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As many societies transition to renewable wind and solar energy, the challenge of managing the high volatility of these generators becomes increasingly important. Given the spatiotemporal variability of weather—and thus energy production—the optimal placement of new installations can be determined based on average weather (or climate) patterns to enhance demand matching within a grid environment. At the same time, as weather forecasts improve in accuracy, it becomes increasingly feasible to predict wind and solar production in advance, offering valuable planning insights for both electricity consumers and producers within a specific market. This study uses a hypothetical 2050 Swiss electricity system, in which demand is predominantly met by existing hydropower alongside wind and solar PV systems, to demonstrate the value of integrating weather forecasts into system-wide dispatchable hydropower operations. By constructing a scenario in which the upcoming weather conditions are unknown and comparing it to one with a perfect weekly forecast, we use the OREES optimal power flow model to show that weather knowledge significantly reduces the need for electricity imports. The incorporation of weather forecasts results in a 36% reduction in electricity import costs and contributes to a more stable and less volatile grid operation, with reduced energy transfers even at the regional level.
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1 INTRODUCTION
The global share of renewable energy production, wind and solar energy generation in particular, is experiencing a nonlinear growth rate (IEA, 2024). The combination of wind and solar generation has been shown to be beneficial for existing grid and storage infrastructures, significantly reducing supply volatility compared to the operation of either source independently (Weschenfelder et al., 2020; Dujardin et al., 2017). Moreover, studies have highlighted the benefits of the anti-correlation between solar and wind power generation, contributing to a more stable renewable energy supply and improved grid stability (Scala et al., 2019; Surmonte et al., 2021). In many regions, wind power peaks at night or in winter, whereas solar power is concentrated during the daytime and in summer. This combined integration is particularly advantageous for reducing fluctuations in renewable electricity supply. However, day-to-day production volatility persists and must be managed through storage systems such as pumped-storage plants (Lustfeld, 2022). Individual energy producers are increasingly using short-term weather and production forecasts to manage their wind, solar, and hydro assets (Vennila et al., 2022). However, system-wide management is typically not implemented. Peterssen et al. (2024) estimated the upper bound of a perfect annual forecast’s value by comparing the results from a linear optimization model with those from a priority dispatch list on a simplified German grid. Another study by Rasku et al. (2020) on the Nordic power system compared the impact of increasing the forecast horizon from 36 h to 15 days, but only focused on hydro-thermal scheduling. Using the case of a future hypothetical national electricity grid with a high penetration of wind, solar, and hydropower generation, we show the benefits of integrating weather forecasts into overall system operations. This results in an economic advantage, for example, a reduction in the overall cost of electricity generation. Specifically, we integrate weather forecasts into an optimized procedure for operating hydro dams and demonstrate their impact on the national electricity grid’s trade value. In Switzerland, hydropower is the primary technology for managing electricity production and storage, with 37.1 TWh produced in 2023, accounting for 61.5% of domestic consumption. Of this, 47.2% is derived from reservoir-based plants, while approximately 4.2% is from pumped-storage power plants—both of which are dispatchable sources (SFOE, 2023b). As Switzerland plans to phase out nuclear energy by 2050 (SFOE, 2023a), it will become increasingly dependent not only on hydropower but also on decentralized renewable energy sources, particularly solar and wind (Díaz Redondo and Van Vliet, 2015). High-resolution and accurate forecasts are essential to predict the energy demand and potential production from these renewable energy plants.
2 METHODS
We use the OREES model (Dujardin et al., 2021), which optimizes the future placement of wind and solar power generators, taking into account Switzerland’s existing hydropower infrastructure, based on user-defined criteria. The model is a two-step optimization process that uses an evolutionary strategy to determine the optimal locations for wind and solar installations, based on known weather patterns and the economic value of these installations as the optimization target. In a separate step, the model solves the power flow for the given infrastructure and generators. In this second step, reservoir operations are adjusted to maintain a realistic seasonal filling level while aiming to stabilize imports and exports, ensuring that electricity demand is met and grid constraints are satisfied. It is important to note that the model could also be configured to strictly minimize imports, which would result in a higher number of wind installations. This variant is not explored further here. For this work, OREES uses the same setup as in scenario R45 from the study by Van Liedekerke et al. (2024), which involved the generation of 45 TWh from PV panels, wind turbines, and biomass. This scenario is set to represent the year 2050 in Europe, with an expected demand structure in Switzerland (76 TWh), run-of-river hydropower generation (17 TWh), and net transfer capacities with neighboring countries (14 GW), as outlined in the ENTSO-e Ten-Year Network Development Plan (TYNDP), which outlines projections for the future energy system across ENTSO-e member countries (ENTSO, 2022). For solar, wind, and hydropower production, we use historical weather data from 2018. New solar and wind power installations are optimally located to maximize their net income.
When applied to the R45 scenario with perfect 7-day-ahead forecasts for weather, load, and renewable energy generation, OREES provides two primary outputs. The first output is the optimal placement of renewable resources to meet the 45 TWh production requirement. The second is the energy dispatch for this placement, specifically the operation of storage and pumped-storage hydropower, along with electricity imports and exports.
This forms the basis for our sensitivity analysis, which includes two scenarios: 1) the base scenario, in which we use the energy dispatch from the R45 scenario (corresponding to the second model output). 2) In the blind scenario, information about the coming week is arbitrarily replaced by a repetition of the previous 24 h, since persistence is often used as a benchmark in assessing weather forecast accuracy. Specifically, at each simulation time step, the predicted load and solar and wind generation for the next 7 days are constructed by repeating the time series of the previous 24 h 7 times. Thus, the optimal placement (first output) remains unchanged, while the power flow module of OREES is rerun to optimize the hydropower operation under the persistent forecast procedure. This approach results in a different dispatch pattern for hydropower and electricity imports/exports. The exact process for defining these scenarios is described in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of scenario definitions.
It is important to note that the optimization is conducted holistically at the national grid level. This optimization would not happen in practice, as individual companies aim to maximize their income, and flexibility is limited by long-term energy delivery contracts at fixed prices. Nonetheless, it is useful to examine this effect, as it assigns an economic value to the optimization of dispatchable resources when incorporating forecasts of non-dispatchable renewable energy sources.
3 RESULTS
3.1 Optimized siting of new renewable installations
We analyze the optimal combination of “new renewables” with Switzerland’s existing hydropower infrastructure as an example. Switzerland possesses abundant hydropower resources and substantial capacity from reservoir, run-of-river, and pumped-storage installations. Figure 2 shows the spatial outcome for the optimal placement of wind and solar installations across the Swiss landscape in the base scenario, i.e., when the objective is to maximize productivity and net income. In this scenario, wind installations total 12.1 GW peak capacity and are located along the Jura mountain range and in selected Alpine locations, while solar installations reach 16.1 GW peak capacity and are more broadly distributed throughout the country in mid- and high-altitude areas that benefit from increased solar radiation. Figure 2 shows the transmission grid used for this optimization.
[image: Figure 2]FIGURE 2 | Spatial location of PV and wind power installations across Switzerland.
3.2 The value of weather forecasts
The optimal placement and power flow solutions were obtained by assuming known weather patterns. We are able to artificially discard this assumption solely for the power flow calculation, leading to the blind scenario described in Section 2. Figure 3 shows the magnitude of electricity imports for the base and blind scenarios. Total imports increase from 10.4 to 13.8 TWh when persistence is assumed. Consequently, the associated cost of electricity imports increases from 1.25 to 1.70 billion CHF. More importantly, Figures 3 and 4 show that the system becomes less balanced overall, especially in winter, leading to increased electricity imports at certain times. Figure 3 shows that the interquartile range in the blind scenario is significantly larger than in the base scenario, indicating that high import levels are frequently required with greater variability in imports. Figure 4 confirms that the distribution of import occurrences exceeding 5000 MW is significantly more frequent in the blind scenario, while large imports are not required in the base scenario. This behavior is due to better hydropower management when weather forecasts are available, as reserves can be maintained in anticipation of challenging periods. This phenomenon is most pronounced in winter, when electricity demand is higher and hydroelectric reserves are lower. In practice, the blind scenario leads to nearly full utilization of the border transfer capacity at certain times, reducing the transfer capacity through Switzerland for the trading between its neighboring countries. This is common but not considered a constraint in this simulation. Furthermore, grid stability is impacted by these extreme and sporadic events, which may cause damage to the grid infrastructure.
[image: Figure 3]FIGURE 3 | Import time series in the base scenario (blue) and the blind scenario (red).
[image: Figure 4]FIGURE 4 | Import distribution showing the required import volumes and their corresponding durations in the two scenarios.
3.3 Regional analysis
With the shift toward renewable energy generation, local-to-regional demand–supply matching becomes increasingly important, especially if grid expansion is to be minimized. Switzerland has three dominant landscape types, each with differing supply–demand relationship potentials. The landscape types and their significance in terms of decentralized energy considerations are discussed in detail by Wen et al. (2024). The Alps and the Jura, for example, have high renewable energy production potential but generally low consumption, whereas urban centers in the Midlands have significantly higher demand but, in general, less access to wind and solar resources. The agricultural midlands of the Swiss Midlands lie somewhere in between. Figure 5a shows the seasonal energy transfers between the landscape units of the Alps, Jura, and Midlands, each categorized into urban, periurban, and rural regions (Wen et al., 2024). Although the Alps and the Jura regions exhibit overproduction potential for rural and periurban areas (Figure 5), the Midlands experience energy deficits across all landscape types in both summer and winter. Figure 5b shows the same energy transfers between landscape units when weather forecasts are not considered. The main difference is observed in the Alps, where the majority of energy production is sourced from hydropower. In fact, the rural areas of the Alps produce more electricity because they host the majority of hydropower plants and benefit from improved hydropower management when weather forecasts are available. The right panels of Figure 5 that the increase in import for the blind scenario reaches a significant size when compared to the electricity balancing within the country. We understand in this analysis that the balancing originally made by hydropower in the Alps to provide electricity in demanding urban areas cannot be anticipated when weather forecast is not known, leading to high import events for the high demand periods, mostly in winter.
[image: Figure 5]FIGURE 5 | Transfer of electricity between landscape units. (a) Electricity balancing under the base scenario. (b) Electricity balancing under the blind scenario.
4 DISCUSSION
In a future renewable energy system, our analysis demonstrates how the joint spatial distribution of wind and solar PV generators can be optimized to achieve stable demand–supply matching while maximizing revenue within the existing grid infrastructure. This system benefits from forecasting the weather accurately in advance. In the blind scenario, we simulate a situation in which the weather forecasts are unavailable in advance. Using Switzerland as an example, which has abundant hydropower facilities that assist in demand–supply matching, we show that the required imports would increase by 32.7%, with high import demands occurring more frequently. There are economic consequences as a result of the more imbalanced system. We calculate that the total cost of importing electricity will increase by 36% per year. We acknowledge that these numbers cannot be generalized to other weather years or countries with different energy systems. However, these results demonstrate that the day-to-day operation of dispatchable generators, such as hydropower, benefits substantially from having weather forecasts in advance. By analyzing the energy transfer between Switzerland’s dominant landscape types, we show that the base scenario requires a significant energy transfer from the Jura and Alpine regions to the Midlands, particularly to the cities. This is due to the fact that the most productive locations are chosen for the whole of Switzerland. In principle, when considering wind installations and, for example, agri-PV, the Midlands could produce sufficient energy on its own, at least in the summer, but less efficiently than in the mountains. It is also clear that urban centers will rely on importing energy from their surrounding areas if the system is optimized according to our productivity criteria. However, without weather forecasting, rural areas would experience higher deficits, leading to increased imports from neighboring countries to meet the demands of urban centers. This study is based on a strong assumption: a nationwide optimization primarily based on production potential. Although accessibility, land use, and land protection have been considered, many of the locations chosen by the model may face restrictions not considered in this study. Furthermore, the implementation of installations will depend on local population acceptance, investor interest, and technical feasibility. For example, our approach does not differentiate between different types of PV installations—from rooftop to high-Alpine systems—which may have differing subsidies and incentives, including personal preferences. Furthermore, the combination of wind and solar resources is highly specific to a given climate, and as such, our results cannot be quantitatively transferred to other regions. Nonetheless, this study demonstrates how weather forecasts can support the optimized operation of a given mix of renewable generators at both national and regional levels, leading to improved economic outcomes and a more balanced energy system.
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