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Abstract—Since the last two decades, a large number of
scientific studies have shown that hydropower reservoirs are the
sources of anthropogenic methane (CHa) emission, especially in
the tropical ecoregion [1]. Therefore, the present study aims to
find out the detailed nature and extent of CH4 emissions from a
hydropower reservoir (Tehri) in India. Our results show that all
the sampling locations at the reservoir surface and downstream
of reservoir were the sources of CHs emissions to the
atmosphere. At the reservoir surface, average CHa fluxes and
bubbling emissions were 16.01 + 6.1 mg m2 d** and 4.7 + 7.9 mg
m-2 d? respectively, whereas downstream emissions in the form
of degassing and diffusive fluxes were 7.1 £ 5.5 Mg d~* and 23.01
+ 4.6 mg m2 d? respectively. Similarly, diffusive fluxes at the
drawdown area were in the range of -5.2 to 78 mg m2 d. These
results are comparable to other reservoirs in the tropical
ecoregion. Overall, the total emissions vary seasonally with 60%
of diffusive fluxes and downstream emissions occurring during 3
to 4 months of summer season. This study also indicates
spatiotemporal variation as measured fluxes were different from
one location to another due to variability in depth, organic
carbon present in the water column and the varying
hydrological conditions among different parts of the reservoir. A
major portion of total emissions was contributed by degassing at
the downstream (70.24%) while only 16.52% of diffusive and
4.4% of bubbling fluxes came from reservoir surface. The
tentative annual calculation indicates that Tehri reservoir is a
source of CHs4 with an annual CH4 emission of about 1.20 Gg
yrl. The results revealed that the CH4 emissions from Tehri
hydropower system were lower than the other tropical
hydropower systems, partly due to the higher depth and lower
allochthonous organic carbon input from the reservoir

catchment.
Keywords— Greenhouse gases; Hydropower; Reservoirs;
Tropical ecoregion; Methane emission
l. INTRODUCTION
According to IPCC, (2013) [2], methane (CHa)

concentration in the atmosphere has reached up to 1803 ppb
which is about 150% higher than pre-industrial level.
Currently, CH4 emission from various sources accounting for
43% of anthropogenic radiative forcing [2]. Hence, the
identification and quantification of natural and anthropogenic
sources of CH4 have become major environmental issue. Until
the 90’s, hydropower has been supported as green energy
source. Since the last two decades, a large number of scientific
studies conducted worldwide have shown that CH, emissions
from large hydropower reservoirs are one of the biggest
sources of CH4 emission, annually emitting 4 to 64 TgC CH4
yr* [3]1[4] [5].

The degradation of impounded or allochthonous organic
carbon in anaerobic conditions at the bottom of the reservoir

favors the production of CH4 and its possible emission into the
atmosphere [1]. A major portion of the CH. produced is
oxidized within the water column and never reaches to the
atmosphere [6]. The remaining portion of produced CH.
escapes to the atmosphere through several pathways: (a)
diffusive emission occurs at the surface of reservoir and
drawdown area [7] [8] [9]; (b) bubbling occurs mainly in the
shallower part of the reservoir [10][11][12]); (c) degassing due
to pressure drop at the downstream of reservoir when water
passes through turbines [12] [13] [14] and (d) diffusion along
the river at the downstream [6]. The contribution of CH4
emission from hydropower reservoirs varies with temporal
and spatial variation [3] [15] [10], diurnal variation [15] [16],
seasonal variation [17] [14] and decreases with reservoir age
[13]. Hence, there are lots of uncertainties associated with
CH4 emissions from hydropower reservoirs.

Due to high temperature and high amount of impounded
organic carbon in the tropical reservoirs, the estimates shows
high potential of CH4 emissions in tropical ecoregion [3] [5].
However, these conclusions are drawn from the compilations
of results from specific number of reservoirs but not all the
studies have included all emission pathways or the spatial and
temporal variation [13] [14] [18]. Most of the studies on CH4
emission from hydropower reservoirs have been conducted in
Europe [19], North America [20] [18] and South America [13]
[14] and there is very little information from Asia [8] [9] [21]
[22] [23] [24] [25] [26] [27]) where 60% of the total world
hydropower potential remains (2795 GW) [28]. The objective
of the study is to quantify the gross and net CH4 emission in
subtropical Tehri Reservoir in India. Quantification of CHs4
was done during four field campaigns conducted during the
year 2011-2012. Result of the study discussed spatio-temporal
variation and contribution of each emission pathways.

Il. SITE DESCRIPTION, SAMPLING STRATEGY
AND METHODOLOGY

A. Study Area

Tehri dam is situated in one of the deep gorges of the
Himalaya at the confluence of the river Bhagirathi and
Bhilangana in India. It was competed and commissioned in
2006, flooded over 42.5 km? area out of 7502 km? of
catchment area with Determiner water storage capacity of 3.2
million m3. This mega project of 2000 MW installed capacity,
envisaged construction in two stages. The stage |, is termed as
Hydropower Plant and Stage Il, a Pump Storage Plant, have
an installed capacity of 1000 MW each. The project area
experiences a sub-tropical monsoon climate with distinct
monsoon (June — September), post-monsoon (October -
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December), winter (January - February) and summer (March -
May) seasons. In summer, the temperature in the area is
relatively high due to the low elevation and topographic
features. Maximum temperature varies from 30°C to 36°C
while minimum temperature varies between 0°C to 6°C. Since
water input is directly related to rainfall, maximum depth (d)
of water (240 m) was observed during monsoon season
(reservoir area of 42.5 km?) and minimum (140 m) during pre-
monsoon season (reservoir area of 18 km?). Annual river
discharge of 60 cumec was measured in winter and 900 cumec
in monsoon with the annual turbine discharge of 273.35
cumec [29].

B. Physico-chemical parameters in the reservoir

Thermal and chemical properties of Tehri reservoir were
analyzed by collecting and analyzing water samples as well as
onsite using Hydrolab multiparametric sonde (DS5X) at 18
different locations spread over the reservoir surface, upstream
and downstream as shown in Fig. 1.

Tehri Dam

T18

78°30°0"E
Figl. Location map of Tehri reservoir and the sampling station

Sampling locations were chosen based on the spatial
variability. Meteorological parameters viz. air temperature,
wind velocity and rainfall were obtained from IMD
(www.imd.gov.in) for the sampling period. Average annual
wind speed and precipitation vary from 5.32 to 10.39 m s
and 1000 to 2000 mm respectively. Considering seasonal
variations, sampling were done four times in year 2011-2012.

e Vertical profile of dissolved CH4
Water samples were collected at fixed depth interval
to measure dissolved CH4 concentration and different
forms of carbon content in the water column for entire
volume of reservoir. Organic and inorganic carbon
analysis were done using infrared spectrophotometry and
automated carbon analyzer. Water samples for CHa
concentrations were stored in 60 ml serum vials flushed
with N2 which were then sealed using butyl stoppers [6].
The headspace method were used to determine dissolved
gas concentration by equilibrating equal volumes of water
and air in the sampling syringe [30]. CH4 concentration
were determined using a Netel Michro 9100 gas
chromatograph using flame ionization detector (FID).
Methodology described by McNair and Miller (2009) [31]
and Willard et al.,, (1998) [32] were used to prepare
samples and run tests. Commercial standards at 2 to 1000
ppmv, air “Cristal “standards were used for calibration.

T
30°30°0"N

The specific gas solubility for CHs [33] was used for
calculation of total CH4 concentrations dissolved in water.
e  CHa4 concentration at sediment water interface

Sediment samples were taken from the bottom of the
reservoir using a gravity sediment corer. Samples were
stored into pre-weighted glass vials containing 20 ml of
1M NaOH. Glass vials were then closed with rubber
stoppers and vigorously shaken to ensure equilibrium
between gas and slurry phase before analysis [1]. The CH4
concentrations in the headspace were determined using gas
chromatograph. A sub-sample was taken immediately and
sealed in a pre-weighted vial to determine water content
and porosity.

C. Diffusive surface flux

Diffusive fluxes measurements were performed with
floating chambers (surface area = 0.2 m? volume = 20 )
following the similar design as in Guerin et al. (2007) [6].
This method consists of enclosing air in a chamber that floats
at the surface of the water. The chamber is equipped with a
septum in order to take samples inside the chamber with a
syringe. To avoid any artificial increase of turbulence in the
floating chamber, the walls of vertical chamber were
continuously submerged which was about 3 cm at the bottom
and allowed to float freely with the water and air current [34].
During each flux measurement, three gas samples were
collected at 15 min interval from the chamber. A 60 ml
polyethylene syringes were used to collect the gas samples.
Until the analysis, the collected samples were stored in 10 ml
glass serum vials flushed with N, and covered with high
density butyl rubber stoppers [35]. Collected gas samples were
analyzed within 2 days using gas chromatography. A linear
regression analysis were performed between gas concentration
versus time and the slope of linear regression were used to
compute CHs fluxes. The fluxes were accepted when the
determination coefficient (R?) of the linear regression was
higher than 0.8.

D. Bubbling emission

Bubbling mainly occur in shallow parts of reservoirs
where the hydrostatic pressure is not sufficiently high to
dissolve gases in the interstitial water. The selection of
sampling sites was decided on the basis of water depth and
type of impounded ecosystem. An inverted funnel (30 cm
diameter) initially filled with water and coupled to gas
collectors were used, which captured the ascending bubbles
[36]. Sets of funnels were placed above the water surface, at
various depth ranging from 0.5 to 30 m and remained on the
site for 12 to 24 hours. Samples were collected and stored in
glass vials flushed with N, and analyzed by gas
chromatography.

E. Emission at drawdown area

During the low water periods (early monsoon, summer and
winter), diffusive fluxes were measured at 6 locations from
the soils surrounding the Tehri reservoir. Soil moisture content
and temperature were measured at each site. Sampling
locations were chosen based on the representativeness of each
impounded ecosystems. At each location, 3 zone were
defined: the upper zone which was never flooded (soil
moisture ~20%); the middle zone which was impounded
during high water level (soil moisture <30%) and the lower
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zone which was close to the shoreline and water saturated
(soil moisture ~40%).

F. Downstream Emission

Downstream emissions are those emissions observed
below reservoir outlets. The intakes of turbine is located at
188 m depth below the water surface, where there is
remarkable higher pressure than the atmospheric pressure. The
dissolved CHs in the hypolimnion releases into the
atmosphere when the water passes through the turbines
because of the abrupt decrease in pressure and the increase in
water temperature [37]. Downstream emissions are consisting
of degassing and diffusive fluxes. Most of the dissolved CH4
is released by degassing at the turbine outlet and remaining is
transported downstream, and gradually released to the
atmosphere by diffusion. The influence of emissions ranged
from a few meters up to 50 km downstream in the river [13].
Degassing of CH4 at the turbine outlet was estimated by
multiplying the difference between average CH4 concentration
at the upstream near water intake (T-13) and turbine outlet (T-
16), by the average discharge [12]. Diffusive fluxes at the
downstream were computed by applying the gas concentration
on thin boundary layer equation using formulation of k600
from study done by Macintyre et al., (2010) [38]. As floating
chamber measurement were not possible due to strong water
current. Keoo values were varied from 5.4 to 14.3 cm h with
varying wind velocity which is similar to the Kggo value at the
downstream of Petit Saut reservoir [6]. In four different
seasons, 12 degassing emission measurement were done.
However, 36 diffusive fluxes measurements were made at
location T-16, T-17 and T-18 located at the 0 km, 5 km, and
10 km interval from downstream of water release from turbine
respectively.

G. Statistical Analysis

Mean CH. fluxes were calculated by averaging all the
replicates at each sampling site. To analyze the differences in
GHG fluxes from different sites, one way analysis of variance
(ANOVA) was used. Normal distribution of data was
performed. Relation between the GHG fluxes and
environmental variables were computed using the Pearson
correlation analysis. The Kruskal-Wallis one-way analysis of
variance was used for verifying whether samples originate
from the same distribution and to compare more than two
independent samples.

I1l.  RESULTS AND DISCUSSION

A. Physico-chemical parameters in the reservoir

CHjy is the end product of the anaerobic decomposition of
organic matter by multiple microbes, and CH4 emissions from
the reservoirs are influenced by temperatures [39]. Therefore,
vertical profile of temperature were measured. Thermal and
chemical stratification was stronger during post-monsoon and
summer season as shown in Fig. 2. Epilimnic water
temperature was highest during summer (23.1 + 3.7 °C) and
post-monsoon (20.2 + 3.6 °C) season, it rose up to 25°C
whereas the hypolimnic temperature was observed in the
range of 10 - 13 °C. During summer, the difference of 10 +
2°C was observed between epilimnion and hypolimnion,
however, in winter these temperature difference was 3 - 5°C.
Dissolved oxygen (DO) play an important role in CHa

oxidation in water column [40]. Throughout the year,
epilimnion was oxic (7.0 to 8.5 mg I™%) and DO level abruptly
dropped to anoxic level in metalimnion (at 50 to 100 m depth)
as well as in hypolimnion (at 100 to 200 m depth) (Fig. 2).
Maximum DO at the surface was observed during monsoon,
(8.2 £ 2.5 mg I'Y) and winter (8.5 + 3.30 mg I™%) season due to
mixing of rain water during monsoon season and high
solubility of oxygen (O,) at low temperature in winter. At
locations T-03, T-06, T-07, T-09, T-11 (at the rim, depth <
30), the reservoir was generally stratified with an anoxic
hypolimnion and well-oxygenated epilimnion, although O;
reach occasionally the hypolimnion during the sporadic
destratification events during monsoon and post-monsoon
seasons. The depth of oxycline was concomitant with the
thermocline in all the seasons.
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Fig 2. An example of vertical profile of temperature, dissolved oxygen and
CH,4 concentration at cluster 1 (upper panel) and cluster 2 (lower panel).

B. Vertical profile of CH4 concentration in reservoir water
column

e  CH. concentration in reservoir water column

CH, concentration in surface water at all sampling
locations ranged from 0 to 2.4 mg I"* (n = 120) with an average
value 0.11 + 0.9 mg I'*. Vertical profile shows large variation
due to physical and hydro dynamical conditions in water
column (Fig. 2). Due to anoxic condition at the bottom of the
reservoir, the decomposition of organic matter leads to high
concentrations of CHy in the hypolimnion whereas oxidation of
most of the produced CHjy at oxi-anoxic interface leads to lower
CH, concentration at the epilimnion. The regular decrease of
CH, concentration from hypolimnion to the metalimnion and
sharp decrease around metalimnion to epilimnion due to
presence of oxygen is the typical characteristics of many lakes
and reservoirs [6] [7] [11]. Distribution of CH4 was exactly the
opposite of DO. Such influence of DO was also observed in
many tropical reservoirs [7] [12] [13].

Statistical analysis for the epilimnic CH4 concentration
suggested three cluster in sampling locations throughout the
year (p < 0.05, one way ANOVA test), Cluster 1 : T-04, T-05,
T-08, T-10, T-12, T-13 where water depth was high (> 30 m),
cluster 2: T-03, T-06, T-07, T-09, T-11 at the rim of the
reservoir (depth <30 m) Cluster 3: T-01, T02, T-14, T-15 at the
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upstream of reservoir. Effect of depth on CH4 emissions i.e.
more emissions at shallow water locations compared to deep
water locations due to less CH, oxidation was also observed by
Dumestre et al., (1999) [41]; Guerin and Abril, (2007) [6]. This
explains the importance of methanotrophic bacteria in
regulating the CH4 concentration at the epilimnion and
metalimnion. At cluster 1, CH4 concentration at the epilimnion
(0.05 = 0.5 mg I™*) were about 88 times less than hypolimnion
(4.4 £ 1.1 mg I"Y) concentration (Fig. 2). At cluster 2, due to
lower standing water depth, epilimnic concentration (1.2 £ 0.5
mg I-1) was only 2 - 3 times lower than hypolimnic
concentration (3.5 £ 1.2 mg CHq4 I"%). In addition, T-06 was
located in a small embayment preventing efficient water
mixing with the rest of the reservoir, thereby not being part of
the reservoir outflow or inflows and becoming more stagnant as
a result higher CH. concentration at hypolimnion and
epilimnion. At cluster 3, epilimnic concentration were very low
compared to reservoir surface (0.03 to 0.4 mg I'%) due to lower
hypolimnic concentration and well oxygenated epilimnion.
Variation of CH4 concentration in the epilimnion with respect
to DO and difference in surface and bottom temperature (At) is
shown in Fig. 3.

At locations T-13 (at the water intake), when turbine
were operated, homogeneous vertical CH, profile was observed
due to mixing of water. Dissolved oxygen at the hypolimnion
increases from 0 to 3.2 mg I* and CH, concentration decreases
from 44 + 1.1 to 212 + 0.45 mg It Decrease in CH4
concentration at the hypolimnion was concomitant with DO
present into the water column and temperature difference at the
epilimnion and hypolimnion.

On the seasonal basis, CHs4 concentration was
significantly different (p = 0.034, one way ANOVA analysis).
CHy4 concentration gradient were steeper during summer season
due to higher temperature. As elevation of temperature
increases the activities of microbes and methanogenic bacteria
are much more responsive to temperature than methanotrophic
bacteria [42]. During monsoon season, CHs concentration
decreases sharply due mixing of freshwater inflows which
increase penetration of oxygen and hence enhancement of
aerobic CH4 oxidation. However, it starts increasing slowly
during post-monsoon due to inflow of organic carbon during
monsoon season which leads to high degradation rate hence
higher CH. production and again decreases during winter
season due to lower degradation rate.

Due to stratification, after 150 m water depth, CH4
concentration was homogeneous till bottom in all the seasons
(Fig. 2). Most of the high epilimnic CH4 concentrations were
observed in summer (0.23 £ 0.56 mg 1-1) and post-monsoon
(0.19 £ 0.46 mg 1-1) season where as in winter and monsoon
season it was lesser i.e. 0.09 £ 0.23 mg I"* and 0.12 + 0.56 mg
I? respectively. Similar pattern of seasonal variation in CH4
profiles were often observed in stratified tropical reservoirs [7]
[13] [21].
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Fig 3. Variation in CH, concentration in surface water due to (a)
dissolved oxygen and (b) AT (difference in surface and bottom
temperature).

Average epilimnic CH4 concentration (0.11 + 0.17
mg 11) at Tehri reservoir was lower than CH4 concentration at
Petit Saut reservoir in March 2012 (0.16 + 0.17 mg I%) [13],
Balbina reservoir (0.14 + 0.16 mg I"%) [7], Nam Theun 2 (1.02
+ 0.9 mg I-1 in Feb - April, 2011) reservoir [22] as shown in
Table 1. Similarly, hypolimnic concentration (4.35 + 2.03 mg
I%) was lower than CH, concentration at Petit Saut (4.8 mg %),
Balbina reservoir (6.7 + 2.2 mg 1) and Nam Theun 2 reservoir
(4.4 +3.4mgltinFeb - April, 2011) (Table 1).

e CHa4 concentration at the downstream

CHj, concentration at the downstream locations T-16,
T-17 and T-18 were not significant (p < 0.05). During winter
and summer season, the DO saturation level was less than 8%.
CHs concentration at T-16, which receives water from
homogenized water column at T-13 varied from 0.04 to 2.62
mg I"* (average 1.29 + 0.39 mg IY). CH,4 concentration at the
downstream was about 10 times higher than the natural river.
Similar results of increase in CH4 concentration due to creation
of dam have been reported in Petit Saut reservoir [7]. Rivers are
indeed ecosystems where oxic conditions generally prevail and
where CH4 production was rather limited. Maximum CH,
concentrations at the downstream were observed during
summer (2.62 + 1.2 mg I™*) and post-monsoon (2.63 + 0.7 mg
I™Y) as dissolved CHs concentration were higher at T-13
location during these seasons whereas lower concentrations
were observed during monsoon (1.9 = 0.34 mg %) and winter
(1.9 £ 0.12 mg I"?) season. Concentration decreases from T-16
to T-18 during summer from 1.62 + 1.2 to 0.06 + 0.04 mg |2,
post-monsoon from 1.34 + 0.7 to 0.04 * 0.03 mg I,
monsoon from 0.9 + 0.34 to 0.04 + 0.008 mg 1! and winter
from 0.2 + 0.12 to 0.005 + 0.003 mg I"X. CH, concentrations
at the water release from spillways was lower (0.006 to 1.6
mg I7%) than at the full
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TABLE I. CONCENTRATION AND EMISSIONS OF CH4 IN SOME TROPICAL RESERVOIRS (THE NUMBER IN
PARENTHESIS INDICATES THE NUMBER OF MEASUREMENTS).

Reservoir | Location | Age | Date Concentration (mg I'%) Diffusive Bubbling Degassing Downstrea | Ref.
Flux Fluxes fluxes -m fluxes
(mgm?d?) | (mgm?d") | (mgm?d?) | (Mgd?)
Epilimnion Hypolimnion | Downstream
Tehri India 6 04/10 | 0.11+0.9 [0- 4.4+1.1[0.9- | 1.29+0.39 16.01+6.1 4.7+7.9 7.1+7.9 23.01+46 | 1
to 2.4] (120) 5.2] (120) [0.04-2.62] (216) (60) (60) (36)
05/11 (48)
Nam Laos 1 02/11 | 0.024+0.008 | 4.4+3.4 15+1.2 15.2+12.8 25 2
Theun 2 to [0.0004-3.5] | [2.56-
04/11 51.2](32)
05/10 1.05+1.2
to
09/10
Nam 28 04/09 | 0.16+0.0014 | 0.21+0.45 0.033+0.054 | 3.2+3.2 (11) 3
Ngum to (26) @17 3)
01/10
Nam 10 0.12+0.019 1.1#1.7 (13) | 0.056+0.043 | 40+64 (8) 3
Leuk (13) 3)
Petit Saut French 1-10 | 11/94 | 0.0016+4.4 4.8 [0.004- 1.16 [0.12- [10-3200] 11.2-800 5-40 1440 4
Guiana to (1521) 20.8] (483) 5.93](190)
12/03
05/03 | 0.004+0.001 | 3.5+0.4(33) | 1.02 (1) 123+140.8 45
6 (23) (18)
12/03 | 0.16%0.17 11.2+2.9 1.4 (1) 43.2+25.6 45
(22) (20) (7
03/05 | 0.038+0.046 | 1.9+0.049 0.76 (1) 1.6£1.6 (3) 45
(©) 9)
05/05 | 0.004+0.001 | 0.54+0.73 0.35(1) 11.2+8 (6) 45
(©) 11
Balbina Brazil 18 11/04 | 0.1440.16 6.742.2 (15) 1.2+0.11 (3) | 33.6+48 (6) 13 0.065 28.4 5
(12)
01/05 48 [6.4-464] 6
to (80-140)
11/05
09/04 193 6
to
02/06
Samuel 4-5 | 98-99 160 [4.8- 16.5 65700 45
2368]
11/04 | 0.03+0.003 | 4.1*1.1 (4) 0.64 (1) 87.55+95.4 7,8
4 2
Miranda 1 98-99 130.35 23.85 7.8
[19.2-4576]
Tres 36 98-99 31.85 164.5 7.8
Marias [0.8240]
Barra 35 98-99 16.95 [3.2- 3.95 7.8
Bonita 28.8]
Segredo 6 98-99 7[0.016-64] | 1.8 7,8
Xingo 4 98-99 29.3[1.2- 10.75 78
142.4]
Tucurui 8-9 | 98-99 101.15 7.85 7.8
[0.32-2880]
Itaipu 8 98-99 10.15 [1.4- 0.55 7.8
127.6]
24.6 [3.2- 88.65 7.8
94.4]
Serra da 1 98-99 36 77 9
Messa
Cueua- 13
Una

1. Present study; 2. Deshmukh et al., 2014, 2015; 3. Chanudet et al., 2011 [20]; 4. Abril et al., 2005 [13]; 5. Guerin et al., 2006; 6. Kemenes et al., 2007 [14];
7. dos Santos et al., 2005 [43]; 8. dos Santos et al., 2006 [44]; 9. Fearnside et al., 2005 [45].
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reservoir level (low epilimnic CH4 concentration) and water
release from the spillway happens only during monsoon
season and flood events.

The average CH, concentration (1.11 = 0.20 mg 1)
at downstream of Tehri reservoir was similar to CHa
concentration (1.16 mg I%) at downstream of Petit Saut
reservoir [13], at Balbina reservoir (1.2 + 0.11 mg I%) [7] and
Nam Theun 2 reservoir (1.5 + 1.2 to 0.02 + 0.01 mg 1% in
March - April, 2011 [21]) as shown in Table 1.

e  CHg stored in sediment pore water

For all the three cores of sediment (at surface, at 10
cm and at 30 cm) mean CH4 concentration in pore water
varied from 2.8 = 0.5 mg I* to 8.9 + 1.32 mg I'L. The
concentration in the first sediment layer (below soil water
interface) ranged from 4.7 to 7.4 mg It with high spatial
variation. CH,4 in pore water of the core was 2 times higher
than the average concentration at hypolimnic water which
conforms the occurrence of methanogenesis in the flooded
soils.

C. Pre-impoundment emissions

Pre-impounded emissions were computed on the basis of
land use classification for Tehri reservoir before impoundment
[46] and CH4 emissions values for various type of ecosystem
exist in the impounded land. Values of CH4 emissions were
obtained from literature [47] for sub-tropical ecoregion. CHs
fluxes from the river channel were measured at the upstream
of the river and is calculated as 6.2 + 42 mg m>2 d™.
Estimates of CH4 emissions for different land use type were
added together and average annual emission were estimated as
88.07 Mg yr.

D. GHG Emissions
o Diffusive fluxes

During the different field campaigns, 216 floating
chamber measurements were made (with three replicates at
each location). CHs4 diffusive fluxes exhibit high spatial
variability (p = 0.03) similar to the observations described for
epilimnic CH4 concentration (section CH4 concentration in
reservoir water column). Such variations in the measurements
at different locations were often due to variation in the flooded
ecosystem such as dense forest, open forest, agricultural land
and more often during low water level periods during summer
and early monsoon season. Among the validated data,
diffusive measured fluxes at cluster 1 ranged from 6 to 17.1
mg m~2 d! with an average value of 12.08 £ 2.4 mgm=2d"as
shown in Fig. 4. Most of the diffusive fluxes at cluster 2 were
rejected due to sudden entry of CH4 bubble in the chamber
and it varied from 9.4 to 22.7 mg m=2 d! with an average
value of 17.66 = 3.8 mg m= d*. Considering seasonal
variations, CHs fluxes during monsoon, post-monsoon and
summer were not significantly different with their average
diffusive fluxes (p = 0.67) except during winter season (p =
0.032). CHs fluxes during monsoon (16.07 + 6.1 mg m2d™),
post-monsoon (17.52 + 6.3 mg m2 d %) and summer (17.8 +
6.4 mg m2 d?) season were maximum and minimum during
winter season (12.6 + 5.8 mg m=2 d1). Comparison of CHs4
fluxes from Tehri reservoir to other tropical reservoir is
presented in Table 1. CH4 fluxes at Tehri reservoir were in
lower range than the measured CH.4 fluxes at other tropical
reservoirs [7] [13] [14].

= Monsoon riPost-monsoon =Winter ®Summer
40

Downstream
locations

30

25

20

CH, Fluxes (mg m2 d-')

| 1( i E
L{
T-01 T-02 T-03 T-04 T-05 T-06 T-07 T-08 T-09 T-10 T-11 T-12 T-13 T-14 T-15 T-16 T17 T-18

Sampling Locations
Fig 4. CH,4 emission fluxes at different sampling location

Bubbling emissions

Bubbling fluxes were measured at different depths
from 0.5 to 30 m at 5 locations spread over various parts of
the reservoir and results are shown in Fig. 5. The average
bubbling emissions was 4.7 = 7.9 mg m? d+ from 60
individual measurements. A strong relationship (R? = 0.82)
was observed between the second order polynomial function
of 1-m binned average fluxes and water depth at the
measurement site. Bubbling emission decreased from 27.8 to
0 mg m? d* for water depth ranging from 0.5 to 30 m and no
bubbling was observed for water depth higher than 30 m
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Fig 5. CH, emissions by bubbling at different sampling locations

(Fig. 6). The influence of depth on bubbling emissions was
frequently documented in various aquatic environments like
lakes 2004 [11] [48] and hydropower reservoirs [36] [49].

Bubbling emission exhibits large seasonal variation
well correlated with water level variations (mainly decrease),
fluxes were maximum during summer and post-monsoon
season (27.6 £ 6.6 mg m2d* and 225 + 8.7 mg m2 d%).
During this period, it contributed around 40 — 45 % of total
annual bubbling emission even if the reservoir exhibits the
lowest water surface area at that period. This suggests that the
estimation of bubbling from an aquatic ecosystem with large
water level variations requires high frequency measurements
over the period of water level decrease, since the water level
as well as its variations and the concomitant temperature
variations have a strong impact on bubbling.

I JERTV 8l SO80060

www.ijert.org 471

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org
www.ijert.org

Published by :
http://lwww.ijert.org

International Journal of Engineering Research & Technology (IJERT)

I SSN: 2278-0181
Vol. 8 Issue 08, August-2019

30

Indivisual fluxes

25 = 1-m bin average fluxes
5 Flux = -0.0081 . d? - 0.354 . d + 19.089
o R?=0.82
£ 20
f=2]
£
= 15
S
2
E 10
<
T
o 5
—
0 . .
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Depth (m)

Fig 6. Second order polynomial relationship between average CH,4
bubbling emissions in 1-M binned area and water depth

Average bubbling emissions (4.7 + 7.9 mg m™2 d™%) at Tehri
reservoir was much lower than average bubbling emission
(44.8 + 64 mg m™2 d™%) in some Amazonian tropical reservoirs
e.g. Petit Saut (11.2 = 8 mg m2 d™%) [13] [12] [49]; Trés
Maria, Barra Bonita, Segredo, Samuel, Tucurui and Itaipu
[13] [44] [50]; Curuéd-Una [45] and Gatun Lake [36] (Table 1).
Emission range in these reservoirs varies from 0.48 (ltaipu
and Tucurui reservoirs) up to 2400 mg m~2 d* (Gatun Lake).
The hydro acoustic measurements done by DelSontro et al.,
(2011) [10] showed that bubbling emission could vary over
several orders of magnitude (up to ~ 96000 mg m=2 d?%) for
African reservoirs.

o Diffusive fluxes from the drawdown area

Drawdown area were observed during early
monsoon, winter and summer season. Diffusive fluxes from
the drawdown area ranged from -5.2 to 78 mg m2 d'* for soil
temperature ranging from 23 to 35°C. Upper zone of soil
sometimes acts as sink of CH4 with the fluxes ranging from -
0.9 to 0.87 mg m*d* (average 0.4 + 0.2 mg m? d*) with the
moisture content was about 18 * 7%. The middle zone

(moisture content: 28 + 5%) emitted 1.1 + 0.8 mg m2 d* and
the lower layer (moisture content: 41 + 6%) emitted 37 + 46
mg m?2 d*. CH, emissions from soils with moisture content
between 20 to 30% showed a shift between a sink and a
source CHs. However, CH.s emissions from soils with
moisture content 30 to 40% showed a shift between sources of
low CHs to significantly higher source of CH.. Hence,
moisture content plays a key role to control the
methanogenesis and the methanotrophic activities in the soil
which was also observed by Le Mer and Roger, (2001) [51].
When moisture content of soil is low, oxygen penetrates
deeper in the soil, enhancing CH4 oxidation hence soil act as
sink of CH,4 and vice versa when soil moisture content is high
which leads to source of CHa. Soil temperature has no effect
on CH4 fluxes (R? = 0.06) (data not shown). The range of
fluxes observed was in lower range than the results reported
for drawdown zone of Nam Theun 2 reservoir (-6.88 — 1984
mg m2d?) [23].

e Degassing and diffusive emission at the downstream
locations

Throughout the year 48 measurements were made in

four different seasons at downstream locations located at the 0

m, 5 km and 10 km interval from turbine outlet. Degassing

efficiency was 30 — 45 % during summer and post-monsoon
seasons. The degassing efficiency was similar to the Nam
Theun 2 reservoir (32% during dry season) and lower
compared to Balbina Reservoir (53%) [14]. Seasonal variation
in diffusive fluxes at T-16, T-17 and T-18 is shown in Fig. 3.
Degassing emissions at the downstream range from 0.17 to
14.4 Mg d* (average 7.1 + 5.5 Mg d™) and diffusive fluxes
range from 8.7 to 30.5 mg m2 d* (average of 23.01 + 4.6 mg
m2 d1). During occasional spillway release, degassing
emissions was 0.03 — 1.2 Mg d*. Even if these emissions
were occasional and generally occur within a few days, it
needed to be accounted for when calculating the total CH4
emissions from reservoir.

At the downstream, both degassing and diffusive
CH4 fluxes followed the same seasonal variation as those
observed in the CH. concentrations and decreased with the
distance from the turbines. Average diffusive fluxes at T-16
were 25.5 + 5.6 mg m~2 d™* which drops 16.32 + 4.4 at T-18.
Such decrease in diffusive fluxes as the distance increase from
the turbine was also observed at Petit saut reservoir [6]. This
estimates of diffusive flux at the downstream of Tehri dam
along 10 km reach were far less than the estimate along 40 km
reach downstream of Petit saut dam (1440 mg m2d™*) [6] and
30 km reach downstream of Balbina dam (2240 mg m2 d?)
[14].

E. Annual gross and net CH4 emission (Gg CH4 yr™?)

Annual gross emissions from Tehri Reservoir through the
different emission pathways were quantified by integrating
detailed spatial and temporal variability. This includes area
weighted average CH. emission for each pathway in four
different seasons and respective reservoir water surface area
and the results are shown in Table 2. Overall, total CH4
emissions reach their maximum at the end of summer (722.87
Mg CH4 yr?) and post-monsoon (280.05 Mg CH, yr?) season.
This is because of higher temperature as well as decreasing
water level in summer and presence of high amount of organic
carbon in the water column during post-monsoon season.

Throughout the year, degassing at the downstream was the
main pathway of CH4 emission to the atmosphere contributing
71.82 % of the total CH4 emission and reservoir surface
contributed 16.54 % in the form of diffusive fluxes, 4.46% in
the form of bubbling emission and 7.15% from the drawdown
area. The contribution of degassing emission was similar to
the tropical reservoir Petit Saut (70%) after 6 years of
impoundment, however diffusive fluxes were in lower range
(5.7%) and bubbling emissions were higher (15%) which may
be due to lower water depth [13]. We hypothesize that the
high contribution of degassing could result of rapid
degradation of above ground vegetation and litter since this
type of labile organic matter could produce very high amount
of CH,4 during the initial phase of the mineralization in anoxic
conditions [1]. However, low contribution of diffusive fluxes
and bubbling fluxes was due to CH4 oxidation through long
distance between surface and bottom. Annual gross CHa
emission after 6 years of impoundment through different
pathways was estimated to be 1202.8 Mg CH, yr™* which was
17 times lower than the gross CH, emissions estimated for
Petit Saut reservoir (20,501 Mg yrY) after 6 years of
impoundment [13]. However, even after 18 years of
impoundment, Balbina reservoir shows 94,900 Mg yr [14].

I JERTV 8l SO80060

www.ijert.org 472

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org
www.ijert.org

Published by :
http://lwww.ijert.org

International Journal of Engineering Research & Technology (IJERT)

I SSN: 2278-0181
Vol. 8 Issue 08, August-2019

As suggested by Abril et al., (2005) [13] and Guerin et al.,
(2008a) [1] the difference in the annual estimates is due to
variation in reservoir area, topography, amount of carbon
impounded and rate of inflowing organic matter from the
catchment. Temperature might also influence methanogenesis

TABLE Il. GHG EMISSIONS THROUGH DIFFERENT PATHWAYS IN
THE YEAR 2011-2012

Season Diffusive | Degassing Diffusive Bubbling Diffusive Total
fluxes fluxes at the fluxes at
downstream the
drawdown
area
May™)
Monsoon 30.08 58.3 4.92 14.6 9.2 1171
Post- 72.8 188.2 4.95 141 0 280.05
monsoon
Winter 48.9 10.5 4.86 12.3 6.3 82.86
Summer 47.04 587.96 4.27 12.4 71.2 722.87
Total 198.82 844.96 19 53.4 86.7 1202.8
16.54% 70.24% 1.58% 4.46% 7.15%

and subsequent emissions, as suggested by Barros et al.,
(2011) [3] by showing the relationship between CH, emission
and the latitude.

Net CH4 emission for the year 2011-2012 was calculated
to be 1114.73 Mg yr'. Net emissions were lower than the
gross emission due to pre-impoundment emissions of 88.07
Mg yr.

IV. CONCLUSIONS

From the present study, it was confirmed that the seasonal
variation of the emissions is significant with 60% of diffusive
fluxes and downstream emissions occurring during 3 to 4
months of summer season. Based on an original approach for
the extrapolation of the diffusive and bubbling emissions at
the reservoir scale, we evidenced a very low contribution of
diffusive and bubbling emissions compared to previous
studies in the tropics. This study has also explored the spatial—
temporal patterns of CH4 emissions at Tehri reservoir. The
data indicate that fluxes from reservoir surface were different
from one location to another due to variability in depth,
organic carbon present in water column and the varying
hydrological conditions among different parts of the reservoir.
Major portion of total emissions were contributed by
degassing at the downstream (71.82%) while only 16.54% of
diffusive and 4.46% of bubbling fluxes came from reservoir
surface. Although degassing fluxes were maximum in case of
Tehri reservoir, it was lower compared to other tropical
reservoirs.

Finally, gross CH4 emission from Tehri reservoir for the
year 2011-2012 was calculated to be 1202.8 Mg yr . The
results revealed that the CH, emissions from Tehri
hydropower system were lower than the other tropical
hydropower systems, partly due to the higher depth and lower
allochthonous organic carbon input from the reservoir
catchment. As Tehri reservoir area were source of CHs
emission before impoundment, net emissions were lower than
the gross emissions and the final value calculated to be
1114.73 Mg CHa yrt,
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