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Abstract:  

In the context of variable power supply as well as structural changes in energy demand, 

decision-makers in German federal states are becoming an increasingly important target 

group for model-based consultation. However, given their typically high computational 

complexity and data needs, established modelling tools tend to be inappropriate for providing 

prompt quantitative assessments, so-called initial consultation. Against this background, the 

present study develops, applies and evaluates a new modelling tool, based on a complexity-

reduced design. By performing a comparative assessment with an existing model-based 

scenario analysis for a selected federal state, the new modelling tool is shown to yield robust 

outputs. Methodical issues include the consideration of capital stock dynamics, as well as the 

definition of system boundaries. Nonetheless, the modelling tool provides useful insights for 

initial consultation at a federal state level.  

Keywords: Energy system modeling, bottom-up analysis, renewable energies, energy 

efficiency 

1 Motivation and research question 

In the context of national commitments, international agreements and rapid technological 

progress, decision makers in Germany increasingly rely on wind power and photovoltaics 

(PV) to meet energy demand and to mitigate greenhouse gas (GHG) emissions. These 

technologies are frequently referred to as variable renewable energy sources (VRE) [1,2]. 

Given their intermittent nature, VRE are expected to have distinct techno-economic impacts 

on power system operation, including the need for flexible power generation [1,3–5]. In 

addition, driven by structural changes in energy demand, power system operation is 

challenged by an increasing electrification in the transport and heating sectors, often referred 

to as the coupling of demand sectors [5–7]. Against this background, the power supply 

system is subject to an ongoing transition process with a multitude of competing flexibility 

options. These include thermal power plants, storage facilities, power-to-heat (P2H) and 

power-to-gas (P2G) converters, as well as demand side management (DSM) [1,4,8]. 

In Germany, decision-makers in federal states (Bundesländer) are considered increasingly 

important for managing this transition process, with policy competences ranging from 

renewable energy capacity expansion to GHG target setting [9,10]. Given the diverse 

uncertainties associated with this transition process, decision-makers in German federal 
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states frequently rely upon model-based scenarios to design policies and to assess cost-

effective investment pathways [11,12]. In this context, the concept of initial consultation is 

gaining importance. It can be understood as a starting step in performing scenario analyses, 

with the overall purpose of gauging the major influencing factors for certain outcomes – such 

as technology costs and fuel prices – and to enable decision-makers to comprehend the 

consequences of their actions in a quick and stylized manner before performing more 

elaborate modelling studies. In this way, initial consultation can allow for a better 

understanding of technology alternatives and related political decisions [13–16]. However, 

providing initial consultation to federal state decision-makers is currently subject to two major 

challenges.  

On the one hand, some modelling approaches applied in federal state scenario analyses 

tend to be overly simplistic with regard to the techno-economic challenges associated with 

VRE operation. For example, in a scenario study for Lower Saxony, Kralemann et al. [17] 

assume a number of yearly full load hours for VRE generators while short-term mismatches 

between electricity supply and demand seem to be disregarded. As argued by multiple 

authors, such simplified approaches can result in mistaken signals regarding system costs, 

greenhouse gas abatement potentials and the ability of power systems to accommodate 

VRE [2,4,5]. On the other hand, some modelling approaches appear to be too complex for 

providing initial consultation. For example, Schmidt et al. [18] perform an elaborate scenario 

analysis for the case of Baden-Württemberg, using an ensemble of detailed energy system 

models. This approach has two major shortcomings – comprehensive data needs and 

computation times [19–21]. Data needs arise from a high degree of technical detail, resulting 

in a lengthy parametrization and calibration process of up to several weeks [14,22]. With 

respect to computation time, models taking detailed account of the temporal, technical and 

spatial aspects of VRE operation typically run linear or mixed-integer optimization methods 

that are numerically complex and thus time-intensive [2,5,23]. 

For these reasons, we argue that a model particularly designed for providing initial 

consultation at a federal state level should be characterized by low data needs and short 

computation times, whilst accounting for the techno-economic impacts of VRE deployment in 

power systems and structural changes in energy demand. Recent research has introduced 

novel methodologies to capture these dynamics without becoming unwieldy in terms of data 

needs and computation times, including reduced-form optimization algorithms, 

parametrizations, and time series aggregations [1–3]. 

Drawing upon recent approaches, the present research attempts to develop a novel 

modelling tool particularly suitable for providing initial consultation at a German federal state 

level. Accordingly, it addresses the question to what extent a modelling tool with reduced 

levels of data needs and computational complexity can yield robust results in scenario 

analyses for investigating the long-term dynamics between VRE supply and structural 

changes on the demand-side of the energy system at a German federal state level. The 

remainder of this paper is organized as follows: Section 2 introduces the features of the 

newly developed modelling tool FederalPlan. In Section 3, the tool is evaluated in a 

comparative assessment for the federal state of Baden-Württemberg. Section 4 provides a 

critical discussion of the plausibility of the tool's outcomes. Finally, Section 5 concludes this 

paper.  
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2 Methodology: Development of a modelling tool for initial 

consultation 

As described previously, power system transformation, along with the need for flexibility 

options, does not solely depend on the deployment of variable renewable energies, but 

likewise on the anticipated evolution of energy demand and its structural changes. 

Approaching scenario studies from the power supply side only thus risks excluding essential 

dynamics within the entire energy system, which may lead to misinterpretations and selective 

policy interventions [11,24,25]. Against this background, the newly developed modelling tool 

FederalPlan provides an integrated perspective of the energy system (Figure 1). 

One of its essential features is the projection of future energy and power demand in the 

different demand sectors, including options for fuel and technology substitution towards 

electrification, improvements in energy efficiency, and socio-economic impacts. For this 

purpose, a bottom-up accounting framework is set up, covering four demand sectors 

(residential, transportation, industry, tertiary), up to eight end-use categories per sector 

(space heating, hot water, lighting etc.), and a multitude of technologies per end-use. Given 

the accounting logic of the demand module [26,27], demand technology choices and market 

behavior in the target year are subject to exogenous parameters set by the modeler. 

Creating demand scenarios for a single federal state essentially requires a historic energy 

balance as well as general statistics for the base year, such as population and GDP. Recent 

energy balances are available from [28], while federal state's statistical offices provide the 

necessary socio-economic statistics.  

The resulting demand projections are used as input for two sub-features of the model. On the 

one hand, the model provides endogenous modelling of future electrical load curves. This 

takes into account that the shape of the load curve is likely to change in response to 

structural changes, which, in turn, may have system-wide implications, such as a greater 

need for managing load peaks and troughs through flexibility options [29]. For this purpose, a 

partial decomposition approach is applied [30]. It disaggregates the base year load curve by 

means of application-specific load profiles and reassembles the target year curve according 

to the application-specific electricity demand projections. Overall, the FederalPlan model 

comprises a total of 23 application-specific load curves, explaining about 40% of total system 

load in the application example set out in Section 3. On the other hand, the model performs 

an endogenous assessment of potentials for demand side management (DSM). The focus is 

on the practical potential, i.e. all facilities and devises technically suitable for DSM that can 

be controlled by existing ICT infrastructure and that are subject to acceptance on the part of 

consumers [31]. The potential assessment follows a bottom-up approach introduced by 

Styczynski et al. [32]. It characterizes processes and appliances with regard to their potential 

load increase (negative balancing power), load reduction (positive balancing power) and the 

typical shifting times. The potentials determined are used in the supply module of the model 

to represent DSM as a flexibility option. 
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Fig. 1: Overview of the structure and procedure of the FederalPlan model. Source: author's own. 

The power supply module of the FederalPlan tool comprises two essential components, 

based on a recent approach introduced by Lunz et al. [16]. In a first step, the power 

generated from wind, solar and hydropower is modelled for the target year and subtracted 

from the system load to obtain the hourly residual load. For this purpose, hourly system load 

curves for most federal states can be obtained from the respective transmission system 

operators, for instance for the state of Baden-Württemberg [33]. Likewise, location-specific 

hourly generation profiles for VRE at a federal state level are available from public data [34].  

Subsequently, the model performs a reduced-form cost-based optimization of power supply 

configurations in the target year, based on the algorithm introduced in [16]. More specifically, 

it simultaneously optimizes both investments into power plants and flexibility options, as well 

as their dispatch with hourly resolution over the full 8760 hours of a year in order to minimize 

total system costs. These costs, expressed by the levelized cost of electricity (LCOE), 

represent the sum of annuities of installed capacities, fuel and CO2 emission costs, fixed 

operation and maintenance costs, as well as variable ramping costs for power plant start-

ups. The latter parameter accounts for warm and cold starts after idle operation, providing a 

simplified image of technical detail in power plant operation.  

Model constraints include the balance of power supply and demand at every hourly time 

step, as well as exogenous settings, such as limits for installed capacities of certain 

technologies. Decisions are made from the perspective of a central planner with perfect 

information, with costs following a socioeconomic least-cost strategy without consideration of 

business-economic market strategies [35,36]. Following [16], the technology portfolio 

comprises a large variety of flexibility options, including conventional power plants, CHP, 

energy storage, power-to-X, and DSM (Table 1). Considering system boundaries, the single 

federal state under consideration is set as the only internal region [37], requiring the 

balancing of power generation and system load within federal state boundaries. 

Representing other federal states as well as neighboring countries, a non-specified external 

region provides an exogenously amount of power imports to the federal state. Power exports 

are not explicitly modelled. 
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Table 1: Power supply and flexibility options in the FederalPlan model, including possible fuel 

configurations. Source: author's own.  

Overall, one model run results in a power supply configuration with minimized costs at given 

parameters and constraints for a single target year. Using the reduced-form optimization 

algorithm, results are provided instantaneously for conventional power plants, CHP and 

power-to-X technologies. A more elaborate model run, including storage and DSM as 

additional flexibility options, takes about 4 hours on a standard PC. The entire model, 

including both energy demand and supply, is implemented in Microsoft Excel and Visual 

Basic for Applications (VBA), allowing for a quick user-friendly setup of scenarios. In the 

following, a comparative application of the FederalPlan model is presented.   

3 Results: Application of the modelling tool in a comparative case 

study 

Considering the simplified design of the FederalPlan model, a key concern is its ability to 

deliver robust outputs in long-term scenario analyses. Against this background, we compared 

selected power supply-related outputs of the FederalPlan model to an established scenario 

report for the federal state of Baden-Württemberg in the target year 2050 [18]. The power 

sector projections in this report are based on an unnamed model hereinafter referred to as 

BW-POWER. Table 1 provides a qualitative comparison of the main features of FederalPlan 

and BW-POWER. An essential difference lies in the modelling logic for power supply. While 

FederalPlan performs a cost-based optimization of generation capacities and dispatch for a 

single target year, BW-POWER model applies an accounting framework, tracking generator 

lifetimes and adding new capacities based on narrative exogenous assumptions. In turn, 

both models correspond in the definition of system boundaries, regarding the federal state as 

the only internal region, subject to exogenous imports and without consideration of power 

exports to other federal states and countries.  

In order to enable comparability in the comparative assessment, input parameters and 

boundary conditions in FederalPlan are aligned to those of BW-POWER. This includes fuel 

and CO2 prices, VRE capacities and generation, the amount of power imports and others. 

Technology prices for different flexibility options were not provided in the reference report. 

Here, the FederalPlan model draws upon recent numbers for Germany provided in [16], 

which are based on technology learning curves. Based on the scenario report [18], the 
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comparative assessment is performed for two scenarios, with the business-as-usual scenario 

(BAU2050) being in the focus of the present analysis.  

Table 1: Qualitative comparison of power supply-related features in the models FederalPlan and BW-

POWER. Source: author's own. 

Before analyzing the results of the comparative assessment, a number of selected demand-

related outputs of the FederalPlan model are presented in order to highlight its features in 

this respect. Figure 2 shows demand projections for the example of the residential sector in 

the BAU2050 scenario, divided by fuel and by end-use. Following the reference report [18], 

final energy demand decreases from 265 to 232 PJ between 2015 and 2050, with space 

heating demand accounting for the largest share. In turn, electricity consumption increases 

by 25% between 2015 and 2050, mostly due to the diffusion of heat pumps as well as higher 

equipment rates for white appliances. Note that in the FederalPlan model, demand 

projections are based on an accounting framework, i.e. exogenous technology shares and 

other scenario parameters are set by the modeler.  
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Fig. 2: Demand projections for the residential sector in the BAU2050 scenario, as computed by the 

FederalPlan model. a) Final energy consumption by fuel. b) Final energy consumption by end-use. 

Years between 2015 and 2050 are interpolated for illustrative purposes. Source: author's own.  

Based on the technology-discrete demand projections and the aforementioned partial 

decomposition approach, the FederalPlan model computes alterations in the hourly system 

load curve for the target year. As given in Figure 3, the diffusion of heat pumps, electric 

vehicles and other technologies in the BAU2050 scenario leads to distinct load curve 

alterations. Overall, not illustrated in this chart, peak load increases from 13.00 GW in 2015 

to 15.03 GW in 2050, giving rise to additional generation capacity necessary.  
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Technical detail (power plants) Startup/ramping costs - 
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Fig. 3: Load curve projection for the BAU2050 scenario, as computed by the FederalPlan model. 

Profiles are normalized to annual demand, representing two weeks in September. Source: author's 

own. 

After having considered the demand side of the energy system, supply-related outputs of 

FederalPlan are compared to the ones obtained from the BW-POWER model. First, the two 

models are compared with regard to the amount of reserve power projected, i.e. all 

generation capacity excluding the contribution of VRE that is necessary to cover positive 

residual load at all times. Considering Figure 4a), it appears that the BW-POWER model 

underestimates the reserve capacity needed in the BAU2050 scenario. This can be attributed 

to the yearly resolution applied in BW-POWER, which contrasts with the hourly resolution in 

the FederalPlan model and its consideration of possible load curve alterations. Accordingly, 

FederalPlan may take more explicit account of temporal mismatches between VRE 

generation and power demand. Regarding the technology mix, there are obvious differences 

in the capacities for hard coal and biomethane. These can be attributed to the narrative 

accounting approach in BW-POWER, taking into account long-lived capital assets installed in 

previous years. This contrasts with the greenfield approach applied in FederalPlan, 

performing a cost-based optimization of generation capacity in the target year 2050. 

Likewise, considering storage deployment, BW-POWER takes account of the existing 

pumped hydro plants in Baden-Württemberg, assuming their continuous operation until 2050. 

In contrast, FederalPlan projects the deployment of methane storage facilities for long-term 

storage of VRE surpluses, as well as DSM for load shifting.   
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Fig. 4: Comparison of outputs computed by FederalPlan and BW-POWER in the BAU2050 scenario. 

a) Power reserves (excl. VRE). b) District heating supply. Source: author's own.  
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Second, the deployment of combined heat and power plants (CHP) and power-to-heat 

electrode boilers (P2H) in district heating networks is analyzed. Figure 4b) displays the 

technology shares in district heating supply in the BAU2050 scenario, as computed by 

FederalPlan and BW-POWER. The findings indicate that FederalPlan estimates the 

contribution of hard coal-fired CHP and P2H electrode boilers reasonably well. However, the 

share of natural gas in total heat generated is clearly overestimated in comparison to BW-

BAU2050. This can be attributed to the fact that the district heating-related technology 

portfolio in the FederalPlan model is limited, taking no account of biomass- and waste-fired 

CHP, geothermal and solar thermal energy, as well as heat pumps. However, given its 

accessible setup in Excel, these technologies can be implemented in future versions of the 

model to provide a more diverse image of district heating supply configurations.   

Third, CO2 emissions from power supply in the target year 2050 are compared between 

FederalPlan and BW-POWER. Figure 5 displays the corresponding annual emissions for the 

baseline, as well as the respective model projections. FederalPlan suggests annual 

emissions of 4.66 mill. tCO2 for the target year 2050, corresponding to a 73.4% reduction 

relative to 1990 levels. In contrast, BW-POWER presumes 9.00 mill. tCO2 in 2050, reflecting 

only a 48.7% reduction compared to 1990. This difference can be attributed to the power 

supply-related modelling logic in the two models, contrasting an optimization approach for a 

single target year (FederalPlan) with an accounting approach, covering transitions over 

several decades (BW-POWER). More specifically, FederalPlan does not consider existing 

capital assets in the power sector, deploying low-carbon capacities in response to 

technology, fuel and CO2 prices in the target year 2050. In turn, BW-POWER takes no 

account of prices in determining future capacities, with deployment being based on narrative 

assumptions of the modelers, such as the continuous operation of incumbent hard-coal 

capacities until 2050. Accordingly, it can be argued that BW-POWER does not provide a 

reliable reference for a comparative assessment. Instead, the supply-related outputs in 

FederalPlan should be compared against a detailed capacity expansion and dispatch model 

[1], taking detailed account of both capital stock and price dynamics.  
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Fig. 5: Development of CO2 emissions from power generation in the BAU2050 scenario and reduction 

relative to the base year 1990, as projected by FederalPlan and BW-POWER. Values for the timespan 

2020-2040 are interpolated logarithmically for the FederalPlan cases. Source: author's own. 

In addition to the comparative assessment, sensitivity analyses are performed for the 

FederalPlan model. Parameters investigated include the CO2 price, the discount rate, the 
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shape of the load curve, as well as the consideration of power plant startup costs. In short, 

variations in the former two parameters yield reasonable model outputs. Moreover, the shape 

the hourly shape of the endogenously modelled load curve is found to have an influence on 

the deployment and dispatch of power plants and flexibility options, influencing the alignment 

of VRE supply and power demand, as well as the utilization of baseload generators. This 

effect should be scrutinized in future research in order to provide additional insights. 

Concluding this section, the FederalPlan model appears to provide robust results in scenario 

analyses at a federal state level. Differences in the comparative assessment can mostly be 

attributed to the contrasting modelling logic between the two models under consideration. 

Based on these results, the following section provides a critical reflection on the modelling 

approach selected in FederalPlan, highlighting possible improvements.  

4 Discussion 

In order to be useful for providing initial consultation, the FederalPlan is designed in a way to 

minimize data needs and computational complexity. The corresponding simplifications are 

associated with issues in terms of temporal, technical and spatial detail that are discussed in 

the following. 

Considering temporal detail, a major asset of the FederalPlan is its hourly resolution, 

providing non-aggregated time series of power supply and system load and allowing for 

detailed analyses of load shifting performed by storage and DSM facilities. However, 

regarding scenario time steps, FederalPlan examines a single target year and does not 

explicitly model capital stock turnover as well as existing and written-off assets in the power 

sector. These dynamics are only implicitly taken into account by applying technology costs 

that are based on learning curves and corresponding assumptions on technology production 

volumes [7,16]. As shown in the results, this greenfield approach may potentially 

underestimate the effect of incumbent fossil power generators on the electricity mix and 

corresponding CO2 emissions in the target year. To capture these dynamics, an enhanced 

version of the FederalPlan model could include a simple non-exponential vintaging approach, 

tracking the construction year for all existing capacities and decommissioning them after their 

technical lifetime, with the optimization algorithm selecting new capacities according to their 

LCOE [5]. Overall, this could enable a more realistic representation of capital stock 

dynamics. In spite of this possible improvement, the greenfield approach can be useful for 

providing guidance in the present. It provides insights on how the power system should be 

designed today in order to attain desired targets in 2050, preventing stranded assets and 

lock-in effects. For technologies that are likely to be significant in 2050, a corresponding 

support of research and development and other policy initiatives at present can help attain 

the techno-economic progresses needed in future [16]. 

With regard to technical detail, the two major issues in the FederalPlan model include the 

technological portfolio and the consideration of operational constraints of power plants and 

flexibility options. Considering the former, FederalPlan features a multitude of conventional 

power plants and flexibility options. However, particularly in scenarios with ambitious GHG 

reduction targets, additional renewable energy-based generators are necessary to represent 

the full range of possibly cost-effective technology options. As for operational aspects, 

FederalPlan features a cost parametrization of operational constraints for power plants. This 
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parametrization does not consider the actual technical feasibility of the dispatch projected by 

the model, with generator dispatch in reality being constrained by minimum load levels, 

partial load efficiencies and ramping capabilities [1,38]. Based on existing research, this 

simplification may imply an underestimation of operational costs in the generation mix and of 

corresponding CO2 emissions [39,40]. 

Regarding spatial detail, FederalPlan has issues in the definition of system boundaries. The 

approach of defining the federal state as the only internal region enables a low degree of 

computational complexity as well as a quick setup of scenarios. However, it does not take 

account of the market-based power exchange that federal states are integrated into in reality. 

Furthermore, it neglects the potential benefits of spatial shifting as a flexibility option for VRE 

surpluses [1]. Consequently, the FederalPlan model might overstate the long-term 

investment needs for transforming the generation part of the power system. In conclusion, 

applications of the FederalPlan model should take explicit account of these limitations in 

performing scenario analyses at a federal state level.  

5 Conclusion 

The present study is based on the assertion that the appropriateness of a modelling tool for 

providing initial consultation can be enhanced by making reasoned simplifications in terms of 

model detail, in order to achieve a low degree of data needs and computational complexity. 

Accordingly, the question was raised to what extent a modelling tool with reduced levels of 

detail can yield robust results in scenario analyses for investigating the long-term dynamics 

between VRE supply and energy demand at a federal state level. 

Against this background, the present study introduced the development of the novel 

modelling tool FederalPlan, which is characterized by reduced levels of temporal, technical 

and spatial detail. One of its key elements is a reduced-form optimization algorithm, resulting 

in considerably lower computation times compared to established linear- and mixed-integer 

programming approaches. Moreover, the model is characterized by limited data needs. While 

the supply side only requires a system load curve for the given region as well as the 

anticipated VRE capacities, the demand-side can be based on energy balances readily 

available for single federal states or for Germany. Overall, while the field of energy systems 

modeling clearly offers more sophisticated approaches, the FederalPlan model allows for 

analyzing a large set of parameter variations in a reasonable amount of time [7,16]. This is a 

major asset for providing initial consultation, enabling decision makers to comprehend how 

changes in parameters and boundary conditions affect scenario outcomes. 

Considering the robustness of its outputs, the systematic comparative assessment set up for 

this study has revealed that, under similar boundary conditions, the outputs computed by the 

FederalPlan model show some similarities with the ones from the reference model. In turn, 

there are differences with regard to the generation mix, as well as long-term CO2 emissions 

from power supply. These differences can mostly be attributed to the different modelling 

logics applied in the two models, contrasting cost optimization with a narrative accounting 

approach. Sensitivity analyses performed for the FederalPlan model yield plausible 

outcomes. In conclusion, the results obtained from the FederalPlan model can be generally 

considered robust, while a more appropriate comparison with a more detailed capacity 

expansion and dispatch model should be carried out to provide additional insights. 
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