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ABSTRACT 

 

Hydroelectric dams are not necessarily sources of “clean energy” because they produce 

greenhouse emissions that can be substantial. Carbon dioxide (CO2) is emitted by above-water 

decay of trees left in the reservoir, and initially by below-water decay. Some carbon dioxide 

emission that would occur in the undammed river is avoided by carbon storage through 

sedimentation in the reservoir. Although biomass growth in the reservoir and drawdown zone 

provides a carbon source for CO2 emission when the biomass decays under aerobic conditions, 

this part of the emission does not represent a net contribution to global warming because the 

same amount of carbon was removed from the atmosphere by photosynthesis when the biomass 

was produced. CO2 emissions also come from materials and energy used during dam 

construction. Pre-dam forest carbon balance, with loss of carbon uptake by tropical forests in 

areas that are flooded, is no longer thought to be a significant factor on average, but would add to 

the impact of planned dams on relatively fertile soil near the Andes. 

 

 Nitrous oxide (N2O) is emitted by reservoirs at a rate over three times higher than under 

tropical forests. This adds to the net impact of hydropower in tropical forest areas such as 

Amazonia.  

 

Methane (CH4) emissions represent a net contribution to global warming because, unlike 

CO2, this gas is not removed from the atmosphere when biomass is produced. Methane has a 

much larger impact of global warming per ton of gas than does carbon dioxide. Carbon sources 

for methane are of two types: non-renewable and renewable. The non-renewable sources of 

carbon, such as the soil and the initial biomass of the terrestrial vegetation that is flooded, make a 

large emission pulse in the first few years, but then decline to low levels. The renewable sources, 

however, can continue to convert atmospheric CO2 to CH4 throughout the life of the dam, thus 

making the dam function as a “methane factory.” Renewable carbon sources include the 

terrestrial weeds and grasses that grow in the drawdown zone when it is exposed each year, 

water weeds (macrophytes) that grow and die in the reservoir, algae and fungi, water pollution 

such as sewage entering the reservoir, and leaves and other organic matter washed into the 

reservoir from primary production in upstream watersheds. Calculation of net methane emissions 
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requires correction for the loss of pre-reservoir methane fluxes, including forest soils, termites 

and any wetlands that may have been flooded. 

 

 Not all methane produced is emitted, as some is oxidized to CO2 before it can be released 

to the atmosphere. Methane release pathways are of two types: reservoir surface emissions 

(diffusion and bubbling) and outlet and downstream emissions (emissions at spillways, turbines 

and in the river downstream of the dam). Proposals exist to capture and use some of this 

methane, but none have been implemented so far. 

 

Comparisons with fossil fuels require quantifying not only the magnitude but also the 

timing of emissions, including both direct and indirect emissions. The importance of time is 

essential, since dams and fossil fuels differ greatly in the time path of the emission. 

Hydroelectric dams produce emissions before any electricity is generated and have a very large 

peak of emission in the first few years, whereas thermoelectric plants produce almost all of their 

emissions spread over time in direct proportion to the electricity that is produced. Non-

greenhouse impacts of dams also differ from those of fossil fuels and other alternatives both in 

magnitude and in their nature and timing. 

 

INTRODUCTION 

 

 Although hydroelectric dams are often presented as “green” energy, meaning an energy 

source without greenhouse gas emissions, dams do, in fact, emit substantial amounts of gases 

(e.g., Fearnside, 2007, 2009a,b; Gunkel, 2009). The amounts emitted vary greatly depending on 

the geographical location, the age of the reservoir, external inputs of carbon and nutrients, and 

characteristics of the reservoir such as water flow, turnover time, area, depth, water level 

fluctuations and the positioning of the turbines and spillways. Dams in tropical areas emit more 

methane than do those in temperate or boreal areas (Barros et al., 2011; Matthews et al., 2005). 

Bastviken et al. (2011) estimated that reservoirs cover 500,000 km2 worldwide and emit 20 

million tons of methane (CH4) annually. This is equivalent to 185 million tons of CO2-equivalent 

carbon if calculated using the IPCC Fifth Assessment Report global warming potential (GWP) 

for methane of 34 for 100 years, or 1.7 billion tons if the 20-year GWP of 86 is used (Myhre et 

al., 2013, p. 714). However, these numbers only include emissions from the surfaces of the 

reservoirs through ebullition (bubbling) and diffusion (emanation) – not the emissions that occur 

as methane-rich water emerges (under pressure) from deep in the water column through the 

turbines and spillways, which can more than double the total (e.g., Abril et al., 2005; Fearnside, 

2009a,b; Kemenes et al., 2008). However, the amount of information needed for reliable 

estimates of these emissions on a dam-by-dam basis makes a global estimate difficult at present. 

 

 The factors mentioned above – omission of major emissions sources such as turbines, 

much higher methane emission from tropical dams as compared to other regions, and ignoring or 

downplaying the importance of time – explain the conclusion of the Intergovernmental Panel on 

Climate Change (IPCC) Special Report on Renewable Energy Sources and Climate Change 

Mitigation that hydropower has half or less impact per KWh of electricity generated as compared 

to any other source, including wind and solar (Moomaw et al., 2012, p. 982). In the IPCC review 

none of the 11 sources used from all climatic zones appears to concern tropical dams (Moomaw 
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et al., 2012, p. 986). However, it is in tropical areas such as Amazonia that much of the World’s 

hydroelectric development is expected in the coming decades. 

 

 The review that follows focuses on dams in tropical forest areas in South America 

(Figure 1). Much of the information is applicable to other tropical areas and, to a certain extent, 

to subtropical and other areas. The rapid expansion of dams planned in Amazonia makes 

advances in the measurement and modeling of hydroelectric emissions an urgent priority. 

Brazil’s 2013-2022 Decennial Plan for Energy Expansion calls for 18 new large dams in the 

country’s Legal Amazon Region (Brazil, MME, 2013). 

 

   [Figure 1 here] 

 

TYPES OF EMISSION 

 

 Carbon Dioxide (CO2) 

 

 Hydroelectric dams emit greenhouse gases in various ways throughout the lives of these 

projects. First, there are emissions from the construction of the dam from the cement, steel and 

fuel that are used. These emissions are greater than those for an equivalent facility for generating 

the same amount of electricity from fossil fuels or from alternative sources such as wind and 

solar. The emissions from dam construction also occur several years before generation of 

electricity begins – longer than the lead time for other sources. Because time has value for 

global-warming impacts, this time difference adds to the impact of hydropower relative to most 

other sources (Fearnside, 1997). The construction emissions are estimated at 0.98 million tons of 

CO2-equivalent carbon for Brazil’s planned Belo Monte Dam and 0.78 million tons for the 

Babaquara/Altamira Dam if calculated without weighting for time (Fearnside, 2009a,b). 

 

When a landscape is flooded by a reservoir, the emissions and uptakes of the pre-dam 

landscape must be deducted from the corresponding gas fluxes from the reservoir in order to 

assess the net impact of the dam. In tropical forest areas the carbon balance of the forest is a 

critical factor. In the 1990s many believed the Amazon forest to be a major sink for atmospheric 

carbon, thereby increasing the net impact on global warming of converting forest to other uses, 

including reservoirs. However, correction for a series of problems in the measurement techniques 

has subsequently reduced the estimates of forest uptake by more than five fold, and forest is no 

longer thought to be a major carbon sink on average (e.g., Araújo et al., 2002; Fearnside, 2000; 

Kruijt et al., 2004). 

 

 The amount of carbon uptake by Amazonian forest varies substantially with location 

(Ometto et al., 2005). The greatest uptake rates were estimated from tree-growth measurements 

in Peru and Ecuador (Phillips et al., 1998, 2004); unfortunately, there are no towers at these sites 

for comparable eddy correlation measurements. Uptake rates decline from the Andes to the 

Atlantic Ocean, a pattern that has been attributed to a corresponding gradient in soil fertility 

(Malhi et al., 2006). In 2010 Brazil signed an agreement with Peru to allow the Brazilian 

government electricity company (ELETROBRÁS) to build the first six of over a dozen planned 
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dams in the Amazonian portion of Peru. One of these highly controversial dams (Inambari) is 

currently suspended by presidential decree. 

 

Deforestation emissions can be substantial as a result of population displacement and 

stimulation of clearing in the areas surrounding new dams and their access roads, as occurred at 

Brazil’s Tucuruí Dam (Fearnside, 2001). Displaced emissions can occur not only from lost land 

use, but also from lost water use, for example to replace fish that were formerly produced in the 

undammed river. This is a concern for dams under construction on the Madeira River in Brazil 

(Fearnside, 2014a). 

 

 Another major source of emission is the carbon released from above-water decay of the 

trees that are killed by flooding (Abril et al., 2013). The trees are generally left standing in the 

reservoir, where they project above the water and rot in the presence of oxygen, releasing their 

carbon as CO2. Additional trees are killed in unflooded forest near the shoreline, including forest 

on islands in the reservoir, due to the rise in the water table. This addition is greatest in reservoirs 

with convoluted shorelines and many islands, such as Brazil’s Balbina Dam (Feitosa et al., 

2007). The release of carbon from tree death begins when the reservoir is first filled (well before 

any generation of electricity), and the bulk of the emission occurs within the first few years of 

reservoir life. The value of time therefore makes this up-front impact a substantial count against 

hydropower as compared to generation from fossil fuels, which release the great majority of their 

CO2 at the same time that the electricity is produced (e.g., Fearnside 1997). For 1990 (the 

standard year for the initial greenhouse inventories under the Climate Convention), the annual 

emission from above-water decay of flooded trees (not counting shoreline mortality) was 

estimated at 6.4 million tons of carbon for Balbina (Fearnside, 1995), 1.1 million tons for Samuel 

(Fearnside, 2005a) and 2.5 million tons for Tucuruí (Fearnside, 2002). The Babaquara/Altamira 

dam, ‘unofficially’ planned for construction upstream of Belo Monte, would, in conjunction with 

Belo Monte, be likely to become the all-time “champion” for these emissions, with an average in 

the first ten years estimated at 9.6 million tons of carbon emission annually from above-water 

decay of flooded trees plus 0.07 million tons from shoreline emissions (Fearnside, 2009a,b). 

 

 The water in the reservoir also emits carbon dioxide, either through bubbling or diffusion 

through the reservoir surface or from the water being released through the turbines and 

spillways. This CO2 comes from various sources, and it is important to avoid double-counting of 

the carbon. Some is from underwater decay of the trees initially present in the reservoir, either as 

CO2 being produced directly if the tree biomass decays in the surface layer of water that contains 

oxygen, or indirectly if the biomass decays in the deep layers where there is little or no oxygen 

and the carbon is released as methane, some of which is subsequently converted to CO2 by 

bacteria in the surface layers. This pathway, from tree biomass to dissolved methane to dissolved 

CO2, is believed to be the major source of CO2 released from water at Balbina (Kemenes et al., 

2011). 

 

 Carbon dioxide is also released from soil carbon in the flooded land. Like the trees, this is 

a fixed source that will eventually be depleted. Similarly, the emission is greatest in the first 

years. Researchers at the Petit Saut Dam in French Guiana believe soil carbon to be the major 
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source for both CO2 and methane produced in the initial pulse of emission after flooding 

(Tremblay et al., nd [C. 2005]). 

 

 CO2 emission from the water includes the carbon released from renewable sources, in 

addition to those from fixed sources such as trees and soil carbon. Carbon also enters the 

reservoir as dissolved organic carbon (from leaching) and as sediments coming soil erosion 

throughout the hydrographic basin upstream of the reservoir. This carbon is continually being 

removed from the atmosphere by photosynthesis in the standing forest and converted to soil 

organic carbon and to direct exports of biomass carbon through the deposition of litter on the 

forest floor. Substantial amounts of the still-undecomposed litter are washed into the streams 

during torrential rains (Monteiro, 2005). Some of this carbon is stored in the sediments at the 

bottom of the reservoir. This storage in sediments has been claimed to be a carbon benefit of 

dams (e.g., Gagnon, 2002). However, a full accounting would require deducting the portion of 

the carbon that otherwise would have been carried down the river and deposited in ocean 

sediments. Some would have been released from the water in the downstream river, the water in 

the Amazon River being known as a significant emitter of CO2 (Richey et al., 2002). 

 

 Other renewable sources of carbon include photosynthesis in the reservoir itself from 

phytoplankton, algae and water weeds (macrophytes). There is also a renewable source from the 

herbaceous plants that grow in the drawdown zone. This zone is the mudflat that is exposed 

around the edge of the reservoir each time the water level is lowered for power generation in the 

dry season. Soft herbaceous plants, such as weeds and grasses, grow quickly in this zone as soon 

as the water level goes down. The drawdown area can be vast: 659.6 km2 at Balbina (Feitosa et 

al., 2007) and 3580 km2 at the ‘unofficially’ planned Babaquara/Altamira reservoir (Fearnside, 

2009a,b). When the water rises again, the plants are killed and then decay quickly because they 

are soft (in contrast to wood, which contains lignin and decays very slowly underwater). When 

oxygen is present in the water this carbon will be released as CO2, but because the weeds are 

rooted to the bottom, much of the decay will be in the oxygenless water at the bottom of the 

reservoir and will produce methane. As with methane from other sources, part of this dissolved 

gas will be oxidized to CO2 by bacteria before it reaches the surface. The remainder will be 

released as methane, making the drawdown zone a “methane factory” that will continually 

convert atmospheric CO2 into methane, which is a much more potent per ton of gas in provoking 

global warming (Fearnside, 2008a,b). 

 

 The CO2 in the water that has come from renewable sources such as forest litter, 

phytoplankton, algae, water weeds, and the drawdown zone vegetation, must be distinguished 

from CO2 coming from initial fixed sources such as flooded trees and soil carbon. The portion 

from fixed sources represents a net contribution to global warming, taking care not to double-

count any of the carbon. The portion coming from renewable sources, however, does not 

represent a contribution to global warming because the same amount of CO2 that has been 

removed from the atmosphere by photosynthesis is simply being returned to the atmosphere in 

the same form (CO2) after a period of months or years. If all of the dead tree biomass is counted 

as an emission from “deforestation,” or by difference in biomass stocks between forest and 

“wetland,” as in the case of the IPCC methodology (Duchemin et al., 2006; IPCC, 1997) used in 

Brazil’s first and second inventories under the Climate Convention (Brazil, MCT, 2004, 2010), 
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then some of the same carbon is being counted twice. Calculations of reservoir impact that count 

all of this CO2 as a global warming impact (e.g., Saint Louis et al., 2002; dos Santos et al., 2008; 

Kemenes et al., 2011) therefore err on the high side for this portion of the emission. Research to 

better quantify the carbon sources from which the reservoir’s CO2 emission is derived should be 

a high priority. In the meantime, this author has opted to count only methane emissions from the 

reservoir surface and from the water passing through the turbines and spillways – not CO2 from 

these sources (e.g., Fearnside, 2002, 2005b, 2009a,b). Carbon dioxide is only counted for above-

water decay of dead trees. 

 

Nitrous Oxide (N2O)  

  

Nitrous oxide (N2O) is another greenhouse gas with a contribution from reservoirs. 

Amazonian reservoir surfaces emit an average of 7.6 kg N2O km-2 day-1 (Lima et al., 2002), or 

27.6 kg ha-1 year-1. Unflooded forest soil emits 8.7 kg ha-1 year-1 (Verchot et al., 1999, p. 37). 

The reservoirs therefore emit more than three times as much as the forests they replace. 

Considering the most recent global warming potential for nitrous oxide from the 

Intergovernmental Panel on Climate Change (IPCC), each ton of N2O has an impact equivalent 

to 298 or 264 tons of CO2 gas over a 100-year or 20-year period, respectively (Myhre et al., 

2013, p. 714). Amazonian reservoirs therefore emit 2.26 or 2.00 Mg ha-1 year-1 of CO2-

equivalent carbon, versus 0.71 or 0.63 for the forest, leaving a net emission of 1.55 or 1.37 Mg 

ha-1 year-1 of CO2-equivalent carbon. For a 3000-km2 reservoir like Brazil’s Balbina Dam this 

represents 465,000 or 412,000 tons of carbon equivalent per year. Measurements of N2O 

emissions at the Petit Saut reservoir in French Guiana, and the Fortuna reservoir in Panamá 

indicate emissions around twice those of tropical forest soils (Guérin et al., 2008). Emissions 

from forest soils vary considerably among locations, indicating the importance of site-specific 

measurements for estimating pre-dam emissions. Unlike CO2 and CH4, almost all of the N2O 

emission from dams occurs through the reservoir surface rather from downstream degassing 

(Guérin et al., 2008). The range of emission is large: considering only emissions from the 

reservoir surface, the share of the global warming impact from N2O ranges from 29 to 31% of 

the surface emission total considering CO2, CH4 and N2O in four reservoirs in tropical forest 

areas: Tucuruí, Samuel, Petit Saut and Fortuna (Guérin et al., 2008). In reservoirs that are not in 

tropical forest areas the emissions of N2O are much lower. 

 

Methane (CH4) 

 

 Methane emission is a major contribution of hydroelectric dams to global warming. 

Methane (CH4) is formed when organic matter decays without oxygen being present, for 

example at the bottom of a reservoir. The water in a reservoir stratifies into two layers: a surface 

layer (the epilimnion) where the water is warmer and is in contact with the air, and a bottom 

layer (the hypolimnion) that lies below a separation known as the “thermocline,” because the 

water below this point is much colder. If expressed in terms of dissolved oxygen content, the 

separation, which occurs at approximately the same depth of 2-10 m, is known as the “oxycline.” 

The water below the thermocline or oxycline does not mix with the surface water, except for 

occasional events where the stratification breaks down and bottom water rises to the surface, 

killing many fish. In Amazonia this occurs during cold snaps (friagens), which are a climatic 
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feature in the western but not in the eastern part of Amazonia. Balbina lies approximately at the 

eastern limit of this phenomenon and has experienced several fish dieoffs from overturning water 

during cold snaps. Under normal conditions, with the cold water at the bottom staying separated 

below the thermocline, the dissolved oxygen in the bottom water is quickly depleted in oxidizing 

some of the leaves and other organic matter on the bottom of the reservoir, and thereafter 

essentially all decay must end in CH4 rather than CO2. Higher concentrations of gases can be 

dissolved in water at the bottom of the reservoir because the water is cold and under high 

pressure. 

 

 Natural lakes and wetlands, including the várzea and the pantanal, are significant global 

sources of methane (Devol et al., 1990; Hamilton et al., 1995; Melack et al., 2004; Wassmann & 

Martius, 1997). A hydroelectric reservoir, however, is a substantially greater source of CH4 per 

area of water because of one crucial difference: the water leaving the reservoir is drawn from the 

bottom instead of the surface. Both natural lakes and reservoirs will emit CH4 through bubbles 

and diffusion at the surface, but in the case of the reservoir there is an additional source of CH4 

from water passing through the turbines and spillways. These take water from below the 

thermocline, where it is saturated with methane. The reservoir is like a bathtub, where one pulls 

the plug and the water drains out of the bottom rather than overflowing from the top like a lake. 

Because the water emerging from the turbines is under high pressure, the sudden drop in pressure 

as it emerges downstream will cause most of the methane to form bubbles and be released to the 

atmosphere. Over a longer time, the warming of the water as it flows downstream below the dam 

will result in further reduction in solubility and increase in release of gas (Le Chatalier’s 

principle). 

 

For gas in the water flowing downstream below a dam, release to the atmosphere is 

sufficiently fast for most of the CH4 to escape being converted to CO2 by bacteria in the water. In 

fact, the major release is immediately below the turbines and even inside the turbines themselves. 

This is the reason why gas flux measurements from the water surface in the river below a dam 

are not sufficient to measure the impact of emissions from water passing through the turbines—

much of the emission is escaping measurement. This is the main explanation, for example, for 

why the research group mounted by FURNAS (a power company that supplies 40% of Brazil’s 

electricity) was able to claim that hydroelectric dams were “100 times” better than fossil fuels in 

terms of global warming (Garcia, 2007). Such low values for emissions are in part because the 

dams studied were in the cerrado (central Brazilian savanna) rather than tropical forest, and 

because the estimates omit emissions from degassing at the turbines and spillways (Ometto et al., 

2011, 2013). In fact, the flux measurements began at distances below the dam ranging from 50 m 

at the Furnas, Estreito and Peixoto dams (dos Santos et al., 2009, p. 835) to 500 m at the Serra da 

Mesa and Xingó dams (da Silva et al., 2007). They also ignored emissions more than 1 km 

below the dams (Ometto et al., 2011). The only way to estimate the release without such major 

biases is to base it on the difference in concentration of CH4 in the water above and below the 

dam (e.g., Fearnside, 2002; Kemenes et al., 2007). 

 

 Estimates of the impact of Amazonian dams on global warming have varied by many 

fold. Most people hearing about the different estimates through the press have no information 

about how the underlying measurements were made and what is included or omitted from the 
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estimates. Examining the original studies on all sides of the debate is essential. Both sides of the 

extensive debate over greenhouse gas emissions are available in the “Amazon Controversies” 

section of the website http://philip.inpa.gov.br. 

 

 A brief review of reasons for the very disparate results is in order. First, omission of the 

emissions from the water passing through the turbines and spillways is one that should be 

obvious. This omission has been a longstanding feature of official Brazilian estimates, as was 

highlighted during the memorable debate on this topic in the journal Climatic Change (see: Rosa 

et al., 2004, 2006; Fearnside, 2004, 2006a). The same omission applies to the greenhouse gas 

emissions estimate for dams in Brazil’s first national communication under the Climate 

Convention (Brazil, MCT, 2004; Rosa et al., 2002), with results more than ten times lower than 

those of this author for dams such as Tucuruí and Samuel (Fearnside, 2002, 2005a). Omission of 

the turbines and spillways was the major explanation. The major role played by emissions from 

water released by the turbines is clear from direct measurements above and below the dams at 

Petit Saut in French Guiana (Abril et al., 2005; Delmas et al., 2004; Galy-Lacaux et al., 1997, 

1999; Guérin, 2006) and at Balbina in Brazil (Kemenes et al., 2007, 2008, 2011). 

 

In Brazil’s first inventory of greenhouse gases, hydropower emissions were calculated for 

nine dams, but the results were confined to a box on the side and not included in the tally of the 

country’s emissions (Brazil, MCT, 2004, pp. 152-153). In the second national inventory (Brazil, 

MCT, 2010), hydroelectric emissions were omitted altogether. However, although the impact of 

CO2 release from the trees killed by the reservoir is a major omission of many discussions of the 

role of dams in global warming, in the case of Brazil’s second national inventory the CO2 release 

from biomass loss in converting forest to “wetlands” is included as a form of land-use change.  

 

 Exaggeration of the pre-dam emission is another way that the net emissions of dams can 

be underestimated. As already mentioned, natural wetlands are significant sources of methane, 

and this has been used to argue that the landscape flooded by a dam would have been emitting 

large amounts of methane anyhow if the dam had not been built. For example, the International 

Hydropower Association (IHA) considered hydroelectric emissions to be a “zero-sum” issue 

because they would not exceed pre-dam emissions (Gagnon, 2002). In the Environmental Impact 

Study (EIA) for the Belo Monte Dam, the area to be flooded was assumed to be emitting 48 mg 

CH4 m
-2 day-1 prior to creation of the reservoir, based on two sets of measurements of emission 

from the river surface and soil at sites near the edge of the river (Brazil, ELETROBRÁS, 2009, 

Appendix 7.1.3-1; see Fearnside, 2011). Most of the soil emission measurements in the wet 

season were in waterlogged areas that had recently been exposed by the falling water level 

(Brazil, ELETROBRÁS, 2009, Appendix 7.1.3-1, p. 72), resulting in their high CH4 emission 

heavily influencing the mean used for all of the land area to be inundated by Belo Monte. 

However, hydroelectric dams are normally built in places with well-drained soils, sites with 

rapids and waterfalls being chosen rather than flat wetlands. This is because the steep topography 

results in greater generation of power. The seasonally flooded soils along the river cannot be 

generalized to a reservoir area, which in Amazonia is usually unflooded upland (terra firme) 

forest. The soil under terra firme forest is generally considered to be a methane sink, rather than 

a source (Keller et al., 1991; Potter et al., 1996). An unrealistically high estimate of pre-dam 

emission leads to an underestimate of the net impact. In the case of the Belo Monte EIA, the 48 

http://philip.inpa.gov.br/
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mg CH4 m
-2 day-1 is subtracted from the EIA’s estimate of 70.7 mg CH4 m

-2 day-1 for emission in 

the reservoir (an underestimate for various reasons, including using as half of the estimate a set 

of measurements at the Xingó Dam in Brazil’s semiarid northeast region where emissions would 

be lower than at an Amazonian dam), leaving only 70.7 – 48.0 = 22.7 mg CH4 m
-2 day-1 as the 

net emission. 

 

 Another source of lower estimates of hydropower emissions in Brazil is a mathematically 

erroneous power-law correction that has been repeatedly applied in calculating bubbling and 

diffusion emissions from reservoir surfaces. This stems from a doctoral thesis (dos Santos, 

2000), which is the basis of an ELETROBRÁS report (Brazil, ELETROBRÁS, 2000). The 

report calculates and tabulates the emissions for all 223 large dams in Brazil at that time, with a 

total water surface of 32,975 km2 -- an area larger than Belgium. The correction continues to be 

applied (e.g., dos Santos et al., 2008). These ELETROBRÁS adjustments reduce the emission 

estimates for surfaces by 76% as compared to the simple mean of their measured values in the 

data from the same study (see Pueyo & Fearnside, 2011a,b). The problem is that bubbles from 

the reservoir surface normally occur in sporadic episodes with intense bubbling for a short 

period, followed by long periods with few bubbles. Because the number of samples is inevitably 

insufficient to represent these relatively infrequent events, a power-law correction can be applied 

to the measurement data. However, the rare but high-impact events raise rather than lower the 

real mean emissions. In fact there are at least five major mathematical errors in the 

ELETROBRÁS calculation, including a reversal of the sign from positive to negative. Note, 

however, that the underestimate from the errors in application of the power-law correction not 

only apply to methane but also to CO2 bubbling, not all of which is a net contribution to global 

warming. The correct application of the power law results in estimates of surface emissions of 

methane that are 345% higher than the ELETROBRÁS estimates (see: Pueyo & Fearnside, 

2011a,b). 

 

 Inappropriate sampling methodology is another way that can lead to emissions several 

times lower than they should be (Fearnside & Pueyo, 2012). As already mentioned, attempting to 

estimate the turbine and spillway emissions by relying only on surface-flux measurements below 

a dam is fated to miss much of the emission, resulting in gross underestimates of the total impact. 

This is a major factor in low estimates by FURNAS and ELETROBRÁS. Even concentration-

based estimates (including my own) have underestimated emissions because of the sampling 

methodology used to obtain water from near the bottom of the reservoir. The almost universal 

method is the Ruttner bottle, which is a tube with “doors” that open at each end. The tube is 

lowered on a cord with both doors open, then the doors close and the bottle is pulled up to the 

surface. Water is then removed for chemical analysis. The problem is that gases dissolved in the 

water under pressure will form bubbles inside the Ruttner bottle as it is pulled to the surface. The 

gas leaks out around the doors (which are not airtight), and in any case would be lost when the 

water is removed at the surface (with a syringe) for a head-space determination of gas volume 

and for chemical analysis. This problem has recently been addressed by Kemenes et al. (2011). 

Alexandre Kemenes invented a “Kemenes bottle,” which collects the water in a syringe that is 

lowered to the required depth. The syringe has a spring mechanism that draws in the water for 

the sample, and the gas bubbles that emerge as the sample is raised to the surface are captured 

and measured. Comparison of the two sampling methods indicates that the average methane 
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concentration for a sample taken at 30 m depth is 116% higher if measured with the Kemenes 

bottle, thereby more than doubling the amount of methane estimated to pass through the turbines 

at Balbina. The difference would be even greater for reservoirs with deeper turbines, as at 

Tucuruí. 

 

 Another important factor affecting the calculated impact of hydroelectric dams is the 

global warming potential (GWP) of methane. This is the conversion factor for translating tons of 

methane into tons of CO2-equivalents. The values for this conversion have increased in 

successive estimates by the Intergovernmental Panel on Climate Change (IPCC). The 

conversions are based on the 100-year time horizon adopted by the Kyoto Protocol. The IPCC’s 

1994 interim report estimated a value of 11 for the GWP of methane, that is, the release of one 

ton of methane would have the same impact on global warming as releasing 11 tons of CO2 

(Albritton et al., 1995). This was raised to 21 in the 1995 Second Assessment Report used by the 

Kyoto Protocol (Schimel et al., 1996). In 2001 it was raised to 23 in the Third Assessment 

Report (Ramaswamy et al., 2001) and then to 25 in the 2007 Fourth Assessment Report (Forster 

et al., 2007). The Fifth Assessment Report (AR5) increased this to 28 if calculated in the same 

way (100-year time horizon and no climate-carbon feedbacks in response to CH4 emissions), but 

also reports a value of 34 when these feedbacks are included (Myhre et al., 2013, p. 714). The 

uncertainty range for this estimate extends to a value of over 40 (Shindell et al., 2009). The AR5 

also reports a value of 86 for the GWP of methane if the time horizon is shortened to 20 years 

(Myhre et al., 2013, p. 714). This shorter time horizon is much more relevant to establishing 

policies on mitigating global warming, since it is emissions over this period that will determine 

whether global mean temperature surpasses the limit now agreed as “dangerous”: 2°C increase 

above the pre-industrial mean. As compared to the value of 21 adopted by the Kyoto Protocol for 

the 2008-2012 First Commitment Period, the value of 34 represents an increase of 62%, whereas 

the value of 86 effectively quadruples the impact of hydropower. For hydroelectric dams, 

methane emission represents most of the impact, whereas for fossil fuels almost all of the 

emission is in the form of CO2. 

 

Recovery of Methane 

 

 Proposals have been made to recover and use some of the methane that is being produced 

in hydroelectric dams. This would both reduce the amount of methane released to the atmosphere 

and generate additional electricity without adding to global emissions (Bambace et al., 2007; 

Lima et al., 2008). One design calls for pumping methane-rich water from below the thermocline 

(Ramos et al., 2009) while another would capture methane that is degassed immediately below 

the turbines (Kemenes & Forsberg, 2008). So far, no methane-capture system has been 

implemented in practice.  

 

Comparisons of Dams with Fossil Fuels 

 

 The value of time is crucial in comparing the global-warming impact of hydropower and 

fossil fuels or other energy sources. One difference is the gases emitted. A ton of methane has a 

very high instantaneous impact in outgoing infrared radiation (increasing surface temperatures), 

but each molecule only remains in the atmosphere for an average of 12.4 years (Myhre et al., 
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2013, p. 714). A ton of CO2 blocks much less infrared radiation than a ton of CH4 on an 

instantaneous basis, but the average CO2 molecule remains in the atmosphere for approximately 

ten times longer than the average CH4 molecule. This is reflected in the much higher value for 

methane’s GWP on a 20-year basis as compared to a 100-year basis like the GWP that was used 

by the Kyoto Protocol. Any strategy capable of preventing mean global temperature from 

surpassing the 2 °C increase limit defining “dangerous” climate change must include reduction 

of methane emissions within this time period (Shindell et al., 2012).  

 

 Hydropower has a tremendous emission in the initial years from the death of trees, the 

underwater decay of soil carbon and of leaves and from the original forest, and the explosion of 

water weeds in the first years due to the higher fertility of the water. In subsequent years this 

emission will decline to a lower level that will be maintained indefinitely from renewable 

sources such as the annual flooding of the soft vegetation in the drawdown zone. The huge peak 

of emissions in the early years creates a “debt” that will be slowly paid off as power generation 

from the dam substitutes for fossil-fuel generation over the succeeding years. The time elapsed 

can be substantial. For example, in the case of Belo Monte plus the first upstream dam 

(Babaquara/Altamira), the time needed to pay off the initial emission debt is estimated at 41 

years (Fearnside, 2009a,b). This is even with the true impact being underestimated by using the 

Kyoto Protocol value of 21 as the GWP of methane and by using methane concentrations 

measured with the traditional Ruttner bottles. A period of 41 years has tremendous importance 

for Amazonia, where the forest itself is under threat from climate changes projected on this time 

scale (e.g., Fearnside, 2009c). An energy source that takes 41 or more years just to break even in 

terms of global warming can hardly be considered as “green” energy. 

 

Dams have many other impacts in addition to greenhouse gas emission, including 

displacement of human populations and loss of livelihoods (for example from fishing) for 

riverside residents both upstream and downstream of a reservoir (e.g., WCD, 2000). Reservoirs 

also destroy biodiversity and agricultural and urban land uses. They also provoke methylation of 

mercury that is present in the soil -- a process occurs in the anoxic conditions at the bottom of 

reservoirs -- leading to accumulation of this toxic form of mercury in fish and in the humans who 

consume them. Dams also disrupt sediment flows and fish migrations, among other impacts (see 

reviews for individual dams in Fearnside, 1989, 1999, 2001, 2005a, 2006b, 2013a, 2014a,b). 

While other energy sources also have impacts, the social and environmental destruction wrought 

by dams place this option in a class by itself. In addition, the inordinate concentration of 

hydropower’s impacts on local peoples who happen to live in the path of this form of 

development represents a social cost that is more pronounced in the case of dams than for other 

energy options, and that makes the impact of dams even greater than if viewed as a hypothetical 

“average” spread over society as a whole. The contribution of dams to global warming makes a 

widely unappreciated addition to these impacts.  

 

Controlling global warming will require an accurate accounting of net emissions 

throughout the world: any emission that is left out or underestimated implies that mitigation 

agreements designed to contain temperature rise within a specified limit (such as the 2°C limit 

currently agreed under the Climate Convention) will simply fail to prevent temperatures from 
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continuing to rise. Amazonia is one of the places expected to suffer the most severe 

consequences if we fail in this responsibility. 

 

Carbon Credit for Hydropower 

 

 Carbon credit that is currently granted to hydropower projects through the Clean 

Development Mechanism (CDM) is one of the most controversial aspects of efforts to mitigate 

global warming under the United Nations Framework Convention on Climate Change 

(UNFCCC). Hydroelectric dams are an increasingly important form of mitigation under the 

CDM, representing 28% of the expected issuance of credits from projects in the “pipeline” for 

funding as of 1 July 2014, with an expected annual global total to be granted of 342.8 million 

certified emissions reductions (CERs), meaning carbon credit expressed as tons of CO2 

equivalent (UNEP Risø Centre, 2014). This amount of CO2 equivalent is equal to 93.5 million 

tons of carbon per year, approximately equal to Brazil’s annual emission from fossil fuels. CDM 

regulations currently allow hydroelectric projects to claim that they produce little or no 

emissions (see Fearnside, 2013b,c). This represents a significant loophole, especially since much 

of the future expansion of hydropower is expected to occur in the tropics where dams have the 

highest emissions. Even more important is the fact that countries throughout the World build 

dams as part of national development programs that have nothing to do with concerns for global 

warming. The willingness of governments and companies to invest vast sums in dams long 

before any carbon credit is approved also indicates that the dams would be built regardless of any 

additional income from sale of CERs. The financial calculations included in the carbon projects 

submitted to the CDM to substantiate claims that the dams would only be built because of the 

carbon income (i.e., that they are “additional”) are at variance with the behavior of the 

governments and companies building the dams, indicating shortcomings in the CDM’s current 

methodologies for determining the “addtionality” of hydropower projects (Fearnside, 2013b,c). 

When credit is granted to projects that would be built anyway, the countries that purchase the 

credit subsequently emit this amount of CO2 without the emission actually having been offset, 

thus further increasing global warming. 

 

CONCLUSIONS 

 

 Tropical hydroelectric dams emit substantial amounts of greenhouse gases. The amounts 

emitted vary greatly among dams, but the reported emissions vary even more due to frequent 

omissions in the emissions reported, such as methane release from water passing through the 

turbines and spillways. Hydroelectric emissions occur in a large pulse in the first few years after 

a reservoir is created, followed by a lower but indefinitely sustained emission. Comparison with 

the emissions impact of power generation from fossil fuels therefore depends heavily on the time 

horizon and any weighting for time preference used in the comparison. Even without any 

weighting for time preference, Amazonian dams can take four or more decades to “break even” 

in terms of their greenhouse impact, making them anything but “green” energy that can be 

presented as mitigating global warming. Dams also contribute to global warming through carbon 

credit issued to dams for which emissions are underestimated or ignored, and by the effect of 

credit being granted to dams that would be built regardless of any extra income from sale of the 

credits. 



13 

 

 

ACKNOWLEDGEMENTS 

 

The author’s research is supported exclusively by academic sources: Conselho Nacional do 

Desenvolvimento Científico e Tecnológico (CNPq: Proc. 305880/2007-1; 304020/2010-9; 

573810/2008-7; 575853/2008-5) Fundação de Amparo à Pesquisa do Estado do Amazonas – 

FAPEAM (Proc. 708565) and Instituto Nacional de Pesquisas da Amazônia (INPA: PRJ15.125). 

 

LITERATURE CITED 

 

Abril, G., F. Guérin, S. Richard, R. Delmas, C. Galy-Lacaux, P. Gosse, A. Tremblay, L. 

Varfalvy, M.A. dos Santos & B. Matvienko. 2005. Carbon dioxide and methane 

emissions and the carbon budget of a 10-years old tropical reservoir (Petit-Saut, French 

Guiana). Global Biogeochemical Cycles 19: GB 4007, doi: 10.1029/2005GB002457 

 

Abril, G., Parize, M., Pérez, M.A.P. & Filizola, N. 2013. Wood decomposition in Amazonian 

hydropower reservoirs: An additional source of greenhouse gases. Journal of South 

American Earth Sciences 44: 104–107. doi: 10.1016/j.jsames.2012.11.007. 

 

Albritton, D.L., R.G. Derwent, I.S.A. Isaksen, M. Lal & D.J. Wuebbles. 1995. Trace gas 

radiative forcing indices. pp. 205-231. In: J.T. Houghton, L.G. Meira Filho, J. Bruce, H. 

Lee, B.A. Callander, E. Haites, N. Harris & K. Maskell, (eds.). Climate Change 1994: 

Radiative Forcing of Climate Change and an Evaluation of the IPCC IS92 Emission 

Scenarios. Cambridge University Press, Cambridge, UK. 339 pp.  

 

Araújo, A.C., A.D. Nobre, B. Kruijt, A.D. Culf, P. Stefani, J. Elbers, R. Dallarosa, C. Randow, 

A.O. Manzi., R. Valentini, J.H.C. Gash & P. Kabat. 2002. Dual tower longterm study of 

carbon dioxide fluxes for a central Amazônian rain forest: The Manaus LBA site. Journal 

of Geophysical Research 107(D20): 8090.  

 

Bambace, L.A.W., F.M. Ramos, I.B.T. Lima & R.R. Rosa, 2007. Mitigation and recovery of 

methane emissions from tropical hydroelectric dams. Energy 32: 1038-1046. 

 

Barros, N., J.J. Cole, L.J. Tranvik, Y.T. Prairie, D. Bastviken, V.L.M. Huszar, P. del Giorgio & 

F. Roland. 2011. Carbon emission from hydroelectric reservoirs linked to reservoir age 

and latitude. Nature Geoscience 4: 593-596. doi: 10.1038/NGEO1211. 

 

Bastviken, D., L.J. Tranvik, J.A. Downing, P.M. Crill & A. Enrich-Prast. 2011. Freshwater 

methane emissions offset the continental carbon sink. Science 331: 50. 

 

Brazil, ELETROBRÁS (Centrais Elétricas Brasileiras S/A). 2000. Emissões de dióxido de 

carbono e de metano pelos reservatórios hidrelétricos brasileiros: Relatório final. 

Relatório Técnico. ELETROBRÁS, DEA, DEEA, Rio de Janeiro, RJ, Brazil. 176 pp. 

Available at : 

http://wwwq2.eletrobras.com/elb/services/eletrobras/ContentManagementPlus/FileDownl



14 

 

oad.ThrSvc.asp?DocumentID=%7BCAFECBF7-6137-43BC-AAA2-

35181AAC0C64%7D&ServiceInstUID=%7B3CF510BA-805E-4235-B078-

E9983E86E5E9%7D. 

 

Brazil, ELETROBRÁS. 2009. Aproveitamento Hidrelétrico Belo Monte: Estudo de Impacto 

Ambiental. Fevereiro de 2009. Centrais Elétricas Brasileiras (ELETROBRÁS). Rio de 

Janeiro, RJ, Brazil. 36 vols. 

 

Brazil, MCT (Ministério da Ciência e Tecnologia). 2004. Comunicação Nacional Inicial do 

Brasil à Convenção-Quadro das Nações Unidas sobre Mudança do Clima. MCT, 

Brasília, DF, Brazil, 276 pp. Available at: 

http://www.mct.gov.br/upd_blob/0005/5586.pdf 

 

Brazil, MCT (Ministério da Ciência e Tecnologia). 2010. Segunda Comunicação Nacional do 

Brasil à Convenção-Quadro das Nações Unidas sobre Mudança do Clima. MCT, 

Brasília, DF, Brazil, 2 Vols. 520 pp. 

 

Brazil, MME (Ministério das Minas e Energia). 2013. Plano Decenal de Expansão de Energia 

2022. MME, Empresa de Pesquisa Energética (EPE). Brasília, DF, Brazil. 409 pp. 

[available at http://www.epe.gov.br/PDEE/24102013_2.pdf]. 

 

da Silva, M., B. Matvienko, M.A. dos Santos, E. Sikar, L.P. Rosa, E. dos Santos & C. Rocha 

2007. Does methane from hydro-reservoirs fiz out from the water upon turbine 

discharge? SIL – 2007-XXX Congress of the International Association of Theoretical and 

Applied Limnology, Montreal, Québec, Canada. 

http://www.egmmedia.net/sil2007/abstract.php?id=1839 

 

Delmas, R., S. Richard, F. Guérin, G. Abril, C. Galy-Lacaux, C. Delon & A. Grégoire. 2004. 

Long term greenhouse gas emissions from the hydroelectric reservoir of Petit Saut 

(French Guiana) and potential impacts. pp. 293-312. In: A. Tremblay, L. Varfalvy, C. 

Roehm & M. Garneau (eds.) Greenhouse Gas Emissions: Fluxes and Processes. 

Hydroelectric Reservoirs and Natural Environments. Springer-Verlag, New York, NY, 

USA. 732 pp. 

 

Devol, A.H., J.E. Richey, B.R. Forsberg & L.A. Martinelli. 1990. Seasonal dynamics in methane 

emissions from the Amazon River floodplain to the troposphere. Journal of Geophysical 

Research 95: 16,417- 16,426. 

 

dos Santos, M.A. 2000. Inventário de emissões de gases de efeito estufa derivadas de 

hidrelétricas. Ph.D. thesis in energy planning. Universidade Federal do Rio de Janeiro, 

Rio de Janeiro, RJ, Brazil. 148 pp. Available at: 

http://www.ppe.ufrj.br/ppe/production/tesis/masantos.pdf.  

 

http://www.mct.gov.br/upd_blob/0005/5586.pdf
http://www.epe.gov.br/PDEE/24102013_2.pdf
http://www.egmmedia.net/sil2007/abstract.php?id=1839


15 

 

dos Santos, M.A., L.P. Rosa, B. Matvienko, E.O. dos Santos, C.H.E. D´Almeida Rocha, E. Sikar, 

M.B. Silva & M.P.B. Ayr Júnior. 2008. Emissões de gases de efeito estufa por 

reservatórios de hidrelétricas. Oecologia Brasiliensis 12(1): 116-129.  

 

dos Santos M.A., L.P. Rosa, B. Matvienko, E.O. dos Santos, C.H.E. D’Almeida Rocha, E. Sikar, 

M.B. Silva & A.M.P. Bentes Júnior. 2009. Estimate of degassing greenhouse gas 

emissions of the turbined water at tropical hydroelectric reservoirs. Verhandlungen 

Internationale Vereinigung für Theoretische und Angewandte Limnologie 30(Part 6): 

834-837. 

 

Duchemin, É., J.T. Huttunen, A. Tremblay, R. Delmas & C.F.S. Menezes. 2006. Appendix 3. 

CH4 emissions from flooded land: Basis for future methodological development. pp. 

Ap.3.1-Ap3.8 In: S. Eggleson, L. Buendia, K. Miwa, T. Ngara & K. Tanabe (eds.) 

Volume 4: Agriculture, Forestry and Other Land Use. Intergovernmental Panel on 

Climate Change (IPCC) Guidelines for National Greenhouse Gas Inventories, IPCC 

National Greenhouse Gas Inventories Programme Technical Support Unit, Institute for 

Global Environmental Strategies, Hayama, Kanagawa, Japan, Irregular pagination. 

 

Fearnside, P.M. 1989. Brazil's Balbina Dam: Environment versus the legacy of the pharaohs in 

Amazonia. Environmental Management 13(4): 401-423. 

 

Fearnside, P.M. 1995. Hydroelectric dams in the Brazilian Amazon as sources of 'greenhouse' 

gases. Environmental Conservation 22(1): 7-19.  

 

Fearnside, P.M. 1997. Greenhouse-gas emissions from Amazonian hydroelectric reservoirs: The 

example of Brazil's Tucuruí Dam as compared to fossil fuel alternatives. Environmental 

Conservation 24(1): 64-75. 

 

Fearnside, P. M. 1999. Social impacts of Brazil's Tucuruí Dam. Environmental Management. 

24(4): 485-495. 

 

Fearnside, P.M. 2000. Global warming and tropical land-use change: Greenhouse gas emissions 

from biomass burning, decomposition and soils in forest conversion, shifting cultivation 

and secondary vegetation. Climatic Change 46(1-2): 115-158. 

 

Fearnside, P.M. 2001. Environmental impacts of Brazil's Tucuruí Dam: Unlearned lessons for 

hydroelectric development in Amazonia. Environmental Management 27(3): 377-396. 

 

Fearnside, P.M. 2002. Greenhouse gas emissions from a hydroelectric reservoir (Brazil’s Tucuruí 

Dam) and the energy policy implications. Water, Air and Soil Pollution 133(1-4): 69-96. 

 

Fearnside, P.M. 2004. Greenhouse gas emissions from hydroelectric dams: Controversies 

provide a springboard for rethinking a supposedly “clean” energy source. Climatic 

Change 66(2-1): 1-8. 

 



16 

 

Fearnside, P.M. 2005a. Brazil's Samuel Dam: Lessons for hydroelectric development policy and 

the environment in Amazonia. Environmental Management 35(1): 1-19. 

 

Fearnside, P.M. 2005b. Do hydroelectric dams mitigate global warming? The case of Brazil's 

Curuá-Una Dam. Mitigation and Adaptation Strategies for Global Change 10(4): 675-691. 

 

Fearnside, P.M. 2006a. Greenhouse gas emissions from hydroelectric dams: Reply to Rosa et al. 

Climatic Change 75(1-2): 103-109.  

 

Fearnside, P.M. 2006b. Dams in the Amazon: Belo Monte and Brazil’s hydroelectric 

development of the Xingu River Basin. Environmental Management 38(1): 16-27.  

 

Fearnside, P.M. 2007. Why hydropower is not clean energy. Scitizen, Paris, France (peer-

reviewed website).  

http://www.scitizen.com/screens/blogPage/viewBlog/sw_viewBlog.php?idTheme=14&id

Contribution=298 

 

Fearnside, P.M. 2008a. Hidrelétricas como “fábricas de metano”: O papel dos reservatórios em 

áreas de floresta tropical na emissão de gases de efeito estufa. Oecologia Brasiliensis 

12(1): 100-115.  

 

Fearnside, P.M. 2008b. A framework for estimating greenhouse gas emissions from Brazil’s 

Amazonian hydroelectric dams. [English translation of Fearnside, 2008a]. Available at: 

http://philip.inpa.gov.br/publ_livres/mss%20and%20in%20press/Fearnside%20Hydro%2

0GHG%20framework.pdf 

 

Fearnside, P.M. 2009a. As hidrelétricas de Belo Monte e Altamira (Babaquara) como fontes de 

gases de efeito estufa. Novos Cadernos NAEA 12(2): 5-56.  

 

Fearnside, P.M. 2009b. Hydroelectric dams planned on Brazil’s Xingu River as sources of 

greenhouse gases: Belo Monte (Kararaô) and Altamira (Babaquara). [English translation 

of Fearnside, 2009a]. Available at: 

http://philip.inpa.gov.br/publ_livres/mss%20and%20in%20press/Belo%20Monte%20emi

ssions-Engl.pdf 

 

Fearnside, P.M. 2009c. A vulnerabilidade da floresta amazônica perante as mudanças climáticas. 

Oecologia Brasiliensis 13(4): 609-618.  

 

Fearnside, P.M. 2011. Gases de efeito estufa no EIA-RIMA da hidrelétrica de Belo Monte. 

Novos Cadernos NAEA 14(1): 5-19. 

 

Fearnside, P.M. 2013a. Decision-making on Amazon dams: Politics trumps uncertainty in the 

Madeira River sediments controversy. Water Alternatives 6(2): 313-325.  

 



17 

 

Fearnside, P.M. 2013b. Carbon credit for hydroelectric dams as a source of greenhouse-gas 

emissions: The example of Brazil’s Teles Pires Dam. Mitigation and Adaptation 

Strategies for Global Change 18(5): 691-699. doi: 10.1007/s11027-012-9382-6  

 

Fearnside, P.M. 2013c. Credit for climate mitigation by Amazonian dams: Loopholes and 

impacts illustrated by Brazil’s Jirau Hydroelectric Project. Carbon Management 4(6): 

681-696. doi: 10.4155/CMT.13.57  

 

Fearnside, P.M. 2014a. Impacts of Brazil's Madeira River dams: Unlearned lessons for 

hydroelectric development in Amazonia. Environmental Science & Policy 38: 164-172. 

doi: 10.1016/j.envsci.2013.11.004. 

 

Fearnside, P.M. 2014b. Brazil’s Madeira River dams: A setback for environmental policy in 

Amazonian development. Water Alternatives 7(1): 156-169. 

 

Fearnside, P.M. & S. Pueyo. 2012. Underestimating greenhouse-gas emissions from tropical 

dams. Nature Climate Change 2(6): 382–384. doi:10.1038/nclimate1540 

 

Feitosa, G.S., P.M.L.A. Graça & P.M. Fearnside. 2007. Estimativa da zona de deplecionamento 

da hidrelétrica de Balbina por técnica de sensoriamento remoto. pp. 6713–6720 In: J.C.N. 

Epiphanio, L.S. Galvão & L.M.G. Fonseca (eds.) Anais XIII Simpósio Brasileiro de 

Sensoriamento Remoto, Florianópolis, Brasil 21-26 abril 2007. Instituto Nacional de 

Pesquisas Espaciais (INPE), São José dos Campos, SP, Brazil. Available at: 

http://marte.dpi.inpe.br/col/dpi.inpe.br/sbsr@80/2006/11.13.15.55/doc/6713-6720.pdf 

 

Forster, P. & 50 others. 2007. Changes in atmospheric constituents and radiative forcing. pp. 

129-234 In: S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. 

Tignor & H.L. Miller (eds.) Climate Change 2007: The Physical Science Basis. 

Contribution of Working Group to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 

UK, 996 pp. 

 

Gagnon, L. 2002. The International Rivers Network statement on GHG emissions from 

reservoirs, a case of misleading science. International Hydropower Association (IHA), 

Sutton, Surrey, UK, 9 pp. 

 

Galy-Lacaux, C., R. Delmas, C. Jambert, J.-F. Dumestre, L. Labroue, S. Richard & P. Gosse. 1997. 

Gaseous emissions and oxygen consumption in hydroelectric dams: A case study in French 

Guyana. Global Biogeochemical Cycles 11(4): 471-483. 

 

Galy-Lacaux, C., R. Delmas, J. Kouadio, S. Richard & P. Gosse. 1999. Long-term greenhouse gas 

emissions from hydroelectric reservoirs in tropical forest regions. Global Biogeochemical 

Cycles 13(2): 503-517. 

 

http://marte.dpi.inpe.br/col/dpi.inpe.br/sbsr@80/2006/11.13.15.55/doc/6713-6720.pdf


18 

 

Garcia R. 2007. Estudo apóia tese de hidrelétrica "limpa": Análise em usinas no cerrado indica 

que termelétricas emitem até cem vezes mais gases causadores do efeito estufa. Folha de 

São Paulo, 1 May 2007, p. A-16. 

 

Guérin, F., G. Abril, S. Richard, B. Burban, C. Reynouard, P. Seyler & R. Delmas. 2006. 

Methane and carbon dioxide emissions from tropical reservoirs: Significance of 

downstream rivers. Geophysical Research Letters 33: L21407, doi: 

10.1029/2006GL027929. 

 

Guérin, F., G. Abril, A. Tremblay & R. Delmas. 2008. Nitrous oxide emissions from tropical 

hydroelectric reservoirs. Geophysical Research Letters 35: L06404, doi: 

10.1029/2007GL033057. 

 

Gunkel, G. 2009. Hydropower – A green energy? Tropical reservoirs and greenhouse gas 

emissions. CLEAN – Soil, Air, Water 37(9): 726-734. 

 

Hamilton, S.K., S.J. Sippel & J.M. Melack. 1995. Oxygen depletion, carbon dioxide and 

methane production in waters of Pantanal wetland of Brazil. Biogeochemistry 30: 115-

141. 

 

IPCC (Intergovernmental Panel on Climate Change). 1997. Revised 1996 Intergovernmental 

Panel on Climate Change Guidelines for National Greenhouse Gas Inventories. IPCC, 

Bracknell, UK, 3 vols. 

 

Keller, M., D.J. Jacob, S.C. Wofsy & R.C. Harriss. 1991. Effects of tropical deforestation on 

global and regional atmospheric chemistry. Climatic Change 19(1-2): 139-158. 

 

Kemenes, A. & B.R. Forsberg. 2008. Potencial ampliado: Gerado nos reservatórios, gás de efeito 

estufa pode ser aproveitado para produção de energia em termoelétricas. Scientific 

American Brasil, Especial Amazônia. no. 2: 18-23. 

 

Kemenes, A., B.R. Forsberg & J.M. Melack. 2007. Methane release below a tropical 

hydroelectric dam. Geophysical Research Letters 34: L12809. doi: 

10.1029/2007GL029479. 55. 

 

Kemenes, A., B.R. Forsberg & J.M. Melack. 2008. As hidrelétricas e o aquecimento global. 

Ciência Hoje 41(145): 20-25. 

 

Kemenes, A., B.R. Forsberg & J.M. Melack. 2011. CO2 emissions from a tropical hydroelectric 

reservoir (Balbina, Brazil). Journal of Geophysical Research 116, G03004, doi: 

10.1029/2010JG001465 

 

Kruijt, B., J.A. Elbers, C. von Randow, A. C. Araujo, P.J. Oliveira, A. Culf, A.O. Manzi, A.D. 

Nobre, P. Kabat, & E.J. Moors. 2004. The robustness of eddy correlation fluxes for 

Amazon rain forest conditions. Ecological Applications 14: S101-S113. 



19 

 

 

Lima, I.B.T., F.M. Ramos, L.A.W. Bambace & R.R. Rosa. 2008. Methane emissions from large 

dams as renewable energy sources: A developing nation perspective. Mitigation and 

Adaptation Strategies for Global Change 13(2): 193-206. 

 

Lima, I.B.T., R.L Victoria, E.M.L.M. Novo, B.J. Feigl, M.V.R. Ballester, & J.M. Ometto. 2002. 

Methane, carbon dioxide and nitrous oxide emissions from two Amazonian reservoirs 

during high water table. Verhandlungen International Vereinigung für Limnologie. 28(1): 

438-442. 

 

Malhi, Y., D. Wood, T.R. Baker, J. Wright, O.L. Phillips, T. Cochrane, P. Meir, J. Chave, S. 

Almeida, L. Arroyo, N. Higuchi, T. Killeen, S.G. Laurance, W.F. Laurance, S.L. Lewis, 

A. Monteagudo, D.A. Neill, P.N. Vargas, N.C.A. Pitman, C.A. Quesada, R., Salomão, 

J.N.M. Silva, A.T. Lezama, J. Terborgh, R.V. Martínez & B. Vinceti. 2006. The regional 

variation of aboveground live biomass in old-growth Amazonian forests. Global Change 

Biology 12: 1107-1138. 

 

Matthews, C.J.D., E.M. Joyce, V.L. St. Louis, S.L. Schiff, J.J. Vankiteswaran, B.D. Hall, R.A. 

Bodaly & K.G. Beaty. 2005. Carbon dioxide and methane production in small reservoirs 

flooding upland boreal forest. Ecosystems 8: 267-285. 

 

Melack, J.M., L.L. Hess, M. Gastil, B.R. Forsberg, S.K. Hamilton, I.B.T. Lima & E.M.L.M. 

Novo. 2004. Regionalization of methane emission in the Amazon Basin with microwave 

645 remote sensing. Global Change Biology 10: 530-544. 

 

Monteiro, M.T.F. 2005. Interações na Dinâmica do Carbono e Nutrientes da Liteira entre a 

Floresta de Terra Firme e o Igarapé de Drenagem na Amazônia Central. Masters 

dissertation in Tropical Forest Science. Instituto Nacional de Pesquisas da Amazônia 

(INPA) & Fundação Universidade do Amazonas (FUA), Manaus, Amazonas, Brazil, 93 

pp. 

 

Moomaw, W., P. Burgherr, G. Heath, M. Lenzen, J. Nyboer & A. Verbruggen. 2012. Annex II: 

Methodology. pp. 973-1000. In: O. Edenhofer, R. Pichs-Madruga, Y. Sokona, K. 

Seyboth, P. Matschoss, S. Kadner, T. Zwickel, P. Eickemeier, G. Hansen, S. Schlomer & 

C. von Stechow (eds.). IPCC Special Report on Renewable Energy Sources and Climate 

Change Mitigation. Cambridge University Press, Cambridge, UK. Available at 

http://www.ipcc.ch/pdf/special-reports/srren/srren_full_report.pdf 

 

Myhre, G. & 37 others. 2013. Anthropogenic and Natural Radiative Forcing. pp. 661-740. In: 

T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. 

Xia, V. Bex, & P.M. Midgley (eds.). Climate Change 2013: The Physical Science Basis. 

Working Group I Contribution to the IPCC Fifth Assessment Report. Cambridge 

University Press, Cambridge, UK. Available at: http://www.ipcc.ch/report/ar5/wg1/ 

 

http://www.ipcc.ch/pdf/special-reports/srren/srren_full_report.pdf
http://www.ipcc.ch/report/ar5/wg1/


20 

 

Ometto, J.P., A.C.P. Cimbleris, M.A. dos Santos, L.P. Rosa, D. Abe, J.G. Tundisi, J.L. Stech, N. 

Barros & F. Roland. 2013. Carbon emission as a function of energy generation in 

hydroelectric reservoirs in Brazilian dry tropical biome. Energy Policy 58: 109-116. doi: 

10.1016/j.enpol.2013.02.041 

 

Ometto, J.P., A.D. Nobre, H. Rocha, P. Artaxo & L. Martinelli. 2005. Amazonia and the modern 

carbon cycle: Lessons learned. Oecologia 143(4): 483-500. 

 

Ometto, J.P., F.S. Pacheco, A.C P. Cimbleris, J.L. Stech, J.A. Lorenzzetti, A. Assireu, M.A. 

Santos, B. Matvienko, L.P. Rosa, C.S. Galli, D.S. Abe, J.G. Tundisi, N.O. Barros, R.F. 

Mendonça & F. Roland. 2011. Carbon dynamic and emissions in Brazilian hydropower 

reservoirs. pp. 155-188 In: E.H. de Alcantara (ed), Energy Resources: Development, 

Distribution, and Exploitation, Nova Science Publishers, Hauppauge, NY, U.S.A. 

 

Phillips, O.L., Y. Malhi, N. Higuchi, W.F. Laurance, P.V. Núñez, R.M. Vásquez, S.G. Laurance, 

L.V. Ferreira, M. Stern, S. Brown & J. Grace. 1998. Changes in the carbon balance of 

tropical forests: Evidence from long-term plots. Science 282: 439-442. 

 

Phillips, O.L., T.R. Baker, L. Arroyo, N. Higuchi, T.J. Killeen, W.F. Laurance, S.L. Lewis, J. 

Lloyd, Y. Malhi, A. Monteagudo, D.A. Neill, P.N. Vargas, J.N.M. Silva, J. Terborgh, 

R.V. Martínez, M. Alexiades, S. Almeida, S. Almeida, S. Brown, J. Chave, J.A. 

Comiskey, C.I. Czimczik, A., Di Fiore, T. Erwin, C. Kuebler, S.G. Laurance, H.E.M 

Nascimento, J. Olivier, W. Palacios, S. Patiño, N.C.A. Pitman, C.A. Quesada, M. Saldias, 

A.T. Lezama & B. Vinceti. 2004. Pattern and process in Amazon tree turnover, 1976-

2001. Philosophical Transactions of the Royal Society of London B 359: 381-407. 

 

Potter, C.S., E.A. Davidson & L.V. Verchot. 1996. Estimation of global biogeochemical controls 

and seasonality on soil methane consumption. Chemosphere 32: 2219-2246. 

 

Pueyo, S. & P.M. Fearnside. 2011a. Emissões de gases de efeito estufa dos reservatórios de 

hidrelétricas: Implicações de uma lei de potência. Oecologia Australis 15(2): 114-127. 

doi: 10.4257/oeco.2011.1502.02  

 

Pueyo, S. & P.M. Fearnside. 2011b. Emissions of greenhouse gases from the reservoirs of 

hydroelectric dams: Implications of a power law. [English translation of Pueyo & 

Fearnside, 2011a]. Available at: 

http://philip.inpa.gov.br/publ_livres/mss%20and%20in%20press/Pueyo%20&%20Fearns

ide-GHGs%20FROM%20%20RESERVOIRS--engl.pdf. 

 

Ramaswamy V. & 40 others. 2001. Radiative forcing of climate change. pp. 349-416 In: J.T. 

Houghton, Y. Ding, D.G. Griggs , M. Noguer, R.J. Van der Linden & D. Xiausu (eds.) 

Climate Change 2001: The Scientific Basis. Cambridge University Press, Cambridge, UK, 

881 pp. 

 

http://lattes.cnpq.br/5535667070825818


21 

 

Ramos, F.M., L.A.W. Bambace, I.B.T. Lima, R.R. Rosa, E.A. Mazzi & P.M. Fearnside. 2009. 

Methane stocks in tropical hydropower reservoirs as a potential energy source: An 

editorial essay. Climatic Change 93(1): 1-13.  

 

Richey, J.E., J.M. Melack, K. Aufdenkampe, V.M. Ballester & L.L. Hess. 2002. Outgassing 

from Amazonian rivers and wetlands as a large tropical source at atmospheric CO2. 

Nature 416: 617-620. 

 

Rosa L.P., M.A. dos Santos, B. Matvienko, E.O. dos Santos & E. Sikar. 2004. Greenhouse gases 

emissions by hydroelectric reservoirs in tropical regions. Climatic Change 66(1-2): 9-21 

 

Rosa L.P., M.A. dos Santos, B. Matvienko, E. Sikar & E.O. dos Santos. 2006. Scientific errors in 

the Fearnside comments on greenhouse gas emissions (GHG) from hydroelectric dams 

and response to his political claiming. Climatic Change 75(1-2): 91-102. 

 

Rosa, L.P., B.M. Sikar, M.A. dos Santos & E.M. Sikar. 2002. Emissões de dióxido de carbono e 

de metano pelos reservatórios hidrelétricos brasileiros. Primeiro Inventário Brasileiro 

de Emissões Antrópicos de Gases de Efeito Estufa. Relatórios de Referência. Instituto 

Alberto Luiz Coimbra de Pós-Graduação e Pesquisa em Engenharia (COPPE), Ministério 

da Ciência e Tecnologia (MCT), Brasília, DF, Brazil. 119 pp. Available at: 

http://www.mct.gov.br/clima/comunic_old/pdf/metano_p.pdf 

 

Saint Louis, V.C., C. Kelly, E. Duchemin, J.W.M. Rudd & D.M. Rosenberg. 2002. Reservoir 

surface as sources of greenhouse gases to the atmosphere: a global estimate. Bioscience 

20: 766-775. 

 

Schimel, D. & 75 others. 1996. Radiative forcing of climate change. pp. 65-131 In: J.T. Houghton, 

L.G. Meira Filho, B.A. Callander, N. Harris, A. Kattenberg & K. Maskell (eds.) Climate 

Change 1995: The Science of Climate Change. Cambridge University Press, Cambridge, 

UK, 572 pp.  

 

Shindell, D.T., G. Faluvegi, D.M. Koch, G.A. Schmidt, N. Unger & S.E. Bauer. 2009. Improved 

attribution of climate forcing to emissions. Science 326: 716-718. 

 

Shindell D.T. & 24 others. 2012. Simultaneously mitigating near-term climate change and 

improving human health and food security. Science 335: 183-189. doi: 

10.1126/science.1210026 

 

Tremblay, A., L. Varfalvy, C. Roehm & M. Garneau. nd [C. 2005]. The issue of greenhouse 

gases from Hydroelectric reservoirs: From boreal to tropical regions. (Unpublished 

Hydro-Québec manuscript) 11 pp. Available at: 

http://www.un.org/esa/sustdev/sdissues/energy/op/hydro_tremblaypaper.pdf 

 

UNEP (United Nations Environment Programme) Risø Centre. 2014. Risoe CDM/JI Pipeline 

Analysis and Database. UNEP Risø Centre, Risø, Denmark. http://www.cdmpipeline.org/ 

http://www.mct.gov.br/clima/comunic_old/pdf/metano_p.pdf
http://www.un.org/esa/sustdev/sdissues/energy/op/hydro_tremblaypaper.pdf
http://www.cdmpipeline.org/


22 

 

 

Verchot, L.V., E A. Davidson, J.H. Cattânio, I.L Akerman, H.E. Erickson & M. Keller. 1999. Land 

use change and biogeochemical controls of nitrogen oxide emissions from soils in eastern 

Amazonia. Global BioGeochemical Cycles 13(1): 31-46. 

 

Wassmann, R. & C. Martius. 1997. Methane emissions from the Amazon floodplain. pp. 137-

143 In: W.J. Junk (ed.) The Central Amazon Floodplain – Ecology of a Pulsing System. 

Springer-Verlag, Heidelberg, Germany, 525 pp. 

 

WCD (World Commission on Dams). 2000. Dams and Development: A New Framework for 

Decision Making. Earthscan, London, UK. 404 pp. Available at: 

http://www.dams.org/index.php?option=com_content&view=article&id=49&Itemid=29 

 

 

Figure Legend 

 

Figure 1 – Locations mentioned in the text: 1 = Belo Monte Dam, 2 = Babaquara (Altamira) 

Dam, 3 = Balbina Dam, 4 = Samuel Dam, 5 = Curuá-Una Dam, 6 = Manso Dam, 7 = Furnas 

Dam, 8 = Xingó Dam, 9 = Peixoto Dam. 10 = Estreito Dam, 11 = Serra da Mesa Dam, 12 = 

Tucuruí Dam, 13 = Fortuna Dam, 14 = Petit Saut Dam, 15 = Inambari Dam. 

 


