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Inflow to reservoirs and hydropower plants is highly dependent on weather and climate, and therefore 
vulnerable to climate change. Awareness for global warming and the related climate change has increased in the 
hydropower sector, which is reflected in the development of international guidelines for climate risk 
management, as the “Hydropower Sector Climate Resilience Guide” recently developed jointly by the 
International Hydropower Association, the World Bank and the European Bank for Reconstruction and 
Development.    
The presented contribution exemplifies a climate risk management approach for hydropower operation for the 
case of the Drin Cascade in Southeast Europe. In line with the “Hydropower Sector Climate Resilience Guide”, 
the applied concept provides a structured framework to identify and manage risks related with climate variability 
and climate change for hydropower assets, hydropower operation, and energy and revenue generation. 
Projections of regional and local climate change for the relevant climate variables were analysed based on most 
recent results of climate science, and the resulting impact on inflow to the reservoirs was assessed. Adequate 
adaptation measures were developed and prioritized, involving all relevant stakeholders.  
One high-priority adaptation measure included in the climate risk management plan was the development of a 
hydro-meteorological information system providing inflow forecasts and supporting decision-making in 
operation. The pilot Drin Operational Support System (OSS) automatically processes hydro-meteorological data 
from the basin and displays it in the web-based interface. A hydrological and reservoir operation model uses this 
real-time data and weather forecasts to generate inflow forecasts for all reservoirs for two weeks. For longer 
forecast horizons of several months, information on atmospheric teleconnection patterns and data from seasonal 
meteorological forecasts can be used.  
The use of the pilot Drin OSS enhances the knowledge of interactions between global and regional climate and 
local hydropower operation, and provides timely information to adapt to specific climatic situations. Its 
implementation and continuous development therefore is a key element of increased climate resilience in 
hydropower operation in the Drin Cascade. 
 
 
1. Introduction 
 
Inflow to reservoirs and hydropower plants is highly dependent on weather and climate, and therefore 
vulnerable to climate change. After the four warmest years on record, from 2015 to 2018, and the global heat 
wave and drought of the summer of 2018, awareness for global warming and the related climate change has 
increased also in the hydropower sector. For many hydropower operators, improving the climate resilience of 
assets and operations has become a strategic objective. This is also reflected in the development of international 
guidelines for climate risk management, as the Asian Development Bank’s “Guidelines for Climate Proofing in 
the Energy Sector” [1] and the “Hydropower Sector Climate Resilience Guide” (HSCRG, [2]) recently 
developed jointly by the International Hydropower Association (IHA), the World Bank (WB) and the European 
Bank for Reconstruction and Development (EBRD).    
 
The presented contribution is a case study for the implementation of a Climate Risk Management Plan (CRMP) 
in line with the HSCRG for the Drin cascade in South-east Europe that is operated by the Albanian Power 



 
 

 

Corporation (Korporata Elektroenergjitike Shqiptare, KESH). The Drin basin is a transboundary basin, with the 
headwaters in Kosovo (White Drin) and North Macedonia (Black Drin) and a total catchment area of 
14 173 km², covering an elevation range from 23 to 2694 m asl (Fig. 1).  
 
Due to the large elevation range, both air temperature and precipitation exhibit high seasonal and spatial 
variability. The highest precipitation is observed in the northern parts of the basin, in the catchment areas of the 
rivers Valbona and Shala that directly contribute to Komani reservoir. Seasonally, most of the precipitation is 
received in winter and spring. The strong seasonality in meteorological variables also leads to a significant 
seasonal variation in inflow to the reservoirs, with a distinct peak in spring, when snow melt coincides with high 
rainfall (see also Fig. 4 in Chapter 3). Mean annual precipitation for the Drin basin upstream of Vau i Dejes for 
the period of 1986-2005 is 1126 mm.     
 

 
 

Fig. 1 : The Drin basin 
 
The three dams and reservoirs of the Drin cascade, Fierza, Koman and Vau I Dejes, are located in the lower part 
of the Drin Basin (Fig. 1). They cover a total head of 263 m with a total installed capacity of 1350 MW. A 
schematic longitudinal section of the Drin Cascade that also presents the main features of the reservoirs and 
hydropower plants (HPPs) is shown in Fig. 2. 
 
Chapter 2 of this paper describes the hydro-meteorological, hydrological and hydropower modelling framework 
that is the core tool of the presented services. Chapter 3 outlines the Climate Risk Management Plan that was 
prepared based on a climate change impact assessment and a comprehensive assessment of the related risks and 
opportunities, leading to a list of prioritized adaptation measures. Chapter 4 describes the development of one 
high-priority adaptation measure, the Drin Operational Support System (OSS), a hydro-meteorological 
information system that shows real-time information on the state of the Drin catchment and provides inflow 



 
 

 

forecasts to the reservoirs of the cascade. The main conclusions of the paper are summarized in Chapter 5. 

 
 

Fig. 2 : Schematic outlay of the reservoirs of the Drin cascade 
 
 
2. Hydro-meteorological modelling framework 
 
An essential tool for the analysis of scenarios and for the assessment of future hydrological conditions in the 
hydropower cascade is a hydro-meteorological modelling framework that adequately represents the major 
elements of the natural hydrological system and the man-made hydropower system, and their interconnections. 
Applying different meteorological input data sets, this modelling framework can be then used for climate change 
impact assessments predicting general trends in the next decades, and for operational real-time forecasts of the 
next weeks to months.  
 
For the Drin cascade, the modelling framework includes a conceptual water balance model [3] that represents 
the main natural rainfall-runoff processes, and a water allocation model that considers the interrelation between 
catchments, rivers and reservoirs (as shown in the schematic graph in Fig. 3).  
 
The water balance model considers snow processes, interception storage in the vegetation layer and soil storage. 
Actual evapotranspiration is calculated as a function of soil moisture and potential evapotranspiration. Runoff 
generation is a non-linear function of soil moisture. The generated runoff is split into different flow components 
(surface runoff, interflow, baseflow) to simulate different flow paths and related response times in the 
catchment. The represented processes are calculated for each spatial element of the model, with all flows in the 
unit of mm. In the applications for the Drin basin, the spatial discretization is based on eight sub-basin elements 
and elevation bands, yielding in total 60 hydrological response units (HRUs). For each sub-basin outlet, runoff 
is transformed to streamflow in m³/s and streamflow is accumulated according to the topology of sub-basins.  
 
In the water allocation model, river routing is considered based on a lag routing method, and the main features 
of all reservoirs and dams of the Drin cascade are included with their characteristic interrelations between 
inflow, reservoir water level, and outflow. 
 
Driving meteorological input data are precipitation, temperature and potential evapotranspiration. The time step 
length is generally variable, with daily time steps used in the applications described here. Input data are derived 
from meteorological stations, from satellite observations, from climate models, or from numerical weather 
forecast models, depending on the applications, and data sources are described in more detail in the following 
chapters.   
 
For the application of the model in the Drin Basin the parameters of the model were calibrated based on historic 
precipitation, temperature and streamflow data of the period 1970 to 2017. 



 
 

 

 
 

 
Fig. 3 : Hydrological and water allocation modelling framework 

 
 
3. Climate Risk Management Plan 
 
A Climate Risk Management Plan (CRMP) is a formalized approach to develop a comprehensive understanding 
of the vulnerability of hydropower assets and operation to climate variability and climate change and to identify 
the related risks and opportunities. Its main outcome is a list of adaptation measures to manage the identified 
risks and to exploit the identified opportunities. The overall aim of developing and implementing a CRMP is to 
increase the climate resilience of hydropower operation. 
 
The main elements of a CRMP are:  

• Climate change impact assessment 
• Identification and categorization of climate risk and opportunities 
• Identification and prioritization of adaptation measures 
• Definition of a procedure for implementation and monitoring of the CRMP 

 
For the Drin cascade, the hydro-meteorological modelling framework described in Chapter 2 was applied to 
assess the impact of projected climate change on future inflow to the reservoirs. After calibration of the 
modelling framework and simulations for a historical reference period (1986-2005), two steps of climate impact 
assessment were implemented: a climate stress test that explores the general sensitivity of the system to possible 
changes in temperature and precipitation, and a climate scenario analysis based on downscaled climate model 
projections for the Drin basin. Climate model data from Global Climate Models (GCMs) and Regional Climate 
Models (RCMs) from different sources were extracted and analysed to develop an understanding of the range of 
uncertainty in climate projections. For the simulation of climate scenarios, climate scenarios for the Drin basin 
were constructed based on median projections of a large 35-model ensemble of GCMs of the CMIP5 initiative 
[4] provided in the Worldbank Climate Change Knowledge Portal [5]. Applying the delta change approach for 
downscaling and bias correction of the GCM information, monthly climate change signals for temperature and 
precipitation for two future periods, 2020-2039 (near-term future) and 2040-2059 (mid-term future) were 
imposed on observed climate data series of the Drin basin for the reference period. In the terminology of the 
HSCRG [2], this approach for climate impact assessment and climate stress testing can be classified as a semi-
comprehensive approach.  
 



 
 

 

Results of the climate scenario simulations for Fierza reservoir are presented in Fig. 4. Median GCM projections 
show a small decrease in precipitation, especially in the wetter winter and spring months, and a significant rise 
in temperature that is most pronounced in summer. As a consequence of the warmer temperature, snow storage 
in winter decreases substantially, and evaporation (not shown in Fig. 4) increases slightly. Resulting from these 
expected hydro-climatic changes, future inflow is projected to generally decrease, by around 5% of annual 
inflow over the near-term future period and by up to 10% over the mid-term future period. Seasonally, the 
decrease is more pronounced in the summer half year, due to more liquid precipitation in winter – in Komani 
and Vau I Dejes reservoirs, with higher elevations in the catchment areas and stronger influence of snow 
processes, inflow in the winter months is projected to slightly increase.      
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Fig. 4: Impact of climate change on main hydro-meteorological parameters in the catchment of Fierza reservoir 

 
 
Based on the results of the climate impact assessment, climate risks and climate opportunities for the assets and 
operation of the Drin cascade were identified. Drawing on classical engineering and financial risk assessment, 
risk was defined as the product of a potential loss and the likelihood that it will occur (and opportunity as 
product of potential gain and likelihood). In accordance with the HSCRG [2], a semi-quantitative approach of 
risk and opportunity classification was adopted, with four categories of potential loss (and three of gain) and 
three categories of likelihood, resulting in a total of 11 categories ranging from extreme risk to large opportunity 
(see colour code matrix in Fig. 5). 
 
For a detailed understanding of the consequences of climate change for hydropower, a distinction between direct 
climate risk and indirect climate risks and opportunities was introduced in the CRMP. Direct Climate Risks are 
risks which are caused by a climate impact directly affecting the assets or operations of the electricity generator, 
e.g. a projected decrease in precipitation resulting in a potential decrease in inflow and generation. Indirect 
climate risks are risks imposed by climate impact on the market environment, or on the physical transmission 
system, which then affects the operations of the electricity generator. An example would be an increase of the 
winter temperatures, resulting in a reduction of electricity demand for heating and in a decrease of the electricity 
prices during the winter months.   
 
With the compilation of risks and opportunities, and the related categories, potential measures to mitigate these 
risks or exploit the opportunities were assessed and prioritized. For improved document structure in the CRMP, 
structural adaptation measures and non-structural (operational, strategic, financial,…) adaptation measures were 
listed separately. For a comprehensive overview and understanding of the interrelations between climate and 
planned adaptation measures the list of adaptation measures and related priorities was mapped to the categorized 
risk and opportunity register.   



 
 

 

 
 

 
 

Fig. 5: Risks and opportunities matrix 
 
 
 
One of the non-structural adaptation measures with the highest priority was the development of a hydro-
meteorological information system that provides inflow forecast and supports decision-making in hydropower 
operation in real time. While such a system generally can improve hydropower operation, it becomes crucial 
with increasing climate-related uncertainty, when “typical” operation patterns based on “typical” climatic 
behaviour fail to provide guidance in operational decisions.  
 
 
4. High-priority adaptation measure: Drin Operational Support System (OSS) 
 
For rapid implementation, the development of the hydro-meteorological information and forecast system was 
started in a step-wise process. A pilot system was set up already during the CRMP consultation process. Further 
development and improvement was planned for several subsequent project phases, which are currently and 
continuously designed and implemented.   
 
The main components of the Drin Operational Support System (OSS) are shown in Fig. 6. Precipitation input to 
the system are station observations of KESH’s own meteorological network, which is constantly improved and 
extended as part of the OSS development, and of some additional available stations in the region. As a backup to 
ground-based precipitation data, satellite precipitation observations supplied in real-time (from the Global 
Precipitation Measurement mission GPM by NASA and JAXA) are processed by the OSS. Precipitation 
forecasts for up to 14 days by the Global Forecast System (GFS) of the U.S. National Oceanic and Atmospheric 
Administration (NOAA) are used to simulate inflow forecasts for the same forecast horizon.  
 
Other real-time observational data from the basin that are used in the OSS to update and correct simulated 
variables and system states include measurements of streamflow and reservoir water level. Most of these input 
data layers are automatically imported and processed, but manual inclusion of observational data is also used.  
 
Forecast runs in daily time steps are started automatically, and all available observational and forecast data at the 
time of execution are automatically pre-processed and provide input to the database. Simulation runs of the 
hydrological and reservoir operation models are triggered and the simulation output is displayed on screen in 
different formats, showing e.g. rainfall maps, inflow hydrographs, reservoir water levels, warning messages, etc.  
The displayed real-time observations and simulation and forecast results give a structured overview of the 
current status of the reservoirs of the Drin cascade and their catchment area and provide a quantitative estimates 
of the water availability for hydropower production in the forecast period of 14 days. Based on these 
automatically triggered simulations, the effect of different operation decisions on future outflows and reservoir 
water levels can be explored in scenario simulations.      

 



 
 

 

 
 

Fig. 6: Components of the Drin Operational Support System 
 
 
Imminent further development of the Drin OSS will include the use of a regional numerical weather prediction 
(NWP) system that provides more accurate forecasts in a higher spatial resolution, which is of particular 
importance for the complex mountainous terrain of the Drin basin. Improved exploitation of meteorological 
forecast data could also involve the use seasonal forecasting data or information on atmospheric teleconnection 
patterns, to extend the forecast horizon to several months. For an improved support of short-term operational 
decisions, especially during flood situations, an increase of the temporal resolution and execution of the Drin 
OSS to sub-daily time steps is also envisaged. For overall extension of operational support, a module for real-
time optimization of reservoir operation is planned that considers availability of water resources and additionally 
takes market conditions and prices into account.   
 
 
5. Summary and conclusions 
 
Under the conditions of global climate change – with rising temperature, changing precipitation patterns and the 
related effects on reservoir inflow – building and improving climate resilience becomes crucial in hydropower 
operation. A Climate Risk Management Plan provides a structured framework to understand the interrelations 
between climate variability and climate change in a specific basin or region, and the specific hydropower assets 
and their operation. The CRMP formalizes the development of projects and measures to adapt to climate change 
by mitigating climate risks and exploiting climate opportunities, and supports their implementation. The 
presented case study for the Drin cascade shows the implementation of a CRMP framework in line with  the 
“Hydropower Sector Climate Resilience Guide” [2] by IHA, WB and EBRD, and the effective and efficient 
implementation of one identified high-priority adaptation measures, the Drin Operational Support System. The 
Drin OSS is a hydro-meteorological information system based on observation data, hydrological and reservoir 
operation models, and weather forecasts. It provides a comprehensive overview of the actual state of the cascade 
and its catchment, and a forecast of future conditions. This real-time information on available water resources in 
the Drin cascade supports operational decision-making and provides timely information to adapt to specific 
climatic situations. 
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