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Introduction 

The 2003 heat wave, which generated an estimated economic loss of USD 13 billion, revealed that 

drought is a phenomenon not exclusive to the Mediterranean region in Europe.  

As an effect of climate change, low flows and droughts are expected to occur more frequently and 

more severely in western and central Europe. Thus, assessment of future droughts and low flows 

impacts appears to be a crucial issue. 

Given this framework, the present report, conducted within the framework of Action 7 of the AMICE 

Project, is dedicated to the analysis of the impacts of droughts and low flows in the Meuse river ba-

sin, with a focus on 4 economic sectors: energy, agriculture, drinking water and navigation. 

Effects of low flows on the energy-production industry 

The production of electricity in thermal power plants as well as in hydro power plants is strongly de-

pendant on surface water availability: hydro power plants use the gravitational force of flowing wa-

ter to generate electricity while thermal power plants require water for cooling purposes.  

During drought periods, the river discharge (Qmean) may decrease, together with an increase of the 

atmospheric temperature Tair (and therefore in water temperature Twater). These two effects, linked 

to climate evolution, could lead to adverse impacts on the energy production. 

Thermal power plants 

� Operational principles 

Thermal power stations convert heat from fossil fuel combustion or nuclear fission into electric pow-

er. The heated water is turned into steam that operates a turbine, which drives an electric generator 

(see Figure 1). The steam then passes through a condenser and is recycled to where it was heated.  

In a second separate water cycle, the condenser works as a heat exchange where cooling water ab-

sorbs thermal energy from the 

steam. 

  

 

 

 

 

Figure 1. Operational principles of a thermal power plant 
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The energy conversion, from heat to electric power, only works if the difference in temperature 

between the two heat reservoirs (boiler part and condenser part) is high enough. 

There are different types of cooling cycles with varying efficiency. In all cases, if the cooling water 

temperature increases or if the discharge value decreases, the cooling process will be less efficient. 

The power plant will thus be forced to operate with reduced capacity or shut down temporarily if 

temperature thresholds are exceeded. 

Furthermore, power plant operators are legally obliged to control cooling water discharge, in order 

to secure the environment for flora and fauna under conditions defined in the EU freshwater protec-

tion directive (Directive 2006/44/EC). 

� Assessing low flow impacts on electricity production and monetary damages 

Conversion from air temperature increase into water temperature increase is calculated with an 

adaptation factor. Future air temperature increases are given in AMICE Action 3 scenarios, for the 

two time slices 2021-2050 and 2071-2100 and for the different sub-regions of the Meuse river basin 

as well as at transnational level. 

Within the AMICE project, the reduction in electricity production is evaluated using the approach of 

Foerster & Lilliestam (2010), which takes into account both discharge reduction and water tempera-

ture increase (see Figure 2).  

 

 

 

 

 

 

 

The monetization of the energy production reduction is then realized by multiplying the calculated 

value of reduction in production, the average price for base load power from the European stock 

exchange (EPEX), and the annual operation capacity of the considered station (power plant-specific 

data). 

  

 

 

 

Figure 2. AMICE methodology – calculation of the annual mean reduction in electricity production 

as a consequence of the reduction in water discharge and the increase in water temperature 

Figure 3. Monetization of the energy production loss due to climate change 
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Table 1. Economic annual damage assessed on the 

thermal power stations of the Meuse basin 

 

Figure 4. Location of the thermal power plants in the 

Meuse basin 

� Calculating damages for thermal power stations of the Meuse basin 

The mean annual damage for every power plant of the Meuse basin is calculated for the time periods 

2021-2050 and 2071-2100 following the modus operandi set out above, and compared to the figures 

of the present state period (1971-2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The expected damage in the late 21st century is much higher than in the middle of the century, for 

all thermal power plants on the Meuse, due to higher discharge reduction and temperature rise. 

The nuclear power plants of Chooz and Tihange, that have by far the highest installed capacities with 

an annual operation capacity of more than 20 GWh, are logically the most affected in terms of mone-

tary damage. 

Hydro power plants 

� Methodology to assess low-flows impacts on hydroelectricity 

Hydroelectricity uses the potential energy of water stored in a reservoir (sometimes created by 

weirs) to spin turbines and create electric power. The two parameters: discharge (Q) [m
3
/s] and hy-

draulic head (Hn) [m] define the amount of electricity produced by the turbine. In this study, the 

hydraulic head is assumed to be constant in the future decades, the variation of energy production 

depends thus only on the river discharge. 

Within the AMICE project, the energy production reduction is calculated as the difference between 

the capacity calculated on the basis of the annual mean discharge at the present state and the ca-

pacity calculated on the basis of the discharge linked to the future scenarios. 

 

reduction in production [%] 

2021-2050 2071-2100 

Chooz 1.9 8.2 

Tihange 1.95 7.5 

Clauscentrale 2 5.82 

Buggenum 3 8.6 

Amercentrale 2 5.82 

Dongecentrale 

 

2 

 

5.82 
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Moreover, the mean annual economic damage for the future scenario (in relative percentage) is as-

sessed using an average price from the European stock exchange (EPEX). It should be noted that in 

reality electricity prices fluctuate on a seasonal and daily level. 

� Economical damages for the hydro power stations in the Meuse basin 

The methodology described above assumes that no economic damage is expected for the hydro 

power plants along the Meuse River in the French region, the plant capacity (maximum discharge of 

the turbine) being smaller than the mean annual discharge for both the future scenarios of the 

AMICE Project.  Moreover, for the two Dutch hydro power plants, the available data are not suffi-

cient to predict which amount of water will be provided for energy production. The economic dam-

age due to future low flows is not examined for these stations. 

The damage of the annual sales in relative % for the seven Walloon hydro power plants is given in 

figure 5 (present state: 1971-2000). 

 

 

Table 2: Damage to the hydropower stations in Wal-

lonia due to low-flows under the AMICE scenarios. 

 

 

 

 

Operators of Walloon hydro power stations should be aware that the climate change will affect 

(sooner or later) the profitability of their stations. However, because of the lower installed capacity 

of hydro power stations in comparison with the thermal power plants, the monetary damage will be 

less striking at the global level.  

Findings 

This study has revealed that a decrease in energy production under the AMICE future dry scenarios 

is expected for both types of power plants located along the Meuse River. 

Even if uncertainties due to simplifications could lead to bias, this study gives a good overview of 

the situation on the Meuse basin. 

Effects of drought on agriculture 

Methodology and data applied in the AMICE project 

Agriculture will be affected in various manners by global change, depending on initial climate condi-

tions, soils, land uses, policies or economy. Broadly speaking, increase in crop productivity is ex-

pected in Northern Europe essentially due to rise in air temperature, while a general decrease in 

yields and an increase in water demand are expected for southern Europe. A separate analysis of 

 
damage of the annual sales [%] 

2021 – 2050 2071 – 2100 

Lixhe 43 64 

Monsin 57 73 

Ivoz-Ramet 39 62 

Ampsin-Neuville 35 60 

Andenne 45 66 

Grands-Malades 0 36 

Hun 0 11 
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climate change impacts and non-climatic influence based on management options is quite difficult 

because of their heavy mutual influence. Changes in management practices and agricultural calendar 

could counteract the positive effects of global warming. 

A common methodology is proposed for all partners of the AMICE project in order to obtain compa-

rable results. The method is based on the use of a physically-based model - the EPIC-Grid model - 

which is able to calculate the crops yields under control of various input data, such as the type of 

crop, the soil, the slope, and of course, meteorological data.  

Soils data are obtained from the European soil database. Concerning crop data, the three main ce-

reals cultivated in the Meuse catchment are maize, wheat and barley, according to the preliminary 

study carried out within the project. Crops characteristics provided by Belgium (Walloon statistics) 

are used as reference to calibrate the model. Further, the technical calendar, the crop rotation and 

the agricultural practices (including nutrients, no irrigation is considered) are considered unchanged 

for the three simulated time slices (Present, 2021-2050 and 2071-2100).  

Calculations for grassland have also been performed for a limited number of territories and are not 

presented in this summary. 

Meteorological drought is considered in this study. 

Yields evolution in the agricultural regions of the Meuse basin 

� Evolution of maize yields with climate change  

 

The Figure 5 shows the consequences of climate 

change scenarios, established within the AMICE 

Projet, on maize yields for different sub-regions of 

the Meuse river basin.  

Maize crop in the Meuse catchment will be nega-

tively affected by climate change in the context of 

a dry climate change scenario, despite the CO2 fer-

tilization effect. The decrease in maize yields is of 

approximately 3-4 % for the mid 21
st

 century except 

for France (a small yield increase of 2% is expected). 

In addition, the variability of crop yields is globally 

exacerbated in the future, except for Germany. 

 

� Evolution of wheat yields and barley yields for the three time slices 

The following tables show the evolution of wheat and barley yields, which more or less follow the 

same trends under climate change.  

In Wallonia, Belgium Evolution of yield (%) 

1971-2000  

2021-2050 -3.00 

2071-2100 -18.85 

In Flanders, Belgium Evolution of yield (%) 

1971-2000  

2021-2050 -18.04 

2071-2100 -29.29 

In Germany Evolution of yield (%) 

1971-2000  

2021-2050 -5.36 

2071-2100 -21.84 

In the Netherlands Evolution of yield (%) 

1971-2000  

2021-2050 -3.43 

2071-2100 -18.75 

In France Evolution of yield (%) 

1971-2000  

2021-2050 +2.47 

2071-2100 -17.47 
Table 3: Evolution of maize yields with climate change. 
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Wheat and barley have similar behaviors and are positively affected by climatic change. The in-

crease in wheat yield is from 8-15% for the mid-21
st

 century and reaches 16-28% for the end of the 

century; the increase in barley yield is from 6-20% for the mid-21
st

 century and reaches 9-21% for the 

end of the century.  

While the variability of wheat yields is exacerbated in the future, results are less pronounced for bar-

ley crops.  

 

in Wallonia, Belgium Evolution of yield (%) 

1971-2000   

2021-2050 +8.43 

2071-2100 +17.46 

in Flanders, Belgium Evolution of yield (%) 

1971-2000   

2021-2050 +7.90 

2071-2100 +16.08 

in Germany Evolution of yield (%) 

1971-2000   

2021-2050 +8.35 

2071-2100 +17.78 

in the Netherlands Evolution of yield (%) 

1971-2000   

2021-2050 +12.72 

2071-2100 +23.30 

in France Evolution of yield (%) 

1971-2000   

2021-2050 +16.40 

2071-2100 +27.77 

Table 4: Evolution of wheat yields under climate change Table 5: Evolution of barley yields under climate change 

 
Finally, a damage assessment in monetary terms has been given by applying average prices of crops. 
The average prices were provided by EUROSTAT for each crop type and for each country. It is to be 
noticed that the evolution of prices in the future is not considered in this study. 
 

Effects of low flows on the drinking water supply 

The water supply systems have to cope with changing conditions: socio economic effects, evolution of 
technical standards… Additional potential threats to water supply systems may arise from the ex-
pected higher severity and frequency of low flows in the course of climate change. In view of this, 
ensuring an adequate potable/drinking water supply in the future may be seen as a major issue. 

Storage capacity and vulnerability of the drinking sector  

Eight surface water abstraction points provide potable/drinking water for six million people within 

the Meuse basin (in the different countries crossed by the river except Germany). The quantity of 

surface water abstracted for the year 2010 for each station of the Meuse catchment is given in the 

table 1, representing a total volume of 485 Mm
3
.  

in Wallonia, Belgium Evolution of yield (%) 

1971-2000   

2021-2050 +18.45 

2071-2100 +18.02 

in Flanders, Belgium Evolution of yield (%) 

1971-2000   

2021-2050 +16.42 

2071-2100 +18.01 

in Germany Evolution of yield (%) 

1971-2000   

2021-2050 +6.66 

2071-2100 +8.84 

in the Netherlands Evolution of yield (%) 

1971-2000   

2021-2050 +12.22 

2071-2100 +11.01 

in France Evolution of yield (%) 

1971-2000   

2021-2050 +20.31 

2071-2100 +21.37 
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It is noticed that the abstracted water is mainly distributed to the coastal regions of the Netherlands 

and Flanders. 

In the context of a basin wide water management within the AMICE project, Action 7 aimed at study-

ing international strategies and policies to cope with water shortages induced by climate change.  

 

Location km River/Tributary Region Mm³/year (2010) 

Tailfer 520 Meuse Wallonia 48 

Broechem  Albert Canal Flanders 57 

Lier/Duffel  Nete Canal Flanders 84.5 

Heel 690 Lateraal Canal Netherlands 9.9 

  Boschmolen Lake  1.5 

Brakel  Dammed Meuse Netherlands 69.2 

Keizersveer (Petrusplaat) 865 Bergse Meuse Netherlands 209.3 

Scheelhoek  Haringvliet Netherlands 5.8 

Total    485.2 

Table 6 : Location and capacity of the main abstract points used for drinking water on the Meuse basin 

 

Whereas for flood risk analysis, the direct economic flood damage is calculated, the economic loss in 

the drinking water sector is estimated considering the compensatory measures or strategies to alle-

viate the water production losses. 

Different strategies exist to ensure an appropriate control of the water resource in time of scarcity: 

• limiting withdrawal at source (water saving strategies), 

• defining priorities in water use, 

• extracting water from alternative sources (groundwater, another water operator…),  

• storing water (in reservoirs). 

As a first step, AMICE characterized the buffer capacities of the 8 abstraction points that rely on sur-

face water in the Meuse basin. This gives information on their bridging period: the time during which 

the water system can cope with water shortage with no impact on the quantity of water distributed 

to the consumers.  

This study showed that bridging periods vary between 0 day (for Tailfer which is thus the most vul-

nerable abstraction point) and 3 months when the reservoirs are used with alternative sources.  

As all 8 abstraction points of the Meuse river and its tributaries have limited storage capacities, it is 

not conceivable to rely only on it to meet the target of water demand in time of low flows and 

alternative strategies have to be sought for. 
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Comparing water demand and surface water availability  

As a second step, the AMICE Project aimed at assessing the water supply performance of each sys-

tem, by calculating their probability of failure occurrence: the probability that the water demand 

exceeds the water availability.  

First, a harmonized methodology was proposed to evaluate the robustness of the system, based on 

three criteria: the system reliability, its resilience and its vulnerability. Then, the AMICE Project col-

lected data on the intake stops that occurred between 2007 and 2010. The data analyzed for this 

period showed that all the water intake stops that happened were caused by technical defects or 

insufficient water quality and not by quantity problems. Furthermore, the water intake stops have 

never lasted longer than the maximum period during which the abstraction point can be supplied by 

alternatives sources or stored water.  

It appears annual average values on water intake stops cannot provide conclusive results on the 

water system vulnerability to water shortage induced by climate change. Further data collection of 

high quality is needed for a robust assessment.  

As such, a further in-depth work is out of scope of the AMICE project but should be conducted by 

water operators, considering the assessed vulnerability of the drinking water supply systems in case 

of extended water shortage. 

Effects of low flows on the commercial navigation sector 

The Meuse River is navigable over a substantial part of its total length. Navigation as a trading route 

reaches as far as Givet, France. The navigation canals connect the Meuse river to other major water-

ways such as the Rhine. In the Netherlands and Flanders, the river is part of the major inland naviga-

tion infrastructure, connecting the Rotterdam – Amsterdam – Antwerp port areas to the industrial 

areas further upstream. 

Consequences of a low flow regime on the navigation sector 

Whereas in non-regulated discharge rivers, an extreme low flow period may hinder the full load of 

ships, the minimum level to enable navigation is always ensured in the Meuse basin by a weirs regu-

lation system. Ships pass the weirs through navigation locks. During the locking process of a ship 

transit, an amount of water is lost (see Figure 5:). 

 

Figure 5: Water loss during the downward locking 



10  AMICE - Action 7 Report Low-flows- Summary 

Difficulties occur when the volume of water lost every day due to the locking process, exceeds the 

daily water available for navigation. 

The loss due to the locking process can be mitigated by: 

• reducing the number of locking cycles (execute the process when the lock chamber is fully 

loaded by ships), 

• reducing the amount of water lost during a lock cycle (storing water in reservoirs; pumping 

back water from downstream; siphoning water in a multi-chamber lock complex; using divid-

ing doors). 

All these means to reduce water loss generate extra-costs, either by increasing waiting time for ships 

or by consuming more energy (when pumping back water) or by needing extra infrastructures (instal-

lation of dividing doors). 

Assessment of extra-costs due to low flows  

A rough quantification of the extra-cost generated by low flows is done for one of the three Dutch 

complexes of the Meuse (as an example) using the SIVAK software. To compute the total costs and 

waiting time for each individual ship to pass the lock, the software requires data on: 

• characteristics of the lock chambers, 

• water level differences between upstream and downstream, 

• traffic (shipping intensity for the lock), 

• waiting and sailing costs per ship class. 

 

 Dry year (2003) Very dry year (1976) 

Increase of extra cost 

with respect to average 

year [%] 

36 1520 

Table 7 : Increase in extra costs due to water saving strategies for drought con-

ditions resulting from the SIVAK simulations 

 

Both measures to save water, as listed above, lead to extra waiting times and/or extra costs for the 

navigation. The extra waiting times on a yearly basis can be expressed in terms of costs. The simula-

tion has shown that the dryer the climate is, the more important the extra cost will be. On the 

Maasbracht complex, based on data for the particularly severe drought of 1976, it was found that the 

extra costs may be up to 16 times the cost on an average year. 
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Conclusion 

As a consequence of climate change, droughts and low flows are expected to occur more frequently 

and more severely in the future. This study conducted within the framework of Action 7 of the 

AMICE Project has shown that 3 of the activity sectors studied (energy production, drinking water 

production and navigation) will be negatively affected and solutions have to be discussed at all 

territorial scales. Agriculture could be positively as well as negatively impacted by climate change.  

Furthermore, the researches carried-out form a basis for further studies, which will need a continu-

ous and enhanced exchange of knowledge, methods and data between the different countries and 

regions that belong to the Meuse river basin. The results can be used as a decision support tool to 

develop international cooperation and build adaptation strategies and measures to reduce negative 

impacts of climate change in the Meuse river basin. 

 

 

 

 

 

 

 

 

 

Definitions 

� Drought 

Drought is a natural phenomenon. It is a temporary, negative and severe deviation along a significant 

time period and over a large region from average precipitation values (a rainfall deficit), which might 

lead to meteorological, agricultural, hydrological and socioeconomic drought, depending on its sever-

ity and duration.  

� Water scarcity 

Water scarcity is a man-made phenomenon. It is a recurrent imbalance that arises from an overuse 

of water resources, caused by consumption being significantly higher than the natural renewable 

availability. Water scarcity can be aggravated by water pollution (reducing the suitability for different 

water uses), and during drought episodes 

Reference : Working definitions of Water scarcity and Drought - Version: 4.0 - 27 April 2012 - Guido Schmidt, Juan José 

Benítez, and Carlos Benítez, with contributions from Rafael Seiz-Puyuelo,  José María Hernández-Torres and the Expert 

Group on Water Scarcity and Droughts of the Common Implementation Strategy for the Water Framework Directive 
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AMICE Adaptation of the Meuse to the Impacts of Climate Evolutions  

is an INTERREG IVB North West Europe Project (number 074C). 

Climate change impacts the Meuse basin creating more floods and more droughts. The river 

managers and water experts from 4 countries of the basin join forces in this EU-funded 

transnational project to elaborate an innovative and sustainable adaptation strategy. The 

project runs lasts from 2009 through 2012. To learn more about the project visit: 

www.amice-project.eu 

 
The NWE INTERREG IV B Program  

The Program funds innovative transnational actions that lead to a better management of 

natural resources and risks, to the improvement of means of communication and to the rein-

forcement of communities in North-West Europe. 

To learn more about the program visit: www.nweurope.eu 
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