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The large amount of dissolved gases including carbon dioxide and methane in Lake Kivu
poses a significant threat due to the potential for catastrophic gas eruption. To mitigate
this risk, the implementation of the project to extract methane gas from the lake for elec-
tricity generation, and reduce the amount of dissolved gases in the lake has been initiated.
However, the extraction imposes significant risks that could negatively impact the lake
ecosystem and increase the probability of a gas eruption. This study aims at modelling
water reinjection after methane extraction in Lake Kivu within 100 years by using the
Kivu-Simstrat model, to identify the most effective and sustainable reinjection strategies
for maintaining the stability and dissolved gas concentrations. Two cases are used, the
first without methane extraction in the lake, and the other with 200 MW power produc-
tion under the variation of extraction and reinjection depths to simulate methane, carbon
dioxide, temperature, salinity, density and buoyancy frequency profiles. The results show
that both extraction and reinjection depths have significant impacts on the physical and
chemical properties of the lake, because they both affect the stability and concentration
of dissolved gas. To mitigate these impacts, the results indicate the possible reinjection
and extraction strategies: (1) reinjected water should be returned and restratified closely
above the upper limit of the normal main chemocline at around 240 m depth to main-
tain a stable density stratification and optimal methane usage; (2) one should extract gas
from the deepest layers of the lake to prevent the accumulation of dissolved gases and the

formation of hazardous gas concentrations below the extraction depths.
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NOMENCLATURE
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g Acceleration due to gravity =9:8m=¢
cH, Contraction coef cient of methane = 125 10 3kg=g
co, Contraction coef cient of carbon dioxide= 0:284 10 °kg=g
s Contraction coef cient of salinity =0:75 10 3kg=g
0 Freshwater density =103 kg=n?

Symbols
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S Salinity

t Time

T Temperature

u Velocity component irx-direction

U 3D velocity vector

% Velocity component iry-direction
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z Depth
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Eddy viscosity

Density
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1 INTRODUCTION

1.1 Background

Lake Kivu, one of the African Great Lakes situated on the border between Rwanda and
the Democratic Republic of Congo (DRC), is an extremely carbon dioxide and methane-
rich lake that is vulnerable to catastrophic gas eruptiod98g two Cameroonian Lakes

Nyos and Monoun experienced gas eruptions. The larger disaster at Nyos caused more
thanl; 700people to die due to the toxic release of carbon dioxide [1]. Unlike, the danger
and potential for a catastrophic gas eruption in Lake Kivu is especially concerning its
larger size compared to the other two gas-rich lakes and the fact that approxi@ately
million people live near the lake shores.

The government of Rwanda initiated a project that aims at mitigating the risks of gas
explosion in Lake Kivu. The project involves extracting methane from the lake to generate
electricity while simultaneously reducing the amount of dissolved gases present in the
lake.

Figure 1. Barge for methane extraction in Lake Kivu at KivuWatt power plant.

Using various methods and strategies, methane gas has been extracted from Lake Kivu on
small scale for decades to make use of it for energy [2, 3]. In JarR@09 a pilot plant

called Kibuye Powelfl (KP1) began extracting methane from Lake Kivu with a capacity

of 3:6 MW even though the plant is not currently operating [4]. Afterwards, the efforts



ramped up seriously when large scale extraction with KivuWatt initiated by London-based
ContourGlobal, started operation2016 The £00million project is currently providing

26 MW of electrical power, and it has a contract to increase thadtO@MW . The
Rwandan government signed additional agreements with Symbion and Gasmeth for the
production of50 MW of power and the extraction of GHrom Lake Kivu for various
purposes, such as cooking or fuel for cars. On the other side, DRC granted a concession
to Engineering Procurement and Energy Management for power product@hhiv

over a period oBOyears.

Methane is extracted from Lake Kivu with the consideration of three guiding principles:
"stability and safety", for reducing the probability of catastrophic gas release; "nutrients”,
for conserving the ecological balance of the lake; and "methane and energy”, for max-
imizing the bene ts from the Chlresources in the lake. In other words, it should be
extracted to the maximum extent possible without risking a gas eruption or sacri cing the
lake's ecological integrity. As noted by Wiest et al. [5] and Schmid et al. [4], methane
extraction from Lake Kivu poses signi cant risks that could negatively affect the lake
ecosystem and trigger a gas eruption.

1.2 Research problem

Lake Kivu is a unique lake that is home to a vast amount of dissolved gases, including
carbon dioxide and methane. This lake poses a signi cant threat to the lives of millions
of people who live near its shores due to the potential for a catastrophic gas eruption. To
mitigate this risk, the governments of Rwanda and the Democratic Republic of Congo
have initiated the project to extract methane gas from the lake to generate electricity and
at the same time reduce the amount of dissolved gases in the lake. However, extracting
methane from Lake Kivu imposes signi cant risks that could negatively impact the lake
ecosystem and increase the probability of a gas eruption [4,5]. Through the extraction
process, deep-water that is rich in methane, carbon dioxide, and salt is withdrawn, and
after methane extraction, the deep-water is reinjected to the lake at a certain reinjection
depth level. According to Schmid et al. [6], the density of the water column in Lake
Kivu varies within stair layers and increases with depth due to various factors such as
temperature, salt, and dissolved gases. Therefore, it is essential to model the reinjection
of deep-water after methane gas extraction to ensure sustainable extraction, and maintain
the stability and gas concentrations of the lake's water column.



1.3 Research objectives

This study aims at modelling water reinjection after methane extraction in Lake Kivu
over the period of00years.

Speci cally, the study's aims are as follows:

1. To understand how the extraction of methane gas from the lake affects the water
column.

2. To build and run Kivu-Simstrat model environment for simulating different methane
extraction scenarios.

3. To investigate the impact of different reinjection strategies on the density and sta-
bility in the lake.

4. To identify the most effective and sustainable reinjection strategies for maintaining
the lake's stability and dissolved gas concentrations.

1.4 Structure of the thesis

The structure of this thesis is as follows: The rst chapter presents the introduction, which
provides a detailed description of the research background, problem, and objectives. Re-
cent studies and relevant literature on Lake Kivu are cited in chapter 2. In chapter 3,
the theories and governing equations used in this work are explained, speci cally for the
physical phenomena. The methodology of the study, including the methods and tech-
niques used, is detailed in chapter 4. Chapter 5 presents the results and discussions of
the study, mainly focusing on the different reinjection and extraction strategies. The last
chapter of the thesis summarizes the outputs and conclusions of the study. Finally, all
relevant information sources are also listed in the references part of the thesis.



2 LITERATURE REVIEW

This chapter presents a comprehensive overview of Lake Kivu that are drawn from pre-
vious research and studies. It is structured in a way that, a description of the lake's water
balance and constituents is introduced in the rst section; the second section describes the
in uence of temperature, salinity, and dissolved gases on density and double diffusion;
the third section focuses on the lake's strati ed layers and methane gas extraction; and the
last part presents a recent assessment and modelling of the effects of methane extraction.

2.1 Lake's water balance and constituents

Lake Kivu water balance has been estimated by considering several factors, including
total precipitation, river in ows, evaporation at the lake surface, the out ow of the Rusizi
River, and the contribution of subaquatic groundwater discharge (SGD) [7, 8]. According
to Schmid and Wiuest. [9], and Muvundja et al. [10], mathematically water balance in
Lake Kivu is expressed as:

p+t+1+G=E+O (1)

with the precipitatiorp, surface in owl, ground water owG, evaporatiorE, and out-

ow O [9,10]. The different research conducted on Lake Kivu estimated that the lake
annually receives arour@i3 km?® of precipitation, is fed by approximatelOOriverine

in ows that are contributing aroun2:0 km3, and the contribution of SGD has been also
calculated to be:3 km3. Apart from the lake in ows, evaporation at the lake surface
discharges have been approximated tBiekm?® of water per year, and the only out-

ow is the Rusizi river, which has been estimated to discharge the lak&&km? per

year [7,8]. Therefore, water balance in Lake Kivu is approximately obtained under the
assumption that evaporation and precipitation are considered to be the same and imply
that the discharge of inlet rivers and ground water is almost balanced by the only outlet
Rusizi River [9-11].

One of the most special aspects of Lake Kivu water constituents is the gases that are
dissolved in water. Several studies have been conducted to assess the water constituents
in Lake Kivu. Mainly, their ndings concluded on that lake contains high concentrations

of dissolved carbon dioxide and methane gas in its deep waters, where the pressure is
greatest [7,12]. These gases have been accumulating for thousands of years due to the
volcanic activity in the region [13]. Also, they are produced by anaerobic processes in
the lake's sediments and are prevented from escaping by the density barrier created by the



lower layer's high salinity and temperature [9]. The lake's water is also rich in nutrients,
with their concentrations in the deep water being very high and low near the surface layer.
Because of the upwelling caused by subaquatic in ows, there is a continuous transport of
nutrients towards the surface. As a result, nutrients, including nitrogen and phosphorus
are mixed into the surface layer during the mixing season, they are the most important
sources of nutrients for phytoplankton which supports aquatic life in the lake [14].

2.2 In uence of temperature, salinity and dissolved gases on density
and double diffusion

In most lakes, only two main parameters such as temperature and salinity drive variation
of density in the water column. A distinctive feature of Lake Kivu is that the density
variation is driven by temperature, salt and additionally the presence of dissolved gases.
According to Schmid at al. [6], these gases, particularly carbon dioxide and methane, play
an important role in shaping the lake's environment and have a signi cant impact on the
overall density of the lake. Therefore, the density in Lake Kivu

(T;S;CO;5CHy) = (T)L+ S+ ¢0,CO+ cn,CHy) (2)

which is termed as; whereasrT is the lake water temperatur®,stands for the salinity,
CGO; is the concentration of dissolved carbon dioxide,,Qifesents the concentration of
dissolved methane; whereas= 0:75 10 2 kg=g co,= 0:284 10 3 kg=g and

cu,= 125 10 3kg=gare the contraction coef cients of salinity, carbon dioxide and
methane, respectively [6].

In Lake Kivu, another contradiction situation comparing to other normal lakes is created

by temperature which begins to increase at aro@@adn depth [15-17]. Even so, the

lake remains stable because the dissolved salt and gases recompense for the decrease in
density caused by temperature variations. As shown in Fig. 2, the dissolved salt and
carbon dioxide make the water denser, while dissolved methane makes it less dense.



Figure 2. Vertical pro les for: (a) temperature, (b) salinity, (c) carbon dioxide, (d) methane, and
(e) cumulative effects of temperature, salinity, and the concentrations carbon dioxide and methane
on the vertical pro le of the water density in Lake Kivu. [16]

Thus, the dissolved methane destabilizes the lake; carbon dioxide stabilizes it. The sta-
bilizing effects of salinity and carbon dioxide are more signi cant than the destabilizing
effects of temperature and methane [16]. As a result, the density of the water increases
with depth, and the water column remains gravitationally stable below a depth of approx-
imately65m [9].

In Lake Kivu, as the temperature increases fra8?C at the depth 080 m to 26 °C at

the maximum depth 0485m, this destabilizes its water column [7,9]. The salinity also
increases from.:1 g=L at the surface t®:0 g=L at the deepest point. These lead to the
formation of a process known as "double diffusion” that occurs when there is a signi cant
difference in the molecular diffusivities of heat and dissolved substances in water, and
results in causing the local instabilities and vertical mixing in the lake [18]. The presence
of dissolved gases in the lake, specically g@nd CH, in uences double diffusive
processes, with their concentrations increasing with depth and reaching maximum values
of approximatelyl00Oand20 mmol=L, respectively [7].

Double diffusion in lakes and oceans can create a series of mixed layers separated by
stable interfaces. Lake Kivu is an exceptional example of this, withg@such layers in

its deep, permanently strati ed basin, making it a valuable natural laboratory for studying
double diffusion [19]. In Lake Kivu, the most important effect of double diffusion is that

it allows heat to be removed from the lake without a corresponding transport of gases and
salts. Without double diffusion, the present accumulation of gases and nutrients in the
deep water would not have been possible, because the added heat would have made the
strati cation unstable [15, 19].



2.3 Strati ed layers and methane gas extraction

Lake Kivu is a complex lake system that is highly strati ed due to variations in temper-
ature, salinity, and dissolved gas concentrations. The amount of dissolved gases varies
greatly between the layers, with the surface layer having the highest concentration of
oxygen, while carbon dioxide and methane increase with depth. According to Wiest et
al. [13], great amount of the methane in Lake Kivu is stored in the deep part named as
Resource Zone (RZ) in Fig. 3. It has been speculated that volcanic and seismic activ-
ities threaten to trigger a catastrophic release of the large amount of gases dissolved in
Lake Kivu [20]. In order to mitigate the triggers for avoiding the explosion, one of the
recommended ways was to extract methane from the lake. For not only to reduce amount
of the dissolved gases in the lake, but also for the community to be t from the extracted
methane by generating electricity. Thus, methane is extracted from Lake Kivu under the
consideration of the divided zones.

Figure 3. Methane concentration vertical pro les in Lake Kivu for two different observations; and
four lake water zones which are indicated by horizontal dash lines. [5]

The four zones are: Biozone (BZ), is so named because it contains an ample supply of
oxygen essential for biological growth, it is the top layer which ranges from the surface
down to currently aroun@0 m depth, this is the depth range that is at least seasonally
oxic and inhabited by higher aquatic organisms; the next layer is the intermediate zone



(1Z) between abou60 and200m depth, where methane concentrations are too low for
commercial extraction with respect to the current available extraction technology; the
third layer is named as potential resource zone (PRZ), it is located at the depth level
betweer200and265m, where methane gas could potentially be extracted with existing
technology, but with a comparably low ef ciency; and the resource zone (RZ) b2é&w

m depth, which is currently used in methane extraction [5, 13].

2.4 Recent assessment and modelling of the effects of methane ex-
traction

The water column of Lake Kivu has been modelled by dividing it into distinct zones (see
Fig. 3). These zones are primarily differentiated based on their water constituents and the
manifestation of physical or biogeochemical phenomena [5, 21].

According to Wiest et al. [5], the rst report about "modelling the reinjection of deep-
water after methane extraction in Lake Kivu" was publishe@009Q It investigated the
impacts of methane extraction and subsequent reinjection of deep-water on the physical
and chemical properties of the lake water column [5]. After a decade, a new version
similar report published by Schmid et al. [4], mainly focused on assessing the potential
impacts of different scenarios of methane extraction from Lake Kivu. These research
conducted to understand how the extraction of methane gas from the lake affects the water
column and dissolved gas concentrations within the periatDOfyears. The numerical
model used in these reports are referred to as "Eawag09" and "Eawagl7", they simulated
different scenarios of methane extraction and reinjection with varying depths to assess the
potential effects on the stability, density, and concentration of dissolved gases in the lake
by using Aquasim model. Afterwards, their ndings indicate that both the extraction and
reinjection depths have signi cant impacts on the physical and chemical properties of the
lake water column. However, the model that used has several limitations, one of which is
that the in ows entering the lake are strati ed within a xed range of depths, rather than
being strati ed based on density [4, 5].

To overcome this drawback for the recent model, this study uses "Kivu-Simstrat" model
that developed by Barenbold et al. [11]. It couples a physical lake model Simstrat and
biogeochemical library AED2 to offer several key improvements, most importantly the
dynamic evaluation of mixing processes over the whole water column [22, 23]. As a
result, the computation of diffusive transport in the lake involves the use of turbulence
modelling and double diffusive convection parameterization in the depth rar@é 29



m and120-485m, respectively. The model is taking into account the density-dependent
strati cation of groundwater in ows. In addition, the vertical advection depends on the
discharge, in ow depth, and other properties such as temperature, salingyaG@OCH

of various groundwater springs present in the lake [24].
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3 THEORIES AND GOVERNING EQUATIONS

This chapter presents the study relevant theories about the physical processes includ-
ing double diffusion and turbulence ow as explained in the sections 3.2 and 3.3 with
their governing equations, respectively. However, there are additional theories related to
biogeochemical phenomena that are not covered as have been extensively described by
Barenbold et al. [11].

3.1 Reynolds transport theorem

This section introduces a useful theorem known as "Reynolds Transport Theorem" that is
used to deal with uid-related problems. To proceed and understand this approach, we
consider the Fig. 4 below which shows the moving uid particle.

Figure 4. Schematic of uid particle motion at different positions within the time interval from
tot + t, tovisualize Reynolds transport. [25]

Let (x;y;z;t) be a function or quantity that de nes the certain properties of the uid
within the uid particle. It is necessary to identify the rate of change of the quantity
during the time following a uid particle movement. This is mathematically expressed as:

D @ !

—=—+ Urr 3

Dt @t 3

[

Where%—t stands for the of change in quantityfollowing the uid, andU = (u;v;w) is
velocity vector. The derived equation is called "material derivative" of quantitgince
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can be any quantity, this generalizes the transformation to obtain an operator

D[] @] !
— = —=+ Urr [= 4
ot = @it VTl (4)
named the material derivative [26]. It combines and relates two important aspects as can
be seen in the right-hand side of Eq. (4):

» The rst term presents the local changes in an arbitrary applied quantity. The
changes occur due to the internal processes in the particle even if the particle is
at rest.

« Within the second term, the changes can also occur due to the movement of the
particle towards the position where the behaviors or properties of that arbitrary
quantity are edifferent from the origin position.

The introduced theorem is used in the subsequent sections of this chapter within the gov-
erning equations associated with the uid processes. In addition, more detailed concepts
about the Reynolds transport theorem are presented by Tritton [26].

3.2 Double diffusion

Double diffusion is a phenomenon that occurs when two uids with different densities
mix, creating a stable layer of uid. This process is driven by two different density gra-
dients which have different rates of diffusion. If one of the components stabilizes the
strati cation, while the other component destabilizes it to a slightly lesser extent, double
diffusive processes can occur through two different regimes. For instance, the tempera-
ture and salt concentration gradients between the two uids can cause the formation of
complex patterns and structures in the uid [18,27]. In Fig. 5, the diffusive salt- nger
and convection regimes are the two regimes that are generally distinguished.
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Figure 5. Schematic of the diffusive salt- nger and convection regimes on the left- and right-hand
sides, respectively. [27]

In the salt- nger regime, salty and warm water overlies fresher and cooler water, which
results in the formation of blobs of rising freshwater and sinking salty water; this leads to
an increased apparent diffusivity of salt as compared to heat. On the other hand, in the
diffusive convection, there is a layer of cooler and fresher water on top of warmer and
saltier water; therefore, apparent diffusivity of heat is signi cantly greater than that of
salts and other dissolved substances [27-29].

Double diffusion is a fundamental process in many natural systems, including oceans,
lakes, and the atmosphere. It has signi cant implications for the dynamics of these sys-
tems, in uencing their circulation, strati cation, and mixing. According to Schmitt and
Raymond [30], the equations that govern double diffusive processes are commonly re-
ferred to as the set of three kinds of conservation equations, as outlined below.

1. Continuity equation: in an incompressible uid, this equation is de ned as the rate
of mass ow into any given point in the uid is equal to the rate of mass ow out of that
point. |
r:-u=0 (5)

Wheré U = (u;v;w) is vector velocity components ix, y, andz directions. In other
words, the equation states that the mass ow rate is conserved and remains constant

throughout the uid, regardless of changes in the velocity eld.

2. Navier-Stokes' equation: in consideration of the preceding Eq. 5, the Navier-Stokes
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equation serves to uphold the conservation of momentum and is applicable in character-
izing the movement of a uid particle at any arbitrary location within the ow eld and

at any given point in time. This equation provides a mathematical framework for describ-
ing the behavior of uids in motion, taking into account various factors such as pressure,
viscosity, and external forces acting upon the uid.

|
%t+!u:r!U:!g }rP+ rIQU (6)
Where g denotes the acceleration vector due to the graWtyefers to pressure, and

signi es kinematic viscosity. In accordance with Eqg. (6), each term contained therein
stands for an acl:celeration and has the dimensions of meter per unit second square. Specif-
ically, the term% d'escribes the local acceleration of a uid particle at a xed point in
space. The termJ ir U represents the convective acceleration of the uid particle and
quanti es how uid ow differs from one spatial location to another at a giveln instant in
time. The term ir P denotes the pressure acceleration, while the nal tem? U, de-
scribes the viscous acceleration caused by frictional resistance against objects in motion

within the uid [26].

The Navier-Stokes equation is a fundamental tool in uid dynamics and has been exten-
sively applied in various elds such as aerodynamics, hydrodynamics, and heat transfer.
Its versatility and broad range of applications make it a cornerstone of modern uid me-
chanics and a crucial element in the study and modelling of uid systems.

3. Transport equation: itis used to determine the evolution of a certain quantity which is
being transported within the uid element. It simply traces the transport of a ow property

(see section 3.1) which can be either pollutants or temperature. The differential form of
the transport equation can be written as [25, 31].

@@t)+!u:r( )=r:( r )+s (7)

where:

. %: rate of increase of uid element.
|

 Ur ( ):convectionterm of uid element quantity.
e r:( r ):diffusion term of uid element quantity ( : diffusion coef cient).
* s : source term of fuild element quantity
According to the main objective of the transport equation that it determines the distribu-

tion of the quantity (x;y;z;t) in the uid element and knowing the transfer rate of the
quantity on the surface. The equation clearly highlights the various transport processes:
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the rate of change and the convective terms on the left-hand side and the diffusive and
the source terms on right-hand side, respectively. Through the transport equation and
set of the physical assumptions, the equation can be simpli ed in various ways in order
to be made and applied on different quantities like temperature, concentration and other
relevant quantities.

The system of equations that is formed by the combination of the listed equations implies
to as the double diffusive process governing equations. In this study the double diffusion
Is not explicitly modelled, but it is parameterized and empirically computed.

3.3 k- turbulence model

In uid dynamics, turbulence or turbulent ow refers to as a chaotic and random state
of motion. It develops the states in which velocity and pressure change continuously
with time within substantial regions of ow. This is a complicated series of events which
eventually leads to a radical change of the ow character. The existing theory de nes
that a turbulence ow is caused by excessive kinetic energy in parts of a uid ow, which
overcomes the damping effect of the uid's viscosity. In everyday life, it is commonly
observed phenomenon in fast owing river, smoke, billowing storm cloud, and most uid
OWS occurring in nature or created in engineering applications are turbulent.

According to Versteeg et al. [31], to analyze and solve related problems that involve these
ows require to use a branch of uid mechanics called computational uid dynamics.
This branch uses numerical analysis and data structures to handle these problems. One of
the most common models that is used to simulate mean ow characteristics for turbulent
ow conditions is namedk- model. The model is composed by two transport equations,
one for the turbulent kinetic energly)( and another for the rate of dissipation of turbulent
kinetic energy (), to give a general description of the ow [31]. As developed by Launder

and Spalding [32], the standakd model is expressed as the governing equations for the
two model components as follows:

1. Turbulent kinetic energy k: this is the average kinetic energy per unit mass that is
associated with eddies in turbulent ow. Mathematically, it is expressed as

k !
@@t)+r:(k U)=r: —:rk +2 (Ej Ej (8)
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where = C ¥ represents eddy viscosity with = 0:09, E;; is component of rate
of deformation, and, = 1 is an adjustable constant named as Prandtl number which
connects the diffusivity ok to the eddy viscosity .

2. Turbulent kinetic energy dissipation rate : this is a fundamental parameter indica-
tive of the strength of turbulent ow. It is described through the equation below:

@ )
@t

| 2
+r:('U)=r:—tr +C1E2tEijEij C, ?: 9)

Similar to the previous adjustable constant = 1:3is Prandtl number which connects

the diffusivity of to the eddy viscosity. In addition, bothC; = 1:44andC, = 1:92

are adjustable constants that have been obtained by numerous iterations of data tting for
a wide range of turbulent ows [32].

Both two equations dt- model describe similar physical processes through their terms.
The rst terms represent the rate of changekadr in time, the second terms show the
transport process &for by advection, the third terms govern the transport for quaktity

or under the diffusion process, the fourth and last terms stand for the rate of production
and destruction ok or , respectively. In addition, with the help of numerical schemes,
these equations are implemented in order to model the turbulence processes.
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4 METHODOLOGY

This chapter presents about all used approaches and methods to achieve the study goals.
According to Wiest et al. [5] and Schmid et al. [4] from Swiss Federal Institute of
Aquatic Science and Technology (Eawag) that recently modelled reinjection deep-water
after methane gas extraction in Lake Kivu ("Eawag09") and assessed the effects of differ-
ent scenarios for methane extraction from Lake Kivu based on the numerical modelling
("Eawagl7") by using Aquasim model, respectively. This study followed the same anal-
ogy derived by both two recent works with different model called "Kivu-Simstrat".

It is structured as follows: the rst section introduces the study area, second section
presents the model description and simulation, third one explains methane gas extrac-
tion procedures and scenario design, the fourth section compares the Kivu-Simstrat and
Aquasim models simulations without methane extraction, and the last section highlights
the limitations of Kivu-Simstrat model.

4.1 Study area

As shown in Fig. 6 below, Lake Kivu is one of the African Great Lakes on the border
between two neighbour countries of Rwanda and the Democratic Republic of Congo.

Figure 6. Lake Kivu map and location. [33]
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Lake Kivu covers approximate®386km? of surface area, with an average deptt240

m and a maximum depth @B85m [8]. The lake is situated at an altitude b#63m above

sea level and consists of the main basin and four sub-basins, such as Kabuno Bay, Bukavu
Bay, Kalehe, and Ishungu Basins. The geological composition of the northern banks of
the lake is characterized by the alternating layers of solidi ed ash and lava, which have
been produced by the nearby active volcanoes, Nyiragongo and Nyamuragira.

4.2 Model description and simulation

4.2.1 Architecture of Kivu-Simstrat model

In 2021, Fabian Barenbold developed the Kivu-Simstrat model from two coupled lake
models. These are Simstrat model, that was initially developed by Swiss Federal Institute
of Aquatic Science and Technology (Eawag); and Aquatic Ecodynamics Modelling Li-
brary (AED2 model) which is maintained by University of Western Australia. They have
been coupled together as "Simstrat-AED2" and he modi ed it for Lake Kivu as "Kivu-
Simstrat" (https://github.com/Eawag-AppliedSystemAnalysis/Kivu-Simstrat).

Fig. 7 presents an architecture and overview of Simstrat model which is composed by
various classes.

Figure 7. Diagram of Simstrat model classes: on one side, "InputFileModule” contains informa-
tion required by "SimData" class which is reserved to keep all simulation data, and "Grid" class
which contains all information and methods concerning the grid; on the other side "ModelVari-
able" class is reserved for the variables that need to be solved in the model.
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Simstrat is a one-dimensional hydrodynamic model that uses physical simulation for mod-
elling water reservoirs, and it takes into account various factors such as the shape of the
basin, how it interacts with the atmosphere, and the in ows and out ows of water. AED2

is a library of model components for simulation of "aquatic ecodynamics”, like water
quality, habitat and aquatic ecosystem dynamics [34]. This biogeochemical model library
consists of various modules, such as carbon, nitrogen, oxygen, phytoplankton, and oth-
ers. Each module can be switched on and off or adjusted according to speci ¢ needs. In
particular, Kivu-Simstrat used only the carbon and oxygen modules of AED2 to simulate
the carbon cycle, which includes the consumption and formation Qf[CH.

4.2.2 Computation of diffusive transports

In Lake Kivu, the strong strati cation suppresses turbulent diffusion bel@@m, but
molecular transport is strengthen by the step-wise pro le compared to a smooth pro le.
Consequently, the lake water column is separated into two layers as shown in Fig. 8: top
layer from the surface t@20m depth, and bottom layer belo®20m. This is based on

the fact that both two layers exhibit differently some natural processes in the lake.

Figure 8. Two main layers for Lake Kivu's water column.

The double diffusive convection is a three dimensional process, and thus it is not read-
ily replicable in one dimensional models. To overcome the situation, the used model
implements a version of parameterized double diffusive process with the resoluon of
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m depth. The formulation of the double diffusive transport of heat and salinity are de-
termined as an apparent diffusion through the parametric functions of stabfifg 2].
According to Barenbold et al. [11], the temperature and salinity diffusivities are expressed
as:

and .
Ksapp =1:44 10 Vo (11)

respectively. Wherd& r.5p, refers to apparent temperature diffusivify, = 0:74 is a
dimensionless correction factor, alkd. ., stands for apparent salinity diffusivity [19,24].
In addition, the de ned stability parameter is given by,

0@

N2: ~
0@z

(12)
with the acceleration due to the gravity water density , freshwater density, =
10°kg=n?, and elevatiorz.

Due to the uniqueness of Lake Kivu, the dissolved,@@d CH, gases are among the four
density driven parameters. According to Sommer et al. [35], the molecular diffusion coef-
cients of CO, and CH, are of similar order of magnitude compared to salinity, therefore
the double diffusive transport of each is approximated as

Dj;moI

D S;mol

Kiapp = Ksapp (13)
whereDjme andDsme refer to the molecular diffusion coef cients of variableand
salinity, respectively.

One of the numerical methods known as implicit Euler method is applied in the model
to compute the governing equations. For instance, in all the simulated scenarios with
Kivu-Simstrat model, the diffusive transport is calculated usingktheclosure method

from 0-120m, while a parameterization of double diffusive convection is used ft@mh
485m. Furthermore, all formulas and associated processes are originally detailed by
Barenbold et al. [11].



20

4.2.3 Model simulation without methane extraction

In Lake Kivu, a water column is made up of a speci c number of layers, which are af-
fected by atmospheric forcing and allow for the parameterization of various factors such
as strati cation, energy transfers, turbulence effects, and seiches. Kivu-Simstrat model
uses dlD vertical water column which is horizontally averaged. It considers turbulent ki-
netic energy, its dissipation rake , buoyancy and parameterization for double diffusive
transport; but also it includes the effect of dissolved gases to simulate both the physical
and biogeochemical aspects that are initially de ned in the model as inputs. Briey, the
main assumptions and natural processes that are under consideration in the model are as
follows:

» According to Béarenbold et al. [11], within "Kivu-Simstrat" model, the calibrated pa-
rameters are tuned manually with the purpose to produce a steady-state simulation
which matches today's observations of temperature, salinity and gas concentrations.

» The "Density-driven in ow mode" is considered in the model during the simulation
of all scenarios, to mean that in ows sink through the layers of the lake according
to their densities.

« Vertical mixing of water in the upper pa®( 120m) by turbulence diffusion, and
including the effect of double diffusion below the depthl@Om.

During simulations, a special emphasize has been putted on the lake density strati ca-
tion driven parameters that are considered as the state variables in the model. These are
temperature, salinity, C{and CH, as presented in the Fig 9.
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Figure 9. Evolution of temperature, salinity, GGnd CH, pro les simulated by Kivu-Simstrat
model within10, 20, 50, and100years without methane extraction.

Not only these parameters, but also density itself and Buoyancy frequency are simulated
and presented in section 4.4, where Kivu-Simstrat and Aquasim models are speci cally
compared.

To simulate parameters with Kivu-Simstrat requires to take into account the meteoro-
logical forcing and ground water discharges in the lake. As developed by Barenbold et
al. [11], air temperature, horizontal wind speed @i above the lake water surface, wind
direction, atmospheric vapor pressure, and both incoming short-wave and long-wave ra-
diations are used by the model through the integrated monitoring data platform and the
output for regional climate model at Lake Kivu. The model contains main properties for
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6 groundwater sources a®csurface water sources that are considered during the simula-

tion for the scenario without methane extraction in the lake. Furthermore, the values for
model parameters and inputs are all based on Barenbold et al. [11].

4.2.4 Implementation of the model under methane extraction

The modi ed model inputs and parameters to perform simulation under the methane ex-
traction in the lake are described in Table 1.

Table 1. Modi ed model inputs and parameters.

Parameter Symbol Units
Depth z m
Water out ow Qout m?=s
Water in ow Qin m3=s
Temperature T °C
Salinity S kg=m?
Methane CH; | mmol=m?
Carbon dioxide CO, | mmol=m3
Potential hydrogen pH -

Based on the design and procedures that are followed during methane extraction (see Fig.
10), the model inputs and parameters in Table 1 are modi ed as follows:

» Depth: three depth levels in the lake are considered: extraction d&abqr 450

m), refers to the depth level at which Gidontaining water is withdrawn; reinjection
depth (80 240 or 265m), is the depth level where depleted deep-water is returned after
stripping CH;; and wash water deptl6@Q m), is the depth level where the extracted LH

Is washed.

» Water out ow: only deep out ows are added in the model due to the water withdraw
at either extraction or wash water depth levels. For all simulations, water out ows for
about0:238and0:059m3=s=MW within the thickness o2 m are used at extraction and
wash water depths, respectively.
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* Water in ow: the reinjection and wash water depths are added in the model as the
depth levels for in ows due to the depleted deep- and wash waters that are returned,
respectively. Through the mentioned out ow amounts, the in ow water at reinjection
depth is0:238m3*=s=MW and0:059m3=s=MW at wash water depth.

» Temperature, salinity andpotential hydrogen: all three parameters are de ned by the
model itself through the initial conditions and remained constant over the simulation.

» Methane: according to KivuWatt Ltd, the withdrawn water at extraction depth level
contains17:3 mol=m? of CH,; whereas, the returned water at reinjection depth contains
17 and4% at the wash water depth of the original £¢bncentration that extracted.

» Carbon dioxide: for the extracted water, CQs taken from the initial condition data;
while the returned concentrations at reinjection and wash water deptiAd%arand25%
of the extracted C@amount at extraction depth, respectively.

4.3 Gas extraction scenario design

In order to evaluate the effect of methane extraction in Lake Kivu, this study mainly
followed the same analogy that recently derived by Schmid et al. [4], to formulate and
design methane extraction scenarios. Three operational parameters such as the amount of
electricity generated, the extraction depth, and the reinjection depth were considered and
varied under term named "scenario”. Table 2 describgisulated scenarios including

the baseline which is referred to as a scenario when there is no any extraction.

Table 2. Overview of the7 calculated and simulated scenarios.

Scenario name Power production (p) | Extraction depth (ed) | Reinjection depth (rid)
(MW ] [m] [m]
Baseline 0 - -
p200ed350rid180 200 350 180
p200ed350rid240 200 350 240
p200ed350rid265 200 350 265
p200ed450rid180 200 450 180
p200ed450rid240 200 450 240
p200ed450rid265 200 450 265
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Apart from the baseline scenari6,remaining scenarios were simulated by the model
under the consideration of the power production (p2@dMW , extraction depths (ed)

of 350and350m, and reinjection depths df8Q 240and265m. Fig. 10 shows the
extraction, reinjection and washing processes with corresponding methane and carbon
dioxide ux percentages based on current power productioBGMW for KivuWatt

power plant.

Figure 10. Gas uxes kg=9) for CH, (green) and C@(red) used in the model for the current
26 MW KivuWatt power plant. The numbers in brackets give the uxes relative to the ux at the
extraction point {00%). [4]

According to Schmid et al. [4], all the scenario results were simulated under the con-
sideration of1l7% and74% of the extracted amount of GHand CQ are reinjected at
reinjection depths; wherea®o and25% of the extracted amount of GHand CQ are
returned at the wash water depth@ff m, respectively. Based on the current methane
extraction ef ciency, approximately9% of the extracted ClHis harvested for electricity
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generation; and% of the extracted CQgets away to the atmosphere.

4.4 Aquasim and Kivu-Simstrat models comparison: without extrac-
tion scenario results

The aforementioned assumptions and modi cations distinguish two models: Kivu-
Simstrat model from Aquasim model which was recently used to assess the effects of
methane gas extraction in Lake Kivu according to Wuest et al. [5] and Schmid et al. [4].
There are many differences between the two models, one of the main differences is that
in the Aquasim model, all in ows are forced to mix with the surrounding water at a given
depth [4]; while in the Kivu-Simstrat model, entrainment into the plume can be explicitly
calculated, and the plume strati es at the depth of equal density after entrainment [36].

Based on the results for the baseline scenario without any extraction, a comparison be-
tween the Aquasim and Kivu-Simstrat models is made as follows:

» One of the primary differences between the two models is that the recent Aquasim
model is based on the observations provided by Pasche et al. [37]; whereas, according to
Barenbold et al. [11], Kivu-Simstrat model is based on calibrated parameters that tuned
manually with the purpose of producing a steady-state condition which matches current
observations of temperature, salinity and gas concentrations.

» The CH, pro les simulated with the Aquasim model show a higher accumulation rate
below the main chemocline compared to those of the Kivu-Simstrat model due to the
changes in the assumptions of methane production in the lake. On the other hand, for
the CH, pro les simulated by the Kivu-Simstrat model as shown above in Fig. 9, the
accumulation rate is slower and becomes more apparent 3810w depth. This results

in an increase in Clconcentration near the bottom withli®0years for both models.

» The Aquasim model results for carbon dioxide simulation indicate a gradual buildup
in CO, concentration, particularly in the lake's lower layers, a trend not evident in the
Kivu-Simstrat model results.

* The temperature trends observed in the Aquasim model simulation results indicate a
warming rate of approximatel§:01°C per year. This rate corresponds to the observed
warming trend in the lake's deep water [9, 17]. Conversely, the simulated temperature
pro les using Kivu-Simstrat show only a small increase that aligns with the assumption
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of a steady-state condition where the warming rate is negligible. In addition, on the Kivu-
Simstrat side, a slower warming is observed within the biozone; whereas, the Aquasim
model results indicate a constant temperature &00years.

» The simulated salinity pro les for both models show very similar results, where there
IS no signi cant changes over the time. However, a slight difference is indicated near the
lake bottom, where the Aquasim model predicts a maximum salinity of approxinttely
kg=m?, the Kivu-Simstrat model predicts a value slightly lower tiéskg=m?.

» The density pro les simulated by the Aquasim and Kivu-Simstrat models, as depicted
in Fig. 11, exhibit similar trends. It is noteworthy that the Kivu-Simstrat density pro-
les do not indicate signi cant changes due to the consideration of steady-state condition
compared to Aquasim model density pro les.

Figure 11. Evolution of density pro les simulated with Aquasim (left-hand side) and Kivu-
Simstrat (right-hand side) models withi@, 20, 50, and100years without methane gas extraction.

» Brunt-Vaisala or buoyancy frequency, which is a measure of the lake stability, is another
important parameter that is considered in this study. Fig. 12 shows that both models
exhibit almost identical trends and peaks for stability under this case when there is no
methane extraction.
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Figure 12. Evolution of stability pro les simulated with Aquasim (left-hand side) and Kivu-
Simstrat (right-hand side) models withig, 20, 50, and100years without methane gas extraction.

4.5 Limitations of Kivu-Simstrat model

Kivu-Simstrat model has various limitations that require to be considered in the simulated
results and drawn conclusions. Mainly, the limitations are as follows:

» Approximation of3D lake with a one-dimensional model.

» Consideration of steady-state condition may slightly affect the simulated results due to
omitting some changes in the model parameters.

* Only six parameters such as GHCO,, temperature, salinity, density, and stability are
simulated. However, these parameters alone are not suf cient to draw de nitive conclu-
sions regarding all the extraction guiding principles. According to Schmid et al. [4], the
additional six parameters: gas pressure, safety margin, phosphate concentration, verti-
cal advection, vertical turbulent diffusivity of salts, and the ratio of methane to carbon
dioxide at the extraction levels are recently simulated to assess all the extraction guiding
principles.

 For all the simulated scenarios, the model state variables for withdrawn and reinjected
waters are remaining constant. These include the constant amoiBahol=m? of

CH, at extraction depths, the concentration of Qtérmally should be varied according

to the current state of the lake water contents during simulation.

» The uncertainties related to the properties of the subaquatic in ows and methane for-
mation in the lake.
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5 RESULTS AND DISCUSSIONS

In this chapter all the results and their corresponding discussions are docu-
mented. Six scenarios: "p200ed350rid180", "p200ed350rid240", "p200ed350rid265",
"p200ed450rid180", "p200ed450rid240", and "p200ed450rid265" as described in Table
2 were simulated to assess the effects of methane gas extraction in Lake Kivu based on
the reinjection depths. According to Schmid et al. [4], the scenarios with power produc-
tion of 200MW exhibit more the effects of methane gas extraction in Lake Kivu than
others. Contrary to both "Eawag09" and "Eawagl7" scenario results6qrly le g-

ures correspond to: CHCO,, temperature, salinity, density and stability parameters are
presenteded instead of consideriti®y due to the scope of the study and parameters of
interest. As detailed in Chapter 4, these scenarios are based on the power production of
200MW with requiring an extraction rate @f7:6 m3=s at either3500r 450 m depth,
reinjection depths 0180 240and265m, with the wash water depth 60 m.

The results are brie y discussed under the consideration of only two guiding principles

of "stability and safety” and "methane and energy". In general, this chapter is structured
as follows: the rst section presents the comparison between Kivu-Simstrat and Aquasim
models under methane extraction particularly for reinjection modelling, the second sec-
tion emphasizes on the scenarios assessment at the different reinjection depths, and the
last section discusses the effects of methane extraction o C8, and density in the
different zones of the lake.

5.1 Comparing Kivu-Simstrat and Aquasim models for reinjection
modelling

One of the main assumptions that is based on the performed simulations with the Kivu-
Simstrat modelis the consideration of the density-driven in ow mode. This showed an
improvement compared to recent simulations. Allowing the reinjection plume to freely
stratify in the lake according to its density, instead of forcing it to mix within the sur-
rounding water at a xed range of depths as recently implemented in the Aquasim model,
has a signi cant impact on the simulated results.

According to the results simulated by Schmid et al. [4] using the Aquasim model, the
injected plumes either rise or sink around the reinjection depths within a speci ¢ range
of depths in the lake. This forced strati cation leads to the abrupt changes in the lake's
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physical and chemical properties within the xed range of depths. However, the Kivu-
Simstrat model allows the injected plumes to affect the entire water column of the lake,
resulting in more reliable gradual changes in physical and chemical properties of the lake
as presented in Fig. 13 by some of the simulated results.

Figure 13. Density prole results simulated with Aquasim (on the left-hand side) and
Kivu-Simstrat (on the right-hand side) models for the scenarios: "p200ed350rid240" and
"p200ed450rid240" to the top and bottom panels of the gure, respectively.

Speci cally, for the scenarios "p200ed350rid240" and "p200ed450rid240" where the re-
turned water is reinjected at a depthi2¢fOm near the normal main chemoclin250=260

m), it is shown that both the Kivu-Simstrat and Aquasim models exhibit similar trends,
though with different behaviours under the in uence of reinjected water. In general, the
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total effect of the degassing in the lake is smaller with the Kivu-Simstrat model than the
Aquasim model.

5.2 Scenarios assessment at different reinjection depth levels

All mentioned 6 scenarios are presented in this part through the subsections (5.2.1)-
(5.2.3), where the prole gures for each parameter are paired with another according
to the extraction and reinjection depths.

5.2.1 Reinjection depth at 180 m

The results presented and discussed in this part correspond to the scenarios
"p200ed350rid180" and "p200ed450rid180". These scenarios were simulated at a power
production rate o2OOMW for both350and450m extraction depths, with a reinjection
depth of180m, over the periods cf0, 20, 50, and100years.

The vertical pro les presented in Fig. 14 depict the anticipated changes in methane con-
centration resulting from the extraction over the time. The extraction process is expected
to reduce the concentration of Gh the resource zone (RZ) and potential resource zone
(PRZ). In the scenario "p200ed350rid180", after atisfiyears, the properties of the wa-

ter at the extraction depth start to change strongly due to the signi cant effects related
to the assumption for keeping the state variables constants during simulations; there is a
gradual accumulation of CHoelow the extraction depth, leading to an increase in CH
concentration of approximatelyy mol=m?® over 100 years, which is comparable to the
increase in concentration in the absence of extraction (as shown in Fig. 9). In contrast,
the scenario "p200ed450rid180" predicts a greater accumulation gfrésllting in an
increase of approximateB:5 mol=m3 within 100years. The pro les within the interme-
diate zone and biozone of the lake, where,G#returned to the lake at the wash water
level and oxidized in the biozone, show similar trends for both scenarios.
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Figure 14. Simulated methane proles for the scenarios "p200ed350rid180" and
"p200ed450rid180" over the period bd0years.

Similar to methane, dissolved carbon dioxide is affected by changes and is removed from
the lake by extraction, as demonstrated in Fig. 15. In both scenarios, an increase in
CO, concentration is observed betwe®B0and260m due to the water reinjection at
180m depth. However, pro les show a decrease in{fncentration from the normal
main chemoclineZ50-260m) up to the extraction depth over the simulation period due

to the water column being drawn downward by the extraction process. Additionally, a
portion of CQ is returned to the lake at the depth of washing water reinjection, from
where it escapes to the atmosphere. Nevertheless, scenario "p200ed350rid180" indicates
constant C@concentration below the extraction depth withOyears, while the pro les

of the scenario "p200ed450rid180" show a gradual decrease jrc@@entration byl4
mol=m? over the period ofl.00years.
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Figure 15. Simulated carbon dioxide proles for the scenarios "p200ed350rid180" and
"p200ed450rid180" over the period bd0years.

The temperature proles simulated for the two scenarios, "p200ed350rid180" and
"p200ed450rid180" in Fig. 16 show a slow warming in the lake at&s@m and cooling

in the layer betweeB65m and the extraction depths during the simulation period. How-
ever, there are differences between the scenarios in terms of the temperature changes be-
low the extraction depth level. The scenario "p200ed350rid180" exhibits a slow warming
below the extraction depth leve8%0m), while the scenario "p200ed450rid180" shows a
cooling in the layer below the extraction depth lev&Qm) of 0:35°C within 100years.

Figure 16. Simulated temperature proles for the scenarios "p200ed350rid180" and
"p200ed450rid180" over the period dd0years.
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The salinity increases in the layer above the normal main chemo@&e260m depth)

due to water reinjection for both scenarios, as shown in Fig. 17. This results in a de-
crease in salinity difference between the resource zone (RZ) and the potential resource
zone (PRZ), and an increase in salinity differences between the potential resource zone
and the intermediate zone (1Z). But the scenario "p200ed350rid180" shows no change in
salinity below the extraction deptB%0m), while scenario "p200ed450rid180" indicates

a decrease in salinity belo#60m depth by approximatel§:3 kg=m? within 100years.

Figure 17. Simulated salinity proles for the scenarios "p200ed350rid180" and
"p200ed450rid180" over the period bd0years.

The density pro les for both scenarios, as shown in Fig. 18, reveal that extraction has an
impact on density. The normal main chemocline disappears and a new chemoclines are
formed at130and190m depths, and at extraction depths for both scenarios. Besides, a
gradual weakening in density is mainly observed below the extraction dépéhn() in

the scenario "p200ed450rid180" due to the signi cant changes in corresponding density-
driven parameters withibOOyears.
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