simplification, makes this procedure not very effective. The aim of 

this task is to bring together the value and costs of generated electricity within one model in order 

to efficiently assess the profitability or required financial support, respectively, for each 

technology.        

A simplified representation of the wholesale electricity market will allow for an endogenous 

calculation of wholesale electricity prices. These prices will serve to assess e.g. the price-

damping effect of RES-E on electricity prices (merit-order effect) and to derive potential revenues 

of RE generators from different market segments. It is planned to implement a highly resolved 

generation dispatch model that represents the total electricity generation mix across the EU. This 

will enable Green-X to more accurately derive the amount of emissions reduced through RES-E. 

Also, it will be possible to assess the profitability of conventional generators as well. In particular, 

the assessment focuses on national policies and preferences with regard to nuclear power and 

the development and the potential of CCS in order to reduce emissions. Of interest with regard to 

RES-E market integration are also the question how different market design and regulations of 

wholesale electricity markets (e.g. capacity mechanisms, rules for RES curtailment) impact the 

business case of RES.     

7.2.2 Incorporate a simplified representation of retail electricity markets 

The development of decentralised solar PV and storages on the level of distribution grids has 

become more attractive in recent years. The valuation of decentralised generation needs to 

consider next to energy costs and revenues also a number of other cost components, like 

transmission fees and taxes. Also, the profitability of decentralised generation is strongly 

impacted by regulations and the concrete design of electricity tariffs at retail level. In order to 

assess the impact of how a certain policy design pushes investments in decentralised (RES) 
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generation a simplified retail market model will be implemented into Green-X. The model will be 

enabled to assess the economics and deployment of RES on distribution grid level. It is planned 

to incorporate a selected number of representative electricity consumers from the residential 

sector and from industry into the model. This model extension will enable Green-X to assess the 

impact of different grid tariff designs (capacity- vs. energy-related charges) and energy tariffs 

(fixed vs. real-time pricing) as well as regulations (e.g. taxation of own consumption) on the 

investment decision of consumers. The retail market model will be closely coupled to the 

wholesale electricity market model in order to reflect the interlinkage of prices.   

7.2.3 Update available support mechanisms 

In the guidelines on state aid the EC stated that premium models and the use of auctions to 

determine the level of required premiums are the preferred instruments to support RES. The 

Green-X model will be extended in order to fully cover the effect of different auction designs on 

RES development across the EU. Furthermore, the option of regional and/or EU-wide 

cooperation initiatives with regard to RES support will be implemented in the model to assess 

potential cost savings and benefits from such cooperations. The ability of the model will also be 

extended with regard to the simultaneous application of multiple support instruments per 

technology. In particular, technology push instruments like investment support and other SET 

plan measures should be applicable together with a RES premium scheme.      

7.3 Model linkages and role of the model in the overall model framework  

The role of Green-X within the framework of this project is to provide feasible pathways for future 

RES development in the EU until 2050. Moreover, it will allow for a detailed impact assessment of 

different RES policy instruments with respect to their static and dynamic efficiency and their 

effectiveness. In particular, within case study 7.3 the Green-X model will be applied to assess to 

what extent the optimal RES share at a given point in time derived from the cost-minimization 

model ENERTILE (and EMPIRE) can be achieved given the prevalence of non-economic barriers 

and other dynamic constraints.        

The Green-X model will be coupled with several of the demand and supply models and will also 

receive relevant input data from the macro-economic models. The demand for energy in the 

different sectors is provided to Green-X via country-specific yearly values until 2050. The final 

energy demand in the electricity sector will be derived from the FORECAST model. The future 

heat demand will come from the INVERT model and demand for the transport sector will be 

provided by the ASTRA model.  The generation mix and corresponding market prices and 

generator revenues in the electricity sector will be provided by the models Enertile and Empire. 

The results of these models will already contain dependencies from other crucial input 

parameters like the transmission grid expansion, or different primary fuel price assumptions. Input 

data on GDP from the macro-economic model NEMESIS and the primary energy carrier prices as 

well as carbon prices will come from the model MULTIMOD. In particular, the gas sector models 

EGMM and Ramona will provide Green-X country-specific gas prices. Location- and technology 

specific prices for heat delivery will be taken from the INVERT model results. Given this input 

data, Green-X will calculate a number of relevant indicators assessing direct and indirect costs 

and benefits of RES deployment.      


































































