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S-1 Input data sources 

Climate data used in this study include daily air temperature, air pressure, and specific humidity 

obtained from the North American Land Data Assimilation System project phase 2 (NLDAS-2) 

dataset1,2. The temporal resolution of the NLDAS-2 dataset is hourly and is rescaled to a daily 

average basis to match the temporal resolution of this study. The spatial resolution of the NLDAS-

2 is 0.125 degrees (around 12	𝑘𝑚). The grid where the power plant is located and the eight 

surrounding grids are selected. The data in those nine grids are averaged to reduce the 

uncertainty and represent the daily climate conditions at the power plant. 

Data on basic plant characteristics, such as the geographic location, maximum capacity, fuel type, 

and cooling system type, are obtained from the Energy Information Administration Form 860 

(EIA-860) database3 to set up the Integrated Environmental Control Model (IECM)4–6. 

The site-specific daily streamflow data from 1982-2012 are obtained from the U.S. Geological 

Survey National Water Information System (NWIS)7 to represent local water resources condition. 

S-2 Study areas 

A comparative assessment is conducted in two representative watersheds in the United states 

to reveal the differences in seasonal risk of the water-electricity nexus under the same 

environmental policy constraint. The Kaskaskia River watershed (Figure S1a) in southern Illinois 

in the US Midwest is selected as a relatively wet watershed. The observed long-term average 

streamflow in this watershed is 113	𝑚'/𝑠 at the gage station shown in Figure S1a. The San Juan 

River watershed located near the Four Corners region of Colorado, Utah, Arizona, and New 
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Mexico in the US Southwest is selected as a relatively dry watershed. The observed long-term 

average streamflow at this watershed is 52	m'/𝑠 , which is only about 46%  of that in the 

Kaskaskia River watershed. The two power plants, i.e., the Prairie State Generating Station (Plant 

A) in the Kaskaskia River watershed and the San Juan Generating Station (Plant B) in the San Juan 

River watershed, are selected as they have similar plant characteristics (See Table S1). For 

example, they share the same fuel type (coal-fired), the same cooling technology (wet cooling 

tower), a similar maximum capacity (1628	𝑀𝑊 and 1648	𝑀𝑊), and a similar long-term average 

electricity generation output (1154	𝑀𝑊 and 1164	𝑀𝑊). However, the climate and streamflow 

conditions in these two watersheds are very different and would lead to different cooling water 

intensities, availability, and consumption as well as their temporal distributions. A comparative 

assessment in these two watersheds is described in the Results Section.  

 

Figure S1. (a) Kaskaskia River watershed in Illinois state of the US Midwest and (b) San Juan River 

watershed in the US Southwest. 
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Table S1. The two power plants in two representative watersheds and their characteristics 

  Plant A Plant B 
Located Watershed Kaskaskia San Juan 
Average Air Temperature (℃) 14 14 
Average Relative Humidity (%) 74 42 
Average Streamflow (m'/s） 113  52	 
Fuel Coal Coal 
Cooling System Wet Cooling Tower Wet Cooling Tower 
Maximum Capacity (𝑀𝑊) 1628 1848 
Average output (𝑀𝑊) 1154	 1164 
Average Cooling 
Water Intensity (𝑚'/𝑀𝑊ℎ) 1.83	 1.98 

 

S-3 The fundamentals of cooling water consumption 

estimation module in IECM 

Based on the water mass balance of the wet cooling tower, the cooling water consumption (𝑊𝐶) 

is the makeup water which is fed to the boiler to maintain the cooling process4,5. The cooling 

water consumption rate equals to the makeup water rate (𝑚) and can be estimated as: 

𝑚 =
𝛽

1 − 𝛽
𝑚= + 𝜂= ∗ 𝑚= (𝑆1) 

where 𝛽 is the boiler blowdown rate (% of the feedwater), 𝜂= is the miscellaneous loss (%), 𝑚= is 

the steam flow rate (10'	𝑘𝑔/ℎ𝑟) in the boiler. 𝑚= depends on the steam cycle heat rate, gross power 

output, and boiler characteristic, and can be estimated as: 

𝑚= =
𝐻𝑟= ∗ 𝑀𝑊F

Gℎ=
=HIJK − ℎLMNOPJKQ + 𝜙KJSJTU ∗ Gℎ=,NHUKJSJTU − ℎ=,OWKJSJTUQ

(𝑆2) 

where 𝐻𝑟= is the steam cycle heat rate (𝑘𝐽/𝑘𝑊ℎ), 𝑀𝑊F is the gross power output (𝑀𝑊), ℎ=
=HIJK  

is the boiler superheat steam enthalpy (𝑘𝐽/𝑘𝑔), ℎLMNOPJK  is the boiler feedwater enthalpy (𝑘𝐽/𝑘𝑔), 
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𝜙KJSJTU  is the mass fraction of reheat steam, ℎ=,NHUKJSJTU  is the steam enthalpy after the reheat 

(𝑘𝐽/𝑘𝑔) , ℎ=,OWKJSJTU  is the steam enthalpy before the reheat (𝑘𝐽/𝑘𝑔) . For more detailed 

explanation and calculation, please refer to IECM documentation4–6. 

S-4 Sensitivity test of cooling water consumption 

intensity to air temperature and relative humidity 

 

Figure S2. Sensitivities of cooling water consumption intensity (𝑊𝐼) to (a) and (c) air temperature 

(𝑇TOK) and (b) and (d) relative humidity (𝑅𝐻) at a coal-fired power plant with a wet cooling tower 

in the Kaskaskia River watershed and San Juan River watershed, respectively. 
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S-5 Seasonality of cooling water consumption intensity 

This section demonstrates the significant seasonality of the 𝑊𝐼  and the necessity of using 

variable 𝑊𝐼𝑠 to consider the impacts of variations in climate conditions rather than using an 

average 𝑊𝐼  as in previous studies to estimate the cooling water consumption. Figure 2 shows 

the daily 𝑊𝐼 during 1982-2012, the mean daily 𝑊𝐼, and the long-term average of the daily 𝑊𝐼 at 

the two coal-fired power plants in the two watersheds. At the plant in the Kaskaskia (San Juan) 

River watershed in Figure 2a (2b), the daily 𝑊𝐼 (red line) would be underestimated by as much 

as 50% (28%) during summer seasons and overestimated by 80% (26%) during the winter seasons 

if using a constant long-term average value (black dashed line). In the long run during 1982-2012, 

the mean daily 𝑊𝐼 (black solid line) would be underestimated in the summer by 20% (20%) and 

overestimated in the winter by 18% (16%), as in Figure 2a (2b). The average of the 𝑊𝐼 in the 

Kaskaskia watershed (Figure 2a) is a bit smaller than that in the San Juan (Figure 2b) but with a 

larger variability, e.g., a very large 𝑊𝐼 during summer and a small 𝑊𝐼 during winter in some years 

caused by extremely high or low temperatures in the Kaskaskia watershed. The seasonal 

variability of the 𝑊𝐼 is found to be significant compared to the interannual changes (6~10%) of 

the 𝑊𝐼 in the context of climate change (RCP 8.5 scenario)8. Overlooking the temporal variability 

of the 𝑊𝐼  would lead to underestimates of the water-electricity nexus risk in dry seasons, 

especially in drought events. Therefore, it is necessary to use the variable 𝑊𝐼𝑠  to estimate 

cooling water consumption and the associated seasonal risk of the water-electricity nexus. 
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S-6 Constrained usable capacity under water 

consumption policy constraint 

The section demonstrates the constrained usable capacity under some specific water 

consumption policy constraint during a representative undersupply period in Kaskaskia and San 

Juan River watershed. A strict and a relaxed policy constraint are chosen in each watershed. 

In Kaskaskia (Figure S3a), when a strict policy constraint, i.e., a small 𝑅], is adopted, the usable 

capacity shown by the red solid line is far below the historic power output shown by the black 

solid line from May to November of the year 1988, which is an extreme drought period in this 

watershed. When 𝑅] is increased to 25%, which means more water is accessible by the power 

plant each day to support power generation, the usable capacity in most days (and all days in the 

typical dry ASO season) are increased beyond the historic power output. The usable capacity 

reaches to the maximum capacity and appears as a flat line in some days, e.g., in May. However, 

some extremely dry days, i.e., in June, would still suffer from the electricity undersupply even 

under such a relaxed policy constraint. This explains why the 𝑀𝑎𝑥𝑇 value of MJJ season is larger 

than that of ASO season in Figure 5 when 𝑅] is larger than 20%. In San Juan (Figure S3b), the 

longest period of the potential electricity undersupply lasts from March to September of the year 

2002, with the most serious risk occurring in July. Compared to Kaskaskia, a smaller 𝑅]  can 

increase usable capacity in San Juan to a high level, which is also verified in Figure 5b and 5d. 
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Figure S3. Constrained usable capacity under a strict (red solid line) and relaxed (red dashed line) 

water consumption policy constraint and historic power output (black solid line) during the 

representative potential risky period at the power plant in (a) Kaskaskia River watershed and (b) 

San Juan River watershed. 

S-7 Constrained cooling water consumption under water 

consumption policy constraint 

Under a specific cooling water consumption policy constraint, the power plants may be 

constrained with less water availability and power generation, while water resources can be 

conserved for other water users. This section demonstrates the constrained cooling water 

consumption during a representative undersupply period in Kaskaskia and San Juan River 

watershed under the same policy constraints as in Section S-6. 

In Figure S4, when a strict policy constraint, i.e., a small 𝑅], is adopted, the water consumption 

shown by the red solid line in both watersheds is far below the historic water consumption rate. 

In this case, a large amount of water can be conserved and transferred to other water users, 
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while power generation would be reduced as shown in Figure S3. When 𝑅]  is increased to a 

higher level, i.e., 25% in Kaskaskia and 5% in San Juan, water consumption in most days would 

approach the historic level to support power generation, especially in Kaskaskia River watershed. 

 

Figure S4. Cooling water consumption under a strict (red solid line) and relaxed (red dashed line) 

water consumption policy constraint and historic cooling water consumption (black solid line) at 

the power plant in (a) Kaskaskia River watershed and (b) San Juan River watershed. 
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