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A first-of-its-kind study of net evaporation at a hydroelectric facility reveals that the project has
very littfle effect on the loss of water fo the atmosphere as compared with pre-impoundment

conditions.
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Lakes, rivers, wetlands and forests are part of
the Earth’s freshwater cycle. Water and energy
are intricately linked and are two major necessities
for modern civilizations. As population increases,
the demand for water and energy is growing rap-
idly, creating challenging situations in a context
where freshwater is a scarce resource in many
regions. In the U.S., the energy sector is the largest
user of water, accounting for about 50% of the total
water withdrawals yearly.!

Over the past decade, environmental footprints
increasingly have been used to indicate human
impact on the environment,? with the water foot-
print receiving much attention. There is an emerg-
ing debate about whether hydroelectric generation
is a significant consumer of water through the
evaporation process. Evaporation or evapotranspi-
ration (transfer of moisture from the earth to the
atmosphere by evaporation of water and transpira-
tion from plants) varies regionally and is affected
by several parameters — relative air humidity, air
and water temperature, solar radiation, water sur-
face area, wind velocity and vegetation type.

Most data available regarding the water foot-
print of hydropower complexes only accounts for
gross evaporation estimated using traditional tech-
niques.?* In many cases, gross evaporation from
reservoirs is considered water consumption, and if
associated with a water consumption tax, it would
increase the hydropower operation cost. Therefore,
an adequate method to evaluate net evaporation
is necessary. Net evaporation is the evaporation
associated with the reservoir minus the evapora-
tion and evapotranspiration that occurred from the
natural systems before flooding. For governments
and the energy sector, the evaluation of net evapo-
ration from hydroelectric reservoirs is becoming
more and more relevant to ensure that methods

of energy generation are compared adequately in
terms of the water footprint.

This article presents the net water evaporation
of a reservoir (Eastmain-1) based on comprehen-
sive field data. This is a world-first research project
and revealed that the Eastmain-1 reservoir net
evaporation is close to zero.

Site description and methodology

The Eastmain-1 Reservoir is in the boreal ecore-
gion of Quebec, Canada, about 800 km north of
Montreal. The Eastmain River watershed is domi-
nated by coniferous forest and shallow podzolic
and peat soils developed over igneous bedrock
and quaternary sediments. Aquatic systems are
described as oligotrophic — characterized by a low
water nutrient concentration, supporting a sparse
growth of algae and other organisms, and having
a high oxygen content, with overall low production
of algae and fish.

The 160-MW Eastmain-1 powerhouse was
commissioned in 2006. The main dam and 33
dikes form the Eastmain-1 Reservoir, with a sur-
face area of 603 km?. Another 768 MW of capacity
were added in 2012 with the construction of the
Eastmain-1-A powerhouse, yielding a total energy
output from the Eastmain-1 Reservoir of about
6.3 TWh per year (from 2012 forward). As part
of the Eastmain-1-A and Rupert diversion project,
a portion of the water from the Rupert River was
diverted to the Eastmain-1 Reservoir.

The hydrology of the Eastmain-1 Reservoir
watershed (25,857 km?) reflects the regional cli-
mate; runoff is strongly seasonal, with high flows
in the spring (peaking in May or June) and low
flows in late winter. The reservoir is covered with
ice about 180 days per year. The water discharged
from Eastmain-1 will flow into the Opinaca



Reservoir to be used at the new 138-MW
Sarcelle powerhouse and again at the
5,616-MW Robert-Bourassa and 1,436-
MW La Grande-1 generating stations.
To reduce the impact of the project on
the Rupert and Lemare rivers, mitiga-
tion measures were put in place. Eight
weirs were built on the Rupert River to
maintain the water level for different
uses of the river (such as navigation and
fish spawning areas), and an ecological
instream flow that reproduces the mean
annual natural hydrological cycle on both
rivers is maintained.

Determination of water evaporation

In an Eastmain-1 Reservoir net green-
house gas project (Www.
eastmainl.org) that was carried out®
over

emissions

seven years, many parameters
were measured, including energy fluxes.
Eddy covariance systems were used to
measure evaporation from the reservoir
and evapotranspiration from forests and
wetlands. The exchange of water vapor
measured does not discriminate between
evaporation or transpiration. For simplic-
ity, the measured water exchange is called
evapotranspiration, with the understand-
ing that such exchange from a purely
aquatic system is evaporation. Details on
the eddy covariance technique, equations
and calculations are available.® We used
the standard procedures employed by
the flux community in applying the eddy
covariance technique.”

The natural aquatic ecosystem 1is
divided into three categories: rivers, lakes
and streams. The Eastmain River rep-
resents the dominant component in the
region, with 82 km2 (55%) of the total
aquatic surface area. Up to 827 lakes were
contained within the flooded lands, with
areas of 100 m? to 10 km?, accounting for
45% of the total aquatic surface. More
than 827 streams of various widths and
lengths, from only 10 m up to 5.5 km and
totaling 1.3 km?, represent the smallest
component (less than 1%) of the natural
aquatic system.*

The natural terrestrial ecosystem 1is
divided into wetlands and forests. The
forest can be divided into three types:
coniferous forest represents 167 km?
(49%) of the total terrestrial surface area,

Table 1: Eastimain-1 Monthly Evaporation
and Evapotranspiration (in mm of water)

2008
EM-1 Forest Peat | EM-1
Jan. 6.2 13.6 0.3 19
Feb. 2.5 19.3 1.2 038
Mar. 4.7 18.3 49 5.0
Apr. 117 174 239 8.4

May 195 403 52.0 18.0
June 387 82.8 93.9 321
July 84.0 99.2 97.7 96.7
Aug. 123.4

1091 83.1 102.0

Sept. 1242 627 53.1 741
Oct. 93.9 35.3 226 989

Nov. 78.0 18.3 6.9 49.2

Dec. 12.7 12.1 11 22.6

2009 2010

Forest Peat | EM-1 Forest Peat
0.9 -0.2 1.0 5.0 0.6
6.7 05 2.4 1.3 22

15.2 4.2 53 9.3 59

29.7 10.8 15.8 16.2 42.3

40.3 30.6 35.7 499 76.3

543 771 774 534 78.0

61.1 60.5 73.3 89.6 825

791 54.2 489 76.3 70.1

537 35.3 71.8 52.5 441

25.4 13.3 62.7 36.3 233

21.0 74 47.6 16.8 7.2

99 10 1.4 9.6 19

Total 599.5 528.5 440.7 509.7

397.3 294.8 453.3 426.1 4342

while deciduous forest and burned forest
respectively represent 16 km? (5%) and
114 km? (33%) of the surface area. Wet-
lands represent 110.9 km? (18.4%) of the
total terrestrial surface.*

Evapotranspiration was measured over
forest, peatland and the Eastmain-1 Res-
ervoir using three eddy covariance towers
and meteorological stations. Measure-
ments were carried out from June 2006
to October 2012 at the forest and reser-
voir sites. The eddy covariance tower on
the peatland site was operated from June
2007 to October 2012. In this study, we
used data from January 2008 to Decem-
ber 2012 as they represent the most com-
plete continuous data set.

In certain periods of the year (see
Table 1), daily evaporation or evapo-
transpiration data were unavailable; mean
values of the others years’ data were used
to complete certain years. All towers were
removed in October 2012, consequently
monthly values for October, November
and December 2012, and mean values
of 2008 to 2011 period data were used to
complete the 2012 dataset. Similar calcu-
lations were done for January, February,

March, April, May and December 2008
for the peatland site (see Table 1).

The annual regional evapotranspira-
tion budget was calculated as the area-
weighted sum of the evapotranspiration
budget for each ecosystem measured. For
lakes and rivers, we used reservoir mean
monthly evaporation values. We did not
have a long-term representative burned
forest site data set. The types of burns in
the region vary. Burned lowland forested
sites often had peat substrate and now
resemble peatlands with shrubs and other
vegetated cover. Other lowland burns are
often on shallow mineral soil and, along
with more complete burns, would have
less evapotranspiration. To calculate a
burned forest evapotranspiration budget,
we consider that 50% of the surface area
would have similar rates of evapotranspi-
ration to the peatland (see Table 1). The
remaining 50% would be covered by a
lower vegetation density and drier soils,
and we used a lower annual evaporation
rate of 395 mm of water (see Figure 1).

Results and discussion
Our results are based on more than



Figure 1 — Annual Evaporation and Evapotranspiration
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Evaporation from the Eastmain-1 Reservoir and evapotranspiration from forest and peatlands varied from 2008

to 2012, based on more than 25,000 measurements.

25,000 measurements taken over five
years. The annual evapotranspiration var-
ied from 397 to 528 mmy/year for forest,
295 to 468 mm/year for peatland, and
453 to 599 mmy/year for the Eastmain-1
Reservoir (see Figure 1). Evapotranspira-
tion rates were higher during the grow-
ing season or warmer months (May to
September) than during fall-winter time
(October to April).

Similar forest evapotranspiration rates
were observed,’ with 1.5 to 2.0 mm of
water per day during the growing sea-
son in a central Canadian forest, as well
as with 399 mm of water from May to
October in a coniferous forest.!® Summer
evapotranspiration rates for peatlands are
also similar to those reported.!! The East-
main-1 Reservoir evaporation compares
well with the evaporation rates reported
for South Sweden (500 to 650 mm/year)'?
and Finland (500 to 700 mm/year)'3.

According to the Hydro-Québec
hydrology database and data from Envi-
ronment Canada, there is typically 850 to
950 mm of precipitation annually in the
Eastmain-1 region. Evaporation varies
between 350 and 400 mm of water per
year, which represents 30% to 40% of
annual precipitation.

There are very few studies that have
used the eddy covariance method on
an open-water body. Eddy covariance
requires turbulent atmospheric condi-
tions for optimal performance, and data
are therefore often biased toward daytime

conditions when winds are more preva-
lent. For terrestrial ecosystems, missing
data goes through rigorous and proven
gap-filling routines, so bias is minimal.
For the aquatic system, no such gap filling
is readily available and therefore the daily
evapotranspiration data values are likely
overestimated by 20% to 30%.

Monthly evapotranspiration rates start
to increase generally in April to May for
the terrestrial ecosystems (see Table 1).
The timing of reservoir evaporation rate
increase lags this by about a month and
starts in mid- to late May (see Table 1).
We believe this is related to the reservoir
thermal mass that delays the spring ice
break-up and therefore the correspond-
ing increase in evaporation. The reservoir
thermal mass also has an effect in Septem-
ber to November when reservoir evapo-
ration is higher than that of terrestrial
ecosystems. The fall period (September
to November) represents about 50% of
the total annual evaporation on the reser-
voir and about 22% to 35% for terrestrial
ecosystems. In addition to the reservoir
thermal mass, strong winds coupled to its
large surface area may contribute to the
higher reservoir evaporation. The spring
transition occurs over a shorter time
period than the fall transition.

We used a fixed surface area cor-
responding to the reservoir’s maximum
surface area of 603 km?. However, this
area varies throughout the year and is
reduced as water is used to generate

electricity, leading to an overestimation
of reservoir evaporation on an area basis.
This is particularly true for the summer
months when the highest evaporation
rates are combined with the smallest
reservoir surface area. The annual water
level fluctuation for this reservoir is 6 to
9 meters. At the minimum water level (9
meters drawdown), the reservoir surface
would represent about 55 % (330 km?)
of the Eastmain-1 Reservoir maximum
surface area. Due to erosion by waves and
ice, the drawdown area usually contains
little vegetation biomass and therefore
any additional source of evapotranspira-
tion should be minimal.

In Quebec, the long winters and corre-
sponding high electricity demand result in
a lowering of the reservoir water level and a
reduction of the reservoir surface area from
January to May. The reservoir fills from
May to mid-December, with a correspond-
ing slow increase of the reservoir surface
area. Considering that during summer,
reservoir surface area is at 80%, evaporation
from the reservoir would be lower than that
from the natural ecosystems.

The IPCC Special
Renewable Energy'* was an important

Report on

document in assessing the potential for
renewable energy sources to replace fos-
sil-based fuels and included the volume
of water needed to generate energy. That
review identified only four publications
on the comparison of energy sources
and their water consumption in 2011.
A few have been published since 2011,
and a review of these® indicated that
hydropower water consumption rates
varied from 0.04 m*> MWh-1 to 6,250
m?> MWh-1. However, most of the stud-
ies use gross evaporation rather than net
evaporation.

Equation 1

Gross Evaporation = Reservoir Evapora-
tion | Annual Power Generation

Gross evaporation for Eastmain-1
would be about 49 m?> MWh'. Based
on the measured Eastmain-1 Reservoir
evaporation rates, we calculated the gross
evaporation from the Robert-Bourassa
Reservoir as 32 m?> MWh! using the
installed capacity and a utilization factor of
65%. These numbers are similar to those
presented for Canadian, Austrian and



Figure 2 — Net Evaporation from Eastmain-1 Reservoir
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Annual net evaporation from the Eastmain-1 Reservoir (603 km2) varies over time (top), and calculations show
net evaporation would be 5% to 23% of the gross evaporation (bottom).

Norwegian reservoirs (14-33 m> MWh!)3
and for American reservoirs (34 m> MWh-
115, A mean gross evaporation of about 68
m®> MWh has been calculated for U.S.
hydropower.!® These are much lower than
mean values for reservoirs in temperate,
tropical and warm-dry regions, which are
at 152 m> MWh, 498 m> MWh! and
1,658 m®> MWh'!, respectively.?

However, reporting gross evapora-
tion does not take into consideration the
evaporation losses from natural ecosys-
tems that would have occurred prior to
the construction of the power plant and

Figure 3 — Net Evaporation Based on Reservoir Area

associated reservoir. This is best repre-
sented as the net evaporation.

Equation 2

Net Evaporation = (Reservoir Evapora-
tion — Ecosystem Evapotranspiration Before
Flooding) | Annual Power Generation

Creation of a reservoir is considered a
land-use change, and evapotranspiration
from vegetation is replaced by open-water
evaporation from the reservoir, therefore
net evaporation is a more appropriate
approach.?? In this study, we can calculate
annual net evaporation over five years.

Annual net evaporation (see Figure 2)
varies over time
and is driven by
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When calculated based on actual reservoir surface area (80% of the 603 km2 reservoir
surface), net evaporation from the Eastmain-1 Reservoir would more likely attain values
between -19% and 4% of the gross evaporation, indicating the reservoir may actually

5% to 23% of the
gross evaporation
(see Figure 2).
These results are

similar to the few publications where both
gross and net evaporation estimates were
calculated; the net evaporation values were
in the range of 12% to 60% of the gross
evaporation values.?

In this study, net evaporation was
calculated using the maximum reservoir
surface area. However, when considering
that the reservoir actually covers about
80% of the surface area because the water
level fluctuates annually, the Eastmain-1
net evaporation would more likely attain
values between -19% and 4% of the gross
evaporation (see Figure 3 on page 60).
Negative net evaporation implies that the
reservoir evaporates less than the natural
ecosystems it has replaced. Conservatively,
considering the natural variability in these
estimates of evaporation, the Eastmain-1
net evaporation is likely close to zero.

It is expected that reservoir evapora-
tion, as well as the evapotranspiration of
the luxuriant vegetation associated with
warm regions (such as Panama or Bra-
zil), would be much higher than boreal
or temperate regions, but net evaporation
should be lower than gross evaporation
and would be close to zero in many cases.
The exception would be reservoirs in arid
regions, such as the Aswan Dam in Egypt
or the Hoover and Glen Canyon dams in
the U.S., where net and gross evaporation
would be almost similar. This is related to
the low vegetation biomass and small river
surface area that existed before reservoir
flooding, which translate as a very small
amount of evaporation in comparison to
the reservoir evaporation (<4%).1¢

Considering water on a global scale,
evaporation from reservoirs is not lost and
will not cause an imbalance to the global
hydrological cycle. According to the defi-
nition of water consumption, it must be
accompanied by a local or regional impact
on the availability of water resources.>!*
Because the Eastmain-1 net evaporation
is close to zero, the Eastmain-1 evapora-
tion would have a minimal impact on the
local or regional water resources.

Conclusions

Natural ecosystems, prior to reservoir cre-
ation, clearly emit significant amounts of
water through evapotranspiration, which
results in the net evapotranspiration for



the Eastmain-1 Reservoir being close to
zero. Overall, the Eastmain-1 Reservoir
has a low net loss of water to the atmo-
sphere and low net greenhouse gas emis-
sions.*> Moreover, the mitigation mea-
sures put in place — including the eight
weirs built on the Rupert River and an
ecological instream flow reproducing the
natural hydrological cycles of both rivers
affected by the Eastmain-1-A/Sarcelle/
Rupert project — are a good example
of how a project can have very limited
impact on water resources. |
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