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Ralco Dam, Biobío River, Chile (C. Meier) 



1. What is hydropower? 

• Definition 
• Classification with hints at 

the different impacts 

2. Fluvial ecosystems: 

• What are rivers? 

• How do they function? 

3. Environmental impacts 

4. Sustainable hydropower 

 

 

Lecture outline 

Confluence of the Baker (right) and Neff (left) 

Rivers, Chile  (Photo: Mikhail Dudarev) 

I focus on new projects in 

relatively untouched rivers! 



HP uses the potential energy of 
water that precipitates at higher 
places & then runs off to rivers 

Typically, we create a difference 
in head with a dam + reservoir 

Turbines convert the pressure 
difference of the flow into 
rotation, and generators convert 
rotation into electrical energy 

1. What is Hydropower (HP) ? Behind dam: High elevation 

Below dam: Lower elevation 

Just upstream of turbine: 

High pressure 

Just below the turbine: 

Lower pressure 

Head  

ΔH 

Discharge Q 

Power α  flow rate Q x drop ΔH 

Adapted from eia.gov/energyexplained/hydropower/ 



• By size: large-scale, small 
hydro, mini, micro → useless 
to understand impacts 

• By type of HP plant: dams, 
run-of-the-river, pumped 
storage 

• By location w/r to main river 
valley: online vs. offline 

• By the way it is operated: 
“base power” vs. 
hydropeaking 

There are many different ways of classifying hydro powerplants: 

Glen Canyon Dam, Arizona, USA (Photo: 

US Bureau of Reclamation) Hard to generalize, as each case is different 



Uses a dam impounding a 
reservoir, or else a high-
elevation lake or reservoir, 
to achieve the head 

The lake or reservoir can 
store water, which allows to 
“regulate” (alter) the river’s 
natural flows → impacts! 

Dam + impoundment HP plants break the 
connectivity along a river (sediment, fish, …) 

Impoundment HP plant:  

Dinorwig Plant, Wales (From: International Power – First Hydro,  slideplayer.com/slide/4672923/)  

Schematic view of a HP plant between two lakes or reservoirs 

(From: Statkraft, youtube.com/watch?v=lsSUPpwtqhQ)  

HP plants between two lakes, or between a lake 
and the sea, avoid or minimize many impacts 



At a location with a steep drop, a 
low weir bypasses part (all?) of 
the river’s flow 

If the “low weir” is more of a “low 
dam,” it can still regulate flows at 
the hourly scale, though… 

Impacts will be different & normally lower and 
more localized than for dam + reservoir, but: 

1. Dewatered reach (shown in red at right) 
can be very long, to gain more “drop” 

2. These plants can be placed squentially, so 
that a long reach ends up affected 

Run-of-the-river plant: 

Anderson et al. 2014, Water and Environment Journal 

Kaunda et al. 2012, ISRN Renewable Energy 



Powerplants that generate continuously at their maximum (nominal) 
capacity, such as thermal and nuclear, provide baseload. HP is ideal 
for consumption peaks, because it can be started in seconds.  
 

How a HP plant is operated 
depends on whether it can 
regulate flows, i.e., store 
water at some moments to 
be able to release it later 
(years, months, days, hours). 

Classification according to operation: 

“True” run-of-the-river: 
Cannot regulate river flows 

Dam + reservoir:  
Can change flow régime at 

different timescales 
Example of daily fluctuation in electricity consumption (From: energyknowledgebase.com ) 



Hydropeaking: The HPP follows the hourly fluctuations in electricity 
demand. Utility gets a much better price per unit energy in the spot 
market, but at what cost to the river ecosystem and the ecological 
services it provides? 

From 3 to 560 m3/s, daily!  

15 Jan-15 Apr 2011 

At this location: 
 

╠  σππ  

 

╠  ωπ  

 
January 2011 clearly 
was a rollercoaster or 
yo-yo! 



Problem: Grid needs peak power… 

1. Pumped storage HP for new 
projects  

2. Re-regulating reservoirs for retro-
fitting (offline in Switzerland) 

3. HPPs between 2 lakes or 
between a lake and the sea 

 Solution (1) is expensive, while (2) 

creates other impacts and is also $$ 

Ideal solution: Choose first the best 

locations for hydropeaking projects! 

Pelton re-regulating dam on the Deschutes, Oregon, USA (Photo: PGE) 

Pumped storage hydro principle (From: drax.com/power-generation/) 

Upper reservoir is a 

battery that stores Epot! 



Online (on-stream) vs. offline (off-stream) reservoirs: 

But they cannot control larger 
floods, because the derivation or 
inflow structure has a relatively  

limited capacity… 
 
 
(Environment Agency, UK) 

Traditional dams and reservoirs 
are online or on-stream, strongly 
affecting the flow & sediment 
régimes, water quality, 
connectivity, and fish passage 
 
Off-stream or offline reservoirs 
avoid or  minimize many of these 
environmental impacts 



Murta River, 
Chilean Patagonia 
(Linde Waidhofer) 

2. River Ecosystems: How do they function? 



You can’t achieve 
sustainable hydropower 
without an adequate 
understanding of the 
structure and functioning  
of river corridors 

These ecosystems are 
extraordinarily complex, 
biodiverse, and ever-
changing 

Why is that the case? 

 

Biocomplexity of an alluvial floodplain (From: Hauer et al., 2016, Science Advances) 



Most rivers are alluvial:  
 

They flow over loose materials - silts, sands, 
gravels, boulders, collectively known as sediments 
- which were previously brought from the drainage 
basin upstream and deposited by the river itself  
 

If we take a cut across an alluvial river valley: 

       Alluvium or alluvial material filling  the valley 

Bedrock 

Floodplain Channel 

Water 

Sediment 



Alluvial rivers shape their own channel(s), 
as the discharge and sediment interact 
with the previously-deposited materials 
and vegetation in the reach 

Hydro-bio-geomorphic processes of 
erosion and sedimentation as well as 
plant colonization and growth create the 
river & riparian landscape with all its 
landforms: islands, channels, floodplains, 
bars, pools and riffles, etc. 

Alluvial reach of the Baker River, Chilean Patagonia (C. Meier) 

Main human impacts on rivers? 
Messing with these processes 

and simplifying the system! 



Over time, a régime or dynamic equilibrium is attained: as erosion, 
deposition, and plant succession occur, the floodplain and channel 
are being continuously reworked. Even though river landforms are 
evolving, “everything still looks the same” (statistically).  

Puelo River, Chile 

(Photo: Andrés Amengual) 

Concept of a 
“graded river” 

or “river in 
régime” 

Timescale of 
decades 

Floods are 
important driver 



Streamflows, which change at the daily 
or weekly timescale, interact with the 
fluvial landforms and vegetation, 
determining all the habitats available for 
aquatic as well as riparian organisms 

Č Fluvial ecosystems are mostly 
structured by physical factors! 
 

Cowx and Welcomme, 1998, 
“Rehabilitation of Rivers for Fish” 

Floods are fundamental, but 
so are low-flows. In fact, the 

whole pattern of flows is 
important! 



Because landforms and thus habitat patches are continuously created 
and destroyed by the interaction of water, sediment, and vegetation, a 
river corridor can be thought of as a Mosaic of Shifting Habitat Patches 
 

Palena River, Chilean Patagonia (C. Meier) 



 
Corollary: 

Diverse environment Č  higher 
diversity of habitat patches Č 
higher biodiversity 

Uniform, homogeneous 
environment Č can be used 
only by a few species 

 
 

Caddisflies or Trichoptera (From: McCafferty, 1982, Aquatic Entomology) 

Natural river corridors are amongst 
the most complex ecosystems on 
Earth, exhibiting a huge diversity of 
continuously evolving landforms 
 



I have mentioned the flow and the 
sediment régimes as important 

But all aquatic organisms are “cold-
blooded” (ectotherms), so the water 
temperature régime is also a 
fundamental factor when explaining 
what species can inhabit a given river 
reach 

Needless to say, dams and reservoirs 
can dramatically alter the river 
temperature, as well as all other water 
quality variables 

Stoneflies or Plecoptera (From: McCafferty, 1982, Aquatic Entomology) 



The “river” is not just 
the channel with 

water, it is the whole 
fluvial corridor, from 
valley wall to valley 

wall! 

Conclusion:  
 

Water, interacting with sediments and woody 
plants, creates a river corridor : a 3-D evolving 
complex of landscape patches with different 
physical (velocity, depth, light, temperature, 
turbidity, etc.), chemical (OD, nutrient 
gradients, etc.), and structural attributes.  



The main impacts occur when we change the river flow régime, retain 
the sediments that are naturally transported down-valley, and alter the 
natural temperature régime & water quality of a river. Dams and 
reservoirs also disconnect river systems, e.g., impeding organisms 
migrations. 

In order to maintain (or 
restore) the ecological 
integrity of a river, it is 
fundamental to keep 

(regain) flow, sediment, 
and temperature régimes, 
as well as connectivity, as 
close as possible to the 

natural ones 
Río Palena, Chilean Patagonia (Photo: C. Meier) 

3. Environmental Impacts of Dams and Hydropower 



What do the impacts of a HP project depend on? In decreasing order: 

• Location, location, location… (what am I flooding? alluvial river, small 
tributary, side valley (offline reservoir)?; what am I disconnecting from 
what?; what am I affecting downstream: river system, lake, the sea?) 

• Type of scheme (impoundment, run-of-the-river, pumped storage?) 
 

Pangue Dam, Biobío River, Chile (C. Meier) 

Note: impacts during operation phase! 

Highly site- and project-specific! 

• Chosen design/operation (hydro-
peaking?; other flow regulation? ) 

• Size & impounded area (GHGs) 

• Etc. (long list) 



These two documents still are the “state-of-the-art” with respect to the 
environmental (and social) impacts of large dams, 20~25 years on… 

IUCN & World 
Bank,1997 WCD, 

2000 



Online dams on a mainstem river do cause a series of environmental 
impacts, some of which can be avoided or minimized, but not all. 
 

The most obvious, inevitable & irreversible impact is the flooding of a 
river valley and its conversion into a reservoir. This is the price we pay. 

Ralco Dam on the Biobío River (Photo: unknown) 

But then there is a host of 
downstream impacts: 

 

Passing sediments and 
allowing for organism passage 

is very difficult, if not 
impossible. 

 

Flow and temperature régimes 
can be affected (or not!). 

 

Water quality will typically 
change. 



The changes in river 
flow and sediment 
delivery result in a 
cascading series of 
ecological effects 

Petts, 1984, “Impounded Rivers: Perspectives 
for Ecological Management” 

Some of these 
changes can be 
“surprising” and take 
many decades to 
manifest themselves 



One such “unexpected” changes has been vegetation encroachment, 
with all of the resulting impacts: 
Biobío River 1998 

Biobío River 2007 

Biobío River 2019 

What floods do to 

rivers... 

Without floods, in the long term, the mosaic 
will simplify to two types of patches: deep 

channel and old forest! 

When a large flood does occur (new 
climate?), there will be fewer, narrower 

channels, and valley bottom roughness will 
be much higher, leading to worse flooding! 



“For the truth is no typical dams exist” 

Prof. Kader Asmal, preface to the Report of the WCD 

(2000) 

 → As explained before, the impacts of HP are 

highly site-specific and project-specific 

This means that there are no simple rules for 

predicting impacts a priori  

Expertise is required to conceptualize 

sustainable projects, to perform their 

environmental studies, to revise them, etc. 

A dam… 

is a dam… 

is a dam? 



• “Run-of-the-river plants have smaller 
impacts than dams,” and 

• “Smaller HP plants have smaller 
impacts than larger projects” 

But this issue is complex… What really 
matters is the impact per unit of energy 
generated! 

Is it truly negligible in the case of small-
scale hydro? 

Note that plant size is a huge factor in many 
greenwashing decisions, e.g., green or climate 
bonds that declare: “< 20.0 MW is good” while 

“> 20.1 MW is bad!” 

Two common opinions about HP: 



The Cuervo River watershed (GoogleEarth) 

 
Thought exercise in Chilean Patagonia: 

• Two pristine mountain lakes + ponds 

• Short (19.4 km-long), very steep, non-
alluvial river draining into the sea 

• Large year-round discharge of about 
110 m3/s (annual rainfall ~ 9000 mm!) 

• Lower lake & river turbid year-round 

• Hazards: 4 active volcanoes; lahars 

Č Is this a good site for HP? 

Č Is this a good site for hydropeaking? 

Č What would be a sustainable design? 

What did they want to build here? Power α  flow rate Q x drop ΔH 



These 
lakes are 
possibly the 
largest left 
in Chile 
without any 
introduced 
salmonids. 
 
The whole 
area is 
absolutely 
pristine. 

Extensive wetlands surrounding Yulton lake (Photo: C. Meier) 



But they 
wanted to 
build two  65 
m-high dams, 
join the two 
lakes and 
many ponds, 
flood ample 
wetlands, and 
create a 135 
km2 reservoir, 
for 
hydropeaking! 

Meullín Lake  
(Photo: Pramar 2007) 



The two main ways of reaching 
sustainability can be stated as: 
 

“Build the right hydropower 
plants and build them right” 

Using open-pit mines for pumped storage HP (Liu et al., 2022, 
Frontiers in Earth Science 10:94119) 

4. Sustainable Hydropower  
You now know what this means: 

1. Select only the right locations: 

• Lake-to-lake or lake-to-sea 

• Offline or off-stream 

• Avoid alluvial floodplains 

2. Then, choose the right design 
and operation for the site: 

• Avoid peaking (or mitigate) 

• Maintain natural flow régime 

• Maintain temperature régime 

• Allow for organism passage 

• Pass sediments 

All of this is better done in the 
framework of “system-scale planning” 



Beware of “greenwashing,” 
the truth is: 
 

Large online dams 
located on a river 

mainstem cannot be 
sustainable in the full 

sense of the word 

But some of the lake-to-lake or lake-

to-sea or pumped-storage HP 

projects can still be highly 

sustainable, even if “mega-HP”! 

More importantly: In rivers that are already managed, 

the goal is ecological health not ecological integrity 

(both terms sensu Karr 1996). Environmentally friendly 

dams and reservoirs have a place in such setting.   



 

Thanks for 
attending 

and for your 
interest! 

 
Any 

questions? 

Paloma River, Chilean Patagonia (Photo: C. Meier) 

cimeier@memphis.edu 


