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Abstract: The Federal Government of Brazil has ambitious plans to build a system of
58 additional hydroelectric dams in the Brazilian Amazon, with Hundreds of additional
dams planned for other countries in the watershed. Although hydropower is often billed as
clean energy, we argue that the environmental impacts of this project are likely to be large,
and will result in substantial loss of biodiversity, as well as changes in the flows of
ecological services. Moreover, the projects will generate significant greenhouse gas
emissions from deforestation and decay of organic matter in the reservoirs. These
emissions are equivalent to the five years of emissions that would be generated by gas
powered plants of equivalent capacity. In addition, we examine the economic benefits of
the hydropower in comparison to new alternatives, such as photovoltaic energy and wind
power. We find that current costs of hydropower exceed alternatives, and the costs of costs
of these alternatives are likely to fall substantially below those of hydropower, while the
environmental damages from the dams will be extensive and irreversible.
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1. Introduction

Perspectives and paradigms of thought change slowly. In the United States, both citizens and politicians
cling to the view that cheap fossil fuels are necessary for economic growth. A corresponding pattern
exists in Brazil, where hydroelectric power is linked to the health of the economy. Currently, 85% of
electric energy is generated by hydropower in Brazil, with the hydroelectric potential of southern
Brazil almost completely utilized [1]. As Brazil looks to its future, it continues to follow this
hydroelectric path, looking for a source of energy that can cover an equivalent proportion of future
electric energy needs. As a consequence, it has planned an extensive series of 58 projects (in addition
to 11 in place (more than 12,000 MW) and six under construction (more than 19,000 MW)). These
dams will have catastrophic environmental consequences, in addition to causing displacement and
suffering for indigenous and traditional populations. Moreover, the system of Amazonian hydroelectric
projects is not even the best way of meeting Brazil’s future energy needs when examined from the
perspective of more narrowly defined economic costs and benefits. The purpose of this paper is to
discuss the economic, environmental, and social costs of the proposed hydroelectric system in the
hopes of developing a better understanding of the consequences of a proposed plan that most
Brazilians accept as both inevitable and desirable. Section 2 of the paper will present an environmental
economics paradigm for examining large-scale conversions of pristine ecosystems into development
projects. Section 3 summarizes the extent of the proposed projects and the environmental impacts
associated with them. Section 4 looks at narrowly defined economic costs associated with the
generation of electricity, both hydropower and alternatives. Section 5 presents our conclusions.

Brazil’s economic growth, even before the 20th century, has been tightly linked to the development
of hydropower. The prevalence of hydropower originates in the topography of Brazil, where plateaus
and mountains can be found very close to the coast, permitting the development of hydroelectric
facilities very close to coastal population centers. During most of the 20th century, the availability of
both coal and oil was limited and there were few alternatives except for hydropower. In 2007, even
with Brazil becoming a net exporter of petroleum, 85% of electrical generation in Brazil was provided
by hydropower, with only nine percent provided by conventional thermal plants [1]. We can see that in
the past, the focus on hydropower was, not just a convenience, but a necessity. Hydropower and
electricity became synonymous in Brazil. Following this old line of thinking, President Roussef’s
administration has adopted and expanded on the plans of previous administrations to expand
hydropower, but planning it in the Amazon region, which is ill-suited for this activity. The plans call
for an increase in hydroelectric power capacity of more than 35,000 MW, principally by damming
rivers in Amazonia, an area of questionable economic and environmental appropriateness for
hydropower development. This does not include all the dams under construction or proposed by other
Amazonian countries (412 in total [2]) for which the impacts on the Andes-Amazonas connectivity
were addressed by [3]. More than 12,000 square kilometers of forest would be inundated by these
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proposed projects within Brazil [3] (Since estimates of some of the proposed sites have not yet been
made, these numbers and resulting calculations can be viewed as a lower bound approximation of the
totals associated with planned projects.), Attention must also focus on watershed fragmentation [4].
It is understandable that Brazil has equated hydrological resources with electric power. However,
with the advent of new technologies for generating electricity, the sacrifice of these large tracts of
Amazonia rainforest and the fragmentation of the watershed are not only unnecessary, but will hurt
Brazil in the future.

2. The Economics of Irreversible Investments

John Krutilla’s seminal article, Conservation Reconsidered [5] changed the way many people
thought about the idea of resource scarcity, moving away from traditional focus on exhaustible natural
resources such as coal. Instead, he highlighted the need to conserve unique natural environments, such
as free flowing rivers, forests with high levels of biodiversity, and environments with unique cultural
significance. Krutilla’s work continued and was followed by a set of papers that expanded on this
theme [6—9]. Although they did not label it as such, these authors argued for a precautionary principle
in terms of development projects that could irreversibly alter the natural environment in the area of a
development project. They examined projects, such as the Trans-Alaska Pipeline, hydroelectric dams
in the Snake River system, mining projects, and the development of ski resorts.

This analysis was based on the idea that the benefits of development will decline over time, and the
environmental costs of the development are likely to increase over time. As stated by Fisher et al. ([6],
p. 609).

...t will in general be optimal to refrain from development even when indicated
by a comparison of current benefits and costs if, in the relatively near future,
“undevelopment” or disinvestment, which are impossible, would be indicated.

In other words, a decision based on the relationship between costs and benefits over the short run
could lead to future damages that are both irreversible and sufficiently high relative to initial benefits,
causing us to regret our initial decision. It is very interesting to note that the paper in which this
statement was made was specifically examining a hydroelectric project in the Hell’s Canyon area of
the Snake River (Columbia River system, NW United States).

Project benefits decline for a number of reasons, such as the depreciation of the investment and the
development of alternative technologies that have lower private and social costs. Another factor
specifically related to dams is that sedimentation [10] will reduce the storage capacity of the reservoir,
and diminish the capacity of the power plants to generate electricity. Finally, global climate change is
predicted to diminish the average flow of the rivers in the southeast of the Amazon region (the location
of most of the proposed dams) and will increase the variability of the flows [11]. Both the
sedimentation and the change in the flows of the rivers will reduce the capacity of the dams to generate
electrical power.

The environmental costs increase over time for a variety of reasons. As more natural environments
are lost to population growth and economic development, the opportunity cost of the lost
environmental and cultural benefits from the degraded development sites become greater. There are
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two policy implications of these time paths. The first is that development is a “now or never”
phenomenon. If benefits are declining over time and costs are increasing over time, the present value
of the stream of net benefits will never be larger than if development starts immediately. Any delay
will lower the present value of the stream of net benefits. On the other hand, there is a great danger
associated with miscalculation. If the evaluation is made based on a difference between present
benefits and present costs that is perceived to be larger than it actually is, then it is even more likely
that true costs will rise to exceed true benefits in the future by a great margin. This argues for caution
and taking the time to ascertain costs and benefits with a great deal of certainty before embarking on a
path that might be associated with a disastrous outcome in the future.

The irreversibility of future costs is what really drives the need for present caution. There are three
types of irreversibility that need to be considered. The first is physical irreversibility. For example, if a
species becomes extinct, it is physically impossible to restore the species. The second is economic
irreversibility. Although it may be physically possible to restore an area of land that is contaminated by
radioactive or toxic waste, the cost of this restoration may be so high that restoration cannot take place.
Finally, there is indirect irreversibility [12]. Indirect irreversibility arises in the complex relationships
that characterize ecological and environmental systems. Although the direct impact of the action may
be reversible, the direct impact sets into motion a series of changes, which are irreversible. For
example, the introduction of a new predator species into a lake could result in a drastic decline or
extinction of the smaller fish that graze on algae. This could lead to algal blooms and associated
eutrophication, creating anoxic zones, and further declines in fish populations. Even if the grazing
species does not become extinct and the predator species is removed, the eutrophication of the lake
could be irreversible as populations of the grazer species may not be able to recover in the anoxic
waters of the lake.

Ansar et al. [13] talk of diminished project benefits from large dams and other projects because cost
estimates tend to be biased downward as the estimates are based on the “inside view” of the advocates
of the project. They suggest an alternative approach, reference class forecasting, a tool developed by
Kahnemann and Lovallo [14] Reference class forecasting is based on an “outside” view by analyzing
past relevant projects to better estimate costs of a proposed project. This furthers the arguments of
Krutilla and his contemporaries in arguing for caution when initial estimates indicate that the benefits
of development are greater than the cost. Both arguments indicate that the appearance of positive net
present value is likely to be an illusion.

It is important to note that this area of the literature makes this argument for caution while using
a maximization criterion of economic efficiency, involving the discounting of future costs and
benefits. Extending this analysis to ethical and sustainability criteria makes the case for caution even

more compelling.
3. Past Experiences with Hydroelectric Power in Amazonia

The first hydropower project completed in Amazonia in 1975 was Coaracy Nunes, which had
a reservoir surface area of 23 km”. This was followed in 1977 by another small project, Curua Una,
with 30 MW of capacity and inundating 72 km?. In 1984, the first high capacity project was initiated
(Tucurui (8370 MW, 2850 km?)) and then, in 1989, the Balbina project was implemented, a low
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capacity but geographically large project (250 MW, 4,438 km?) [15] This area represents the high
water level, as measured by satellite, by INPE, the Brazilian space agency. There have been
considerable variations in published estimates of the area of the Balbina reservoir. for example, [16]
cite the area as 2360 km”. This may be due to different measurement methods or because the reservoir
fluctuates so much between the high water and low water seasons. New dams have been added in the
intervening years for a total of eleven projects with a combined capacity of 19,278 MW and 11,054 km?
of inundated area [3]. There are six dams under construction with a capacity of 8045 MW, with four of
the five dams (data are not available for the Dardanelos) inundating 1137 km? [3]. However, this does
not include Belo Monte, where construction has recently begun. This single dam has a capacity of
11,233 MW with a flooded area of 660 km®. Fifty-eight additional dams are planned for the future.
Capacity data is available for 51 of these sites, totaling 34,596 MW, with the reservoirs covering
approximately 12,000 km®.

Currently, the bulk of Brazilian hydroelectric plants currently are concentrated in the Southeast
and South regions of the country (Table 1), although substantial development of hydropower in
the Amazon watershed has begun.

Table 1. Hydroelectric power generation installed in 2004.

Region Power (MW) Proportion of total (%)
North 7524 11
Northeast 10,386 15
Southeast 23,304 34
South 18,885 27
Center-West 8899 13
Total 68,999 100

Source: Empresa de Pesquisa Energética (EPE), [17].

The Brazilian government recognizes that despite the high hydroelectric potential of Amazon basin,
this area is characterized by environmental constraints [18]. The environmental constraints cited by the
Brazilian government are actually bureaucratic definitions, listed without ranking their relative
importance preference. These constraints consist of the presence of cities, areas with high demographic
density, and protected areas (National Forests, National Parks, Indigenous Areas, Environmental Protection
Areas, Biological Reserves, Sustainable Development Reserves), and interference with pristine rivers.
Other factors that form constraints are the size of the inundated area, land value, and potential
interference with highways or railways. Employing only these criteria, the Brazilian government
estimates that 38% of the hydroelectric potential of the Amazon basin, evaluated in 77,058 MW, could be
classified as without environmental constraints [18]. However, “without environmental constraints”
does not mean without extraordinary losses if these areas were deforested or degraded.

A first problem is the use of these criteria in an unstudied region. The sparse and fragmented studies
of aquatic biodiversity developed in the headwaters of Amazonian rivers indicate a potential great loss
of unknown species that are endemic to these areas [19]. The inadequacy of this evaluation becomes
more evident, as the plan assumes that entire sub-basins of the Rio Negro basin are completely without
environmental constraints (Table 2), even though these regions are probably the most pristine and least
studied area in the Amazon basin. The flaw in this assumption is intensified by the high level of



Energies 2014, 7 6068

endemism observed in aquatic fauna. In addition, we will demonstrate important global climate change
impacts associated with the emission of CO, and CH4 both above and below the dams.

Table 2. Hydroelectric potential (MW) of the Amazon sub-basins with proportion of
environmental constraints.

. With environmental Without environmental
Sub-basin . . Total
constraints constraints
Tapajos 6875 17,841 24,716
Xingu 5681 17,114 22,795
Madeira 13,144 1556 14,700
Trombetas 1491 4745 6236
Negro 0 4184 4184
Jari 318 1373 1691
Branco 419 660 1079
Paru 820 118 938
Oiapoque 0 250 250
Purus 0 213 213
Maecuru 0 161 161
Nhamunda 0 110 110
Uatuma 75 0 75
Total 28,823 48,325 77,148

Source: Empresa de Pesquisa Energética (EPE, Energy Research Corporation, Ministry of Mines and Energy,
Brazil) [18].

Second, there is a concentration of the planned impoundments for some sub-basins, such as the
Tapajos, Xingu, Madeira, and Trombetas Rivers, where almost 90% of the estimated potential
(Table 2) is planned for implementation. But these areas exhibit the highest degree of environmental
constraints determined by the criteria established by the Brazilian government (Table 2). In addition to
the high level of endemic fish species, these sub-basins are characterized by the presence of large
indigenous areas and units of conservation. In reality, the government will change the boundaries of
these conservation areas to permit the construction of these planned hydroelectric dams, rendering the
environmental constraints completely toothless. For example, the Instituto Humanitas Unisinos [20]
reports that, on 26 June 2012, the government of Brazil announced in the O Didario Oficial da Unido
(the official register of the union) the intent to change the borders of eight areas of environmental
protection to allow the implementation of the hydroelectric projects at the Complexo de Tapajos in the
State of Para and Santo Antonio in the State of Rondonia.

The environmental impacts associated with hydroelectric projects fall into three major categories.
These consist of impacts on global climate change, local environmental impacts, and basin-wide
environmental impacts. In addition, there are important social impacts.

Global climate change impacts consist of the release of the carbon stored in the terrestrial and
riverine ecosystems. Since much of this organic material decays in an anoxic environment, a great deal
of the organic matter is converted into methane, which has a much greater impact on global climate
change than carbon dioxide. It is important to note that the literature tends to focus on the emissions
associated with the loss of forests, but the conversion of shallow river and lake areas to deep reservoir



Energies 2014, 7 6069

areas will result in the loss of a great deal of biomass of macrophyte plants with resulting methane and
carbon dioxide emissions.

Local environmental impacts consist of impacts associated with the loss of forest, the drowning of
riverine ecosystems, negative downstream impacts and fragmentation of local ecosystems. All of these
combine to lower the production of ecological services in the region of the dam, with implications for
both ecosystems and human communities.

System-wide ecological effects relate to changes in the entire region that single dams and groups of
dams could create, such as the cascade of reservoirs planned for the Tieté and Tocantins Rivers. It is
important to understand that system-wide impacts of a system of dams will be greater than the sum of
the impacts of the local impacts of the individual dams. A crucial question could be the loss of
connectivity in the Amazon basin and its implications [21].

3.1. Greenhouse Gas Emissions and Global Climate Impacts

Hydropower is often referred to as clean energy because a perception exists that there are no
emissions because there are no smokestacks. However, this is not the case because there is emission of
gases from the surface of reservoir, as well as downstream emissions. The construction of dams to
create any type of reservoir, will result in the death of the terrestrial plants inundated by the reservoir,
which stops the assimilation of carbon dioxide (CO;) by photosynthesis, resulting in the loss of a sink
for atmospheric CO,. In addition, bacteria will decompose the organic carbon stored in the plants and
soils, converting it to CO, and methane (CHy4), which are then released to the atmosphere.

The early discussions of greenhouse gas emissions from reservoirs [22,23] pointed out that
greenhouse gas production per unit of power generated (e.g., in kWh) will depend on the amount of
organic carbon flooded to create the electricity. For example, reservoirs that flood large areas to
produce few kWh, such as those built in flat areas, would produce more greenhouse gases per kWh
than reservoirs built in canyons where little area is flooded and large amounts of electricity are
produced. Note that this type of canyon is not found in the Brazilian Amazon.

In this context, Balbina reservoir could be considered the worst example, because the facility only
produces 105.9 kWh per hectare of surface area. Moreover, there was no removal of the forest before
the reservoir was inundated and there was an enormous amount of organic carbon stored in the
submerged trees. In addition to the greenhouse gas emissions from the water surface of reservoir,
downstream emissions from hydroelectric dams can be significant, originating from the rapid
depressurization the water that flows through the turbines [24,25].

The proposed plan for new hydroelectric projects will inundate over 12,000 km* of rainforest
Fearnside [26], calculates a mean estimate of 157 tons of carbon per hectare of rainforest, which is
equivalent to 576.6 tons of carbon dioxide (This is roughly the same magnitude as the estimate of
Cederberg et al. [27] of 612 + 212 tons of CO, per ha), This extrapolates to roughly 692 million metric
tons of carbon dioxide that will be liberated through the inundation of the rainforest by the proposed
reservoirs. The global warming implications of these 692 million tons of carbon dioxide can be better
understood by comparing it to the annual emissions from the burning of fossil fuels in Brazil, which in
2010 was 453.87 million metric tons [28] In other words, the carbon that would be released from these
12,000 sq km of rain forest is roughly equal to 1.52 times the annual emissions of fossil fuel use in
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Brazil. Brazil would have to reduce its emissions from fossil fuels by 10% for a period of 15 years just
to offset the carbon released by the inundation of these forests by the reservoirs.

Further climate change impacts are created as some of the carbon converts to methane before
passing to the atmosphere. Kemenes et al. [25] measured the methane entering the atmosphere from
the reservoir above the Balbina hydroelectric dam, and in the river below. They find this to be a carbon
dioxide equivalent of 557 Gg, C or 557,000 metric tons per year (We use the per acre estimates of
Kemenes et al. [25] in our calculations). If one extrapolates this to the proposed plan by scaling on
surface area of the proposed reservoirs, this implies that the carbon dioxide equivalent of the methane
emissions from the proposed hydropower projects would equal 3.146 million metric tons per year. It is
difficult to predict total emissions over time, because [24] found non-linear relationships in a small
reservoir in Guyana, with roughly ten times the emissions in the tenth year as in the first. The
Kemenes et al. study [25] was roughly 15 years after the closure of the Balbina dam. If we used this
estimate as the mean (most likely an underestimate) over thirty years, it would imply total methane
emissions of roughly 93 million metric tons, or that the methane emissions are roughly 20% of the
annual emissions from fossil fuels.

The combined impacts of the methane and carbon emissions of the proposed reservoirs sum to
the equivalent of 785 million tons of carbon dioxide equivalents, or 1.73 times the 2010 emissions
from fossil fuel combustion in Brazil. This would be equal to the emissions of 5.19 years of electricity
generation from the equivalent capacity of gas powered thermal plants or 3.7 years of oil powered
thermal plants. In order to offset the total emissions (CH4+CO;) from the proposed reservoirs,
Brazil would need to reduce its emissions from fossil fuels by 10% per year over seventeen years.

Since the proposed reservoirs have roughly the same total area as the reservoirs in operation
and under construction, the combined effect of the whole hydroelectric system in Brazil is roughly
1570 million metric tons, or 3.46 times the 2010 emissions from fossil fuels. The remainder of the
analysis will only focus on the proposed dams, but it can easily be converted to include both those in
operation and under construction by multiplying by a factor of two. The reader should also keep in
mind that these proposed dams do not include the full extent of hydropower potential in the Amazon
watershed, as defined by the government of Brazil. It only includes those facilities for which plans
have been developed. Moreover, it does not include the dams proposed by other countries such as
Bolivia, Peru, Columbia and Ecuador.

Another way of thinking of the emissions from the proposed hydroelectric plants is to think of the
total global damages caused by the dams. Estimates summarized by the United Nations Intergovernmental
Panel on Climate Change (IPCC) [29] place the damages associated with a ton of carbon at between 10
and 200 dollars per ton, while the Stern report [30] identifies a mean value of $85 per ton. Choosing
the Stern estimate (which is in the middle of the range suggested by IPCC [29]), the 785 million tons
of carbon dioxide translate into global damages of 66.8 billion dollars. At an estimated cost of
construction of 62 billion dollars (using average per W values for the few dams without published
estimates), the global climate change cost of the proposed hydroelectric projects exceeds the estimated
construction costs, even when a very modest estimate of the costs per ton of carbon dioxide is used.

What portion of this cost will Brazil have to pay? This is a question that can be answered in many
ways. First, look at the direct damages of global warming to Brazil. The exacerbated El Nifio Southern
Oscillation (ENSO) cycle generated by global warming leads to increased drought in the Northeast,
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greater floods and greater dry periods in the hydrological cycle of the Amazon River system and
shrinkage of the Amazonian Rainforest. The shrinkage of the Amazonian forest leads to less recycling
of the rainfall, and further shrinkage as lower rainfall stimulates forest transformation into grasslands
along the edge of the rainforest. It also diminishes rainfall in important agricultural regions in the south
of Brazil, as well as Argentina and Paraguay [31,32]. Furthermore, Rio de Janeiro, much of which is
built upon fill, is very vulnerable to sea level rise, as are other Brazilian coastal cities.

In addition, it is quite possible that there will be a direct monetary cost associated with this carbon
loss. Depending on the international climate change treaty, which will eventually be negotiated and
ratified, there could be economic incentives associated with carbon emissions and land use. It is quite
possible that these new emissions associated with the loss of the forest and methane emissions will
count against the “cap” that Brazil would face in a “cap and trade” system, or would generate a tax
liability in a treaty that focused on carbon taxes. Moreover, the new emissions associated with the
reservoirs could disqualify Brazil from participating in a system such as the proposed program,
Reducing emissions from deforestation and forest degradation REDD+, because the hydroelectric
reservoirs are new sources of deforestation.

Local Environmental and Social Impacts:

In addition to those impacts related to global climatic changes, there are local impacts associated
with what Rosenberg et al. [33] term “landscape destruction” resulting in social, economic, and health
consequences [34]. We define local environmental and social impacts as those that occur in the
vicinity of the dam and reservoir, whether they are above or below the dam. Environmental impacts
are primarily caused by the following phenomena associated with the dams.

1. Blockage of the flow of sediments, particularly in white water systems, such as the
Rio Madeira, Rio Purus, and Rio Jurua;

2. Moderation of the pulse of the river (in some places as much as a 15 m variation in levels
between the high and low water seasons);

3. Blockage of the migration of fish;

4. Reduction in oxygen levels both above and below the dams;

5. Fragmentation of the aquatic ecosystem.

Social impacts are primarily caused by the following phenomena:

1. Displacement of rural and indigenous communities, affecting their culture and way of life;
2. Loss of access to ecological services.

The blockage of the sediments will create enormous environmental impacts. The two largest tributaries
of the Amazonas River, Solimdes, and Madeira have their headwaters in the newly formed lands of
Andean areas. Steep terrain and young lithologies make the Andes an important source of sediments to
the lower reaches of the Amazon basin [35]. The predictable annual flood of the plains adjacent to
river is the key for this ecosystem [35,36] and changes in the timing of the flooding and in the amount
of sediments could result in dramatic and unpredictable effects.

One normally associates a dam’s moderating impact on the flow of water as a benefit, lessening
the negative impacts of both floods and droughts. However, the pulse of the rivers in the Amazon are
not the result of extreme conditions, but occur naturally over the year in conjunction with the annual
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fluctuation in rainfall and the dynamics associated with large rivers backing up smaller rivers. Again,
individual organisms and aquatic ecosystem have evolved to take advantage of the pulse of the river.
For example, many fish species spend the high water period in the varzea and return to the river
channels in the low water, when the varzea is dry land. Many events for individual organisms (e.g.,
migration, reproduction, metamorphosis) are linked to the river pulse. The elimination of this pulse by
the dams can destroy signals that trigger reproduction, and other life cycle events, potentially affecting
the recruitment of species that have economic or subsistence value in addition to their ecological
importance. The reproductive season of these species is synchronized with hydrological cycle to
permit the use of the rich environment of floodplain by larvae and young fish. An alteration on this
process could affect the recruitment as suggested by [37] in the match-mismatch hypothesis. Again,
one would expect the elimination of the pulse of the river to lead to local extinction of species.

The third type of impact, the blockage of the migration of species could also have huge impacts.
The reproductive success of some species of Amazonian catfish, such as piramutaba
(Brachyplatystoma vaillantii) and dourada (B. rousseauxii), depends of the ability of adults to reach
the headwaters of tributaries that arise in pre-Andean areas. The fragmentation of these rivers by the
construction of dams could have serious detrimental effects on these populations [38]. Moreover, the
aquatic ecosystem consists of a series of lakes that are connected to the rivers in the high water system
and isolated from the rivers in the low water periods. Different species move back and forth between
the lakes and the rivers with the pulse of the river. The moderation of the pulse of the river below the
dams will permanently isolate many of these lakes from the river, losing the connectivity essential for
the life cycles of these organisms. This already has been observed in the Tucurui reservoir [39] and is
expected to lead to extensive extinction at the local level in the areas in which new hydroelectric
projects will be established.

The problem with oxygen depletion is relatively self-explanatory. The decay of the tremendous load
of organic material in the reservoirs will remove a great deal of oxygen from a system that is already
low in oxygen because of the ambient temperatures. This creates problems both above and below the
dam and is expected to result in the loss of species with less tolerance to low oxygen conditions, with
associated impacts on other species through trophic cascading.

The problem of fragmentation of ecosystems has come up both in terms of blocking the migration
within a river, and breakage of connections between the river and lakes. Fragmentation is also generated
by the reservoir itself, isolating terrestrial communities on one side of the reservoir from the other.

The net impact of all these factors would be greatly increased rates of local extinctions.
Wearn et al. [40] and Rangel [41] define an “extinction debt” that is generated by existing deforestation,
particularly in the “arc of deforestation” in the southern part of the Brazilian Amazon. The idea of
extinction debt is that only a small part of the extinction associated with the existing loss of habitat in
the Amazon has already occurred, although this loss in habitat will ensure that many more species
become completely or locally extinct in these degraded areas over time. The idea of extinction debt is
very important in that the extinctions and loss in biodiversity caused by the hydroelectric reservoirs is
not added on top of the current extinction and biodiversity losses from deforestation, but the full extent
when the debt comes due. In addition, there will be more deforestation in the future from other sources
(mining, industrial agriculture, cattle ranching, timbering, urbanization, efc.), which will lead to even
more deforestation and more extinction.
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The hydroelectric projects will cause important social damages as well [42]. The World
Commission on Dams [43] cites displacement of local populations as the most significant social cost
associated with hydroelectric projects in the developing world. They define two types of displacement,
direct displacement and displacement of sources of income and subsistence. Direct displacement refers
to the inundation of traditional lands of the communities in the region, forcing them to migrate to a
new location, which is likely to be less suitable than the location that they left. This was observed in
Tucurui, where people were forced to settle in the less fertile terra firme (upland rainforest) as the rich
varzea soil was permanently inundated. In some cases, the refugees from hydroelectric facilities are
forced onto land that is already occupied, generating conflict and increased competition for resources.
Significant psychological stress can accompany this type of displacement. The loss of income and
means of subsistence, while not a direct displacement, can be even more painful, as families on the
edge of economic survival fall below the minimum level. With the loss of nutrients and the
fragmentation of the aquatic ecosystems, it is certain that fishery resources will fall significantly in the
region, diminishing the only source of protein for the people in the vicinity of the hydroelectric
projects. In addition, the blockage of nutrients can have impacts on other extractive activities as well as
agriculture. Sediment islands are eroding due to lack of replenishment, and there is indication that
important species such as agai (Euterpe oleracea) and buriti (Mauritia flexuosa) are suffering from
lack of nutrients downstream of the Tucurui project Farmers and extractivists are having to purchase
nutrients. This impact has caused many extractivists and farmers to flee the area and move to the state
capital of Belem [44]. Moreover, the opening of these regions by access road could lead to immigration
from other areas, leading to more deforestation, and conflicts between the original residents and the
newcomers. Moreover, concentrations of imported workers who arrive without their families often
lead to social problems at the access city or community, such as prostitution, drugs and crime in general.

3.2. System Wide Environmental Impacts

The loss of nutrients, the fragmentation of the aquatic ecosystem and other local environmental
impacts also have system-wide impacts as the scale and the number of the projects are quite large.
As is most often the case with multiple sources of environmental stress, the combined stress is greater
than the sum of the individual stresses. This point is emphasized by Finer and Jenkins [3] who state
that the impacts of hydroelectric dams on the Amazon basin should be considered in a broad
perspective, including the planned projects of other Amazonian countries, such as Bolivia, Colombia,
Ecuador and Peru. The fragmentation of Amazonian rivers arising in the pre-Andean areas could result
in an even more severe nutrient impoverishment of the rivers because the mountains and associated
uplands are the main source of the waterborne sediments that form the basis for the high primary
productivity observed in the Amazonian floodplains.

Given the existing sources of stress to the Amazonian ecosystem (deforestation, global climate
change, biodiversity loss, efc.), the scale of the Brazilian hydroelectric plans, and the planned
hydroelectric activities in other Amazonian countries, it is not an overstatement to say that the entire
ecosystem is at risk. The acceptance of this risk is not necessary as alternatives (principally wind power
and solar power) are a lower cost alternative at present, and the cost advantage is likely to grow over time.
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4. Economics of Hydropower and Alternatives

The first step in the comparison of hydropower with alternatives is to discuss the costs and benefits
associated with electric production from the different sources of generation. It is important to realize
that all megawatts of generation are not equal, and some are better for base load generation and some
are better for peak load generation. The most important characteristics of generation for base load are
a low average cost and resistance to interruptions. For example, ignoring other social costs, coal is
a good fuel for base load generation. One can stockpile coal on the site, and with the exception of
scheduled maintenance or accident, there is no reason why the plant would have to shut down in
the middle of operations. On the other hand, a coal-fired plan cannot be brought on line quickly, so it is
not a good source of peak load generation.

Cost is less of a factor in meeting peak load demand, with the most important characteristic being
that it could be brought on-line (and off-line) very quickly. Natural gas is a very good fuel for peak
load for this reason, and depending on the cost it could also be a good fuel for base load. Reiterating,
cost and resistance to interruption are the primary characteristics for a good base load fuel, while ease
of start-up is the most important characteristic for a peak load source of generation.

The other reason that all megawatts of capacity are not created equal is the difference between
nameplate capacity and effective capacity. Nameplate capacity is the capacity of a generation system
when all factors are ideal, while the effective capacity is the average capacity, which takes into account
reductions in capacity when conditions are not ideal. For example, fluctuations in river flows, the
intensity of sunlight or velocity of the wind could reduce the effective capacity of hydropower,
photovoltaic cells and wind power, respectively. Another factor is distance from the market where the
energy will be consumed. The transmission of electricity over power lines generates a loss of
electricity as resistance converts electric energy into heat energy. Table 3 contains a list of effective
capacities for alternative sources of electrical generation for the United States. An additional reduction
of the effective capacity of Amazonian hydropower may occur in the future as the flow of the rivers of
the planned projects diminishes in response to an overall reduction in humidity in the region as a result
of global climate change [45]. To our knowledge, such a table has not been calculated for Brazil.

Table 3. Effective capacity estimates for the USA.

Technology Range of effective capacity estimates Average effective capacity
Geothermal 0.76-0.98 0.86
New hydropower 0.33-0.49 0.42
Existing hydropower 0.39-0.69 0.51
Photovoltaic 0.16-0.28 0.22
Wind 0.29-0.49 0.39
Offshore wind 0.35-0.49 0.42
Wave 0.14-0.39 0.27
Tidal 0.29-0.49 0.34
Combined cycle (gas/coal) n/a 0.8
Coal n/a 0.85
Biomass (average all types) 0.43-0.90 0.72

Source: U.S. NREL [46].
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With the capacity factors in mind, and the need to meet both base load and peak load demands
for electricity, one can elaborate the benefits and costs associated with hydropower. The primary
benefit of hydropower is that is can provide a significant contribution to base load demand and also
make contributions to peak load demand. For example, a hydro-facility could run some of its turbines
constantly for base load and direct water through the remaining turbines to generate additional
electricity during peak load periods. Unlike coal plants, there is very little start-up cost or delay in
initiating additional generation for peak load demand. However, we will show that hydropower has a
higher cost of generation than alternatives, such as wind power and solar power.

The economic costs of the hydroelectric facility are frontloaded, dominated by the costs of
construction of the dam. Once the facility becomes operational, the economic benefits of the power
generation tend to be front loaded as well, declining rapidly over time. There are two primary reasons
for this. First, the capacity of the reservoir erodes as it fills with sediments. The stated MW capacity of
the dam does not represent the actual capacity as the reservoir begins to fill with sediment, reducing
the amount of water that can be stored (in general, this is not included when calculating effective
capacity). Dams could be designed to reduce the retention of sediments, but this possibility remains a
potential issue. Secondly, the costs per kilowatt-hour of alternative technologies will fall over time,
eroding the economic cost savings associated with the hydropower. For example, the cost of rooftop
solar panels in 2012 was 1% of the cost in 1977 [47].

We will start our examination with the construction cost per watt of capacity of hydroelectric
production in the Amazon. The total construction cost for each existing plant and the estimated
construction cost for planned projects and projects under construction from Ecologia em Ag¢ao (ECOA) [3]
were used to calculate average cost per watt for existing projects, projects under construction and
planned projects. Note that we estimate cost per watt of total capacity, not effective capacity, which is
always below the boiler plate capacity. The costs were converted into 2011 dollars and averaged to
yield the average cost within each category. These averages per watt of capacity came to US$ 1.96 for
existing plants, $3.01 for plants under construction, and 1.97 for planned projects. Note that the costs
for effective capacity may be much higher than the calculations above. For example, the estimated cost
per watt at the Belo Monte dam (under construction) is 1.69 per watt. However, if one accepts the
argument by Miesen and Hubert [1] that the hydroelectric facility will only operate at 10% capacity
during the low water season this would imply an actual cost of US$ 6.9 per watt of effective capacity
(Ansar et al. [13] note that their statistical analysis shows an average cost of $2.80 per watt of boiler
plate capacity, but that this average is skewed downward by North American dams, which tend to be
cheaper). Alternatively one could recalculate the cost per watt of effective capacity using the low
estimate (since this area has such a fluctuation in the flow of rivers) and the average estimate for new
hydropower in the table above. With the low estimate of 0.33 effective capacity, the cost would be
USS$ 5.12 per watt of effective capacity, and US$ 4.02 using the average capacity estimate from the
above table. For the average cost of planned hydroelectric projects (US$ 1.97) the corresponding
figures would be 5.96 and 4.69. Note that another reduction in capacity occurs with transmission in
power lines. ICF [48] estimates that for conventional lines, it is as high as 20% per 1000 km. The
straight line distance (Calculated using the “ruler tool” of Google Earth) from the Belo Monte project
to various coastal cities are Rio de Janeiro (2300 km), Salvador (1700 km), Brasilia (1500 km), and
Fortaleza (1400 km). The straight line distance between the cluster of dams proposed for southern
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Mato Grosso state are Rio de Janeiro (2300 km), Salvador (1700 km), Brasilia (1500 km), and
Fortaleza (1400 km). Note that at 1000 km of distance, the effective capacity would diminish by 20%
due to transmission. For the average estimate of the effective capacity of new hydropower, the
effective capacity would be reduced to 0.33 and for the low estimate it would be reduced to 0.26. With
2000 km of transmission distance, the effective capacity of a dam diminishes by 36%, putting the
average estimate of effective capacity at 0.26 and the low estimate at 0.21. These transmission losses
should be kept in mind when comparing hydropower with alternative technologies, as photovoltaic
generation is generally located within the urban area (rooftops, parking lots, etc.) and wind power in
Brazil would generally be located within 50-100 km of urban areas, since it is the coast and shallow
offshore areas that are the best wind areas.

In addition to the impact of diminished capacity, the cost figures for planned projects and projects
under construction are likely to increase significantly for two reasons. First, the indigenous groups to
be displaced are physically occupying the construction site at places such as the Belo Monte site [49],
delaying the projects with their protests. Second, the workers at some of the construction sites are
engaged in prolonged strikes, demanding better wages [50]. Both of these factors are likely to make
future construction much higher than the estimates, although at this point it is not possible to make a
prediction about these potential cost increases. Furthermore, the statistical analysis of Ansar et al. [13]
shows that most cost estimates for big projects, such as dams, underestimate the final cost of
production by a significant amount, often as much as 100%.

Table 4 provides a comparison of the cost of effective capacity for hydropower, wind power, and
photovoltaic power. Other sources of energy, such as concentrated solar power and gasification of
waste move prove to be the lowest cost alternatives in the future, but our analysis will focus on wind
power and photovoltaic as they are the alternatives that are most contributing to new capacity at the
current time. Brazil has been identified as an area with high wind power and high solar power
potential, with investments accelerating in these sources of power [51,52]. The most recent costs per
megawatt and effective capacity estimates are contained in first and second data columns, with the
calculation of cost of effective capacity in the fourth data column. The next column contains reasons
why effective capacity may change in the future, followed by estimates of these changes. The last two
columns contain projected future cost change and likely future costs per watt of effective capacity.

Table 4 reveals photovoltaic power to be more cost effective than hydropower. The range of
estimates for hydropower is US$ 4.00 to 7.92 per watt, while photovoltaic is calculated at $2.60 to 5.0.
This means that the lower bound estimate of photovoltaic is lower than the corresponding estimate for
hydropower by 35% and the upper bound for photovoltaic is lower by 38%. When other factors that
are likely to change effective capacity and future costs are considered the intervals change to 8.51 to
20.6 dollars per effective watt capacity for hydropower and 1.62 to 4.00 for photovoltaic, a very large
cost advantage to photovoltaic. Furthermore, photovoltaic has the advantage of being able to handle
peak load demands (daytime air conditioning) in Brazil, and does not require the use of additional land
(it can be installed on buildings and in parking lots).

A similar comparison for wind power shows the cost advantage over hydropower, but slightly less
so than photovoltaic. Neither of these comparisons incorporates the argument of Ansar et al. [13], that
the internal estimates of costs of potential hydropower projects are likely to be significantly lower than
the costs, which will be experienced when the project begins.
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Table 4. Current and expected future cost per W of effective capacity.
Cost Per W of Effective Cost Per W of Change in Likely Future
. . . . . Reason for Change . Future Cost Change
Generation type Capacity Capacity Effective Capacity . . Effective Costs Per W of
In Effective Capacity . and Reason . .
(USS) (from Table 3) (Current Costs) Capacity Effective Capacity

Increase, but hard to

Hydro power 1.96 t0 3.09 * 0.3-0.49 4.0-7.92 - - measure (increase in -
construction costs)
- - - - Seasonality of rainfall ¢ —-0.05 - -
- - - - Sedimentation Not available - -
Change in river flow 0.4
(deforestation) © '
Change in river flows .
- - - - . Not available - -
(global climate change)
- - - - Transmission line losses © —0.2 to —0.36 - -
Net effective capacity (not including sedimentation and climate change):
- 8.51 10 20.6
0.15t0 0.23
photovoltaic 0.80 ¢ 0.16 to 0.28 2.8t05.0 - - -
. With storage:
Fall to 0.64 with
. 0.32 to 0.4 based . ] 1.6to2
- - - - Online storage . ,  expansion (doubling)
on onsite storage . w/o storage
of capacity ®
225t04
windpower 1.50t02.50 ° 0.29 to 0.49 3.06 to 8.6 - - - -
Bigger blades (more effective
- - - - +0.1 - 2.75t07.74

at lower wind velocity) ©

Sources: * ECOA et al. [3]; ® (USDOE [53]; ¢ USDOE [54]; ¢ Miesen and Hubert [1]; © Stickler ez al. [55]; " ICF [48]; ¢ US Department of Energy [47].
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It should be noted that an energy policy that stimulates both photovoltaic and wind power is more
efficient that stimulating either alone, because wind power tends to be more available at night, and
solar power more available during the day. This implies that the peak load/base load issues become less
important as the two sources complement each other in their peak availability and base load coverage.

In summary, the current situation is that the cost of a watt of capacity for hydropower is slightly
higher in comparison to wind and photovoltaic. Moreover, both the wind power and photovoltaic costs
are declining rapidly, and if present trends continue, the cost differential will grow over time. Within
ten years they will be less than 50% of the cost of hydropower. The comparison of hydropower with
alternatives conforms to the discussion by Arrow and Fisher [8]. The technological innovation in
alternatives that we are already observing will diminish the long-term benefits of the proposed
hydroelectric projects in the Amazon.

5. Conclusions

A major policy decision must be made which will shape the future of the Amazon ecosystem, as the
planned hydropower projects will have strong and irreversible impacts on the ecosystem and on
communities in the region. It is clear that the ecosystem of the entire watershed will be altered in a
manner that is much greater than simply the loss of forest. Most importantly, the flow of nutrients will
be halted, the annual pulse of the rivers drastically modified, and there will be substantial
fragmentation of the ecosystem. Extinctions (mostly local, but some global) will follow, as will other
systematic modifications of the extent and quality of the linked forest and aquatic ecosystems.
In addition, there are important greenhouse gas emissions from the organic matter to be flooded by the
reservoirs. Although we have not done a complete cost-benefit analysis or a complete environmental
impact statement, we have highlighted both the environmental damages and the economic costs of
basing Brazil’s energy future on extensive damming of Amazonian rivers, synthesizing the research
results of the scientific and economic literature. Both economic theory and the recent developments in
alternative energy technologies suggest that the current cost advantage of wind generation and
photovoltaic cells will continue to increase in the future, leaving hydropower at a higher and higher
relative cost. Wind generation, photovoltaic power, and other alternatives (biofuels, concentrated solar
power, gasification of wastes, efc.) will exhibit increasing efficiency and declining costs over time.
Moreover, sedimentation and changes in water flow regimes due to global climate change will imply
that the actual capacity of the hydroelectric facilities will be much less than the stated capacity. Long-
term environmental effects are likely to fundamentally damage ecosystems, and there is no economic
justification for installing more hydropower capacity.

The Amazon forest and watershed are a Brazilian national treasure and a source of ecological
services at the local, national and global level. Current thought tends to focus on the terrestrial aspects
of the ecosystem because of its importance to global climate change, but the aquatic side is equally
important or perhaps even more important because the health of the forest depends on the pulse of the
river. A whole scale conversion of the ecosystem should not be considered without further study,
particularly when the economic benefits of the hydroelectric facilities are likely to be negative in the
short run and are certain to be even more costly in the long run. Moreover, the environmental damages
will compound over time and for the most part, are irreversible. This study should not only consider



Energies 2014, 7 6079

the ecological impacts, but should compare the costs of alternative energy on a region-by-region basis in
Brazil. Just as Pacala and Socolow [56] argued that reductions in greenhouse gas emissions could be
accomplished by “wedges” of reduction from a wide variety of existing technologies, future Brazilian
demand for energy can be met by “wedges” of alternative generation technology. One technology does
not have to provide for the total increase in demand, but a combination of photovoltaic, biomass,
waste-to-energy, concentrated solar power, tidal power, and other alternatives can substitute for
environmentally destructive hydropower in the Amazon watershed.

Although there is a lot of impetus behind the “conventional wisdom” that hydropower is the only
way to meet Brazil’s future energy needs, conventional wisdom is based on past experiences and often
on errant assumptions. The acceptance of immense damages to the ecosystem, based on current
assumptions and an overly simplified view of ecological and economic relationships, can be avoided.
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