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In order to solve the contradiction between the spatial and temporal distribution of water resources in the Lijiang 
River Basin and realize the efficient use and management of water resources in the basin, this paper is based on 
the model management system in the general software for water resources dispatching issued by the National 
Water Resources Monitoring Capacity Building Project. Customized and secondary development, constructed 
an ecological irrigated optimal scheduling model for the Lijiang River Basin to meet the water resources 
dispatching needs of the Lijiang River Basin. Firstly, based on the historical long-running runoff data, three 
medium- and long-term runoff forecasting models are used to predict the water in the basin, and the weighted 
average method is used to establish the ensemble forecasting model to reduce the error. Secondly, considering 
the irrigation water demand of the reservoir and the ecological flow requirements of the downstream section, the 
model constraints and objective functions are determined. Finally, under the premise of determining the 
constraint and the objective function, the reservoir optimization scheduling calculation is carried out. The 
research shows that the optimal scheduling model based on general software can meet the needs of water 
resources scheduling, and can provide technical support for the preparation of the annual dispatch plan of the 
Lijiang River Basin. 
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Groundwater, a natural resource of high economic and ecological value, is of vital importance for sustaining life, health, 
agriculture and the entire integrity of the ecosystem. This priceless resource acts as a buffer in periods of water scarcity and 
delay or failure in monsoon rains. With the advent of modern bore hole technology, energization, rural electrification and 
institutionalization of credit gave a boom to groundwater development. 

  

EXTENDED ABSTRACT 
Introduction 

Groundwater exploitation has a limited future as, in several places’ ill effects due to over exploitation had been 
experienced. Even though significant advances had been made in almost all phases of groundwater technology in recent years, 
understanding the groundwater flow behavior and its interaction with the surface water is very much needed before addressing 
any problem related to it. For preparing plans for assessment of water resources of a basin and their utilization, accurate 
assessment of both surface and groundwater together has to be made and its interrelationship has to be studied.  

 
Irrigation projects were prepared either on surface water resource or groundwater resource separately which 

sometime results in either water logging or depletion of groundwater. In either case it was detrimental to the ecology of the 
region. Further, the two water resources were not being utilized optimally, economically and sustainably. For intensive 
irrigation and promotion of good crops, adequate and timely irrigation is essential, which in many a case may not be ensured 
by a single resource. Sometimes the chemical qualities of groundwater may also pose limitations and its dilution with surface 
water may serve the water quality needs of the crops. 
 

In Tamil Nadu state and more so in southern India, tanks were the oldest and most common surface water reservoirs 
used for irrigation. This tank irrigation is intricately woven with the tradition and lifestyles of the entire community. In Tamil 
Nadu there are about 39,200 tanks which accounts for 17 per cent of all tanks in the country, irrigating an area of 928,000 ha. 
Most of these tanks are rainfed tanks. Well irrigation too, was in vogue and the earliest record dates back to Vedic times (5000 
BC). Until the recent years the drawl of groundwater was restricted to the length of rope used to draw water. Bullocks were 
generally employed to draw water and the length of travel was also restricted by the size of the farm holding and thus 
encouraging sustainable use. Under the present changed conditions, revival of the traditional methods poses a problem of 
different dimension.  

 
Therefore, the computer model for conjunctive use has been developed and applied to Aralikottai tank irrigation 

system in Thirupathur taluk of Sivaganga district of Tamil Nadu state as a case study.  The tank is to its brim during the start 
of the crop and dry before crop maturity (3-4 months). Also, there are 41 shallow dug wells whose water table is directly 
correlating with the tank water level. These wells are irrigating about 26 per cent of the tank command of 100.81 ha. Rice is 
the major crop grown twice in a year.  Conjunctive management was almost absent and poor crop yields were noticed.  Thus, 
there exists a great scope for conjunctive management to increase crop yields and cropped area. 
 
 
Methods and Materials 

A two-dimensional unsteady groundwater flow model was developed using Galerkin approach of the Finite element 
method. The Finite element method is a flexible tool by which the response of water table to the varying levels of abstraction 
at various well locations in a study area can be computed. The effects of conjunctive use of tank water and well water for the 
study area was simulated with a historical data for 7 years.   
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Results and Discussion  

Table 1. Result of Conjunctive water use model for Aralikkotai Tank 

Performance indices Before Conjunctive Use 
 (Average over 7 years) 

After Conjunctive Use 
(2015-2016) 

[Normal rainfall year] 

Crop Yield (kg/ha) 4540 5560 

Area irrigated (ha) 87 101 

Irrigation intensity (%) 136 164 

Profits (Rs. / ha) at constant prices 2179 2669 

Ground water use (%) 8 21 

 

Conclusions 

The results of simulation as release schedule for both surface water and groundwater helped in bringing more area 
under irrigation, reducing the level of risks in water availability and thus resulting in overall sustainability of the surface water 
system (tank), groundwater system, agricultural system and largely the welfare of the farming community.  
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Abstract 

Investigating the spatio-temporal pattern of groundwater level changes using historical 

groundwater level data is important to understand the hydrological significance of an 

aquifer system. Here, we have compiled historical groundwater level data along with 

recharge, abstraction, and stages of groundwater development from different sources. 

Further, we have prepared spatial and temporal plots of depth to water levels for the 

pre-monsoon season of 2012 and 2016. We found marked spatial variability in depth 

to water level maps. We also observed a rapid fall in groundwater levels in northwest 

and north India because of the over-exploitation of groundwater resources for 

agricultural purposes. In southern India, particularly in Tamil Nadu, Telangana, Andhra 

Pradesh, and Karnataka indicate low groundwater availability due to the inherent 

aquifer properties of crystalline aquifers. We have also found an increasing trend in 

rainfall recharge from 248 to 251 billion cubic meters (bcm) from 2004 to 2017 during 

the monsoon season. We have observed spatial variation in recharge. The average 

recharge is about 68.9±1.9 bcm (during monsoon) 73.3±2.3 (during non-monsoon) 

between 2004 and 2017. In addition, we have found decreasing trend from 29% to 

23% in canal irrigated area and from 4.5% to 2.5% in surface water irrigated area 

between 2000-01 to 2014-15. We have observed an increasing trend in the 

groundwater development stage from 58% to 63% from 2004 to 2017. We offered a 

multi-disciplinary study of the groundwater system is required on a large scale to 

understand the recharge processes.  

 

Keywords: Groundwater depletion; Recharge; Abstraction; Over-exploitation; India. 
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Pywr is an open-source, Python-based generic dynamic modelling library for network-based resource allocation models. 
Pywr can flexibly simulate water resource systems at varying spatial and temporal scales by allocating available water 
resources using a linear program, user-defined penalties, and a mass-balance approach. Models are represented as node-
link systems in which the links are directional and the nodes contain all data required for resource allocation. Python 
scripting capabilities mean custom and complex operational rules can be represented, including reservoir release rules. 
A major advantage of Pywr is its computational efficiency, which allows linking Pywr simulation models with multi-
objective evolutionary algorithms for optimisation. This functionality is available by default in the open-source software 
library. We present two case studies of using Pywr to represent national- and regional-scale water supply systems. First, 
a model for optimised design of cost-effective water transfers and supply systems for England and Wales is presented. 
Using this model, we briefly demonstrate the advantages of Pywr in identifying a range of cost-effective portfolios of 
national-scale infrastructure options which can be aligned to planner preferences. Second, a regional simulation model 
for Water Resources East (WRE) in England is presented. This case study demonstrates the use of the regional model to 
estimate safe yields of various proposed new planned reservoirs using 400 stochastic future climate change inflows. 
Finally, we introduce a web-based Pywr interface available at www.waterstrategy.org, which researchers and 
practitioners can use to rapidly create and share large-scale water models. 
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EXTENDED ABSTRACT 
Introduction  

The operation of reservoirs has been classified as the largest form of human intervention on the hydrological cycle [1]. 
Whilst many studies have looked into the changes in hydrological signatures found in flow regimes pre-and-post dam 
construction [2-4], few have investigated the differences between gauge records extracted from reservoir impacted 
catchments and those that can be considered natural or near-natural. In Great Britain, the characteristic features of a 
reservoir impacted flow regime are largely undefined. This work seeks to identify a number of hydrological signatures 
found in reservoir impacted gauge records to (1) deepen our knowledge of how reservoirs and their management alter the 
flow regime, and (2) to provide an opportunity to validate whether or not our current modelling practises are able to 
simulate the identified characteristic deviations from a natural timeseries.   
 
Methods and Materials  

To investigate and define the influence of reservoirs on the flow 
regime, a set of ‘reservoir impacted’ catchments were identified. 
These are defined as catchments with a UK Reservoir Inventory 
reservoir upstream of a National River Flow Archive (NRFA) 
gauge record [5]. Though initially this identified 128 gauge 
records, this was refined to include only those with 90% 
complete data from 1980- 2015 and reduced to 55 gauges. To 
distinguish the reservoir induced features of a flow timeseries 
from those that are naturally occurring, data has been compared 
to the 146 near-natural UK benchmark catchments [6]. Refining 
these ‘natural catchments’ under the same conditions leaves 117 
gauges for analysis. Flow timeseries have been analysed 
alongside precipitation and PET data from the CAMELS-GB 
dataset, and analysis aims to focus on different aspects of 
reservoir behaviour and management [7]. The distribution of 
gauges selected for analysis can be seen in Figure 1.  
 

Results and Discussion  

Hydrological signatures identified thus far focus on the analysis 
of the flow duration and Budyko-type curves of reservoir 
impacted and natural catchments.  

Figure 2 uses a Budyko curve to demonstrate how the presence 
of an upstream reservoir can be responsible for a runoff deficit 
which exceeds the total PET. Here, unlike in the majority of 
natural catchments, a lower aridity index does not correspond 
with a higher runoff coefficient. This deficit appears to be larger 
for those gauges with larger volumes of water stored upstream 
(both normalized by catchment area and as an absolute value), 
and gives an insight into the abstractions taking place in the 
catchment.  

Figure 1. Distribution of gauges in reservoir 
impacted and natural catchments used for analysis 

across Great Britain.  
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Figure 2 looks at the annual variation in runoff coefficients for natural and reservoir gauge records, highlighting the 
smaller annual range induced by lower winter runoff coefficients in reservoir catchments. It is hypothesised that this could 
indicate the refilling of reservoirs over the winter, storing water, thus reducing the runoff coefficient.  

Analysis also seeks to identify a metric defining the presence of steps in the flow duration curve. These are thought to 
result from pre-defined consistent reservoir releases and might provide an insight into the reservoir operation rules.  

 

 

Conclusions  

This work begins to define a series of hydrological signatures characterising the commonly observed features of a 
reservoir impacted flow record. Analysis has compared the available timeseries to those considered to be near-natural, 
highlighting where reservoirs lead to deviations from the natural regime. Such signatures can be linked to specific aspects 
of reservoir management, and can help infer reservoir operation rules, abstraction volumes and seasonal refill patterns. It 
is hoped that this information could be used to help define reservoir functions or assess the performance of hydrological 
model simulations in reservoir impacted catchments.  
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Figure 2. Budyko-type curve linking runoff 
coefficient and aridity index. Points  

falling below the dotted black line have a runoff 
deficit exceeding the total PET. 

 

Figure 3. Inter-annual variation in average runoff 
coefficients. 
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EXTENDED ABSTRACT 
Introduction  

Improving water use efficiency in agriculture is usually seen as an opportunity for large water savings. However, 
concerns have been raised that these strategies always do not translate to reduced consumption leading to rebound effect 
or Jevons paradox (Jevons, 1865). In agriculture, it arises when the total water consumptive use for crop production 
increases with improved irrigation efficiency due to (i) Hydrological mechanism where increased efficiency causing 
water consumption to increase along with increased crop yield by matching crop water needs linearly (ii) Economical 
mechanism where farmers adjust their behavioural response to improved efficiency by either switching to more water 
consuming crops or expanding their crop area (Contour and Taylor, 2013, Gomez and Perez-Blanco, 2014)  Figure 1 
illustrates how the irrigation efficiency paradox unravels as irrigation technology improves and farmers changing 
behaviour. 

. 

Figure 1. Manifestation of rebound effect due to change in crop type and/or increased acreage 
 

Methods and Materials  

To demonstrate evidence of the irrigation efficiency paradox, we analysed the historical agricultural water use in 
California central valley with changing irrigation technology from a predominant surface irrigation in the 1980s to 
micro-irrigation technology in 2015. Data on acreage covered by each technology were obtained from USGS National 
Water-Use Data available at http://waterdata.usgs.gov/nwis/wu. Annual changes in crop acreage for each irrigation type 
was also obtained from 1998 to 2015 to understand the evolution of water use per crop with improved irrigation 
technology. For this paper we demonstrate how switching from cotton to almonds has contributed to offsetting the water 
savings benefits of technology with time. Table one shows the classification of water rebound effect. 

 

https://waterdata.usgs.gov/nwis/wu
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Table 1. Classification of water-use rebound effect 

Type WRE (%) AWS vs EWS 

Zero rebound WRE = 0 0 < AWS = EWS 

Partial rebound 0 < WRE < 100 0 < AWS < EWS 

Full rebound WRE = 100 AWS = 0 

Backfire WRE > 100 AWS < 0 

Super conservation WRE < 0 AWS > EWS > 0 

 

Results and Discussion  

California central valley has undergone a shift to perennial (tree and vine) crops in recent decades, which has increased 
water demand amid a series of severe droughts and emerging regulations on groundwater pumping. Some of these shifts 
have offset the water savings benefits that would have been realized with improved irrigation technologies. However, 
water savings from abandonment of cotton farming has compensated proportion of increased water use for production 
of almonds. This lowers the rebound effect in water savings for growing almonds. 

 

Conclusions  

• There is evidence of partial rebound in California central valley despite irrigation technology adoption 

• Declining cotton acreage reduces the impact of the irrigation efficiency paradox 

• The lower the water costs the more the over-irrigation even when it is possible to achieve optimal yields with 
less water under improved irrigation technologies  

 

REFERENCES 
[1] Jevons, W.S., 1865. “The Coal Question: An Inquiry Concerning the Progress of the Nation, and the Probable 

Exhaustion of Our Coal-Mines”. Augustus M. Kelley, New York 
[2] Contor, B.A., Taylor, R.G., 2013. “Why improving irrigation efficiency increases total volume of consumptive 

use”. Irrig. Drain. 62, pp. 273–280  
[3]  Gomez, C.M., Perez-Blanco, C.D., 2014. “Simple myths and basic maths about greening irrigation”. Water 

Resour. Manag. 28, pp. 4035–4044  
 



CC Attribution 4.0 license The 2nd International Symposium on Water System Operations 
1-3 September 2021 

 

 

Education, financial aid and awareness to reduce smallholder farmers’ 
vulnerability to drought under climate change 

A Marthe L.K. Wens1, Anne F. van Loon1, Ted I.E. Veldkamp2, Moses N. Mwangi3, Jeroen C.J.H. Aerts11,2  
 

1Institute for Environmental Studies, Vrije Universiteit Amsterdam, the Netherlands 
2Urban Technology, Amsterdam University of Applied Sciences, The Netherlands 

3School of Environment, Water and Natural Resources Management, South Eastern Kenya University,  
1marthe.wens @vu.nl  

Keywords:  

Agent-based modelling, drought disaster risk, adaptation measures, adaptive behaviour, smallholder farmer, 
AquacropOS, ADOPT, drought risk reduction 

EXTENDED ABSTRACT 
Introduction  

To increase the resilience of smallholder farmers, governmental interventions might be needed to alleviate barriers to 
adaptation, increasing farmers’ intention to adopt drought adaptation measures. However, to which extent these 
interventions will steer farmers’ adaptive behaviour, hence how effective they are in reducing the farm household drought 
risk, remains often unknown. Analyses of future agricultural drought impacts require a multidisciplinary approach in 
which both human and environmental dynamics are studied. Most existing research does not account for vulnerability 
dynamics, the heterogeneity in human adaptive behaviour, and its feedbacks on drought risk while it are these aspects that 
determine, for a large part, the actual risk. Uncertainties in adaptive behaviour are often addressed by using different 
adaptation scenarios, but this approach fails to capture the two-way interaction between risk dynamics and adaptive 
behaviour dynamics [1]. In this study, we use an innovative dynamic drought risk adaptation model to increase our 
understanding of the effect of drought policies on community-scale drought vulnerability in Kenya’s drylands. Here, we 
present our analysis of smallholder farmers’ drought risk under different drought management policies. In addition, future 
drought risk and the robustness of drought policies are evaluated under different climate change scenarios 

Methods and Materials  

We applied the agent-based mode, ADOPT [2], which simulates the bounded-rational agricultural water management 
decisions of smallholder farmers in the Kenyan Drylands. The model applies an agent-based approach and fits within the 
traditional disaster risk framework: an adaptive behaviour module is coupled with the crop water model AquacropOS to 
estimate household- and community-scale yield losses, food security and emergency aid needed due to droughts. Decision 
rules in ADOPT are parameterised with information from interviews and an extensive household survey [3], providing 
the necessary input to disentangle farmers’ adaptive behaviour and to simulate how smallholder farmers might respond 
to new risk reduction interventions and to recurring drought events under climate change. In this study, the robustness of 
various government intervention scenarios under different climate change scenarios is evaluated. Three government 
scenarios are tested: (i) a reactive government only providing emergency aid, (ii) a pro-active government, which supports 
ex-ante cash transfer in the face of droughts and sufficient drought early warnings, and (ii) a strategic government that 
supports adaptation credit schemes and provides regular drought adaptation extension services to farmer. Moreover, 
wetter, drier, hotter climate conditions, following respectively projected and observed trends, are tested over a period of 
30 years. 

Results and Discussion  

ADOPT model results evidence that that the investigated governmental interventions have a positive effect on the uptake 
of measures, reducing the drought-related shocks in maize production and increasing the average yields, thus reducing 
the need for external, food aid. Extension services increase the adoption of low cost, newer drought adaptation measures 
while credit schemes are useful for cost-effective but expensive measures, and ex-ante cash transfers allow the least 
endowed households to adopt low cost popular measures. Early warning systems are more effective in climate scenarios 
with less frequent drought. An increased uptake of adaptation measures by smallholder farmers can offset a potentially 
harmful drying climate trend, but this study shows that alleviating only one barrier to adoption has a limited result on the 
resilience of the farm households. Only by combining all four interventions, simultaneously increasing risk perception, 
reducing investment costs and elevating self-efficacy, nonlinear synergies arise resulting in an strong increase in the 
adoption of measures. Under such strategic government approach, ADOPT estimates significantly reduced food 
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insecurity, decreased poverty levels and drastically lower drought emergency aid needs after 10 to 20 years, under all 
investigated climate change scenarios. 

Conclusions 

This study shows that, in order to achieve the current targets of the Sendai Framework for Disaster Risk, which aims at 
building a culture of resilience and to a achieve Sustainable Development Goals “zero hunger”,  “sustainable water 
management” and “climate resilience”, a holistic approach combining multiple interventions is needed now, to build a 
sustainable future for the smallholder households in South Eastern Kenya. Besides, it provides further evidence that agent-
based models such as ADOPT can serve as decision support tools to tailor governmental interventions for smallholder 
farmers under uncertain future climate conditions 
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Mountain areas play a key role in water delivery during spring and summer in Mediterranean regions, especially 
where snow presence dominates the hydrological regime. Different impacts of global warming have reported in 
these areas, with not always significant trends of the major climate drivers of snowfall occurrence, but rather an 
usually clear shift towards torrentiality of both snowfall and snow persistence. These effects have clear 
implications for water resource planning and reservoir operation on different time scales. This work presents our 
work in Sierra Nevada-Spain and highlights the importance of sublimation in Mediterranean mountain areas, as 
well as the strong variability of the seasonal and annual components of the energy and water balance in these 
regions. The results pose reasonable questions about the future of water availability during the warm and dry 
seasons in the study site, where the paradigm of snowpacks being a water reservoir is also addressed. Finally, 
the major implications for decision making processes in the framework of reservoir operation and water 
resource planning are identified. 
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EXTENDED ABSTRACT 
Introduction 

Multipurpose multireservoir water systems are subject to complex interlinkages among water uses that should be properly 
acknowledged when defining efficient operating rules in order to avoid undesirable effects of water allocation. Hydro-
economic modelling can efficiently consider these interlinkages and identify win-win solutions among users. On the other 
hand, hydrometeorological forecasts can support the adoption of optimal operation of water resources derived from 
integrated water resources while estimating their added value per sector (urban, agriculture, hydropower, environment). 
This study estimates the sectorial benefits brought by optimal forecast-based operation in the Jucar river system. 

Methods and Materials 

The added value of forecast-based operating rules is estimated by combining Stochastic Dual Dynamic Programming 
(SDDP) [4] with Model Predictive Control (MPC) forced with hydrometeorological forecasts: 

1. The SDDP algorithm is run using the historical streamflows to calculate a representative long-term set of benefit-
to-go functions for the river basin. 

2. The MPC algorithm uses the benefit-to-go functions from SDPP as boundary conditions to determine the optimal 
water resource system operation in response to the given forecasting products. 

The Jucar River Basin (Eastern Spain) is used as case study. Its main water uses are agriculture and hydropower [3]. 
Moreover, some of their river reaches support native (sometimes endangered) fish species [1]. A version of the SDDP 
algorithm able to work on both reservoirs and aquifers is used to define long-term benefit-to-go functions [2]. Using them 
as boundary conditions, an MPC algorithm is run for the following alternatives: 1) no forecasts (using average hydrology 
values instead); 2) five meteorological forecast products (ECMWF SEAS5, UKMO GloSEA5, MétéoFrance System6, 
DWD GCFS2.0 and CMCC SPSv3) from the Copernicus C3S, post-processed using linear scaling and then used to force 
a local pseudo distributed hydrological model; 3) hydrological forecasts generated establishing analogies between the 
streamflows recorded the last three months and the ones for the historical period; and 4) perfect forecasts. 

The analysis period is 1998-2010, which includes a severe drought between 2005 and 2008. The models run at the monthly 
scale. For each alternative, six runs were made to test the influence of the time horizon considered (from 1 to 6 lead 
months). The benefits associated with urban demands were not considered due to not showing any difference in terms of 
benefits. The performance metrics for the economic water uses (agriculture and hydropower) are the benefits in M€/year 
obtained through the economic demand functions and the energy production and price respectively. The performance 
metric for the environment is the suitable habitat area for native fish species in the middle streams of the Jucar river in 
percentage of the maximum possible value. Once obtained, the metrics for each forecast product and lead month were 
compared to the revenues offered by the current operating rules of the Jucar river, available at [1]. 

Results and Discussion 

Figure 1 displays the probability distribution functions (violin plots) of the increases in annual economic returns for the 
agriculture and hydropower sectors respectively, compared to the current operation of the Jucar river, obtained for the 
analysis period per forecasting product and lead month. On a broader view it can be stated that all the forecasting 
alternatives but one (no forecast situation for the agricultural sector) are able to improve on average the current 
performance of the system. This indicates that using hydrometeorological forecasts and forecast-based rules is valuable 
regardless of the particular product employed. In the case of agriculture, the added value depends on the particular product 
used (1-3 M€/year), with SEAS5 and the analogy-based hydrological forecasts (HydroESP) as the upper bound and 
GloSEA5 and GCFS as the lower bound. Agricultural benefits also depend on the lead month, since benefits increase up 
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to lead month 1, from which they remain stable as meteorological forecasts show no skill beyond this anticipation time. 
In the case of hydropower, all forecasting products and lead months show an increase of 2 M€/year. This means that for 
hydropower the main driver of improvement is not the adoption of a particular forecast product, but the use of forecast-
based operating rules. 

 
Figure 1. Increase of annual benefits (M€/year) between the current revenue levels and the alternatives analysed 

 

Native fish habitat, on the contrary, shows a slight decline compared to the current operating rules, up to 2% of the 
maximum suitable area. This decrease was to some extend expected as the model does not account for fish habitat 
explicitly. In any case, the loss of suitable area is limited, so that no significant negative environmental impact is noticed. 

 
Figure 2. Increase of native fish habitat (% of maximum) between the current policies and the alternatives analysed 

 

Conclusions 

The results show simultaneous benefits for agriculture and hydropower when forecast-based allocation is implemented. 
Given that agricultural revenues are product-sensitive but hydropower benefits are not, the use of forecast-based operation 
offers a win-win situation, enabling opportunities for cooperation. However, this increase comes at the cost of a slight 
reduction in native fish habitat suitable areas. Further research is required to identify operation alternatives that do not 
cause a negative impact to the environmental values of the Jucar river. 
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INTRODUCTION 

For the scientific substantiation of measures ensuring the rational use of water resources and the stable functioning of 
the Lower Volga water management system, a mathematical model, algorithm, and computational technology for the 
functioning of the Volga-Kama reservoirs networks (cascade) have been developed, which implements multi-criteria 
analysis methods for solving the problem of operational management of waterworks during the spring flood [1, 2]. 

The methodology allows searching for trade-offs solutions in the interests of various water users (water supply, 
hydropower, transport, ecology, agriculture and fisheries, and others), based on a poorly defined hydrological forecast 
during the flood period (April-June). 

Computing technology was implemented for 9 large reservoirs (Figure 1): Rybinskoye, Gorkovskoye, Cheboksarskoye, 
Kuibyshevskoye, Saratovskoye and Volgogradskoye on the river Volga and Kamskoye, Votkinskoye and 
Nizhnekamskoye on the river  Kama. The total useful volume of 9 reservoirs of the Volga-Kama cascade is 78.0 km³. 
The average annual inflow is 250 km³, during the spring floods (april-june) - 160 km³. 

 
Figure 1 –  Scheme of the Volga-Kama cascade of reservoirs 

METHODS AND MATERIALS 

Computing technology is based on solving the water balance equations for each reservoir, taking into account dynamic 
volumes and backwater from a downstream reservoirs. To solve the problem of operational management, a multi-
criteria optimization task is formed. As criteria, conflicting requirements of water users of the Volga-Kama cascade of 
reservoirs are used. For example, hydropower requires filling all reservoirs by the end of the spring flood (July 1) to the 
Normal Operating Level (NOL), and ecology, agriculture and fisheries require total release at least 120 km3 into the 
downstream of the Volgograd reservoir. These two criteria can be satisfied simultaneously only in high-water years 
(1 time in 4 years). The optimized variables are daily releases into the downstream of the cascade reservoirs (except the 
Volgograd reservoir), the dependent variables are the volumes of water in the reservoirs. Limitations for optimization 
tasks are determined on the basis of the technical characteristics of the reservoirs specified in the "Rules for the use of 
water resources of reservoirs" 

Release to the downstream of the Volgograd reservoir are determined on the basis of a special graph schedule 
(hydrograph). The nature of flooding of agricultural land and spawning grounds of the Lower Volga depends on the 
configuration of this special release. In the absence of detailed information on the dependence of the productivity of 
fisheries and agriculture on the flood hydrograph allowance in the lower Volga, an expert decision was made on a 
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typical schedule for a special spring release (Figure 2), which allows to maximize the flooding of agricultural land and 
spawning areas, as well as create favorable conditions for fish reproduction. 

 
Figure 2 - Configuration of a Special Release into the downstream of the Volgograd reservoir 

The configuration of the special release is completely determined by variables Z1-Z9, such as: agricultural release Z5, Z6 
(value in m3/s and duration in days), fishery release Z7, Z8 and transport release Z9. 

The values of the optimized variables (including variables Z1-Z9) are determined on the basis of solving a number of 
optimization tasks with various objective functions that reflect the requirements and the accepted hierarchy of priorities 
for water users.  

RESULTS AND DISCUSSION 

Based on the solution of these optimization problems, a multitude of non-dominated solutions are formed, from which 
trade-offs solutions can be selected using the achievable goals method. The final decision for the current date is made 
by the Decision-maker in the process of negotiations with stakeholders. 

The Pareto Front Viewer program is a convenient tool for visualizing results and quickly decision-making trade-offs 
solutions (developed in the computer center named after A.A. Dorodnitsyn, author Lotov A.V. and others, Russia). 

Computing technology is implemented in the MS Excel using VBA. The optimizer «Solver, built into the Excel 
environment, was used. Computing technology has been tested on the hydrological daily data of the inflow to the 
reservoirs of the Volga-Kama cascade during the spring flood of 2017. Optimization calculations were performed on a 
fixed set of parameters: Z5: = 24500, 25000, 25500, 26000 m3/s; Z6: = 5, 6, 8, 10 days; Z7: = 15000, 16000, 17000, 
18000 m3/s; Z8: = 14, 17, 20, 23 days (all other variables were included in the optimization). The set of 256-
dimensional solutions were formed for discussion with stakeholders. A compromise (between hydropower, ecology, 
agriculture and fisheries) solution: Z5: = 24500 m3/s, Z6: = 8 d, Z7: = 18000 m3/s, Z8: = 23d (total spring flood special 
release – 109 km³), - was obtained on the basis of the Pareto boundaries analysis in the environment of the Pareto Front 
Viewer program. 

CONCLUSIONS 

The possibility of solving the problem of finding optimal operating of complex water systems based on new trade-offs 
approaches is shown. A mathematical model, algorithm, and computational technology have been developed that allow 
real-time formation of the operating modes of the Volga-Kama cascade of reservoirs based on a poorly defined 
hydrological forecast and conflicting requirements of water users. 
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Abstract 
 
Integrated assessment of multi-resource systems, such as water and energy systems, can 
help achieve more cost-effective and reliable use of resources than planning them 
independently without considering the interdependencies amongst the systems. This work 
shows how to integrate water and energy simulation within the open-source Python water 
resources (Pywr) simulation framework. This enable to explicitly address the 
interconnections of both water and energy systems to achieve efficient and appropriate 
spatial and sectoral benefits distribution across the systems. We show an application on a 
national-scale case study for Ghana in West Africa. We evaluated the impact of increasing 
penetration of intermittent renewable energy sources on hydrological alteration and water 
supply demand for different sectors in the country. Results highlight how considering the 
spatiotemporal multi-sector dynamics of multi-resource systems helps identify synergistic 
water-energy system designs and management.   
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EXTENDED ABSTRACT 
Hydropower is a comparatively cheap, reliable, sustainable, and renewable source of energy. Run of River (RoR) 
hydropower plants are characterised by a negligible storage capacity and by generation almost completely dependent on 
the timing and size of river flows. Their environmental footprint is minimal compared to that of reservoir-powered 
plants, and they are much easier to deploy.  

This work uses and extends HYPER, a state-of-the-art toolbox that finds the design parameters that maximise either the 
RoR plant’s power production or its net economic profit. Design parameters include turbine type (Kaplan, Francis, 
Pelton and Crossflow), configuration (single or two in parallel), and design flow, along with penstock diameter and 
thickness, admissible suction head, and specific and rotational speed.  

This work extends HYPER to realise hydropower system design that is robust to climate variability and change to 
changing economic conditions. It uses the many objective robust decision making (MORDM) approach through the 
following steps: (1) an explicit three objective formulation is  introduced to explore how design parameter choices 
balance  investment cost, revenue, and drought period (first percentile) revenue, (2) coupling of a multi-objective 
evolutionary algorithm (here, AMALGAM) with HYPER to solve the problem using 1,000 years of synthetic 
streamflow data obtained with the Hirsch-Nowak streamflow generator, (3) sampling of deeply uncertain factors to 
analyse robustness to climate change as well as financial conditions (electricity prices and discount rates), (4) 
quantification of robustness across these deeply uncertain states of the world. We also extend HYPER by adding the 
possibility to consider three-turbine RoR plants.  

The HYPER-MORDM approach is applied to a proposed RoR hydropower plant to be built on Mukus River in Van 
province which is located in Eastern Anatolia region of Turkey. Preliminary results suggest that applying MORDM 
approach to RoR hydropower plants provides insights into the trade-offs between installation cost and hydropower 
production, while supporting design with a range of viable alternatives to help them determine which design and RoR 
plant operation is most robust and reliable for given site conditions and river stream characteristics. Results confirm 
earlier findings that installation of more than one turbine in a hydropower plant enhances power production 
significantly by providing operational flexibility in the face of variable stream flows. When contrasting robustness of a 
design with its benefit / cost ratio, a classic measure of performance of hydropower system design which accounts only 
for revenues and cost, designs with the highest benefit / cost ratios do not necessarily perform well in terms of dry 
period revenue. They also show less robustness to both climate change (and associated drying) and to evolving financial 
conditions than the designs that do better balance average annual revenue with dry period revenue.  
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Introduction  

Despite having offered important hydroclimatic insights, streamflow reconstructions still see limited use in water 
resources operations. As discussed in [1], two main barriers to the use of reconstructions are their format and accuracy. 
First, reconstructions are constrained by the available tree-ring chronologies and their correlation with discharge data, 
so they often focus on a specific season. Those format and resolution are not compatible with the daily or monthly time 
steps typically adopted by water resources models. Second, reconstructions often fail to capture extremes on the upper 
tail of the distribution of annual and seasonal flows—an issue explained by the inability of moisture-limited trees to 
reflect saturated overland flow. Here, we show that addressing these two barriers allows us to gain a more in-depth 
understanding of hydro-climatological risks in large river basins. 

Methods and Materials  

Our study site is the upper portion of the Chao Phraya river basin, Thailand. The basin has a drainage area of ~110,000 
km2, about 20% of Thailand’s surface area. The river flow is heavily regulated by Bhumibol and Sirikit dams, which 
create two large reservoirs with a live capacity of 9,762 and 6,668 Mm3. Their role is to support irrigation in the 
downstream reaches, produce hydropower, and protect Bangkok metropolitan area from floods. The majority of the 
annual rainfall is concentrated in the monsoon season, whose intensity is largely affected by global climate phenomena, 
such as the El Niño Southern Oscillation [2]. 

For the streamflow reconstruction exercise, we target two gauging stations upstream of Bhumibol and Sirikit dams.  
Monthly discharge data are available from April 1921 to present from the Thai Royal Irrigation Department 
(http://hydro-1.rid.go.th). However, our target period is November 1921 – October 2005, which matches the time span 
of our proxy, the Southeast Asian Dendrochronology Network [3]. Monthly streamflows are reconstructed through a 
framework consisting of two main components: regression and input selection. In the regression step, we determine the 
value of model parameters that best match the target variable, i.e., monthly streamflow. Here, we use a penalized least 
squares formulation to ensure that the sum of monthly flows matches annual flows closely. In the input selection step, 
we identify the best subset of input (i.e., chronologies) that minimizes the penalized least squares. The two modules are 
unified in a nested optimization framework [4]. 

To carry out the vulnerability assessment, we proceed in two steps [2]. First, we use a Vector AutoRegressive Moving 
Average (VARMA) model to generate stochastic inflow ensembles. The first ensemble, called the “Modern”, is trained 
on the instrumental data; the second ensemble, “Paleo”, is trained on the reconstructions; and the third ensemble, “BC 
Paleo”, is trained on bias-corrected reconstructions. (The goal of the bias correction is to improve the skill of the 
reconstructions in the upper tail of the distribution.) Each ensemble has one hundred pairs of inflow time series for the 
two reservoirs. The time series are 254 years long, from 1750 to 2003, representing the reconstruction period. Each 
ensemble member produces one simulation run. The system performance is evaluated in terms of mean annual 
hydropower production, mean annual (water) supply level, and number of spill events (a proxy of flood risk). 

Results  

The most interesting result is not the system’s vulnerability per se, but rather the fact that the value of the operating 
objectives is largely dependent on the hydrological conditions—that is, the stochastic inflow ensembles. For example, 
the mean annual hydropower production, H, is higher in the Paleo ensemble than in the Modern ensemble (see Figure 
1). H also has a narrower spread in the Paleo ensemble. After the inflow reconstructions were bias-corrected with the 
BC Paleo ensemble, a much wider range of values was observed. Interestingly, in the BC Paleo ensemble, the Bhumibol 
observed more extremely low H (the median H is about 60 GWh less than that in the Modern ensemble). On the other 
hand, the Sirikit observed more extremely high H, and the median H is about 27 GWh higher than that in the Modern 
ensemble. The distributions of the mean annual service level, W, are similar to those of H. The system achieves about 
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1.5 percentage points higher W in the Paleo ensemble than in the Modern ensemble. The BC Paleo ensemble produces 
the largest spread, with the median W close to that in the Modern ensemble. As expected, the Paleo ensemble does not 
produce any spill events, since this ensemble is built directly from the reconstructions, which do not capture well 
extreme high flows. For both reservoirs, the number of spill events is higher when forcing the system with the Modern 
ensemble. 

Figure 1. Distribution of three operating objectives (hydropower, power supply, flood controls) over three stochastic 
inflow ensembles. In panels (a) and (b), the black horizontal lines are the medians. In panel (c), the Paleo ensemble is 
not shown because it does not produce any spill events.  

Conclusions  

With skillful reconstructions, we tackled two main barriers to using streamflow reconstruction in water system 
operations: temporal resolution and accuracy. Yet, our results point out another challenge—variance compression—
which leads to an important trade-off. Not correcting for variance compression leads to a narrow range of inflow 
variability, from which system performance can be inflated. With variance correction, the range of variability is indeed 
increased, but with some detrimental effects on the accuracy of the reconstructions (data not shown). While these 
challenges remain to be solved, our initial results underline the importance of considering a broader set of scenarios 
when assessing water management plans. 
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EXTENDED ABSTRACT 
Introduction 

Hydropower plants correspond 16% of the global renewable energy mix and it reaches up to 63% in Brazil [1]. 
Hydroelectric power industry impacts on freshwater availability can be significant if one considers the increased local 
evaporative losses caused by the construction of dams [2]. The water footprint (WF) is the volume of freshwater used to 
produce a certain product and can be used to estimate water consumption for energy supply [3]. In this work we evaluate 
the water footprint of major Brazilian hydropower plants for the period of 1999 to 2020.  

Methods and Materials 

We selected 132 hydropower plants (HPPs) contemplated in 10 out of the 12 hydrograph regions of the country (as seen 
in Fig. 1a). Reservoir data was obtained from National Electric System Operator (ONS) [4], and include water level (m) 
and energy generation (MWh). Meteorological data used to estimate evaporation was obtained from the National Institute 
of Meteorology (INMET) [5], and include relative humidity (%), air temperature (oC), sunshine hours (h), precipitation 
(mm), station latitude (UTM degrees) and station altitude (m). Since the methodology chosen to estimate evaporation is 
not sensitive to salinity, the value of 2.5 ppm was adopted [6]. Reservoir area and volume was obtained consulting 
GRanD’s database [7] or the operator’s website. Data series goes from January 1st 1999 or when the HPP began operating 
until December 31st 2020. 

 
Figure 1.(a) Study area. HPPs represented by triangles, distributed over 10 out of 12 hydrograph regions: Amazon - 

AMZ, Tocantins - TOC, Occidental Northeast Atlantic - AOC, Parnaíba - PNB, Oriental Northeast Atlantic - AOR, São 
Francisco - SFO, East Atlantic- ATL, Southeast Atlantic - ASD, South Atlantic - ASU, Uruguay - URU, Paraná - PRN 
and Paraguay - PRG and (b) results for water footprint where darker blue represents the upper limit for WF and white 
represents the lower limit for WF; the size of circles are according to surface area per installed capacity ratio (A/IC). 
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The blue WF estimates of HPP methodology considered for this work was developed by Mekonnen and Hoekstra [3]. 
Energy generated by the power plant associated with the reservoir is divided by the volume of water evaporated by the 
reservoir in the same period of time, usually monthly or annually. For this study we considered the volume in m3 and 
energy generation in GJ, both in a monthly time-scale. Using Morton’s WREVAP model adaptation on a Fortran code [8] 
we could estimate monthly lake evaporation and then multiply by each reservoir’s surface area. Then, we obtained the 
reservoir’s total monthly evaporation.  

Results and Discussion  

Average value for WF was 77.7 m3 GJ-1. Balbina HPP has the highest average WF of 1,240 m3 GJ-1 and Salto Pilão HPP 
has the lowest average WF of 0.1 m3 GJ-1. Itaipu HPP – the largest hydropower plant in the world – has an average WF 
of 5.2 m3 GJ-1 and Sobradinho HPP, which has the largest lake surface area in Brazil, has an average WF of 601.8 m3 GJ-

1. Average estimates for the hydrograph regions are: AMZ – 127.2 m3 GJ-1, TOC – 73.4 m3 GJ-1, PNB – 156 m3 GJ- 1, SFO 
– 180 m3 GJ-1, ATL – 286.7 m3 GJ-1, ASD – 63.4 m3 GJ-1, ASU – 22.4 m3 GJ-1, URU – 27.3 m3 GJ-1, PRN – 60.8 m3 GJ-1 
and PRG - 15.5 m3 GJ-1. 

Reservoir surface area per installed capacity ratio (A/IC) is utilised to estimate HPP’s impact. Higher values represent 
larger reservoir areas used for a lower energy production whereas a lower value represents a more advantageous and 
proportional use of the reservoir. As seen in Fig. 1b, HPPs that have a higher value of A/IC in general have a higher value 
for WF as well. A/IC is a good indicator for WF magnitude. 

In Southern Brazil we obtained the lowest estimates for both WF and A/IC. HPPs located in Uruguay river and Iguaçu 
river have the lowest estimates of the country in general. The PRN region - that concentrates most HPPs in the country - 
has a great range of results. We observe higher values for both WF and A/IC in reservoirs situated on headwaters of the 
basins in PRN region. These power plants have a higher installed capacity than others in this region. The results might 
suggest higher regulated reservoirs have higher WF estimates. 

WF estimates were higher in Northern Brazil. As reservoirs are located closer to the Equator, evaporation rate increases 
and WF increases as well. This is a region with high streamflow seasonality, besides holding an extremally importance to 
biodiversity conservation. The Amazon basin especially is of potential interest for energy supply expansion of the National 
Integrated System (SIN). Northeast and Middle-west Brazil constantly face water scarcity. These are sensitive locations 
according to the WF methodology and those impacts should be considered in the planning and design of new HPPs.  

Conclusions 

WF can be utilized to indicate efficiency for construction of new power plants as A/IC is directly related to WF estimates. 
The comparison of a large number of HPPs in distinct locations allowed us to constrain WF estimates and analyze WF 
variation with reservoir characteristics (i.e. in this case area and installed capacity). Moreover, the methodology used in 
this work requires few variables and can be effective to compare distinct energy sources for energy mix optimization. 
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EXTENDED ABSTRACT 
Introduction  

Development of hydropower in developing countries carries economic development rewards, and significant 
environmental impacts, due to fragmentation in river networks [1]. A key environmental impact associated with storage 
hydropower is the reduction of lateral floodplain connectivity, which results in reduced floodplain inundation, which 
negatively impacts biodiversity [2].  Determining the optimal site, design, and operation (SDO) of dam portfolios which 
maximises power generation and minimises this environmental impact is a complex problem.  

Simulation - Optimisation models of hydropower portfolios have often included impact on annual flood peak as a proxy 
objective for floodplain impacts, but have rarely explicitly included inundated area as an objective. Furthermore, when 
done this type of analysis is done, it is usually performed at a monthly timescale, which underestimates flood peaks and 
neglects in-channel and floodplain hydraulics.  

This work presents a multi-dam simulation - optimisation framework which uses the outputs of high-resolution 
hydrodynamic modelling to explicitly model the impact of different portfolio’s SDO on inundated floodplain extent, 
and to include this modelled extent as an objective. This incorporates channel and floodplain hydraulics at a fine time 
resolution, allowing a more realistic representation of the impact of hydropower development on biodiversity, setting it 
as an objective in the optimisation framework.  

The optimisation framework is applied to the data scarce Pungwe Basin in Mozambique / Zimbabwe, and identifies 
significant trade-offs from mainstem damming between power production and downstream hydraulic connectivity 
between rivers and floodplains. The inclusion of hydraulically modelled inundated area represents a step forward for 
increasing the ability of simulation - optimisation frameworks to model the real consequences of hydropower 
development, and thus can allow real biodiversity constraints to be set as modelling objectives. 

Methods and Materials  

The model domain is the Pungwe Basin in Mozambique / Zimbabwe (shown in Figure 1), which has untapped 
hydropower present, as well as an ecologically sensitive downstream floodplain.  

The simulation model is a 1km resolution VIC-LISFLOOD-FP model which can represent different dam designs (large 
storage, small storage, and run of the river) at different locations, whilst preserving in-stream hydraulics. This can 
calculate the power generated by all the dams in a given portfolio, and the associated downstream peak flow (QP) and 
pre flood flow (QI). QP and QI are then used to calculate floodplain inundated area (A) using a polynomial regression 
relationship. This regression was developed offline by simulating 100 diverse dam portfolios, and propagating the 
hydrographs through a 90m resolution LISFLOOD-FP hydraulic model of the downstream floodplain. This resulted in 
100 estimates of inundated area (Ahydraulic). The 100 sets of QP and QI are then used as predictor variables, and Ahydraulic as 
the output variable, to estimate the polynomial regression relationship. The simulation model is linked to the NSGAII 
evolutionary algorithm [3], which is the optimiser. This generates populations of hydropower dam portfolios. These are 
then fed to the simulation model, which simulates dam operations, and calculates power generation and inundated area 
as described above. Objective scores are computed, and a new population generated. After 50 generations, the Pareto 
Approximate portfolios which maximise hydropower production and maximise downstream floodplain inundation, for a 
normal year are produced. 17 pre-defined dam locations are specified, and 4 decision variables are employed at each 
location: no build, large storage dam, small storage dam, or Run-of-the-River. Refer to Figure 1 for a graphical 
description of the simulation - optimisation framework. The dams operate according to the ruleset described in [4]. 

 



CC Attribution 4.0 license The 2nd International Symposium on Water System Operations 
1-3 September 2021 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A – Optimisation Framework; B – Domain Location 
Results and Discussion  

Figure 2 below shows the Pareto Trade off Surface between mean annual power generation and the maximum inundated 
area of the wetland, based on 4 decision variables (large storage, small storage, ROR and no build) for each dam site. 
Portfolio A is dominated by small dams and run of the river plants, whereas B has fewer small dams, more run of the 
river, and a large mainstem dam downstream. Both Portfolio A and B produce similar power, but portfolio B reduces the 
flooded area by a significant amount. However, all portfolios producing more power than B require the inclusion of this 
mainstem dam. The limb circled in Figure 2 indicates that after this large mainstem dam is added, significantly more 
generation capacity can be added with less extra impact, until the portfolio at the coordinate (800,154).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Pareto Approximate front and portfolios for power generation and flooded area. 
Conclusions  

This work provides a means to estimate optimal hydropower portfolios for power and preservation of wetland 
inundation objectives. The incorporation of river and floodplain hydraulics provides a means produce more plausible 
predictions of inundated area within simulation – optimisation frameworks for multiple dams.   
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EXTENDED ABSTRACT 
Introduction  

Hydrodynamic flood models have been widely used for floodplain predictions. However, the hydrodynamic 
models have substantial computational burdens. One-dimensional (1D) models are unable to simulate lateral flood 
propagation [1]. The two dimensional (2D) can predict lateral propagation more accurately and is recommended for flood 
analysis [2]. Yet, the 2D simulation time is significantly higher. These drawbacks can hinder the application of 
hydrodynamic models in large scale domains, in optimization problems and in real-time control of flood protection 
infrastructure.  One alternative to hydrodynamic models are the low-complexity rapid flood models.  These models apply 
simplified hydraulic concepts to decrease simulation time [3]. Neural Networks (NN) can be used to learn complex rules 
to improve flood predictions and while maintaining computational efficiency. However, NN generalization is still a 
challenge as it requires a large number of training samples. This study proposes a novel approach for predicting water 
surface elevation (WSE) using NN aiming for generalization to different locations. The methodology uses localized 
characteristics, instead of the whole target domain, to increase the number of training samples and generalization 
capabilities. 

Methods and Materials  

The input data used in the NN is presented in Figure 1, which is extracted from HEC-RAS 1D modelling (Figure 
1-b) and from a 3m resolution digital elevation models (DEM). The NN model uses hydrograph, downstream water 
depths, slope profile, cross section and the surrounding DEM to predict local water depth series as an output. HEC-RAS 
1D models were used, from where the hydrograph and time series of WSE for each cross section of the model. Fourteen 
HEC-RAS 1D models were built in San Antonio, Texas (Figure 1-a). Ten models were used for training (T areas), three 
for validation (V areas), and one for testing. Eleven hydrographs, nine flow magnitudes and nine DEM modifications 
(enhancing and smoothing the elevations) were used. Therefore, 891 simulations were performed for each of the HEC-
RAS 1D models for the NN training. Predictions with a cellular automata (CA) approach was used for comparison.  

 
Figure 1. Location (a) and representation (b) of HEC-RAS 1D models. The inputs to the NN (c) include the hydrograph, 

downstream and local water depth, slope profile, cross section and DEM. 
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An ensemble method was used to predict water depths with two NN architectures. Both architectures combine 

dense and convolutional layers. The 2D convolutional layers were used for the DEM and 1D convolutional layers for the 
slope profile and cross sections. Four different configurations were used in both architectures, with different number of 
filters and kernel sizes on convolutional layers and nodes on dense layers. Therefore, eight predictions are made with the 
NN. The final water surface elevations are calculated with the average of the eight individual predictions, excluding 
outliers.  

Results and Discussion  

The mean average error (MAE) and maximum depth error of the NN and CA models, compared to the HEC-
RAS 1D models, were calculated for V1 (Figure 1-a), V2 (Figure 2-b), V3 (Figure 2-c) and testing (Figure 2-d) areas for 
a 500-year storm. The NN ensembled predictions showed satisfactory results for locations outside the training samples, 
when compared to the CA model. The NN models were 20 to 530% times faster than HEC-RAS 1D. These results indicate 
that this methodology is capable of generalizing water depths predictions.  

 
Figure 2. Performance of the NN and CA models compared to HEC-RAS 1D for V1(a), V2(b), V3(c) and testing (d) and 

testing areas. V3 and testing areas have one junction and results are shown for main river.  
Conclusions  

This study introduces a new methodology for rapid flood predictions using NN. Results show that this approach 
was able to generalize water depths predictions at different areas. This method is also time efficient and has no instability 
issues, being suitable to be used in optimization problems and in large scale domains. We recommend new studies to 
couple flood spread algorithms for generating floodplains.   

REFERENCES 
 
[1] Teng, J., et al., Flood inundation modelling: A review of methods, recent advances and uncertainty analysis. 

Environmental Modelling & Software, 2017. 90: p. 201-216. 
[2] Council, N.R., Urban stormwater management in the United States. 2009: National Academies Press. 
[3] Guidolin, M., et al., A weighted cellular automata 2D inundation model for rapid flood analysis. Environmental 

Modelling & Software, 2016. 84: p. 378-394. 
 



CC Attribution 4.0 license 
The 2nd International Symposium on Water System Operations 

1-3 September 2021 
 

 

When timing matters - misdesigned dam filling impacts hydropower 
sustainability 

M. Zaniolo1,2, M. Giuliani2,*, S. Sinclair3, P. Burlando3, A. Castelletti2  
 

1 Department of Civil and Environmental Engineering, Stanford University (CA) 
2 Department of Electronics, Information, and Bioengineering, Politecnico di Milano (Italy)  

3 Institute of Environmental Engineering, ETH Zurich (Switzerland) 
*matteo.giuliani@polimi.it 

Keywords: hydropower optimisation; forecast value for operations; downstream impacts of dams; optimal filling; 
multi-objective optimization   

In 2020, global hydropower installed capacity reached 1,330 GW and more than 3500 hydropower dams are currently 
being planned or built around the world. Recently, efforts towards sustainable dam planning have addressed strategic 
dam sizing, dam location, and basin-wide portfolios to minimize long-term impacts of such infrastructures. Yet, before 
starting electricity production, hydropower reservoirs must be filled withholding a substantial fraction of the river 
streamflow from downstream users. The rate at which a reservoir is filled has direct implications on potential conflicts 
between upstream and downstream interests: precaution towards downstream impacts requires transiting high 
percentages of inflow, resulting in multi-years, even decadal, filling transients; conversely, upstream interests (e.g., 
hydropower production) favor fast impoundment of water, albeit generating critical periods of minimal streamflow 
downstream. Filling timing and operations can therefore catalyze most of the conflicts associated with a dam’s lifetime, 
which can be mitigated by adaptive solutions that respond to medium-to-long term hydroclimatic fluctuations. If the 
filling occurs during a dry spell, augmented impacts are likely endured by upstream and downstream sectors. In this 
context, global climate teleconnections represent a valuable source of predictability of local hydrometeorological 
anomalies, which can provide dual support to dam planning. First, in scheduling a favorable time to start the filling 
operations based on local effects of long-term climatic oscillations, and second, in designing effective filling strategies 
adaptive to medium-term hydroclimatic variability.  

In this work [1], we consider the case study of the Omo-Turkana basin (Ethiopia-Kenya) to demonstrate the use of 
seasonal drought forecasts based on multiple climate teleconnections for modulating reservoir filling operations 
according to the predicted drought conditions. Our retrospective analysis of the contested recent filling of Gibe III 
provides quantitative evidence of the benefits generated by adaptive filling strategies, attaining levels of hydropower 
production comparable with the historical ones while curtailing the negative impacts to downstream users. Our 
approach also shows that 2015 was an unfavorable year to begin the filling operations of Gibe III, and significant 
damage could be avoided by anticipating these operations by 2 years (see Figure 1). Our results can inform a more 
sustainable filling of the Koysha dam currently under construction downstream of Gibe III or the upcoming filling of 
the Grand Ethiopian Renaissance Dam on the Blue Nile, and are generalizable to the almost 500 planned dams 
worldwide in regions influenced by climate feedbacks, thus representing a significant scope to reduce the societal and 
environmental impacts of a large number of new hydropower projects. 
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Figure 1: A pattern of harmonic climatic oscillations governs the magnitude of annually cumulated rainfall occurring 
on the Omo-Turnaka Basin (panel a). Panels (b–e) contrast the historical 2015 filling performance (black bar) with 
alternative filling timings (colored bars) with respect to relevant indicators. The bar labels report the percentage 
change in the value of the indicator with respect to the historical performance. Filling Gibe III reservoir during an 
upwards phase of water availability (e.g., 2013), instead of a downwards phase as historically, could have resulted in a 
more efficient, and less conflictual filling. By projecting the harmonic trends into the future, we advise delaying Koysha 
filling by one year and begin in 2022 instead of the planned 2021, as the additional stress caused by a bad timed filling 
stress could have detrimental consequences on the fragile social and ecological balances of the region.  
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Compromise-upstream policy achieves a historically equivalent
hydropower production, while maintaining a significantly more
natural hydrology downstream in terms of flood pulse, which is,
on average, nearly 300 m3/s higher than historically observed
during the expected peak in late August.

The entire ensemble of adaptive policies produced (Supple-
mentary Fig. 4) thoroughly explores the space of compromises
and tradeoffs between the conflicting interests coexisting in the
OTB. Hydropower production of adaptive policies ranges from
−12% to +9.7% with respect to historically observed. The drop in
lake Turkana measured between January 2015 and November
2018 levels ranges from 1.2 m (comparable to the historical 1.1 m)
to just a few centimeters drop yielded by policies favoring a
slower reservoir filling. Interestingly, the average magnitude of
the flood pulse in late August, historically just over 500 m3/s, is
considerably improved by the entire ensemble of adaptive
policies, that obtain a minimum of 720 m3/s up to 1000 m3/s.
Overall, by considering the entire range of adaptive strategies we
notice the potential to largely contain environmental alterations

with a comparatively small loss in hydropower production.
Moreover, downstream alterations can be partially contained
even without compromising any electricity production.

Notably, the numerical results obtained here refer to a scenario
in which the filling timing is not adjusted. We can expect a
further reduction in upstream-downstream conflicts if the
implementation of an adaptive filling policy is paired with a
better timed filling.

Discussion
Sustainable dam planning has paved the way towards a more
socially and environmentally inclusive hydropower development
that focused on limiting dam-induced socio-environmental costs
during dams regime operations47–50. Yet, the initial filling phase
of a dam can generate critical impacts by withholding in the
reservoir a substantial fraction of the river streamflow, and sig-
nificantly reducing downstream water availability. Hydrological
variability can play a key role in magnifying or containing the
stress of filling: if the filling occurs during a dry spell, the basin is
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Fig. 3 Climatic oscillations can inform a favorable timing for filling. A pattern of harmonic climatic oscillations governs the magnitude of annually
cumulated rainfall occurring on the OTB, shown at a monthly time step (a). Panels (b–e) contrast the historical 2015 filling performance (black bar) with
alternative filling timings (colored bars) with respect to relevant indicators. The bar labels report the percentage change in the value of the indicator with
respect to the historical performance. Filling Gibe III reservoir during an upwards phase of water availability (e.g., 2013), instead of a downwards phase as
historically, could have resulted in a more efficient, and less conflictual filling. By projecting the harmonic trends into the future, we advise to delay Koysha
filling by one year and begin in 2022 instead of the planned 2021, as the additional stress caused by a bad timed filling stress could have detrimental
consequences on the fragile social and ecological balances of the region.
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Most water reservoir operators make use of forecasts to inform their decisions and enhance water systems flexibility and 
resilience by anticipating hydrological extremes. Yet, despite numerous candidate hydro-meteorological variables and 
forecast horizons may potentially be beneficial to operations, the best information set for a given problem is often not 
evident a priori. Additionally, in multi-purpose systems, characterized by multiple demands, this information set might 
change according to the objective tradeoff. For instance, common operating targets, e.g., flood protection and water 
supply, can be vastly heterogeneous in their dynamics and vulnerabilities. Flood events are generally caused by the onset 
of fast and intense wet meteorological extreme events, and flood-conservative policies benefit from a short lead time that 
conveys peak inflow magnitude and timing; conversely, water supply shortages are caused by slow-developing droughts, 
and an effective policy seeks predictors that are relevant for prolonged water shortages to timely activate hedging 
strategies. The tradeoff space between these two opposite policies is populated by diversely balancing opposite control 
targets. 
 
In this work [1], we contribute a novel method to learn the optimal policy representation (i.e., policy input set) for varying 
objective tradeoffs, by combining a feature selection routine with a multi-objective Direct Policy Search framework. The 
selected policy search routine is the Neuro-Evolutionary Multi-Objective Direct Policy Search (NEMODPS) [2].  
NEMODPS is a multi-objective NeuroEvolutionary algorithm that uses evolutionary techniques to evolve a policy 
architecture along with its parameters. The flexible policy architectures generated via NEMODS are used here to 
dynamically evolve the policy input set.  
 
This approach is demonstrated in the case study of Lake Como (Italy), where the operating objectives are highly 
heterogeneous in their dynamics (fast and slow) and vulnerabilities (wet and dry extremes).  
Our results demonstrate that one policy input set is inadequate to represent the entire space of different control behaviors 
that may emerge for alternative tradeoffs, and varying objectives, and tradeoffs therein, benefit from a different policy 
representation, ultimately yielding remarkable results in terms of conflict mitigation between different users. More 
informed policies, moreover, show higher robustness when re-evaluated across a suite of different hydrological 
conditions. 
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Figure 1: Panel (a): Performance of different Lake Como operating policies with respect to the two cost objectives of 
water supply deficit (vertical axis) and Flood days (horizontal axis). The black square indicates the ideal performance 
of the Perfect Operating Policy (POP), white circles the performance of efficient policies designed with minimal input 
set (R1), triangles refer to policies with one additional input (R2), and diamonds with two additional inputs (R3). For 

rounds R2 and R3, the shape color is associated with the information added to the feature representation, selected from 
a pool of perfect forecast Anomalies (A) for different forecast horizon, in days (e.g., A62, perfect forecast anomaly with 

a 62 day forecast horizon).  
Panel (b) shows the improvements in the Hypervolume indicator across different rounds, normalized to the value of 

hypervolume scored by POP. 
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EXTENDED ABSTRACT 
The derivation and implementation of effective water resource management policies are of key importance for long-
term sustainable water management, especially in water stressed regions facing increasing water demands and variable 
climatic conditions. In such studies water managers or policy makers often face the challenge of how to meet 
conflicting operational objectives while honoring water rights privileges, contractual agreements and institutional 
limitations. This necessitates the use of optimization analysis to help determine the most productive modus operandi. In 
this study, we couple numerical simulation with single objective optimization to determine the most productive 
reservoir operation policy for a reservoir located in the western part of Turkey having agricultural and potable water 
supply objectives with a recently increased potable water demand. This policy is selected among a large set of 
prespecified reservoir operation policies that each account for hydrological drought conditions and reservoir resilience. 
While setting up the model, a parameterization of the predetermined operational policies of the reservoir is carried out 
using a drought severity index of annual inflow values classified into 5 different water year classes from very wet to 
very dry throughout the monthly reservoir inflow record of 41 years. The resilience of the water supply system against 
the droughts provided by the reservoir is attributed to the volume of stored water in the reservoir and is allocated to the 
respective parameterization by dividing active storage of the reservoir into 3 equal parts. As a result, for each 
parameterization we can now divide potable water supply in a given water year in a total of 15 different levels so as to 
suitably adjust the annual supply demand ratios within the simulation period. The numerical model assesses the 
performance of the model parameters with regard to the objective function defined as the average annual potable water 
supply volume to be maximized. The model is then coupled with the Differential Evolution (DE) algorithm and used to 
derive the global optimum solution of parameter set that constitute the best reservoir operation policy. The optimal 
solution represent globally optimal solution for potable water supply volumes. This solution is compared with the one 
obtained from conventional firm yield reservoir operation policy. The results of our study demonstrate that the adoption 
of reservoir operation policies that are responsive to hydrological droughts coupled with reservoir resilience and their 
optimization by considering two objectives mitigates the risk of failure in reliable supply of increased demands in a 
given year and reduces the average annual overflow through spillway relative to the conventional policies. Our results 
also imply that the explicit recognition of hydrological droughts and water supply system resilience in reservoir 
operation optimization will aid reservoir managers and decision makers to better cope with unforeseen hydrological 
events and help remediate the consequences of using inadequate future water demand projections. 
 


