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Method 

 

The water footprint of electricity (WF, m3/GJ) generated from hydropower is calculated by dividing the amount 

of water evaporated from the reservoir annually (WE, m3/yr) by the amount of energy generated (EG, GJ/yr): 

 

EG

WE
WF   (1) 

 

The total volume of evaporated water (WE, m3/yr) from the hydropower reservoir over the year is: 
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where E is the daily evaporation (mm/day) and A the area of the reservoir (ha). 

 

There are a number of methods for the measurement or estimation of evaporation. These methods can be 

grouped into several categories including (Singh and Xu, 1997): (i) empirical, (ii) water budget, (iii) energy 

budget, (iv) mass transfer and (v) a combination of the previous methods.  

 

Empirical methods relate pan evaporation, actual lake evaporation or lysimeter measurements to meteorological 

factors using regression analyses. The weakness of these empirical methods is that they have a limited range of 

applicability. The water budget methods are simple and can potentially provide a more reliable estimate of 

evaporation, as long as each water budget component is accurately measured. However, owing to difficulties in 

measuring some of the variables such as the seepage rate in a water system the water budget methods rarely 

produce reliable results in practice (Lenters et al., 2005, Singh and Xu, 1997). In the energy budget method, the 

evaporation from a water body is estimated as the difference between energy inputs and outputs measured at a 

site. Energy budget methods are considered to be the most reliable in theory (Lenters et al., 2005, Singh and Xu, 

1997), but require costly instrumentation and a large commitment of personnel for field work and data 

processing (Winter et al., 1995). The mass-transfer (aerodynamic) based methods utilize the concept of eddy 

motion transfer of water vapour from an evaporating surface to the atmosphere. The mass-transfer methods 

normally use easily measurable variables and give satisfactory results in many cases. However, measurement of 

wind speed and air temperature at inconsistent heights, have resulted in a large number of equations with similar 
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or identical structure (Singh and Xu, 1997). The combination methods combine the mass transfer and energy 

budget principles in a single equation. Two of the most commonly known combination methods are the Penman 

equation and the Penman-Monteith equation.  

 

Owing to its limited empirical basis, the Penman-Monteith equation is more readily applicable to a variety of 

water bodies. In addition, the model takes into account heat storage within water bodies. Therefore, for the 

purpose of the current study the Penman-Monteith equation with heat storage is considered suitable for the 

estimation of evaporation from the selected hydropower reservoirs.  

 

The evaporation from the water surface (E, mm/day) is estimated using the Penman-Monteith equation with an 

inclusion of water body heat storage. This equation is written as (McJannet et al., 2008): 
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where E  is open water evaporation (mm/day); λ the latent heat of vaporization (MJ/kg); Δw the slope of the 

temperature saturation water vapour curve at water temperature (kPa/oC); Rn net radiation (MJ m-2day-1); G the 

change in heat storage in the water body (MJ/m2/day); f(u) the wind function (MJ/m2/day/kPa); ew the saturated 

vapour pressure at water temperature (kPa); ea the vapour pressure at air temperature (kPa); and γ the 

psychrometric constant (kPa/oC). 

 

The latent heat of vaporisation (λ, MJ/kg) at air temperature (Ta, 
oC) is calculated as (McJannet et al., 2008): 

 

a
3T10361.2501.2λ    (4) 

 

The psychrometric constant (γ, kPa/oC) is calculated from (Allen et al., 1998): 
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in which P is the atmospheric pressure (kPa); cp the specific heat of air at constant pressure (which is equal to 

1.013x10-3 MJ/kg/oC) and ε the ratio of molecular weight of water vapour to dry air and is equal to 0.622 

(dimensionless). 

 

The atmospheric pressure (P, kPa) varies with elevation above sea level (ψ, m) and is expressed as (Allen et al., 

1998): 
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The wind function f(u) (MJ/m2/day/kPa) is calculated from wind speed at 10 m (u10, m/s) and the so-called 

equivalent area (Ae, km2) (Sweers, 1976): 
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The equivalent area (Ae, km2) is equal to the total surface area for regularly shaped reservoirs, but for irregularly 

shaped reservoirs, it can be taken equal to the square of the mean width.  

  

Saturated vapour pressure at air temperature (ea, kPa) is calculated from: 
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Net radiation (Rn, MJ m-2 d-1) is the difference between the net incoming short-wave radiation (Rns, MJ m-2 d-1) 

and the net outgoing long-wave radiation (Rnl, MJ/m2/day) (Allen et al., 1998): 

 

nlnsn RRR   (9) 

 

The net incoming short-wave radiation (Rns, MJ/m2/day) resulting from the balance between incoming and 

reflected solar radiation is given by (Allen et al., 1998): 

 

sns RR  )1(   (10) 

 

where α is the albedo coefficient for open water (dimensionless), which has a value of 0.07 (Lenters et al., 

2005), and Rs the incoming solar radiation (MJ/m2/day). 

 

Solar radiation (Rs, MJ m-2 day-1) can be calculated with the Angstrom formula, which relates solar radiation to 

extraterrestrial radiation and relative sunshine duration: 
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where n is the actual duration of sunshine (hours); N the maximum possible duration of sunshine or daylight 

hours (hours); n/N the relative sunshine duration (which is equal to one minus the cloud cover fraction, 

dimensionless); Ra extraterrestrial radiation (MJ/m2 /day); as a regression constant, expressing the fraction of 

extraterrestrial radiation reaching the earth on overcast days (n = 0) and as+bs the fraction of extraterrestrial 

radiation reaching the earth on clear days (when n = N). 
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Depending on atmospheric conditions (humidity, dust) and solar declination (latitude and month), the Angstrom 

values as and bs will vary. Where no actual solar radiation data are available and no calibration has been carried 

out for improved as and bs parameters, the values as = 0.25 and bs = 0.50 are taken as recommended by Allen et 

al. (1998).  

 

The extraterrestrial radiation, Ra, for each day of the year and for different latitudes, can be estimated from the 

solar constant, the solar declination and the time of the year. 
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where Gsc is the solar constant (which is equal to 0.0820 MJ/m2/day); dr the inverse relative distance Earth-Sun; 

 s the sunset hour angle (rad);  the latitude (rad) and  the solar decimation (rad). 

 

The inverse relative distance Earth-Sun, dr, and the solar declination, , are given by:  
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where J is the number of the day in the year between 1 (1 January) and 365 or 366 (31 December). The latitude 

, expressed in radians, is positive for the northern hemisphere and negative for the southern hemisphere. 

 

The sunset hour angle, s, is given by: 
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The net outgoing long-wave radiation (Rnl, MJ/m2/day) is the difference between the outgoing long-wave 

radiation (Rl↑, MJ/m2/day) and the incoming long-wave radiation (Rl↓, MJ m-2 d-1): 

 

nl l lR R R     (16) 

 

The incoming long-wave radiation (Rl↓, MJ/m2/day) is calculated from (Fischer et al., 1979; Henderson-Sellers, 

1986): 
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where εa is the emissivity of air (dimensionless); σ the Stefan-Boltzmann constant (4.903x10-9 MJ/K4/m2/day); 

Cf the fractional cloud cover (dimensionless); and rlw the total reflectivity of the water surface for long wave 

radiation, taken as a constant with a value of 0.03 (Henderson-Sellers, 1986). 

 

The emissivity of air is calculated as (Swinbank, 1963): 
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where Cε = 9.37×10-6 K-2. 

 

The outgoing long-wave radiation at water temperature (Rl↑, MJ/m2/day) is calculated as (Sellers, 1986): 

 

 415.273 wwl TR   (19) 

 

where σ is the Stefan-Boltzmann constant (MJ/m2/K4/day); Tw the water surface temperature (oC); and εw the 

emissivity of water, equal to 0.97. 

 

The water temperature at day i (Twi, 
oC) is calculated from the following equation (De Bruin, 1982): 
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where Tw,i-1 is the water temperature at day i-1 (oC); Te the equilibrium temperature (oC); and τ the time constant 

(day). 

 

The equilibrium temperature (Te, 
oC) is calculated as follows (De Bruin, 1982): 
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Wet-bulb temperature (Tn, 
oC) is calculated using vapour pressure (ea, kPa) and dew point temperature (Td, 

oC) 

as follows (McJannet et al., 2008): 
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The slope of the temperature saturation water vapour curve at wet bulb temperature (Δn, kPa/K) is: 
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Net radiation at wet-bulb temperature ( *
nR , MJ/m2/day) is calculated using albedo (α) as follows: 
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Outgoing long-wave radiation at wet-bulb temperature (Rl↑n, MJ/m2/day) is calculated, based on Finch and Gash 

(2002): 
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where Cf is fractional cloud cover. 

 

The time constant (τ, day) is given as (De Bruin, 1982): 
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where ρw is the density of water (= 1000 kg/m3); cw the specific heat of water (= 0.0042 MJ/kg/K); and h the 

depth of water (m), estimated from reservoir volume capacity and area. 

 

Change in the heat storage in the water body (G, MJ/m2/day) is calculated from Finch (2001): 

 

 1i,wi,www TThcρG   (27)

  

Saturated vapour pressure at water temperature (ew, kPa) is calculated from: 
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Finally, the slope of the temperature saturation water vapour curve at water temperature (Δw, kPa oC-1) is: 
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