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Abstract: The project CLIM2POWER aims at developing a climate service including state-of-the art 
seasonal climate forecasts in the planning of the operation of the power systems. This work presents 
part of the project, addressing the forecasting of the hydropower generation in a case study area, 
the Portuguese part of the transboundary Douro River basin. Rainfall-runoff modelling was 
performed on a daily scale using three ensemble members of seasonal climate data (six months) for 
Portuguese territory crossed with three daily inflow scenarios from Spanish territory defined 
according to historical observed data. The obtained results reflect the fact that seasonal climate 
forecast present a wide variation of scenarios and also the fact that hydropower production in 
Portuguese territory is highly dependent on transboundary inflows. On the other hand, the 
implemented approach successfully produced consistent runoff and hydropower production 
results although improvements on the identification of the most probable scenarios are yet required. 
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1. Introduction 

The conversion from fossil to renewable energy sources has become vital to dampen the climate 
change effects on the environment. Due to this realization, it has been predicted that 70% of global 
energy generation by 2023 will be led by solar photovoltaic (solar PV), wind, hydropower and 
bioenergy [1]. Climate and weather conditions have a strong influence on energy demand, and with 
the strong development of the renewable energies, electricity generation has also been affected [2]. 
The changes of the European energy mix together with ongoing climate change raises several 
questions regarding the adaptation of the energy supply system to its environment. A detailed 
assessment is required to determine the effects of climate change on the operation of power systems. 
To address these issues, the project CLIM2POWER (C2P) (https://clim2power.com/) aims to create a 
bridge between complex scientific model-based knowledge and targeted usable information for end-
users by developing a web-based climate service, at seasonal and long-term timescales, to estimate 
how climate impacts hydro, wind and solar power production and infrastructures operation, 
electricity demand and the whole integrated power system. 

The project includes study areas in various countries (Portugal, Sweden, Germany, Austria and 
France) and the resulting web service provides the connection between climate data, hydrological 
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models, renewable energy sources, energy simulation tools and models of the energy system in an 
interactive user-friendly. C2P generally targets processing and quantification of energy related 
information thus providing  valuable support to the decision making process of both private (e.g., 
companies in the power market) and public relevant entities (e.g., power market regulators, and 
water and environment authorities), as well as market based water energy service providers. Some 
of these interested parts are represented within the C2P project end user Board. 

The present study describes part of the C2P project, addressing the forecasting of the outflows 
and energy generation from the hydropower dams (reservoirs) in the Portuguese part of the 
transboundary Douro River basin (Figure 1). For that purpose, seasonal daily precipitation forecasts 
for six months periods are used as inputs to the hydrological modelling of the basin using the HEC-
HMS (Hydrologic Engineering Center—Hydrologic Modeling System) model. Transboundary 
inflows from the Spanish part of the Douro basin that is, inflows into the first reservoir located along 
the Douro River in Portugal (Miranda reservoir—see Figure 1), were estimated according to historical 
observed inflows and wet, dry and medium scenarios were defined and crossed with simulated 
runoff obtained for the Portuguese part of the basin. 

 
Figure 1. Hydropower plants situated in the Portuguese Douro catchment. 

2. Methods 

This section outlines the methodology used for translating the climate data into hydropower 
production (Figure 2). The seasonal forecast data series include daily precipitation, wind, solar 
radiation and temperature, climate variables which were used to estimate potential energy 
production and use. Regarding hydropower production, precipitation forecasts were used as input 
for the HEC-HMS hydrological model, previously calibrated for each dam river basin using observed 
data. Runoff simulations are used to simulate reservoir inflows, which, in turn, are used to calculate 
potential electricity production in each dam and according to the basin water balance and installed 
hydropower capacity. 

 
Figure 2. Workflow for translating climate seasonal forecasts into hydropower production. 
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2.1. Study Area 

The Douro is the largest Iberian river basin (97,290 km2), with 78,954 km2 in Spain and 18,336 
km2 in Portugal (respectively, 15.6% and 19.8% of each national territory), which corresponds to 17% 
of the Peninsular area. The Douro catchment represents around 50% of Portugal’s hydropower 
production, including a total 66 hydropower plants, 13 of which have an installed capacity above 15 
MW. These 13 hydropower plants represent more than 90% of the total installed capacity in the 
Portuguese Douro catchment (Figure 1). Out of these 13, five hydropower plants are located in 
tributary rivers (Table 1). 

Table 1. Characteristics of the hydropower plants situated in Douro River and tributaries. 

Hydropower Plants Location 
Maximum 
Turbine 

Discharge (m3/s) 

Nominal 
Potential 

(kW) 

Maximum 
Hydraulic 
Head (m) 

Number of 
Turbines 

1. Miranda Douro River 
135 60,000 66 3 
380 189,000 61.75 1 

2. Picote Douro River 
120 65,000 74 3 
420 246,000 70 1 

3. Bemposta Douro River 
145 80,000 71 3 
330 203.3 68.1 1 

4. Pocinho Douro River 390 62,000 21.6 3 
5. Baixo Sabor Sabor river 85 76,500 104 2 
6. Valeira Douro River 360 80,000 31.5 3 
7. Foz Tua Tua river 162.65 135,000 98 2 
8. Régua Douro River 320 60,000 27.5 3 

9. Vilar Tabuaço Távora river 
9 35,000 461 2 
16 58,000 461 2 

10. Varosa Varosa river 
6.6 11,473 199.9 1 
5.52 7722 199.9 1 
3.7 6040 199.9 1 

11. Carrapatelo Douro River 290 67,000 37 3 
12. Torrão Tâmega river 165 70,000 53 2 
13. Crestuma-Lever Douro River 450 39,000 12.6 3 

2.2. Hydrological Model Calibration for Portuguese Territory 

The calibration procedure is an essential step within the process of the implementation of a 
hydrological model. Thus, the HEC-HMS model [3,4] has been calibrated for the Douro catchment in 
Portugal, on a daily time scale. In the Portuguese Douro catchment, seven main tributary rivers have 
been considered: Paiva, Tâmega, Tua, Sabor, Côa, Varosa and Távora. The calibration period was 
established from 1988 to 2000. 

HEC-HMS comprises multiple methodological approaches for simulation of each of the 
hydrograph parts that translate precipitation-runoff processes. For the case of the C2P project the Soil 
Conservation Service (SCS) unit hydrograph method was used for direct runoff computation, the 
linear reservoir method was used for the base flow calculations and the lag method was implemented 
for channel flow modeling. The overall performance of the hydrological model was evaluated using 
the Nash–Sutcliffe coefficient (NSE). This evaluation could only be implemented for the seven 
tributaries as for the Douro River most of the flow is originated in Spain. This procedure leaves out 
of the calibration process part of the national basin (drainage areas between each reservoir located 
along the Douro River) but the corresponding areas were not considered significant for this 
evaluation. NSE values ranging from 0.45 to 0.75 were obtained for the tributary catchments 
indicating satisfactory calibration of the hydrological model (e.g., Figure 3). 
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Figure 3. Hydrological model calibration of daily average flows for the Sabor (a) and Tamega (Torrão 
Dam) (b) tributaries. 

2.3. Reservoir Water Balance and Energy Production Procedure 

A water balance modelling procedure was implemented as a reservoir in series system 
(cascading reservoir system—Figure 4) for the above mentioned 13 hydropower plant reservoirs (see 
Figure 1 and Table 1), using daily inflow data and storage—volume curves for each reservoir. For 
reservoirs along the Douro River, inflows from the upstream reservoir and from the intermediate 
catchment were considered. Transboundary inflows were introduced both at the Miranda and 
Pocinho reservoirs, both with significant drainage areas in Spanish territory. 

 
Figure 4. Reservoir water balance in series modelling scheme. 

For the purpose of establishing the main criteria for the operation of the hydropower plants, a 
general scenario was built on the following assumptions: 

• The total volume of water entering each reservoir in each day will result in electricity production, 
i.e., inflow will be equal to outflow; reservoir storage is considered constant. 

• On a given day, if no inflow is observed in the tributary reservoirs, no electricity will be 
produced. 
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• If the water level of each reservoir is up to its maximum level, electricity will be produced up to 
the hydropower plant’s installed capacity and excess volumes will be discharged to the 
downstream reservoir through flood gates. 

After obtaining the simulated outflows, capacity factors were calculated as the ratio between the 
daily energy generated and total energy generation capacity of each hydropower plant. 

2.4. Scenarios for Seasonal Forecast Climate Data 

Seasonal daily climate forecasts for six months (February–July 2019) were collected by the 
German Meteorological Center (DWD) (C2P partner) based on the German Climate Forecast System 
(GCFS 2.0) [5]. The data are presented as a grid of 6 km2 for the whole of Europe. Seasonal forecasts 
are presented as a set of 50 ensemble members, i.e., 50 seasonal simulations for the same time period 
based on 50 different initial conditions. Considering the high climate variability described by the 50 
forecasts, on the basis of the total precipitation in the Portuguese basin obtained for each of these 50 
ensemble members three ensemble members were selected: minimum, average and maximum six 
month precipitation (300, 562 and 782 mm). These scenarios were designated as DRY, AVERAGE and 
WET scenarios for Portugal and the corresponding daily hydrological modelling was implemented 
for the Portuguese watershed. 

Regarding daily inflows from Spanish territory, inflow data for the Miranda reservoir, the first 
hydropower dam located in Portuguese territory (see Figure 4), was used to define runoff scenarios. 
First of all, daily inflow data for the period 2004–2017 was aggregated into monthly data and then 
per hydrological year, i.e., from October–September. After that, wet, average and dry hydrological 
years were identified according to the probability of the occurrence of 0.85, 0.50 and 0.15 (2015/2016, 
2014/2015 and 2011/2012). These scenarios were identified as WET, AVERAGE and DRY scenarios 
for Spain. Three scenarios from each country resulted in a total of 9 arrangements. 

3. Results and Discussion 

The results herein presented are limited to the Crestuma-Lever hydropower dam, the last 
downstream dam of the Douro basin (although results for all the dams are available). The observed 
and simulated total monthly outflows for six months for all nine arrangements are shown in Figure 
5. Three arrangements including maximum inflow from Spain (WET SPAIN) had the highest outflow 
in all the arrangements. With respect to observed outflow, the minimum difference (5%) was found 
for the scenario DRY SPAIN DRY PORTUGAL and the maximum was for WET SPAIN WET 
PORTUGAL (287%). 

 
Figure 5. Average capacity factors for six months and observed and simulated total outflows over six 
months for all nine arrangements at the Crestuma-Lever dam (most downstream dam). 
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During the simulated period, observed inflows from Spain were 29% lower than those in the 
DRY SPAIN scenario, whereas the WET and AVERAGE SPAIN inflows were 338% and 119% higher. 
Additionally, the DRY PORTUGAL 6 month precipitation was the closest (albeit 72% higher) to the 
observed precipitation in the Portuguese drainage basin. The AVERAGE and WET PORTUGAL 
scenarios’ precipitation was 222% and 348% higher than the observed precipitation. These 
comparisons indicate that in reality, for the forecast period (February to July 2019), the flows in Spain 
and in Portugal can both be considered as dry periods, suggesting the modelling procedure 
adequately describes the behavior of the system. The resulting capacity factors ranged between 0.45 
and 0.35 for three arrangements composed of maximum inflow from Spain (WET SPAIN). However, 
this range decreased to 0.25 to 0.13 when the inflow from Spanish territory was minimum (DRY 
SPAIN) 

The monthly average outflows from the observed data and simulations for the 9 arrangements 
are shown in Figure 6. All 9 arrangements’ outflows were closer to the observed values in the months 
of June and July. Interestingly, these two months’ observed outflows were the lowest in all six months. 

Our results reflect the high dependence of flows in the Douro River from the Spanish territory. 
A probability-of-occurrence analysis of each arrangement is needed in order to make seasonal 
forecasting a better tool. Further research using seasonal data should be pursued in future studies, 
and also, improvements in the hydrological modelling of Spanish territory are required in order to 
realize the forecasting capability of seasonal climate data. The impact of reservoir operation 
procedures on reservoir outflows is another issue currently under study. 

 
Figure 6. Observed and simulated monthly outflows for 9 arrangements at the Crestuma-Lever dam. 

4. Conclusions 

Seasonal climate forecasts for six months were used for the prediction of outflows and 
hydropower from 13 hydropower dams in the Douro basin, in Portugal. The results confirm that 
inflows from Spanish territory have a strong influence on the outflows from Portuguese reservoirs 
thus making hydropower production highly dependent on transboundary inflows. Transboundary 
inflows are not only dependent on meteorological conditions but also reservoir management in Spain 
as the Douro River is highly regulated. More importantly, climate forecasts variations the variations 
of flow obtained from the cascading of the models (climate, hydrological and water balance) are yet 
very significant. 

Nevertheless, seasonal forecast represents an important step to better anticipate available energy 
resources and therefore determine appropriate dam operation procedures that not only target more 
efficient energy production but also ensure reservoir outflows that are in accordance with the goals 
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of the water frame directive. Results from the C2P project are yet under thorough analysis as the 
overall results demonstrate a clear potential to improve decision making in the energy production 
and management sector. For the particular case of hydropower, the study under way as showed that 
the identification of the most likely meteorological scenarios is one of the tasks yet requiring further 
development. 

Albeit some difficulties, the overall results herein presented demonstrate that the coupling of 
climate scenarios and hydrological models is an effective method to improve reservoir management 
towards hydropower production optimization. 
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