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1 Introduction 

A modelling tool for environmental planning of hydropower reservoirs in the tropics has 
been developed at WREA. It assists users in answering these two questions 

1. How much biomass must be removed to secure dissolved oxygen in the inundated 
reservoir to be sufficient for fish and other aquatic life to survive? 

2. How much biomass must be removed and how shall the reservoir be operated to keep 
GHG emissions balanced by CO2 uptake by primary producers (plants)? 

The software has two components: (1) a small MS Access database that stores model 
parameters, initial conditions, driving variables and other scenario-specific data; and (2) a 
number-crunching module that solves the model equations and generates solutions formatted 
as web pages. The original version of the software used MS Access as the user interface and 
number crunching while a newer version BioRem2 is a pure web application but still using 
MS Access for storage of parameters and scenarios. 
 
This document describes the technical background for the model, in particular its 
mathematical framework, and shows selected model outputs for various scenarios. How to 
install and use the software is published as a separate BioRem User’s Guide. 
 
Background information and purpose of the model can be found in the Environmental 
Guidelines for Biomass Removal from Hydropower Reservoirs in Lao PDR, WREA 2010. 
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2 The Model 

The model is a dynamic, non-spatial, non-linear and causal simulation tool for answering 
specific questions regarding how much biomass must be removed prior to or during filling of 
a hydropower reservoir. 
 
Dynamic implies that time is one of the independent variables, and non-spatial implies that 
time is the only one. There are no dependence of x, y or z in the model, only of t. The model 
is a point model with very primitive description of hydrology. However, it is a 2-layer model 
with separate descriptions of dissolved oxygen in the upper and lower part of the water body 
(epilimnion and hypolimnion). The model focuses on biomass behavior over time rather than 
space. The time horizon is years, not days or shorter. However the important seasonal 
variations due to reservoir operation and huge discrepancies between wet and dry season 
hydrology in the tropics are included. 
 
Non-linear means that some of the terms in the model equations are not just a constant or 
proportional to a state variable (linear terms). Some terms are not linear, for example growth 
of primary producers depends on two state variables: nutrient concentration in the water 
phase and the biomass of the primary producers. Non-linear systems may have any number 
of steady states, while linear systems always have zero, one or an infinity of steady state 
solutions. Linear systems always have analytical solutions; non-linear systems can normally 
only be solved numerically.  
 
The model is causal in the sense that it applies mass conservation to set up its equations 
rather than statistical methods. The model is not a black box model. It is not a white box 
model either (solely based on basic laws of physics and chemistry), but rather a grey box, in 
the sense that some of the sub-model constructs are empirical and not derived from physical 
or chemical first principles. 
 

2.1 State Variables and Processes 

The model has eight state variables and 22 processes. Below are the state variables shown as 
circles and processes as arrows. Clouds are driving variables or sinks (sinks for outflows are 
not shown to avoid cluttering the picture). 
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Hard biomass (B3) decays to soft biomass (B2), which decays faster, and eventually becomes 
detritus (B1) that produces CO2 or CH4 during its very rapid decay. Some of the produced 
CO2 will be taken up by primary producers (B0 - mainly phytoplankton) together with 
nutrients in the water. Nutrients in surplus are not regulating primary production, only the 
nutrient limiting growth is important. This nutrient is assumed to be phosphorus as phosphate 
in the water phase (Pw).  
 
During growth of phytoplankton, oxygen is produced. Besides by photosynthesis, dissolved 
oxygen concentration in epilimnion (De) can increase due to mixing with air (re-aeration), 
especially on a stormy day, and due to inflow of oxygen-rich water from tributaries to the 
reservoir. An important sink for dissolved oxygen is of course decay of B1, but slow mixing 
with hypolimnic water also occurs. Dissolved oxygen in hypolimnion (Dh) increases due to 
inflow and mixing at the thermocline and decreases due to decay and outflow. 
 
Dissolved phosphorus (Pw) is a by-product of the decay processes and may also increase due 
to inflow and, especially, release from the sediment. It decreases due to uptake by 
phytoplankton or due to outflow. Sediment phosphorus acts as a long-term buffer that 
increases due to sedimentation of B1 and decreases due to release to the water phase and due 
to binding into phosphorus minerals that can be considered forever buried in the sediment 
(Psink). 
 

2.2 Units of measurements 

To compare biomasses and dissolved oxygen easily, it is convenient to express biomasses as 
oxygen demand. This is well-known from BOD measurements, where concentrations of 
biodegradable material are measured as mg O2/ℓ or g O2/m

3. B0, B1, B2, B3, De and Dh in the 
model are all expressed as g O2/m

3. 
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The two phosphorus state variables are expressed as g P/m3. How can the two sets of units 
(BOD and g P/m3) be combined, as is needed for example to describe P from sedimentation 
of biomass (B1 → Ps with a settling rate S)? 
 
Composition of living matter follows reasonable well this chemical formula 

C106H263O110N16P 

Amongst other things the formula tells that for each phosphorus atom, living matter contains 
106 carbon atoms. This can be used to convert between phosphorus and BOD units. 

Each biomass carbon atom requires one oxygen molecule to completely decay to CO2:  

Cbiomass + O2 → CO2 

Since the atomic weights of C, O and P are 12, 16 and 31, the P-equivalent of BOD becomes 

32 g O2 is equivalent to 12 g C which is equivalent to 31/106 g P 

Therefore a conversion factor between BOD units and g P units can be defined as: 

2Og

Pg
0091.0

10632

31 ≈
×

=ρ  

This factor must be applied to translate sedimentation of biomass (in BOD units) to 
phosphorus in the sediment (g P/m3). Combined with the ratio between sediment and water 
body volume (δ) as described under phosphorous release below, the final expression for 
increase of sediment phosphorus concentrations due to sedimentation becomes: 

 

 

Similarly, when B1 decays with a rate k1, it will increase dissolved Pw in the water phase with 
this amount: 

11 Bkρ  

 

2.3 Hydrology 

Most reservoirs operate so that outflow of water through turbines or spillways is fairly 
constant over the year. As opposed to that the inflow, including water from tributaries and 
runoff, varies tremendously between wet and dry season. Let Q0 be outflow (assumed 
constant) and Q the time-dependent inflow. Then the rate of change of volume, V(t), becomes 
 

0QQ
dt

dV −=  

 
The model simulates the seasonal variations of inflow as a sine wave with a 1-year period: 
 

1BS
δ
ρ
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sinQQ 0 ∆π
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Notice that the annual average of Q is the same as the annual average of Q0. Over a year total 
inflow equals total outflow1. ∆Q is some amplitude of the inflow pattern, which can be 
expressed by the difference between reservoir volume at full supply level (FSL) and at 
minimum operational level (MOL). Here is how to do that. 
 
First insert the formula for Q into the formula for dV/dt and next integrate from 0 to t: 
 

∫∫
==








=
t

0t

t

0t

dt
365

t2
sinQdt

dt

dV π∆  

Or: 
















−=−
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π∆
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Use VFSL as the reservoir volume at FSL and ∆V as the difference between reservoir volumes 
at FSL and MOL, i.e. the live storage. The maximum of the right hand side occurs when the 
cosine is -1 (for example at t = 365/2), so  
 

Q
365

)0(VVFSL ∆
π

=−  

 
The minimum of the right hand side occurs when the cosine is +1 (for example at t = 0), so 
 

0)0(VVVFSL =−− ∆  

 
Combining the last two equations gives V(0) = VFSL – ∆V and ∆Q = (π/365) ∆V, or 
 
















+−=
365

t2
cos1

2

V
V)t(V FSL

π∆
 

 








+=
365

t2
sin

365

V
Q)t(Q 0

π∆π
 

 
There is a problem, however. The Q calculated by the latter formula includes all inflows, also 
those that do not carry any of the substances considered in the model (organic carbon, 
phosphorus and dissolved oxygen). The Q used by the model equations (to be presented 
below) should only include flows that carry these substances (river inflows and runoff). 
Precipitation and evaporation does not carry substances. The Q calculated above fluctuates 
too much but its average is correct. 
 

                                                      
1 Can be seen by integrating Q from t = 0 to t = 365 and noting that the integral of the sine function becomes zero. 
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To compensate, the model uses this equation for calculating total inflow versus time: 
 








+=
365

t2
sin

365

V
Q)t(Q 0

π∆πβ  

 
The new parameter, β, is the fraction of excess flows that is due to tributaries and runoff only 
(not due to precipitation minus evaporation). It should be estimated from hydrological data 
available for example from feasibility and EIA studies. 
 
Notice that 0 < β < 1. But sometimes a stricter upper limit applies. When the sine function in 
the formula for Q(t) becomes -1, the second term might dominate the first, so that Q(t) 
becomes negative. This is avoided when: 

V

Q365 0

∆π
β <  

With Nam Theun 2 data this limit becomes 0.67, so β must be not just less than 1 but also 
less than 0.67. Hydrological data exist in this case and β can be determined to be 0.59. See 
Section 3.1.1 for how β was determined for NT2. 
  
Now retention time can be calculated as τ = V/Q, or: 
 








+
















+−
=

365

t2
sin

365

V
Q

365

t2
cos1

2

V
V

)t(

0

FSL

π∆πβ

π∆

τ  

 
See the Guidelines for a graph of V, Q and τ. 
 

2.4 Mass Balance 

In general terms mass balance can be expressed as the fact that the rate of change of mass of 
a certain element within well defined boundaries only can change due to four factors: 
 

o A certain substance can move into the system from outside (influx) 

o The substance can move out of the system (outflux) 

o The substance can be created from chemical or biochemical processes 
within the system boundaries (source) 

o The substance can be destroyed by chemical or biochemical processes 
within the system  (sink) 

Or in short: SinksSourcesOutfluxInflux
dt

dC −+−=  

The derivative 
dt

dC
is the rate of change of a substance with concentration C. 

As an example, let the substance be dissolved oxygen and the system boundaries be the 
reservoir boundaries to the atmosphere, inlets and outlets, and the sediment at the bottom. 
Influxes in this case are re-aeration at the water surface and inflow from tributaries. 
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Outfluxes are dissolved oxygen following the water discharged through outlets. A source is 
primary production (photosynthesis) that releases free oxygen, and sinks are decay of various 
fractions of biomass and organic material.  
 
Below is tabulated all processes taken into account in the model. The columns represent the 
four factors (influx, outflux, source and sink) and the rows are the rate of change of each state 
variable being affected by the factors. Notice that more than one process can contribute to a 
factor (for example both re-aeration and inflow from tributaries affect dissolved oxygen 
influx to the epilimnion). 
 

Rate of change of: Influx Outflux Source Sink 

Biomass in the water Allochthonous 

material 

Outflow Primary 

production 

Decay and 

sedimentation 

Dissolved oxygen in 

epilimnion 

From re-aeration and 

tributaries 

Mixing with deep 

water and outflow 

Primary 

production 

Decay 

Dissolved oxygen in 

hypolimnion 

Mixing and tributaries Outflow  Decay 

Phosphorus in the 

water body 

From sediment and P 

in tributaries 

Outflow Decay Primary 

production 

Phosphorus in 

sediment 

Sedimentation Release  Fraction forever 

buried 

 
To run the model it is necessary to put all this into a mathematical framework. Below follows 
the model equations and a list of symbols. In addition to the differential equations there are 
two formulas for hydrology and two for GHG emissions (CO2 and CH4) as well as one for 
accumulated emissions. 

2.5 Model Equations 
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s1
s PrBS

dt

dP −=
δ
ρ

 P in the sediment 

Hydrology: 
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GHG Emissions: 
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t
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COeqCO 422
−+= ∫−  Accumulated emissions 

 

2.6 List of Symbols 

 
State variables2: 

Bi [g O2/m
3] Concentration of organic matter, fraction i, in the reservoir expressed as BOD. 

i = 0 means primary producers, i = 1 means detritus (k ~ 0.05 day-1), i = 2 
means rapid degradable organic material (k ~ 0.001 day-1), i = 3 means very 
slowly degradable organic material (k < 0.0001 day-1). 

De [g O2/m
3] Concentration of dissolved oxygen (DO) in the epilimnion 

Dh [g O2/m
3] Concentration of dissolved oxygen (DO) in the hypolimnion 

Pw [g P/m3] Dissolved phosphorus in the water body 

Ps [g P/m3] Total phosphorus in the sediment 

Independent variable: 

t [days] Time 

Driving variables: 

Q(t) [m3/day] Inflow of water to the reservoir from tributaries and runoff versus time 

V(t) [m3] Volume of water in the reservoir versus time 

Ve  [m3] Volume of epilimnion 

Vh [m3] Volume of hypolimnion calculated as Vh = V - Ve 

Bin [g O2/m
3] Concentration of dead biomass and other organic material from tributaries and 

runoff expressed as BOD (allochthonous organic matter) 

Din [g O2/m
3] Concentration of dissolved oxygen in tributaries 

Pin [g P/m3] Concentration of dissolved phosphorus in tributaries and runoff 

                                                      
2 Each state variable must have a known initial value (not shown in the table of symbols).  
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Model parameters: 

ki [day-1] Decay rate for organic matter in the water body for fraction i 

Q0 [m3/day] Outflow of water through turbines and spillways 

β [-] Fraction of inflow that is not net precipitation on the reservoir 

VFSL [m3] Reservoir volume at full supply level 

∆V [m3] Live storage (so minimum reservoir volume is VFSL - ∆V) 

α [day-1] Re-aeration rate (how fast is oxygen from air mixed with water) 

D* [g O2/m
3] Concentration of dissolved oxygen when saturated with air 

S [day-1] Sedimentation rate 

G [day-1] Maximum growth rate of primary producers 

M [g P/m3] Michaëlis-Menten’s half saturation constant 

r [day-1] Rate of release of phosphorus from sediment 

f [-] Fraction of Ps forever buried in the sediment 

δ [-] Ratio between thickness of active sediment and average water depth 

ρ [-] Ratio between weight of P and weight of BOD in biomass 

m [day-1] Mixing rate for dissolved oxygen mixing between epi- and hypolimnion 

γ [-] Fraction of carbon emitted as methane rather than CO2   

ke [g O2/m
3] Half saturation constant for methane/CO2 switch 

yrCHW 100,4
 [-] Global Warming Potential for methane over 100 years 

GHG Emissions: 

ECO2 [Gg CO2 /yr] Total annual CO2 emission from the reservoir 

ECH4 [Gg CO2-eq/yr] Total annual CH4 emission from the reservoir as CO2 equivalent 

ACO2-eq [Gg CO2-eq] Accumulated CO2 and CH4 emission from the reservoir as CO2 equivalent 

 

 

2.7 GHG Emissions 

 

As detritus B1 decays with a rate k1, a certain fraction γ becomes methane and the remaining 
fraction 1 – γ becomes CO2. Anaerobic methane formation mainly takes place in the 
sediment, while CO2 mainly is formed in the water body. Diffusion and transport by bubbles 
bring the methane upwards and part of it may be oxidized and becomes CO2: 

CH4 + 2O2 → CO2 + 2H2O 
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Even under anaerobic conditions, CH4 might be oxidized using NO3

- or SO4
- - as the source 

of oxygen. In terms of energy oxidation by O2 is most efficient, next comes NO3
- and finally 

SO4
- -. Aerobic oxidation can be inhibited by light, so the most common place for this process 

to take place is at the bottom of epilimnion near the thermocline3. 

CO2 but not CH4 may be taken up by phytoplankton or other primary producers (B0) and be 
built into new biomass. 

The illustration shows the main processes during GHG emission: Production of CH4 in the 
sediment and CO2 in the water body; transport upwards in the water column (either by 
diffusion or bubbles) of the two compounds; oxidation of CH4; and CO2 uptake by 
phytoplankton. Whatever is produced but not oxidized and taken up will cause emission to 
the atmosphere over a longer time period. This emission includes degassing in the turbines 
for hydroelectric reservoirs as well as diffusive emissions downstream the reservoir. 

CO2 production does not affect the carbonate equilibria but rather the equilibrium between 
atmospheric and dissolved CO2. For methane the situation is different. When methane is 
produced it will first be dissolved in water up till its maximum solubility which is 35 g CH4 
per m3. If diffusion through the water and emission to the atmosphere is slower than methane 
production, bubbles will form when the limit is reached. 

Both oxidation of methane and its transport out of the water body by bubbles, is at least one 
order of magnitude faster than methane production. Aerobic oxidation rates have been 
measured to be around 2 – 3 day-1 while the decay rate for detritus is only k1 = 0.05 day-1 in 
the model4. Transport upwards by bubbles depends on bubble size and is typically 0.1 – 5 
m/s5 which can be considered an immediate effect compared to production (which takes days 
or weeks).  

In a recent study6 of nine Brazilian reservoirs, on the average, methane accounts for 1.7% of 
the emission and CO2 for 98.3%. The study also demonstrated that – with one exception – all 
reservoirs had more diffusive CH4 emissions than emissions via bubbles. Bubble emission 
ranged from 5 – 33% of the total emission in eight of the nine reservoirs. The exception had 
77% bubble transport and this reservoir also had an exceptional high proportion of total CH4 
emission compared to CO2 emission, indicating that more methane is produced in this 
reservoir than can be dissolved (35 g/m3) and removed.  
 
The model takes production, transport, CH4 oxidation and CO2 uptake into account in a 
simplified manner. Production is calculated from these expressions: 
 

                                                      
3  See: Murase, Jun and Atsuko Sugimoto 2005 Inhibitory effect of light on methane oxidation in the pelagic water column of a 

mesotrophic lake (Lake Biwa, Japan) Limnol. Oceanogr., 50(4), 2005, 1339–1343 
 www.aslo.org/lo/toc/vol_50/issue_4/1339.pdf 
4  Guérin, F., and G. Abril 2007 Significance of pelagic aerobic methane oxidation in the methane and carbon budget of a tropical 

reservoir J. Geophys. Res., 112, G03006, doi:10.1029/2006JG000393  www.agu.org/pubs/crossref/2007/2006JG000393.shtml 
measure aerobic methane oxidation rate in the Petit Saut reservoir (French Guyana) to be 0.11 hr-1 which is 2.6 day-1. 

5  For bubble diameter between 1 mm and 1 cm, this formula gives the upward speed: u = gr2/9ν where g is acceleration due 
to gravity (9.82 m/s2), r is radius of the bubble and ν is the kinematic viscosity of water (1.1×10-6 m2/s). For a bubble with 
radius1 mm the speed becomes close to 1 m/s. See also http://www.mit.edu/~goodmanj/madsci/865365227.Ph.r.html 

6  M. A. dos Santos, L. P. Rosa, B. Sikar, E. Sikar, E. O. dos Santos 2004: Gross greenhouse gas fluxes from hydro-power reservoir 
compared to thermo-power plants. Energy Policy 32 (2006) 481-488. 
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411 CHforBkV
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16 γ  

211 COforBk)1(V
32

44 γ−  

The fractions 16/32 and 44/32 converts from BOD units to mass of methane and CO2, 
respectively, since the molar weights of O2, CH4 and CO2 are 32, 16 and 44. V is the volume 
of the reservoir, which is a function of time. γ is the fraction that becomes methane. k1 is the 
decay rate for detritus and B1 is detritus concentration. Thus the two expressions calculate 
CH4 and CO2 production as mass per time (g/day). 
 
Oxidation is taken into account by assuming an oxygen-dependent fraction of produced 
methane to be oxidized. The fraction is a Michaëlis-Menten expression, De/(ke+De) with ke 
being a half saturation constant and De dissolved oxygen in epilimnion. This means that 1 – 
De(ke+De) = ke/(ke+De) is the fraction of produced methane that ends up as methane in the 
epilimnion. To take the extra CO2 produced by oxidation into account the expression for CO2 
must be modified in a similar manner. 
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De is dissolved oxygen in epilimnion and ke is a half saturation constant. Good oxygen 
conditions near the thermocline (where aerobic methane oxidation takes place) give a lower 
net methane production and a higher CO2 production. To ensure mass conservation the sum 
of the two fractions must be 1. ke is chosen as 4 g/m3 in the model, i.e. half of full saturation. 
 
Now the value of γ can be estimated. From the Brazilian survey 1.7% of the emissions were 
found to be methane. With a Michaëlis-Menten fraction for CH4 equal to 4/(4+8) = 1/3 for 
air saturated epilimnion, the fraction γ therefore becomes 3×0.017 ~ 5%, which is the value 
used by the model. 
 
CO2 uptake by phytoplankton reduces CO2 emission. This is taken into account in the model 
by subtracting the rate of primary production from CO2 production. 
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Methane emission is 25 times worse than CO2 in terms of heat radiation absorption according 
to IPCC. Therefore the expression for methane must be multiplied by the global warming 
potential (Wch4,100yr) for methane over a 100 year time horizon to make emissions comparable. 
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Finally, to convert the two emissions from g/day to Gg/yr (giga gram per year), which is a 
common unit for GHG emissions, the expressions must be multiplied by 365/109. Putting the 
pieces together gives these two formulas used by the model to calculate GHG emissions: 
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2.8 Data Requirements 

Data needed to run the model can be grouped into: 

o Initial conditions: Bi, De, Dh, Pw and Ps at t = 0 

o Driving variables: Bin, Din and Pin 

o Parameters: ki, Q0,VFSL, ∆V, α, β, D*, S, G, M, r, f, δ, ρ, γ, ke, yrCHW 100,4
 and m 

o Representative values of the state variables for various scenarios (biomass 
removal, reservoir filling and dam operations). These values are used for 
calibration (fine tuning of parameters). 

The most sensitive parameters in the model are ki and G as well as the initial conditions for 
soft and hard biomass (B2 and B3). For vegetation to be submerged, satellite imagery and 
vegetation maps are mandatory. Ideally the classes for these maps should correspond to 
ranges of the decay rates (ki). 

Some parameters can be calculated without significant errors (ρ, D
* and α), some are known 

within relatively narrow ranges from the literature (G, f,  M, S, r, yrCHW 100,4
 and m) and the 

rest are specific for a reservoir and must be determined from reports, field observations or 
similar (Q0,VFSL, ∆V, δ, β and γ). 

Maximum phytoplankton growth rate, G, needs special consideration. Almost all algae 
species have growth rates in the range from 0.03 to 0.20 day-1, with a typical value around 
0.11 – 0.14. Different species have different growth rates, and potentially all species with a 
broad range of growth rates are available when reservoir filling starts. The ones that 
eventually dominate will be those that survive the flow regime and otherwise adapt best to 
the environment. 

The quasi steady state formula for Pw, as derived in the next section, shows that G must obey 
this inequality: 

 

 
τ
1

kG 0 +>
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It is clearly the minimum retention time that is critical for survival of phytoplankton, not its 
maximum. For Nam Theun 2 this minimum was 17.2 days (see Page 21). With k0 = 0.008 
day-1, the minimum value for G thus becomes 0.008 + 1/17.2 = 0.066 day-1, a value within 
the range of literature values. 

The recommended procedure for determining G is therefore to calculate its lower limit and 
add at least 10%. Algae with this growth rate adapt best to the current environment. For NT2 
the value G = 0.14 day-1 has been chosen to be in accordance with literature values.   

The most critical driving variable is without doubt the flow regime (Q), but also estimates of 
concentrations of organic material, dissolved P and dissolved oxygen in tributaries must be 
made. Usually concentration of phytoplankton, soft and hard biomass in tributaries can be set 
to zero since upstream rivers and runoff seldom have significant concentrations of these 
biomass types. The allochthonous input is mainly detritus-like organic material. 

The initial values of Bi (i > 1) reflect the biomass and other organic material remaining in the 
area being flooded and are different for different biomass removal strategies. B0 at t = 0 
(initial primary producers) can be given a value close to zero. B1 at t = 0 (initial detritus) can 
be given a value around 1 g/m3 but the model is not very sensitive to the exact choice. 

Initial values for De and Dh may be set to full saturation (8 g/m3) when filling is simulated. 
Initial values for Pw and Ps may be set to typical values for these concentrations which are 
0.01 g P/ m3 and ~5 g P/ m3, respectively. 

A summary of suggested values are tabulated here: 
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2.9 Quasi Steady State 

The equations for B2 and B3 have simple analytical solutions: 

From 33
3 Bk

dt

dB −= follows:  

tkeBB 30
33

−=  

where 0
3B  is the value of B3 at t = 0. 

Initial conditions 

B0(0) 0.01 [g O2/m
3] Phytoplankton initially. Use a low value. 

B1(0) 1 [g O2/m
3] Detritus initially 

Bi(0) i = 2, 3 Defines biomass removal strategy and initial vegetation coverage 

De(0) 8 [g O2/m
3] Assume 100% saturation initially 

Dh(0) 8 [g O2/m
3] Assume 100% saturation initially 

Pw(0) 0.01[g P/m3] Use a typical value 

Ps(0) 5 [g P/m3] Use a typical value 

Driving variables: 

Ve  [m3] Has to be estimated. Typically 1/3 of V. 

Vh [m3] Vh = V - Ve 

Bin [g O2/m
3] 

To be measured as flow-weighted allochthonous inputs from tributaries 
and runoff 

Din 8 [g O2/m
3] Assume fully saturated water as inflow 

Pin [g P/m3] To be measured as flow-weighted average from tributaries and runoff 

Model parameters: 

ki [day-1] ~0.008 for i=0; ~0.05 for i=1; ~0.001 for i=2; ~0.0001 for i=3. 

Q0 [m3/day] Average outflow through turbines and spillways known from the developer 

VFSL [m3] Max. volume known from feasibility studies and similar documents 

∆V [m3] Live volume  known from feasibility studies and similar documents 

α [day-1] At least 0.6/average depth in meters. Typically two times that value. 

β 0.59 between 0 and 1 or 365×Q0/(π ∆V), whichever is smallest. See Pg. 10. 

D* 8 [g O2/m
3] At 28 °C 

S 0.005 [day-1]  

G ~0.14 [day-1] At least k0 + 1/τ. See discussion above 

M 0.04 [g P/m3]  

r ~0.001 [day-1]  

f 0.2  

δ  Calculated as 0.1/ average water depth in meters 

ρ 0.00914  

m 0.0005 [day-1] 
Close to molecular diffusivity for dissolved oxygen in water. Make m bigger if 
many storms are expected in the area. 

γ ~0.05 5% of produced CO2 becomes CH4 when epilimnion is anaerobic. 

ke ~4 [g O2/m
3]  

yr100,CH4
W  25 According to IPCC 4th assessment report (4AR) 
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From 2233
2 BkBk

dt

dB −=  and the solution above follows:  
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where 0
2B  is the value of B2 at t = 0, and τ is the retention time of the reservoir: 

Q

V=τ  

The main purpose of the model is to set limits on the biomass being flooded, that is hard 

biomass, 0
3B , like tree trunks, and soft biomass,02B , like plant litter. Playing with different 

combinations of these two initial conditions the model can calculate the expected water 
quality and GHG emissions for different biomass removal scenarios. 

It is possible, however, to go a step further and analytically put constraint on biomass 
removal. Say, for example, that it is requested that fish can survive, even those that live in 
the deeper water. Then dissolved oxygen on a longer timescale must be at least 4 g O2/m

3 in 

the hypolimnion. How does this translate into constraints (inequalities) on 0
2B and 0

3B ? How 

much biomass must at least be removed to secure hD > 4 g O2/m
3 (at a certain point in time 

after reservoir filling)? 

Similarly, under which conditions can net greenhouse gas emissions be eliminated at a 
certain point in time after reservoir filling? 

To answer such questions the long-term solutions to the model differential equations must be 
found analytically rather than numerically. Long-term solutions in this case mean quasi 
steady state solutions (stationary solutions except for slowly varying processes). As shown 
above B3 and B2 vary with time and approaches zero asymptotically. Strictly speaking, 
therefore, there is no steady state solutions, but due to the extreme slow decay of especially 
hard biomass (k3 << k1) it is a good approximation to calculate the long-term values for B1, 
B0, De, Dh and Pw by setting their time derivatives equal to zero (steady state)7. Their 
variations are much faster than decay of hard and soft biomass and release and burial of 
sediment phosphorus (Ps).  

Here are the analytical solutions for quasi steady state: 
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7 The oscillations due to seasonal variations of reservoir volume are ignored with this approach. All quantities are annual averages.  
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As seen some solutions depend on others, for example Ps is expressed as a function of B1. 
Therefore during computation some variables must be found before others. One order of 
computation would be to find B3 first and next B2, Pw, B0, B1, Ps, De and finally Dh. 

With these formulas it is possible to answer the questions on how much biomass must be 
removed to secure fish to survive in the whole water body and under which conditions will 
net greenhouse gas emissions be eliminated. 

 

2.10 Which Reservoirs have good Water Quality? 

For fish to survive in hypolimnion, Dh must be greater than some limit Dlim, typically 4 g 
O2/m

3: 

limDDh >  

In principle, the expression for quasi steady state values of Dh as given above can be inserted 

into this inequality and solved for 02B and 0
3B  (by applying most of the other formulas). The 

mathematics simplifies substantially by noticing that mτ in most cases is much smaller than 1 
(mτ = 0.086 for Nam Theun 2). 

With this assumption the inequality becomes 

lim11 DBkDin >− τ  

Or: 
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τ1

lim
1 k

DD
B in −<  

Assuming upstream water to be well-aerated (Din = 8 g O2/m
3) and Dlim to be 4 g O2/m

3, the 
right hand side becomes 0.37 g O2/m

3 for Nam Theun 2 (τ = 216 days, k1 = 0.05 day-1). How 
can B1 become smaller than this limit? 

Inspecting the expression for steady state values of B1, it is clear that retention time (τ), 
allochthonous organic material concentration (Bin) and phosphorus in the tributaries (Pin) 

play a role. But most important are the initial values of hard and soft biomass (0
3B and 0

2B ). 

These two quantities are also the only ones that can be manipulated by different removal 
strategies. 

Solving for the initial values using the steady state solutions for B1 and B2, gives this 
constraint on the initial biomasses: 

cfbfa SH >+  (1) 

fH and fS are the removal ratios of hard and soft biomass respectively. For example fH = 1 and 
fS = 0 mean complete removal of all hard biomass (tree trunks) and no removal of soft 
biomass (leaves, plant litter and soil organics). 

a, b and c are calculated from these formulas: 
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lim  

Now 0
2B and 0

3B  mean the biomasses before any removal. t means the time allowed to pass 

with less than ideal conditions ( limDDh < ). Oxygen in the deeper water will always 

disappear during filling of the reservoir, fish and other animals need some time to migrate to 
the reservoir from tributaries, and the whole ecosystem cannot be expected to reach a stable 
state until after a certain period. Transient behavior of the ecosystem is disregarded when it 
comes to the long-term quasi steady state oxygen conditions. A recommended grace period is 
3τ, i.e. around 2 years in the case of Nam Theun 2. 

When retention time varies over the year, a value of τ used to calculate c should be chosen as 
the value that maximizes c. In this case the good water quality will persist over both wet and 
dry seasons. 

Inequality (1) may be fulfilled for all combination of fH and fS, for some combinations only or 
it will never be fulfilled for any values of fH and fS. A reservoir type can be one of the 
following when it comes to water quality: 
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Reservoir Water Quality Condition 
Type 1 Always good oxygen conditions c < 0 
Type 2 Good oxygen conditions depend on fH and fS 0 ≤ c ≤ a + b 
Type 3 Never good oxygen conditions even at 100% biomass removal c > a + b 

 

The conditions for good water quality can be shown as a graph. The straight line a fH + b fS = 
c may be below the square 0 < fH < 1; 0 < fS < 1, it may divide it into two regions, one with 
good oxygen conditions (shown hatched) and one with bad oxygen conditions, or it may be 
above the square. 
  

 

 

 

The data that must be obtained in order to find the type of a new reservoir are thus the 
following: 

o Hard and soft biomass concentrations before any removal and inundation: 0
3B and 0

2B  

o Maximum and minimum expected retention time as known from the design of the 
reservoir: τmax and τmin. 

o Concentration of allochthonous organic material in tributaries and runoff: Bin  

o Concentration of phosphorus nutrients in tributaries and runoff: Pin 

o Concentration of dissolved oxygen in tributaries and runoff: Din 

The latter can usually be assumed to be full saturation: Din = 8 g/m3. 

After these numbers are known the formulas above can be used the following way: 

o Insert numbers into the formulas for a, b and c and assess to which type the reservoir 
belongs. 

o If it is Type 1, no further action is needed to secure good oxygen conditions 

o If it is Type 2, apply a fH + b fS > c to get proper values for fH and fS. These numbers 
tell how much hard and soft biomass must be removed to secure good oxygen 
conditions. 

o If it is Type 3, there is no practical way to secure good oxygen conditions (unless Bin 
and Pin can be controlled). 

Type 1: Always good water quality Type 2: Sometimes good water quality Type 3: Never good water quality 
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2.11 Which Reservoirs are GHG Sinks? 

During and after inundation the large amount of biomass decay always produces more CO2 
than can be absorbed by plants, and depending on the oxygen conditions, methane may be 
produced as well. 
 
On a longer timescale however, the primary producers may increase their biomass to such a 
level that photosynthesis outbalances or even dominates decay processes. The reservoir 
becomes a carbon sink. 
 
Whether or not this will happen can be assessed by the model. Looking back at the formulas 
for ECO2 page 12, it is evident that this emission can become zero or even negative. The 
reservoir will be a net CO2 absorber when 
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The drawdown zone re-growth effect discussed in the Guidelines is neglected, so the 
inequality and what will be derived from it may be slightly wrong if re-growth cannot be 
ignored.  
 
Applying the quasi steady state value for Pw, the inequality can be simplified to 
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This is only valid on the long time horizon and only when seasonal variations can be replaced 
by annual averages. 
 
Replacing B1 and B0 with their quasi steady state values yields an inequality similar to the 
one that governs biomass removal in order to secure sufficient dissolved oxygen, namely  

'cfbfa SH <+  (2) 

There are two major differences: the inequality is now a less than, not a greater than, and the 
right hand side c’ is different from c. The new c’ can be calculated from: 
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When retention time varies over the year, the value of τ used to calculate c’ should be the 
maximum retention time. In this case the neutral greenhouse gas emissions will persist over 
both wet and dry seasons. 
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Inequality (2) may be fulfilled for all combination of fH and fS, for some combinations only or 
it will never be fulfilled for any values of fH and fS. A reservoir type can be one of the 
following when it comes to GHG emissions: 

Reservoir GHG Emissions Condition 
Type 1’ Always carbon sink c’ > a + b  
Type 2’ Being a carbon sink depends on fH and fS 0 ≤ c’ ≤ a + b 
Type 3’ Never carbon sink c’ < 0 

The conditions for being a carbon sink can be shown as a graph. The straight line a fH + b fS 
= c’ may be above the square 0 < fH < 1; 0 < fS < 1, it may divide it into two regions, one 
with being a carbon sink (shown hatched) and one with not being a carbon sink, or it may be 
below the square. 

 

 

 

 

 

The data that must be obtained in order to find the type of a new reservoir are the same as for 
determining water quality type for the reservoir. They are used to: 

o Insert numbers into the formulas for a, b and c’ and assess to which type the 
reservoir belongs. 

o If it is Type 1’, no further action is needed to secure good GHG emission conditions 

o If it is Type 2’, apply a fH + b fS < c’ to get proper values for fH and fS. These numbers 
tell how much hard and soft biomass must be removed to secure good GHG emission 
conditions. 

o If it is Type 3’, there is no practical way to secure the reservoir to be a carbon sink 
(unless Bin and Pin can be controlled). 

 

Type 1: Always a carbon sink Type 2: Sometimes a carbon sink Type 3: Never a carbon sink 
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2.12 Can a Reservoir both have good Water Quality and be a GHG Sink? 

The question remains, can both inequalities, (1) and (2), occur simultaneously? Is it possible 
to have good oxygen conditions and no greenhouse gas emission at the same time (after a 
grace period)? 

There are combinations of initial biomass (03B and 0
2B ), retention time (τ) and tributary inputs 

(Bin, Pin and Din) that allow for good water quality and no net greenhouse gas emission, 
namely those that make c’ > c, c < a + b and c’ > 0. 

When c’ is smaller than c there will always be a gap between regions with good water quality 
and regions with negative net greenhouse gas emissions; when c’ is greatest there will be an 
overlap between the two regions in the (fH, fS) plane. The additional conditions c < a + b and 
c’ > 0 guarantee that the reservoir is neither Type 3 nor Type 3’. 

 

 

To summarize, from a water quality and carbon footprint perspective, reservoirs come in 
three flavors. A bad reservoir is one that never supports sufficient dissolved oxygen and low 
net greenhouse gas emissions on a longer timescale irrespective how much biomass has been 
removed. A good reservoir supports either sufficient dissolved oxygen or behaves like a 
carbon sink. A super reservoir acts both as habitat for aquatic life and as a carbon sink. 

Super reservoirs:  c’ > c, c < a + b and c’ > 0 

Good reservoirs:  c < a + b or c’ > 0 

Bad reservoirs:  c > a + b and c’ < 0 

Some biomass must usually be removed before a reservoir becomes good or super. Exactly 
how much can be calculated from these inequalities: 

cfbfa SH >+  and  'cfbfa SH <+  

fH and fS are the fractions of hard and soft biomass to be removed. 
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2.13 The Software 

Software has been developed to manage simulations with the model. It comes in two 
versions, BioRem1 and BioRem2 both with three components: 
 

o A database to store parameters, initial conditions and optionally model results for 
different scenarios. 

o A number crunching part that solves the model equations 

o A user interface as a web page from which the user can select and study model 
outputs and other information. 

 
2.13.1 BioRem1 

In BioRem1 the database is an MS Access application with a main form for manipulating 
scenarios as shown below. 
 
From the form, the user can select, add and delete scenarios, and for each scenario edit a title 
line, parameter values, initial conditions, the length of the simulation period, the time step 
used during the simulation, the lower limit for dissolved oxygen in the hypolimnion and the 
grace period for quasi steady state. The user can also drag the sliders for fH and fS to simulate 
the effects of removing hard and soft biomass. 

 

 
 

The form shows quasi steady state values and the biomass removal factors (a, b, c and c’) in 
the inequality that determines fractions of hard and soft biomass (fH and fS) to be removed. 
The scenario shown is a baseline situation for NT2 without clearance. 
 
Hitting the Run Model button starts the equation solver and when finished, opens a web page 
with simulation results. 
 
The equation solver is a VBA program using a Runge-Kutta 4th order algorithm. The 
algorithm applies a fixed time step, which can be set by the user. Default is 0.1 day. 
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Numerical stability has been thoroughly tested for the equation solver, and no difference 
between for example 0.01 and 0.1 as time step has been detected.  
 
The user interface is a web page, the top of which has this appearance: 
 

 
 

This 10-years simulation shows that most hard biomass (the upper curve) is still present at 
the end of the simulation, while soft biomass is disappearing (the middle curve) and detritus 
keeps constant at a low level. Above the graph is shown values of parameters normally 

adjusted: the two removal fractions, fH and fS, initial hard and soft biomass, 03B and 0
2B , min. 

and max retention time, and allochthonous inputs as carbon and phosphorus.  
 
With the list box at the left side, users can choose other outputs. Here are three examples: 

 
 
Notice the peak of dissolved 
phosphorus (upper left) that provokes 
an algae bloom shortly after (upper 
right). The algae in epilimnion 
produces pure oxygen (not air), so 
dissolved oxygen starts with a peak 
in the supersaturated concentrations 
(lower left). Hypolimnic oxygen is 

zero most of the time, but reaches 3.8 g/m3 in a short period at the start of every wet season. 
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Besides the dynamic equations, the software also calculates quasi steady states and the a, b, c 
and c’ constants described in the previous section.  Whenever the user changes a parameter 
value, an initial value, the oxygen limit for fish or the grace period, these numbers are 
recalculated. 
 

This means that users can play with parameters and 
initial conditions without running the model and 
still get an assessment as to which type the 
simulated reservoir belongs. The screen dump 
illustrates the Type 2 + 2’ for the “super reservoir” 
described in Section 3.2.7. 
 
From this part of the program, the user can further 
drag two sliders with the mouse to set biomass 
removal fractions for hard and soft biomass. In the 
illustration these two figures are set to 45% and 
96%.   
 
 

 
2.13.2 BioRem2 

In this version the database is hidden from the user; a web page is the only user interface: 
 

 
 
To the left reservoirs, scenarios and model parameters can be edited and model runs initiated. 
To the right outputs can be inspected. A reservoir name can be edited from the textbox above 
the reservoir list; parameters can be changed either by dragging a slider or by typing a value 
in one of the textboxes. 
 
After any changes a Save button appears. If the changes are going to be stored permanently 
in the database it must be clicked, but it is quite ok not to, when playing with the model. A 
click on the Run Model button always uses the latest changes irrespective if they are saved or 
not. 
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Scrolling down on the Model Input section shows various calculated indicators, including 
retention times, quasi steady state values and a square depicting the type of reservoir versus 
biomass removal ratios: 
 

 
 
Scrolling down on the Model Output section shows links to various documentation pages: 
 

 
 
BioRem1 runs slightly faster than BioRem2 but is harder to use since both MS Access and an 
Internet browser interacts with the user. MS Access must be installed on the target computer 
if BioRem1 is going to be used; this is not necessary for BioRem2. If BioRem2 will be 
installed on a WREA server (together with Web Mapping), it can be applied from any 
computer connected to the Internet without any special installation. 
 
Both versions of the software can be distributed as is from WREA or by contacting Henning 
Mejer at henning_@hotmail.com. It comes with a brief user’s guide including installation 
instructions. 
 



3 Model Scenarios 

 Strengthening Environmental Management Phase II     Page 30 

 

3 Model Scenarios 

With the model described in the previous section, scenarios and model outputs for various 
reservoirs and biomass removal strategies shall now be presented. Whenever available, data 
from the Nam Theun 2 reservoir are used as model inputs. To exemplify ideas however, 
some extreme situations are simulated using hypothetical data. Sources of information about 
the Nam Theun 2 Hydropower Project (NT2) are primarily the official website of the NT2 
Power Company (NTPC) at www.namtheun2.com and documents downloaded from that 
site. 
 
The section starts with facts about Nam Theun 2 and how to translate these facts and other 
figures from the literature into model inputs in order to set up a baseline model scenario. It 
proceeds by showing model outputs as graphs for the baseline situation and for various 
biomass removal strategies and reservoir operation patterns. Finally some conclusions are 
drawn. 
 

3.1 Model Setup with Nam Theun 2 Data 

When operational in early 2010 the NT2 power plant will generate 1070 MW electricity 
mainly for export to Thailand. It does that by releasing water from the Nam Theun river 
basin through turbines to another river basin (Xe Ban Fai) at a lower elevation. The reservoir 
at a higher elevation on the Nakai Plateau covers 450 km2 at full supply level (FSL) and is 
created by a 39-m dam northwest of the plateau. 350 m below the plateau is the powerhouse 
and below that a regulating pond. Finally a 27-km channel leads the water from this pond to 
the Xe Ban Fai River. Both Xe Ban Fai and Nam Theun are tributaries of the Mekong River8. 

 
 

                                                      
8 The picture is downloaded from ADB’s website on NT2 at http://www.adb.org/Projects/Namtheun2. It appears that the original 

drawing is from the EAMP 2004 NTPC Chapter 2 page 11.  
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3.1.1 Hydrology 

The plant will operate 16 hours per day, six days per week (i.e. 57% of the time) except 
when shut down due to risk of flooding the Xe Bang Fai. At FSL, the reservoir volume is 
3910 million m3. The reservoir volume between FSL and MOL (minimum operation level) 
will be 3530 million m3. In terms of model parameters9: 
 

VFSL = 3.91×109 m3 
∆V = 3.53×109 m3 

 
The catchment area at the Nakai dam site is providing 7526 million m3 of water as an annual 
average10. 7.526×109 m3/yr is the same as 238 m3/s, a number seen in several reports as the 
average inflow to the turbines. The figure is based on 52-years hydrological time-series. The 
corresponding model parameter is average annual outflow from the reservoir: 
 

Q0 = 20.5×106 m3/day 
 

(238 m3/s equals 20.5 million m3/day).  
 
Dividing the reservoir volume at FSL by this average flow gives a retention time of 191 
days. The huge variation of volume (and flow) over the seasons makes things more 
complicated however. 
 
Based on mean daily recorded water levels in the pre-inundated rivers, average inflow to the 
reservoir is expected to vary between 31.9 m3/s (April) and 735 m3/s (August)11.  These 
figures can be used to calculate the model parameter β. 
 
The variation between 238 and 31.9 m3/s gives the amplitude of the sine function for inflow. 
This variation is: 
 

day/m8.17s/m2069.31238
365

V 33 =≈−=∆πβ  

 
With ∆V = 3.53×109 m3, β becomes 0.59. See also the discussion on Page 10. 
  
The minimum and maximum retention time in this case is 17.2 days and 872 days, 
respectively – a rather wide interval around the 191 days as found above. The average 
retention time turns out to be 216 days. 
  
At this stage of model setup two parameters should be checked: re-aeration rate (α) and 
phytoplankton growth rate (G). Re-aeration rate depends inversely proportional on reservoir 
depth. For NT2 this depth is close to 8.7 m at FSL. This gives α equal to 0.07 day-1 in calm 

                                                      
9  These two figures are from EAMP 2004 NTPC Chapter 2, Page 15 (and were found in many other documents) 
10  Almost all pre-inundation hydrological data about NT2 can be traced back to a series of reports produced by Snowy Mountains 

Engineering Corporation (SMEC), Cooma, Australia. See also EAMP 2004 NTPC Annex A. 
11 According to EAMP 2004 NTPC Chapter 3, Page 51 (who again quotes SMEC) 
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weather. At realistic weather situations α = 0.15 day-1 will be assumed. Regarding 
phytoplankton growth rate, its standard value is G = 0. 14 day-1 and it must obey 

τ
1

kG 0 +>  

where k0 = 0.008 day-1. It is clearly the minimum retention time that is critical. Inserting τ = 
17.2 days in the formula gives G > 0.066 day-1, which is in accordance with the standard 
value. 
 

3.1.2 Vegetation 

Probably the most important input to the model is the amount of hard and soft biomass prior 
to inundation. From a botanical point of view hard biomass differs from soft biomass by 
containing lignin. From a modeling point of view hard biomass has a decay rate (0.0001 per 
day) which is an order of magnitude smaller than decay rates for soft biomass (0.001 per 
day). 
 
Examples of hard and soft biomass figures obtained from surveys prior to inundation in four 
Lao reservoirs, two existing and two planned, are tabulated here. The figures cover above 
ground biomass and below ground organic materials at 0 – 10 cm depths. 

 
Some of the sources quote biomass density as ton dry weight per hectare, others as ton 
carbon per hectare (t C/ha). Using Stumm and Morgan’s formula for biomass composition it 
is straightforward to convert to one common unit. 
 
Besides unit conversions, the numbers in the table have been adjusted for depth of the soil 
considered to be degradable biomass. It is common in forestry to standardize this depth to be 
30 cm (sometimes 25). It has to be remembered though that the ecosystem no longer is 
terrestrial but aquatic after inundation. Other rules govern in limnology than in forestry. Due 

                                                      
12 A Survey of the Vegetation Biomass in the Inundation Zone of the Nam Leuk Reservoir, Electricité du Laos and Sogreah Ingénierie 

Nam Leuk Environmental Studies, May 1997,  Resource Management & Research; Biomass Clearance Trials And Root Biomass 
Survey BC2, Electricité du Laos and Sogreah Ingénierie Nam Leuk Environmental Studies, 23 July 1998, Sixth Monthly Progress 
and Final Report, Resource Management & Research. The figures refer to biomasses before any clearance. 

13  Nam Mang 3 Biomass Clearance Plan Resource Management & Research 2003 
14  EIA Theun Hinboun Expansion Project Social Action & Environmental Management Plans. Chapter 1: Reservoir Biomass and 

Timber Management Plan. July 2006. Resource Management and Research. Table 1.15 and 1.8 in that chapter were used to 
calculate hard and soft biomass respectively. 

15  Nam Ngum 3 Social Action and Environmental Management Plans: Chapter 34, Reservoir Biomass and Timber Removal. Nam 
Ngum 3 Power Company, Resource Management & Research, Vientiane 

 

Reservoir 
Year of 
inundation 

Clearance Policy 
Hard 
Biomass, 
tC/ha 

Soft 
Biomass, 
tC/ha 

Nam Leuk12 1999 Complete clearance by cut & burn 127 77 

Nam Mang 313 2004 Cutting and burning selected areas 13 48 

Theun Hinboun 

Extension14 

2010 Pre- and post-impoundment 

cutting planned 
9 17 

Nam Ngum 315 2012 

 (?) 

Post-inundation burning between 

FSL and MOL planned 
48 68 
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to sedimentation the former topsoil will be covered by silt, erosion products and settling 
plankton and a new habitat with benthic animals will emerge. Limnologists usually consider 
the upper 10 cm to be the active layer that interacts with the water phase. Dry matter for 
below-ground organic material, including plant roots have therefore been reduced by a factor 
2.5, when the surveyed terrestrial soil layer was 25 cm and by a factor 3.0 when it was 30 cm 
before converting from concentrations to area densities. 
 
How fast the former terrestrial topsoil will be covered by sediment, and the original below-
ground biomass thereby is forgotten, depends mainly on how careful development in the 
upstream catchment area is controlled in the years after inundation. The EAMP for NT2 
considers three scenarios, one with strict control of the Nakai-Nam Theun (NNT) NBCA, a 
scenario with controlled land use and forestry management, and a scenario with uncontrolled 
development. Their figures for loss of storage volume16 can be translated into these 
sedimentation rates for each scenario: 
 

o Strict control:  0.5 mm/year 
o Medium control: 3 mm/year 
o No control 26 mm/year 

 
After very few decades an active 10-cm sediment layer has replaced the original topsoil. 
 
For the 0 – 10 cm layer it is safe to consider all organic material as belonging to the soft 
biomass category. Partly because much of the organic material already is more or less 
decomposed, partly due to the high density of benthic animals and microbiological activity. 
Former below-ground biomass is soft biomass. 
 
The above-ground biomass must be divided into hard and soft, ideally based on sampling of 
the dominating plant species and their different parts (twigs, leaves etc.). The samples must 
be oven-dried till constant weight. This dry weight is converted to t C/ha or similar applying 
observed coverage of each group of species. 
 
For Nam Theun 2 the EAMP documents estimate the total above-ground biomass density to 
be 40 t C/ha and total below-ground biomass (0 – 30 cm) to be 70 t C/ha17. Unfortunately 
there are no estimates for hard and soft biomass. 
 
However, considering the biomass densities from neighbor reservoirs tabulated above, the 
vegetation types and coverage from maps and satellite imagery, and the fact that the sum of 
hard above-ground and soft above-ground biomass shall be 40 t C/ha, an educated guess can 
be made.  
 

Soft biomass above-ground: 10 t C/ha below-ground: 30 t C/ha 
Hard biomass above-ground: 30 t C/ha below-ground: 0 

 

                                                      
16  EAMP 2004 NTPC Chapter 3, Page 42, Table 3.4 
17  EAMP 2004 NTPC Chapter 3, Page 34. Refrence is made to two older studies namely: Prosser, J.R. 1997 Estimation of Residual 

Biomass and its Distribution in the Nam Theun 2 Reservoir Projection to end of 1999/2000 Logging Season, and Aruna 
Technology Ltd. 2004 Chronology of Deforestation and Evaluation of the Current Biomass on the Nakai Plateau. 
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With these assumptions the total hard biomass in NT2 prior to inundation is 30 t C/ha and 
the total soft biomass is 40 t C/ha. 
 
The model uses concentrations rather than biomass per area. Biomass concentrations mean 
mass per volume of water in which the organic material is submerged. Therefore the 
numbers for hard and soft biomass must be divided by the average depth and further 
converted to BOD units. The average depth can be found by dividing VFSL by the maximum 
surface area (450 km2), and conversion from carbon to BOD units implies a factor of 32/12. 
The end results are 

Hard biomass before any cutting or burning: 921 g O2/m
3 

Soft biomass before any cutting or burning: 1227 g O2/m
3 

 
3.1.3 Allochthonous Inputs 

The last three driving variables needed to run the model are inputs to the reservoir from 
tributaries and runoff of organic carbon (Bin), dissolved phosphate (Pin) and dissolved oxygen 
(Din). 
 
The EAMP describes the baseline water quality in upstream and downstream rivers relative 
to the NT2 project area18. The allochthonous contributions can be estimated from some of the 
numbers quoted for the Nam Theun/Nam Kading rivers: 
 

 
 
 
 
 
 

COD (Chemical Oxygen Demand) tends to overestimate the oxygen actually removed during 
decay (BOD measurements would have been better). A tentative value for a baseline 
situation for the model parameter Bin (allochthonous organic materials) is therefore ~1 g 
O2/m

3 (rather than 6). 
 
Total phosphorus might include other P-compounds than ortho-phosphate normally used by 
plants, but a good estimate for the model parameter Pin is of the same magnitude as total P, 
namely ~0.1 g P/m3.  
 
Regarding dissolved oxygen, a value around 100% air saturated water can normally be 
applied for the model parameter Din. The numbers above are slightly smaller. If tributaries 
are nearly anoxic, an aeration structure such as a weir should be considered built at the 
inflow to the reservoir. 
 

                                                      
18  EAMP 2004 NTPC Chapter 3, Page 85-86 with references to: Hydreco. Water Quality on the Nam Theun, the Nam Kathang, the 

Xé Ban Fai, and the Nam Leuk at the End of the Rainy Season. November 2001.  And to: Hydreco. Water Quality on the Nam 
Theun, Nam Ngum,Nam Leuk, Theun Hinboun, Nam Kathang & Xé Ban Fai at the End of the Dry Season. Mission Report 2 
April – 1 May 2001. 

Parameter Wet Season Dry Season 
COD [g O2/m

3] up to 6  
Total P [g P/m3] 0.15 0.09 
DO [g O2/m

3] 6.7 – 7.1 6.5 
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This concludes model setup. It is now possible to run the model with NT2 baseline data and 
play with biomass removal ratios and some of the model parameters and driving variables to 
study the effect on water quality and greenhouse gas emissions.  
 
 

3.2 Model Outputs 

3.2.1 Baseline Scenario – The first 10 Years 

As estimated in section 
3.1.2, hard biomass starts at 
921 g O2/m

3 and soft 
biomass at 1227 g O2/m

3. 
The graph for biomasses 
shows that hard biomass is 
still present after 10 years 
but the soft components are 
completely decayed after 
around seven years. Detritus 

is an order of magnitude smaller than hard and soft biomass.  
 
Clearly something violent 
happens during the first wet 
season after filling. The soft 
biomass decays and 
produces inorganic P, but 
there are no primary 
producers – yet – to absorb 
this nutrient, so it ends up in 
the water phase. 
 
Another effect of the initial 
decay is a peak in CO2 
emission simultaneously 
with the phosphorus peak. 
 
The reason for CO2 emission 
to be virtually disappearing 
after the first eruption is the 
same for which P in the 
water phase disappears. 

Both CO2 and P are taken up by phytoplankton. 
 
At the end of the first wet season and shortly after the phosphorus peak, phytoplankton has 
ideal conditions for growth. Notice that the first phytoplankton peak comes right after the 
phosphorus and CO2 emission peaks. Notice also that the phytoplankton comes back every 
year. Its settling contributes to building up a sediment layer with phosphorus in accordance 
with the graph for Ps above.  

Hard 

Biomass 

Soft 

Biomass Detritus 

P in Water 

(×1000) 

P in the 

Sediment 

Cumulated 

Emission 

CH4 

Emission 

CO2 

Emission 
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A major effect of phytoplankton 
bloom is production of dissolved 
oxygen, even to the extent of 
making epilimnion supersaturated 
by O2.

19 The downside of the 
phytoplankton growth is its 
shadowing effect so light cannot 
penetrate to hypolimnion. There is 
no photosynthesis but rather 

strong oxygen consuming decay 
processes in the hypolimnic water 
which therefore becomes anoxic.  
 
At year 4 and following years 
there are small concentrations of 
dissolved oxygen coming back to 
the hypolimnion in up to a few 
months per year, which can be 
explained by mixing across the 
thermocline, rapid water 

replenishment and decreasing biomass decay. At the end of the simulation period these small 
signs of recovery have maxima at 3.8 g O2/m

3, but only for a short period each year. 
 
The question remains whether or not the reservoir will achieve full recovery in terms of 
dissolved oxygen and whether or not cumulated GHG emissions will reach critical levels. 
 

3.2.2 Baseline Scenario – The first 100 Years 

Changing the simulation period from 10 to 100 years gives some answers to these questions. 
Graphs for a 100-year baseline scenario are shown below. 

 
Hard biomass is predicted by the 
model to disappear after 
approximately 60 years. 
 
(Soft biomass disappeared 
already during the first decade). 
 
 
 
 

 

                                                      
19  100% saturation means water completely mixed with air (not oxygen). Super-saturation means more than 100%. Since 

photosynthesis produces pure oxygen (not air) and since air holds 20% O2 (the rest is mainly N2) then super-saturation could 
theoretically reach 500% or about 5 × 8 = 40 g O2/m

3. The curve peaks at around 26 g O2/m
3 or 300% saturation. 

Phytoplankton 

DO in 

Hypolimnion 

DO in 

Epilimnion 

Hard 
Biomass 
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So why is phytoplankton still 
there after 60 years? How can 
plants grow when there is no 
more nutrient release from decay 
of biomass? 
 
 
 
 
The answer is that nutrients were 
never removed (in the baseline 
scenario at least). Phosphorus 
accumulates in the sediment and 
is still there after 60 years, ready 
to sustain algae growth.  
 
 
 
That is also why dissolved 
oxygen in the hypolimnion 
continues its pattern after 60 
years from filling the reservoir. 
The terrestrial forest or scrubland 
has been replaced by a 
phytoplankton-sediment cycle.  
 
 
 
 
After 100 years the cumulated 
GHG emission reaches 5000 Gg 
CO2-eq according to the model. 
After the initial eruption of CO2 
the gas escaping the reservoir is 
mainly methane since CO2 is 
trapped in the internal carbon 
cycle. 
 
 
 

The 5000 Gg is a lower limit; there might be more methane released due to re-growth in the 
drawdown zone. Also, the curves above only represent emissions during operation of the 
power plant, not during construction. Apart from fuel burned by construction machines and 
vehicles, a substantial contribution to CO2 release during construction has without doubt 
been cement production20.  

                                                      
20  Cement manufacturing includes the process of heating calcium carbonate to produce lime and CO2: CaCO3 → CaO + CO2.  CO2 

is also produced indirectly through the use of fossil fuels. The total amount of CO2 emitted by the cement industry is nearly 

 

Phytoplankton 

P in the 
Sediment 

Dissolved Oxygen 
in Hypolimnion 

Cumulated 
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How much is 5000 Gg CO2-eq over 100 years compared to a coal-fired power plant with the 
same capacity as NT2? As 1 ton black coal (not brown coal) burns and becomes CO2 it 
releases 23.9 GJ of thermal energy. A modern power plant has an efficiency of 40%, so 
0.4×23.9 = 9.56 GJ becomes electrical energy21. The amount of coal needed to produce 1070 
MW = 1.07 GJ/s of electricity (which is the capacity of NT2) in 100 years can thus be 
calculated as22 

yr100/COGg103.1
12

44

100056.9

100365246007.1
2

6
2

×=×
×

××××
 

 
The factor 44/12 is the weight of one CO2 molecule divided by the weight of one carbon 
atom. The factor converts coal consumed by the coal-fired power plant to its CO2 emission. 
 
This means that the cumulated emission from NT2 (the 5000 Gg) is only around 0.4% of the 
cumulated emission (the 1.3 million Gg) from a coal fired power plant with the same 
electrical capacity as NT2. 
 

3.2.3 A Burn and Flush Scenario 

A scenario where most above-ground biomass is burned and the ash flushed out during the 
first wet season will be simulated. Applying the figures for above-ground soft and hard 
biomass (10 and 30 t C/ha respectively) and the below-ground soft biomass (30 t C/ha) as 
estimated above, puts a maximum on how much soft biomass can be removed by burning 
surface vegetation, since only 10/(10+30) = 25% of the total soft biomass is above ground. 
Assume these amounts to be removed: 

Soft biomass above ground: 8 t C/ha or fS = 20%  
Hard biomass above ground: 24 t C/ha or fH = 80%  

Model outputs with the same inputs as for the baseline scenario except for fS and fH are 
shown below. 

 

 

                                                                                                                                                     
900 kg of CO2 for every 1000 kg of cement produced. See Mahasenan, Natesan, Steve Smith, Kenneth Humphreys, Y. Kaya 
(2003). "The Cement Industry and Global Climate Change: Current and Potential Future Cement Industry CO2 Emissions". 
Greenhouse Gas Control Technologies - 6th International Conference. Oxford: Pergamon. pp. 995–1000. ISBN 9780080442761 

21  See www.sealnet.org/s/8.pdf for a good discussion of efficiencies of coal-fired power stations. 
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The overall picture is the same as the 
baseline scenario except that most figures 
are smaller: soft and hard biomasses are 
reduced by 20% and 80% as required, 
phosphorus goes down by about 20%, and 
phytoplankton has a lower initial peak but 
ends up at the same level as before.  
Dissolved oxygen, however, is increasing in 

hypolimnion to about the level where fish can survive but only for a few months per year. 
 
Cumulated GHG emissions also go down, but the contribution from burning the biomass is 
not included in the model outputs; it is easy to calculate however. 
 
Burned biomass: (8 + 24) t C/ha 
produces: 32×44/12 t CO2/ha = 117×45000 t CO2/450 km2 = 5265 Gg CO2 
 
This emission is of the same order of magnitude as the 100-year cumulated emission from 
biomass decay (but still insignificant compared to emissions from coal-fired power plants).  
 

3.2.4 A Burn-and-No-Flushing Scenario 

The 80% and 20% scenario above assumes all biomass, including phosphorus within these 
limits, to be removed and the ash flushed out. But what if above-ground biomass was burned 
and the ash left on the ground? 
 
Burning removes the biomass carbon which becomes CO2 in the atmosphere. But burning 
does not remove the phosphorus, most of which becomes minerals in the ash. To simulate the 
effect of holding back nutrients for later use by phytoplankton after its release to the water 
body, the initial value for sediment phosphorus (Ps) must be increased. 
 
To see by how much Ps at t = 0 must be increased, notice that the 32 t C/ha burned biomass 
carbon corresponds to 
 

32/0.36 t dry weight/ha  or (32/0.36)×0.0087 t P/ha or  77 g P/m2 
 
This phosphorus is distributed in a 10-cm sediment layer, so the new initial value for Ps 
becomes 770 g P/m3.  
 
Model outputs for this scenario are shown here, apart from the curves with biomasses, since 
they are the same as in the previous scenario. 
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The most significant effect of leaving the ash in the reservoir is clearly the increased 
phytoplankton level. After around 10 years the level stabilizes at 22 g O2/m

3 compared to 11 
g O2/m

3 with ashes removed. The initial peak of supersaturated dissolved oxygen in 
epilimnion has therefore also increased (from 21 g O2/m

3 to 39 g O2/m
3), but the long term 

effect on DO is the same in the two scenarios.  Also long-term effects on P and GHG 
emissions are rather insensitive to ash removal.  
 
In summary, burning biomass without flushing out the ash will most likely cause 
eutrophication to occur. Biomass removal is not sufficient; nutrients must also be removed to 
secure a reasonable water quality. 
 

3.2.5 Optimizing Dam Operation for the Environment 

Disregarding economic consequences, how could dam operation be carried out in order to 
improve water quality and decrease GHG emissions? 
 
Some of the most important model parameters in this context are minimum and maximum 
retention times, which again depend on reservoir volumes at FSL and MOL. 
 
Suppose the minimum water level during operation is raised to some value above MOL. In 
other words, decrease the live volume ∆V by some amount. With NT2 data, how would a 
scenario with ∆V =  1.765×109 m3 (half of its design value) affect water quality and GHG 
emissions. Model results are shown below. All other inputs to the model than ∆V are the 
same as in the baseline scenario. Retention times in this case become τmin = 89.5 days and 
τmax=276 days. 
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Hypolimnion becomes anoxic almost immediately, cumulated GHG emission is rather high 
(6700 Gg after 100 years) and phytoplankton blooms more than ever and is sustained by 
phosphorus release from the sediment. Apparently not a good idea to increase MOL – neither 
from an economic perspective nor an environmental! 
 
To see the effect of both halving of ∆V and clearing the biomass, the following scenario was 
run. It has unrealistic high removal fractions (fH = fS = 98%) and the same ∆V as above (50% 
of the design value).  

 

 

Water quality and GHG emissions are almost ideal: Dissolved oxygen in the hypolimnion is 
above the 4 g/m3 limit all year round after a few years and the cumulated GHG emissions are 
as low as 258 Gg after 100 years. The reason is seen from the phytoplankton and phosphorus 
curves: no eutrophication but a very modest algal growth and gradual emptying of the 
phosphorus pool in the sediment. The downside is the unrealistic high biomass removal 
fractions (98%). 
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Besides retention times, how will annual average flow affect water quality and GHG 
emissions? Although harder to control, flow does vary from one year to another. So the 
question is will a wet year be better than a dry year in terms of water quality and GHG 
emission? 
 
Below are simulation results for a high flow situation with the model parameter Q0 = 357 
m3/s (50% above its design value)23. All other parameters are as in the baseline scenario. The 
minimum and maximum retention times are now 12 and 199 days (with an average of 86 
days). The low minimum retention time could indicate that phytoplankton growth rate (G) 
has to be adjusted above its standard value of 0.14. However, since k0 + 1/τmin = 0.008 + 
0.083 is still below 0.14 this is not necessary. The high flow also affects the Froude number. 
Is the reservoir still a reservoir or does it tend to behave like a river without a thermocline? 
The Froude number now becomes 0.38 which is still less than 1, so it is fair to assume a 
thermocline to exist (but with larger uncertainty than for the other scenarios). 
 

  

 
The most astonishing result is that phytoplankton disappears24. A consequence of lack of 
photosynthesis is that dissolved oxygen in epilimnion no longer shows super-saturation or 
even 100% saturation. In hypolimnion DO is only marginally better than in the baseline 
situation. 
 
Phosphorus in the water phase is now much higher since no algae utilize this nutrient. 
Phosphorus in the sediment becomes slightly smaller since there is no settling of plankton. 
 
The graph for GHG emissions (as a 100-year simulation) shows that the accumulated CO2-eq 
is coming from CO2 rather than CH4 and that it has a value of 24000 Gg, much higher than in 
any other scenario. Methane is depressed due to better oxygen conditions; the high total 
indicates that inorganic carbon no longer is taken up by plants. 

                                                      
23  It is unimportant for the model results that some of this flow might not be let through the turbines but rather the spillways. 
24  In all other simulations than this one, the initial value of phytoplankton has been set to 0.01 g O2/m

3 (an arbitrary but small 
number). In order to show something on the graph the initial value was set to 1 g O2/m

3 in this simulation. Initial values are 
forgotten by the system after a few retention times, so conclusions drawn are still valid.  
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In short, higher flow – and thereby shorter retention time – may trigger slightly better water 
quality and much higher GHG emissions, both effects due to lack of phytoplankton. 
 

3.2.6 Low Allochthonous Inputs 

The last of the site dependent model inputs are allochthonous carbon and phosphorus. 
(Allochthonous dissolved oxygen shall not be considered, since upstream water is assumed 
to be well-aerated and to have good oxygen conditions). 
 
Changing Bin and Pin from their standard values (1 g O2/m

3 and 0.1 g P/m3 – see Page 34) to 
zero has this effect: 
  

 

 
There is still algae bloom due to P in the sediment. Therefore oxygen conditions and GHG 
emissions are not much better than the baseline scenario without biomass clearing. 
 

3.2.7 Properties of a Super Reservoir 

Is it possible to get good oxygen conditions and low GHG emission at the same time? Look 
at these hypothetical data for a reservoir: 
 
VFSL =3×109 m3  similar to NT2 
∆V = 0    very different from NT2  
Q0 = 50×106 m3/day more than double of the NT2 value 
G = 0.126 day-1  the NT2 value is 0.14 
Bin = 1 g O2/m

3  same as for NT2 
Pin = 0.008 g O2/m

3  the NT2 value is 0.1 
 
All other model inputs are the same as for the NT2 baseline scenario, but 45% of the hard 
biomass is removed and 96% of the soft biomass, including below-ground biomass, is 
removed. 
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10-year simulation results are shown here. 
 

 

 
Phytoplankton concentration is low but not vanishing. It provides dissolved oxygen and 
together with re-aeration helps to get healthy oxygen conditions in both epilimnion and 
hypolimnion almost from the time of inundation. (DO is slightly lower than 4 g/m3 after year 
1, but reaches that limit around year 5). The phosphorus peak year 1 triggers the initial algae 
growth and remains constant at 10 g P/m3 after that. Greenhouse gas emissions are only due 
to CO2 the first half year; after that CO2 will be recycled inside the system. Some methane 
forms but the accumulated emission is low. 
 
A 100 years simulation provides these graphs: 
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Hard biomass is almost fully decayed after 
60 years – similar to all previous scenarios. 
Soft biomass appears to decay slower than in 
other scenarios. 
 
After the 60 years, phytoplankton stabilizes 
at 1 g BOD/m3, DO in hypolimnion at 6.4 g 
O2/m

3 and P in the sediment at 1.4 g P/m3. 
 
Cumulated greenhouse gases year 100 reach a level of 524 Gg, much lower than in any other 
scenario.  
 
How did the new parameters and driving variables listed above provide these remarkable 
results? And how were the magic numbers found? 
 
First, low retention time is always good for water quality. In this case retention time is 
constant and equal to 
 

months2days1050/103Q/V 69
0FSL =××==τ  

 
Setting ∆V equal to 0 was mainly done for keeping the arguments simple; it is not a vital 
condition for good environmental conditions. However the huge difference between 
minimum and maximum retention time in NT2 might be part of the reason for the bad 
oxygen conditions. Stagnant water – even if only being stagnant part of the year – invites for 
bad water quality. 
 
Second, playing with the numbers G, Bin and Pin, it appears that there are some combinations 
that fulfill all the constraints set up for the constants a, b, c and c’. It turns out that especially 
the value for Pin is important. Too much and too little allochthonous phosphorus creates 
either bad oxygen conditions or too little phytoplankton to act as an internal CO2 sink. But in 
the right intervals, allochthonous inputs support the optimum amount of phytoplankton in 
order to produce oxygen, absorb CO2 and also act as feed for other trophic levels 
(zooplankton and fish). 
 
Third, nothing comes for free, and it appears that these figures always require a large fraction 
of inundated biomass to be removed, especially soft biomass.  
 
 

3.3 Conclusions 

Basically there are two different model behaviors. Most common is an initial algae bloom 
followed by bad oxygen conditions in hypolimnion. The other more seldom behavior 
(exemplified by Scenario 5 in the table below) is characterized by lack of phytoplankton and 
therefore high net GHG emissions (since there are no plants to take up the CO2 from biomass 
decay).   
 
Many scenarios have been run to support this observation. The small subset described above 
is summarized in this table: 

Biomasses 
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The table is a review of oxygen conditions in hypolimnion, phytoplankton biomass (as BOD) 
and cumulated GHG emissions over a 100 year period for each scenario. Not shown, but 
common to all scenarios is the lifetimes of short and hard biomass which are ~7 years and 60 
years, respectively (in the super reservoir soft biomass has a longer lifetime though). 
 
The Type column in the table refers to reservoir types as defined on Page 22 and Page 24. 
Notice that water quality in Scenario 0 – 2 is of type 3+1’, so in principle good fishing water 
can never be achieved in NT2. On the other hand low GHG emissions are guaranteed. 
 
General observations are the following. 

o To obtain good water quality, biomass removal is not the only issue; the nutrient that 
limits growth is just as important. The model assumes this to be phosphorus, not 
nitrogen. 

o Low retention times are good for water quality and bad for GHG emissions. 

o It is difficult to improve oxygen conditions by manipulating MOL unless most 
biomass above and below ground has been removed. 

o Sediment phosphorus plays a vital role in regulating the carbon cycle. 

o Some lucky numbers exist for allochthonous inputs, especially phosphorus, 
combined with the right hydrology and phytoplankton growth rates. Under these 
constraints the model predicts the reservoir to give good oxygen conditions in 
hypolimnion and negligible GHG emissions.  

 
 

                                                      
25  At year 10 and later 
26  Including CO2 from burning above ground biomass (5265 Gg CO2) 
27  Including CO2 from burning above ground biomass (5265 Gg CO2) 

Scenario 
fH 

% 
fS 

% 

Min. / Max. 
oxygen in 
hypolimnion25 

Avg. phyto-
plankton 
after 10 yrs 

100 year 
cumulated 
GHG 
emission  

Type 

0. Baseline 0 0 0 - 3.8 g O2/m
3 15 g O2/m

3 5000 Gg 3+1’ 

1. Burn & Flush 80 20 0 - 4.0 g O2/m
3 11 g O2/m

3 9300 Gg26 3+1’ 

2. Burn-No-Flush 80 20 0- 4.0 g O2/m
3 22 g O2/m

3 9200 Gg27 3+1’ 

3. Halving ∆V 0 0 0 28 g O2/m
3 6700 Gg 2+1’ 

4. Halving ∆V 98 98 4.3 - 5.3 g O2/m
3 2 g O2/m

3 258 Gg 2+1’ 

5. Flow 50% up 0 0 0 - 6.0 g O2/m
3 0 24000 Gg 2+2’ 

6. No Pin & Bin 0 0 0 - 4.4 g O2/m
3 13 g O2/m

3 4800 Gg 2+2’ 

7. Super reservoir 45 96 4.2 – 6.4  g O2/m
3 ~2 g O2/m

3 524 Gg 2+2’ 
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