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1. Introduction 
In 2020, total U.S. conventional hydroelectricity generation was about 291 billion 
kilowatt-hours (kWh), equal to about 7.3% of total U.S. utility-scale electricity 
generation.1 

Although hydropower is used nation-wide (see map below), it is somewhat proportional 
to the average amount of precipitation across a state, and a given state’s land area to 
collect that precipitation. 

 

In Part 1 of this series we described the history of hydro power and the technology used 
by hydroelectric generation. Part 1 is described and linked below. 

This is the first part of a multi-post series on hydropower. This part will focus on the U.S. 
history of hydroelectric generation. Although using flowing water to perform various 
types of work dates to ancient times, using this renewable energy source to generate 
electric power was born gradually from many inventions by many early engineers and 
scientists. Then, around 1900, one major project with several parents demonstrated to 
the world what the modern grid would look like. 

https://energycentral.com/c/gn/hydro-%E2%80%93-beginnings-birth-grid  

                                                 
1 DOE, U.S. Energy Information Administration, “Hydropower explained,” 

https://www.eia.gov/energyexplained/hydropower/where-hydropower-is-generated.php  

https://energycentral.com/c/gn/hydro-%E2%80%93-beginnings-birth-grid
https://www.eia.gov/energyexplained/hydropower/where-hydropower-is-generated.php
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Although most hydroelectric projects have reservoirs to buffer the river-flows that feed 
them, there is still a strong incentive to make optimal use of the water that flows through 
each project’s generators, but this is complicated by differing definitions of “optimal,” 
differing non-generation requirements and other constraints. This paper will review the 
applications that help each project’s management deal with these requirements. 

2. Watershed Modeling 
Without water there would be no hydroelectric generation. Hydro means water, and it is 
the primary ingredient for a successful hydroelectric project. But where does the water 
used in hydroelectric projects come from? This differs by location, so I will answer this 
question for my home state (California): a large percentage of the water that flows into 
most of our reservoirs comes from one of two sources: (1) winter snow that falls on the 
western slope of the Sierra Nevada or Southern Cascade Mountains, melts in the spring-
to-summer, and flows through a number of large river systems into the central valleys of 
California, or (2) rainfall in the late autumn to late spring that flows into these same river 
systems. Since we also have coastal and other mountains (generally too low for snow), 
a much smaller percentage of water used for hydroelectric generation comes from 
rainfall on these. 

California is in the midst of a 2021 exceptional draught-year. The good news is, although 
2020 was a below-normal year in Northern California, it was above average in Southern 
California. Furthermore 2019 was above normal statewide, so we are not (yet) in a 
multiyear draught.  

The California state agency responsible for monitoring water availability (among many 
other functions) is the Department of Water Resources (DWR). You can see the current 
status of water in California on the page linked below. Note that the California “water 
year” begins on Oct 1 and ends on Sep 30, and we receive virtually no rain in the 
Summer Months. Thus this year has well below normal precipitation and reservoirs are 
well below normal. In a normal-to-wet year, these are nearly full in early summer. 

https://cdec.water.ca.gov/floodER/hydro/  

However, watershed modeling is not just a matter of looking at precipitation (although 
that is important). Its main function is to start with the yearly precipitation in a particular 
reservoir’s river(s) watershed, and to forecast the inflow into that reservoir. 

First of all, a particular reservoir can be fed by one or more rivers, and each of those 
rivers can have a source  that is either some higher landscape (watershed), another 
(upstream) reservoir, or some combination of these (for instance, if one or more 
tributaries of a river is dammed and other tributaries are fed by undammed streams. 

To begin with, let's consider the form and appearance of a typical watershed, illustrated 
in the figure below. Included in this figure are some of the physical characteristics of a 
typical watershed…2 

                                                 
2 Dave, Stella, Penn State University, “Modeling Water Flow in a Watershed,” 

https://personal.ems.psu.edu/~dmb53/DaveSTELLA/Water/watershed/watershed_model.htm  

https://cdec.water.ca.gov/floodER/hydro/
https://personal.ems.psu.edu/~dmb53/DaveSTELLA/Water/watershed/watershed_model.htm
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If we think about it from a systems standpoint, the amount of water in a river depends on 
the inputs and the outputs. The inputs are water flowing over the surface water seeping 
in through the bed of the stream from the soil and/or groundwater (although in arid 
regions, this second inflow is actually an outflow; the stream lies above the water table 
and loses water to the soil and ground water). The flow of water from soil and ground 
water sources constitutes the base flow of a stream and most streams in the eastern half 
of the US are maintained by this ground water and soil water contribution. Water leaves 
the river by flowing down the channel; this rate is controlled by things like the gradient of 
the stream, the roughness of the stream bed, and the shape of the channel. The shape 
of the channel is important since it determines what portion of the flowing water is in 
contact with the stream bed and can thus be slowed by friction associated with the rough 
surface of the stream bed. 

Regarding the comment about “arid regions” in parentheses in the above paragraph, 
parts of California year round and almost all of California after our rainy season fall into 
this category. Thus many of our smaller streams and creeks only flow seasonally (we 
call these arroyos). 

In mountainous regions (where most of our water comes from) the above inflow model 
may me suitable for relatively level regions, but in steeper regions, the aquifer frequently 
resurfaces, and creates new streams and/or reinforces existing streams. Thus the 
modeling of precipitation-inputs to river-outputs becomes a more complex process, and 
mostly depends on the long-range history of the behavior of the watershed under various 
conditions. Other complicating issues include: 

 Depletion of groundwater and aquifers during and after a drought 

 Alpine spring rains and/or warm periods accelerates melting of the snowpack 

 Changing of seasonal cycles caused by climate change 

 Unusual events like atmospheric rivers in our rainy season 
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3. Hydraulic Modeling 
Hydraulic modeling is used in a large number of fields. I used it early in my career to 
model the flow of liquid sodium in a liquid metal fast breeder reactor. Although the 
specific methods used are quite different for my earlier work verses modeling the flow of 
water in a river-bed, the basic hydraulics are quite similar. Also quite similar are the 
techniques used to model the flow of water from a reservoir through a water turbine / 
wheel and into the downstream river. 

The energy used for the latter model comes from the water pressure (generally 
measured in feet that the turbine / wheel outlet is below the level of water in the 
reservoir) and the flow rate of the water into the turbine / wheel inlet (I’m ignoring several 
sources of energy loss). This energy is used to rotate the water turbine / wheel against 
the resistance of the rotating generator to produce electric energy (again ignoring 
various losses). 

4. Constraints & Sustainable Policy 
Most dams in the United States were built mainly for flood control, municipal water 
supply, and irrigation water. Although some of these dams have hydroelectric 
generators, only a small number of dams were built specifically for hydropower 
generation. Hydropower generators do not directly emit air pollutants. However, dams, 
reservoirs, and the operation of hydroelectric generators can affect the environment.3 

In this section we will look at very complex subjects identified in the title of the 
subsections below. 

4.1. Sustainable Water Management 
Although the basic definition of sustainable is “able to be maintained at a certain rate or 
level,” This has been reinterpreted by recent environmentalists to: “conserving an 
ecological balance by avoiding depletion of natural resources.” Again, I will keep this 
paper focused on California, considering the text below. 

Stabilizes  

Over the past century, California has built an extraordinarily complex water management 
system with hundreds of dams and a vast distribution network that spans the state. This 
system generates electricity, provides flood protection, delivers reliable water supplies to 
40 million people and supports one of the most productive agricultural regions in the 
world. Yet development of the state’s water management system has come at a price. 
Damming waterways, diverting water from rivers and streams and altering natural flow 
patterns have transformed the state’s freshwater ecosystems, leading to habitat 
degradation, declines of freshwater species and loss of services that river ecosystems 
provide, including high-quality drinking water, fishing and recreational opportunities, 
cultural and aesthetic values.4 

                                                 
3 DOE, U.S. Energy Information Administration, “Hydropower explained, Hydropower and the 

environment,” https://www.eia.gov/energyexplained/hydropower/hydropower-and-the-environment.php  
4 Theodore E. Grantham, Julie K. H. Zimmerman, Jennifer K. Carah and Jeanette K. Howard, The Nature 

Conservancy, California Conservation Science, “Stream flow modeling tools inform environmental water 

policy in California,” January / March 2019, 

https://www.scienceforconservation.org/assets/downloads/Cal_Ag_StreamFlow_2019.pdf  

https://www.eia.gov/energyexplained/hydropower/hydropower-and-the-environment.php
https://www.scienceforconservation.org/assets/downloads/Cal_Ag_StreamFlow_2019.pdf
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The state aims to accommodate human water needs while maintaining sufficient stream 
flow for the environment. To support this mission, scientists from the U.S. Geological 
Survey (USGS), The Nature Conservancy (TNC) and the University of California (UC) 
have developed new techniques and tools that are advancing sustainable water 
management in California. At the center of these new advances is the need to 
understand the natural ebbs and flows in the state’s rivers and streams. 

Natural patterns in stream flow are characterized by seasonal and annual variation in 
timing (when certain flows occur), magnitude (how much flow), duration (how long flows 
of certain levels persist) and frequency (how often flows of certain levels occur). 
California’s native freshwater species are highly adapted to these seasonally dynamic 
changes in stream flows. For example, salmon migration is triggered by pulses of stream 
flow that follow winter’s first storms, reproduction of foothill yellow-legged frogs is 
synchronized with the predictable spring snowmelt in the Sierra Nevada, and many 
native fish breed on seasonally inundated floodplains, where juveniles take advantage of 
productive, slow-moving waters to feed and grow. 

When rivers are modified by dams, diversions and other activities, flows no longer 
behave in ways that support native species, contributing to population declines and 
ultimate extinction. Thus, understanding natural stream flow patterns and the role they 
play in supporting ecosystem health is an essential first step for developing management 
strategies that balance human and ecosystem needs. 

Unfortunately, our ability to assess alteration of natural stream flow patterns, and the 
ecosystem consequences, is hindered by the absence of stream flow data. California’s 
stream flow gauging network offers only a limited perspective on how much water is 
moving through our state’s rivers. In fact, it’s been estimated that 86% of California’s 
significant rivers and streams are poorly gauged and nearly half of the state’s historic 
gauges have been taken offline due to lack of funding...5  

In 2010, Carlisle et al6 developed a modeling technique to predict natural attributes (such 
as magnitude, duration, frequency, timing and variability) of stream flow and assessed 
stream flow alteration at gauges throughout the United States. Soon after, UC and TNC 
scientists began using the approach to expand and further refine the technique for 
applications in California… 

We found evidence of widespread stream flow modification in California. The vast 
majority (95%) of sites experienced at least 1 month of modified flows over the past 20 
years and many sites (11%) were modified most of the time (≥ 66% of months over the 
period of record). When stream flows were modified, the magnitude of modification 
tended to be high. On average, inflated stream flows were 10 times higher than natural 
expected levels, whereas depleted stream flows were 20% of natural expected levels… 

The motivation for developing natural stream flow models and data rests on the premise 
that rivers and streams can be managed to preserve features of natural stream flow 
patterns critical to biological systems while still providing benefits to human society (e.g., 
water supply and hydroelectric power). For any stream of interest, balancing the needs 

                                                 
5 Gage Gap: An analysis of California’s stream gage network. https://gagegap.codefornature.org  (accessed 

Mar. 9, 2018). 
6 Carlisle DM, Falcone J, Wolock DM, et al. 2010. Predicting the natural flow regime: Models for 

assessing hydrological alteration in streams. River Res Appl 26:118–36, 

https://onlinelibrary.wiley.com/doi/abs/10.1002/rra.1247  

https://gagegap.codefornature.org/
https://onlinelibrary.wiley.com/doi/abs/10.1002/rra.1247
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of humans and nature requires an understanding of its natural flows, whether observed 
conditions are modified relative to natural patterns and what degree of modification 
harms its health… 

Looking to the future, society will continue to face challenges in balancing environmental 
protections with the demands of a growing population. Tools that make use of long-term 
monitoring data and modern computing power, such as the models described here, can 
help inform policy and management intended to achieve this balance. 

4.2. Constraints 
When modeling hydroelectric generation, there are certain aspects of water usage that 
are constrained and modify how the generation would otherwise be used. In this case 
the dividing line between constrained water usage and “otherwise be used” is how the 
generation provides services to the grid, and how the water provides other (non-electric) 
services. 

Note that services to the grid may include other functions beyond just electricity that 
responds to loads and include stability and ancillary services. Since hydro starts and 
responds to ramping rapidly it is particularly useful for frequency regulation. 

Water usage constraints include both long-term and short term constraints. Long-term 
constraints are mainly driven by retaining enough water in the reservoir to meet future 
commitments. Of course, one of these future commitments is future electric generation 
commitments (for the target hydroelectric project and any upstream and downstream 
hydroelectric plants on the same river system – see the last bullet below), but also long-
term commitments to the short-term services described below. 

 Municipal water supply 

 Irrigation (agricultural water supply) 

 Downstream water-recreation 

 Protection of water-based or -consuming wildlife 

 Avoiding head-encroachment: maintaining agreed upon upstream and 
downstream water levels such that hydro projects using the same river system 
do not encroach on adjacent hydro projects’ heads/water-levels. 


