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REFERAT
Kvantifiering av växthusgasutsläpp vid turbinpassage och modellering av temperatur-
profiler i tropiska vattenmagin
Johan Wilson

Syftet med examensarbetet har varit att kvantifiera växthusgasutsläpp från vattenkraftmagasin i
tropiska regioner. Mer specifikt har fokus varit på emissioner i samband med att vattnet passerar
kraftverkets turbin.
Vattenkraftsmagasin är en källa till utsläpp av växthusgaser till atmosfären och utgör 25 % av
den totala arean av antropogena sötvattensystem, en andel som spås öka i framtiden. Planer
finns att bygga ytterligare ca 3700 mellanstora till stora vattenkraftsverk, vilket kan leda till
en fördubbling av den nuvarande globala energiproduktionen från vattenkraft. Merparten av
dessa vattenkraftverk planeras i just tropiska regioner. Genom att förstå de processer som styr
växthusgasutsläpp från vattenkraftsmagasin kan planering och design av nya vattenkraftverk
vidareutvecklas för att minska utsläppen.

Detta arbete utformades för att undersöka växthusgasutsläppen från turbinerna av två magasin i
Brasilien som en del av ett större projekt, Hydrocarb vilket har som syfte att studera växthusga-
sutsläpp från vattenkraftsmagasin i Brasilien. För att bestämma utsläppen när vattnet passerar
turbinerna genomfördes en provtagningskampanj i magainet Chapeu D’Uvas. Vattenprover
från hela vattenprofilen togs genom en ny typ av djupvattensprovtagare användes. Metankon-
centration i vattenprofilen analyserades för att bestämma halten metan för varje segment av
vattenpelaren vid dammens vattenintag, samt vid utloppet efter dammen. Resultatet visade att
de djupa segmenten med låg syrekoncentration i vattenpelaren innehöll höga metankoncen-
trationer. Dock återfanns liknande höga koncentrationer även i vattnet direkt efter utloppet.
Denna typ av provtagning var även planerad att genomföras vid vattenkraftsmagasinet Funil,
men pågrund av COVID-19 pandemin blev dessa kampanjer inställda. En modelleringstrategi
utvecklades istället för att kunna bestämma metankoncentrationerna vid turbinernas vattenin-
tag vid Funil, för att på så sätt kunna uppskatta utsläppen vid turbinen. Det första steget av
modelleringen genomfördes i detta arbete, där kontinuerliga tidsserier av temperaturprofilen i
magasinet bestämdes. De modellerade temperaturproflerna visade temperaturer som stämde
överens med observerade värden med ett fel (root mean square error) av 1,5 �C.

Slutsatsen av detta arbete är att metoden för att provta metankoncentration från olika djup
av vattenprofilen var framgångsrik och kan användas för att undersöka metankoncentrationer
vid de djup där vattenintaget sker hos vattenkraftsmagasin. Metanutsläppen från utflödet vid
Chapeu D’Uvas var låga och står för 1,1 % av de totala utsläppen från vattenkraftsmagasinet.
Resultatet från de modellerade temperaturprofilerna kan användas för att vidare bestämma
syreförbrukingshastigheten och metanproduktionen i vattenkraftsmagasin.
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ABSTRACT
Estimating greenhouse gas emission via degassing and modeling temperature profiles in
tropical reservoirs
The aim of this project was to quantify the greenhouse gas (GHG) emissions from the degassing process of
hydroelectrical reservoirs in tropical regions.
Reservoirs represent 25 % of the total area of man-made freshwater systems and are a source of GHG emissions to
the atmosphere. There are plans to construct an additional ca 3700 medium and large hydropower dams with the
aim to double the current global energy production by hydropower. The majority of these are planned to be con-
structed in tropical regions. By understanding the processes controlling GHG emissions from these hydropower
reservoirs, the design of new hydropower plants can be developed to minimize the emissions.

This project were designed to investigate GHG emissions from the turbines of two reservoirs in Brazil, as part
of the larger ”Hydrocarb” project that investigates the total emissions from a number of reservoirs in Brazil. To
estimate the GHG emissions from the degassing process, a sampling campaign in the reservoir Chapeu D’Uvas
was conducted in April 2020 .Water samples from the entire water column at the water inlet, and directly after
the dam were taken by using a sampling technique that involved a newly developed deep-water sampler. The
methane concentration was then analyzed for each depth of the water column and in the water directly after the
outlet. The results showed that at the deep layers with low oxygen concentration in the water column contained
high concentrations of methane. These high methane concentrations were also found in the water at the outlet.

This method was also planned to be used for the hydropower reservoir Funil, but due to the global COVID-19
pandemic the campaigns were canceled. A modeling approach was instead constructed with the aim to model
the methane concentration at the intake of the water in Funil, and to estimate the degassing as the water passes
the turbines. The first stage of this modeling approach was made within this study, where temperature profiles of
the reservoir were modeled. The predicted profiles matched the observed temperatures profiles with a root mean
square error of 1.5 �C. The study concluded that the method of collecting methane concentrations throughout the
full water profile using the sampler were successful and can be used to examine methane concentration at the level
of the water inlet in reservoirs. The methane emission from the outlet at Chapeu D’Uvas was estimated to be
low contributing to 1.1 % of the total greenhouse gas emissions from the reservoir. For the modelling of methane
concentration in water columns, the first part of the method to model daily temperature profiles that can be used
to implement empirical models of oxygen demand and methane production in the model.
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POPULAR SCIENTIFIC SUMMARY
Measuring methane concentrations and modeling temperature profiles in tropical reser-
voirs to estimate methane emissions.
Johan Wilson
Svante Arrhenius, Nobel Laureate and Professor of Chemistry, published an article in 1896 in which he described
how the carbon dioxide (CO2) content in the atmosphere affects the Earth’s average temperature. He then esti-
mated that a doubling of the CO2 content would increase the average temperature by 5.7 degrees. 105 years later,
the UN Climate Panel estimated that a doubling would lead to an increase between 2.6 to 4.1 degrees. Arrhenius
was the first to realize that the burning of fossil fuels would cause an increase in the Earth’s temperature. Today
we know that different greenhouse gases (GHG) have different radiative forcing, which is the gases ability to ab-
sorbed energy from the sun. Different gases can only absorb energies of a certain wavelength but let through the
rest. In order to be able to compare the climate effects of all the different atmospheric gases, the standardized term
CO2 equivalents is used as praxis. The difference between the concentration of methane (CH4) in the atmosphere
is 200 times smaller than of CO2, but the global warming potential of CH4 is 34 times greater than that of CO2.
Due to the strong global warming potential of methane, it has been estimated that CH4 accounts for 75% of CO2

equivalent GHG emissions from lakes and reservoirs in the world.
Reservoirs are a man-made aquatic system that affects the global water cycle. Hydropower plants were first con-
sidered a clean energy source with no emissions of GHG, but then research showed that hydropower reservoirs
can be a potential source of GHG. These reservoirs cover an area of 3.4 x 10 5 km2 and are about 25% of all
the world’s reservoirs. The need for more power in the world grows and it is planned to build around 3700 new
medium and large hydropower dams are planned in the near future, which can double the current capacity. Hy-
dropower is a renewable energy source and has a current estimated average for emissions of 18.5 g C02-eq / kWh,
compared to coal-fired power plants emissions of 900 g CO2-eq / kWh. By understanding the processes for GHG
emissions from hydropower reserves, the design of new hydropower plants can be developed to minimize these
emissions.

When reservoirs are created, land areas containing organic matter such as vegetation and soil are flooded. This
organic material is then broken down by bacteria that consumes oxygen. As this process continues, there may be
a lack of oxygen in the bottom water and reservoir sediment. In these oxygen-free zones, the organic material is
then broken down into CH4. Organic material is constantly added to the system in the form of the growth of algae
and other plants, which can eventually become the main source of organic material in the reservoir continuing this
process.

This work was designed to investigate GHG emissions from the turbines of two hydropower reservoirs in Brazil as
part of a larger Hydrocarb project that has investigated the total emissions from a number of reservoirs in Brazil.
The project had however to be cancelled due to the COVID-19 pandemic before the field work could be finished.
Data from the tests of equipment and the methods from a drinking water reservoir were completed and have been
analyzed to get an idea of the magnitude of the CH4 concentration in the water column and the CH4 concentration
in the water after the outlet. The results show that at the oxygen-poor zones in the water column there were high
concentrations of CH4. These high CH4 concentrations were also found in the water at the outflow. The mea-
surements of the CH4 concentrations for Chapeu D’Uvas showed that the highest concentration of 140 � 13 mg
m�3 was found at 25 meters. The concentration after the outlet was 120 �13 mg m�3. The release of CH4 to
the atmosphere were then estimated at 490 kgCO2e

per day. When the project was interrupted before it could be
completed, the project was reconstructed to try to model the CH4 concentration at the intake of the water in Funil
to estimate the degassing as the water passes the turbines. This method contained three steps, the first one being to
model continuous temperature profiles of the reservoir, which later could be used to model oxygen consumption,
and lastly the CH4 production could be predicted from water temperature and oxygen concentration. For this
project, the first phase of this setup was performed and the model predicted the seasonal change in stratification
and mixing as well as predicted temperatures. The model was able to produce good estimations of daily water
temperature profiles from a small number of historical profile data, and it can be used in the next step of the
modeling approach.
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CDU Chapéu d’Uvas

CH4 Methane

CO2 Carbon dioxide

DOM Dissolved Organic Matter

FNS Furnas

FUN Funil

IPCC Intergovernmental Panel on Climate Change

k Gas exchange coefficient (gas transfer velocity)

ppm parts per million

UGGA Ultra-portable GHG analyzer

GOTM General Ocean Turbulence Model

ACPy Auto calibration utility for GOTM

V



CONTENTS
Referat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II
Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III
Popular scientific summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV
Wordlist . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V

1 Introduction 1
1.1 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Layout of report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Background theory 2
2.1 Reservoirs in tropical regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.2 Gas dynamics in reservoirs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.2.1 Surface diffusion and k-value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3 Degassing from turbine and downstream emissions . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.4 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.4.1 GOTM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.4.2 Organic carbon mineralization and CH4 formation in tropical reservoir sediment . . . . . 5

3 Methods 5
3.1 Study sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.2 Study design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.3 Measurement techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.3.1 Deep-water sampler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.3.2 Ultra-portable GHG analyzer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.3.3 Measurement of deep-water gas concentrations . . . . . . . . . . . . . . . . . . . . . . . 9
3.3.4 Diffusive surface measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.3.5 Gas-Exchange Coefficient k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3.6 Degassing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.4 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.4.1 Water profile data and model calibration . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.4.2 Temperature model data collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.5 Future plans for modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.5.1 Model approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4 Results 15
4.1 Water profile of Chapeu D’Uvas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2 Vertical distribution of CH4 concentrations in the water profile . . . . . . . . . . . . . . . . . . . 17
4.3 CH4 concentration after the dam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.3.1 Gas-Exchange Coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.4 Modelled temperature profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

5 Discussion 35
5.1 Measurements at Chapeu D’Uvas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.2 Modelled temperature profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5.3 Potential mitigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

6 Conclusion 38

Appendices 42

VI



1 INTRODUCTION
Inland waters (rivers, lakes and reservoirs) play a vital role in the global carbon cycle as they are a significant
sources of the greenhouse gases (GHG’s) carbon dioxide (CO2) and methane (CH4) to the atmosphere. At the
same time they bury more organic carbon (OC) in their sediments than the entire ocean (Cole et al. 2007, Battin
et al. 2009, Tranvik et al. 2009, Aufdenkampe et al. 2011).

In the tropics, many new large hydropower dams are being built to meet the increasing energy demand of growing
populations and economies. This is affecting GHG emissions and carbon cycling on a global scale. The global
annual emission rates of CO2 and CH4, and consequently the global temperature increase is accelerating rapidly
(Smith et al., 2015). Today hydroelectricity is the largest source of renewable electricity, but the contribution to
climate change mitigation is not completely understood. The release of GHG from hydropower reservoirs varies
depending on the location and the characteristics of the water chemistry, and in individual cases their emissions
rates are comparable to thermal power plants (Scherer and Pfister, 2016). Not much is known about the magnitude
of the emissions on a global scale but the carbon footprint of hydropower is far higher than what has previously
been assumed (Hertwich, 2013). In the tropics, many new large hydropower dams are being built to meet the
increasing energy demand of growing populations and economies, globally there are 3700 major dams being
planned or are under construction (Zarfl et al., 2015).
Following flooding of landscapes to create any kind of reservoir, terrestrial plants die and no longer assimilate
CO2 by photosynthesis, resulting in the loss of a sink for atmospheric CO2. In addition, decomposition of the
organic carbon that was stored in plants and soils convert the carbon into CO2 and CH4, which are then released
to the atmosphere. All of the reservoirs examined to date emit CO2 and CO4 to the atmosphere, but different
landscapes contain different amounts of stored organic carbon in soil and vegetation (Torbert et al., 1997). Hence
the potential for gas production and loss varies from site to site. For example, in the Boreal region of Canada, a
worst-case scenario is flooded peatland because they contain a large store of organic carbon in peat, which can
decompose and be returned to the atmosphere as GHG over a long period (Kelly et al., 1997).

The first studies of GHG fluxes from reservoirs focused on hydroelectric generation (Rudd et al., 1993, Kelly
et al., 1997, Duchemin et al., 1995). It was, and still is, widely viewed as a carbon-free source of energy (Hoffert
et al., 1998). This view likely originated because before 1994, there were no data available on CO2 and CH4

emissions from reservoirs, even though it was well known that oxygen depletion resulting from active decompo-
sition of flooded organic matter was common in waters of newly constructed reservoirs (Rzóska, 1981). The first
discussion of GHG emissions from reservoirs (Rudd et al. 1993) pointed out that GHG production per unit of
power generated (e.g., in kWh) is not zero and should 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 areas with
low topographical relief, would produce more GHG per kWh than reservoirs built in canyons were little area is
flooded and large amounts of electricity are produced.
A study by Deemer et al. (2016) estimated that the global GHG emissions from reservoirs water surfaces ac-
count for 0.8(0.5-1.2) Pg CO2 equivalents per year, with the majority of the emissions being caused by CH4. It
is consensus that CH4 is the GHG of major concern, since the transformation of previously fixed atmospheric
CO2 to CH4 in reservoirs implies a 34-fold amplification in global warming potential (IPCC 2013). In the study
by Deemer et al. (2016) it is also stated that the uncertainty of the global estimate is very large. Another study
conducted by Barros et al. (2011) estimates the global GHG emission from specifically hydropower reservoirs at
of 48 Tg C as CO2 yr�1 and 3 Tg C as CH4 yr�1, corresponding to a total emission of 288 Tg CO2-eq yr�1, and
given the increase in tropical hydropower, reservoir emissions are bound to increase in the future.

Looking at the overall studies done regarding GHG emissions from reservoirs there is a lack in understanding
the magnitude and the regulations of GHG emissions and carbon burial. This in turn has a negative effect on the
development of mitigation strategies to reduce GHG emissions from both planned and existing reservoirs. In the
tropics this lack of knowledge is especially severe since this region has the highest emission rates stated by Barros
et al. (2011) and it is also where most new hydropower are being planned to be built . There is a big market for
building new hydropower reservoirs since the tropical regions like Africa and Latin America only use 8 and 25 %
of their hydropower capacity (Kumar A, 2011).
One area where there is a lack in understanding the GHG emissions from reservoirs is through which pathways
do the emissions occur. The main pathways of emissions are take is through diffusive fluxes from the surface of
the water, ebullition in the form of bubbles of gas and the degassing at the turbine (the pathways are explained in
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detail in section 2). Studies of the degassing process as the water passes the turbines has shown that there can be
a large difference between the degassing rates, ranging from 3 - 1378 ton of CO2eqd� 1 (dos Santos et al., 2017).

1.1 AIMS
This project will build on the hypothesis thatGHG emission at the turbine emission contributes signi�cantly
to total reservoir emission. The project aimed to identify the magnitude of emission from the turbine of two
reservoirs that vary in characteristics in terms of productivity (oligotrophic - eutrophic), size (9.5-35 km2), and to
relate that other emission pathways that were investigated in the Hydrocarb project. The research questions of the
project are the following:

1.1.1 Research questions
• How big is the contribution of CH4 and CO2 emission from the degassing process during turbine passage

for the total GHG emissions of tropical hydropower reservoir?

• Can the temperature pro�le of a tropical reservoir be modeled, in order to allow calculation of water column
CH4 concentration in the next step.

1.2 LAYOUT OF REPORT
This project was planned in beginning of 2020 and had the objective to measure the CH4 and CO2 emissions
from the degassing process of one hydropower reservoirs and one drinking water reservoir. In the end of March
the restrictions because of the pandemic of COVID-19 caused a shutdown of the university facilities, and the
�eld work was stopped before the campaigns to the hydropower reservoirs could be performed. Data from one
campaign to the drinking water reservoir Chapeu D'Uvas were able to be extracted. Upon returning, a modeling
approach was developed to see if it was possible to model temperature pro�les, in order to in the next step model
oxygen consumption rate of the sediment together with the CH4 production rates, and thus �nally quantify CH4

emissions from the degassing process. This report will be presented in a two-part structure, where the �rst part
in each section relates to the results from the data collection at Chapeu D'Uvas, and the second part covers the
modeling of water column temperature pro�les.

2 BACKGROUND THEORY
2.1 RESERVOIRS IN TROPICAL REGIONS
Tropical reservoirs have the general characteristics of high temperatures of both the water and the sediment. These
reservoirs often also have and anaerobic bottom layer. They generally also have a high supply of organic matter
(OM) due to the high production of OM on land from terrestrial plants and in the water from phytoplankton, this
does not necessarily give the reservoirs high OM concentration since the OM degradation at high temperatures is
also very high (Winton et al., 2019). These conditions all contribute to the production ofCH4 andCO2. Not all
tropical reservoirs are as productive, oligotrophic reservoirs as Chapeau D'Uvas has low productivity because of
low nutrient content. In tropical regions a higher temperature results in a larger biological production of CH4 in
the reservoir since the temperature increase the activity of the microorganisms that break down the organic matter
into CH4 (Yvon-Durocher et al., 2014). The production of CH4 is also occurring in tropical regions to a higher
degree since the microbial processes that produce CH4 is in need of an anaerobic environment. Seasonal water
mixing usually is the result from changes is surface temperature, tropical reservoirs are not always affected by
seasonal mixing since tropical regions can have a more stable yearly temperature. Reservoirs that do not have
strong mixing of the water column for longer periods could lead to the buildup of the anaerobic layer that can
develop over time and wereCH4 can be produced and then be emitted to the atmosphere. TheCH4 production
is not constant throughout the reservoir's lifespan and emissions decline with the age of the reservoir but to what
extent depends on the characteristics of the reservoir (Barros et al., 2011).

2.2 GAS DYNAMICS IN RESERVOIRS
Our worlds rivers, streams and reservoirs account for a signi�cant source of the atmospheric GHG (CO2) and
(CH4) (Cole et al., 2007). These gases are mainly formed under different circumstances, the microbial degrada-
tion of organic matter in oxic environments mainly produces CO2. In anaerobic freshwater sediments the microbial
degradation also producesCH4 from breaking down organic matter. For the microbial degradation to occur or-
ganic matter is needed as a food source for the bacteria. The formation of a reservoir is done by damming a lake
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or stream, this then �oods the upstream area and organic matter is added to the reservoir through allochthonous
sources which is organic matter formed in another place than where it is found and autochthonous sources which
is organic matter formed in the place where it was found. The reservoirs can then begin to produce CH4 when
the carbon is transformed to CH4. CH4 which has a 34 times higher warming potential thanCO2 in turn has a
greater impact on global warming (Church et al., 2013). Not all CH4 that is produced is directly released to the
atmosphere it is estimated that up to 80% of the CH4 that is produced in marine and freshwater environments
is oxidized and never reaches the atmosphere. This happens trough microbial oxidation. That makes microbial
oxidation one of the largest CH4 sinks on earth. (Reeburgh et al., 1993). The aerobic CH4-oxidizing bacteria
(methanotrophs) useCH4 as their only source of energy and the activity is driven by the availability ofCH4. The
CH4 is then transformed to CO2 by the methanotrophs.

The GHG that is produced can be released to the atmosphere from several different pathways from a reservoir
see �gure 1 for an illustration. The emission pathways are through diffusion from the water surface to the air
called surface diffusion, through the release in form of gas bubbles called ebullition and from degassing when the
gas is release through the turbine and through the evasion of the remaining excess of gases in the downstream out
�owing water, generally called downstream emissions. The gases in the water is not evenly distributed through-
out the entire water column. Reservoirs stratify thermally and accumulate high concentrations ofCO2 andCH4

at depth when no mixing of the deeper layers occur (Kemenes et al., 2016). since the water intake of most hy-
dropower plants is located in the deeper depth of the reservoir to provide pressurized water, this could have an
effect on the total GHG emission from the hydropower reservoir.
The degassing process from dams take place when the drop of pressure from the bottom water near the inlet passes
through the turbines and it release to an environment with atmospheric pressure, this result in a release ofCH4 and
CO2 to the atmosphere. The release of the gases does not occur at the same rate since the solubility of the gases
in water differ, wereCH4 has roughly 65 times lower solubility in water thanCO2. This results in the CH4 being
more affected by the pressure drop through the turbine since it has a lower solubility and therefor more prone to
be released to the atmosphere (Abril et al., 2005).

Figure 1. CH4 (CH4) and carbon dioxide (CO2) emission pathways in a dammed reservoir.
(Wilson 2020)

2.2.1 Surface diffusion and k-value
The diffusion of gases from the water surface is driven by the gas concentration gradient between the air and the
water and by the gas transfer velocity k. For the diffusive �uxes of the gases the gas transfer value k is referring to
the transfer speed of between the water surface and the atmosphere, the value is positively related to wind speed,
rainfall and temperature (Guérin et al., 2007). The value k is calculated by measuring the gas concentration over
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time using a �oating chamber. The �ux between a water surface and air can then be calculated by using equation
1

Fg;T = �k g;T �P (1)

�P = Pw;g � Pa;g (2)

were Fg,T is the �ux at air–water interface for a given gas (g) at a given temperature (T ),� is the solubility
coef�cient of the considered gas, kg;T is the gas transfer velocity (or piston velocity) for a speci�c gas at a given
temperature, and P is the partial pressure gradient between water (Pw;g ) and the overlying atmosphere (Pa;g ).

2.3 DEGASSING FROM TURBINE AND DOWNSTREAM EMISSIONS
The degassing process of the different reservoirs is related to the out�ow of water which differs depending on the
size of the dam and the design of the outlet. How the water is released will have an impact on the degassing of the
water. If the water is more turbulent a higher amount of CH4 could potentially be released into the atmosphere. A
example of the differences in the release can be seen in �gure2.

Figure 2. To the left its the outlet for Funil's degassing process during high water levels and the
picture to the right is the outlet for Chapeu D'Uv'as degassing process during high water levels
(Wilson 2020).

Downstream dams the concentration ofCH4 is decreasing due to the diffusive emission to the atmosphere and
through aerobic oxidation. When the dissolved CH4 comes in contact with oxygen CH4 oxidation accrues and is
an important factor to take into account. The organisms transform the CH4 into CO2 and water.

CH4 + 2O2 �! CO2 + 2H2O (3)

The methanogenic oxidation happens in the reservoir as well when CH4 rich water is transferred to surface water
containing oxygen after the turbine. After the dam there is large amount of water with high CH4 concentration,
the CH4 rich water from the hypolimnion that passes through the turbine suddenly comes in contact with oxygen
and is re-oxygenated and a highCH4 oxidation rate can occur (Guérin and Abril, 2007).

2.4 MODEL
The process of estimating GHG emissions relies on extensive sampling. By using these samples models for the
processes can be developed leading to a more accessible tool for predicting the GHG of other reservoirs. There is
one modelling tool for calculating a reservoirs carbon footprint, the tool G-res is an online tool used to predict the
CO2 andCH4 emissions using empirical modelling based on measured reservoir �uxed with globally available
environmental data. Predicting the emissions from future and present reservoirs is essential to be able to under-
stand the impact reservoirs has on the global GHG emissions and an important tool for reservoir management.
These tools are based on the current estimates and literature and is affected by the gaps and bias of current data
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sets of the global reservoirs. To provide empirical data from regions with lesser data will help improve the es-
timations of current and future models. When building a model, the �rst step it to choose a suitable complexity
of the model. A model with a lot of parameters will be good at predicting results for that speci�c environment
but will be worse at predicting other systems. Models that are good at representing hydrodynamics of water such
as vertical diffusion of oxygen and methane require a lot of input data to work. Lake 2.0 is a model that was
developed by Stepanenko et al (2016) that can reproduce temperature, oxygen, CO2 and CH4 in the basin. The
model includes a biogeochemical module and is tested on Kuivajärvi lake in Finland (Stepanenko et al., 2016).
This model demanded input data that were not readily available for this study but could be a potential way to
model the CH4 in the future.

2.4.1 GOTM
GOTM is an acronym that stands for General Ocean Turbulence Model and is built as a one-dimensional water
column model that is mainly used to study the hydrodynamics occurring vertically in the water column. The model
is free for the public and is used and updated frequently. The structure of GOTM centers around a turbulence
closure models for the parameterization of vertical turbulence �uxes of momentum, heat, dissolved organic matter
and suspended particles (Burchard, 2002). The model can be coupled and added to other models or used as
a standalone model for studying the dynamics of boundary layers in waters with the condition that the lateral
gradient can be described. The GOTM simulates strati�cation processes and surface mixed-layer dynamics. The
version of the GOTM model the GOTM-FABM were previously used in a study done by (Moras et al., 2019).

2.4.2 Organic carbon mineralization and CH4 formation in tropical reservoir sediment
Sediments play an important role in the carbon cycle as they act as an active site for carbon storage and miner-
alization (Tranvik et al., 2009). For the sediments in freshwater ecosystems these processes are regulated by the
availability of electron acceptors such as oxygen, nitrate, iron and sulfate it is also affected by the quantity of
organic carbon and the mixing of the water column and temperature (Fenchel et al., 2012). Since the temperature
effect the productivity of bacteria the OC mineralization rates signi�cant increase with temperature. Factors as
salinity, total nitrogen and chlorophyll are also important factors that control the OC mineralization for tropical
reservoirs (Isidorova et al., 2019). The relationship of OC mineralization rates and temperature in lake sediments
are described by a study that concluded that the Q10 which expresses how OC mineralization respond to temper-
ature (Van't Hoff, 1884). The Q10 value for benthic and pelagic respiration for temperature range of 22-34 were
calculated to 2.5. (Cardoso et al., 2014). The Q10 of methanogenesis is typically high with a Q10 of about 4
(Likens, 2009).

Strong relationships between temperature and CH4 formation rates have been found in sediments of lakes and
rivers (Wilkinson et al., 2015). Based on models predicting the effect of temperature on metabolic processes in
sediments increasing temperature would lead to a higher organic carbon mineralization rates and as a result of that
less carbon burial (Gudasz et al., 2010). Tropical systems have on average a higher temperature and higher min-
eralization in sediment CH4 production (Yvon-Durocher et al., 2014). The methanogenesis relies on OM and the
characteristics of the OM and the supply rate determine the production of CH4. There is evidence that more CH4

is produced from autochthonous OM in the form of aquatic plants and phytoplankton than from allochthonous
OM from land plants and soils (West et al., 2012, Grasset et al., 2018). A study done by (Isidorova, 2019) mea-
sured the CH4 formation rate in sediments of Chapéu D' Uvas (CDU), Curúa-Una (CUN) and Funil (FUN). The
experiment were conducted through long term incubations of sediments and showed that the formation of CH4

can be predicted from the sediment age and total nitrogen concentration.

3 METHODS
3.1 STUDY SITES
The reservoirs that is studied in this report are the two Brazilian reservoirs,Chaṕeu d'Uvas(CDU), a oligotroph
drinking water reservoir andFunil(FUN), a eutrophic hydropower reservoir.
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Figure 3. Map over the reservoirs locations in Brazil, maps from google earth. (Wilson, 2020)

The two reservoirs have different characteristics regarding size, age of the reservoir and trophic status. Chapêu
d'Uvas has the coordinates S 21� 33' W 43� 35' and its biome is Atlantic forest. It was �rst build for �ood
protection and later used as a drinking water reservoir since the oligotrophic water was clear and it started its �rst
production for water supply 1994 The reservoir surface area is 9.5 km2 and the catchment area of the reservoir is
310 km2. The mean total phosphorus is 12� g L� 1 and the mean total nitrogen is 452� g L� 1, see table1.
Funil has the coordinates S 22� 31' W 44� 34' and its biome is Atlantic rain forest. The hydropower reservoir was
constructed in 1969. The installed generating capacity of the plant is 180 MW with the hydraulic design head of 39
meter. The reservoir surface area is 35 km2 and the catchment area of the reservoir is 13518 km2. The residence
time for the reservoir is 0.09 years. The mean total phosphorus is 34� g L� 1 and the mean total nitrogen is 1279
� g L� 1. The water chemistry measurements (phosphorous, nitrogen) in the reservoirs CDU and FNS originate
from a sampling campaigns(Linkhorst, 2019). The total annual precipitation for both reservoirs is 1597 mm and
the value come from the same meteorological station.

Table 1. Characteristics of the reservoirs Chapeu D'Uvas and Funil

Chapéu d'Uvas Funil
Location S 21� 33' W 43� 35' S 22� 31' W 44� 34'
Reservoir use Water supply Hydro electricy
Area (km2) 9.5 35
Catchment area (km2) 310 13518
Residence time (yr) n.d 0,09
Mean total phosphorus (�gL � 1) 12 34
Mean total nitrogen (�gL � 1) 452 1278
Annual precipitation (mm) 1597 1597

The water quality data come from an earlier study done by (Parana�́ba et al., 2018) which examined the spatial vari-
ability and the drivers for diffusive �uxes measurements in Chapeu D'Uvas. The parameters that where measured
were water temperature, pH, conductivity, oxygen concentration, chlorophyll and turbidity. The measurements
were done by using a multi parameter probe (YSI 6600 V2) which logged every 30 seconds.
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3.2 STUDY DESIGN
The �rst part of the study was to de�ne the water pro�le by measuring, dissolved oxygen, temperature, turbidity,
conductivity and pH. This was be done using the YSI 6600 sond. Next water samples were taken next to the inlet
of the dam with four replicas at every 5 meters. Water samples were also taken after the dam with four replicas at 1
meter depth. Air samples 1 meter above the water surface was also collected. These samples were analyzed using
a gas analyzer to obtainCH4 and CO2 concentrations. With the concentrations of the inlet and the concentration
at the outlet after the turbine and knowing the discharge an estimate of the GHG emissions from the degassing
process at the turbine can be calculated.

3.3 MEASUREMENT TECHNIQUES
For this report the only measurements that were able to be collected were from Chapêu d'Uvas, the sampling took
place in two locations. One for the samples in the reservoir, right in front of the water inlet called location A
(-21.58353, -43.52827) and one location right after the water outlet called location B (-21.58521, -43.52632). The
reservoir and the location is shown in �gure 4.

Figure 4. Map over Chapeu D'Uvas with the sampling locations marked with a red dot. Map
from google earth (Wilson, 2020)

3.3.1 Deep-water sampler
For the water sampling in deep-water a special sampler was created by the Hydrocarb team which is a joint
research project of Limnology program at Uppsala Univeristy (UU) and the Aquatic Ecology Laboratory at the
Federal University of Juiz de Fora (UFJF, Brazil). It is constructed by assembling four 60 ml syringes that are
mounted on a horizontal metal cross were the top part of the syringes are �xed in place. Vertical from the middle
of the steel cross there is a steel bar which holds the cylindrical syringes in place and can be lowered down making
the syringes �ll up. The syringes are being kept in place as they are lowered and only when sending down a
weight along the rope does the syringes detach and begin to be drawn down by the weight attached at the bottom.
At the end of the syringes there are three-way valves which in the beginning are open, the valve is connected to
the �xed metal cross with a wire which makes it turn as the syringe gets longer and �lls up. When the syringes
are fully extended the valve close and seal the syringe. A picture of the deep-water sampler (DWS) being tested
in a aquarium can be seen in �gure 5.
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Figure 5. Deep-water sampler being tested in aquarium

The DWS was tested before the �rst �eld campaign to see if water was leaking into the syringe on the decent.
This test was performed by lowering the DWS without sending a weight called (messenger-weight) down with
the valve open and after 1 minute taking the sampler back up. This test showed that there were no water leaking
into the syringe without the messenger being sent down. After this test af�rmed that the DWS only collects water
from the desired depth the sampler was tested by releasing the messenger. The DWS was then pulled up and the
syringes was containing 20 ml of water. The 4 water samples were treated separately. The water was transferred
to a 60 ml syringe containing 10 ml ambient air, the syringe was then shaken vigorously for 2 minutes for the air
to reach equilibrium. Then the gas phase was transferred to a 10 ml syringe which is injected to the ultra-portable
GHG analyzer (UGGA). So, for each depth 4 samples were collected and analyzed to result in 4 data points. The
discrete samples collected after the dam were collected using the DWS and contained three air samples 1 m above
the water surface and four samples of surface water.

3.3.2 Ultra-portable GHG analyzer
For the analyzing of CH4 and CO2 concentrations in the water samples from the reservoirs, the ultra-portable GHG
analyzer from ABB was used for surface water samples and deep-water samples. The UGGA registers values at a
1 Hz ( one measurement per second). For the discrete samples from the water samples the UGGA was equipped
with a tube that had a three-way valve which made it possible to allow for two gas �ows to be interchangeably
applied (Parana�́ba et al., 2018). The UGGA could be connected to a custom-made tube containing a soda lime
cartridge that absorbed any CO2 from the atmosphere. For the analyses the baseline for CO2 was 0� 0.1 ppm and
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for CH4 it was 1.8� 0.1 ppm. The three-way valve allowed for the discrete samples to be mounted to the third
entry valve which could then be turned to block the baseline gas �ow. With the baseline being closed off only gas
from the syringe �owed to the UGGA. The �ow into the inlet port was driven by the internal pump in the UGGA.
This made so that when the sample syringe was connected to the three-way valve and the system were open to the
syringe and the UGGA the gas could be sucked into the UGGA without any external force. After the injection of
a sample the �ow was turned back into the baseline air �ow. The time of the injection was noted down, and the
peak concentration was recorded by the UGGA and the area under the peaks were calculated using a R script. The
script can be found in the appendix 6.

3.3.3 Measurement of deep-water gas concentrations
The measurements of the CH4 concentrations for the quanti�cation of the GHG emission from the degassing by
the turbine was done by sampling the horizontal water column. The water column was �rst measured by using
a YSI 6600 multi-variable probe which made continuously measurements of water quality parameters, the sonde
was lowered each meter and was kept at that depth for 1 minute. The concentration of CO2 and CH4 is calculated
by analysing water samples as stated in previous chapters. After the water pro�le was measured, 8 sampling depth
were decided. The gas phase from the samples was then analyzed in the UGGA as stated in previous chapters. The
area that the peak produces corresponds to the concentration of the gases in the water, and the value was corrected
with a calibration of the area in ppm to mol (the correction is displayed in the R script, in appendix). A excel sheet
was prepared for the conversion from mol to mg m3 by knowing the air temperature and the pressure for the time
of the sampling and the time of the injection into the UGGA, developed by Jose Paranaiba at Federal University
of Juiz de Fora (the equations can be found in appendix).

3.3.4 Diffusive surface measurements
The surface diffusion is the gas �ux from the water surface to the air that is driven by the gradient in gas partial
pressure. The surface diffusion of CO2 and CH4 was measured at one location for Chapeu D'Uvas. The �uxes
were measured using a �oating chamber connected in a closed loop system to the UGGA see �gure 6. The
�oating chamber was cylindrical in shape, the volume of the chamber was 17 L and 0,007 m2 surface area. The
bottom of the chamber was composed of a polyethylene foam ring that made the walls of the chamber extending
5 centimeters into the water column. The surface diffusion rate was calculated from the linear change in CO2 and
CH4 partial pressure through the time inside the chamber. The concentration from the discreet surface samples was
measured using the head space technique. Surface water was collected in three, 60 ml gas-tight plastic syringes
and �lled with 20 ml of surface water and 10 ml of ambient air. The syringe was shaken for 2 minutes to achieve
gas equilibrium between the gas and the water phase. The 10 ml head space was transferred to a second syringe,
and then injected in the UGGA.
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Figure 6. Floating chamber connected to the UGGA.

3.3.5 Gas-Exchange Coef�cient k
For the calculation of the k-value �oating camber measurements and discrete measurements were performed at
the site. The �oating camber was deployed 20 meters from the inlet of the drinking water. The �oating chamber
was deployed three times and was drifting with the boat during the measurement to avoid creating arti�cial turbu-
lence. The �oating chamber was connected with a tube to the UGGA forming a closed loop system to quantify
the changes for CO2 and CH4 concentration inside the chamber. Each deployment lasted 3 minutes. The UGGA
allowed for real time display of the concentration inside the chamber, making it possible to control that the deploy-
ment was not aborted to early. It also minimized the time that the chamber was needed to be deployed and thereby
to limit the temperature change inside the chamber. The chamber deployment was discarded if a linear regression
between the concentration and the time resulted in a R2 value below 0.9 indicating a nonlinear behavior that may
be related to gas bubbles enriched in CH4 adding to the concentration of the chamber. The geographical position
of the sampling site was noted using a handheld GPS device. Diffusive gas �ux depends the concentration gradient
between the air and water surface and the gas exchange velocity k for a speci�c gas at a speci�c temperature. The
concentration gradient is expressed as the difference between the actual concentration of gas in the water and the
concentration that water would have had if it were in equilibrium with the atmosphere (Cole and Caraco, 1998).
This can be given by the equation,

Fg;T = k(Pgas K h � Ceq) (4)

were Ceq is the concentration of gas the water would have at equilibrium with the overlaying atmosphere,Pgas xK h

is the concentration of the water, wereK h is Henry's constant for the gas at a given temperature and salinity and
Pgas is the partial pressure of the gas in the surface water. The k-value were derived from measurements of gas
�ux from the �oating chamber measurements and the partial pressure of CO2 and CH4 and given the notationkF C

kF C =
(Pgas K h � Ceq)

Fg;T
(5)

10



3.3.6 Degassing
The degassing of CO2 and CH4 from water passing the dam was derived from following equation.

Cdeg = Q(Cup � Cdown ) (6)

were Q is the discharge andCup ,Cdown is the upstream gas concentrations measured at the water intake depth. Gas
concentrations upstream and downstream of the dam were obtained by measuring the CO2 and CH4 concentration
in a vertical water pro�le upstream the dam. The sampling directly downstream the outlet of the reservoirs was
done by �rst using the deep-water sampler and lowering it as close to the surface as possible and sampling the air
concentration of CH4 and CO2 to correct for the amount of concentration of the gases in the headspace air. Then
surface water directly after the turbine out�ow was sampled. Sampling locations is playing a big role and for each
location speci�c places were chosen to have a safe place to sample from. The measurements at Chapeu D'Uvas
water outlet were taken at the location shown in �gure 7.

Figure 7. The outlet of Chapeu D'Uvas, the picture to the left shows a out�ow of surface water
from the spillway that is activated when the reservoir is at max capacity. The right picture
shows the out�ow from the water intake at 35 meters depth

3.4 MODEL
The approach to model for this study was set into three stages, the �rst was to model daily temperature pro�les
based on historical water pro�les from Funil. Only this �rst step of the model strategy was done in this report.
The model is adopted to reconstruct daily pro�les of water temperature from data sets that span a short period
of time or are incomplete. The model was used for the lake Erken in Sweden and the model is validated for the
70-year measurements that is recorded from Erken (Moras et al., 2019). Feeding the model is meteorological data
and historical water temperature pro�les. It uses seven climatic parameters as forcing data that include, wind, air
pressure, air temperature, precipitation, humidity, cloud cover and short-wave radiation.

3.4.1 Water pro�le data and model calibration
The model used in this study to produce daily temperature pro�les was the GOTM based model. What the model
needs to operate is meteorological data and water layer data. The model parameters need to be calibrated to �t the
observed data of Funil. The data is 8 parameters that include, wind speed, cloud coverage, shortwave radiation,
precipitation, air temperature. The calibration of the model was done by using scaling factors for some of the
parameters. The model parameters that are calibrated with scaling factor's are the heat �ux, wind, short-wave
radiation, e-folding depth that is the depth of the visible fraction of incoming radiation and the minimum turbulent
kinetic energy.

The water level for this study is set to a �xed mean based on the annual mean of the water level of Funil. The
ice cover module of the model was disabled for this study. For the model to work it has to have a starting point
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of a measured water column. The starting date of the model is the �rst measured pro�le that was measured in
2017-10-01. The model simulated data points for the water column for each day from the start date to 2020. A
commonly used method in modeling is the use of a split calibration and validation approach in which half of the
data set is used to calibrate the parameters and the other half is used to validate the model. But for this study the
goal is to simulate within the calibration period the whole data set is used to calibrate the model parameters in
order to get the best �tted model. For this study the model was calibrated manually as well as using the ACPy (
Auto Calibration Python) program, which eliminates the need for manual calibration and accelerates the process of
�nding good parameter values. The ACPy also allows for a more extensive testing and evaluation of the calibration
for the model which in turn results in a more accurate result. A set of model parameters is calibrated and adjusted
within the boundaries for realistic maximum and minimum values. This restriction is done to reduce the risk
of pushing the parameter values to far in one direction. The calibration aims to reduce the difference between
the simulated and the measured water temperature. The model parameters are non-dimensional scaling factors
that adjust the heat �ux, wind and short-wave radiation. It also adjusts the minimum turbulent kinetic energy
and the light extinction depth which is the depth for the visible fraction of the incoming radiation. These are the
parameters which in�uence the vertical distribution of light and temperature throughout the water column (Moras
et al., 2019) In order to get stable initial values the �rst year is set to be the spin up year simply by using a copy
of the data from the �rst year so that the �rst year is both used as a spin up year and then reused in the calibration.
The ACPy is using a differential evaluation algorithm that calculate a log-likelihood function which compares the
modelled water temperature to the observed temperature. The likelihood is de�ned by the equation

A = �
X

i

(xobs;i � xmod;i )2

varx
(7)

wherexobs;i is the observed temperature,xmod;i is the modeled temperature, andvarx is the variance between the
modelled and the observed temperature. After the calibration the model �t can be evaluated based on estimation
of bias, mean absolute error (MAE) and the root mean squared error (RMSE).

Calibrating the model using the scaling factor sheatf lux changes how much the heat �uxes at the surface effect the
model. Lower values result in higher water temperatures and a higher value lower temperature. The short-wave
radiation scaling factor sSW R effects how much the values from the measured SWR is effected. SWR determines
how much the radiation from the sun heats the water and affects the temperature of the whole pro�le. With a low
scaling factor, the SWR is reduced and lowers the temperature in the pro�le and a high scaling factor it increases
the temperature. The scaling factor for the wind swind affects how much the wind speed affects the model, and
lower values result in less mixing of the water column and higher values in higher mixing. The scaling factor for
e-folding depth of visible shortwave radiation se� folding affects how far down the visible radiation reaches in the
pro�le. A higher value results in less strati�cation in the upper layers and higher temperatures further down and
a lower values gives more strati�cation higher up in the column and lower temperatures in the deeper layers. The
minimum turbulent kinetic energy scaling factor sminkineticenergy affects how low the minimum turbulence in the
water column can be. With lower values the mixing in the column is less and with higher values the mixing is
higher.

The air temperatures can change fast in tropical climates depending on when on the day the temperature is mea-
sured. To try to account for this a scaling factor for the air temperature was included in a later stage of the
calibration. The scaling factor adjusts the air temperature and for low values the temperature in the surface of the
pro�le is lower and for higher it becomes higher.
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