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1 Impacts of droughts and low flows 

1.1 Introduction 

Climate change in western and central Europe is to be expected in a variation of temperature and pre-
cipitation patterns resulting in more humid winters and drier summers. Due to the projected decrease 
in summer precipitation, droughts are expected to occur more frequent and more severe (EEA, 2009). 
Whereas in Western Europe the issue of flood risk is high ranked on the political agendas,subsequent 
to severe floods in the last decades,the impacts of droughtand low flow scenarios should not be unde-
restimated. The dry season of 2003 has revealed, drought is a recurrent feature of the European climate 
and not restricted to the Mediterranean regions. In 2003 the severe prolonged drought has highlighted 
the vulnerability including western and central European countries to the drought hazard and alerted 
the public, governments and operational agencies to the many socio-economic problems to the re-
quirement for drought mitigation measures. For the 2003 summer drought in Europe, the MunichRe 
Reinsurance Company estimated economic losses of approximately US$ 13 billion, of which 
large parts were not insured (MUNICHRE,

Thus, the European countries have to be aware of future droughts and low flow scenarios inducing 
possible water scarcities with adverse impacts on the economy, the environment and human health 
(EEA, 2007). While drought is understood as a natural phenomenon, water scarcity is a more relative 
concept describing the imbalance between water demand and water availability. Thus, a water scarcity 
could be caused by many factors, which are capable of being remedied or alleviated. However, a water 
scarcity is often caused by a drought in combination with socioeconomic aspects.  

 2004). 

A thorough understanding of droughts and low flows and their effects on the environment, society and 
economy is therefore important. According to TALAKSEN & LANEN

Whereas the approaches to assess the impacts of floods on the economy in terms of flood risk are so-
phisticated and well established in flood risk assessment, approaches to determine the impacts of 
droughts and low flows do exist only occasionally. Given the framework described in chapter 

 (2007) drought is described as a 
sustained and regionally extensive occurrence of below average natural water availability. 

1.1 the 
demand to a drought and low flow risk assessment is increasing in the context of climate change. 
Therefore, in addition to a flood risk assessment, the analysis of future drought and low flow impacts 
on the economy in the Meuse basin is the second major task of Action 7 in the AMICE project. In the 
present study, the impacts of possible future drought and low flow conditions due to climate change on 
the economic sectors energy, agriculture, drinking water and navigation are emphasized. 

In chapter 2 the focus is directed to the losses in energy production accompanied by future low flows 
of all thermal power plants and hydropower plants located along the Meuse. Chapter 3 follows with 
regard towards the development of yield for the main crops, maize, wheat and barley, cultivated in the 
Meuse basin. In chapter 4 the water abstractions from Meuse water for drinking water purposes are 
described. The Meuse is navigable. Indeed the Meuse River is controlled by weirs and water levels are 
also guaranteed during low flow periods. However, there are additional costs expected. Chapter 5 is 
dedicated to this issue. 
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2 Effects of low flows on the Energy sector 

2.1 Introduction 

The production of electricity, in thermal power plantsas well as in hydro power plants, is strongly de-
pendent on surface water availability. Thermal power plants require large water amounts for cooling 
purposes. During drought periods, the river discharges may decrease whereas the water temperature 
increases. These effects could lead to adverse impacts on the energy production. Thermal power plants 
are forced to operate with a reduced capacity or, at the worst case, if temperature limit thresholds are 
exceeded, the power plant has to be shut down temporarily. First we provide a brief look on the func-
tionality of thermal power plants. Further, several existing approaches assessing the influence of low 
discharges and high water temperatures on the efficiency of a thermal power plant are presented. Sub-
sequently a methodology based on the presented approaches is derived to assess the energy reduction 
production accompanied by the effects of climate change. This methodology is then applied on the 
thermal power plants, which abstract cooling water from the river Meuse.Finally, the reduction in 
energy production of the hydro power plants along the Meuse due to the dry future scenarios is as-
sessed. 

2.2 Thermal Power Plants 

Thermal power plants convert heat partly into electric power. This energy conversion only works if the 
difference in temperature between the heat reservoirs is high enough. One heat reservoir is the steam. 
Steam was generated within a water cycle to convey energy from combustion of fossil fuels or nuclear 
fission over the turbine to an electric generator. In a second separate water cycle the condenser works 
as a heat exchanger where cooling water absorbs thermal energy from the steam. Within this transfer, 
cooling water temperature increases and has to be cooled down for further utilization. For this purpose 
different cooling techniques exist: once through cooling without cooling tower, discharge and circula-
tion cooling both with cooling tower (Figure 2-1). 

At once through cooling Figure 2-1 (  a), after passing the condenser, the cooling water is immediately 
discharged into the fresh water source, e.g. a river. This technique is accompanied by the best feasible 
efficiency factor but requires sufficiently large freshwater sources (LAWA, 1991).Furthermore, in re-
gard of operational costs and levelized energy costs (LEC), this technique is the most economical one 
when looking at cooling cycle (ROTHSTEIN, 2007

Installation of a cooling tower results in 

). 

discharge cooling Figure 2-1(  b). After cooling water is heated 
in the condenser it is transferred to the cooling tower. The cooled down water can be reverted to the 
fresh water source if the heat absorption capacity of the fresh water source is sufficient (ROTHSTEIN, 
2007). 
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Figure 2-1: Types of cooling cycles 

There are different types of circulation cooling (KUGELER & PHLIPPEN, 1993; LAWA, 1991
Figure 2-1

). The 
functional principle is shown in  (c). One option, circulation cooling with wet cooling tower, 
requires a smaller amount of fresh water than once through and discharge cooling. A heat loss to the 
environment due to heating of the air flow within the cooling tower and minor evaporation takes place 
while cooling water is spread out in the cooling tower. After water was cooled down it reenters the 
condenser and the loss of water is recovered by extracting fresh water (KONSTANTIN, 2009; KUGELER 

& PHLIPPEN, 1993).Because of a lower efficiency factor, the required fuel increases between 3 – 5 % 
to produce the same amount of electricity in comparison to once through cooling, but the amount of-
fresh water extracted decreases (LAWA, 1991

Another alternative of circulation cooling is a closed circulation cooling, where the cooling water 
passes cooling tower through heat exchanger pipes. Air flow along the heat exchanger pipes cools the 
water and it reenters the cooling cycle (

). 

KUGELER & PHLIPPEN, 1993). This dry cooling technique does 
not cause evaporation, so the cooling effect is less. Accordingly efficiency factor of power plants us-
ing closed circulation cooling is lower when compared to circulation cooling with wet cooling 
tower(KNIES & SCHIERACK, 2006). In comparison to once through cooling, the closed circulation 
cooling depends on a higher fuel consumption of 6 % (LAWA, 1991

2.3 Effects of cooling water on water bodies 

). 

2.3.1 Process in water bodies caused by cooling cycle of thermal power plants 

Thermal power plants usually need water for their cooling system to ensure efficient operating. There-
fore,thermal power plants are often located close to a freshwater source. Freshwater could be extracted 
out of the sea, a lake or a river (KUGELER & PHLIPPEN

• decrease in river discharge 

, 1993).Accordingly, the energy sector is direct-
ly affected by variation in river discharge and variation in water temperature. A future drought may 
have different impacts on river discharge: 

• increase in atmospheric temperature 

• decrease in river discharged combined with increase in atmospheric temperature 
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The most important parts of the cooling water cycle of thermal power plants are simplified inTable2-2. 

 

 
Figure 2-2: Cooling water extraction and discharge point (thermal power plants) 

Water for the cooling cycle is taken from the unaffected stream at the extraction point. After the water 
was used and warmed up in power plant operation, it is reinserted into the water body at the discharge 
point. Here, the inserted water has a higher temperature than the water body and heat is transferred 
within a zone of intermixing consisting of water from cooling utilization and the unaffected water of 
the water body. At a certain point, at the downstream boundary of the intermixing zone, the discharged 
warmer cooling water has completely merged with the water body and no temperature difference 
should be measurable. This downstream boundary of intermixing zone is a calculated threshold. The 
described points are important for public authorities to define threshold values to protect varied fauna 
and flora and to ensure water utilization downstream of the thermal power plants. 

2.3.2 Legislation and directives 

Water temperature increase is induced by low water and increasing atmospheric temperatures. In cer-
tain situations power plant operators are legally obliged to constrain cooling water discharge. These 
situations are defined within the EU freshwater protection directive (Directive 2006/44/EC)

Figure 2-2

 to secure 
environment for flora and fauna. The temperature downstream of the discharge point at the boundary 
of intermixing zone must not exceed critical values of 28 °C for cyprinid water and 21,5 °C for salmon 
water due to waste heat. In addition, the temperature downstream of the discharge point at the boun-
dary of the intermixing zone ( ) must not exceed the unaffected temperature more than 3 K 
in cyprinid water and 1,5 K for salmon water. 

For German legislation the “Grundlage für die Beurteilung von Kühlwassereinleitungen in 
Gewässer”,published by LAWA

2.2

(1991), defines cooling water discharge temperature TD and the allow-
able cooling water temperature rise ΔTD between extraction and discharge point. The data are calcu-
lated as 6-hours-moving average values and differ with respect to the kind of cooling technique. Each 
technique is regarded in chapter . For once through cooling TD is 30 °C, for discharge cooling TD is 
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33 °C and for circulation cooling TD comes up to 35 °C. A ΔTD of 10 K is permitted for once through 
and discharge cooling. In case of circulation cooling ΔTD is not of relevance, because the amount of 
cooling water discharged into the river is negligible (LAWA, 1991

2.3.3 Cooling water difficulties of thermal power plants during droughts 

). 

Both directives presented in chapter 2.3.2, 2006/44/EC and LAWA

The German LAWA directive authorizes exceedance of 2 K for the depicted valuesTD and ΔTD. Re-
strictive condition is that from water management point of view no reasonable arguments against this 
exceptional permission exist. 

 (1991), admit temporary and re-
gional exceptional permission in terms of water bodies. 

EU directive 2006/44/EC tolerates exceedance of temperature limits of 2 % for an annualized period 
without issuing of an exceptional permission. Restrictive condition for exceptional permissions in the 
EU directive is that a balanced development of fish population is guaranteed by appropriate public 
authorities. 

Table 2-1gives examples of temporary and regional exceptional permissions chartered by federal state 
government Baden-Württemberg during a heat wave in summer 2003 in Germany. 

 
Table 2-1: exceptional permissions chartered in summer 2003 in Germany, Ministerium für Umwelt und Verkehr,  

Baden-Württemberg, 2003 

power plant parameter 
critical value  

define by 
EU directive 

exceptional 
permission 

08.08. - 15.08. 

exceptional 
permission 

13.08. - 18.08. 

Altbach TD [°C] 30/35 37 - 

Stuttgart- 
Münster 

T in zone below 
discharge point [°C ] 

28 30 29 

Heilbronn 
T in zone below 

discharge point [°C ] 
28 30 28,5 

Karlsruhe TD [°C] 30/31/33 35 35 

Philippsburg 
T in zone below 

discharge point [°C ] 
28 30 28,5 
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2.4 Approaches towards assessing low flow effects 

2.4.1 Identification and description of the technical relevant parts of thermal power plants 

A detailed technical description of the functioning of thermal power plants cannot be part of the 
AMICE project. But the following will have a closer look at the technical relevant parts of thermal 
power plants in relation to low flow effects. The cooling water temperature, the condenser pressure, 
the efficiency factor as well as the maximum electric power of a thermal power plant are directly af-
fected by variation in river discharge and water temperature. If the water temperature in the fresh wa-
ter source increases, consequently the temperature of the extracted cooling water increases. 

The efficiency factor ŋ depicts how much of the total applied heat is converted into mechanical work, 
as defined in the energy balance of the water-steam circuit (KNIES & SCHIERACK, 2006

The

). Further 
losses occur due to own requirements and other components of the power plant which are included in 
the overall efficiency factor of a power plant. The higher the efficiency factor, the more electric power 
can be supplied into the grid. 

Pressure in the condenserpC

Table 2-4
 affects the efficiency factor η of the thermal power plant as illustrated 

in . Thereby the pressure of the condenser pC

Table 2-2: efficiency factor in relation to condenser pressure 

has influence on the amount of sellable electric 
power. 

pC 0,04  [bar] 0,1 0,2 0,3 0,4 0,5 0,6 

ŋ [%] 40 38,5 34 32,5 30,5 29,5 28,5 

2.4.2 Introduction of approaches given in literature 

The approach of WANEK ET AL. 

In Austria, the climate change has similar effects as in the region of the Meuse: an increase in atmos-
pheric temperature goes along with a variation in yearly rainfall occurrence. 

(2011) regards the climate change in Austria and the influence of 
changing climate on the Austrian set of hydro power stations and thermal power plants for electricity 
generation. 

WANEK ET AL.

Figure 2-3

 (2011) 
consider, among other things, how these changes affect steam power processing in thermal power 
plants. The relation between cooling water temperature and efficiency factor ( ) is derived 
from the reciprocal dependence on pressure in the condenser (Table 2-2). 

With knowledge of this correlation,WANEK ET AL. (2011) give proposals to reduce effects of climate 
change on thermal power plants. The possible approach is to install additional cooling towers. Like-
wise to the steam power process,WANEK ET AL. (2011) list the effects of climate change on the gas 
turbine process and on hydropower stations and propose solutions to reduce the influence of climate 
change. 
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Figure 2-3: Condenser pressure in relation to cooling temperature (WANEK ET AL, 2011) 

FOERSTER & LILLIESTAM 

The following main input variables are implemented into the model: primary energy input [MW], 
power plant’s capacity [MW], efficiency factor [-] and heat losses through flue gases, withdrawn water 
[m³/s], daily average river stream flow at power plant location [m³/s] and temperature of unaffected 
water [K]. The latter two variables directly represent physical descriptors of climate conditions. Thus, 
climate change effects can be analyzed by variation of these variables. 

(2010) develop a rather simple analytical model which allows the calcula-
tion of economic losses from the reduction of electrical power generation as it might be induced by 
climate change. The model is set up of simple and straightforward expressions for i) the turnover of 
energy via the efficiency factor, giving the amount of energy which has to be cooled down, as well as 
ii) the temperature transfer into the water and the temperature balance in the combined system of water 
body and cooling circuit. The validity of the model is aimed at once through cooling systems.  

The model link between climate conditions and their effects on electricity production is closed by the 
introduction of constraints which meet the given legal framework regarding environmental protection. 
In case of violation of these implemented constraints, the model automatically adapts the simulated 
operational patterns according to a set of mathematically pre-defined restrictions until the thresholds 
for temperature and river discharge are met. The effect of these restrictions on the annual electricity 
output allows for the simulation of economic losses. 

FOERSTER & LILLIESTAM (2010) apply the model to the nuclear power plant (NPP) Krümmel at the 
River Elbe. Installed capacity of NPP Krümmel is 1,400 MW and the used cooling technique is once 
through cooling. Given the time series for temperature and daily discharge for the period of 1979 to 
2006, the electricity production can be modeled for these historical records and also for a set of scena-
rios which include potential future effects from climate change. Herein, possible climate change is 
accounted for by varying either the air temperature (from +1 to +5K), the mean discharge (from -10% 
to -50%) or both. 
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One key result of the model, the reduction in electricity production of the modeled power plant over 
the different scenarios, is shown inTable 2-3. The 27-year average (1979-2006) annual reduction in 
electricity production includes days with reduced and also with stopped production. The latter occurs 
as soon as the environmental restrictions cannot be met by any adaptation of operation of the power 
plant. The authors do not include any other downtime of the plant in their figures but conclude that an 
elaborate scheduling of necessary plant downtimes, e.g. for refueling or maintenance works, in sum-
mer months can result in a considerable mitigation of climate change effects regarding electricity gen-
eration. 

Table 2-3: Reduction in electricity production in [%] (FOERSTER & LILLIESTAM

stream flow 
reduction 

, 2010) 

water temperature increase: 

0 K 1 K 2 K 3 K 4 K 5 K 

- 0 % 0.8 1.6 3 5.2 8.1 11.8 

-10 % 0.8 1.7 3.1 5.2 8.2 11.9 

-20% 0.9 1.8 3.2 5.3 8.3 12 

-30 % 1.4 2.2 3.7 5.8 8.7 12.4 

-50 % 6.1 6.9 8.2 10.1 12.8 16.2 

FOERSTER & LILLIESTAM 

Also the approach of 

(2010) also propose to use pumps with higher capacity for new installed 
power plants in order to enhance the withdrawn cooling water amount without constraints of legisla-
tion. Besides others, another alternative to counter climate change is the installation of a cooling 
tower, which can be additionally used during heat waves. 

KOCH & VOEGELE (2009) adds functions to analyze effects of changing climate 
to power plants to a water resources management model. The applied water resources management 
model KASIM was developed at the Forschungszentrum Jülich. The original concept of the model 
was to calculate the future cooling water demand of thermal power plants. Functions for the calcula-
tion of the capacity of power plants operating with once-through cooling and with discharge cooling 
are integrated by KOCH & VOEGELE

2.2
 (2009) to the water management model. The important difference 

between once-through and discharge cooling is the utilization of a cooling tower (see chapter ). A 
cooling tower is mathematically considered by using an adapted formula for the discharge cooling 
technique. 
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Formula (2.1) for the maximum capacity of electricity production with once-through cooling tech-
nique, 

 𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 4,2 ∗ AS𝑚𝑚𝑚𝑚𝑚𝑚

ℎ ∗ 3,6 ∗ 1 − ŋ𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡
ŋ𝑒𝑒𝑡𝑡𝑒𝑒𝑒𝑒

∗  𝜆𝜆 ∗ (1 − 𝛼𝛼)
 (2.1) 

taking into account of the variables 
 Qmax = maximum permissible water withdrawal [m3

 AS
] 

max 

 h = operation hours [h] 
= maximum permissible temperature increase [K] 

 η total

 η
 = total efficiency factor [%] 

elec = 

 λ = correction factor accounting for the effects of changes in efficiencies [-] 
electric efficiency [%] 

 ɑ = share of waste heat not discharged by cooling water [%] 

For the maximum capacity of electricity production with discharge cooling technique, formula (2.2) 

 𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 4,2 ∗ AS𝑚𝑚𝑚𝑚𝑚𝑚

ℎ ∗ 3,6 ∗ 1 − ŋ𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡
ŋ𝑒𝑒𝑡𝑡𝑒𝑒𝑒𝑒

∗  𝜆𝜆 ∗ (1 − 𝛼𝛼) ∗ (1 − 𝛽𝛽) ∗ 𝜛𝜛 ∗ 𝐸𝐸𝐸𝐸
 (2.2) 

supplemented by the variables 
 β = share of waste heat released into the air, evaporation rate [%] 
 ω = correction factor accounting for the effects of changes in air temperature and 
   humidity within a year [-](usually between 0.7 and 1.25) 
 EZ = densification factor [-] (usually between 1 and 4) 

Both formulas take cooling water shortages and increase in water temperatures into account. KOCH & 

VOEGELE

A more detailed approach is to regard power plant capacity as a relation between efficiency factor, 
cooling water demand and cooling water temperature. Indeed, the efficiency factor strongly depends 
on the available cooling water amount and the cooling water temperature.However, the conducted 
literature research revealed, that the data availability for the derivation of such a methodology is lack-
ing for the power plants located in the Meuse basin. Therefore, a simplified but robust methodolo-
gy,applicable on the power plants in the Meuse basin, on the basis of the introduced approaches was 
derived. 

 (2009) implement an empirical analysis for two scenarios and consider 31 power plants 
located in the river Elbe basin in Germany and in the Czech Republic. 

2.4.3 Evaluation of the approaches considering the needs of AMICE 

The approach of WANEK ET AL. (2011) can be connected to the AMICE framework by assuming 
similar changes in climate in both regions, Austria and the Meuse region, for future scenarios: an in-
crease in atmospheric temperature goes along with a variation in yearly rainfall occurrence. Also the 
evaluation of the influence of climate change on the energy sector is a relation to AMICE considera-
tions. But firstly, a link between increasing water temperature and additional costs via a reduction of 
the efficiency factor is missing and, secondly, the river discharge is not taken into account. Thus, this 
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approach is not feasible for estimating additional costs resulting from low flows in the Meuse wa-
tershed.  

The modeled values of FOERSTER & LILLIESTAM (2010) are based on the same projected climate 
change implications identified and used within the AMICE project: an, on average, increasing water 
temperature and decreasing stream flow for future scenarios. But cooling water cycles based on cool-
ing towers are not taken into consideration. No formulas are given which can be adapted to other cool-
ing techniques than once-through cooling. Most of thermal power plants are operating with a cooling 
tower integrated in the cooling water cycle. Therefore, as the work performed by FOERSTER & LIL-
LIESTAM (2010) is promising, the results of FOERSTER & LILLIESTAM (2010) for once-through 
cooling need to be adapted in order to use them for the estimation of reduction in electricity produc-
tion in the AMICE context.  

KOCH & VOEGELE (2009) provide formulas to calculate the maximum capacity of thermal power 
plants, in particular a formula for once-through cooling and one formula for discharge cooling with 
cooling tower. The difference in the maximum capacity generated by power plants operating with the 
two cooling techniques can be estimated through calculations with the same input values for both 
cooling techniques. The effects of a change in discharge as well as a change in water temperature are 
not taken into account. 

2.4.4 Adaptation for the AMICE approach 

Within the AMICE project, the climate projections indicate an increase in atmospheric temperature 
which goes along with a shift in mean annual rainfall distribution. The challenge for thermal power 
plant operators will be to ensure base load for utilization in private households and industry also in 
times and seasons when the river discharge decreases and the water temperature in rivers increases. 
Both facts have effects on the cooling water cycle of thermal power plants (cf chapter 2.2). Monetary 
damage for the operators of thermal power plants occurs if there is a decrease in the supply of electric 
power into the grid. 

The approach of FOERSTER & LILLIESTAM

Thus, before using the results for reduction in electricity production from 

 (2010) quantifies the reduction in electricity production via 
modeling of energy turnover and heat balance under changing mean annual air – and thus water – 
temperatures and river discharge. Reduction in electricity production results in a decrease in the 
supply of electric power into the grid and therefore a reduction in electricity production indicates the 
monetary damage. The approach is in principle only valid for once-through cooling and needs modifi-
cation in case of application to facilities which have alternative cooling techniques. 

FOERSTER & LILLIESTAM

2.4

 
(2010), for an AMICE approach the values for once-through cooling have to be adapted to discharge 
cooling technique because this technique is commonly used in thermal power plants located along the 
Meuse. As presented in chapter , the approach published by KOCH & VOEGELE

As the necessary model input variables cannot be fully provided for all power plants which are under 
consideration in AMICE, a simplification to a full application of the model to all relevant facilities has 
to be introduced. For this reason, exemplary calculations with formulas 

 (2009) provides 
means to analyze the effects of different cooling techniques on electricity production. 

(2.1) and (2.2) of chapter 2.4.2 
from KOCH & VOEGELE (2009) are performed for a selected power plant for which all necessary data 
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is available. A dataset from the lignite power plant Weisweiler at the river Rur in Germany is used for 
the calculations. The power plant Weisweiler is operated in a discharge cooling cycle with a cooling 
tower.Modeling results in a capacity KWmaxfor the discharge cooling technique which corresponds to 
67.78%≈ 70% of a calculated capacity KWmax for a once-through cooling technique. The maximum 
capacity of electricity production KWmax

To generate output data for reduction in electricity production of discharge cooling technique with 
values based on 

 of both cooling techniques is compared within an exemplary 
calculation. 

FOERSTER & LILLIESTAM Table 
2-3

(2010) the product of data values extracted from 
and the adapting factor of 0.7 is summarized inTable 2-4. 

 
Table 2-4: Reduction in electricity production in [%] (discharge cooling) adapted values from FOERSTER & LILLIESTAM

stream flow 
reduction 

 (2010)  

water temperature increase: 

0 K 1 K 2 K 3 K 4 K 5 K 

       
- 0 % 0.5 1.1 2.0 3.5 5.5 8.0 

-10 % 0.5 1.2 2.1 3.5 5.5 8.1 

-20% 0.6 1.2 2.2 3.6 5.6 8.1 

-30 % 0.9 1.5 2.5 3.9 5.9 8.4 

-50 % 4.1 4.7 5.5 6.8 8.7 11.0 

Values taken from FOERSTER & LILLIESTAM Table 2-6 ( ) and the adapted calculated values (Table 2-4) 
are not drought event-specific but annual mean values, in principle covering the years 1979 to 2006 
which can be seen as sufficiently long to derive reliable data for a further use in AMICE. 

After adapting the values from FOERSTER & LILLIESTAM (2010) the results can be used to define 
reduction in electricity production

Figure 2-4

 of thermal power plants located at the Meuse for specified values of 
a water temperature increase and a discharge reduction. The proceeding is schematically explained 
in . 

Water temperature (Twater) increase is estimated via air temperature (Tair

Table 2-5

) increase by using a transfer 
rule. A future air temperature increase is available from climate scenarios investigated in Ac3 “scena-
rios”. The partners agreed on an expected atmospheric temperature increase for the Meuse region of 
+ 1,9 °C for the time period 2021 till 2050 and an increase of + 4,0 °C for the time period 2071 until 
2100. The transfer rule was generated by AMICE project partner EPAMA and is given in . 
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Figure 2-4: AMICE methodology – calculation of annual mean reduction in electricity production 

 
Table 2-5: Adaptation factor for increase in water temperature caused in air temperature (LATU,2003) 

region factor 

Netherlands / Belgium 1 

Belgium 0,95 

Sedan to Commercy 0,9 

upstream Commercy 0,8 

The water temperature increase can be calculated with formula (2.3): 

 𝑇𝑇𝑤𝑤𝑚𝑚𝑡𝑡𝑒𝑒𝑤𝑤 𝑖𝑖𝑖𝑖𝑒𝑒𝑤𝑤𝑒𝑒𝑚𝑚𝑖𝑖𝑒𝑒[𝐾𝐾] = 𝑇𝑇𝑚𝑚𝑖𝑖𝑤𝑤 ∗ 𝑚𝑚𝑎𝑎𝑚𝑚𝑎𝑎𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑚𝑚𝑒𝑒𝑡𝑡𝑡𝑡𝑤𝑤 (2.3) 

The required data to get the reduction in electricity production are the discharge reduction in % of 
Qmean,today

Table 2-3
 and the water temperature increase. Concerning the information about the cooling technique 

the reduction in electricity production can be taken from the corresponding  or Table 2-4. 

After the determination of the reduction in electricity production the monetary damage to thermal 
power plants which are affected by low flow and temperature rise can be calculated. The strategy is 
shown inFigure 2-5. 
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To calculate the monetary damage for a thermal power plant which is induced by climate change every 
AMICE partner needs detailed data of the considered power plant

• the installed capacity of the power plant in MW 

:  

• the mean annual electricity production in MWh and  

• the type of cooling technique. It is only important to know if the power plant is operated with once-
through cooling or with discharge cooling. 

 

 

 
Figure 2-5: Calculation of annual mean low flow damage on thermal power plants 

The annual mean reduction in electricity production is calculated as described inFigure 2-5. The an-
nual mean operation capacity [MWh] of the considered power plant is calculated via the amount of 
installed capacity [MW] and the total number of annual operation hours. These information have to be 
power plant specific. 

The monetization of the energy production reduction is realized by the use of an average price for base 
load power from the European Stock exchange (EPEX). For averaging the price for electricity, the 
time period from the years 2000 until 2009 was selected. This was agreed by the AMICE partners to 
achieve consistency to the agricultural sector. In the agricultural sector the monetization was realized 
by an average market price on crops for the same time period.Table2-11 shows the development of the 
stock exchange prize for base load power in the respective time period.Consequently, for the energy 
sector an average market price on base load of 37.10 €/MWh is calculated. 
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Figure 2-6: Average price development for base load power (data taken from www.eex.com) 

With knowledge of the data of the considered power plant, the data from the gauging stations, the 
AMICE assumptions and the reduction in electricity production the annual low flow damage

(2.4)
 on ther-

mal power plants due to low flow can be calculated via formula . 

 
�𝑤𝑤𝑒𝑒𝑎𝑎𝑟𝑟𝑒𝑒𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖 𝑖𝑖𝑖𝑖 𝑎𝑎𝑤𝑤𝑡𝑡𝑎𝑎𝑟𝑟𝑒𝑒𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖 [%]

100 � ∗ 𝑚𝑚𝑚𝑚𝑤𝑤𝑚𝑚𝑒𝑒𝑡𝑡 𝑎𝑎𝑤𝑤𝑖𝑖𝑒𝑒𝑒𝑒 � €
𝑀𝑀𝐾𝐾ℎ� ∗ 𝑚𝑚𝑒𝑒𝑚𝑚𝑖𝑖 𝑚𝑚𝑖𝑖𝑖𝑖𝑟𝑟𝑚𝑚𝑡𝑡 𝑎𝑎𝑤𝑤𝑡𝑡𝑎𝑎𝑟𝑟𝑒𝑒𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖 [𝑀𝑀𝐾𝐾ℎ]

1.000.000
 

= 𝑚𝑚𝑖𝑖𝑖𝑖𝑟𝑟𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑤𝑤𝑎𝑎𝑡𝑡𝑡𝑡𝑤𝑤𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑒𝑒 [𝑀𝑀𝑖𝑖𝑡𝑡. €] 

(2.4) 

2.4.5 Exemplary calculation for Walloon nuclear power plant Tihange 

The power plant Tihange is a nuclear power plant and the operator is Electrabel. The power plant spe-
cific data of Tihange are: 

• the installed capacity: 2,985 MW 

• the mean annual electricity production: 23,719 TWh 

• the utilized cooling technique is discharge cooling with a wet cooling tower 

Required data from the gauging station located next to the power plant Tihange are: 

• the actual mean annual discharge: 207,48 m³/s 

• the delta change factor for the future scenarios, available from Ac3 “scenarios”  
 
dry scenario 2021-2050: 0,80  
dry scenario 2071-2100: 0,56  
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Thereby the discharge reduction for the future scenarios in – % of the discharge today can be calcu-
lated: 

• dry scenario 2021-2050: – 20%  

• dry scenario 2071-2100: – 44%  

The increase in air temperature for the Meuse basin was agreed in Ac3 “scenarios”: 

• time period 2021-2050: +1,9 °C 

• time period 2071-2100: +4 °C 

So the increase in water temperature can be determined with formula (2.2)using the adaption factor of 
0,95 for Belgium (Table 2-9): 

• time period 2021-2050: T_water  increase [K]=1,9*0,95=1,805 

• time period 2071-2100: T_water  increase [K]=4*0,95=3,8 

With knowledge of the reduction in discharge, the increase of the water temperature and the type of 
cooling technique the reduction in electricity production can be read in Table 2-4: 

• dry scenario 2021-2050:  1,95% reduction in electricity production 

• dry scenario 2071-2100:  7,5% reduction in electricity production  

As a result the latter data are inserted in formula (2.4) to calculate mean annual damage on thermal 
power plants resulting from low-flows: 

• dry scenario 2021-2050: 

 �1,95 
100 � ∗ 37,19 � €

𝑀𝑀𝐾𝐾ℎ� ∗ 23719000 [𝑀𝑀𝐾𝐾ℎ]

1.000.000
= 17,2 𝑀𝑀𝑖𝑖𝑡𝑡. € (2.5) 

• dry scenario 2071-2100: 

 � 7,5
100� ∗ 37,19 � €

𝑀𝑀𝐾𝐾ℎ� ∗ 23719000 [𝑀𝑀𝐾𝐾ℎ]

1.000.000
= 66,16 𝑀𝑀𝑖𝑖𝑡𝑡. € (2.6) 

 

2.5 Results and analysis 

6 thermal power plants, nuclear, gas and coal, are located in the Meuse basin (Figure 2-7). The thermal 
power plant Dongecentrale is located next to the thermal power plant Amercentrale in the northern 
part of the Meuse basin. For reason of clarity in Figure 2-7only the position of power plant Amercen-
trale is illustrated.Further, inTable 2-6 technical details of the power plants are given. 
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Figure 2-7: Thermal power plants located in the Meuse basin 
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Table 2-6: Technical details of thermal power plants in the Meuse basin 

 
power plant 
(operator) 

power plant 
type 

installed  
capacity [MW] 

annual opera-
tion capacity 

cooling technique 

France Chooz (EDF) nuclear 2.900 19,4 GWh cooling tower  

Wallonia Tihange (Electrable) nuclear 2.985 23,719 GWh cooling tower 

Netherlands 
Clauscentrale  
(Essent/RWE) 

gas 1.915 1,036 GWh 
surface water or 

cooling tower 

 
Willem-Alexander-

Centrale, Buggenum 
(Nuon Power) 

coal 253 1,468 GWh surface water 

 
Amercentrale 
(Essent/RWE) 

coal 1.245 7,39 GWh 
surface water or 

cooling tower 

 
Dongecentrale 
(Essent/RWE) 

coal 121 61.000 MWh 
surface water or 

cooling tower 

The mean annual damage for every thermal power plant is calculated, as descripted in chapter2.4, with 
the delta change factors inTable 2-7. The damage is calculated for the transnational dry scenarios for 
the time periods 2021 – 2050 and 2071 – 2100. 

The delta change factor, see formula (2.5), describes the change of the discharge in the Meuse between 
a reference period and the future scenarios. 

 ∆ =  
𝑄𝑄𝑚𝑚𝑒𝑒𝑚𝑚𝑖𝑖 ,𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖𝑚𝑚𝑤𝑤𝑖𝑖𝑡𝑡

𝑄𝑄𝑚𝑚𝑒𝑒𝑚𝑚𝑖𝑖 ,𝑤𝑤𝑒𝑒𝑎𝑎
 (2.7) 

 
Table 2-7: Delta change factors for the Meuse basin 

  

delta change factors 

2021-2050 2071-2100 

France 0.86 0.50 

Wallonia 0.80 0.56 

Netherlands 0.90 0.73 
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The determined reduction in electricity production, as described in chapter2.4, is given inTable 2-15. 
Table 2-8: Reduction in electricity produvction for the thermal power plants in the Meuse basin 

 

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 

 
Table 2-9: Mean annual damage in Mio. €  

 

annual damage [Mio. €] 

2021-2050 2071-2100 

Chooz 13.71 59.16 

Tihange 17.20 66.16 

Clauscentrale 6.55 19.07 

Buggenum 1.64 4.70 

Amercentrale 5.50 16.00 

Dongecentrale 0.05 0.13 

The reduction in energy production is calculated to approximately 2 % for the thermal power plants 
for the time period from 2021 – 2050 as Table 2-8 indicates. This trend worsens for the future time 
period from 2071 – 2100 as the consequence of further discharges decreases and temperature increas-
es. 

The nuclear power plants Chooz and Tihange have by far the highest installed capacities of approx-
imately 3000 MW and an annual operation capacity of more than 20 GWh. Consequently, for these 
power plants the highest annual damage expressed in monetary terms is calculated as it is depicted in 
Table 2-9.In general, the discharge reduction for the dry future scenario 2071 – 2100 is higher than the 
decrease in discharge for the dry future scenario 2021 – 2050. Hence, the expected damage in the late 
21st century is much higher than in the period in the middle of the century for all thermal power plants 
in the Meuse. 
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2.6 Effects of low flows on hydro-power plants 

2.6.1 Generals 

Hydroelectric power stations are installed in rivers in combination with weirs to generate a sufficient 
drop height. By the fact that the energy gradient between upstream water and downstream water can 
be used permanently over the day, therefore electricity of hydropower stations is appropriate for base 
load power (GIESECKE & MOSONYI, 2009). The two parameters discharge Q and net drop height Hn 
define the amount of electricity produced by the turbine of the hydropower station. STROBL & ZUNIC

 

 
(2006) give a formula to calculate the capacity of the turbine: 

𝑃𝑃 = 𝜂𝜂 ∗ 𝜌𝜌 ∗ 𝑄𝑄 ∗ 𝑎𝑎 ∗ 𝐻𝐻𝑖𝑖  (2.8) 

with P = capacity of the turbine [kW] 
 η = overall efficiency of the hydropower station [0.8 – 0.9] 
 ρ = density of water [kg/m3

 g = total efficiency factor [%] 
] 

 Hn = 

 Q = discharge [m
net drop height [m] 

3

According to 

/s] 

STROBL & ZUNIC

(2.9)
 (2006), the attainable output P [kW] of the turbine can be assessed 

with formula : 

 𝑃𝑃 = 8 ∗ 𝑄𝑄 ∗ 𝐻𝐻𝑖𝑖  (2.9) 

Within the AMICE project the future dry scenario is accompanied with a decrease in annual mean 
river discharges and an increase of the annual mean water temperature. In respect of formula (2.8) and 
(2.9)it is getting obvious that a variation of the future discharge will directly affect the attainable out-
put capacity of the hydro power plants. On the basis of these formulas a pragmatic methodology is 
applied on the hydro power plants in the Meuse basin, to assess the impacts of future low flows. 

2.7 Methodology 

Consistent to the methodology applied on the thermal power plants as illustrated in Table2-8, the re-
duction in river discharge according to the dry future scenarios is calculated. Thus, the energy produc-
tion reduction is calculated as the difference between the capacity resulting from formula (2.9), on the 
basis of the annual mean discharge of the present state and the capacity calculated on the basis of the 
discharge of the future scenarios. Hereby, the drop height is assumed to be constant. 

Further, a monetization is realized through the product of the annual capacity today and the stock ex-
change price for base load power in € resulting in the actual annual sales. Therefore, an average price 
from the European stock exchange (EPEX) consistent to the average price applied on the thermal 
power plants taken into account the time period between 2000 and 2009.The mean annual economic 
damage for the future scenarios is then calculated according to formula (2.10): 
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 𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑒𝑒 =
𝑚𝑚𝑖𝑖𝑖𝑖𝑟𝑟𝑚𝑚𝑡𝑡 𝑖𝑖𝑚𝑚𝑡𝑡𝑒𝑒𝑖𝑖𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑡𝑡 − 𝑚𝑚𝑖𝑖𝑖𝑖𝑟𝑟𝑚𝑚𝑡𝑡 𝑖𝑖𝑚𝑚𝑡𝑡𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖𝑚𝑚𝑤𝑤𝑖𝑖𝑡𝑡

𝑚𝑚𝑖𝑖𝑖𝑖𝑟𝑟𝑚𝑚𝑡𝑡 𝑖𝑖𝑚𝑚𝑡𝑡𝑒𝑒𝑖𝑖𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑡𝑡
∗ 100      [% ] (2.10) 

2.7.1 Results and analysis 

There are 16 hydro power stations in the Meuse basin. The locations are illustrated inFigure 2-8. 

 
Figure 2-8: Hydro power plants located in the Meuse basin 

According to the methodology introduced in chapter 2.7, for the 7 hydro power plants in the French 
region, no economic damage is expected. In these facilities, turbines are installed with a possible load 
of Qmax,turbinesmaller than the mean annual future discharge Qmean, annual

For the two Dutch hydro power stations, Linne and Lith/Alphen an economic damage due to future 
low flows is not examined. Winter & Jansen (2007) report that the amount of discharge for both sta-
tions is above 500 m³/s for more than 250 days a year as an annual average for the years 1996 till 
2003. The actual mean annual discharge at gauging station Venlo, located nearby hydro power station 

. 
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Linne, is 280 m³/s. The gauging station Keizersveer, located next to hydro power station Lith/Alphen, 
has a mean annual discharge of 312 m³/s. Hence, it is assumed that the river Meuse is dammed by 
weirs at these locations to ensure a certain discharge for energy production. Therefore, with the avail-
able data it is not predictable which amount of water will be provided for energy production of the two 
Dutch hydro power stations in future scenarios. 

Table 2-10shows the technical details of the 7 Walloon hydro power stations. Lixhe is the most down-
stream Walloon hydro power station at the Walloon-Dutch border, Hun is the most upstream Walloon 
hydro power stations in the south of the city Namur. 

 
Table 2-10: Technical details of the hydro power stations in the Walloon region 

 
Qmax net drop height 

[m] 
 turbine 

[m³/s] 
installed  
capacity [kW] 

annual  
capacityave[MWh] 

Lixhe 340 7.5 22.979 68.000 

Monsin 450 5.7 17.765 65.500 

Ivoz-Ramet 285 4.45 9.742 40.000 

Ampsin-Neuville 270 4.7 9.910 43.000 

Andenne 320 5.5 8.986 38.000 

Grands-Malades 168 3.85 4.887 27.000 

Hun 102 2.81 2.038 9.600 

As described in chapter 2.7, the economic damage is calculated on the basis of the differences between 
the annual mean discharges of the present state and the annual mean discharges of the future dry sce-
narios. The annual mean discharges at the gauges near to the power stations, which serves as input 
parameters are listed in Table 2-11.The discharge values of the dry scenario, all exceed the maximum 
load of the installed turbines, and will therefore not cause an energy production reduction. 

Table 2-11: Discharge at the hydro power stations, today and future scenarios 

 
Qmean [m³/s] 

Prestent state 2021 - 2050 2071 – 2100  

Lixhe 230.31 193.41 121.63 

Monsin 230.31 193.41 121.63 

Ivoz-Ramet 207.48 175.32 107.86 

Ampsin-Neuville 207.48 175.32 107.86 

Andenne 207.48 175.32 107.86 

Grands-Malades 207.48 175.32 107.86 

Hun 174.73 147.65 90.83 
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The economic damage in percentages is given in Table 2-12. 
Table 2-12: Damage of the annual sales for the hydro power stations in [%]  

 
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 

At all hydro power stations, except Grands-Malades and Hun, the damage for future scenario  
2021 – 2050 is more than 35 % of the actual annual sales. For the future scenario at the end of the 
century for these hydro power stations the estimated annual damage is higher than 60 % of the actual 
annual sales. The hydro power stations Grands-Malades and Hun are the smallest in Wallonia. The 
installed capacity as well as the maximum discharge value of the turbine is the lowest (Table 2-10). 
Because the discharge value of the future scenario 2021 – 2050 is still higher than the maximum dis-
charge value of the turbine there is no damage for Grands-Malades and Hun in the middle of the cen-
tury (Table 2-11andTable 2-12).  

Operators of Walloon hydro power stations should be aware, that the climate change, especially a de-
crease in river discharge, will affect the economy of hydro power stations. Because the installed ca-
pacity of hydro power stations is much lower than the installed capacity of thermal power plants the 
monetary damage will be less striking.  

2.8 Summary and Conclusions 

This chapter deals the impacts of future low flows on the energy sector. The energy production via 
thermal power plants and as well for hydro power plants is dependent on the water availability. In 
thermal power plants the water from the river is needed as discharge through the cooling cycle. In 
hydro power plants, the energy production is determined by the available discharge as load for the 
turbine. First,pragmatic but robust methodologiesare provided to assess adverse impacts of climate 
change on the energy production in the thermal power plants and hydro power plants located along the 
Meuse River. The presented results have revealed that a decrease in energy production due to the 
AMICE future dry scenario is expected for both types of power plants.However, it is to mention that 
the calculations are based on annual mean values for future discharges and future water temperature 
increases. Therefore, it is quite obvious that these assessments are inherent with huge uncertainties. 
The more complex relations between net economic costs, interactions between energy sources, socio 
economic trends and future mitigation scenarios are considered in a simplified way. However, despite 
all the simplifications, the presented study gives an overview of the situation in the Meuse basin and 
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reveals possible socioeconomic impacts accompanied with climate evolutions. Therewith a contribu-
tion is provided, which also could be taken into account for the development of adaption strategies to 
counter the impacts of climate change. 
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3 Impacts of droughts on the agricultural sector 

3.1 Generals 

Agriculture will be one of the economic sectors impacted by climate change. It is commonly predicted 
that global warming will negatively affect crop yields. These effects could be positive as well as nega-
tive in accordance with the range of predicted changes and the adaptation capacity of agricultural sys-
tems. 

An attempt to define a drought is made. Various indices aiming at measuring its intensity are com-
monly found in the literature, the most used is described herein. Secondly, the major impacts of 
drought on the agricultural sector are presented. Thirdly, various studies related to climate change 
impacts on maize, wheat and barley are presented. 

3.1.1 Definition of drought and indices 

a) Definition 

Drought is sometimes qualified as a non-event since its main cause is a lack of precipitation in a re-
gion during a time slice (Loukas et al., 2002). 

Agricultural drought is generally described in terms of crop yield reduction (Dalezios 

Agricultural drought is the deficit in soil humidity needed to a crop species at a precise moment 
(Loukas et al., 2002). 

et al

The weather before and during crop growth season differs every year, leading to various impacts de-
pending on the year and crop type. The study of the risks due to drought must be function of actual 
meteorological conditions and be specific to a crop (Wu & Wilhite, 2004). 

., 2000) and 
has a smaller time scale than hydrological droughts (Wu & Wilhite, 2004). 

A tiny relation exists between crop yields and water stress. Crop yield appears to be a confident indi-
cator to study agricultural droughts. The response of crop yields to water stress is a critical factor in 
order to predict and quantify the risks of agricultural droughts. Nevertheless, this relation is variable 
for each crop, assessing forecasting and estimations which are difficult to realize (Wu & Wilhite, 
2004). 

Moreover, agricultural yields are function of two types of factors: 

• Natural factors 

• Anthropogenic or management factors 

Natural factors include soil type, pathogens, diseases, soil water content and climate during the grow-
ing season 

Anthropogenic factors include cultural variety, planting density, seeding date, fertilization, irrigation 
and phytosanitary treatments. 
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b) Indice for agricultural droughts 

The most used index is the Palmer Drought Severity Index

Regarding AMICE purposes, it is not directly useful. Indeed, we want to compare economic value of 
damages due to drought from various sectors. To do so, damage must be comparable and have a com-
mon base. 

, also known as PDSI. It has been devel-
oped to evaluate prolonged period that are abnormally dry or wet (Narasimhan & Srinivasan, 2005). 
The PDSI presents the balance between water provision through precipitation, and losses through eva-
poration, evapotranspiration and runoff. PDSI accumulates the effects of several months in order to 
evaluate the effects on soil humidity. A value close to zero represents normal conditions, a positive 
value indicates conditions wetter than the normal and negative values indicate drier conditions. 

Crop yield modification 

3.1.2 Impacts of climate change on agriculture 

appears to be a confident indicator to study agricultural droughts 
and is quite easily transposable to monetary value. 

Climate change and extreme climatic events are the major risks and source of uncertainties for the 
agricultural sector worldwide. They impact quality and quantity of harvests (Wilhite, 2007). 

In the context of climate change and of a growing population, agriculture has to face numerous chal-
lenges: produce the needed food and meet the needs of the population facing up agro-meteorological 
risks and uncertainties (Wilhite, 2007). 

Agriculture will be affected in various manners by climate change worldwide and through Europe. 
The large variability of climate conditions, soils, land uses, infrastructures, politics and economy, will 
result in a large range of impacts due to climate change (Olesen & Bindi, 2002). 

Nevertheless, it is difficult to analyze separately climate change impacts and non-climatic influence 
based on management options (Lavalle et al., 2009). Indeed, the agricultural sector has considerable 
potential for short- and mid- term mitigation options. It is possible to change use and management of 
agricultural lands in order to establish a mitigation strategy. But mitigation and adaptation strategies 
will have environmental and climatic impacts (Falloon & Betts, 2009). Economic impacts of climate 
change are very difficult to determine due to political effects, market influence, and technological 
improvements in cultural techniques (Lavalle et al

The potential positive impacts of climate change on agriculture are balanced by the negative ones. The 
major impacts are listed below in

., 2009). 

Table 3-1and are explained further in more detail. 
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Table 3-1: Main impacts of climate change on agriculture 

Increase in temperature 

in crop growth period: the plant reachesmaturity more rapidly (Marbaix & Van 
Ypersele, 2004). This could lead, by means of management modification, to avoid 
summer stress conditions (Olesen& Bindi, 2002; Lavalle et al., 2009). 
in crop yields for some cultures: less important accumulation of dry matter due 
to a diminution of crop growth period (Marbaix & Van Ypersele, 2004). 
in maize yields in certain areas where maize optimum temperature is not reached 
(Marbaix &Van Ypersele, 2004). 
Introduction of new crops (Marbaix & Van Ypersele, 2004), of more productive 
cultivars (Olesen & Bindi, 2002; Antle, 1996; Falloon & Betts, 2009). 
in crop growth period (increase in the length between the last day of spring frost 
and the first day of autumn frost) and thus the quantity of available solar radiation 
(Olesen & Bindi, 2002). 
in the proliferation of species which have ideal development conditions: a longer 
cycle permits a better use of water, nutrients and solar radiation ressources 
(Lavalle et al., 2009; Falloon & Betts, 2009). 
in the proliferation risk of disease on the livestock, dispersion of insects, sur-
vival of viruses from one year to the next, improvement of the conditions for new 
insects-vectors (IPCC, 2007). 

Possible decrease in 
summer rainfall 

in water needs for irrigation (Marbaix & Van Ypersele, 2004). 
in yield variability, risks of crop failure, livestock death, soil erosion due to drier 
soil condition resulting from an increase in evaporation, damage to the landscape 
(Falloon & Betts, 2009). 
in pasture productivity (Falloon & Betts, 2009). 
in irrigation potential due to a decrease in soil water filling, level of the reser-
voirs (Falloon & Betts, 2009). 
Retirement of some pathogens, introduction of long-term water conservation im-
provements (Falloon & Betts, 2009). 

Possible  
increase in spring and 
autumn rainfall 

There is no precise information through the evolution of rainfall for these seasons. 
Indeed, the certainty of the direction of the evolution of precipitation for these sea-
sons is weak for our countries. 
in vulnerability for agricultural production under water stress (Falloon & Betts, 
2009). 
in soil congestion, anaerobic environments, and decrease in crop growth (Fal-
loon & Betts, 2009). 
in pathogens and disease problems (Falloon & Betts, 2009). 
Delay in cultural operations or damage due to soil compaction, decrease in the 
number of days where field work is feasible (Marbaix & Van Ypersele, 2004; Fal-
loon & Betts, 2009). 
in nutrients losses and soil erosion (Falloon & Betts, 2009). 
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Increase in CO

in plant photosynthesis. C3 plants answer better to an increase in atmospheric 
CO

2 

2

in stomatal aperture, stomatal conductance and transpiration (Olesen & Bindi, 
2002). 

 than C4 plants (Olesen & Bindi, 2002; Marbaix & Van Ypersele, 2004). 

indark respiration. Apparent dark respiration can decrease at high CO2 rate if 
there is dark CO2 fixation or if the CO2 elevated rate inhibits or deactivates breath 
enzymes. Indeed, CO2 and O2

inefficient use of water resource, radiation and nitrogen (Olesen & Bindi, 2002; 
Marbaix & Van Ypersele, 2004). 

 are mutually competitive substrates for the enzyme 
implicated in plant respiration (Olesen & Bindi, 2002). 

Slight in productivity, in dry matter yields, plants are more vigorous and big-
ger due to CO2 fertilization (Ewert et al., 2005; Falloon & Betts, 2005; Eitzinger et 
al., 2003). 

Increase in extreme 
meteorological events 

The main risk is due to the increasing probability of heat waves, rainfall intensity, 
summer drought episodes and the increase in storm and extremely rainfall events. 
Impacts vary considerably with the frequency of the event and the crop growth 
stage when it appears. 
in stems due to strong rainfall (Falloon & Betts, 2009). 
Damage to infrastructures and machinery (Falloon & Betts, 2009). 
in water availability in floodplains (due to floods): the agricultural production is 
higher and fulfilment of nutrient losses into these zones due to soil nutrient depos-
its (Falloon & Betts, 2009; Olesen & Bindi, 2002). 
in soil C short-term decomposition due to an excessive soil humidity (Falloon & 
Betts, 2009). The soil respiration rate decreases. This leads to a decrease in soil C 
storage due to the dryness of soil which reduces respiration rate. 
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Figure 3-1: Potential positive and negative impacts of climate change on agriculture (Lavalle et al., 2009) 

A slight increase in crop productivity is expected in Northern Europe due to climate change and the 
rise in atmospheric CO2

Moreover, technological improvements and the modification of management practices could counte-
ract climate change effects. The rise in agricultural yields could finally lead to a reduction in agricul-
tural areas in Europe. Changes in management practices and agricultural calendar could interact with 
the negative effects of a change in crop growth length and give priority to the advantages. A shorter 
crop growth period could help to avoid summer stress conditions in areas prone to drought. Simple 
options of management such as a change of the seeding date and use of cultivars with a longer growth 
period could counteract with warming effects (Olesen & Bindi, 2002; Lavalle 

, while a general decrease in yields and an increase in water demand are ex-
pected for Southern Europe. 

et al

Technological improvements could exceed climate change effects and considerably increase wheat 
yields. Some authors suggest an increase between 37 % and 101 % for 2050, considering a constant 
increase due to technological improvements (Ewert et al., 2005; Falloon & Betts, 2009). 

., 2009). 

Constraints due to climate change on yields could lead to a decrease in fertilizers. The use of pesti-
cides could nevertheless been kept low through adoption of an integrated management system of pa-
thogens (Olesen & Bindi, 2002). 

Recently, several studies have collected data concerning changes in phenology. These changes deliver 
important proves of a response of plant to observed regional climate change. But they are affected by 
management practices and new cultural techniques. A clear advance in the cultural calendar has been 
observed in Europe, like an earlier flowering of fruit trees for example (Lavalle et al

3.1.3 Evolution of maize, wheat and barley under climate change scenarios: a review of the literature 

., 2009; IPCC, 
2007). 

The increasing concentration of greenhouse gases and in spray in atmosphere is assumed to affect the 
climate for the next decades. An inherent question related to climate change in agriculture is the fol-
lowing: what are the effects of an increase in atmospheric CO2 concentration and climate related 
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change on crop production? That problem is discussed in this section for three crops studied during the 
AMICE project: maize, wheat and barley. 

Crops productivity is affected by direct and indirect effects of the rise in atmospheric CO2 concentra-
tion. Direct effects or CO2

a) Maize 

 fertilization are: photosynthesis excitement, decrease in transpiration rate 
due to a diminution in stomatal activity leading to a more effective use of water resources by the plant. 
Indirect effects include impacts on crops due to a rise in temperature, a rise in solar radiation, and 
change in precipitation. 

Studies relative to climate change impacts on maize in Europe show different trends. While North of 
Europe could see an increase in crop yields, South of Europe will face a decrease. Large uncertainties 
in the results appear from the study of the literature. 

Olesen et al. (2007) study uncertainties of projected climate change impacts on maize in Europe. It 
appears that, due to thermal fitting of maize in Europe, yield could increase by 30-50 % following the 
SRES scenarios studied. A strong increase in net primary productivity (35-45 %) is projected for 
North Europe (Denmark) due to a longer crop growth period and the increase in atmospheric CO2

In Bulgaria, Alexandrov and Hoogenboom (2000) show that maize yield could decrease between 5 
and 10 %. Authors argue that this impact is the result of the decrease in crop growth period. Similar 
results are related by Cuculeanu 

 
concentration. Change in water balance is the most important factor for the response of maize yield in 
South Europe, with a decrease or a slight increase in net primary productivity for the future. 

et al

b) Wheat 

. (1999) in Romania, where maize yield presents negative im-
pacts of approximately 10 %. 

Studies relative to climate change impacts on wheat in Europe are unanimous to indicate that yields 
could increase in the future. 

Asseng et al. (2004) study the impacts of a rise in atmospheric CO2

Climate change impacts on wheat yield in England and Wales is studied with the Sirius model. Cli-
mate scenarios are based on the reference period (1960-1990) and on the HadCM2 for future time 
slices (2020 & 2050). It appears mean wheat yield will increase by 15-23% towards 2050 due to better 
use of radiation caused by increased atmospheric CO

 concentration (from 350 to 550 
ppm) and a rise in temperature of 3°C on wheat yield at Obregon, Mexico with the APSIM-Nwheat 
model. As a result, yield response to these changes is quite variable from a decrease to a strong in-
crease. No matter the season, earlier flowering, due to temperature increase or faster phenology, helps 
to avoid water deficit conditions happening at the end of the cultivation, which are characteristic of 
Mediterranean environment in Western Australia. 

2

Ewert 

 (Richter & Semenov, 2005), and the ability of 
wheat to maturate more quickly in a warmer climate and avoid summer heat waves and drought stress 
(Semenov, 2007). 

et al. (2005) study effectsof climate change, rise in atmospheric CO2 concentration and tech-
nologies on wheat yield for time slices 2020, 2050 and 2080. It appears that yields increase between 
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43 and 163 % when the three factors are taken into account for the 2080 time slice under different 
SRES scenarios. 

The north of Europe could face a strong increase in winter wheat yield (between 20 and 40 %) while 
South of Europe could face a slight increase or a decrease in yields (Olesen et al

c) Barley 

., 2007). 

Studies relative to climate change impacts on barley in Europe indicate that yields could increase in 
the future if temperature does not exceed a certain threshold. 

Barley yields evolution is studied, by means of CERES model, under different scenarios of climate 
change for the end of the 21st century in Czech Republic. The study takes into account direct and indi-
rect effects of climate change on spring barley under optimal conditions (crop receives as much water 
and as many nutrients as necessary) and non-optimal conditions (water and nutrients furnished are 
limited in amount). Indirect effects are essentially negative, the magnitude in observed yield change 
range from -19 % to +5 %. The effects of CO2 fertilization range from 35 to 55 % under non-optimal 
conditions and from 22 to 65 % under optimal conditions. An increase in maximum leaf area index 
(LAI) has also been observed (Trnka et al

In Finland spring barley is studied via WOFOST simulations under different climate change scenarios 
towards 2100. These scenarios include a rise in mean temperature above 4°C, a change in rainfall dis-
tribution and an altered daily climatic variability. The rise in temperature diminishes the total crop 
growth period and considerably the yield. A decrease in the number of rainy days implies a strong 
negative effect only when the rise in temperature is more than 4°C. It appears that the positive effects 
on cereals due to the increase in temperature and CO

., 2004). This results in an increase in barley yields under 
climate change. 

2 fertilization at high latitudes are reversed when 
the temperature increase is bigger than 4°C, with a higher risk of yield losses (Rötter et al

3.2 Methodology 

., 2011).  

A modeling of the main crops yields evolution on the Meuse catchment is carried out under current 
climate (in a validation objective of the model) and under the different climate change scenarios from 
the WP1 action 3 of the AMICE project. 

To do so, the EPIC model is used. Indeed, this physically-based model is able to simulate: 

• Water soil plant continuum 

• Crop growth and their uptakes 

• Water movements in the soil 

For each country, yields for the three main crops of the catchment are calculated: 

• Under different climate change scenarios 

• Main soil of the regions 

• The mean slope of the region 
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The following assumptions are made: 

• Agricultural practices do not evolve through time 

• No irrigation has been installed 

• There is no limitations of nutrients 

In order to collect data necessary to the modeling, a questionnaire has been sent to the different part-
ners in date of 29 July 2010. 

3.2.1 Preliminary questionnaire 

A preliminary questionnaire has been sent to the different partners in order to better know the agricul-
tural sector through the Meuse catchment and its specificity for each country. 

The questionnaire is presented in the Appendix 7.1.3. 

This section synthesizes the results obtained. 

a) Agricultural regions of the Meuse catchment 

Agricultural regions are determined by the type of agricultural exploitations and cultivated crops. They 
are essentially influenced by soil and sub-soil types, slopes, climate and vegetation. 

The subdivision of the territory in agricultural regions is not present for each country of the Meuse 
catchment. It exists in France and Belgium but is apparently inexistent in Germany and The Nether-
lands (Table 3-2). 

Table 3-2: Agricultural regions of the Meuse catchment 

Country Units used to report statistics on the Meuse catchment 

Wallonia – Belgium 8 agricultural regions 

Flanders – Belgium 3 agricultural regions 

Germany Rur basin 

France 5 Departments 

The Netherlands - 

b) Main crops on the Meuse catchment: 

Eurostat database gives good indication of the main crops encountered in the different countries of the 
Meuse catchment. The following Table 3-3 summarizes these ones. 
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Table 3-3: Main crops of the Meuse catchment 

Country Cited crops 

Wallonia – Belgium Fodder maize, wheat, potatoes 

Flanders – Belgium Fodder maize, wheat, potatoes 

Germany 
Winter rye, oats, triticale, winter wheat, winter barley, summer 

barley, summer wheat 

France Winter wheat, winter barley, rape, summer barley 

The Netherlands Fodder maize, potatoes, wheat 

It appears the main cereals are maize, wheat and barley. Statistics issued from the Eurostat database, 
concerning cultivated area, yields, production and crop prices are presented in the Appendix 7.1.1 in 
Table 7-1 - Table 7-15. 

c) Main soils on the Meuse catchment 

Each country has a soil map for its territory but the main difficulty is their heterogeneity in terms of 
legend and classification. In order to realize a common database, the European soil map is used. 

The European Soil DataBase (ESDB) is the main source of information on European soils. Soil maps 
are available at 1:1000000 scale. The soil classification is based on the FAO terminology. That termi-
nology has been refined and adapted to take into account the specificities of European territory. 

The European database – version 2.2 vectorized is used in this study. It comprises: 

• Geographical database (SGDBE) of Eurasia at 1:1000000 scale which is a digitalized map of Euro-
pean soil and its attributes. 

• PedoTransfer Rules DataBase (PTRDB), which contains rules of pedotransfer applied in the 
SGDBE; results of the application of these rules are furnished in table format with new relative at-
tributes to the European soil map. 

• The European Soil Profile Analytical DataBase (SPADBE) under table format. 

• The Hydraulical properties of European soil database (HYPRES) delivered in word documents. 

The Table 3-4furnishes a brief view of the main soils of the Meuse catchment: 
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Table 3-4: Main soils of the Meuse catchment. 

Countries soils 

Wallonia - Belgium Orthic luvisol: fine to medium soil texture; fine to medium sub-soil texture 

Flanders – Belgium Gleyic podzol: coarse soil texture, coarse sub-soil texture 

Germany Orthic luvisol: fine to medium soil texture, medium sub-soil texture 

France Calcaro-eutric cambisol: fine soil texture, very fine sub-soil texture 

Netherlands Gleyic podzol: coarse soil texture, medium sub-soil texture 

Pedotransfer functions of Mualem-Van Genuchten are largely used in Europe to describe hydraulical 
behaviour of soils under the non-linear interaction of soil water pressure (ψ), saturation level (Θ) and 
hydraulical conductivity (K).Pedotransfer functions are functions of textural classes of soils and sub-
soils. In the Appendix 7.1.2 a map of the FAO soils encountered in the Meuse basin is illustrated 
(Table7-16). Further, maps of the dominant surface and subsurface textural class are depicted 
(Table7-17 and Table7-18). 

3.2.2 Methodology 

The proposed methodology is common for the different partners in order to study impacts of climate 
change and droughts on agriculture. 

The use of a physically-based model necessitates an important database, in particular concerning the 
soil and crops descriptions. It is important to know them better through the analyses of the answers 
received from the questionnaire. The use of a common database is chosen in order to have the same 
definition of the different parameters for each country. 

Three climate change scenarios are considered: 

• Reference period (1970-2005) including 6 years of validation (2000-2005) under 350ppm atmos-
pheric CO2

• 2021-2050 dry scenario under 525 ppm atmospheric CO

 concentration 
2

• 2071-2100 dry scenario under 700 ppm atmospheric CO

 concentration 
2

During these time slices, the atmospheric CO

 concentration 

2 concentration is assumed to be constant. Considering 
the atmospheric CO2 concentration during the simulation makes us able to study the CO2

In consideration of the three climate change scenarios, the main soil type in each region (

 fertilization 
on crops. 

Table 3-4) 
and the three main crops cultivated in the Meuse basin, 45 simulations will be performed(Table 3-5). 
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Table3-5: Modellinglist. 

Country Surface texture/ 
Subsurface 

texture  

reference 
1970-2000 

Period 
2021-2050 

Period 
2071-2100 

Belgium Wallonia medium fine/ 
medium fine 

wheat wheat wheat 
maize maize maize 
barley barley barley 

Belgium Flanders coarse/ 
coarse 

wheat wheat wheat 
maize maize maize 
barley barley barley 

Germany medium fine/ 
medium 

wheat wheat wheat 
maize maize maize 
barley barley barley 

France fine/ 
 very fine 

wheat wheat wheat 
maize maize maize 
barley barley barley 

The Netherlands coarse/ 
medium 

wheat wheat wheat 
maize maize maize 
barley barley barley 

The quantification of drought impacts on agriculture is realized throughout a financial analysis of the 
productions obtained under the different climate change scenarios developed in the AMICE project. 
The results of this financial analysis are used in comparison with the other economic sectors consi-
dered in Action 7 in order to develop an adaptation strategy and measures to put in place to decrease 
impacts of climate change. 

In order to assure a certain transnational robustness, a common methodology is developed. It is based 
on: 

• Simulation results of the EPIC model for the rotation maize-wheat-barley under the three different 
climate scenarios: 

 1970-2000 under 350ppm of atmospheric CO2

 2020-2050 under 525ppm of atmospheric CO

 concentration 

2

 2070-2100 under 700ppm of atmospheric CO

 concentration 

2

• Mean crop prices are delivered by Eurostat for these three crops and in the four countries involved 
in the AMICE project between 2000 and 2009. It is assumed that this 10-year period reflects share 
price variability. The exercise is realized at constant euro value. The cost prices of the crops are 
supposed constant through time. 

 concentration 

The Table 3-6 summarizes the average prices of crops for the different countries for the period 2000-
2009. 
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Table 3-6: Average prices of crops for the countries of the Meuse catchment over the period 2000-2009. 

 maize wheat barley 

Belgium 118.4 € /t (*) 120.1 € /t 108.9 € /t 
France 118.4 € /t 118.3 € /t 112.0 € /t 

Germany 131.4 € /t 124.5 € /t 114.1 € /t 
The Netherlands 151.0 € /t 120.5 € /t 117.7 € /t 

(*) maize prices for Belgium do not figure in the Eurostat statistics, so the French prices have been 
used. 

At the request of the French Lead Partner of the project, climate change impacts on grasslands are also 
studied. The methodology and the results are presented in Annex 2. The financial analysis is not con-
ducted for grasslands. 

3.2.3 The EPIC model 

The model used to realize the simulations is a version of the EPIC model modular and adaptable to 
local conditions (soil, crop calendar, meteorological data, etc).  

EPIC is a model developed in the early 1980 by a USDA team composed of different units: agricultur-
al research, soil conservation, economic research. They developed EPIC to quantify costs of soil ero-
sion and benefits of research and controls on soil erosion. 

EPIC has been developed in order to: 

• Be able to simulate simultaneously biophysical processes, in a realistic way, to use input data 
available and when possible, accepted methodologies. 

• Be able to simulate cultural systems on hundred years, erosion being a process relatively slow. 

• Be effective, practical to use and be able to simulate specific effects of soil erosion management 
and productivity in a specific environment. 

EPIC is the acronym for Erosion Productivity Impact Calculator or Policy Integrated Climate since 
1996. 

The model uses daily data to simulate weather, hydrology, soil temperature, erosion-sedimentation, 
nutrient cycles, ploughing, culture management and growth, pesticide and nutrient movements with 
water and sediments (Bauwens et al., 2011; Sohier, 2011). 

a) Climate data: 

Daily data of minimum and maximum temperature and rainfall for the reference period are available 
on the e-OBS database (http://eca.knmi.nl/download/ensembles/ensembles.php). 

For the time slices 2021-2050 and 2071-2100 dry scenarios, data are perturbed according to the per-
turbation factors from the transnational AMICE scenarios obtained during Action 3 of WP1. 

Concerning, solar radiation, wind speed and relative humidity data, their origins are diverse: 

• For Germany and the Netherlands, these data are available on the e-OBS database. 
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• For Belgium, Wallonia and Flanders, these data are available for a meteorological station. 

• For France, these data are unavailable; data come from a Belgian station close to the French border. 

Wind speed, relative humidity and solar radiation are not perturbed under climate change scenarios. 

b) Cultural data: 

The three crops studied are wheat, maize and barley. These three crops are introduced into a rotation 
maize, winter wheat and barley. Crop characteristics are adjusted to Belgium, these will be considered 
unchanged for the other countries. The technical calendar is not modified for future scenarios and no 
irrigation is put in place.  

The technical calendar of the rotation is briefly described below. The rotation is three years long and 
the head of the rotation is maize, followed by wheat and barley at last position:  

• Ploughing 
• Fertilization implementation 
• Run of rotative hoe 
• Run of row planter for maize 
• Fertilization implementation 
• Maize harvesting 
• Run of baler for straw or hay residues 
• Light ploughing 
• Run of rotative hoe 
• Run of row planter for winter wheat 

 
• Fertilization implementation 
• Winter wheat harvesting 
• Run of baler for straw or hay residues 
• Ploughing 
• Run of rotative hoe 
• Run of row planter for barley 

 
• Fertilization implementation 
• Barley harvesting 
• Run of baler for straw or hay residues 
• Ploughing 
• Fertilization implementation 
• Ploughing 

Three fertilizers are used during the rotation, so that crops have the necessary inputs in nitrogen and 
phosphorus. 

c) Soil characteristics: 

Soils are characterized based on information delivered by the European soil database. 

Year 1 

Year 2 

Year 3 
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3.3 Results and analysis 

a) Calibration of the model based on Walloon statistics 

 
Figure 3-2: Crop yields between 2000 and 2005 under EPIC and different sources of data for Wallonia – Belgium 

The EPIC model is adjusted and calibrated in order to simulate yields for maize, wheat and barley 
observed in Wallonia (Belgium) in the Eurostat Database. 

Considering the differences existing between the Eurostat database and the Statbel database, we con-
sider that simulations realized with EPIC for the reference period show a good agreement for years 
2000 to 2005. For maize, the difference between data sources and simulations is below 4%. For wheat, 
it is below 5% and for barley, it is below 4% (Figure 2-1). 

Since 2000, different sources confirmed a mineral liming stagnation, notably due to awareness cam-
paign and increase in energy price. Mineral fertilization will be assumed constant for future time slic-
es. 
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b) Evolution of yields in Wallonia, Belgium 

 
Figure 3-3: Maize yield evolution in Wallonia for the three time slices studied: 1970-2000 (red), 2020-2050 (light green) and 

2070-2100 (dark green) 

 
Table 3-7: Evolution of maize yields in Wallonia (Belgium) for the three time slices 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 
1971-2000  10.49 0.57  
2021-2050 10.18 0.69 -3.00 
2071-2100 8.52 1.03 -18.85 

 
 

 
Figure 3-4: Wheat yield evolution in Wallonia for the three time slices studies: 1970-2000 (red), 2020-2050 (light green) and 

2070-2100 (dark green). 
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Table 3-8: Evolution of barley yields for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 

1971-2000  7.77 0.61  
2021-2050 8.42 0.86 +8.43 
2071-2100 9.12 0.79 +17.46 

 
Figure 3-5: Evolution of barley yields in Wallonia (Belgium) for the three time slices: 1970-2000 (red), 2020-2050 (light green) 

and 2070-2100 (dark green). 

 
Table 3-9: Evolution of barley yields for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 
1971-2000  6.62 0.95  
2021-2050 7.84 0.68 +18.45 
2071-2100 7.82 0.79 +18.02 

c) Evolution of yields in Flanders, Belgium 

 
Figure 3-6: Evolution of maize yields in Flanders for the three time slices studied: 1970-2000(red), 2020-2050 (light green) 

and 2070-2100 (dark green). 
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Table 3-10: Evolution of maize yields in Flanders for the three time slices studied 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 
1971-2000  9.16 1.42  
2021-2050 7.50 2.08 -18.04 
2071-2100 6.47 1.64 -29.29 

 

 
Figure 3-7: Evolution of wheat yields in Flanders for the three time slices studied: 1970-2000 (red), 2020-2070 (light green) 

and 2070-2100 (dark green). 
Table 3-11: Evolution of wheat yields in Flanders for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 
1971-2000  7.32 0.86  
2021-2050 7.89 0.91 +7.90 
2071-2100 8.49 0.88 +16.08 

 

 
Figure 3-8: Evolution of barley yields in Flanders for the three time slices studied: 1970-2000 (red), 2020-2070 (light green) 

and 2070-2100 (dark green). 
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Table 3-12: Evolution of barley yields in Flanders for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 

1970-2000  6.35 0.97  
2020-2050 7.39 0.65 +16.42 
2070-2100 7.49 0.74 +18.01 

 

d) Evolution of yields in Germany: 

 
Figure 3-9: Evolution of maize yields in Germany for the three time slices studied: 1970-2000 (red), 2020-2050 (light green) 

and 2070-2100 (dark green). 
Table 3-13: Evolution of maize yields in Germany for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 
1971-2000  10.70 1.77  
2021-2050 10.12 1.24 -5.36 
2071-2100 8.36 1.08 -21.84 

 
Table3-14: Evolution of wheat yields in Germany for the three time slices studied. 
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Table 3-15: Evolution of wheat yields in Germany for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 

1971-2000  7.91 0.68  
2021-2050 8.57 0.86 +8.35 
2071-2100 9.32 1.04 +17.78 

 

 
Figure 3-10: Evolution of barley yields in Germany for the three time slices studied: 1970-2000 (red), 2020-2050 (light green) 

and 2070-2100 (dark green). 
Table 3-16: Evolution of barley yields in Germany for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 
1971-2000  7.20 0.62  
2021-2050 7.68 0.61 +6.66 
2071-2100 7.84 0.76 +8.84 

e) Evolution of yields in the Netherlands: 

 
Figure 3-11: Evolution of maize yields in the Netherlands for the three time slices studied: 1970-2000 (red), 2020-2050 (light 

green) and 2070-2100 (dark green). 
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Table 3-17: Evolution of maize yields in the Netherlands for the three time slices studied. 
 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 

1971-2000  10.16 0.78  
2021-2050 9.91 1.07 -3.43 
2071-2100 8.25 1.27 -18.75 

 

 
Figure 3-12: Evolution of wheat yields in the Netherlands for the three time slices studied: 1970-2000 (red), 2020-2050 (light 

green) and 2070-2100 (dark green). 

 
Table 3-18: Evolution of wheat yields in the Netherlands for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 

1971-2000  7.94 0.78  
2021-2050 8.95 0.94 +12.72 
2071-2100 9.79 1.01 +23.30 

 
Figure 3-13: Evolution of barley yields in the Netherlands for the three time slices studied: 1970-2000 (red), 2020-2050 (light 

green) and 2070-2100 (dark green). 
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Table 3-19: Evolution of barley yields in the Netherlands for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 

1971-2000  7.34 0.83  
2021-2050 8.24 0.92 +12.22 
2071-2100 8.15 0.66 +11.01 

 

f) Evolution of yields in France: 

 
Figure 3-14: Evolution of maize yields in France for the three time slices studied: 1970-2000 (red), 2020-2050 (light green) 

and 2070-2100 (dark green). 
Table 3-20: Evolution of maize yields in France for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 

1971-2000  9.13 0.54  
2021-2050 9.36 0.78 +2.47 
2071-2100 7.54 1.48 -17.47 
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Figure 3-15: Evolution of wheat yields in France for the three time slices studied: 1970-2000 (red), 2020-2050 (light green) 

and 2070-2100 (dark green). 

 
Table 3-21: Evolution of wheat yields in France for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 
1971-2000  7.38 0.62  
2021-2050 8.59 1.10 +16.40 
2071-2100 9.42 1.64 +27.77 

 
Figure 3-16: Evolution of barley yields in France for the three time slices studied: 1970-2000 (red), 2020-2050 (light green) 

and 2070-2100 (dark green). 
Table 3-22: Evolution of barley yields in France for the three time slices studied. 

 Yield (t/ha) Variability (t/ha) Evolution of yield (%) 
1971-2000  6.77 0.94  
2021-2050 8.14 1.11 +20.31 
2071-2100 8.21 1.11 +21.37 
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g) Analysis and conclusion of the simulation’s results 

It is observed that maize crop is negatively affected by climate change in the context of the transna-
tional dry climate change scenarios developed in the AMICE project despite the CO2

Variability of crop yields is globally exacerbated in the future, except for Germany. The study of the 
existing literature suggests a maize yield decrease of approximately 10 % for Eastern countries, an 
increase in yields for Northern countries due to a longer crop growing season and a decrease for 
Southern Europe due to water stress at the end of the 21st century(Alexandrov & Hoogenboom, 2000; 
Cuculeanu 

 fertilization ef-
fect. The decrease in maize yield is of approximately 3-4 % for mid-21st century (only France sees a 
small yield increase of 2 %). For the end of the 21st century, the decrease reaches 20 % and France 
will suffer the greatest losses with 30 %  

et al., 1999; Olesen et al.,

Wheat and barley have similar behaviors and are positively affected by climate change and CO

 2007). Our results are coherent with these papers, while focusing 
on the particular situation of the Meuse catchment. 

2

The increase in wheat yield is from 8-15 % for the mid-21st century and reaches 16-28 % for the end 
of the 21st century. But the variability is exacerbated from year to year. Yield’s standard deviation is 
from 0.61 – 0.86 t/ha for the reference period. For the 2071-2100 time slice, it reaches 0.79 to 1.64 
t/ha. These observations are in accordance with the existing literature which suggests an increase in 
wheat yield for Europe more or less pronounced depending on the localization and the scenarios con-
sidered, even if a possible decrease in wheat yield is foreseen for Southern Europe (Asseng 

 ferti-
lization effect. Small differences in the behavior are nevertheless observed. 

et al., 
2004; Semenov, 2007; Ewert et al., 2005; Olesen et al

The increase in barley yield is from 6 to 20 % for the mid-21st century and from 9 to 21 % for the end 
of the 21st century. Variability is sometimes exacerbated and sometimes diminished. It seems that 
barley reacts less to climate change scenarios between scenarios 2021 - 2051 525ppm CO

., 2007). 

2 and 2070-
2100 700ppm CO2. The study of the literature suggests that barley yield could increase under climate 
change scenarios for Europe (Trnka et al., 2004), even if the paper of Rötter et al.

 

 (2011) suggests that 
the increase in mean temperature of more than 4°C could affect negatively barley yield in Northern 
Europe. 
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Figure 3-17: Evolution of yields (in t/ha) of maize (blue), wheat (red) and barley (green) for the different countries of the 

Meuse catchment and the different climate change scenarios. 
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Figure 3-18: Change in yields (in %) for maize (blue), wheat (red) and barley (green) for the different countries of the Meuse 

catchment and the different climate change scenarios 
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3.4 Damage and risk 

3.4.1 Financial Analysis 

The income of the different crops is presented in the table below. 
Table 3-23: Yields and income per hectare for the three crops in Wallonia- Belgium under the different climate change sce-

narios 

Crops 1971-2000 2021-2050 2071-2100 

Maize Yields (t/ha) 10.49 ± 0.57 10.18 ± 0.69 8.52 ± 1.03 

 Income (€ /ha) 1243 ± 68 1206 ± 81 1009 ± 122 

Wheat Yields (t/ha) 7.77 ± 0.61 8.42 ± 0.86 9.12 ± 1.00 
 Income (€ /ha) 933 ± 74 1011 ± 103 1096 ± 121 

Barley Yields (t/ha) 6.62 ± 0.95 7.84 ± 0.68 7.82 ± 0.79 
 Income (€ /ha) 721 ± 104 854 ± 74 851 ± 86 

 
Table 3-24: Yields and income per hectare for the three crops in Flanders-Belgium under the different climate change scena-

rios 

Crops 1971-2000 2021-2050 2071-2100 
Maize Yields (t/ha) 9.16 ± 1.42 7.50 ± 2.08 6.47 ± 1.64 

 Income (€ /ha) 1084 ± 169 889 ± 247 767 ± 195 
Wheat Yields (t/ha) 77.32 ± 0.86 7.89 ± 0.91 8.49 ± 0.88 

 Income (€ /ha) 879 ± 104 948 ± 110 1020± 105 
Barley Yields (t/ha) 6.35 ± 0.97 7.39 ± 0.65 7.49 ± 0.74 

 Income (€ /ha) 692 ± 106 805 ± 70 816 ± 81 
 

Table 3-25: Yields and income per hectare for the three crops in Germany under the different climate change scenarios. 

Crops 1971-2000 2021-2050 2071-2100 
Maize Yields (t/ha) 10.70 ± 1.77 10.12 ± 1.24 8.36 ± 1.08 

 Income (€ /ha) 1406 ± 233 1330 ± 162 1099 ± 141 
Wheat Yields (t/ha) 7.91 ± 0.68 8.57 ± 0.86 9.32 ± 1.04 

 Income (€ /ha) 985 ± 85 1068 ± 107 1160 ± 130 
Barley Yields (t/ha) 7.20± 0.62 7.68 ± 0.61 7.84 ± 0.76 

 Income (€ /ha) 822 ± 71 876 ± 70 894 ± 87 
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Table 3-26: Yields and income per hectare for the three crops in the Netherlands under the different climate change scena-
rios. 

Crops 1971-2000 2021-2050 2071-2100 
Maize Yields (t/ha) 10.16 ± 0.78 9.81 ± 1.07 8.25 ± 1.27 

 Income (€ /ha) 1533 ± 118 1481 ± 162 1246 ± 192 
Wheat Yields (t/ha) 7.94 ± 0.78 8.95 ± 0.94 9.79 ± 1.01 

 Income (€ /ha) 957 ± 94 1078 ± 113 1180 ± 121 
Barley Yields (t/ha) 7.34 ± 0.83 8.24 ± 0.92 8.15 ± 0.66 

 Income (€ /ha) 864 ± 97 969 ± 109 959 ± 78 

 
Table 3-27: Yields and income per hectare for the three crops in France under the different climate change scenarios. 

Crops 1971-2000 2021-2050 2071-2100 
Maize Yields (t/ha) 9.13 ± 0.54 9.36 ± 0.78 7.54 ± 1.48 

 Income (€ /ha) 1082 ± 64 1109 ± 92 893 ± 175 
Wheat Yields (t/ha) 7.38 ± 0.62 8.59 ± 1.10 9.42 ± 1.64 

 Income (€ /ha) 872 ± 73 1015 ± 130 1115 ± 194 
Barley Yields (t/ha) 6.77 ± 0.94 8.14 ± 1.11 8.21 ± 1.11 

 Income (€ /ha) 758 ± 105 912 ± 124 920 ± 125 
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Figure 3-19: Evolution of maize income (€/ha) for the countries of the Meuse catchment under the different climate change 

scenarios. 
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Figure 3-20: Evolution of wheat income (€/ha) for the countries of the Meuse catchment under the different climate change 

scenarios 
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Figure 3-21: Evolution of barley income (€/ha) for the countries of the Meuse catchment under the different climate change 

scenarios 
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3.5 Conclusions and outlook 

The goal of adaptation is to limit negative aspects of impacts and to take the best of the possible posi-
tive aspects. Facing an evolving environment, possible adaptation options are in general numerous but 
deserve a deep reflection to take into consideration indirect and long-term consequences of the differ-
ent solutions considered. Adaptation can be foreseen at farmer scale or at political scale. Here, just a 
few approaches relative to adaptation at farmer scale are mentioned: 

An adaptation track could consist in: 

• Adaptation of the cultural calendar : moving forward the seeding date and harvest date. 

Assessed effects of a change in the cultural calendar are weak to moderate. Nevertheless, lowering the 
seeding date could avoid warm and dry periods in summer and to use as much winter rainfall as possi-
ble (Olesen et al., 2011). But risks related to a late freeze must be considered. 

• Techniques of soil moisture conservation and soil erosion limitation (simplified ploughing, crop of 
substitution, etc) (Easterling, 1996 ; Olesen et al., 2011). 

Other tracks of adaptation could also be the adaptation of fertilization practices to the changing cli-
mate, the introduction of new cultivars; the protection of crops against pathogens and diseases taking 
the advantage of the climate evolution, farmer awareness to climate change and its possible impacts 
(Olesen et al., 2011). 

It appears that maize crop is negatively affected by climate change in the context of transnational dry 
climate scenarios developed in the AMICE project, and this, despite the CO2 fertilization effect. For 
the mid-21st century, maize yield could change between -18 % and +2 %. For the end of the 21st cen-
tury, it could decrease between -17 % and -29 %. Wheat and barley have similar behaviors and are 
positively affected by climate change and CO2 fertilization. Little differences in the behavior are nev-
ertheless observed. For the mid-21st century, wheat yield could increase between +8 % and +16 % and 
barley yield between +7 % and +20 %. For the end of the 21st

The financial analysis of the three crops reflects the exacerbated variability in yields foreseen under 
the different climate change scenarios. Cost prices variability of the crops is taken into account by the 
bias of an average price of the crops on a decade. The evolution of prices in the future is not consi-
dered in this study. 

 century, it could increase between 
+16 % and +28 % for the wheat and between +9 % and +21 % for barley. 
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4 Impacts of low flows on the Drinking water sector 

4.1 Introduction 

Water supply systems are designed to provide water in sufficient quantities and quality to satisfy the 
human drinking water demand. They are generally operated by a set of rules predetermined on the 
basis of streamflow, storage capacity and safety criteria and are expected to meet the target water de-
mand. While guaranteeing an adequate water supply, these systems have to cope with changing condi-
tions over the time. The water supply systems have to face hydrologic variability, socio economic 
effects, and evolutions of technical standards to mention only a few.Additional potential threats to 
water supply systems arise from the expected higher severity and frequency of low flows in the course 
of climate change. Thus, a major challenge for the future is the maintenance of the ability to operate 
satisfactorily under the possible future hydrological conditions (HASHIMOTO

However, general adaptation strategies to the impacts of climate change do not exist. The requirement 
for adaptation strategies depends on the natural spatial conditions, the technical structure of the water 
supply system and their interactions with demographic and socioeconomic evolutions. 

, 1982). 

In order to avoid the unacceptable risk of either brief extreme shortages or lengthy smaller shortages 
during critical periods and to evaluate various types of failure for a water supply system, risk criteria 
need to be identified and studied. Quantifying these criteria and incorporating them into mathematical 
models of planning and operation may result in improvement policies for water supply systems 

4.2 Drinking Water Abstraction of the Meuse 

The Meuse provides drinking water for about six million peoples in France, Wallonia, Flanders and 
the Netherlands. There are eight locations where surface water is directly abstracted for the purpose of 
drinking water production. The water abstraction pointsand their abstraction amounts of surface water 
across the different locations for the year 2010 are depicted inTable 4-1. A total volume of 485.2 Mm³ 
of surface water was abstracted from the Meuse and their connected channels fed by Meuse water. 
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Table 4-1: Drinking Water Abstraction in the Meuse catchment area (Bannink, 2010) 

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

Tailfer 520 Meuse Wallonia 48 

Broechem  Albet 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 (Pet-
rusplaat) 

865 Bergse Meuse Netherlands 209.3 

Scheelhoek  Haringvliet Netherlands 5.8 

Total    485.2 

In addition, a total volume of 42.2 mil.m³ of surface water is abstracted from tributary rivers in Wallo-
nia for the purpose of drinking water. Water is abstracted from reservoirs of tributary rivers in the 
Ourthe (at Nisramont), the Vesdre (at Eupen) and the Gileppe (at Verviers). Further water is abstracted 
from the catchment area in France (BANNINK, 2010). 

In Table 4-2, the annual average water abstraction amounts are given between 2007 and 2010. Figure 
4-2 shows the distribution of the abstracted Meuse water by the several regions. The surface water is 
mainly distributed to the coastal regions of the Netherlands and Flanders. 

Table 4-2: Average annual abstraction amounts from 2007 to 2010 

Location Water company 
2010 2009 2008 2007 

[m³/a] [m³/s] [m³/a] [m³/s] [m³/a] [m³/s] [m³/a] [m³/s] 

Tailfer Vivaqua 48 1.52 44.1 1.40 40.1 1.27 43.6 1.38 

Broechem AWW 57 1.81 84.0 2.66 52.2 1.66 57.1 1.81 

Lier/Duffel AWW 84.5 2.68 48.2 1.53 89.2 2.83 94.7 3.00 

Heel WML 9.9 0.31 11.9 0.38 10.2 0.32 9.4 0.30 

Brakel Dunea 69.2 2.19 75.5 2.39 76.7 2.43 74.4 2.36 

Keizersveer 
(Petrusplaat) 

Evides/WBB 209.3 6.64 187.1 5.93 198.8 6.30 195.8 6.21 

Scheelhoek Evides 5.8 0.18 6.2 0.20 6.4 0.20 5.5 0.17 

Total  485.2 15.39 458.1 14.53 474.8 15.06 480.5 15.24 
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Figure 4-1: Drinking water abstraction points in the Meuse catchment 
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Figure 4-2: Distribution of drinking water, abstracted from the meuse (BANNINK, 2010) 
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The plant in Tailfer ensures drinking water for the Brussels area. Two water intakes are situated in the 
Maas river bed 20 m from the riverbank and a third one can be used if the other two facilities are un-
serviceable. In Tailfer, a volume of48 Mm³ of drinking water has been abstracted in 2010 with a max-
imum production capacity of240.000 m³ per day and an average discharge of 3 m³/s. From the plant, 
the water is distributed to the reservoir of Bois-de-Villers (

Abstraction point Tailfer 

FRANCK, 2012). This reservoir has a sto-
rage capacity of 50.000 m³. From there the distribution reservoir of Callois, which mainly contains 
water from Tailfer, is fed. The reservoir of Callois has a storage volume of 120.000 m³. (FRANCK

 

, 
2012) 

Figure 4-3: Drinking water abstraction point Tailfer (Wallonia) 

The AWW abstracts Maaswater from the Nete Canal at Duffel (84.5 Mm³/a in 2010) and the Albert 
Canal at Broechem (57 Mm³/a in 2010). In Lier/Duffel the water abstracted from the Nete Canal is 
flowing through five successive self-cleansing reservoirs. These reservoirs have a volume of 1 Mm³. 
In Duffel an additional storage basin, reservoir Eekhoven, with a storage volume of 2 Mm³ holds pre-
cleaned water from sand filtration. After the water is taken from the Albert canal at Broechem, it flows 
through a controlling basin with a retention time of one day and then into a reservoir with a volume of 
4.5 Mm³ from where it is forwarded towards the production site. 
(

Abstraction point by the Antwerpse Waterwerken (AWW) 

http://www.aww.be/Hoe_maken_wij_water.html) 

http://www.aww.be/Hoe_maken_wij_water.html�
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Figure 4-4: Drinking water abstraction point Lier/Brakel at the Netekanaal (Flanders) 

 
Figure 4-5: Drinking water abstraction point Broechem (Flanders) 

Drinking water produced by the AWW is mainly distributed to the cities of Antwerpen and Mortsel 
and the communities of Boechout, Edegem, Hove, Kontich, Kapellen and Zwijndrecht. Drinking water 
is also provided to other drinking water suppliers (Pidpa, TNVW and VMW) and a contract for emer-
gency water supply to the Netherlands exists between the AWW and the Dutch drinkingwater compa-
ny Evides since 2006 (AQUA FLANDERS, 2008). 
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The abstraction point Heel is located in the water body Zandmaas and is responsible for the supply of 
drinking water to the region of Midden-Limburg. Meuse water is abstracted from the Lateraal canal, a 
canal parallel to the Meuse which is separated from the main stream by a lock upstream of Linne. The 
withdrawn water is stored in a former gravel pit, De Lange Vlieter, with a surface area of 120 ha. After 
a retention time in the reservoir of approximately a year, the water is infiltrated into the ground and 
recovered with additional groundwater leading to a yearly production of 11.4 Mm³ in 2010. 
(

Abstraction point Heel 

ZWOLSMAN

 

, 2008) 

Figure 4-6: Drinking water abstraction point Heel (Netherlands) 

At the intake Brakel, approximately 80 Mm³ per year of river water is abstracted from the dammed 
Meuse, a 12 km long tributary of the Meuse. The abstracted water is composed of water from the 
Meuse and polder water. The ratio between Meuse water and Polder water depends on the regional 
precipitation. The share of Meuse surface water thus ranges from 10 to 95 %.Due to a relatively low 
velocity, the Dammed Meuse has a good self-cleansing capacity working as a settling basin with a 
residence time of two months. For further treatment the water is infiltrated into dunes between Mon-
ster and Katwijk where it has a medium retention time of two months. Thus, 69.2 Mm³ of surface wa-
ter were produced in 2010. (

Abstarction point Brakel 

ZWOLSMAN, 2008, BANNINK, 2010). 
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Figure 4-7: Drinking water abstraction point Brakel (Netherlands) 

The abstracted water at Keizersveer is pumped into three reservoirs in the Brabantse Biesbosch. The 
Biesbosch reservoirs have a gross storage capacity of 80 Mm³ and a net storage volume of 53.9 Mm³. 
With a medium retention time of five months, the self-cleansing capacity of the reservoirs is used for 
pre-cleaning of the surface water (

Abstraction point Keizerveer 

ZWOLSMAN, 2008). A volume of 209.3 Mm³ of drinking water was 
thus produced in 2010 (BANNINK,

 

 2010). 

Figure 4-8: Drinking water abstraction point Keizersveer (Netherlands) 
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Through the Haringvliet the Meuse as well as the Rhine flow into the open sea, therefore water taken 
in at Scheelhoek is partially Rhine and Meusewater. The distribution varies between 4:1 and 3:1. In 
2010 a volume of 5.8 Mm³ of surface water was abstracted. The water is pre-cleaned and then infil-
trated into the dunes in Haamstede and Ouddorp where it has a retention time of 60 to 90 days. This 
water is the main source of drinking water supply for the islands Goeree-Overflakkee and Schouwen 
Duiveland in the Rhine-Meuse Delta.  

Abstraction point Scheelhoek 

 
Figure 4-9: Drinking water abstraction point Scheelhoek (Netherlands) 

In today’s discharge program, the locks of the Haringvliet are closed during flood and low flows to 
prevent the inflow of salt water into the Haringvliet. After implementation of the Kierbesluit, the locks 
will be opened partially during flood to re-establish the estuarine character of the Haringvliet. Since 
the current abstraction point will then lie inside a brackish zone, the abstraction will be moved further 
upstream to the south of Middelharnis(ADRIAANSEet al

4.3 Regulations regarding water shortage 

, 2008). 

In times of low flows a more efficient use of water resource is demanding. To distribute water effi-
ciently during water shortages, water saving strategies as well as distribution regulations have to be-
come valid. In the transnational context of a basin wide water management across the regional bor-
ders, in addition to the regional agreements and measures, the development of international strategies 
and policies is of essential need. 

In the Netherlands, in times of water shortages a commission for water distribution, the Landelijke 
Coördinatiecommissie Waterverdeling (LCW) coordinates the water distribution for the river 
branches, lakes and canals. In consideration of the Meuse basin the LCW comes into action when  
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• the discharge at the gauge Maastricht-St.Pieter is below 25 m³/s, 

• the water temperatures is higher than 23°C, 

• or a supra-regional water shortage occurs(VAN WAVEREN et al

Advice on how to act is given based on the national distribution laws, the Verdringingsreeks. The dif-
ferent water users and needs are arranged in four categories determining the order in which water is 
distributed. The highest priority for distribution is given to category 1 and the lowest to category 4 
(VAN WAVEREN 

, 2006).  

et al

Category 1 includes guaranteed safety of measures against flooding and the likelihood of irreversible 
damage. This entails damage of embankments and dams, subsidence of the turf and irreversible dam-
age to the nature. Category 2 concerns the safety of public services such as drinking water supply and 
cooling water supply for electric power plants. Category 3 covers small scale use of water for goods of 
higher value. It includes the temporary irrigation of capital-intensive plants and supply of industrial 
process water. The remaining water claims in category 4 are navigation, agriculture, nature (without 
irreversible damage), industry, recreation and inland fishery. 

, 2009). 

The first two categories are priority orders. Throughout categories 3 and 4 further differentiation can 
be implemented on the regional level in order to minimize public and economic damage due to water 
shortages (VAN WAVEREN et al

Distribution regulations to prioritize public drinking water supply as they are in place in the Nether-
lands are proposed for Flanders but have yet to be implemented(

, 2009). 

AQUA FLANDERS

 

, 2008). 

 
Table4-3: Dutch national distribution regulations in case of water shortage 



70  AMICE Action 7 Report: Impacts of droughts and low flows 

 

4.4 Regulations regarding Meuse water discharge 

4.4.1 International regulations 

To secure the operability and water needs of the Flemish and Dutch channels, amongst others the Al-
bert- and Juliana channel, as well as the nature in the Common Meuse and other water users, an 
agreement between the Netherlands and Flanders has been introduced. The agreement regulates the 
sharing of the Meuse water between the economic use of Flanders and the Netherlands and the nature 
in the Common Meuse in relation to the discharge in Monsin (Liège). 

4.4.2 Regulations for drinking water abstraction 

At Brakel it is allowed to abstract a maximum water amountof 4.5 m³/s from the dammed Meuse. This 
is equivalent to a withdrawal of 162 m³/hour. However, in general the actual maximum abstraction 
capacity is limited by the possible discharge pumped through the pipeline between the dammed Meuse 
and the dunes. This maximum discharge limit is about 123 m³/hour. Furthermore, up to 4 m³/s can be 
used for recirculation to the northern side of the dammed Meuse with a maximum of 10 m³/s in case of 
an emergency (abstraction and intake stop scenarios). 

For the surface water abstraction in the Flemish region, withdrawal regulations are dependent on the-
Meuse discharge at Liège. If the discharge at Liègeis lower than 20 m³/s the constraint of withdrawal 
is set to 4 m³/s, cumulative for Duffel and Broechem. For regular Meuse discharges, the maximum 
surface water abstraction for Duffel is 5.8 m³/s and at Broechem 2.9 m³/s. 
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4.5 Buffer capacities of the surface water abstraction points 

Dry periods, which are accompanied by an increase in water temperature, could lead to water intake 
stops, when the quality of the surface water is affected. During these intake stops, the water supply has 
to be maintained by stored water in reservoirs or by alternative sources, i.e. groundwater or the intake 
of drinking water from neighboring networks. An overview over the possible bridging periods for the 
water abstraction points located in the Meuse basin are given in Table 2. Possibilities to receive water 
from other regions or different companies will not be further elaborated. 

Table 4-4: Bridging periods 

Location River/Tributary Mm³/a (2010) Bridging Periods 

Tailfer Meuse 48  

Broechem Albert Canal 57 
31 days (average supply) 

24 days (peak supply) 

Lier/Duffel Nete Canal 84.5 
9 days (average supply) 

7 days (peak supply) 

Heel Lateraal Canal 9.9 2 weeks ( peak supply); 
3 weeks (average supply) 

3 months with groundwater abstraction  Boschmolen Lake 1.5 

Brakel Dammed Meuse 69.2 
10 days 

4 weeks with groundwater abstarction 

Keizersveer (Pet-
rusplaat) 

Gat van de Kerk-
sloot 

209.3 
3 months (average supply); 

2 months (peak supply) 

Scheelhoek Haringvliet 5.8 

Infiltration at Ouddorp: 
2 months (average supply) 

5 weeks (peak suplpy) 
Infiltration at Haamstede: 

3-3.5 months (average supply) 

At Heel, the Meusewater is first stored in a reservoir, De Lange Vlieter. This reservoir can function as 
a buffer with a storage capacity of 1 Mm³. In general, the reservoir has a greater gross storage capaci-
ty, however due to the neighboring natural reserve Heelderpel, restrictions to keep a water level of 
NAP +20.30 m in De Lange Vlieter are in place. The natural water level of the reservoir lies at NAP 
+19.85 m, heightened by the river water intake by 1 m and with a surface area of approximately 
120 ha, this leads to a net buffer volume of 1 Mm³.This storage volume is sufficient for 3 weeks of 
average drinking water supply or for 2 weeks of peak demand. Further surface water can be withdrawn 
from a second neighboring gravel pit, the Boschmolenplas. Additionally, deep groundwater may be 
extracted at Heel. If groundwater abstraction has to be used, accompanying costs are to be expected, 
such as groundwater fees (

Abstraction point Heel 

ZWOLSMAN, 2008). 
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The water withdrawal at Brakel can be stopped for two to three weeks depending on the water demand 
and if partial drying out of the dunes, which are being infiltrated, is acceptable. Stopping the intake at 
Brakel will lead to a subsidence of the water level in the soaking pits of 10 cm/day. After three weeks, 
the capacity of water abstraction in the dunes will be declining since deeper groundwater is with-
drawn. Due to the risk of salinization from brackish or salty groundwater, the stop of abstraction from 
the Meuse may not last longer than four weeks (abstraction and intake stops scenarios). For extreme 
emergencies, water abstraction can be switched over to groundwater wells in the Den Haag area 
(

Abstraction point Brakel 

ZWOLSMAN, 2008). 

At Keizersveer, the abstracted Meusewater is stored in the Biesbosch reservoirs, which function as a 
pre-cleansing step and a buffer during times of low river discharge. The Biesbosch reservoirs have a 
gross storage volume of 80 Mm³ and thus have a buffer capacity of 3 months for average water supply, 
or 2 months with peak water demand.  

Abstraction point Keizerveer 

During low flows, water is first abstracted from the reservoir De Gijster, which has a net volume of 
32.5 Mm³ (gross volume 40 Mm³). This volume is sufficient for nine weeks of average water demand 
and eight weeks of peak water demand. After the reserve of De Gijster is exhausted, additional water 
can be withdrawn from the reservoirs Honderd en Dertig and Petrusplaat. With a surface area of 
230 ha and possible water level draw down of 7 m a volume of 16.1 Mm³ can be used as a buffer from 
the reservoir Honderd en Dertig. The Petrusplaat has a surface area of 105 ha and 5 m water table can 
be withdrawn, thus adding up to a buffer volume of 5.3 Mm³. With an average water demand, the buf-
fer capacity of the two reservoirs is six weeks and 5 weeks for a peak water demand (ZWOLSMAN, 
2008). 

Water abstracted at Scheelhoek is infiltrated into the dunes at Ouddorp and Haamstede. The capacity 
of the shallow water storage at Ouddorp is two months with average water supply and five weeks with 
peak supply. However, to avoid damage to nature inside the dunes, water can only be withdrawn for 
one month with average water demand and two weeks with peak water demand. Water abstraction 
from deep water wells may only be used during the months June until August; otherwise permission 
from the province Zuid-Holland is necessary.  

Abstraction point Scheelhoek 

The infiltration point Haamstede has a capacity in its shallow water storage of one month with average 
water demand and two weeks operating under peak water demand. After that period, the infiltration 
ponds will be empty. The deep water abstraction in Haamstede is limited to 0.97 Mm³/year and is thus 
sufficient for approximately 3-3.5 months of average water demand (ZWOLSMAN, 2008). 

The timespan during which the abstraction can be stopped without consequences at Duffel is nine days 
with average water supply and seven days for peak water demand. At Broechem the average water 
supply can be guaranteed for 31 days and a peak water demand met for 24 days. No compensation 
strategies which consider for example groundwater as an alternative source exist for the surface water 

Abstraction points AWW 
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abstraction points in Flanders. However alternative supplies from other regions or different companies 
are possible with financial consequences. (abstraction and intake stops scenarios) 

4.6 Measures of system performance 

4.6.1 Generals 

In consideration of Table 4-4, it is getting obvious that the described water intakes, which abstract 
surface water from the Meuse river, all have very limited storage capacitie. In particular, the water 
abstraction at Tailfer seems highly vulnerable to dry periods, in that there is zero storage capacity. An 
analysis of the vulnerability of the water supply system in the Meuse for future dry periods is therefore 
necessary to develop emergency plans and adaptation strategies. 

The quantification of impacts due to restricted water availability during low flow scenarios in mone-
tary terms is hard to realize. Whereas for flood risk analysis, the direct economic flood damage is cal-
culated, the economic loss in the drinking water sector has its origin in compensatory measures to 
maintain the water supply or production losses.In the case of a surface water intake stop, the water 
suppliers have to switch to alternative sources. An alternative water source is groundwater pumping or 
the water supply will be maintained by the intake of water from another net operator. These measures 
are related to extra costs. 

However, a first indicator of the water supply performance is the probability of failure occurrence. As 
indicated in Figure 4-10, the water supply system is in a failure state, when the water demand exceeds 
the water availability. A failure state can also be determined by the introduction of a discharge thre-
shold. A failure is then indicated, when the threshold is reached. Further, an assessment of the system 
robustness is thus feasible by the consideration of three performance criteria. In HASHIMOTO ET AL. 
(1982) the three risk criteria Reliability, Resilience and Vulnerability

• How often the system is in a satisfactory state (Reliability) 

 are introduced to evaluate the 
robustness and performance of a water supply system. Thus, the system performance can be described 
in consideration of the following aspects. 

• How quickly the system returns to a satisfactory state once a failure occurs (Resilience) 

• How significant the likely consequences may be (Vulnerability) 

Mathematically, reliability r can be expressed according to formula (4.1, as the probability r

 

 that the 
system is in a satisfactory state. 

r = Prob[𝑋𝑋𝑡𝑡 ∈ 𝑆𝑆] (4.1) 

Hereby is Xt a random variable at the time t, whereby t takes on discrete values n. For each considered 
time step t it is to evaluate, if the system is in a satisfactory state (S) or in an unsatisfactory state (F). A 
straightforward formulation of reliability is given in JINNO ET. AL.. Thus, reliability is the ratio of the 
period of non-failure (TS

(4.2)
 satisfactory state) to the total period of water supply (N) resulting in formula 

. 
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 r =
1 − 𝑇𝑇𝑆𝑆
𝑁𝑁

 (4.2) 

Further as mentioned above Resilience describes how quickly a system returns from an unsatisfactory 
state into a satisfactory state. Mathematically.resilience is then described according to formula (4.3). 
According to Hashimoto the value of the resilience γ corresponds to the inverse of the averaged period 
𝑇𝑇𝐹𝐹when the system is in an unsatisfactory state.  

 γ =
1
𝑇𝑇𝐹𝐹

=
𝑖𝑖𝐹𝐹
𝑇𝑇𝐹𝐹

 (4.3) 

nF

Conclusive, the vulnerability v of the system can be described by the amount of the water deficit in 
times of system failures according to

is the total number of times the water supply system enters in a unsatisfactory state during supply 
period. If the whole supply period is in the state of water deficit then γ takes on its smallest value. If 
the system in a satisfactory state during the whole water supply period γ = 1. 0 < γ <1, indicates that 
the system is in an unsatisfactory state but will return into its satisfactory state.  

(4.4).  

 
v =

1
𝑁𝑁𝐹𝐹

�𝑖𝑖𝑗𝑗

𝑁𝑁𝐹𝐹

𝑗𝑗=1

 
(4.4) 

Hereby NF indicates the number of failures and Sj

 

 is the water deficit (consequence) accompanied by 
the system failure. The introduced concept of performance criteria allows an assessment of the robust-
ness of a water supply system. This concept is also suitable to assess the impacts of climate evolution. 

Figure 4-10: Time series with system failures 
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4.6.2 Water intake stops 

The data collection has revealed that in the past years several water intake stops have been occurred. 
In Table 4-5, the periods (in hours) of water intake stopsfor the abstraction points between 2007 and 
2010 are depicted. The Table 4-5 gives no information of the consecutive hours in failure state. As 
additional information, the number of water intake stops per year is depicted in the Table 4-5. Thus, it 
can be concluded, that the water intake stops never lasted longer than the maximum bridging period 
and were compensated by the stored water.  

Table 4-5: Intake stop 

Location 2010 2009 2008 2007 Max Bridging Period 

 n [h] n [h] n [h] n [h] [h] 

Tailfer 0 0 0 0 0 0 0 0  

Broechem 2 34.5 2 20 4 83.5 5 333.5 744 

Lier/Duffel 2 22.5 1 5.5 1 9.5 1 15 216 

Heel 71 2892 47 2352 35 2952 45 3864 336 

Brakel 1 193.5 3 144 2 240 6 576 240 

Keizersveer 
(Petrusplaat) 

11 588 14 423 20 1075 8 968 2160 

87 Total 3730 67 2944 62 4360 65 5756  

Nevertheless, the water intake stops listed in Table 4-5 were all caused by technical defects or insuffi-
cient water quality and not caused by water quantity problems. Indeed, there are several discharge 
thresholds existing, indicating that a decrease of discharge correlates with increased temperatures and 
less water quality causing a water intake stop.  

Thresholds are existing for the abstraction points Broechem and Lier. At these water intakes the water 
abstraction has to be reduced to 4 m3/s if the discharge at Liège falls below 20 m3/s. However, at 
Broechem the water abstraction amount will not exceed 2.9 m3

Table 4-5
/s as the licensed capacity indicates (cf 

). At the abstraction points at Brakel and Keizersveer the water intake has to be stopped if 
the discharge at Lith falls below 25 m3 Table 4-2/s. However, in consideration of  at Brakel the annual 
average value of the water abstraction amount has never exceeded 2.5 m3/s from 2007 to 2010, al-
though the licensed capacity allows to abstract 4.5 m3

 

/s. 
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Table 4-6: Conditional capacities and alternative water resources 

Location 
Licensed ca-
pacity [m3/s] 

Technical 
capacity 
[m3/s] 

Conditional 
capacity 
[m3/s] 

Alternatives 

Source 
Drinking water 

delivery 

Tailfer - - - Groundwater  No 

Broechem 2.9 - 4.0 when at 
Liège Q < 20 

No Yes 

Lier/Duffel 5.8 - No Yes 

Heel 1.56 1.0 - Groundewater - 

Brakel 4.5 - 
0 when at Lith 

Q < 25 

Groundwater 
Possible (no 
contracts) 

Keizersveer 
(Petrusplaat) 

unlimited 16 No Yes 

Here it becomes apparent that an assessment of the water supply system by means of annual average 
values would lead to a biased awareness of the systems vulnerability. Even the water balance in con-
sideration of annual values will indicate a safe and sound water supply. Possible short term periods of 
low flow coupled with peak demand have to be highlighted. This also holds for an assessment of the 
future climate impacts. When looking at the gauge Monsin next to Liège, the future annual mean dis-
charge associated with the dry scenario for the time period 2071 till 2100 is estimated to 121.63 m3

4.7 Conclusions 

/s. 
Hence, this discharge is far greater than the conditional capacity, which would lead to a water intake 
stop. Nevertheless, in consideration of the vulnerability, the short term period is of primary concern 
where the water supply system is unable to serve the water demand. This period may only last only a 
few several days but could lead to significant economic consequences for the water supply. Further, 
the water quality is of major relevance. The observed water intake stops in the past years have been 
occurred in consequence of insufficient water quality. A decrease in stream of 10-30% leads to a pro-
portional worsening of water quality which companies force to intake stops, although the discharge 
threshold is not reached. An analysis of the correlation between water quality, decrease in streamflow 
and temperature increase, however was out of the scope of the AMICE project. 

The Meuse is a drinking water source for about 6 million people. A data inventory of the water intakes 
has revealed that the storage capacity for the abstracted surface Meuse water is very limited. Thus, 
there is a need for an assessment of the water supply systems vulnerability, especially including future 
dry scenarios. Possible future drought conditions impose additional stress on water supply systems, 
which have to face the risk of frequent water shortages and significant economic impacts. An analysis 
of the available data has shown that by means of annual average values an assessment of the Meuse 
water supply systems vulnerability will not produce working knowledge. The hazard of a water short-
age is more related to short term dry period, than to a long term trend. A water shortage may last for 
several days. Identifying water shortage periods, where the water demand exceeds the water availabili-
ty will enable the water supply operators to develop adaptation strategies. 



AMICE Action 7 Report: Impacts of droughts and low flows  77 

 

An appropriate approach to assess the robustness of a water supply system is given according to 
HASHIMOTO (1982)
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5 Effects of droughts on the navigation sector 

5.1 Introduction 

This chapter deals with the impacts of droughts and low flows on the navigation sector. As the occur-
rence of river discharge extremes are expected to increase in the future, this may lead to consequences 
for the future. High water levels may encounter problems to navigate ships under a bridge. Or the op-
posite extreme, when water levels are very low, ships are unable to navigate even with a reduction of 
load. In the following, a quick scan of the economic damage during a dry period, as encountered by 
the navigation sector is performed. The focus is thereby directed to the commercial navigation. The 
effect on recreation is not included. 

5.2 Navigation in the Meuse basin 

In a large part of the Meuse, the water levels are controlled by weirs. During low flows, the weirs are 
(partly) closed. During high discharges, the weirs are open, and the river has a free flow. Each weir 
has its own “weir program”, for instance in the Netherlands the weirs are all open for discharges high-
er than about 1200 m3

Table7-59

/s. Weirs are built for the purpose of navigation (larger depths), but weirs also 
play a role in the storage of water, the feeding of canals, recreation, the supply of industrial water, 
cooling water and drinking water, the generation of energy, etc. (Berger, 1992).Weirs in the Meuse are 
present in France, Belgium, and the Netherlands. In the Appendix ( ) an overview of the 
weirs in the Dutch and Flemish part of the Meuse is given. For ships to pass such a weir, ship locks are 
needed. The Canal de la Meuse in France (from Givet to Commercy), for instance, consists of 59 
locks. 

The Meuse is navigable over a substantial part of its total length. In Europe, shipping can be divided in 
so-called CEMT-classes. For each class, the maximum dimensions of the ship are determined. The 
dimensions of fairways are coupled to these classes as depicted in Table7-60and Table7-61. 

In the Netherlands and Flanders, the river (Common Meuse or Grensmaas) is part of the major inland 
navigation infrastructure, connecting the Rotterdam – Amsterdam – Antwerp port areas to the indus-
trial areas further upstream (CEMT Va and VI). The area at the border between Flanders and the 
Netherlands consists of a dense network of canals (e.g. Campine Canals, Zuid-Willemsvaart, Albert 
Canal, Juliana Canal, Lateral Canal). These canals are fed by water of the Meuse, and are not only 
used for navigation, but are also important for water supply in Flanders and the southern part of the 
Netherlands. 

South of Namur, the river can only carry more modest vessels than just north of Namur, although a 
ship as long as 100 m can still reach the French border town of Givet (class Va). From Givet upstream, 
the river runs parallelto a canal over a distance of 272 kilometres. It is called the “Canal de la Meuse”. 
The waterway can be used by the smallest ships that are still in use commercially (CEMT I; almost 40 
meters long and just over 5 meters wide). Just upstream of the town of Commercy, the Canal de la 
Meuse connects with the Canal de la Marne au Rhin by means of a short diversion canal. 

5.3 Low flows and low flow policy 

The yearly-average discharge in the Meuse may vary strongly. The year 1976 was very dry compared 
to the average, even much dryer than the year 2003. 
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The discharge at Monsin (near Liege) is the so-called “non-shared” discharge. Downstream of Mon-
sin, the water divides over the Dutch and Flemish canal systems. The distribution of water during low 
flows is prescribed in the Treaty between Flanders and the Netherlands as signed in 1995. The dis-
charge distribution during low flow according to the policyis listed in Table 7-31. In principle, the 
agreement implies, that during low flow, the distribution is such that both partners obtain equalquanti-
ties of the Meuse water for economic purposes, and that they have common responsibility for the dis-
charge in the Common Meuse (Grensmaas). The discharge in the Common Meuse should as long as 
possible not be lower than 10 m3/s, in order to prevent damage to nature (e.g. Raadgever, 2004). If the 
discharge at Monsin drops below 30 m3/s,the discharge in the Common Meuse is lower than 10 m3

Defining a period of “low flow” as the period that the discharge at Monsin is smaller than 130 m

/s. 

3

Figure 5-1
/s, 

the Treaty becomes operative. and Table 5-1 show that 127 days per year (averaged over 
1911-2003), the discharge at Monsin drops below 130 m3

 

/s, which means that roughly one-third of the 
year (on average) measures are needed to save water. 

Figure 5-1: Number of days per year that discharge at Monsin is exceeded 
Table 5-1: Number of days per year that discharge is below certain values 

Number of days/year 
that discharge at Mon-

sin is below: 

Averaged over years 
1911-2003 

Year 1976 Year 2003 

20 m3 0,2 /s 12 0 
30 m3 2 /s 92 0 
40 m3 8 /s 139 6 
50 m3 18 /s 163 32 
60 m3 31 /s 190 96 

100 m3 89 /s 237 172 
130 m3 127 /s 264 209 
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5.4 Consequences and possible measures 

In a river, like for instance the river Rhine (busiest transport route in the Netherlands), the conse-
quence of a period of low discharges may be, that water levels become so low that ships cannot be 
fully loaded(Figure 5-2a). Ships have to make more trips to transport their freight, or have to sail 
another route. As such, the damage can be expressed in terms of extra costs due to the extra trips or 
extra kilometers that need to be made. The damage can be quantified by considering the available wa-
ter depths, and the needed water depth for a certain ship. The Dutch software package BIVAS can be 
used to carry out such computations to estimate the extra costs for the Dutch navigation network. 

The flow regime in the Meuse, however, is (especially during low flows) strongly influenced by the 
weirs, the canalization and lateral withdrawals. Because of the regulation by weirs, minimum water 
levels are guaranteed most of the time and in general, navigation will not encounter problems due to 
insufficient water depths(Figure 5-2b). 

 
Figure 5-2: (a) In a free flowing river like the Rhine, the water level drops as the discharge drops; (b) in a weir-controlled river 

the weirs (partly) strike at given discharges, and minimum water depths are guaranteed most of the time. 

Ships pass the weirs via navigation locks. Water is required for the operation of these locks. The 
amount of water required depends on the exchange volume, i.e., the dimensions of the lock (length and 
width of the chamber), the water level difference between upstream and downstream of the lock, and 
the number of times that the lock is used (which depends on intensity of the ships passing the lock). 
With each lock cycle, a volume of water according to (5.1) is lost (Molenaar et al

 

, 2011): 

downup WWhBLV −+∆⋅⋅=  (5.1) 

with 
 V = volume of water lost during a lock cycle [m3

 L = lengths of lock chamber [m] 
] 

 B = width of lock chamber [m] 
 ∆h = difference in water level [%] 
 Wup = amount of water which is displaced by ships going upstream [m3] 
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 Wdown = amount of water which is displaced by ships going downstream [m3

Problems for navigation start to occur when the water loss due to the locking process is so much, that 
water levels and discharges cannot be guaranteed anymore, i.e., when water supply available for navi-
gation per day is less than water loss due to navigation per day. The water loss due to the locking 
process can be reduced by two means (AVV, 2002): 

] 

• Reducing the number of locking cycles in a day: Less lock cycles per day can be realized by wait-
ing for upward and downward locking until the lock chamber is (completely) filled with ships. As 
aconsequence, the waiting times for ships will increase. 

• Diminishing the water loss in a lock cycle: Water losses can be reduced by using a reservoir to 
store water, by siphoning water between two lock chambers, by pumping a part of the water that is 
lost, or by reducing the chamber area using dividing doors. The latter option is only possible at 
relatively low traffic intensities and if the largest ship fits in a smaller chamber. The consequence 
of these measures (except the pumping back of water and using dividing doors) is that waiting 
times for ships will increase. 

Reservoir 

By using a reservoir during locking, the water level in the reservoir is between the water levels up-
stream and downstream. When locking downward, water

 

 from the lock chamber is discharged to the 
reservoir until the water levels in chamber and reservoir are equal. The rest of the water is lost down-
stream. When lockingupward, the water that was stored in the reservoir is used to partly fill the cham-
ber. The water saving per cycle equals the volume of water that is stored in the reservoir. With the 
assumption that water displacement by upstream and downstream ships are equal, it can be derived 
that the water saving equals (AVV, 2002): 

1)/(2
/

+⋅
=

cr

cr

AA
AA

q
 

(5.2) 

with 
 q = the water saving of a lock with one chamber, i. e. the ratio between water that 
   is re-used and water that is needed for each cycle [-] 
 Ar = area of the reservoir [m2

 A
] 

c = area of the lock chamber [m2

If the reservoir area equals the chamber area, the saving becomes 33 %. Formula

] 

(5.2) is based on the 
principle, that the water level in the lock chamber is not regulated by pumps. Water flows freely from 
the chamber to the reservoir and back. As soon as the levels in reservoir and chamber are equal, the 
normal locking process continues. 

If a lock complex has two chambers, water from the one chamber can be partly discharged to the other 
chamber. This principle is useful when both chambers have more or less the same size. A disadvantage 
may be that the locking process at both chambers needs to be simultaneous and in opposite direction 
and that the locking process lasts longer. The relation of formula 

Siphoning 

(5.3)holds for the water saving of the 
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lock complex with two chambers when assuming that water displacement by upstream and down-
stream ships is equal (AVV, 2002). 

 [ ]2
12

12

)/(1
)/(2

AA
AA

q
+

⋅
=  (5.3) 

with 
 q = the water saving of a lock complex with two chambers [-] 
 A1 = area of chamber 1 [m2

 A
] 

2 = area of chamber2 [m2

In addition to the above mentioned methods, to reduce water losses further measures are possible to 
reduce water shortages during dry periods. The problem of water shortages should be considered as an 
integral problem. Thus, a prioritization of the economic sectors is required, for which restrictions be-
come effective during water shortages. By minimizing lateral withdrawals (for instance for agriculture 
or cooling water for the industry), there may be sufficient water left for navigation.Here we focus only 
on water losses and savings due to navigation measures. 

] 

5.5 Quantification of extra costs due to low flows 

In AVV (2002), simulations are presented in which scenarios with a normal locking process are com-
pared to scenarios with different locking strategies for the three Dutch lock complexes at Born, Maas-
bracht and Heel using the software package SIVAK. SIVAK simulates the total time and costs for 
each individual ship that passes the lock, and computes the water losses. Some important input para-
meters for the simulations are: 

• The number and size of the lock chambers 

• Water level difference between upstream and downstream of the lock 

• Shipping intensity for the lock (distinguished between CEMT classes, between northward-bound 
and southward-bound traffic) 

• Waiting costs and sailing costs per ship class. 

For the shipping intensity at the lock complexes, characteristic values for the year 2000 are used in the 
simulations. The waiting costs are based on the fixed and variable costs of the ship and the crew only. 
The simulations do not account for costs related to effects due to delay of cargo, missing retour cargo, 
image damage, etc (AVV, 2002). 

Several scenarios are computed by AVV in which the water losses reduce by changing the locking 
strategy. The reduction in water losses is realized by giving rules on when to start the locking process. 
The locking process starts as soon as a given percentage of the chamber is filled, or as soon as the 
waiting time of a ship exceeds a given value. There were 6 different scenarios (varying from loose to 
very stringent rules). A stringent rule (high percentage) means that it takes long before the chamber is 
full enough to start the locking process, and that ships have to wait long. The less lock cycles a day, 
the more water is saved. The scenarios are compared to a reference scenario in which no water saving 
is aimed. Figure 5-3shows the results of the simulations in terms of the extra costs per day. The extra 
costs of a scenario are determined as the difference in costs between the scenario and the reference. 
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The water level difference at the lock complex Heel is almost twice as small as at the other two com-
plexes, so that the water losses per cycle are smaller and therefore also the water savings. 

 
Figure 5-3: Extra costs for navigation sector because of longer waiting times due to different locking strategies(AVV, 2002). 

At the lock complex Maasbracht, siphoning between the two chambers is possible in the present 
layout. Besides the 6 locking strategy scenarios, additional scenarios are calculated in which water is 
saved by exchanging water between the two chambers. The siphoning scenarios (A, B, C in Figure 3) 
differ in the percentage of cycles in which siphoning is applied, in the moment to stop siphoning and 
start pumping and in locking strategy. Figure 5-3indicates that more water can be saved by siphoning 
than by locking less frequent. The figure also shows that there is a limit to the amount of water that 
can be saved by locking less frequent (about 3,0 m3/s at Heel and 5,5 m3

The graph of 

/s at Born and Maasbracht). 
Of course, in theory still more water could be saved by locking less, but then the waiting queue for 
ships becomes very long and the extra costs increase a lot. If more water needs to be saved, other 
strategies like siphoning and pumping should be applied. Currently, at Maasbracht and Born there is a 
pumping installation available to pump back the water losses. Please note that the possibility of pump-
ing is not incorporated in the SIVAK simulations made by AVV. 

Figure 5-3can be used to roughly estimate the damage (extra costs) in a year. This can be 
done for an average year and for a dry year, so that the relative damage can be calculated (relative 
since a dry year is compared to the reference average year). Please note that also in an average year, 
water needs to be saved during a number of days, so that extra costs need to be made. In a dry year, 
the extra costs are higher than in the average year. 

In the following the methodology is conducted for the lock complex of Maasbracht. 

• Determination of the daily water supply in the canal / at the lock complex. For example, the dis-
charge in the Juliana Canal (Maasbracht) equals 15  m3/s if the discharge at Monsin is 60 m3

Table 7-62
/s (see 

). 

• Calculation of the daily water demand for the lock complex. This could, for instance, be estimated 
using the average number of lock cycles per day times the lock chamber area times the water level 
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difference. About 30.000 commercial ships pass Maasbracht each year (DVS, 2009). If 50 % navi-
gates northward and 50 % southward, there are about 48 lock cycles per day needed (260 working 
days a year; 1,2 ships in the chamber). The average water demand then equals 
48 cycles/day x 2.550 m2 x 11,85 m = 17 m3/s. Here, the number of ships in the chamber (1,2) is 
estimated based on the chamber size (142 m x 16 m) and the ship that passes Maasbracht most fre-
quent (CEMT class IV; 85 m x 9,5 m). Only a single CEMT class IV ship fits in the chamber, pos-
sibly together with a smaller ship. An average water demand at Maasbracht of 17 m3

• Calculation of the necessary daily water savings. The water demand cannot be larger than the water 
supply. On days that the supply is smaller than the demand, calculate how much water should be 
saved. On a day that the discharge at Monsin equals 60 m

/s was also 
found from the SIVAK simulations (AVV, 2002). 

3/s (and 15 m3/s in the Juliana Canal), the 
amount of water that needs to be saved at Maasbracht equals 17 – 15 = 2 m3

• Calculation of the corresponding daily costs to save this amount of water. Water savings can be 
realized in several ways, as described above. Water can be saved by changing the locking strategy. 
This results in longer waiting times for ships, and this will cost about 700 Euros per day if 2 m

/s. 

3

Table 5-2
/s 

needs to be saved in Maasbracht ( ). As an alternative, water can also be pumped back to 
upstream. If a unit price for pumping is available, the corresponding costs can be calculated. 

• Calculation of the total costs for a whole year for different hydraulic scenarios. As a first estimate, 
this could be done using a simplified hydrograph that shows the amount of days that certain dis-
charges occur in a year (Figure 5-4). Table 5-2elaborates this for three different scenarios, i.e., for 
an average, dry and very dry year. 

Table 3 indicates that the extra costs increase with 36 % in a dry year and with 1520 % in a very dry 
year with respect to an average year. These results hold for the Maasbracht lock complex. If one as-
sumes that this complex is representative for all the locks in the Meuse basin (at this stage, we cannot 
say if this is a valid assumption, however), these percentages may also be applicable to the Meuse 
basin as a whole. 
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Figure 5-4: Schematized yearly hydrograph of measured discharges. 
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Table 5-2: Quantification of costs at lock complex Maasbracht to navigation sector. 
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Figure 
5-4 

Figure 
5-4 

Figure 
5-4  

Figure 
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20 1,3 17,0 15,7 35,7 1,0 35,7 1,0 35,7 53,9 1.924,2 
30 5,0 17,0 12,0 7,6 3,9 29,6 3,9 29,6 68,8 522,9 
40 9,5 17,0 7,5 3,2 8,5 27,2 8,5 27,2 30,9 98,9 
50 14,5 17,0 2,5 0,8 11,7 9,4 56,6 45,3 22,9 18,3 
60 15,0 17,0 2,0 0,7 21,1 14,8 62,0 43,4 35,9 25,1 
80 15,0 17,0 2,0 0,7 29,3 20,5 33,0 23,1 18,9 13,2 

100 15,0 17,0 2,0 0,7 34,6 24,2 22,0 15,4 18,0 12,6 
130 25,0 17,0 0,0 0,0 55,6 0,0 58,0 0,0 38,9 0,0 
200 >25,0 17,0 0,0 0,0 66,2 0,0 40,0 0,0 37,9 0,0 
300 >25,0 17,0 0,0 0,0 56,1 0,0 30,0 0,0 33,9 0,0 
500 >25,0 17,0 0,0 0,0 45,2 0,0 32,0 0,0 5,0 0,0 
800 >25,0 17,0 0,0 0,0 21,7 0,0 11,0 0,0 0,0 0,0 

1.200 >25,0 17,0 0,0 0,0 8,7 0,0 3,0 0,0 0,0 0,0 
2.000 >25,0 17,0 0,0 0,0 1,2 0,0 3,0 0,0 0,0 0,0 
3.000 >25,0 17,0 0,0 0,0 0,2 0,0 1,0 0,0 0,0 0,0 

    Total: 365,0 161,4 365,0 219,7 365,0 2.615,3 
Increase in terms of percentages with respect 

to average year: 
   36%  1520% 
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5.6 Discussion 
It has been shown how extra costs (with respect to an average year) could be estimated for a lock 
complex, or for the Meuse basin as a whole. The elaborated example for one of the Dutch lock com-
plexes illustrates that the extra costs may increase significantly in a hydrologic (very) dry year com-
pared to an average year.  

In the estimation of extra costs we did some assumptions and simplifications that one should be aware 
of: 

• Water supply: A schematized hydrograph was applied to estimate the water supply in the canal and 
the number of days in a year that this supply occurs. A more sophisticated water balance model of 
the Meuse and Flemish and Dutch canal system could be used instead. Baetens et al

• Navigation: The presented methodology accountsonly for commercial navigation, but locking for 
recreation also occurs. However, if water is very scarce, it could be decided to only lock commer-
cial ships. We have assumed a certain number of lock cycles per day the whole year round. As 
such, we have neither accounted for yearly variability in traffic intensity, nor for adjustments done 
by the sector as soon as a dry period starts that influences the intensity (e.g. taking another route or 
transporting by road instead). Furthermore, future developments in the navigation sector (future 
changes in types of transport and intensities, adaptations in the fleet or future extension of lock 
complexes) are not accounted for. 

 (2007) de-
scribe that they have developed such a water distribution model using software package Mike Ba-
sin. Such a model provides the daily water supply in each branch. 

• Water demand: The water demand is roughly estimated using the lock area of the largest chamber 
at Maasbracht. The result is very sensitive for the value of the water demand. Probably, it would be 
possible to more accurately estimate the water demand using available data at lock complexes. 

• Costs: The Maasbracht-curve of Figure 5-3 has been used to estimate the extra costs. We had to 
extrapolate to estimate the extra costs for a discharge at Monsin of 20 m3

• Please note that by applying the Maasbracht-curve of 

/s. This curve is in princi-
ple only valid for Maasbracht, and for its present layout with two lock chambers. The curve pre-
sents the extra costs related to extra waiting time due to a different locking strategy. Pumping back 
water might be cheaper and might lead to less extra waiting time. At the moment, pumping equip-
ments are not available at all lock complexes. Costs related to building a pumping installation is 
also not accounted for. 

Figure 5-3 we account for extra costs related 
to waiting times, and not costs related to ships that cannot be fully loaded if water depths are too 
small. The latter situation may for example occur in the free-flowing Rhine. In canals and the weir-
controlled Meuse, water depths are guaranteed because of the water saving measures. Therefore, no 
extra costs are made in the Meuse because of loading less. 

• The costs may be less than calculated if precautionary measures (e.g. building up water buffers) are 
taken before the dry period starts. 

5.7 Conclusions and recommendations 

In this chapter it has been elucidated that in a weir-controlled basin such as the Meuse basin water 
shortages may occur in times of low discharges, which has consequences for the navigation sector. 
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During periods of low discharge, water can be saved by adapting the locking process: 

1. Reduction of lock cycles 

2. Minimization of the water loss during a lock cycle 

Both measures lead to extra waiting times for the navigation. The extra waiting times on a yearly basis 
can be expressed in terms of costs. We have shown that costs increase if a year becomes dryer. This 
was elaborated for the Dutch lock complex at Maasbracht. It was found that the increase in extra costs 
may be up to 1500 % (if a very dry year has been compared to an average year). The estimation of 
extra costs of a (very) dry year with respect to an average year was done in a simplified way, and only 
for the Maasbracht complex. If a more detailed computation needs to be done, we recommend apply-
ing a water distribution model, to apply more accurate data on water demand, and to account for future 
developments in fleet, cargo and dimensions of lock complexes. Costs related to waiting times at other 
complexes than Maasbracht can be calculated using a model system such as SIVAK. 

The model system BIVAS is able to estimate the costs during a year for different scenarios (dry and 
average year, growth in cargo and fleet). However, before BIVAS can be applied to the Meuse basin, 
the network needs to be extended and the model for waiting times at lock complexes needs to be im-
proved. 
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6 Conclusions 

Droughts and low flows are expected to occur more frequent and more severe in the future. Whereas 
the economic impacts of floods are well assessable by means of sophisticated hydraulic models and 
economic damage approaches, the impacts of droughts and low flows should not be underestimated. 
This document has provided a brief insight of drought and low flow impacts on the energy sector, the 
agricultural sector, the water supply sector and the navigation sector in the Meuse basin. Drought and 
low flow impact assessment approaches are introduced and has revealed possible consequences on the 
economy. Aside from some crops that could be favoured in the future, all sectors would be negatively 
affected by the changing temperatures and precipitations conditions. Solutions will have to be nego-
tiated and implemented at the local as well as at the international level. In this context of the changing 
climate,it can be concluded, that there is a demand for an improvement to assess the impacts of 
drought and low flows. The AMICE project has formed the collaboration beyond regional borders on 
basin scale in the Meuse catchment. This collaboration has to be intensified to guarantee a good water 
management and to be well prepared for future challenges. Therefore, the exchange of knowledge and 
data of high quality representing the pillars of the assessment approaches has to be continued. 
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7 Appendix 

7.1 Agriculture 

7.1.1 Statistics issued from the Eurostat database 
Table 7-1: Surface for fodder maize cultivation (Eurostat database). 

1000 ha 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 52.3 55.4 54.7 55.3 55.2 52.8 52.1 53.6 57.7 0.0 

B- Vlaams Geweest 114.0 127.3 115.2 116.0 111.7 111.0 109.0 110.2 119.0 0.0 

G- Nordrhein Westfalen 133.0 128.1 123.9 127.9 128.2 133.2 135.6 146.6 156.9 151.6 

F- Champagne-Ardenne 35.5 40.2 36.8 42.2 38.9 31.3 30.5 28.1 - - 

Netherlands 205.3 203.9 214.3 216.9 224.5 235.1 218.0 221.6 241.7 240.2 

 

Table 7-2: Surface for grain maize cultivation (Eurostat database). 

1000 ha 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 34.0 39.0 45.1 50.0 49.5 51.6 53.5 54.8 66.6 61.6 

B- Vlaams Geweest 1.7 1.6 2.3 2.7 2.7 2.7 3.0 3.4 5.4 5.0 

G- Nordrhein Westfalen 78.7 87.9 82.5 89.7 90.1 89.8 83.9 83.3 103.1 105.1 

F- Champagne-Ardenne 43.1 51.9 50.8 41.8 47.5 45.3 43.1 42.5 - - 

Netherlands 20.3 27.2 23.7 24.5 22.4 20.7 27.3 26.5 22.1 18.1 

 

Table 7-3: Surface for wheat cultivation (Eurostat database) 

1000 ha 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 139.0 128.4 134.8 135.3 141.1 140.4 138.0 137.1 149.1 140.2 

B- Vlaams Geweest 74.0 52.6 67.6 64.0 71.8 73.3 72.3 72.9 74.9 71.3 

G- Nordrhein Westfalen 262.4 257.1 259.1 260.8 270.4 281.5 278.7 269.5 292.8 295.6 

F- Champagne-Ardenne 427.4 401.0 403.1 377.1 388.3 394.8 395.8 390.8 - - 

Netherlands 136.7 124.7 135.8 129.9 138.1 136.7 141.2 141.3 156.5 150.9 
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Table 7-4: Surface for barley cultivation (Eurostat database). 

1000 ha 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 36.0 36.3 33.4 28.4 27.2 28.9 35.8 35.2 41.1 40.4 

B- Vlaams Geweest 12.5 15.1 12.0 12.4 11.5 11.1 13.2 13.4 13.7 13.5 

G- Nordrhein Westfalen 190.6 193.1 189.2 200.3 196.0 187.8 203.8 189.3 188.1 187.4 

F- Champagne-Ardenne 221.1 238.5 243.5 276.9 269.4 259.1 258.2 273.4 - - 

Netherlands 47.2 66.8 56.9 55.0 48.0 50.6 44.7 46.0 50.2 44.5 

 

Table 7-5: Yields offodder maize (Eurostat database). 

100 kg/ha 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 439.2 428.6 469.8 476.5 460.8 467.5 388.2 472.8 472.4 - 

B- Vlaams Geweest 449.8 446.6 467.4 464.8 496.4 475.2 419.9 483.0 483.7 - 

G- Nordrhein Westfalen 490.1 488.0 495.5 451.6 477.7 - 416.2 482.5 514.8 490.8 

F- Champagne-Ardenne 131.0 114.2 128.8 103.4 129.7 126.7 112.3 124.8 - - 

Netherlands - - - 450.0 446.8 440.0 - 428.9 460.2 463.0 

 

Table 7-6: Yields ofgrain maize (Eurostat database). 

100 kg/ha 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 110.0 103.8 104.8 110.7 113.0 113.3 105.3 126.5 120.9 123.8 

B- Vlaams Geweest 111.4 113.9 112.3 104.9 122.7 116.9 101.7 119.7 119.1 121.1 

G- Nordrhein Westfalen 97.5 100.5 97.7 87.5 99.9 101.1 86.9 96.1 105.9 103.2 

F- Champagne-Ardenne 93.9 88.1 84.8 69.3 92.9 90.0 78.3 95.0 - - 

Netherlands 110.0 88.9 96.0 116.9 125.0 125.3 90.1 122.2 114.0 130.0 
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Table 7-7: Yields of wheat (Eurostat database). 

100 kg/ha 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 79.1 81.6 82.7 83.4 89.1 83.5 80.6 78.7 86.2 92.3 

B- Vlaams Geweest 79.3 77.9 82.8 88.1 91.4 85.5 84.0 77.6 87.9 95.8 

G- Nordrhein Westfalen 80.8 91.7 82.3 80.2 87.5 85.3 78.1 72.8 89.1 86.3 

F- Champagne-Ardenne 82.1 78.2 81.4 67.9 88.2 78.8 75.9 74.7 - - 

Netherlands 83.6 79.4 77.8 87.0 88.6 85.9 83.9 72.1 87.3 92.9 

 

Table 7-8: Yields of barley (Eurostat database). 

100 kg/ha 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 69.5 73.9 77.1 65.2 79.5 76.3 75.1 78.4 79.1 84.3 

B- Vlaams Geweest 66.3 66.4 70.8 69.1 76.9 72.9 74.5 73.6 75.8 82.7 

G- Nordrhein Westfalen 63.1 73.5 67.3 62.4 70.6 68.9 67.4 56.1 69.9 74.8 

F- Champagne-Ardenne 68.4 65.5 70.9 62.1 71.5 69.3 67.3 60.6 - - 

Netherlands 61.0 57.9 55.4 63.5 59.9 60.7 60.2 56.8 61.8 69.6 

 

Table 7-9: Productionof fodder maize (Eurostat database). 

1000 t 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 2297.1 2374.4 2569.9 2634.9 2543.6 2468.6 2022.6 2531.4 2725.9 2765.4 

B- Vlaams Geweest 5127.9 5684.6 5384.8 5392.1 5544.6 5272.0 4576.5 5323.0 5755.8 5751.3 

G- Nordrhein Westfalen 6518.0 6250.7 6139.1 5775.5 6123.5 - 5643.2 7073.9 8077.7 7440.2 

F- Champagne-Ardenne 464.9 459.3 473.9 436.6 504.4 396.6 342.4 350.7 - - 

Netherlands - - - 9760.5 10030.0 10343.9 - 9504.7 11123.4 11122.3 
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Table 7-10: Production of grain maize (Eurostat database). 

1000 t 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 18.7 16.6 24.1 29.9 30.5 30.6 31.6 43.0 65.3 61.9 

B- Vlaams Geweest 378.6 444.2 506.4 524.7 607.2 603.3 544.2 655.7 793.2 746.1 

G- Nordrhein Westfalen 767.5 883.7 806.4 784.8 900.4 907.7 729.4 800.9 1091.6 1084.8 

F- Champagne-Ardenne 404.6 457.0 430.7 289.5 441.1 407.9 337.4 403.8 - - 

Netherlands 223.3 241.8 227.5 286.4 280.0 259.4 245.7 323.8 252.3 244.9 

 

Table 7-11:Production of wheat (Eurostat database). 

1000 t 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 1099.6 1047.3 1115.2 1128.7 1256.6 1172.1 1111.6 1078.9 1285.3 1294.7 

B- Vlaams Geweest 587.0 409.6 559.6 564.0 656.2 626.7 607.4 565.8 658.5 682.9 

G- Nordrhein Westfalen 2120.6 2356.4 2132.6 2091.0 2366.3 2401.2 2176.5 1961.5 2607.8 2551.2 

F- Champagne-Ardenne 3507.3 3133.9 3281.9 2560.6 3425.2 3110.5 3005.2 2920.4 - - 

Netherlands 1142.7 990.7 1056.6 1130.1 1223.9 1174.7 1184.5 1018.4 1366.2 1402.0 

 

Table 7-12: Production of barley (Eurostat database). 

1000 t 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

B- Région Wallonne 250.1 268.2 257.6 185.1 216.2 220.6 268.8 275.8 324.9 340.7 

B- Vlaams Geweest 82.9 100.3 85.0 85.7 88.4 80.9 98.4 98.6 103.8 111.7 

G- Nordrhein Westfalen 1203.5 1420.1 1273.5 1249.7 1383.1 1293.3 1373.6 1062.3 1314.4 1402.6 

F- Champagne-Ardenne 1512.1 1561.1 1726.2 1718.9 1927.3 1795.5 1737.7 1657.1 - - 

Netherlands 287.8 386.8 315.3 349.1 287.6 307.1 268.7 261.2 310.2 309.6 
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Table 7-13: Selling prices of maize (Eurostat database). 

€/t 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

Belgique - - - - - - - - - - 

France 104.1 105.8 99.4 132.0 93.5 103.2 131.3 187.3 118.8 109.0 

Allemagne 121.4 115.8 116.5 121.3 133.6 104.8 123.4 177.3 179.0 120.7 

Pays-Bas - - - - - - - 195.0 145.0 113.0 

 

Table 7-14: Selling prices of wheat (Eurostat database). 

€/t 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

Belgique 110.6 108.6 98.8 112.1 108.7 90.1 119.2 177.4 164.9 110.5 

France 101.7 108.1 97.4 114.5 96.4 93.5 121.6 189.4 149.0 111.1 

Allemagne 118.1 113.8 104.3 111.3 118.1 93.5 111.8 175.2 186.4 112.6 

Pays-Bas 108.0 110.5 97.5 118.0 110.5 97.0 101.5 190.0 161.0 110.5 

 

Table 7-15: Selling prices of barley (Eurostat database). 

€/t 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

Belgique 103.4 97.7 88.4 106.5 92.0 93.7 109.4 179.6 132.1 86.4 

France 107.7 106.0 96.7 106.0 94.7 92.6 110.6 167.2 149.0 89.9 

Allemagne 109.7 103.4 93.6 101.8 106.6 93.8 102.4 166.1 167.9 95.6 

Pays-Bas 105.5 104.5 91.5 118.5 106.0 98.5 114.5 196.0 146.0 96.0 
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7.1.2 Main soils on the Meuse catchment 

 
Figure 7-1: Map of FAO soils encountered on the Meuse river catchment. 
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Figure 7-2: Dominant surface textural class on the transnational Meuse catchment. 
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Figure 7-3: Dominant sub-surface textural class. 
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7.1.3 Preliminary Questionnaire 
3. What are the agricultural regions in your country and on the Meuse catchment?  

Example: In Walloon Region, there are 10 agricultural regions: Ardenne, Campine Hennuyère, 
Condroz, Fagne, Famenne, Haute Ardenne, Region herbagère, Region Jurassique, Region li-
moneuse and Region sablo-limoneuse.  

 

 
http://agriculture.wallonie.be/apps/spip_wolwin/article.php3?id_article=202 

4. What are the three main crops in terms of surface area for the five last years of available da-
ta? Are statistics available in your country (history of production, crop yields, crop prices,…), 
for the Meuse catchment or for regions inside the Meuse catchment?   
Please complete the table below for the three main crops into the Meuse catchment or at 
the finest scale you have for the Meuse sub-catchment. 

Crops Area (ha) Production (t) Yields (t/ha) Price (€/t) 
     
     
     

 
5. What are the agricultural practices for the cited crops on the Meuse catchment? 

Crops Seedling date Harvesting date Rotation in which the crops is 
included 

    
    

 

 

http://agriculture.wallonie.be/apps/spip_wolwin/article.php3?id_article=202�
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6. What soils are the most present in the Meuse catchment?Please complete the table below 
for the main soil of the Meuse catchment 

Soils Soil water con-
tent at Field 

capacity (θfc

Soil water con-
tent at saturation 

) (θsat

Soil water 
content at wilt-

ing point ) 
(θwp

Hydraulic 
conductivity at 

saturation 
(K) sat

Mean 
slope (%) 

) 
      
      

If you could not fill the above table, could you please give us the following information for 
these soils?  

Soils % clay content (0-
2 µm) 

% silt content (2-
50 µm) 

% sand content 
(50-2 mm) 

% organic matter 

     
7. Could you please, send us meteorological daily data of temperature and rainfall : 

• For the reference period (for the same years as the available statistics for agriculture) 

• For time slices 2020-2050 and 2070-2100 for the wet and dry scenarios (Transnational scenarios) 

If there is no data available for the Meuse catchment, climate data from the daily 0.5°  E-OBS gridded 
dataset for each sub-basin will be used. 

7.1.4 Grassland evolution under transnational AMICE climate challenge 

At the request of the Lead partner of the project, a supplement to the study is conducted on grassland 
evolution under transnational AMICE climate change scenarios. 

In the French Meuse department, the distribution between pastures and hayfields is of 17 % and 83 % 
respectively. Pastures receive a charge of large stock units which is between 0.5 and 0.8, with an aver-
age of 0.67. That charge is mainly constituted of dairy cows. Unfortunately, no yield statistics of the 
different grasslands are delivered. We are thus not able to validate the results of the simulations. 

Hayfields are cut for a first time around 30 May for 89 % of them and the rest is cut around 15 June in 
order to promote biodiversity. 50 % of them are cut a second time, the other 50 % are put into pasture. 

Modeling is realized for: 

• The reference time slice 1971-2000 under an atmospheric CO2

• The time slice 2021-2050 under an atmospheric CO

 concentration of 350ppm. 

2

• The time slice 2071-2100 under an atmospheric CO

 concentration of 525ppm. 

2

During these time slices, the atmospheric CO

 concentration of 700ppm. 

2 concentration is assumed to be constant. The transna-
tional wet and dry scenarios are considered for the simulations in order to take into account the broad 
range of future climate variability, the eventual saturation stress occurring in the beginning of the 
growing season, the water stress due to a lack of water or temperature stress. 
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Runs consider : 

• Pasture under a charge of 0.67 large stock units 

• Hayfield with a first cut on 30/05 and a second cut on 20/08 

• Hayfield with a first cut on 15/06 and a second cut on 20/08 

• The cultural calendar and manure doses are the same for the different regions. Only soil-climate 
conditions differ from one region to another. 

• Symbiotic fixation by legumes is not considered. The mineral nitrogen part to deliver to grassland 
is deduced by the difference between estimated need and organic manure introduced by the live-
stock. 

a) Evolution of grasslands in Wallonia Belgium 

 

Pasture 

 
Figure 7-4: Evolution of Pasture in Wallonia 

The graph aboveon the right presents the number of days when the pasture doesn’t grow. This could 
be due to a temperature stress (temperature outside the comfort zone ofthe pasture) or to a water stress 
(either due to soil saturation in water, or a lack of water in the soil). Error bar indicates the minimum 
and maximum number of days when the plant doesn’t grow during the different timeslices considered. 
We notice that further we are, higher is that number. That number is higher in the topic ofthe dry sce-
narios than the wet ones (this is partly due to the fact that summer temperatures are strongly increased 
under the dry (more than in the wet scenarios), in additionto less rainfall). 

Table 7-16: Evolution of Pasture in Wallonia 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 
1971-2000 10.22  1.01  

2021-2050 dry 11.67 1.18 +14.19 
2021-2050 wet 11.36 1.08 +11.13 
2071-2100 dry 12.25 1.12 +19.83 
2071-2100 wet 12.39 1.18 +21.19 
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Figure 7-5: Evolution of Hay in Wallonia 1st

Table 7-17: Evolution of Hay in Wallonia 1
 cut 30/05 

st cut 30/05 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 

1971-2000 9.82 1.07  
2021-2050 dry 11.31 1.30 +15.14 
2021-2050 wet 10.98 1.17 +11.81 
2071-2100 dry 12.10 1.13 +23.21 
2071-2100 wet 12.14 1.29 +23.59 

 
Figure 7-6: Evolution of LAI/LAImax under hayfield (1st

 

 cut 15/05) 
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Figure 7-7: Evolution of Hay in Wallonia 1st

Table 7-18: Evolution of Hay in Wallonia 1
 cut 15/06 

st cut 15/06 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 

1971-2000 9.77 1.20  
2021-2050 dry 10.99 1.41 +12.52 
2021-2050 wet 10.86 1.40 +11.13 
2071-2100 dry 9.99 1.48 +2.25 
2071-2100 wet 11.24 1.38 +15.02 

 
Figure 7-8: Evolution of LAI/LAImax under hayfield (1st

 

 cut 15/06) 
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b) Evolution of grasslands in Flanders Belgium 

  
Figure 7-9: Evolution of Pasture in Flanders 
Table 7-19: Evolution of Pasture in Flanders 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 
1971-2000 10.35 1.17  

2021-2050 dry 11.81 1.38 +14.13 
2021-2050 wet 11.61 1.36 +12.23 
2071-2100 dry 11.28 1.60 +9.02 
2071-2100 wet 12.13 1.35 +17.20 
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Figure 7-10: Evolution of Hay in Flanders 1st

Table 7-20: Evolution of Hay in Flanders 1
 cut 30/05 

st cut 30/05 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 

1971-2000 9.77 1.20  
2021-2050 dry 10.99 1.41 +12.52 
2021-2050 wet 10.86 1.40 +11.13 
2071-2100 dry 9.99 1.48 +2.25 
2071-2100 wet 11.24 1.38 +15.02 

 
Figure 7-11: Evolution of LAI/LAImax under pasture (1st

 

 cut 30/05) 
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Figure 7-12: Evolution of Hay in Flanders 1st

 

 cut 15/06 

Table 7-21: Evolution of Hay in Flanders 1st

 

 cut 15/06 

Figure 7-13: Evolution of LAI/LAImax under pasture (1st

 

 cut 15/06) 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 

1971-2000 10.26 1.17  
2021-2050 dry 11.79 1.29 +14.90 
2021-2050 wet 11.56 1.35 +12.66 
2071-2100 dry 11.43 1.56 +11.38 
2071-2100 wet 12.25 1.27 +19.36 
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c) Evolution of Grasslands in Germany 

  
Figure 7-14: Evolution of Pasture in Germany 
Table 7-22: Evolution of Pasture in Germany 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 
1971-2000 10.71 1.06  

2021-2050 dry 12.09 1.22 +12.91 
2021-2050 wet 11.82 1.21 +10.41 
2071-2100 dry 12.16 1.32 +13.56 
2071-2100 wet 12.56 1.08 +17.31 
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Figure 7-15: Evolution of Hay in Germany 1st

Table 7-23: Evolution of Hay in Germany 1
 cut 30/05 

st

 

 cut 30/05 

Figure 7-16: Evolution of LAI/LAImax under hayfield (1st

 

 cut 30/05) 

 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 

1971-2000 10.00 1.10  
2021-2050 dry 11.05 1.22 +10.47 
2021-2050 wet 10.88 1.25 +8.73 
2071-2100 dry 10.68 1.33 +6.79 
2071-2100 wet 11.38 1.10 +13.74 
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Figure 7-17: Evolution of Hay in Germany 1st cut 15/06 
Table 7-24: Evolution of Hay in Germany 1st

 

 cut 15/06 

Figure 7-18: Evolution of LAI/LAImax under hayfield (1st

 

 cut 15/06) 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 
1971-2000 10.39 1.14  

2021-2050 dry 11.87 1.26 +14.22 
2021-2050 wet 11.56 1.29 +11.26 
2071-2100 dry 12.15 1.23 +17.00 
2071-2100 wet 12.43 1.04 +19.66 
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d) Evolution of grasslands in the Netherlands 

  
Figure 7-19: Evolution of Pasture in the Netherlands 
Table 7-25: Evolution of Pasture in the Netherlands 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 

1971-2000 13.51 1.31  
2021-2050 dry 15.87 1.46 +17.46 
2021-2050 wet 15.52 1.35 +14.87 
2071-2100 dry 16.57 1.87 +22.69 
2071-2100 wet 17.12 1.34 +26.76 
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Figure 7-20: Evolution of Hay in the Netherlands 1st

Table 7-26: Evolution of Hay in the Netherlands 1
 cut 30/05 

st

 

 cut 30/05 

Figure 7-21: Evolution of LAI/LAI max under hayfield (1st

 

 cut 15/05) 

 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 
1971-2000 13.05 1.05  

2021-2050 dry 15.06 1.14 +15.40 
2021-2050 wet 14.77 1.12 +13.15 
2071-2100 dry 15.62 1.66 +19.74 
2071-2100 wet 16.03 1.19 +22.81 
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Figure 7-22: Evolution of Hay in the Netherlands 1st

 

 cut 15/06 

Table 7-27: Evolution of Hay in the Netherlands 1st

 

 cut 15/06 

Figure 7-23: Evolution of LAI/LAImax under hayfield (1st

 

 cut 15/06) 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 

1971-2000 13.41 1.22  
2021-2050 dry 15.96 1.34 +18.98 
2021-2050 wet 15.54 1.27 +15.90 
2071-2100 dry 16.65 1.78 +24.16 
2071-2100 wet 17.27 1.39 +28.76 
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e) Evolution of grasslands in France 

  
Figure 7-24: Evolution of Pasture in France 
Table 7-28: Evolution of Pasture in France 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 
1971-2000 13.15 1.25  

2021-2050 dry 15.75 1.38 +19.75 
2021-2050 wet 15.17 1.37 +15.36 
2071-2100 dry 16.56 1.44 +25.90 
2071-2100 wet 16.95 1.30 +28.92 
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Figure 7-25: Evolution of Hay in France 1st

Table 7-29: Evolution of Hay in France 1
 cut 30/05 

st cut 30/05 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 
1971-2000 12.43 1.07  

2021-2050 dry 14.74 1.30 +18.57 
2021-2050 wet 14.19 1.32 +14.19 
2071-2100 dry 15.13 1.80 +21.70 
2071-2100 wet 15.71 1.25 +26.40 

 
Figure 7-26: Evolution of LAI/LAImax for hayfield (1st

 

 cut 30/05) 
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Figure 7-27: Evolution of Hay in France 1st

 

 cut 15/06 

Table 7-30: Evolution of Hay in France 1st cut 15/06 

 Yields (t DM/ha) Variability (t MS/ha) Yields evolution (%) 
1971-2000 12.92 1.17  

2021-2050 dry 15.59 1.29 +20.69 
2021-2050 wet 15.01 1.25 +16.20 
2071-2100 dry 16.75 1.36 +27.70 
2071-2100 wet 17.00 1.16 +31.60 

 
Figure 7-28: Evolution of LAI/LAImax for hayfield (1st

 
 cut 15/06) 
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7.2 Navigation 

 
Figure 7-29: The locations of Dutch and Flemish weirs in the Meuse River. (BERGER

 

, 1992). 
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Figure 7-30: Navigability in the southern part of Netherlands. The classes are CEMT-classes, as determined by the Con-

férence Européenne des Ministres de Transport. 

 
Figure 7-31: Navigability in Flanders. The classes are CEMT-classes.(www.binnenvaart.be) 

 

 

 

 

 

 

http://www.binnenvaart.be/�
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Table 7-31: Discharge distribution between Flanders and the Netherlands according to policy (Maasafvoerverdrag). 

Water distribution according the “Maasvoerverdrag” [m3/s] 
Non-shared discharge 
(Kanne + St. Pieter) 

Flemish use Dutch use  
Common Meuse  

(Borgharen) 

FL+NL+G FL=X+Y NL=J+L G 
130 35 35 60 
115 30 30 55 
100 25 25 50 
90 25 25 40 
80 25 25 30 
70 25 25 20 
60 25 25 10 
55 22.5 22.5 10 
50 20 20 10 
45 17,5 17,5 10 
40 15 15 10 
35 12.5 12.5 10 
30 10 10 10 
25 8.3 8.3 8.3 
20 6.7 6.7 6.7 

 FL = Flemish use 
 NL = Dutch use 
 G = Discharge in the Common Meuse (Grensmaas) 
 X = Discharge Zuid-Willemsvaart regarding the Belgian use exclusive discharge in  
   the Briegden-Neerharen channel 
 Y = Discharge Albert-channel inclusive discharge Briegden-Neerharen channel 
 J = Discharge Juliana-channel 
 L = Discharge Zuid-Willemsvaart regarding the Dutch use (via Lozen) 
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Figure 7-32: The system of waterways near Maasbracht and Roermond in the Netherlands. Source: Berger (1992). 

 
Figure 7-33: Locations of locks and number of ship passages in the Netherlands (DVS, 2009) 
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.  
Figure 7-34: Yearly number of commercial ships at some counting points in the Netherlands (DVS, 2009). 
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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 trans-
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