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ABSTRACT  
 
Hydroeconomic optimization models considering the inter-relations in the water-energy-food nexus are potential 
tools to evaluate water infrastructure and policy development that will contribute to multiple Sustainable 
Development Goals. However, most of these models are deterministic and assume perfect foresight. Thus, the 
optimal management decisions are found with perfect knowledge of future conditions, which might bias the 
economic evaluation of infrastructure investments. We show how the Model Predictive Control (MPC) 
framework can be used to overcome the perfect foresight assumption. By implementing the MPC framework in 
WHAT-IF, a perfect foresight hydroeconomic optimization model, we show how MPC leads to more realistic 
simulated reservoir operations and consequently to a more realistic valuation of investments. To evaluate the 
impact of the perfect foresight assumption, we evaluate infrastructure investments in the Zambezi river basin 
with and without the MPC framework. We find significant differences (up to 12%) between the perfect foresight 
and MPC frameworks when estimating the value of hydropower and irrigation investments. By carrying out the 
analysis for four different climate change scenarios, we find that the impact of the perfect foresight assumption 
is particularly important in a water scarce context. 

 
Keywords: Water infrastructure investments, Water-Energy-Food Nexus, Hydroeconomic optimization models, Model 
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1 INTRODUCTION   
 Ecosystem preservation, hydropower and irrigation development will contribute to multiple Sustainable 
Development Goals (United Nations, 2015), while potentially competing with each other. Therefore, water 
infrastructure development plans must consider the interdependencies within the water-energy-food nexus 
(Albrecht et al., 2018). 
 To represents the interactions within the nexus, one strategy consists of linking existing models 
representing the various sub-systems of the nexus: the CLEWS framework (Howells et al., 2013) combines the 
WEAP model (Yates et al., 2005) for water management, the LEAP model (Heaps, 2016) for the energy system, 
and the GAEZ model (Fischer et al., 2002) for the agriculture. Similarly, (Cervigni et al., 2015) combines WEAP 
and OSeMOSYS (Howells et al., 2011) to assess the impact of climate change on water infrastructure in 
Southern Africa. Coupling models simplifies communication among stakeholders who can keep using the tools 
they have become familiar with and permits a more detailed representation of single systems. In simulation 
frameworks, the system management is calculated for each time step using allocation rules, with unknown 
future conditions. However, allocation rules are usually based on current or past socio-economic conditions and 
might not be economically optimal (Pereira-Cardenal et al., 2016).  
  Hydroeconomic optimization models associate an economic impact to each management decision, thus 
transform a complex multi-objective management problem into a simpler single-objective problem to find 
economically optimal management decisions (Harou et al., 2009). Stochastic Dynamic Programming (SDP) and 
Stochastic Dual Dynamic Programming (SDDP) have been used to represent water management problems and 
infrastructure evaluation (Davidsen et al., 2014; Pereira-Cardenal et al., 2016; Tilmant et al., 2012) while 
considering the stochastic properties of the water inflow. However, these methods can only represent a limited 
number of reservoirs and interactions. Hydroeconomic models representing numerous nexus interactions and 
multiple reservoirs (e.g. Kahil et al. (2018) and Khan et al. (2018)) often use linear programming and assume 
perfect foresight. Perfect foresight is a common approach to sectorial planning models (Keppo and Strubegger, 
2010), where conversely to simulation models, the system is optimized over the whole planning period with 
perfect knowledge of the future. This means that optimization model anticipates future conditions such as 
droughts and adjusts by cultivating crops with lower water requirements or storing additional water. The 
optimization model thus overestimates investment performance or underestimates the need for investments. In 
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reality, water planners and managers will not have perfect foresight, and will be limited by the availability and 
skill of existing forecasting systems. As droughts have important economic impacts (SADC et al., 2015), a more 
realistic way of modelling reservoir operations and agriculture decisions could improve the reliability of the 
results.  
 One way to implement limited knowledge about the future in an perfect foresight optimization modelling 
framework is to use Model Predictive Control (MPC) and iteratively solve the optimal management decisions in 
each time step using the forecast information available at the time of decision (Sahu, 2016). We implement the 
MPC framework in WHAT-IF (Payet-Burin et al. 2019) an open-source hydroeconomic optimization model, that 
links, in a holistic framework, representations of the water, agriculture, and power systems. We apply the 
methodology to the Zambezi river basin where large water infrastructure projects are planned to satisfy growing 
food and energy demands (World Bank, 2010). By comparing MPC and perfect foresight, we show how the 
perfect foresight assumption affects the valuation of the hydropower and irrigation development plan. We 
investigate in which cases the perfect foresight assumption could lead to biases in the evaluation of water 
infrastructure investments.  

 
2 METHODOLOGY 

 
2.1 Perfect foresight hydroeconomic optimization model and study case 
 The WHAT-IF model is an open-source hydroeconomic optimization model, linking, in a holistic framework, 
representations of the water, agriculture, and power systems (Payet-Burin et al. 2019). In WHAT-IF water 
management (e.g. water storage, release, and supply), energy management (e.g. power capacity construction, 
production, transmission, and supply) and agriculture management (e.g. crop choice, irrigation, transport, and 
supply) are decision variables which are solved to maximize the societal welfare, i.e. the sum of all consumer 
and producer surplus. The optimization approach is based on a perfect foresight formulation, as optimal 
decisions are found with full knowledge of the planning period. 
 We use the modelling framework and dataset of the Zambezi River Basin from Payet-Burin et al. (2019). 
The river basin is divided in 26 catchments with runoff and precipitation time series covering 40 years; the 
average yearly runoff is 114 km³. In each catchment domestic, agricultural, and industrial water demands are 
represent, as well as environmental flow constraints at the level of the main wetlands (Kafue flats, Baroste plain, 
and Mana pools) and the Zambezi delta. The main reservoirs of the river (Itezhi-Tezhi, Kariba, and Cahora 
Bassa dams) have an active storage capacity of 127 km³, and are the main consumptive water user of the river 
basin through evaporation losses. The agricultural water demand is calculated based on FAO 56, crop yields 
are based on FAO 33, and the crop choice is part of the optimization framework. Unlike in Payet-Burin et al. 
(2019), rainfed production and crop markets are not represented, only irrigated agriculture is represented and 
valuated at the farm level using FAO data (FAO, 2018). Hydropower plants are represented individually, 
assuming fixed head levels and using water-energy equivalent production coefficients. Thermal power is 
represented as aggregated production units per country. A power market per country is represented, including 
South Africa, with corresponding power demands. The power transmission network is represented with a 
transport model considering aggregated transmission lines between countries. A capacity expansion model 
represents additional investments in thermal and solar power, referred to as "generic power investments". 
 We use the reference "2010" scenario from Payet-Burin et al. (2019), considering the natural flooding 
environmental policy of 7000 m³/s in february. The evaluated water infrastructure development plan (Payet-
Burin et al. (2019), World Bank (2010)) considers 15 hydropower projects with 7.2 GW of new operating capacity 
and 336 000 ha of new areas equipped for irrigation, almost doubling the present irrigated area. To evaluate 
the MPC framework in different water scarcity levels, we consider four different climate change scenarios from 
Cervigni et al. (2015) as in Payet-Burin et al. (2019). 
 
2.2 Forecast generator 
 The MPC framework requires information on future hydrological parameters. To generate these forecasts, 
we use an autoregressive Markov model (Loucks et al., 2005) for synthetic runoff time series generation: 
 

 Qt = Q�m + ρm ∙
σm
σm−1

∙ (Qt−1 − Q�m−1) +  δ ∙ σm ∙ �1 − ρm2  [1] 
 

where 𝑄𝑄𝑡𝑡 and 𝑄𝑄𝑡𝑡−1 are the generated synthetic runoffs at time step 𝑡𝑡 and 𝑡𝑡 − 1, 𝑄𝑄�𝑚𝑚 is the average runoff of the 
𝑚𝑚𝑡𝑡ℎ month of the year corresponding to the time step 𝑡𝑡, 𝜎𝜎𝑚𝑚 is the standard deviation of runoff in the 𝑚𝑚𝑡𝑡ℎ  month 
and 𝜌𝜌𝑤𝑤 is the correlation coefficient between the runoff of the 𝑚𝑚𝑡𝑡ℎ and 𝑚𝑚 − 1𝑡𝑡ℎ months, 𝛿𝛿 is a random number 
with mean 0 and variance 1. This method preserves the mean and the variance, using the current runoff as a 
starting point, it is used to generate runoff forecasts. To avoid the generation of negative inflows, the method is 
normally used with the log transform of the runoff. However, we use a net runoff data, considering the 
evaporative effect of wetlands, which results in negative runoff for some catchments, thus we can't apply the 
log transform. Therefore, we constraint the generated flows by the maximum and minimum observed in the 
catchment, this violates the conservation of the variance but generates more realistic flows. To simulate different 
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qualities of forecasts, a perfect forecast horizon is added, varying from 1 (current month) to 12 months, where 
the actual future hydrological conditions are known. As a simplification, rainfall and reference evaporation 
forecasts are generated using climatology. 
 
2.3 MPC framework 
 The MPC framework can be used to do real-time water management, in the sense that it determines "which 
decision to take now given currently available information about the future". However, here, the MPC framework 
is implemented to simulate a more realistic management of the water infrastructure than the one resulting from 
perfect foresight optimization runs, and thus, evaluate more accurately the potential economic impacts of water 
infrastructure investments and policies. Figure 1 summarizes the framework: At a given time step, an ensemble 
of hydrological forecasts is generated over the prediction horizon (e.g. 2 years). The optimal control actions over 
the prediction horizon (water storage, release, and supply) for each ensemble member are found using the 
perfect foresight model. The average of the first control actions (water storage, release, and supply for the 
current month) over the ensemble members is then implemented. At the next time step, the prediction horizon 
is moved, new forecasts are generated with updated knowledge of hydrological conditions, and the procedure 
is repeated until the end of the planning horizon is reached (e.g. 40 years). As the model contains a mix of 
monthly and yearly decision variables and outputs, the prediction horizon is flexible to always cover a complete 
year. Thus, for a prediction horizon of 2 years, the actual prediction horizon will vary from 13 to 24 months. The 
crop choice, and generic power capacity investment are yearly decision variables of the model that depend on 
hydrological conditions. The same approach as for water storage, release and supply is used for these decision 
variables, but for time steps that start a new year. 
 

 
Figure 1. Model Predictive Control (MPC) framework.  
 
3 RESULTS AND DISCUSSION 

 
3.1 Water management using MPC and perfect foresight 
 Figure 2 shows the simulated reservoir operations in the Kariba reservoir for the perfect foresight (PF) and 
MPC (MPC1) framework over 20 years. With the perfect foresight assumption, the reservoir management 
anticipates future conditions: During the 1972-1973 drought (Bird and Shepherd, 2003) the perfect foresight 
management totally empties the reservoir anticipating the high flows of 1974; in 1978 the perfect foresight 
management starts accumulating water for the 1983 drought. In reality, water managers have limited knowledge 
of the future and will store more water to avoid future water shortages, this is better represented by the MPC 
framework (Figure 2). Note that the unrealistic water storage management for the perfect foresight framework 
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is exacerbated by the fixed head assumption. Indeed, if the relation between the reservoir storage level and 
hydropower production was represented, even in the perfect foresight approach, the reservoir storage would be 
kept at a higher level to increase hydropower production. 
 

 
Figure 2. Comparing simulated reservoir management of Kariba dam using perfect foresight and MPC. MPC1 
represent the reservoir storage for the MPC framework with a perfect forecast horizon of one month (the current 
month), PF denotes the perfect foresight framework (equivalent to a perfect forecast horizon of 40 years). 
 
3.2 Economic evaluation of the infrastructure investments 
   
Table 1. Infrastructure investments valuation with the perfect foresight and MPC framework for different climate 
change scenarios.  

Value of infrastructure 
(M$/year) PF MPC12 MPC1 

Wettest climate 1 989 1 994 (0%) 1 960 (-1%) 
Semiwet climate 2 005 1 995 (0%) 1 906 (-5%) 
Semidry climate 1 970 1 940 (-2%) 1 880 (-5%) 
Driest climate 1 751 1 704 (-3%) 1 548 (-12%) 

 
Table 1 represents the value of the water infrastructure development plan for the different climate change 
scenarios and the different frameworks. We evaluate how various assumptions about the availability of 
knowledge about the future affect the economic evaluation of infrastructure based on with/without analysis. PF 
represents the perfect foresight framework (equivalent to a perfect forecast of 40 years), MPC1 represent the 
MPC framework where hydrological conditions are known for the current month only and future conditions are 
forecasted, and MPC12 represents the MPC framework with a (theoretical) perfect forecast of 12 months. The 
perfect foresight assumption leads to higher valuation of the infrastructure development plan (Table 1). The 
difference can be explained by less water being used for irrigation and less optimal crop choice leading to lower 
agriculture benefits, and less valuable hydropower production in the MPC framework (Table 2). Total 
hydropower production is higher in the MPC than in the perfect foresight framework, which is partially due to 
less water consumption by agriculture. However, the power production is less stable, as indicated by the lower 
firm hydropower production (hydropower available 95 % of the months at the scale of the hydropower plant). 
Therefore, the hydropower investments are not able to replace as much thermal power investments as in the 
perfect foresight framework and energy benefits are reduced (Table 2).  
 The different climate change scenarios implicate different levels of water scarcity. In the present climate, 
with the present water infrastructure, net water consumption is around 11% of the available runoff (Payet-Burin 
et al. 2019). Considering the water infrastructure investments, it is around 16% for the present climate, and 
varies from 11 to 35% for the four climate change scenarios. In a more water scarce scenario, the perfect 
foresight assumption has more impact on the valuation of the infrastructure investments: the difference between 
the perfect foresight and MPC1 framework varies from 1% to 12% from the wettest to the driest climate scenario 
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(Table 1). The forecast quality is also found to play an important role, as a perfect forecast of 12 months is 
found almost equivalent to a perfect foresight framework for low water scarcity (Table 1). 
 
Table 2. Difference in key indicators before and after investments for the driest climate change scenario.  

Indicators – driest climate PF MPC1 
Hydropower production (GWh/year) 19 784 20 005 
Firm hydropower (GWh/month) 970 580 
Generic power investments (MW) -2 612 -2 188 
Energy benefits (M$/year) 823 794 
Net irrigation consumption (Mm3/year) 5 127 4 814 
Agriculture benefits (M$/year) 929 751 

 
4 CONCLUSIONS 
 We show how a Model Predictive Control (MPC) framework can be used to represent limited knowledge 
about the future in a perfect foresight optimization model. In the Zambezi river basin study case, we use the 
MPC framework to quantify the effect of the perfect foresight assumption on simulated infrastructure 
management and on the valuation of hydropower and irrigation investments. We find significant differences 
between the perfect foresight and MPC frameworks in the valuation of the hydropower and irrigation 
investments. By valuating the investments in four different climate change scenarios, we show that the impact 
of the perfect foresight assumption is higher for water scarce contexts. 
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