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List of Acronyms 
ADB Asian Development Bank 
ALOS PRISM Advanced Land Observation Satellite - Panchromatic Remote-sensing 

Instrument for Stereo Mapping 
ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer 
AVNIR Advanced Visible and Near Infrared Radiometer 
BOD Biochemical Oxygen Demand. Also named Biological Oxygen Demand. 
BRP Biomass Removal Plan 
CA Concession Agreement 
COD Chemical Oxygen Demand 
DEM Digital Elevation Model 
DMH Department of Meteorology and Hydrology 
DO Dissolved Oxygen 
DOF Department of Forestry (within MAF) 
EAMP Environmental Assessment and Management Plan 
EDL Electricité du Laos 
EIA Environmental Impact Assessment 
EMMP Environmental Management and Monitoring Plan 
ENVI Environment for Visualizing Images (both a company and image processing 

software) 
ERDAS Earth Resources Data Analysis System (Erdas Inc. is a company) 
FIPD Forestry Inventory and Planning Division 
FSL Full Supply Level 
GHG Greenhouse gas 
GOL Government of Laos 
GWP Global Warming Potential 
IFI International Financial Institution 
IPCC Intergovernmental Panel on Climate Change 
IUCN International Union for Conservation of Nature 
LSFP Lao Swedish Forestry Programme 
MAF Ministry of Agriculture and Forestry 
MOL Minimum Operation Level 
MPI Ministry of Planning and Investment 
MRC Mekong River Commission 
NAFRI National Agriculture and Forestry Research Institute – Lao PDR 
NASA National Aeronautics and Space Administration – USA 
NBCA National Biodiversity Conservation Area (National Protected Area – NPA) 
NGD National Geography Department 
NLMA National Land Management Authority 
NNT Nakai-Nam Theun 
NRA National Regulatory Authority – Lao PDR 
NSC National Statistics Centre – Lao PDR 
NT2 Nam Theun 2 
NTPC Nam Theun 2 Power Company 
PMO Prime Minister’s Office 
PCR Public Cultural Resources 
REDD Reducing Emissions from Deforestation and forest Degradation 
SMMP Social Management and Monitoring Plan 
SPOT Satellite Pour l'Observation de la Terre 
SRTM Shuttle Radar Topographic Mission 
UAV Unmanned Aerial Vehicle 
UXO Unexploded Ordnance 
VBA Visual Basic for Applications 
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1 Introduction 

Development and construction of hydropower plants should be viewed as a favorable option 
for renewable and clean energy, vital as an income source to sustain development and help 
diminish poverty.  
 
As of October 2009 the Department of Energy Promotion and Development, DEPD, Ministry 
of Energy and Mines, Lao PDR lists nine hydropower plants in operation in Lao PDR with a 
total installed capacity of 670 MW; and at present there are eleven (11) projects under 
construction. Furthermore there are 19 projects in the planning phase and 42 projects are 
undergoing feasibility studies. See also the map overleaf valid for January 2010. 
 
All hydropower projects are required by law to undertake Environmental and Social Impact 
Assessment and obtain an Environmental Compliance Certificate (ECC) from the Water 
Resources and Environment Administration (WREA), Lao PDR. The preparation of a 
Biomass Removal Plan for Hydropower Project is required by the Decree on EIA (Article 
13f, Decree No. 112/PM, 16 Feb 2010) in order to get the Project’ ECC 
 
The large increase in investment in hydropower in Lao PDR has prompted the need for 
technical and best practice guidelines with the dual purpose of (1) providing guidance and 
instructions to project developers on impact assessment methodologies and implementation 
of mitigation measures; and (2) providing the Government with clear performance standards 
for sustainable hydropower development. 
 
These Guidelines deal with biomass removal from hydropower reservoirs. Many of the 
proposed hydropower projects in Lao PDR are in areas considered important to natural 
resources development, forestry, fishery and biodiversity conservation. The proposed 
reservoir areas are located in tropical forests, which serve as carbon sinks and sequester 
carbon from the atmosphere on a net basis. Transforming these forests into reservoirs could 
alter the current functioning of the ecosystems impacting on fisheries and local ecology. 
Proper and adequate removal of biomass based on scientific assessments is required in order 
to reduce negative impacts on the future reservoir and downstream water quality, aquatic life 
and reduce the generation of Greenhouse Gases (GHG) emissions associated with the 
hydropower project.  
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Future use of the reservoir and adjacent areas include navigation, fisheries, biodiversity 
conservation, recreation, and reservoir banks utilization. Community social factors also 
include landscape and aesthetic values, beneficial use of the removed biomass, gender, ethnic 
and cultural issues. Removal of the biomass involves many social considerations, such as use 
of community labor inputs, storage of forest products for future construction materials, 
firewood, charcoal or biochar production, and the impacts of drying and burning non-
recyclable forest products prior to inundation (on nutrients and GHG emissions).  
 
The transformation changes the carbon balance of the project. Thus a study of the 
greenhouse fluxes is an important project input for environmental impact assessment. 
Generation of earth warming gases (methane and carbon dioxide) from the decay of 
unremoved biomass in the reservoir is an unclarified issue for hydropower developers in the 
tropics. This negative impact is in addition to the destruction of national forests, which serve 
as a major carbon sink to offset carbon dioxide production from other sources (e.g. from 
burning of fossil fuels for transportation, power and industrial production elsewhere).  
  
Why are water quality and GHG emissions important issues during and after inundation of a 
reservoir? The most important water quality parameter is dissolved oxygen. Without oxygen 
in the water aquatic life cannot breathe. Dissolved oxygen is depleted when biomass decays. 
However, nutrients are released as well during decay. These nutrients may accelerate algal 
growth and produce oxygen in the top layers of the reservoir where light conditions are good. 
Typically the top layer has good water quality while the bottom layer has poor water quality. 
The decay of biomass and of settling algae further produces carbon dioxide and methane, 
part of which may end up in the atmosphere and contribute to GHG emissions. 
 
The Guidelines are developed to provide the following assistance to Project Developers and 
their Consultants: 
 

1. Technical guidance on mapping and data requirements for the Biomass Removal 
Plan  

2. Technical guidance and modelling tools on how to predict what and how much 
biomass should be removed from a future reservoir in order to safeguard water 
quality (i.e. ensure as fast as possible a return to good water quality) and to reduce 
greenhouse gas generation and emissions from future reservoirs; 

3. Technical and performance guidelines on minimizing social and environmental 
impacts from biomass clearance, removal, and making best use of the biomass in 
favor of the local people; and 

4. Guidelines for the formulation of the Biomass Removal Plan. 
 
The Guidelines serve Project Developers and their Consultants with scientifically proven 
techniques to properly predict greenhouse gas generation and impacts on water quality from 
decaying biomass in reservoirs and provide guidance on acceptable measures for biomass 
clearance, removal, and possible reuse.  
 
The Guidelines serve also the concerned government organizations as a reference manual of 
world “best practices”.  
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2 Why Biomass Removal is required 

The impacts of poor quality water are significant not only to the survival of reservoir and 
downstream fisheries, but to the social welfare and amenities of all the resettled people living 
around the reservoir and to the downstream villagers who depend upon beneficial uses of the 
resultant river water quality for personal hygiene, sanitation, gardening, water of livestock 
and other beneficial uses.  
 
Immediately after water filling, organic matter from easily decomposable forest biomass and 
soil organic matter will start to decompose to provoke a rapid anoxia of total deoxygenation 
of the hypolimnion. The short term evolution on fisheries in the reservoir will depend upon 
the quality of water in the reservoir and how and when that water is released from the 
reservoir will determine fisheries impacts downstream. Gregoire and Thorncraft (2007) noted 
that “the number and diversity of fish species that have survived in the reservoir and the 
number of species that are able to adapt and breed in the new reservoir environment will be a 
relatively small number of fish compared to pre-impoundment.”1 With such a potential 
negative impact to fisheries and the major role that fisheries play in the development of 
improved livelihood benefits to project impacted persons, it is essential that Project 
Developers develop and implement in time a detailed biomass removal plan as part of their 
Environmental Management and Monitoring Plan (EMMP). 
 

Impacts from Flooding of the Reservoir Area  

Water Quality Impacts  

o Decomposition of large quantities of biomass and release of soluble 
substances into the water column 

o Low dissolved oxygen levels in the hypolimnion of the reservoir 
o Nutrient enrichment, stimulating the growth of phytoplankton and 

macrophytes 
o Low dissolved oxygen levels in downstream channel 
o ethane, ammonia, and hydrogen sulfide production 
o Organic matter loads downstream 

Terrestrial Resources 

o Death and displacement of forest animals 
o Loss of commercial and marketable timber 

Aquatic Resources 

                                                      
1  Alain Gregoire and Garry Thorncraft, NT2 Reservoir Management Optimization during First Impoundment, Final Interim 

Management Plan, Nam Theun Power Company, 30 October 2007 
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o Changes in fish populations 
o Loss of riverine habitats 
o Loss of biodiversity

Debris Control 
o Floating debris becomes a problem

Public Health 
o Aquatic weeds become a habitat for water-borne disease vectors 

      Livelihoods impacts 
o Resettlement 
o Loss of means of production 
o Usually moved to less fertile areas 
o Loss of surface areas for cultivation requires intensification of agriculture and 

changes in social practices (e.g. market oriented production, access to 
markets, roads, possibly irrigation, and use of inputs, commercialisation of 
production rather than “eat what you grow”) 

o Changes in fishing practices, allocation of resources, institutional changes 
(fisheries management committees)

 
Thus, the benefits from implementation of a biomass removal plan are quite significant: 

o Improved short-term and long-term water quality in the reservoir 
o Improved water quality downstream 
o Promotion of faster recovery in the reservoir 
o Aquatic weed control efforts decrease and disease vector potential decreases and 

nuisance insect control improved 
o Improved aquatic habitat 
o Improved navigation by local people 
o Better net fishing and development of fisheries in the reservoir 
o Improved recreational potential in the long term, and 
o Benefits from a more usable drawdown zone and minimization of health problems 

in and near resettlement areas. 
o Improved water quality in downstream areas, lower impacts on communities, lower 

compensation costs for project developer. 
 

2.1 Water Quality Impacts 

Water quality of the reservoir has been an issue of concern since the 1974 study of the Nam 
Ngum Hydroelectric project, in Vientiane Province. This was the first Lao hydropower 
project, built in 1971, and no biomass was removed from the reservoir area prior to 
inundation. Negative impacts on water quality still continue to this day. There are regular 
reports from downstream villagers to local Lao government officials and to the Department 
of Electricity that they suffer skin rashes and feel itchy when using the downstream waters 
from the reservoir2. 
 

                                                      
2  Verbal report of Mr. Chanto Milattanapheng, Chief, Division of Socio-Economic Surveys, Hydropower,  Department of  

Electricity, Ministry of Energy and Mines, during his presentation at the Training Workshop on the Review of ESIA, EMP, 
SDP and CA Documents of Hydropower Projects, August 2007, Vangseng Resort, Vientiane Province. 
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It has been clearly demonstrated from reservoir studies that removal of the above-ground 
biomass will shorten the period over which anaerobic water quality (oxygen deficient water) 
is found in the reservoir. Removal of biomass will prevent long periods of zero oxygen 
conditions, especially in the water below the thermocline, from developing. It would appear 
too risky to the success of a hydropower project for the Project Developers to ignore this 
question of biomass reduction or removal as a means of improving reservoir and outflow 
water quality. The impacts of oxygen deficient and poor quality waters are significant to the 
survival of reservoir and downstream fisheries and to other beneficial water uses of villagers 
settled around the reservoir (such as water for livestock, vegetable gardens, etc.). 
 
The quality and quantity of submerged vegetation are important factors in explaining the 
evolution of water quality. In tropical French Guiana, the results of the Petit Saut reservoir 
showed a rapid increase in GHG emissions following flooding. The large amount of flooded 
vegetation coupled with the high mean water temperature (25oC) enhanced the 
decomposition of organic matter and the consumption of dissolved oxygen in the water 
column, creating anaerobic conditions that favor CH4 production at the sediment-water 
interface. Seven years after impoundment, sediment CH4 production decreased by 30%3. At 
Laotian sites, such as Nam Leuk and Nam Ngum, a partial recuperation of water quality at 
the end of the rainy season was found typical. If the easily degradable forest litter, leaves and 
herbaceous plants provoke a rapid anoxia in the bottom layers, the tree trunks resist 
degradation for many years with degradation times between 10 and 100 years4! 
 
After inundation, biomass decay begins from soft parts above and below ground. The decay 
processes remove dissolved oxygen from the water which causes problems for aquatic life 
and fish. Most fish species cannot survive in water with less than 4 mg O2 per liter (fully air-
saturated water holds 8-10 mg O2 per liter). The decay processes also release nutrients, such 
as inorganic phosphorus, which trigger algae growth in the water. Algae produce oxygen 
(good for the fauna) using light as the energy source, but the downside is that sooner or later 
the algae settle, become sediment, decay and further deplete oxygen in the bottom waters. 
Most reservoirs, especially in the tropics, consist of two layers all year round, a top layer 
named epilimnion with good light conditions for algae to produce oxygen, and a darker 
bottom layer named hypolimnion often with no oxygen and therefore inappropriate for 
aquatic life forms. When a substantial amount of biomass remains under water after 
inundation, there is an additional effect, namely that the nutrients (mostly inorganic 
phosphorus) accumulate in the sediment and when released accelerate the algae production. 
In other words, even after all biomass has decayed, poor water quality will persist in the 
bottom water due to phosphorus being trapped in the system. 
 

2.2 Generation of Greenhouse Gases 

Biomass decay is much more efficient under aerobic conditions compared to decay without 
dissolved oxygen available. In the sediment, dissolved oxygen is missing or at least very 

                                                      
3  Alain Gregoire and Garry Thorncraft, NT2 Reservoir Management Optimization during First Impoundment, Final Interim 

Management Plan, Nam Theun Power Company, 30 October 2007 
4  Ibid. Chapter 22 Impact of Methane Oxidation in Tropical Reservoirs on Greenhouse Gases Fluxes and Water Quality, pg. 541. 

The GHG fluxes from reservoirs worldwide were measured for CO2 with mean values between 1500-2570 mg CO2 per m2 per 
day and for mean values of CH4 between 9-24 mg CH4 per m2 per day for reservoirs of all ages (Temporal Variation of GHG 
Emissions from Reservoirs Chapter 8, pg. 229, ref. Greenhouse Gas Emissions, Springer, 2005). 
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scarce. Instead of being oxidized to CO2, the organic materials, including unremoved 
biomass, decay to methane (CH4) rather than CO2. The produced methane either diffuses or 
bubbles up through the water column, and some of it may be oxidized to CO2 near the border 
between epilimnion and hypolimnion5. Both CO2 produced by aerobic biomass decay and 
CO2 produced by methane oxidization may be taken up by algae during their growth. Some 
reservoirs produce more CO2 and CH4 than can be taken up or oxidized and therefore 
contributes to greenhouse gas emissions. The effect on climate change is 25 times worse for 
CH4 compared to CO2 in this respect and the new reservoir therefore always becomes a 
worse GHG emitter than the terrestrial ecosystem that it replaces. 
 
Methane emission is related to the decomposition of flooded vegetation and soil. Other 
factors include the residency time of the reservoir, the age of the reservoir, the nature of the 
vegetation flooded, and the quantity of biomass inundated, the topography of the reservoir, 
the temperature and climate, including wind, and the operational conditions (drawdown). The 
methane concentration increases during the first months of reservoir impounding and using 
Petit Saut as an example reached a maximum average value in the water column of 14 mg/l in 
the central part of the reservoir (with a maximum of 24 mg/l at the bottom of the reservoir).6 
A rather close relationship between methane concentrations and carbon dioxide was observed 
in the hypolimnion of Petit Saut reservoir also about 13 mg/l of CO2 to 1 mg/l of CH4. A 
global observation is that increases in the fluxes of CO2 and CH4 emitted from the 
hydroelectric reservoirs generally occur immediately after flooding. In the early years 
following flooding, the major sources of carbon for CO2 and CH4 emitted from hydroelectric 
reservoirs come from the decomposition of the flooded vegetation and soil. Later on, 
eutrophication might reduce CO2 emission but not CH4 emission. However, some CH4 might 
be oxidized to CO2 before it reaches the atmosphere. This happens typically near the 
thermocline. Further, if the drawdown area is substantial, the drawdown zone might produce 
CH4 for a long time after inundation. The reason is that biomass re-growth in the dry season 
takes up CO2 and converts the organic carbon to CH4 in the wet season.  

                                                      
5  The reason for not being oxidized in the hypolimnion is that there usually is no oxygen near the bottom. The reason for not being 

oxidized in the epilimnion is that the microbiological oxidization CH4 → CO2 is inhibited by light. Methane oxidizes in the 
mesolimnion (the thin layer between epi- and hypolimnion where the temperature gradient is largest). 

6  There is an upper limit to how much methane can be dissolved in water (around 35 mg CH4/liter), while the limit for CO2 is 
much higher since it will end up as carbonates (CO3

ˉ ˉ). 



4 Biomass Removal Plan Preparation 

Strengthening Environmental Management Phase II       Page 14 

 

 

3 Legal Framework and Institutional 
Responsibilities 

3.1 Concession Agreements  

Hydropower projects are subject to a Concession Agreement between the Project Developers 
and the Government of Lao PDR. Such Concession Agreements include an Annex dedicated 
to all the various environmental and social obligations of the developer including references 
to applicable standards (emission standards, environmental management system standards, 
environmental and social performance standards, etc) which the developer must comply with.  
 
The Guidelines are intended to form part of the applicable standards for hydropower project 
development in Lao PDR. Mapping requirements will involve accessing ancillary datasets, 
including acquiring satellite imagery data. All such information should be submitted to 
WREA in digital format for the environmental database as part of the EIA report.  
 
The Department of Forestry, MAF, is responsible to manage and control the cutting and 
removal of commercial timber from national forests, and thus oversees all salvage logging 
operations associated with the removal (logging) of commercial size timber in hydropower 
reservoirs. The Guidelines recommend that future Concession Agreements clearly state that 
biomass removal from hydropower reservoir areas should be the responsibility of the Project 
Developer, and if salvage logging of commercial timber is undertaken by the Government, 
then the contractor hired should act on behalf of the Project Developer with the Department 
of Forestry serving as the supervisor over logging operations to ensure the proper recording 
of all commercial logs for tax and royalty payment purposes to the government. Other “lesser 
valued” biomass removal considerations would be managed by the Project Developer7.   
  
It is also recommended that Concession Agreements assign the rights to a Village Forestry 
Association or a community forest organization to collect firewood or remove “lesser 
valued” biomass from the future reservoir area8. It should be noted that the resettled villagers 
and farmers who would benefit from such biomass could also benefit from earning extra 
income from biomass removal. Plans for biomass removal should include employment of 
local villagers if possible, and such plans should be made well in advance to supplement 
resettlement activities. 

                                                      
7      Biomass removal can be managed through the allocation of logging concessions. . . similar to biomass removal for roads 

and other ancillary structures that need logging. The procurement process should be clarified and agreed upon in the CA.      
8      Feasibility of this is not always straight forward. At this stage of construction, many villagers have jobs, higher paying and 

easier.  Cutting and piling of residual wood for firewood can be assigned as part of the logging concession, but 
implementation and enforcement are necessary.  
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Provisions should also be made for a performance bond to be set, in order to ensure 
contractor compliance with the various contract conditions on biomass removal (whether 
hired by the Government or the Project Developer).   The value of the bond should be set at a 
level that reflects the degree of importance placed on maintaining the environmental integrity 
of the operational area. This can be done by way of a bank security over assets or a 
nominated sum deposited into a trust account. The decision to forfeit a bond or part there of 
will be determined by the monitoring and inspection team in consultation with the 
appropriate Department of Forestry (GOL representative) and after any opportunity to 
remedy or mitigate the damage that has been exercised. 
 
Other recommended provisions in Concession Agreements include: 
 
o Commissioning and supervision by the Project Developer of a selected contractor to 

execute the survey, demarcation and construction of  pre-inundation biomass reduction 
areas and perimeter fire break areas, within which it is intended that pre-inundation 
logging shall be confined. 

o Insurance by the Project Developer that firebreaks are maintained and engage competent 
personnel to manage burning of piled biomass. 

o Commissioning and supervision by the Project Developer of contractors to execute the 
cutting and piling of “lesser valued” biomass for potential use by nearby villages. 

o Requirement for the contractor to remove all floating debris for a specified period of time 
following impoundment. 

 

3.2 Environmental Impact Assessment 

The EIA decree of Lao PDR (Decree No. 112/PM, 16 Feb 2010) requires that all details of 
project impacts be documented and evaluated in the EIA study carried out by the Project 
Developer and his Consultants. The location, size, ecological and forestry resources of the 
proposed reservoir area are an integral part of the project background data to be included in 
the EIA study. The preparation of a Biomass Removal Plan for Hydropower Project is 
required by the Decree on EIA (Article 13f, Decree No. 112/PM, 16 Feb 2010). Development 
and evaluation of the reservoir should thus include considerations and options for biomass 
removal from the proposed future reservoir site. The factors that were considered and 
evaluated to determine the proposed biomass removal plan for the future reservoir should be 
described in the EIA study. The proposed biomass removal plan would be included in the 
EMMP together with proposed tasks, responsible person or organization, and budget 
allocated to the task.   
 
Inundation of the reservoir area and destruction of forestry resources within the reservoir area 
are also subject to the National Policy on Environmental and Social Sustainability of the 
Hydropower Sector in Lao PDR, No. 561/CPI, dated 7 June 2005, which states: 
 

“Any loss of natural terrestrial habitat will be offset, where possible, by funding and 
implementing effective conservation management in nearby protected areas of similar 
habitat and at least equivalent, conservation importance.”  
 
“A watershed adaptive management and participatory planning strategy will be developed 
to stabilize land use, maintain vegetation cover and manage National and Provincial 
Protected Areas within the catchment area, and to enhance the productivity and 
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sustainability of aquatic  resources within the reservoir and its tributaries. Sustainable 
Biodiversity Management plans will take into account the need to compensate populations 
residing within protected areas for eventual restriction to the resource base on which they 
depend and to develop alternative means of livelihoods.” 

 
Thus part of the EIA/EMMP study must include details for the development and conservation 
of a terrestrial habitat of similar size and at least equivalent conservation importance to the 
area lost for inundation of the reservoir. The EMMP will also provide cost estimates for these 
activities, identify their sources of funding and an implementation schedule. A 
comprehensive monitoring and evaluation framework consisting of both internal and 
independent or third party monitoring arrangements should also be included in the EMMP.  
 
 

3.3 National Environmental Quality Standards 

Lao National Environmental Standards were approved by the Ministerial Decree 
#2734/PMO-WREA dated 7 December 2009. Effective 14 January 2010, all development 
projects must follow and abide by the ambient and emission standards detailed in the Lao 
National Environmental Standards. These include air quality, noise, water quality, and soil 
ambient standards, and air, noise, and wastewater, toxic and hazardous wastes emission 
standards. Any references to the Standard are meant to mean the latest revision of this 
document. 
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4 Biomass Removal Plan Preparation 

4.1 Overall Process 

A Biomass Removal Plan (including commercial logging) is formulated to achieve the 
following objectives: 
 
o Improve the evolution of water quality in the reservoir and downstream of the dam 

o Clear the waterway for navigation 

o Improve the fishery potential of the reservoir 

o Save valuable timber resources from being lost 

o Improve the aesthetic appearance of the reservoir, and 

o Reduce the long-term production of floating debris and facilitate its management. 

 
Before the actual clearance takes place a biomass removal plan (BRP) must be prepared as 
part of the EMMP for the hydropower project. Guidelines for preparation of a BRP are given 
in this section. 
 
The initial steps include collection of maps and procurement of satellite imagery as well as 
collection of data needed as model inputs. See the two leftmost data flow arrows on the 
diagram overleaf. 
 
As described in Section 4.2 the preferred satellite imagery must have good resolution (< 10 m 
pixels) in order to serve the purpose of identifying vegetation cover and clearance zones.  At 
this stage a land cover classification for the area to be inundated shall be carried out. 
Ancillary datasets include topographic maps and a proper DEM (digital elevation model), 
hydrology maps, rainfall and evaporation maps, socio-economic maps, biodiversity maps, 
UXO maps, accessibility and road maps and soil maps. 
 
Based on land cover classification, on maps and imagery, and data from fieldwork, standing 
crops of soft and hard biomass in the FSL area for the reservoir can be estimated.  
 
Compared to biomass estimates, technical data are usually much easier to obtain. They 
include FSL and MOL volumes, maximum drawdown area, and discharge of water from the 
reservoir to turbines and spillways, as well as inflow, rainfall and evaporation statistics. An 
important model input is the allochthonous contribution of carbon and phosphorus, which 
may be estimated prior to inundation from sampling in the existing river system and runoff 
water. 
 
Before the model is setup and run, two important questions must be answered. Is 
stratification expected and will phosphorus be the nutrient that limits growth? The first 
question is answered by calculating the Froude number. For most reservoirs with a large 
inundated area this number is less than 1 indicating that a thermocline is expected most of the 
year. If the Froude number, F, turns out to be greater than 1, which happens for example for 
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run-of-river hydropower plants, the model can not be used to estimate biomass removal. In 
such cases lack of dissolved oxygen in a future reservoir is not likely to be a problem, 
however, so biomass removal might not be a primary concern. Other issues like fish 
migratory paths would be more relevant to address. The flowchart below gives an overview 
of the biomass removal plan preparation and the diagram overleaf provides more details.  
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If measurements in the existing river system indicate that nitrogen rather than phosphorus 
will limit primary production then the model cannot be applied. However, even in these 
cases phosphorus might become the limiting factor on a longer timescale. The reason is that 
blue-green algae, such as Anabaena species, might dominate and since some of these algae 
species can utilize nitrogen from the atmosphere (N fixation) the nitrogen stops being a 
limiting factor.  
 
If the model can be applied, the next step is to calculate the constants a, b, c, and c’ from 
data collected previously. The formulas to do that are given in the Technical Reference or 
the model software can calculate these numbers. The values of a, b, c, and c’ determine to 
which type the future reservoir belongs. See Page 45 for details. If the type is 2 or 2’, the 
biomass removal ratios for hard and soft biomass fH and fS can be determined. In any case 
the model can be used to run various scenarios for different clearance options and dam 
operations. 
 
The BRP itself can now be prepared. A map of zones for vegetation and soil to be removed 
must be constructed and a set of clearance options recommended. Depending on options 
selected the maps might also show fire breaks, debris collection sites and similar features. 
The clearance operation must be broken down into smaller steps, deadlines stipulated and a 
time schedule for the logistics agreed upon. Special considerations, like UXO risks, fire 
risks, livelihood options for villagers, etc. shall also be included in the BRP. 
 
After inundation water quality (and if deemed to be an issue also GHG emissions) shall be 
monitored. The recommended parameters to monitor are shown in the diagram and 
discussed in more detail in the Biomass Removal – Technical Reference, Section 2.8. 
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4.2 Mapping Requirements for a Biomass Removal Plan 

A land cover/ forest cover map must be created as part of the biomass removal plan. The map 
should combine information from recent ground survey and interpretation of satellite (and/or 
aerial) imagery to correctly distinguish and map the vegetation into appropriate land cover 
categories. Average densities of soft biomass and densities of hard biomass should be 
determined from literature review and if necessary supplemented with field measurement and 
assigned to each of these land cover categories and resulting maps of soft and hard biomass 
densities should be produced to help plan and evaluate the various biomass removal options. 
This section provides additional discussion regarding the necessary mapping inputs to the 
biomass removal plan. 
 
Unfortunately, although there are various existing past national land cover/ forest cover 
datasets of Laos PDR that are informative (and should be both consulted and documented), 
none of these past efforts are of sufficient quality and accuracy to be truly usable at the local 
project-level mapping scales usually required for most hydropower projects. Moreover, even 
the most recent of these existing national land cover mapping efforts is derived from imagery 
that is now too out-of-date to be useable other than to provide a historical context to current 
conditions (e.g. current DoF and MRC national land cover maps are derived respectively 
from SPOT 2001 and Landsat 2000 imagery). 
 
Therefore, without doubt the most essential first step from the point of view of producing a 
new up-to-date and accurate map of existing biomass in the future inundation zone of a 
hydropower project is the acquisition of a recent high resolution imagery base layer (either 
aerial or satellite) of sufficient resolution and clarity to allow correct determination of 
existing vegetation and land use. It should be noted that acquisition of such imagery, 
although expensive, will have many benefits to improving project planning as well as the 
biomass removal plan (for example it can help plan comprehensive field survey collection 
for an EIA). 
 
Mapping requirements will involve accessing ancillary datasets, including acquiring satellite 
imagery data. All such information should be submitted to WREA in digital format for the 
environmental database as part of the EIA report. A copy of all aerial photographs should be 
supplied also to the National Geographic Department (NGD).  
 
Unfortunately, availability from Laos Government sources of existing recent aerial and high 
resolution satellite imagery of sufficient quality is currently limited to areas where major 
projects are under way or have just occurred. The last major national aerial survey by the 
Laos Government was in 1998 (1:50,000 scale). The National Geography Department with 
support from the Government of Finland has plans to re-survey various provinces in the near 
future and so it is possible that some new aerial imagery will become available within the 
next year or two. However, in the meantime it is quite likely that for most hydropower 
projects a budget must be set aside to acquire new imagery either by commissioning an aerial 
survey company or by purchase of high resolution satellite imagery scenes. NLMA and ADB 
have also acquired some recent ALOS PRISM imagery (2.5 meter panchromatic) that may be 
useful.  
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Available budget and the total size of the area affected by the project will determine exactly 
which high resolution satellite image makes the best sense to purchase. Fortunately there is 
now a range of options at one meter and sub-meter pixel resolution (Ikonos, Quickbird, 
Geoeye and aerial surveys). Pricing and ability to acquire the required (cloud free) imagery 
within required time frames will vary between satellite imagery vendors. 
 

 
 
Coarser satellite imagery in the 10 meter to 30 meter range (AVNIR, ASTER, Landsat) is 
unlikely to be of sufficient resolution to map details at the scale required by most 
hydropower projects. Over-lapping imagery provides the ability to do stereo analysis that can 
help measure tree sizes.  One interesting new possibility is the use a relatively inexpensive 
small autonomous UAV (“Unmanned Aerial Vehicle”) to collect the imagery9 NLMA also 
has recently acquired and is testing an Unmanned Aerial Vehicle (UAV) balloon based aerial 
survey system that could also be used to obtain the necessary imagery. Please note also that 
significant areas of Laos already have “free” high resolution imagery available thru Google 
Earth either from Quickbird and SPOT 2.5 meter color imagery. However, this imagery is 
not usually the most recent and may be several years out of date.   

 
4.2.1 Classification of the Imagery for Biomass Mapping 

A majority of the remote sensing literature and techniques developed to mapping tropical 
forests have been developed for the great global forests: the Amazon and Congo Basins. In 
fact Laotian forests are usually much more varied and non-homogeneous as terrain 
conditions in Laos PDR are often quite mountainous. Mountain shadows are a significant 
cause of misclassification. This makes vegetation mapping much more difficult. 
 
Increasing the resolution of the imagery so that it is sufficiently detailed to clearly see the 
vegetation differences is the best solution to overcoming this difficultly. Various remote 

                                                      
9  For example the Cropcam system  http://www.cropcam.com   
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sensing software packages (ERDAS products, ENVI, PCI etc) now offer increasingly 
sophisticated and automated classification tools. However, an experienced remote sensing 
analyst and adequate ground truth data from the field are required to successfully classify 
Lao forest. If the project area is small enough the classification may still best undertaken by 
visual interpretation with the following caveats:    
 
“Ideally, 1:5,000 scale and greater imagery with sufficient overlapping can be analyzed in 
stereo with high degree of certainty (depending on the quality of the imagery, and the skills 
of the interpreter). However at photo-scales of 1:25,000 or higher even the differences 
between canopy appearance of stands of many mature bamboo species and forest trees is 
difficult.” 
 

4.2.2 A Typical Land Cover Classification System Currently Used in Lao PDR 

Classification of previously conducted national forest cover/inventories used the following 
land use groups (LSFP/FIPD/MAF, 1992: Field Manual on National Forest Inventory, also 
applied during latest forest/vegetation cover survey in 2002/03): 

 Current forest: dense/semi-dense/degraded (all natural forests types: evergreen – upper/ lower, dry 
evergreen – upper/lower, mixed deciduous – upper/lower, dry dipterocarp, gallery, conifer, mixed 
broadleaved/conifer; b. plantations: timber trees & rubber) 

 Potential forest: bamboo, un-stocked forest areas, natural regeneration, hay 
 Other wooded areas: savannah, heath, stunted and scrub forest 
 Permanent agriculture: rice paddy, agricultural plantation, pasture, other agricultural land 
 Other land uses: barren land/rock, grassland, swamps, urban areas 
 Water bodies: rivers, reservoirs, lakes 

 
A suggested land use and forest classification is the following10: 
 
Natural Forests (dense >70%, medium stocked 40-70%, degraded 20-40%) 

   + Upper/ lower evergreen forests 

   + Upper/ lower dry evergreen forests 

   + Upper/ lower mixed deciduous forests 

   + Dry dipterocarp forest 

   + Gallery forests 

   + Conifer forests 

   + Mixed broadleaved and conifer forests 

Industrial Tree Plantation (e.g. Teak, Eucalyptus, Rubber) 

Other Wooded Areas 

   + Savannah 

   + Heath and scrub forest 

Fallow/Secondary Vegetation 

   + Bamboo 

   + Natural regeneration 

   + Shrubs and creepers 

   + Highly degraded forest land (crown cover below 20%) 

Natural Grassland 

Agriculture 

   + Hay (currently cultivated upland rice) 

                                                      
10  Personal communication, Dietmar Brautigam 
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   + Irrigated and rainfed paddy 

   + Pasture 

   + Agricultural crop plantations (e.g. banana, cassava) 

   + Agro-forestry systems (e.g. Coffee plantation with different cover crops, fruit tree orchards,  

      home gardens, mixed perennial/ annual crops) 

   + Others 

Urban Areas and Infrastructure 

   + Settlements 

   + Roads 

   + Other infrastructure (e.g. dams) 

Water Bodies 

   + Lakes 

   + Rivers 

   + Swamps 

   + Reservoirs 

Others 

   + Barren rocks 

   + Cloud and shadow effects 

 
 

4.3 Required Ancillary Datasets 

It should first be noted that most of the ancillary datasets required for preparing a 
comprehensive biomass removal plan should be collected anyway during the normal 
standard planning and Environmental Impact Assessment (EIA) of a hydropower project.  
 
Besides the standard topographic datasets and map sheets available from NGD the following 
additional specific ancillary datasets should be collected and considered when evaluating and 
planning the various options for biomass removal (notes and important sources are also 
briefly listed): 
 

4.3.1 Reservoir inflows and outflows  

Mekong River Commission is the starting point to determine the availability and most likely 
repository to locate copies of any existing historic hydrology records. This is an important 
dataset required as baseline data to calibrate the mass balance biomass model associated with 
this guideline11.  
 
 
 
 
 
 
 
 
 

                                                      
11  Following example hydrology maps and data taken from Mekong River Commission were obtained from 

http://www.mrcmekong.org/flood_report/2007/flood-hydrology1.htm 
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Topology of the Mekong river system and gauging stations 

within Lao PDR. See also table below. 

 
 
 
 

Flow patterns in the Mekong system in Lao PDR Water catchment in the Mekong system in Lao PDR 
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Tributary sites between Chiang Saen and Vientiane at which functional hydrometric data are 
available. (Sequence numbers refer to those in the schematic figure) 
          

Sketch 
Station 

No. 
River Site 

Catch
ment 
(km2) 

Mean annual 
flow (m3/s) 

1 40201 Nae Mae Chan Ban Huai Yano Mai 200 5

2 40101 Nam Mae Kham Ban Pa Yong 520 11

3 50104 Nam Mae Kok Chiang Rai 6060 122

4 50105 Nam Mae Kok Ban Tha Ton 2980 69

5 50201 Nam Mae Fang Ban Tha Mai Liam 1800 27

6 50301 Nam Mae Lao Ban Thai Sai 3080 28

7 70103 Nam Mae Ing Theong 5700 64

8 100102 Nam Ou Muong Ngoy 19,700 417

9 110101 Nam Soung Ban Sibounhom 5800 90

10 110201 Nam Pa Ban Kok Van 700 9

11 120101 Nam Khan Ban Mixay 6100 96

12 120102 Nam Khan Ban Pak Bak 5800 92

13 140101 Nam Heung Ban Pak Huai 4090 40

14 140201 Nam Man Dan Sai 400 6

15 140301 Nam San Dam Site 700 9

16 150101 Nam Loei Wang Saphung 1240 17

17 150102 Nam Loei Ban Wang Sai 235 78

 
4.3.2 Climate Data (Precipitation and Evapo-transpiration Rates)  

NAFRI has produced a set of national monthly maps of climate data variables that is 
available on request. The data are partly extrapolated from existing weather station 
information and partly modeled. Again this is an important dataset required as baseline data 
to calibrate the mass balance biomass model associated with this guideline12.  

 
 
 

 

 

 

 

 

                                                      
12

  GIS-based temperature maps for Laos: development of maps and their use for estimating low-temperature risks for dry-season 
rice production T.V. Inthavong, B. Linquist, S. Fukai, J. Basnayake, S.P. Kam, K. Khounphonh, and M. Chanphengsay 
collaboration among the National Agriculture and Forestry Research Institute (NAFRI), Department of Meteorology and 
Hydrology (DMH), Australian Centre for International Agricultural Research (ACIAR), and Lao-IRRI Project, December 2002. 
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4.3.3 Size and Depth and Seasonal Variation of the Inundated Area of the Reservoir  

An accurate digital elevation and hydrology model is required. National contour data are 
available for purchase at 1:50,000 scale from NGD. Global digital elevation models (DEM) 
are available for free internet download from NASA (SRTM13 at 90 meter resolution and 
AVNIR14 at 30 meter resolution). Reservoir depth is an important factor when considering 
the need to remove trees from fishing zones and navigation channels to avoid underwater 
hazards to boats and nets.  Some reservoirs (e.g. NT2) have a sizeable seasonal drawdown 
zone that will result in new fluxes of submerged biomass every wet season. 

 
4.3.4 Socio-Economic Data  

The Laos national census data from 2005 is available from NSC (www.nsc.gov.la) and has 
also been analyzed in great detail down to village level as part of an associated national 
socio-economic atlas published in hard copy and online by the North South Centre of the 
University of Bern.15 This document is useful to have a general understanding of the project 
area, but cannot be used as the sole socio-economic information source for the EIA/SIA 
Study. 
 

                                                      
13  Shuttle Radar Topographic Mapping Mission srtm.csi.cgiar.org UPDATE - VERSION 4 - 90 meter resolution but quite 

thoroughly checked 
14  ASTER Global Digital Elevation Model (GDEM) asterweb.jpl.nasa.gov/gdem.asp 30 meter resolution but still experimental 
15  Socio-economic ATLAS of the Lao PDR at www.laoatlas.net Swiss National Centre of Competence in Research (NCCR) North-

South, Department of Statistics (DOS) of the Ministry of Planning and Investment (MPI), Lao National Mekong Committee 
Secretariat (LNMCS) of the Water Resources and Environmental Administration (WREA) of the Office of the Prime Minister of 
the Lao PDR (PMO) "An Analysis based on the 2005 Population and Housing Census" published 2008  
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Socio-economic data will collected for the preparation of the EIA/SIA/RAP and other social 
management for all communities affected by the future reservoir. These socio-economic data 
will serve as the basic for the assessment of the social and environmental impacts, and the 
determination of the mitigation (compensation) measures.   

 
 
 
 
A sample page from the Socio-

economic ATLAS of the Lao PDR 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3.5 Biodiversity Data  

IUCN and Birdlife international have published global species range maps of threatened and 
endangered amphibians16, birds and mammals. This information is a helpful indicator at the 
national level but is really only an indicator of possible presence/absence in a particular 
project area. Standard wildlife field survey techniques, (camera traps, interviews with 
hunters etc) must be employed.  

                                                      
16

 Mammals Data Source: IUCN Digital Distribution Maps of the Mammals of the World, Version 1.0 
www.iucnredlist.org/mammals.  Amphibians: IUCN Red list of Amphibians. Birds data source: BirdLife International Global 
Secretariat at: BirdLife International, Wellbrook Court, Girton Road, Cambridge, CB3 0NA, UK www.birdlife.org 
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4.3.6 Value of Recoverable Timber  

Standard forestry surveying methods using GPS, tapes, tree species identification must be 
employed to determine the value of recoverable timber. It is recommended that experienced 
forestry inventory field staff be employed to carry out this task. 
 

4.3.7 UXO Risk 

Unexploded Ordnance (UXO) poses a significant hazard to vegetation clearance crews and 
machinery in many parts of Laos. US Air Force bombing records are available from the NRA 
and online. While the US Air Force data records are very useful indicators of possible UXO 
risk levels they should not be viewed as complete. A standard UXO risk field assessment 
should also be carried out. UXO Laos and other clearance operators should also be able to 
provide this risk assessment17.  

 
 
Example Cluster Munition UXO Risk Map for Eastern 

Savannakhet 

 
 
 
 
 

                                                      
17  UXO-National Regulatory Authority (NRA) Lao PDR - Website: www.nra.gov.la. Email: nra@etllao.com 
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4.3.8 Accessibility and Infrastructure  

Access to the area can often be the limiting factor when considering viable vegetation 
clearance options. GIS can be used to model accessibility and identify areas that are likely to 
remain inaccessible. Consideration should be given to the possible problem of traffic 
congestion on roads with limited capacity when planning for access by timber trucks and dam 
construction vehicles at the same time18.  

 
 
 
 
District accessibility (from the Socio-economic ATLAS 

of the Lao PDR) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3.9 Fire Risk during Biomass Removal  

Burn off of biomass waste should be done safely in a controlled manner. GIS can be used to 
model and mitigate potential fire risk by planning safety measures such as fire breaks. 

 
4.3.10 Soils  

Soils contain substantial amounts of biomass material that may be released over time into the 
reservoir depending on the depth of the different layers of buried mass. It will therefore be 
necessary to map and field survey the soil biomass to determine the extent of this potential 
problem. Currently in Laos NAFRI has produced a national soil map that may provide a 
starting point. The soil map and an example soil biomass table is given below19. 

                                                      
18  District Accessibility Model in: The Socio-economic ATLAS of the Lao PDR www.laoatlas.net/links/Section%20A/a6.html 

GIS data layers available from: National Geographic Department 1:100,000 Topo Data layers (c.2001) 
Ministry of Public Works & Transportation  for Roads 1:100K & Railway 1:100K (Updated regularly) 

Ministry of Mines & Energy for Electric Power Transmission & Pipelines (Updated regularly) 
 
19  Soils of the Lower Mekong Basin, from the Mekong River Commission Not yet on-line, but freely-available: Digital map 

(ArcInfo format) of soil types of the Lower Mekong Basin, covering parts of Cambodia, Lao PDR, Thailand and Viet Nam. 
Source data were at scales of 1:250,000 or better, except for NE Cambodia at 1:1 million. Compiled using FAO/UNESCO 1988 
soil classification (level 3 - soil sub-unit). Compiled from data supplied by Cambodian Ministry of Agriculture and Forestry, 
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Example Soil Biomass Table: Weight-Area Density & Total Weight Below ground Soft Biomass in 

Dry Season (Un-dried Weights) 

Class 

t/ha 

Roots to 

5cm 

t Roots to 

5cm 

t/ha 

Roots to 

25cm 

t Roots to 

25cm 

t/ha 

Organic 

Matter to 5cm

t Organic 

Matter to 

5cm 

t/ha 

Organic 

Matter to 

25cm 

t Organic 

Matter to 

25cm 

1 15.0 495 45.0 1,485 31.0 1,023 180.0 5,940

2 15.0 7,245 45.0 21,735 31.0 14,973 180.0 86,940

3 15.0 26,160 45.0 78,480 31.0 54,064 180.0 313,920

5 5.0 100 15.0 300 39.0 780 226.0 4,520

8 0.0 0 0.0 0 0.0 0 0.0 0

9 0.0 0 0.0 0 0.0 0 0.0 0

10 12.0 69,876 36.0 209,628 31.0 180,513 180.0 1,048,140

11 12.0 15,804 36.0 47,412 39.0 51,363 226.0 297,642

12 0.0 0 0.0 0 0.0 0 0.0 0

13 5.0 805 15.0 2,415 39.0 6,279 226.0 36,386

15 12.0 2,304 36.0 6,912 39.0 7,488 226.0 43,392

                                                                                                                                                     
Agriculture Soil Unit; Lao PDR Ministry of Agriculture and Forestry, Soil Survey and Land Classification Centre; Thailand 
Ministry of Agriculture and Cooperatives, Soil Survey and Classification Center; Viet Nam Sub-national Institute of Agricultural 
Planning, Integrated Resources Mapping Center. Data are available on CD for cost of transfer. Requests for access to the data 
should be sent to Chief Executive Officer, MRC Secretariat, Mekong River Commission, PO Box 1112, Phnom Penh, 
Cambodia; mrcs@mrcmekong.org. In addition there is an unpublished Digital Soil Map of Laos PDR, NAFRI 2000. 
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4.3.11 Average Densities of Soft Biomass and Densities of Hard Biomass 

Densities of soft biomass and hard biomass must be determined for each of the land cover 
categories used in the biomass map. Although, information sources for these estimates is 
still quite limited at least for most land cover categories a range of estimates can be obtained 
by looking at past hydropower biomass plans and published reports of other projects. It is 
expected that the current interest in carbon and climate change (under for example, the 
REDD initiative) will result in more confidence in the accuracy of these biomass estimates. 
If budget allows then field measurements and sampling of biomass would be an appropriate 
course of action to establish accurate values.  Example biomass tables are given below. 

 
Weight-Area Density & total Weight soft above Ground Biomass in dry Season (un-dried weights) 

 

 
Weight-Area Density & total Weight hard Biomass in dry Season (un-dried weights) 

 
 

Class number & Description t/ha t 

1.  Mature dense woodland and bamboo > 25 years since clearing or logging. 61.35 2,025 

2. Young woodlands and bamboo >15 years since clearing or logging 58.45 28,231 

3.  Low woody vegetation 4 – 15 years since clearing or logging 82.9 144,578 

5.  Poldered Rice Fields 6.83 137 

8.  Sand & gravel 0 0 

9.  Rock 0 0 

10. Non-irrigated croplands (mostly hill rice) and fallows for 3 years 52.37 304,951 

11. River Bank & Terrace Gardens 24.18 31,845

12. Open water 0 0 

13. Village residential site and gardens 16.99 2,735 

15. EMD assisted and irrigated gardens, terraces and orchards 55.39 10,635

Class number & Description t/ha t

1.  Mature dense woodland and bamboo > 25 years since clearing or logging. 55.6 1,835 

2. Young woodlands and bamboo >15 years since clearing or logging 86.6 41,828 

3.  Low woody vegetation 4 – 15 years since clearing or logging 50.7 88,421 

5.  Poldered Rice Fields 0.0 0 

8.  Sand & gravel 0.0 0 

9.  Rock 0.0 0 

10. Non-irrigated croplands (mostly hill rice) and fallows for 3 years 14.8 86,180 

11. River Bank & Terrace Gardens 28.4 37,403 

12. Open water 0.0 0 

13. Village residential site and gardens 15.3 2,463 

15. EMD assisted and irrigated gardens, terraces and orchards 9.2 1,766 
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4.4 A Carbon Balance Model of a Reservoir 

How much vegetation must be removed to reduce adverse impacts, such as low water quality 
and high production of greenhouse gases, so that these impacts reach an acceptable level? 
More specifically, what percent of the existing biomass must be removed before and during 
inundation to ensure fish will survive and GHG emissions will be below certain limits? How 
can the necessary biomass removal be quantified? 
 
These questions can be answered with a precision that is better than educated guesses. The 
approach involves the use of dynamic models based on mass balances. Dynamic implies that 
time is an independent variable in the model; mass balance implies that masses of the most 
relevant elements are conserved over time. The most relevant elements are carbon, oxygen 
and phosphorus and sometimes nitrogen. 
 
Biomass Removal – Technical Reference gives a technical description of a model attached to 
the Guidelines, including model equations and their long-term solutions. Software has been 
developed to solve these equations, including initial transient behavior prior to the long-term 
behavior. The software presents the solutions as graphs on a web page.  
 

4.4.1 Questions the Model can answer 

The model attempts to answer 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 
CO2 emissions outbalanced by CO2 uptake during primary production of plants? 

 
Dissolved oxygen is a necessary prerequisite for virtually all life forms, and a lower limit of 4 
mg dissolved oxygen per liter of water corresponds to what most fish species need to survive. 
The model can assist in assessing how much biomass to remove in order to ensure dissolved 
oxygen to be above 4 mg/ℓ. 
  
During and right after reservoir filling, dissolved oxygen will normally drop to zero due to 
decay of “soft” biomass and similar organic materials like plant litter and detritus. Therefore 
a grace period must be allowed until oxygen conditions can be favorable for fish and for 
these fish to colonize the new ecosystem. 
 
Three average retention periods are proposed for this grace period. Retention time (or 
residence time) is the time water spends in the reservoir if it were completely mixed (the 
average retention time). It can be calculated when the volume of the reservoir and the total 
inflow from tributaries, runoff and precipitation are known. The retention time thus becomes 
the volume divided by the inflow. As an example, the volume at full supply level (FSL) in 
the Nam Theun 2 reservoir is around 3.91 × 109 m3 and the annual average inflow is around 
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238 m3/s, so its retention time at FSL becomes 3.91 × 109/238 seconds = 16.4 × 106 seconds 
or 190 days. A three-retention time grace period for NT2 is accordingly around 1½ years20. 
 
Regarding greenhouse gas emissions, the main contributions will be from CO2 and CH4. 
Since CH4 is a more efficient heat radiation absorber than CO2, the model gives it a higher 
weight. The weighting factor is called the Global Warming Potential (GWP) and its value is 
calculated by IPCC (the Intergovernmental Panel on Climate Change). In their latest 
assessment report, GWP for methane is stated to be 25. 
 
IPCC has not yet included carbon footprints for hydropower reservoirs in their 
recommendations, but since CO2 produced due to biomass decay can be recycled by plants 
(primary producers) in the reservoir the net greenhouse gas emissions can be reduced or even 
reversed on a longer time scale so that the reservoir becomes a carbon sink. The model shall 
set limits for this to happen. 
 

4.4.2 Model Overview 

In very broad terms, the model simulates biomass decay (and thereby oxygen consumption), 
growth of primary producers (and thereby oxygen production), mixing of dissolved oxygen 
with air and of oxygen in bottom and surface water, and finally sedimentation and sediment 
release of the dominating nutrient, which in most cases will be phosphorus. 
 

 
Conceptual diagram of the BioRem Model 

 
Referring to the illustration, hard and soft biomass (B3 and B2) decays into detritus (B1). 
Biomass (B0) of the primary producers (mostly phytoplankton) generates dissolved oxygen 
(De) in the upper water layer (epilimnion) which slowly mixes with hypolimnic oxygen (Dh). 
Phytoplankton and other plants need phosphorus (Pw) to grow but these producers become 
eventually dead organic matter (B1) that settles on the sediment where its phosphorus (Ps) can 
be stored for a long time or released back to the water (as Pw). 
 

                                                      
20  A more accurate calculation makes the average retention time a bit larger, namely 216 days in this case, so the grace period is 

3×216 days or around 2 years. 
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Decay of detritus contributes positively to emission of CO2 and CH4 while primary 
production reduces the CO2 emission and oxidization of CH4 reduces the CH4 emission. 
Assuming a certain fraction of the decay end products to be methane, CH4 and CO2 
emissions can be calculated. This fraction depends amongst others on the dissolved oxygen 
concentrations. Oxidation of methane to CO2 near the thermocline lowers the methane 
emissions when oxygen conditions in the water column are good. 
 

4.4.3 Model Assumptions 

There are two major assumptions for the model to work. If they are not fulfilled, the model 
should not be applied to calculate biomass removal. 
 
The assumptions are: 
 

1. The reservoir has a stable thermocline most of the year 

2. Phosphorus (not nitrogen nor light) is limiting growth 
 
In addition, two other approximations are inherent to the model, namely that methane 
production due to re-growth in the drawdown zone can be neglected and that biomass of 
secondary and higher production is small compared to the biomass of primary producers. 
 
When drawdown areas allow re-growth of vegetation in the dry season and this vegetation is 
drowned and decays in the wet season, greenhouse gases, especially methane, may form 
during the whole lifetime of the reservoir, not just in the period during and after inundation21. 
For Nam Theun 2 this is expected to happen since the drawdown zone can be as big as 82% 
of the maximum flooded area.22 Whether or not this contribution to methane emission will be 
significant depends not only on the drawdown area but also the re-growth rate and to which 
extent the submerged vegetation will decay. On a long timescale the drawdown zone might 
be colonized by vegetation that survives seasonal inundation (and the GHG balance will be 
neutral). On a short timescale (a few years) re-growth will most likely be so slow that the 
biomass decay, and thereby methane emission, safely can be ignored23. 
 
Regarding omission of other biomass producers than primary producers (plants), it is a well 
known fact that the utilization of feed at a higher trophic level is only around 10%. If plants 
produce 100 units of biomass, then herbivores (plant eaters) can only use 10 units, and 
carnivorous animals living on the herbivores can only use 1 unit. Since the model focuses on 
biomass quantification as broad estimates, it is safe to neglect higher trophic levels. 
 
The two major assumptions, however, cannot be ignored. 
 

                                                      
21 It may be argued that the CO2 released in the wet season due to decay is outbalanced by the CO2 being absorbed during the dry 

season due to photosynthesis. While this might be true for CO2 it is not for CH4. Methane is not used by photosynthesis to build 
plant material. If the bottom water of the drawdown areas gets anoxic in the wet seasons, these areas will act as methane factories.  

22 The minimum and maximum surface areas have been stated to be 80 km2 and 450 km2 for the Nam Theun 2 reservoir. So the 
drawdown area can be up to (450 – 80) /450 = 0.82 = 82% of the maximum surface area. 

23 EIA Theun Hinboun Expansion Project Social Action & Environmental Management Plans Chapter 1: Reservoir Biomass and 
Timber Management Plan July 2006 Resource Management and Research. Section 3.2.3 argues for re-growth to be less than 1 
ton/ha per season, which is orders of magnitude less than biomass production in the inundated reservoir as well as in the original 
forest or scrubland. The report even goes as far as saying “Reservoir drawdown land which becomes flooded to more than 1 m for 
more than about 40 days is effectively sterilized” (Chapter 5 Page 268). 



4 Biomass Removal Plan Preparation 

Strengthening Environmental Management Phase II       Page 36 

 

Does a Thermocline exist? 
To predict, before inundation, if stratification and formation of a thermocline can be 
expected, can be done by calculating Froude’s number. 
 
Most lakes and reservoirs of a certain depth exhibit thermal and other stratification. Since the 
upper water layers of a reservoir exposed to sunlight gets warmer and therefore gets lighter 
(because it has smaller specific gravity than the deep water), these upper layers will “float” 
on the colder and more dense bottom water. A thermocline separates the epilimnion (the 
upper layer) from the hypolimnion (the lower layer). 
 
To estimate whether or not a thermocline forms, a common method is to calculate a Froude 
number, F, for the reservoir24: 
 
 
 
Symbols used are: L = length of the reservoir (m), d = mean reservoir depth (m), Q = mean 
water inflow (m3/s) and V = reservoir volume (m3)25.  
 
If F is less than 1, some stratification is expected, the severity of which increases with a 
smaller F. When F is greater than 1, stratification is not likely. Notice that high F can be 
caused by high inflow, long reservoir and small depth and volume. In other words, high F 
means that the reservoir looks like and behaves similar to a river; small F indicates that the 
reservoir behaves like a lake. 
 
For a reservoir like Nam Theun 2, F can be calculated to be not greater than 0.25, and 
observations from the first year of reservoir monitoring substantiate that the NT2 reservoir 
will have a thermocline almost year round. This cannot be generalized to reservoirs in cold 
climates, and the model should only be used for reservoirs in the tropics. 
 
The model assumes that the thermocline follows the oxycline (i.e. the depth at which the 
dissolved oxygen profile changes sharply from high concentrations in the upper layer to a 
low value or zero at the bottom layer). This is in good agreement with observations. 
 

Is P limiting Growth? 
Testing if P rather than N can be expected to limit primary production in a future reservoir 
can also be done prior to inundation. 
 
Composition of biomass follows with good approximation the formula of Stumm and 
Morgan26: 

                                                      
24 See for example the World Bank publication Good dams and bad dams at 

http://siteresources.worldbank.org/LACEXT/Resources/258553-1123250606139/Good_and_Bad_Dams_WP16.pdf 
The formula was originally derived for reservoirs by Norton, W. R., Roesner, L. A., and Orlob, G. T. 1968. Mathematical Models 
for Prediction of Thermal Energy Changes in Impoundments EPA Water Pollution Control Research Series, US Environmental 
Protection Agency. 

25  The constant 320 can be seen to have the dimension of time. It is actually calculated from 
z

/
g/1


  where g is the 

acceleration due to gravity (9.8 m/s2) and z is the depth coordinate. The gradient of the relative water density ρ equals 10-6 m-1. The 
calculated value therefore has the unit s (second). 

26 Stumm W & Morgan J J. Aquatic chemistry: an introduction emphasizing chemical equilibria in natural waters. New York: 
Wiley-Inter Science, 1970. 593 p. 
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C106H263O110N16P 

 
For each phosphorus atom in the biomass there are 16 nitrogen atoms, 110 oxygen atoms, 
263 hydrogen atoms and 106 carbon atoms. This information can be used to assess whether 
or not P is limiting growth. 
 
If there are more than 16 N atoms available for each P atom in the water phase where the 
primary producers are growing, then P will limit growth (and N can be neglected). Therefore 
N and P concentrations in the river and runoff water should be monitored to see which of the 
two elements can be expected to be in surplus (relative to the needed 16:1 ratio). The element 
in excess will not regulate growth; the element in shortage will regulate the growth. 
 
The recommended method is to do the following in the year before inundation: 
 

1. Take water samples from the main river and its major tributaries at 1 meter depth as 
well as from collected runoff water, both in the wet and the dry season. The samples 
shall be filtered in order to make assessment of the dissolved nutrients as accurate as 
possible.  

2. The samples should be analyzed for dissolved nitrogen (ammonia plus nitrate) and 
dissolved phosphorus (ortho-phosphate).  Units are g N/m3 and g P/m3 respectively. 

3. P is limiting if  

74.7
31

15

1

16

P

N
  

 
N and P are the measured concentrations, 15 and 31 are the molar weights of N and P, and 
16:1 is the ratio of N and P needed by primary producers. 
 

4.4.4 How the Model works 

Dynamic models are usually formulated as differential equations with time as the 
independent variable. Solving these equations yields outputs which in the current model are: 
 

o Three fractions of dead biomass and organic material: 

o B3: “Hard” biomass (tree trunks, branches and other former vegetation that 
decays over years or decades) 

o B2: “Soft” biomass (litter, leaves, topsoil etc. that decays over weeks or 
months) 

o B1: Detritus-like organic material that decays over a few days and becomes 
CO2 or CH4. 

o B0: Primary producers (assumed mainly to be phytoplankton) 

o De and Dh: Dissolved oxygen in the upper water layers (epilimnion) and the bottom 
water (hypolimnion). 

o Pw and Ps: Phosphorus in the water body and in the sediment. 
 
The outputs are functions of time. The time horizon over which the solutions are found can 
be varied but are typically 5 – 100 years. The model simulates long-term behavior, not for 
example the diurnal oscillations. Below is an example of model outputs using actual data for 
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the Nam Theun 2 hydropower project (NT2). The model outputs show dissolved oxygen in 
the epilimnion and hypolimnion as function of time for a scenario where 80% soft biomass 
(including below ground biomass) and 10% hard biomass were removed. 

  
The time horizon in this case is 10 years. The curves show dissolved oxygen concentrations 
as g O2/m

3 in the epilimnion (the upper curve), and hypolimnion (the lower curve). As seen, 
oxygen in the bottom water disappears quickly after inundation. It starts to come back every 
year for a few months and only reach the critical value for fish (4 g/m3) part of the year after 
four years from filling. 
 
Model outputs for greenhouse gases are shown below. The three curves are expected CO2 
emission (ECO2 in Gg CO2/yr), CH4 emission (ECH4 in Gg CO2-eq/yr) and cumulated 
emissions (ACO2-eq in Gg CO2-eq). 
 

 
The ripples are due to the seasonal fluctuations that are expected to change the NT2 reservoir 
area from 82 km2 in the dry season to 450 km2 in the wet season. 
 
The equations behind these graphs depend on several model parameters and initial 
conditions. Examples of model parameters are decay rates for the three biomass fractions, 
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growth rate for primary producers and hydraulic retention time. Examples of initial 
conditions are the standing crops of soft and hard biomass before inundation. Manipulating 
the initial conditions corresponds to running different biomass removal scenarios (percent 
removed due to slash and burn, or due to felling and flushing, or burn and ash flushing, etc.). 
 
The model calculates all eight state variables listed above (four biomass variables, two 
dissolved oxygen variables and two phosphorus variables) plus GHG emissions and shows 
results as graphs. It is possible however to go a step further, and analytically put constraints 
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 initial 
conditions for soft and hard biomass? How much biomass must be removed and how should 
the reservoir be operated to secure dissolved oxygen in hypolimnion to be at least 4 g O2/m

3 
or greenhouse gas emissions to be neutral (at a certain point of time after reservoir filling)? 
 
The model equations have been solved “backwards” to allow for simple rules for biomass 
removal based on the analytical solutions to near-steady state (the long-term solutions to the 
model). Details are explained in Biomass Removal – Technical Reference, especially Section 
2.10 – 2.12, but the main result is that the percentages of soft and hard biomass (fS and fH) 
that must be removed to obtain good water quality follow this inequality: 
 

cfbfa SH   
 

Similarly to obtain neutral greenhouse gas emissions this inequality must be obeyed 
 

'cfbfa SH   

 
The Technical Reference gives formulas for how to calculate the constants a, b, c and c’. 
These formulas require the following data to be available: 
 

o Hard and soft biomass densities, including below-ground biomass in the upper 10 
cm, before any removal and inundation. 

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 

o Concentration of phosphorus nutrients in tributaries and runoff 

o Concentration of dissolved oxygen in tributaries and runoff 
 
All of these data can be estimated (from fieldwork, satellite imagery, feasibility studies, etc.) 
prior to inundation and thereby give an indication of how much soft and hard biomass should 
be removed by applying the inequalities shown above. 
 
Notice, that the inequalities in most cases have many solutions. Maybe both (fS, fH) = (50%, 
50%) and (fS, fH) = (80%, 10%) are solutions. This gives room for some economic optimization 
of the biomass removal procedure. 
 
Notice also that the inequalities pull in opposite directions. In general it is hard to obtain 
good water quality and low net greenhouse gas emission in the same reservoir. Usually low 
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phytoplankton concentrations give good water quality. But little or no phytoplankton is bad 
news for GHG emissions since CO2 no longer is taken up and recycled inside the system. On 
the other hand, too much phytoplankton (hyper eutrophication) prevents light to penetrate to 
the bottom layers so anaerobic conditions prevail in the hypolimnion. Hyper-eutrophic 
reservoirs, however, are excellent carbon sinks. 
 
 

4.4.5 Processes simulated by the Model 

Decay of Organic Material 
The main issue that the model shall address is the decay of biomass and other organic 
material in the reservoir during and after filling. 
 
It is well known from BOD measurements that at least some biomass fractions decay in a 
few days (which is why BOD measurements usually are standardized to have a duration of 
five days). In a reservoir with submerged forest some fractions, like tree trunks, take much 
longer to decay. How can these rates be quantified?  
 
Decay rates can be defined as the relative change of organic matter per unit of time: 
 

dtB

dB
k 

 
 
B is the biomass or organic matter decaying and t is time. Notice that since B decreases over 
time, then dB/dt is negative, so the minus in the definition makes k a positive number. 
 
A typical value for fast decaying organic material, such as organic soil, is k = 0.1 day-1.  A 
typical value for medium fast decaying organic material, such as leaves and twigs, is k = 0.01 
day-1. Tree trunks have mostly k < 0.001 day-1. The numbers correspond to durations of 10, 
100 and 1000 days, which means that around 63% of the material has decayed during these 
days.27  
 
In the model there are four fractions of organic material taken into account: 
 

B0 Primary producers (mostly phytoplankton) 
B1 Easily degradable organic material and biomass (e.g. organic soil, dead 

secondary producers and other detritus) 
B2 Medium degradable organic material and biomass (e.g. leaves and plant litter) 
B3 Slowly degradable organic material and biomass (e.g. tree trunks) 

 
The numbers (0 – 3) are used as an index for both decay rates (ki) and fractions of organic 
material (Bi).  
 

                                                      
27  The 63% can be calculated as 1 – 1/e, since the solution to the equation defining k is B = Bo e –kt assuming k to be constant. Bo is 

the initial value of the organic material. 1/k is the number of days it takes to reduce Bo to Bo/e. 
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Bi thus covers four state variables in the model. To make comparison with the dissolved 
oxygen concentrations (De and Dh) easier, their units reflect the oxygen needed for decay of 
each fraction. Similar to BOD, the units of each Bi is g O2/m

3. 
 

Sedimentation of Organic Material 
Floating biomass and organic fractions eventually sink towards the bottom of the reservoir 
and become sediment. This process can be described as a simple first order reaction. B1 
disappears with a rate that is proportional to B1: 
 

Sedimentation = – S B1 
 
S is a sedimentation rate with the unit day-1. Typical values for settling of plankton are S = 
0.01 – 0.05 day-1. 
 

Re-aeration 
An important source of oxygen is mixing of atmospheric air with water in the reservoir. The 
process depends heavily on wind conditions; the more turbulence the faster is the re-aeration. 
According to Henry’s law the transfer of oxygen between air and water is proportional to the 
gradient (or differences in concentration and partial pressure) between the two media. 
 
An average re-aeration rate, α, is applied in the model, so the transfer rate becomes: 
 

Re-aeration = α (D* - De) 
 
Here D* is the concentration of dissolved oxygen if water is completely mixed with air and 
De is the dissolved oxygen concentration in epilimnion. 
 
For a calm weather situation the re-aeration coefficient can be calculated as: 
 

d

6.0


 
 

where d is the average water depth in meters28. Usually a higher value should be applied to 
take realistic weather conditions into account. 
 
D* depends on temperature and salinity. For freshwater the temperature dependence is: 
 

32* 0.00007774-0.007910.41022-65.41 TTTD   
 

T is in Celsius and D* in g/m3 (or mg/l). For temperatures around 28oC, D* becomes close to 
8 g/m3. 
  

Primary Production 
The main limiting factor for growth of primary producers such as phytoplankton is normally 
phosphate in reservoirs and lakes (in marine areas nitrogen is often limiting growth). A 

                                                      
28 See e.g. Water-quality engineering in natural systems by David A. Chin, Wiley Blackwell 2006. 628 pages. 
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model construct that takes this fact into account is a Michaëlis-Menten expression known 
from enzyme kinetics. It decreases the rate of growth when nutrients become scarce, 
following this hyperbolic formula: 
 

w

w

PM

P
Grategrowth




 
 

G is a maximum growth rate (typically 0.02 – 0.5 day-1), Pw is the variable phosphate 
concentration in the water body and M is a Michaëlis-Menten half saturation constant. 
Typical values for M are 0.01 – 0.08 g P/m3. 
 
Notice that the actual growth rate becomes 50% of the maximum growth rate when Pw = M 
(hence the name half saturation constant for M). 
 

Mixing at the Thermocline 
Dissolved oxygen near the thermocline will mix and diffuse across its boundary. The more 
steep the gradient, the more will be transferred from the oxygen-rich to the oxygen-poor 
layer (Fick’s 1st law). 
 
This means that the rate of change of dissolved oxygen in the epilimnion De will decrease in 
proportion to the difference De – Dh. Alternatively, dissolved oxygen in the hypolimnion 
increases in proportion to De – Dh. The constant of proportionality has the unit day-1. It can 
be estimated from literature values of diffusivity of dissolved oxygen in water and is usually 
very small compared to other rates in the model. A thermocline is an efficient barrier 
between oxygen-rich and oxygen-poor water.  
 

Inflows and Outflows 
In the simplified case where total inflow of water equals total outflow of water from the 
reservoir, concentration changes of a substance due to in- and outflow must follow this 
equation when mass is conserved: 

)( CC
V

Q

dt

dC
in 

 
 

V is the volume of the reservoir (which is constant when inflow equals outflow), Q is the 
flow of water, C is the concentration of the substance in the reservoir, Cin is the concentration 
of the substance in a tributary (or a flow-weighted concentration if there are more than one 
tributary) or in runoff water, and t is time.  
 
The formula expresses that mass is conserved (which can be seen by multiplying by V on 
both sides of the equality sign; rate of change of mass becomes the difference of what goes in 
and what goes out). Notice, that precipitation and evaporation is not included in the Q in this 
formula, since no concentrations are associated with these flows. 
 
If inflow and outflow are not equal, the mass conservation can instead be expressed as29: 

                                                      
29  The reason for Qin to appear in the formula, not Q0 or a combination of the two, is the following. Conservation of mass of a 

compound with concentration C can be expressed as: d(VC)/dt = Qin Cin – Q0 C. Conservation of mass of water can be expressed 
as: dV/dt = Qin – Q0. Applying the rule d(VC)/dt = VdC/dt + CdV/dt to  these two equations gives the result above. 
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V

Q

dt

dC
in

in 
 

 
In the model these terms apply to allochthonous carbon, dissolved oxygen in epilimnion and 
hypolimnion and to dissolved phosphorus in the water body. Using symbols from the model, 
C can be B1, De, Dh or Pw. 
 
The model simplifies hydrology by assuming Q = Qin to follow a sine function with one 
period per year. The consequence is that V also becomes a function of time (to secure that 
mass of water is conserved). The resulting formulas for V and Q turn out to be: 
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t is time, VFSL is the volume at full supply level and ΔV is the difference between reservoir 
volumes at full supply level and minimum operation level. Q0 is the outflow assumed 
constant over the year and β is a correction factor for net evaporation, which can be 
determined from historical hydrological data. 
 
Retention time of water in the reservoir can be defined as τ = V(t)/Q(t). With data from Nam 
Theun 2, V(t), Q(t) and τ (t) can be shown graphically as follows. The scale is shifted by a 
factor 107 for volumes and by 105 for flows to make comparison more clear. 
 

 
At t = 0 volume is at its minimum. This is the end of the dry season (April or early May). 
The minimum retention time (τ = 17.2 days) occurs shortly after at t = 10. As inflow 
increases during the wet season, the reservoir fills up and reaches its maximum volume at t = 
182.  During the dry season from t = 182 to t = 365, retention time peaks at t = 267 and 
becomes as big as τ = 872 days. This happens shortly before minimum flow occurs (at t = 
274) at a time when the volume is still above average (making V/Q large).  

Volume 

Inflow 

Retention 

time 
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The average retention time can be found as the area below the retention time curve divided 
by 365. For NT2 this average equals 216 days. 
 

Phosphorus Release from the Sediment 
Phosphorus budgets in lakes and reservoirs are mainly governed by what goes on in the 
sediment. These processes are substantially slower than processes in the water body so the 
time horizon is much longer. Sediment may release P long time after it was deposited by 
sedimentation and start algae growth even after all the drowned biomass has decayed. 
 
Release of P from sediment is usually modeled as a first order reaction but only for a part of 
the settled phosphorus. The other part ends up in stable minerals and can be considered 
buried forever. Therefore the two model constructs that describes P-release in sediments are: 
 
 
Removal from the sediment pool: 
 
P released to the water body: 
 
Ps describes the concentration of phosphorus in the sediment as g P per m3 of sediment (not 
water). r is the rate (day-1) at which P is removed from the sediment. So the first expression 
above tells how much the rate of change of Ps is due to release. 
 
The second term describes the rate of change of Pw (phosphorus concentration in the water 
body) due to this release. 
 
To compensate for the different volumes of sediment and water a correction factor δ is 
applied. δ is the ratio between thickness of active sediment and average water depth. 
Thickness of the active layer is typically 0.1 m. So, for a 20 meter deep reservoir δ becomes 
0.005. 
 
To compensate for the forever buried phosphorus, the factor 1 – f is applied. f means the 
fraction of Ps kept forever, so 1 – f is the fraction actually ending up in the water phase (and 
therefore contributes to rate of change of Pw). f is known from literature to be close to 0.2. 
 

CO2 and Methane Emissions  
CO2 is the main product during decay of detritus. However a smaller but important end 
product is methane usually produced in the sediment. Methane is transported into the water 
body by diffusion and sometimes as bubbles. When it reaches the thermocline it may be 
oxidized to CO2. CO2 can be taken up by primary producers or be emitted to the atmosphere. 
 
The model simulates these processes in a simplified manner by calculating GHG emissions 
based on four state variables (B1, B0, Pw and De), the reservoir volume V(t) and some 
parameters:   
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Wch4,100yr is the global warming potential (GWP) for methane over a 100 year time horizon. 
Its value is 25 according to IPCC. In the model the fraction of end products being methane, γ, 
is set 0.05. ke is a half saturation constant for the rate of the CH4 → CO2 oxidation process 
taking place near the thermocline. Its value is set to 4 mg O2/l in the model. 
 
Referring to the curves for CO2 and methane emissions on Page 38, a typical maximum value 
for total CO2 equivalent emission is around 100 Gg per year, or 2.2 ton CO2/ha/yr for a 450 
km2 reservoir. 
 
As seen from the first of the two formulas above, the CO2 emission can be greater than zero 
or less than zero. Less than zero means that the reservoir acts as a carbon sink; greater than 
zero means that the reservoir contributes to global warming. The tipping point where the 
decay term just equals the photosynthesis term occurs when 

0
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w
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With realistic values for the parameters and P concentrations in the water phase, the 
requirements for a reservoir to be a carbon sink rather than a carbon emitter translates into 
 

01 B06.0B   

 
When this inequality is obeyed the reservoir is dominated by primary producers; when not, 
the reservoir is dominated by decay processes and contributes to global warming. How the 
inequality leads to constraints on biomass removal is explained in Biomass Removal – 
Technical Reference, Section 2.11. 
 

4.4.6 Reservoir Types according to the Model 

The model divides reservoirs into types of possible water quality: 
 
Type 1 Reservoirs that always have good water quality (irrespective of biomass removal) 

Type 2 Reservoirs that may have good water quality depending on how much biomass is 
removed 

Type 3 Reservoirs that never achieve good water quality (even if all biomass was 
removed) 

 
Similarly for GHG emissions, three types can be distinguished by the model: 
 
Type 1' Reservoirs that always act as a carbon sink (irrespective of biomass removal) 

Type 2' Reservoirs that may act as a carbon sink depending on how much biomass is 
removed 

Type 3' Reservoirs that never act as a carbon sink (irrespective of biomass removal) 
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To decide to which type a given reservoir belongs, four numbers are calculated: a, b, c and 
c’. The model includes formulas for these numbers. They depend on these seven reservoir 
properties: 
 

o Hard and soft biomass before any removal 

o Minimum and maximum retention time for water in the reservoir 

o Annual average allochthonous organic input concentration in tributaries and runoff 

o Annual average dissolved phosphorus concentration in tributaries and runoff 

o Annual average dissolved oxygen concentration in tributaries and runoff 
 
When a, b, c and c’ are known, the reservoir type can be determined as follows: 
 

Water Quality

Type 1 c < 0 

Type 2 0 ≤ c ≤ a + b 

Type 3 c > a + b 

Carbon Sink 

Type 1’ c’ > a + b 

Type 2’ 0 ≤ c’ ≤ a + b 

Type 3’ c’ < 0 

 
From an environmental perspective the good reservoirs are Type 1 and 1’, but 2 and 2’ 
makes good environmental conditions as well when some biomass is removed. How much to 
remove for Type 2 and 2’ reservoirs can be assessed by these two inequalities: 
 

Type 2:             cfbfa SH   

Type 2’:           'cfbfa SH   

 
fH and fS are the ratios of hard and soft biomass that must be removed to obtain good water 
quality and no net greenhouse gas emissions on a longer timescale. Thus, fH = 0 and fS = 0 
mean no biomass removal, and fH = 1 and fS = 1 mean complete removal of both hard and 
soft biomass. 
 
There are reservoirs that simultaneously have good water quality and no carbon footprint. 
For this to happen all of these conditions must be obeyed: 
 

c’ > c 
c < a + b 

c’ > 0 
cfbfa SH   

'cfbfa SH   

 
An example of such a super reservoir is given in the report: A Biomass Removal Model – 
Technical Reference, WREA , January 2010. 
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4.4.7 Conclusions 

Applying the modeling tool it turns out that there basically 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: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

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. 
 
The Type column in the table refers to reservoir types as defined in Section 4.4.6. Notice that 
water quality in Scenario 0 – 2 is of type 3+1’, so in principle water ideal for aquatic life can 
never be achieved in all parts of the NT2 reservoir. 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. 

                                                      
30  At year 10 and later 
31  Including CO2 from burning above ground biomass (5265 Gg CO2) 
32  Including CO2 from burning above ground biomass (5265 Gg CO2) 

Scenario 
fH 

% 
fS

%

Min. / Max. 
oxygen in 
hypolimnion30 

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 Gg31 3+1’ 

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

3 9200 Gg32 3+1’ 

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

4. Halving ΔV 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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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.  

 
 

4.5 Other Considerations in the Biomass Removal Plan  

4.5.1 Community Social Factors 

Future use of the reservoir and adjacent areas include navigation, fisheries, biodiversity 
conservation, recreation, and reservoir banks utilization. Community social factors also 
include landscape and aesthetic values, beneficial use of the removed biomass, gender, ethnic 
and cultural issues. 
 
Certainly forest products (not considered to be commercial timber) that are removed as part 
of the biomass removal plan should be cut and removed from the reservoir floor 
incorporating as much as possible labor inputs by resettled villagers. Hopefully villagers will 
be provided with assistance to store some of this removed biomass for future construction 
material, firewood, charcoal or biochar production, and other beneficial uses. Non-recyclable 
forest products, such as forest litter, leaves, herbaceous plants, and weeds should be cut, 
stockpiled and air dried for burning prior to inundation. Such decomposable biomass is 
responsible for the smell, odor, and color associated with organic matter decay in reservoir 
waters. The impacts of poor quality water in the reservoir are significant to the social welfare 
and amenities of all the resettled people around the reservoir and to villagers who depend 
upon beneficial uses of the water. Unsightliness of algae blooms, unpleasant smells, massive 
mosquito breeding, and other amenity losses are a social injustice to the very people the 
project’s welfare program is designed to benefit.   
 
Public consultation (Decree on EIA, No.112/PM, Article 12 (4) (b), 16 Feb 2010) must 
be held during data collection to get the opinions of the affected people and 
communities for the preparation of the biomass removal plan. 

 
4.5.2 Salvage Logging and Project Construction Factors 

The lending institutions, International Finance Institutions, require that the salvage logging 
be undertaken in accordance with a Code of Practice for Timber Harvesting, which are a 
standard legal requirement in most countries in the Asia Pacific region. This Code includes 
best management practice for all aspects of the harvest program that protect the environment 
in the broad sense and include optimizing the economic return from the forest. Removal of 
lesser valued biomass occurring at the same time as salvage logging will present a formidable 
management set of issues to be considered in the preparation of the program. These issues are 
summarized below:  
 

(1) The GOL currently limits harvest to a seven month period from November to the 
end of May within each year. However, the feasibility of logging within this period 
varies in practice according to the actual timing of annual rains. On average there 
are only six months where harvest can occur. 
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(2) A systematic and orderly planned program for the commencement of harvesting to 
include the coordination and sequence of logging in terms of the resettlement 
program, and minimizing the impact on the movement of wildlife during the 
inundation period. 

(3) A traffic management plan that encompasses coordination with project contractors 
and other users, with reference to safety and environmental management. In 
particular, the issue of road maintenance and cost sharing will need to be addressed 
between the logger, the project proponents and the GOL. 

(4) The management of biomass waste as a result of logging operations and vegetation 
clearance should be clarified, agreed upon, and implemented with enforcement by 
the management team.  

(5) The road conditions and suitability for the increased traffic flow is considered to be 
the main factor in determining the level of timber salvage that can be realistically 
achieved. 

 
A key feature of the salvage work is the requirement of the logging operation to comply with 
internationally accepted standards for roading and harvesting. This means that standards will 
need to be at least equivalent to stated management practices for those activities and certainly 
to a similar standard as required for the construction company, which will have considerable 
environmental monitoring and audit processes as part of their contract. In addition, bidders 
for the logging contract will need to take into account the cost of compliance with these 
standards. 
 

4.5.3 Wildlife Management 

The salvage logging and biomass removal operation will have a considerable effect on the 
migratory path of wildlife and their corridors. Areas need to be set aside for this purpose. As 
the amount of residual forest in the future reservoir area is progressively logged and biomass 
cut, wildlife will tend to increase in concentrations within a smaller area of their normal 
remaining habitat resulting in competition for food, unless they can move safely from the 
diminishing habitat area. Without an adequate habitat corridor to permit safe migration out of 
the biomass removal area in advance of the cutting and salvage work, wildlife will become 
more susceptible to predation or hunting. The harvest management plan should include the 
arrangement of compartments in such a manner that relatively undisturbed and contiguous 
habitats will be left, to the extent practicable, to allow and encourage the passage of wildlife 
out of the area.  
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4.6 Options for Biomass Removal and Vegetation Clearance: Benefits 
and Liabilities 

4.6.1 Alternative strategies for biomass removal  

Option 1: Partial Removal over Part or the Entire Reservoir 

This option involves the sequential removal of commercial size logs over the entire area of 
inundation, excluding the “islands” of higher elevation within the inundated reservoir area 
and the conservation areas reserved as wildlife corridors. All residue from non-commercial 
trees would be left standing and slash residue from salvaged trees would be left on the site or 
landing. This option could remove 10-20% of the total biomass, but a large proportion would 
remain on site still permitting significant development of anaerobic conditions and generation 
of gases.  

Option 2: Complete Removal from Part or the Entire Reservoir 

This option involves the removal of biomass resulting from the salvage logging operation 
including the lower canopy shrubby species. Clearance of soft biomass is a tool which can 
reduce the severity of the post-inundation water quality impairment and offers the prospect of 
significantly less demand for oxygen in the hypolimnion waters. The areas would be 
completely cleared and subsequently burned. Clearly it is not realistic or practical to remove 
all such volumes off-site, or to undertake on-site chipping and mulching the chips into the 
soil. There are issues of logistics, transport, available time frame and disposal sites with all 
the attendant environmental problems associated with land clearing in tropical soils, sediment 
yield, water quality and the rate of vegetative regeneration. However, serious considerations 
should be given to recover, save, and store a portion of the cut biomass for future uses.   
 
Regardless of the option selected, the work will require deploying a large number of 
machinery, and manpower and require considerable financial resources. The salvage 
operation will focus on the efficient removal of as much of the standing volume of wood as is 
practical. Option 1 will be the most realistic approach to take, whilst acknowledging there are 
significant environmental issues relating to the non-removal or disposal of such a vast 
quantity of surplus biomass. However, these must be weighed up against the environmental 
problems created, or perceived by the local and international community, with clearing and 
burning using a variety of methods, both mechanical and manual, and not excluding chemical 
means using modern biodegradable herbicides applied aerially and with subsequent burning.  
 
Burning should be carried out with the goal to achieve the hottest possible burn and thereby 
reduce residual biomass to a minimum. There are separate benefits from flushing the 
nutrients derived from the ash, particularly lower phytoplankton levels and thus preventing 
eutrophication to occur. This will secure a better quality of water. 
 
The planning and timing of biomass clearance and removal is crucial to a successful outcome 
of reservoir construction. Very often there will only be two or three dry seasons to complete 
the operations. This requires very careful planning and implementation from the start of the 
construction period. One of the important issues is who should be responsible for the 
clearance and removal of biomass (including extending the contract of the salvage logger to 
cover all cut biomass). Taking into account the short period for implementation and the 
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overall goals mentioned above, it is often recommended to give this responsibility to the 
same concessionaire. However, if that is not feasible the regulation should state that the 
commercial logging must be completed in time for general biomass clearance and removal to 
be carried out by a separate concessionaire.  
 
There are several approaches and techniques to clearing and removing of vegetation that are 
applied to a large reservoir using accepted practices.  

(1) clearing the dam and intake sites and work progressively outwards;  

(2) removing the soil layer of the reservoir under the minimum operating level (for 
nutrient removal); 

(3) fill and flush and/or partial fill/partial flush;  

(4) cutting and burning;  

(5) logging of commercial and usable timber.  
 
These approaches and techniques imply different problems in terms of logistics, number of 
workers and effort required, methods, and costs. In addition, each approach raises unique 
environmental and social issues that may trigger opposition from different actors at the local, 
national, and international levels (burning, defoliation for instance). The final decision on a 
biomass clearance and removal plan has to weigh all factors -technical, economic, 
environmental, social, and political- against the predicted impacts stemming from the do-
nothing option.  

 

Option 3: Cutting and Burning 

The high costs of transportation, time for hauling, and the logistics required to physically 
remove biomass all tend to make burning the most feasible method for large area removal of 
biomass for water quality purposes. Generally, burning shows considerable savings when 
compared to other options for the ultimate removal of oxygen demanding carbon compounds. 
However, burning of biomass brings its own environmental challenges: 

o Whilst carbon and to some extent nitrogen will be removed from the burned biomass, 
phosphorus remains in the ash; 

o Increased erosion and subsequent water quality in many areas that remain exposed to 
rain and wind prior to filling; 

o Trees left on site will decompose relatively slowly and release nutrients back to the 
reservoir. Removal of the wood would eliminate mostly carbon and some nutrients from 
the site. In contrast, burning releases nutrients and disposes of the carbon accumulated in 
the wood. Thus fire acts as a rapid decomposer. Nutrients not lost in the smoke are 
returned to the site soils in the ash in a readily available form for uptake by plants. 
Therefore, nutrient enrichment could be accelerated causing eutrophication; 

o Impacts on air quality could include localized and area-wide effects. Impacts on the 
nearby communities from the smoke need to be avoided.  

o Large scale fires can easily get out of hand and affect vegetation and crops outside the 
reservoir area. Small, controlled fires are usually quiet effective. 
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The GHG emissions from burning the biomass are of the same order of magnitude as the 
100-year cumulated emissions from biomass decay in the future inundated reservoir33.  
 

Option 4: Hand Clearance 

Hand clearance methods produce the minimum impact on the soil and streams of the area, 
and have very low pollution risks. The large numbers of people involved increases the risks 
of unprogrammed fires, but a properly managed hand-clearance operation should have the 
whole reservoir area surrounded by an effective fire break anyway. Large populations of 
hand clearers can subject surrounding resources to high hunter-gatherer pressures, and can 
render downstream populations vulnerable to water-borne diseases. These matters have to be 
addressed in the terms of the contracts offered. Each work unit has to be provided with 
imported food (preventing the need for "harvesting" nearby forest resources), with a clean 
water supply, and an acceptable sanitation and waste disposal system. 
 

Option 5: Fill and Flush 

This technique will eliminate leafy and herbaceous vegetation by the initial fill, and flush this 
organic load and its low dissolved oxygen levels downstream. By filling and then flushing the 
degraded water relatively quickly, once or twice in succession, the water in the reservoir 
would have the opportunity to recover so that long term releases would be of much higher 
quality. Implementation requires careful technical design and timing. Downstream impacts 
could be severe. Even if total flush is not feasible, partial fill and flush could be a feasible 
alternative. The approach is not without costs since start of operation could be delayed in 
most cases and hence economic losses incurred form foregone generation. The 
implementation of an effective fill-flush process would have significant positive impacts on 
the overall water quality problems in the reservoir and downstream. However, this process is 
not without its own challenges. Fill-flush needs careful coordination among technical and 
environmental staff of the project and careful planning to deal with downstream impacts. The 
effect of fill-flush processes on downstream projects needs to be assessed and mitigation 
measures implemented. 
 

4.6.2 Post Inundation Water Quality Improvement: Considerations and Options 

There are many inter-linked factors governing the development and evolution of reservoir 
water quality. They include reservoir morphology, temperature and solar radiation, quality of 
inflowing water and effluents, nutrients and carbon inputs (“allochthonous inputs”) from 
tributaries and runoff, the location of outflow structures, residence time (the time water 
spends on the average in the reservoir), soil chemistry, and the volumes, distributions and 
types of vegetable biomass inundated when the reservoir is created. The management of 
water quality is a problem developed in the reservoir but most frequently manifesting itself in 
the downstream releases. Mitigation measures include biomass reduction, management of the 
outflow pattern (e.g. bottom releases or mixed releases of low quality water below the 
hypolimnion and spillway flood releases of normal quality water), and management of the 
outflow water quality through downstream oxygenation ("ski-jumps", natural or artificial 
falls and cascades, and even air pumped through the water). It is believed that biomass 
removal is fundamental to improving water quality in the reservoir and thus a biomass 

                                                      
33  A Biomass Removal Model – Technical Reference, WREA, January 2010. 
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removal plan must become an integral part of reservoir management and the project’s 
Environmental Management and Monitoring Plan. 
 

4.6.3 Use of the Drawdown Zone 

Use of the drawdown zone is an area of special concern for future livelihood options. Will 
villagers be able to use the area for growing crops or dry season vegetable gardens? Should 
the soil layer in the reservoir be removed for its nutrient value and added in the drawdown 
zone to improve soil fertility? Or can the remaining natural vegetation be used for cattle 
raising? It is well know that most plant species do not survive underwater and that the 
inundated soil will be subject to mineralization. Thus the drawdown zone will eventually be 
colonized by new species which can survive inundation, such as the Mekong willow. If 
grasses can grow back in the drawdown zone during the dry season, these grasses will serve 
as a carbon sink. It is important to find a biomass cover that is of value as part of a surface 
management system for the drawdown zone. Grasses that do not survive and die in the wet 
season will end up producing methane and the drawdown zone will become a net GHG 
emitter by converting CO2 to CH4. Can grasses be found that will be palatable for the cattle 
and buffalos to eat so that the drawdown zone can be used for livestock grazing? 
 

4.6.4 Use of the Lesser Valued Removed Biomass  

Burning of the biomass produces GHG emissions of the same order of magnitude as the 
cumulated emissions from biomass decay in the future inundated reservoir34. Thus, it would 
appear prudent to cut, air dry, and utilize as much as possible of this dry organic matter for 
compost, charcoal production, building materials, and other recycle products to further 
reduce the carbon footprint of hydropower reservoir. Is recycle and reuse of the cut biomass a 
livelihood option that should be supported by the project proponents as an alternative 
livelihood option? Chipping of small plant materials can be used to develop organic mulch, a 
natural fertilizer to supplement the thin forest soil mantle. Converting the cut biomass into 
biochar, and adding it to the soil, is also considered a strategy for environmental 
management, as the biochar production creates energy, improves soil properties and serves to 
sequester carbon dioxide. Agricultural yields would benefit from the improved soil 
conditions. Wood chips could also be developed as raw materials for processing chip board, 
fiberboards, and other building materials.  
 
Handicraft options could be introduced using these raw materials for developing marketable 
products for provincial centers. Reuse of the biomass should be studied as an integral part of 
the reservoir management system. 
 

                                                      
34   A Biomass Removal Model – Technical Reference, WREA, January 2010. 
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4.7 Environmental and Social Safeguards for Salvage Logging and 
Biomass Removal  

 
4.7.1 Introduction 

Environmental and Social Safeguards need to be an integral part of the contracts signed 
between government officials and selected contract loggers and biomass removal contractors 
used to clear commercial size timber and other forms of biomass from future reservoir sites 
of hydropower project proponents.  The Environmental and Social Safeguards drafted herein 
are extracted from the literature and are shown as abbreviated guidelines. They need to be 
expanded to comprehensively cover all relevant environmental and social issues35.  Such 
safeguards should be carefully reviewed, discussed, and agreed upon among Project 
Proponents, the Department of Forestry, the Water Resources and Environmental 
Administration (WREA), and the selected contractors. The safeguards cover contractor 
issues of traffic regulations, vehicle conditions and maintenance, work site management, 
camp environmental infrastructure facilities and workforce management, clearance of 
vegetation and biomass waste, erosion control, and restrictions with respect to the 
surrounding biodiversity conservation areas (protected areas) and their wildlife and habitat 
resources. 
 
Standards of roads, crossings, skid tracks, landings, and other earthworks are not included in 
these environmental and social safeguards but should be part of the contract specifications 
for loggers and biomass removal contractors prepared by the Department of Forestry and the 
Department of Roads. 
 

4.7.2 Clarification of Salvage Logging Operations  

The scheduling of salvage logging is determined based on the need to salvage or remove as 
much of the commercial size biomass as possible prior to reservoir filling. Time constraints 
necessitate a judicious adherence to a well-developed salvage management plan, which will 
be prepared with inputs from key stakeholders. This cannot be efficiently carried out in the 
short time frame without some compromise options being exercised. It must be 
acknowledged that there will be continual external monitoring and best endeavors will be 
made using “best international management practices” as a requirement of the salvage 
contract to minimize environmental impacts. The GOL currently limits harvest to a seven 
month period from November to the end of May within each year. However, the feasibility 
of logging within this period varies in practice according to the actual timing of annual rains 
to take advantage of the weather with the date for the end of operations being determined by 
the onset of the rainy season.  
 
Normally the salvage logging operations are scheduled by blocks so that the commercial 
valuable biomass can be removed from the permanent reservoir storage areas. On completion 
of each harvest block, the biomass removal contractor (assumed to be managed as a separate 

                                                      
35    Logging zones in the reservoir will be inundated completely so E&S standards for these areas need to be selective (e.g. 

no hazardous or toxic materials allowed). E&S guidelines are applicable for impacts of logging outside of reservoir area 
as well, such as ancillary structures like roads. The reservoir should be defined as “project construction lands”. 



Biomass Removal Guidelines 

Page 55 

 

contractor) will then systematically cut, separate, and pile various categories of biomass for 
disposal as designated in the biomass removal contract. Planning must include opportunities 
for the local community to remove and stockpile any other timber and non-timber forest 
products for traditional use or sale up until the period when the area will be inundated36. This 
will also impact the planning of truck movements and requirements for road upgrade and 
maintenance. The objective is to remove as much of the salvaged timber from the reservoir 
site as possible with the results of maximizing the financial return to the GOL. 
 
A specific Code of Practice (including Environmental and Social Safeguards) should be 
adapted for the salvage logging and biomass removal operations once the overall supervision 
and management structure has been finalized. This will cover a range of issues, such as 
harvest and road planning, riparian zone management, log landings, site rehabilitation, and 
Environmental and Social Safeguards which include camp hygiene, waste management, fuel 
storage, machine and vehicle maintenance and servicing and thus hazardous waste handling. 
The Code of Practice should be incorporated into the salvage logging contract and constant 
field monitoring should be a fundamental function of the overall operation. Successful 
logging contractors, particularly their field staff and machine operators, should be required to 
undergo a basic familiarization of the guiding principles of the salvage logging operation 
safeguards by way of a workshop. Penalties, suspension of work, job loss, and fines should 
be part of the enforcement policy if environmental and social safeguards are to be adhered to.  
 
The salvage logging and biomass removal works must be viewed in the same context as the 
requirements for the construction phase of the dam where considerable independent 
operation monitoring will take place. Whilst there are sufficient MAF staffs to supervise the 
logging process and undertake planning and other functions associated with annual logging 
plans, there is little institutional experience in monitoring and auditing biomass removal 
operations, particularly with respect to environmental safeguards. Thus, the Project 
Environmental Management Unit (EMU) supported by an independent third party, should be 
required to work with MAF to assist and undertake this function to satisfy IFI concerns and 
ensure environmental, social, and technical issues are satisfactorily addressed.  
 
Lastly, an important project construction factor is the traffic management plan and this 
requires a robust management structure to undertake the level of detailed planning, 
coordination between stakeholders, monitoring and inspection within the time frame of the 
salvage operations. 
 
As a complement and integral component of the salvage logging plan, a biomass removal 
plan, to achieve water quality objectives and greenhouse gas limitations, shall be developed 
to cover removal of residual and lesser valued biomass in the permanently inundated areas of 
the reservoir. The plan shall be developed to likewise cover work force traffic management, 
work site management, protection of surrounding protected and conservation areas, clearance 
of vegetation and biomass waste, erosion control, and compliance to wildlife and habitat 

                                                      
36  There is always some concern about the capacity of the local and provincial logging industry to utilize the production that will 

arise from the salvage logging operations in the time frame anticipated for harvest from the site before inundation. A schedule of 
local and national capacity (sawmills, plywood mill, veneer and industrial grade saw logs production facilities) is required to 
assist the GOL in planning for the most appropriate destination for the commercial size logs from the reservoir salvage area.  
Marketing of the large range of species is usually left to the industry, which will determine its ability to utilize the timber 
according to what the market requires. 
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resources management. The operational plan, similar to the salvage logging plan, must be 
based on the estimated area of the reservoir to be cleared, the amount of biomass to be 
cleared and removed in each block, the method of removal, the manpower and equipment 
requirements per block, and a detailed time schedule for the work. The time schedule must 
include adequate time for drying and burning, separation and storage for forest products of 
potential reuse. Local villager labor inputs should be given priority in the plan so that 
riparian habitat benefits are maximized. The biomass removal plan must be coordinated with 
the salvage logging contractor, who will be monitored and must commit to adhere to his 
contract obligations concerning residual biomass cutting, placement, and controls as 
approved by the GOL and included in the salvage logging contract. A performance bond or 
security should be deposited with the government to guarantee this portion of the salvage 
logging operations.  
 

4.7.3 Environmental and Social Safeguards 

Traffic Regulations  

a) All drivers must adhere to traffic management measures listed in and agreed upon 
in the biomass removal/logging contracts with the project developer, including 
road speed and safety signage, community agreements, and national traffic 
regulations. 

b) Speed must be limited to 40km/hour in all sensitive locations including in the 
vicinity of villages, logging camps and at busy intersections. 

c) Drivers must stop at all road side checkpoints and gates where indicated to do so, 
and comply with the instructions of officers. 

d) Tracks built for the purposes of salvage logging may only be used by vehicles 
involved in the logging operations. 

e) All logging trucks must be clearly numbered and traceable to the operator. 
f) All logging truck loads must be within maximum weight limits specified for the 

vehicle and the roads and bridges along its route. 
g) Serious infringements of any of these traffic regulations will result in instant 

dismissal of the driver involved. Minor infringements, such as marginally 
excessive speed, will result in recorded warning and dismissal in the case of repeat 
offences. 

Vehicle Maintenance 

Vehicles should be maintained to meet the following conditions: 
a) Each vehicle used in logging must be inspected at least every 6 months for road-

worthiness, using the form provided and including the following: 
i) General condition and safety 
ii) Brakes and tires 
iii) Exhaust emissions 
iv) Noise emissions and condition of mufflers 

b) The Salvage Logging Unit will carry out random vehicle inspections, and will have 
the authority to ban any vehicle or driver failing their inspections.  

c) Check-post officers have the authority to inspect any vehicle to ensure that it is 
legitimately involved in logging operations, and that it is not transporting prohibited 
goods, such as wildlife. 

d) Drivers must report all mechanical failures and accidents. 
e) All drivers must be fully qualified for the class of vehicle being operated. 
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Vehicle Maintenance Waste 

a) Refuelling, changes of engine oil, and maintenance work must be carried out 
outside of the project area wherever possible.  

b) Where field maintenance is unavoidable: 
i) It must take place in well-drained areas at least 50m from the nearest 

watercourse. 
ii) Care must be taken to avoid spills, and sheeting laid down to catch any spill.  
iii) Used and spilt oil and fuel is hazardous waste, and must be disposed of 

appropriately in accordance with the Project Waste Management Guidelines 
or Procedures. 

c) Oil or fuel storage locations must be within a bounded area with a capacity twice 
the area of the largest container. 

 

Camp and Workforce Management 

 
UXO 
a) Campsites will not be sited in areas mapped to be infested with UXO  
b) Campsites within infested areas will be cleared of UXO before use. 
 
Rules 
a) Camp rules will be prominently displayed in the campsite. 
b) Hygiene: 

i) The campsite will be kept in a tidy and clean condition. 
ii) Workers with responsibility for food handling must wash their hands before 

doing so, and must ensure utensils are washed before and after use. 
iii) All staff must use mosquito nets. 
iv) Whilst within camp, all staff must use designated toilet facilities. 

c) There is a complete ban on hunting and possession of wildlife, fishing, harvesting 
of rare or valuable plants and trees, harvesting of any natural product for the 
purpose of sale, and possession of firearms, snares, traps and other equipment 
intended primarily for the use of hunting or fishing. This rule also applies to local 
residents whilst engaged in duties related to logging and biomass removal 
operations, and to all other workers and drivers at all times. 

d) Logging and biomass removal workers must not enter protected forests outside of 
demarcated logging and biomass clearance areas. 

e) Possession of any narcotic is banned. Workers must not perform their duties whilst 
intoxicated. 

f) Fires: 
i) Within campsites, fires may only be made within designated cooking areas or 

combustible waste disposal areas. 
ii) Lit fires must not be left unattended. 
iii) All cigarettes must be extinguished before disposal. 

g) All waste must be disposed in proper facilities in camp, even if produced outside of 
camp during field operations. 

 
Sanctions for Workers 
a) Sanctions for workers breaking rules should be appropriate to the offence. 
b) In many cases, warning and education are sufficient in the first instance, but repeat 

offences will be followed by sever measures, including being dismissed from the 
work. 
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c) Any workers found in possession of wildlife or narcotics will be instantly 
dismissed. 

 
Campsite Facilities 
a) Water supply: 

i) The campsite must be supplied with potable water. 
ii) Water obtained from rivers downstream of villages or grazing areas may be 

used for washing, showering or cleaning. 
iii) Water storage must not have served for other activities before use (chemical 

container, oil barrel…)  
iv) Water storage tanks must be covered to prevent mosquito breeding. 
v) Water and soap for washing hands must be provided next to all latrines and 

eating areas. 
b) Waste water: 

i) Domestic waste water must be directed to a disposal area more than 20 meters 
from the nearest structure or surface water body. 

ii) All drains must be covered. 
iii) Camp areas must be well drained so that water does not pond for more than 1 

day after rain ceases. 
iv) At least 1 pit toilet for each 20 workers must be provided, and not located 

within 100 meters of surface water bodies. 
v) Pit toilets must be maintained in a sanitary state, covered with soil once a day, 

and closed before over-filling. Closing of pit latrines will require the use of 
lime to disinfect the wastewaters and ensure no contamination of runoff 
waters.  

c) Catering: 
i) The dietary requirements of all resident workers must be provided for at the 

camp. 
ii) Logging and biomass removal contractors should use local produce where 

appropriate, but must only purchase from established outlets.  
iii) Alcohol should not be supplied in camp.  
iv) Designated cooking areas must have basic fire-fighting equipment available, 

including buckets and blankets at a minimum.  
d) Clearly marked disposal areas must be provided for each category of waste.  
e) Grass and weeds within at least 20 meters of camp areas are to be maintained less 

than 10 cm height. 
f) Simple recreation facilities should be provided if workers are expected to spend 

non-working days on site. 
g) Campsites should make use of external construction materials. 
h) A first aid kit and at least one trained person must be available at each campsite. 
i) Each camp or logging area should have an emergency plan in case of accident or 

injury.  
 
Camp Followers 
a) Access to camp sites will be denied to persons not involved in logging or biomass 

removal operations. 
b) Recruitment of workers will not take place at campsites or within harvesting areas. 
c) Settlement of outsiders within harvesting areas will not be permitted. 
d) New settlements close to logging or biomass removal areas will be reported to local 

authorities. 
e) Workers may only purchase items from established outlets in the project area. 
 
Waste Management 
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Waste Separation and Disposal  
a) All planning and implementation of logging and biomass removal activities should 

include management of generated waste. 
b) All wastes are to be categorized and separated according to the following 

designations: 
 

A: Non-Hazardous Waste B: Hazardous Waste 
Combustible Solid Waste 
Cardboard 
Pallets 
Clean paper 
Wood waste  
 
Non-combustible, Non-Putrescible Waste  
Metal 
Glass 
Machinery parts 
Rubber waste 
Tires 
 
Non-Combustible, Putrescible Waste 
Food waste 
Vegetation unable to be burnt (i.e. if too wet) 
Other biological waste (e.g. pests removed from 
pest traps) 
Waste from septic tanks 

Hazardous Waste 
Acids and acid waste 
Acid and caustic cleaners 
Alkalis (caustics) and caustic waste 
Batteries 
Catalysts and waste 
Chemicals 
Empty containers which held: chemicals, paint, 
oil, solvents 
Fuel drums, oil drums, and cans 
First aid and clinical waste 
Filters 
Hydraulic fluid 
Insulation material 
Paint and paint waste 
Plastic 
Oily rags 
Solvents 
Spill clean-up waste 
Used oil 
Waste from grease traps 
Other waste when its composition is unknown 

Note: When any waste in this column (A) gets 
mixed with waste from column (B), all of the 
waste is to be classified as hazardous waste. 

Note: Waste in this column (B) is to be 
labelled HAZARDOUS and by name, source 
and components 

 
c) Only combustible non-hazardous solid waste may be burnt within designated pits: 

i) A firebreak of at least 2.5m must be cleared around the pit. 
ii) Appropriate fire protection equipment must be available on-site during the 

burn, including fire brooms and sand buckets. 
iii) No unsupervised burning will be allowed. 

d) Non-combustible, putrescible waste may be disposed of in refuse pits above the 
water table, at least 50m from any water body, where runoff water cannot enter, and 
covered with at least 30cm of earth at least once a week. 

e) All other types of waste will be removed from the logging area and disposed of in 
local facilities as approved by environmental authorities. 

f) Any hazardous materials or chemicals involved in the operations, other than those 
that are routinely used in the operation or maintenance of machinery, must be 
declared to and cleared according to the Project’ Hazardous Material and Waste 
Management Plan. 

g) Hazardous waste storage until removal to final disposal location: 
i) Liquid wastes will be stored in leak proof, securely sealed containers, within a 

bounded area at least twice the volume of the largest container. 
ii) Solid wastes will be stored in covered, leak-proof bins. 
iii) Wastes will be separated to allow easier disposal, e.g., keep oils and solvents 

separate. 
iv) Storage containers will be checked periodically for signs of leakage or 

damage. 
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v) Containers will be adequately and legibly labelled “Hazardous”. 
vi) A register of types and quantities of hazardous waste will be maintained. 

 
4.7.4 Logging Debris 

a) In order to minimise logging debris, available forest resources must be used as 
efficiently as possible, including encouraging and making provision for local people 
to collect forest products, such as firewood, charcoal making, etc.  

b) Burning must not be allowed to occur in harvesting areas where logging debris has 
yet to be cleared.  

c) Any burning of logging debris must be constantly supervised: 
i) A firebreak of at least 2.5m must be cleared around the pit. 
ii) Appropriate fire protection equipment must be available on-site during the 

burn, including fire brooms and sand buckets. 
iii) Burning will not be undertaken during severe wind conditions. 
iv) Burning will not be undertaken within 5 km of a village. 
v) Following completion of the burn, the logging supervisor will inspect and 

certify that the fire has been extinguished. 
 

4.7.5 Clean up of Harvested Areas 

a) After completion of logging operations in a harvested area, all non-biodegradable, 
hazardous waste, and any material representing a fire hazard must be removed from 
the area of the reservoir. 

b) Structures and waste materials at campsites and log landings must be removed. 
c) Stream crossings constructed for the logging operations should be removed to 

discourage continuing use of temporary logging roads. 
 

Chance Finds of UXO, PCR, Wildlife 

UXO 
a) Under no circumstances will logging workers attempt to inspect, handle, remove, 

make safe, or in any way disturb UXO items discovered. 
b) All such finds must be reported to the logging or camp supervisor, even if the 

identification as UXO is uncertain. 
c) Logging contractors must ensure that the item is dealt with by professional UXO 

disposal experts. 
d) The experts will also be required to assess the presence of additional UXO in the 

locality, and determine whether a full search and clearance operation is required in 
the area. 

e) Until such time as the UXO item has been dealt with, it will be prominently 
marked: 

i) No approach will be allowed within 10m. 
ii) No vehicle will be allowed within 20m. 
iii) No tree felling or earthwork will be allowed within 50m. 

 
Physical Cultural Resources (PCR) 
a) A Physical Cultural Resources report will be prepared during the planning of 

logging and biomass removal operations, and its provisions followed in respect of 
PCR sites liable to be impacted by salvage logging and/or biomass removal. Chance 
finds of any previously unidentified PCR will be treated as follows: 
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i) If a logging worker identifies a potential site or item of cultural significance, 
he/she will immediately notify the logging supervisor. 

ii) The logging supervisor will determine whether the site/item has potential 
significance. 

iii) If the site/item is considered to have potential significance, the logging 
supervisor will immediately cease work within a 50m radius of the site 

iv) The logging supervisor will immediately notify the GoL supervisory agency 
and the project proponent.  

v) Logging and/or biomass clearance operations will not continue at the site until 
required actions have been undertaken and clearance has been given. 

b) Common Types of Physical Cultural Resources include: 
 Buddhist images 
 Isolated artefacts, tools, implements 
 Pagodas – complete or ruins 
 Sacred forests, caves or other natural features having cultural significance 
 Shrines 
 Stupas – complete or ruins 
 Temples – complete or ruins 
 Unique natural features  
 Village cemeteries or grave sites 

 
Wildlife 
a) If large, mobile wildlife is believed to be in the harvesting area, then the contractor 

should consider organizing to drive it from the area and towards nearby protected 
forests before logging operations commence.  

b) If rare and/or potentially dangerous species are suspected to be present, then advice 
should be sought from the environmental authorities and/or experts involved in the 
Wildlife Program. In particular, if elephants are suspected to be present within the 
area, then experts and emergency response teams should be consulted. 

c) Wildlife must never be intentionally harmed unless it poses a clear and immediate 
danger to safety and avoidance is not possible. 

d) Any encounters with dangerous wildlife which resulted in harm to either people or 
the animal(s), or where the potential for further conflict remains, must be reported 
to the Emergency Response Teams. 

e) Any large hollow-bearing trees or trees that contain fauna nests that are to be 
cleared will be inspected for the presence of fauna prior to removal. If fauna is 
located, non-intrusive methods (e.g. noise, lights) will be used to try and force the 
fauna to relocate. 

f) Critical wildlife sites (such as nesting sites of rare species) identified in Wildlife 
surveys, or during ongoing logging or biomass clearing operations will be marked 
on harvesting plan maps and protected from disturbance.  

 

Training 

Training Method 
a) All workers must receive training. 
b) Training is recommended to include at least: 

i) A brief orientation lecture covering the environmental and social importance 
of the area, and key rules such as dealing with hazardous waste, prohibition of 
wildlife consumption, restrictions on burning. 
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ii) A regular, repeating series of morning, evening or mealtime addresses 
covering one particular area, such that the whole syllabus is covered once 
every two weeks or so. 

c) Orientation and training of supervisors should be more intense, as they will be 
required to guide and inform other workers. 

d) Contractors must develop and certify implementation of a training schedule. 
e) Full use should be made of relevant visual material developed by others, i.e. on 

UXO identification, hygiene, hunting, etc., both in training presentations and as 
reminders around the campsite. 

f) Copies of the Code of Practice and Technical Guidelines must be keep on site and 
be available to all worker. 

 
Universal Training Content 
a) Introduction to health and safety issues in logging camps and on logging/biomass 

removal sites including main areas of risk to workers and others, and use of safety 
equipment and mosquito nets. 

b) Safety and operational procedures during felling. 
c) Basic hygiene practices such as use of camp toilets, and washing of hands and 

cooking utensils. 
d) Campsite rules. 
e) HIV/AIDS and STD awareness, including information on methods of transmission, 

protection and availability of testing. 
f) Prohibition of drugs. 
g) Prohibition of alcohol on logging sites. 
h) Procedures for seeking medical assistance in emergency and non-emergency 

situations. 
i) Fire prevention measures. 
j) Emergency forest and camp fire procedures. 
k) Vehicle maintenance and road safety. 
l) Waste separation and disposal, with particular emphasis on waste oil. 
m) Prohibition on hunting, fishing and collection of natural products, and chance find 

procedures. 
n) Local communities and measures to prevent spontaneous settlement. 
o) UXO identification, areas of occurrence and chance find procedures. 
p) Local PCR sites and chance find procedures. 
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5 Lessons Learned and Conclusions 

For government agencies and project proponents there appears to be several lessons learned 
from use of the Carbon Balance Model of a reservoir.   
 
1. The model requires all users to measure and collect two of the eight initial conditions in 

the field.  
 
 B3: “Hard” biomass or slowly degradable organic material (e.g. tree trunks, branches 

and other former vegetation that decays over years or decades) 

 B2: “Soft” biomass or medium degradable organic matter that decays over weeks or 
months (e.g. plant litter, bamboo, leaves, topsoil, etc.)  

 

Information on hard and soft biomass densities must be collected before any removal and 
inundation of the reservoir area.  

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

 Concentration of allochthonous organic material in tributaries and runoff 

 Concentration of phosphorus nutrients in tributaries and runoff 

 Concentration of dissolved oxygen in tributaries and runoff 
 

All of these data can be estimated (from fieldwork, satellite imagery, feasibility studies, 
etc.) prior to inundation. 

 
2. The decomposable biomass or vegetation portion comprises all types of submerged 

ligneous vegetation, climbers, bamboos, pioneer species, and litter which are responsible 
for the smell, odour and colour associated with organic matter decay in reservoir waters. 
Experts suggest that such biomass should be cut, air dried, and burned prior to 
impoundment in a carefully designed and managed biomass removal program.  The GHG 
emissions from burning the biomass is of the same order of magnitude as the 100-year 
cumulated emissions from biomass decay in the future inundated reservoir.  Thus, it 
would appear prudent to cut, air dry, and utilize as much as possible of this dry organic 
matter for compost, charcoal production, building materials, and other recycle products 
to further reduce the carbon footprint of hydropower reservoirs. 

 
3. Removal of the ash after burning from the ground (e.g. by flushing) has the effect of 

decreasing phytoplankton levels in the initial years after filling of the reservoir, but the 
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long-term effects on phosphorus and GHG emissions are rather insensitive to ash 
removal.  
 
Burning biomass without flushing out the ash will most likely cause eutrophication to 
occur. Biomass removal is thus not sufficient to ensure reasonable water quality in the 
new reservoir. Nutrients (phosphorus) must also be removed.  
 

4. The model provides some interesting insights for optimizing reservoir operation with 
respect to environmental issues (improved water quality and decreases in GHG 
emissions). Increasing the operation depth of the reservoir results in more GHG 
emissions whereas decreasing the depth by half benefits both water quality and GHG 
emissions. Dissolved oxygen in the hypolimnion remains above 4 mg/ℓ all year round 
and GHG emissions are minimal.  
 

5. Low or high allochthonous inputs (carbon and phosphorus inflows from tributaries) 
create bad oxygen conditions or too little phytoplankton to act as a carbon sink. But in 
the right intervals, allochthonous inputs support the optimum amount of phytoplankton to 
produce oxygen, absorb CO2 and also act as feed for zooplankton and fish. 
 

6. Large drawdown conditions (huge difference between minimum and maximum retention 
time) mean stagnant water which invites bad water quality.   
 

7. In general, to ensure good water quality, biomass removal is not the only issue, nutrients 
are just as important.  Sediment phosphorus plays a vital role in regulating the carbon 
cycle.  
 

8. The impact of remaining biomass in the reservoir on water quality is summarized by the 
graph below for the baseline case of no biomass removal from the reservoir. The 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.  
 
 
 
 
 

 
 
 
 
 
 
 
Another effect of the initial decay is that both CO2 and P begin to disappear as they are 
both taken up by phytoplankton (i.e. eutrophication becomes an important water quality 
factor). Settling of the phytoplankton contributes to the build up of a sediment layer with 
phosphorus, thus permitting a yearly regrowth. A major effect of the phytoplankton 
bloom is production of dissolved oxygen, but the downside of the phytoplankton growth 

Hard Biomass 

Soft Biomass 
Detritus 
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is its shadowing effect so that light cannot penetrate to the hypolimnion which therefore 
becomes anoxic. 
 

9. After 100 years the approximate accumulated GHG emissions from the decay of biomass 
in the reservoir reach 5000 Gg CO2-eq for a reservoir similar to NT2 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. This carbon footprint still compares 
favorably with that of a modern coal-fired power plant of similar capacity, which would 
produce GHG emissions of approximately 1.3 × 106 Gg CO2/100 yr.  
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Appendix: Rules for Conversion between Units 
of Measurements 

Data needed to follow the Biomass Removal Guidelines must often be retrieved from developer 
reports, scientific publications, internet sites and similar sources. To assist in reconciling units of 
measurements used in such diverse material with what has been chosen in the Guidelines this 
appendix offers a summary of rules and formulas for conversion between different units. 
 
The appendix concludes with a list of parameters deemed most relevant to assess biomass 
removal. Besides units of measurements this section outlines sampling techniques for the 
recommended pre- and post-inundation data collection. 
 

From Wet Weight to Dry Weight 

To convert observed biomasses expressed as wet weight to dry weight biomass, the conversion 
factor between dry and wet must be known. Literature values varies widely, from around 5% to 
90%. A typical value is 30%. 
 
As an example, a forest with 400 tons wet biomass per ha has a conversion factor of 30%. Its dry 
weight biomass becomes 0.3×400 = 120 tons. 
 
Dry-to-wet weight ratios for different biomass types and two surveys 

Biomass Type 
Theun Hinboun 
Expansion37 Nam Leuk38 

Litter 83% 35% 

Low Vegetation 27% 42% 

Live Bamboo 45% 57% 

Dead Bamboo 90% 100% 

Tree Foliage 41% 35% 

Fine Roots 0-5cm 25% 42% 

Fine Roots 5-25cm 25% 42% 

Organic Soil 0-5cm 50% 44% 

Organic Soil 5-25cm 50% 58%

 

                                                      
37  EIA Theun Hinboun Expansion Project Social Action & Environmental Management Plans Chapter 1: Reservoir Biomass and 

Timber Management Plan. July 2006. Resource Management and Research 
38  Nam Leuk Hydropower Project - Survey of the vegetation biomass density of the reservoir area BYN / 40 0219 3/Biomass Survey 

report Sog, 1997, 32 pp., Sogreah, France. 
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The big variations of this factor reflects that different vegetation types contain different amounts 
of dry matter per unit of wet weight, and that dry weight can mean anything from air-dried to 
oven-dried. Above were shown two examples of dry-to-wet weight ratios for biomass in Lao 
reservoirs before inundation. 
 
Dry-to-wet weight conversion factors for different above-ground vegetation types and different 
soil types should be measured as part of the fieldwork before inundation of a reservoir.  
 
Wet weight of a vegetation sample is measured with a precision weight as soon as possible after 
sampling. Exposure of samples to sun or heat during transport must be avoided. 
 
The dry weight of this sample is measured by drying the sample in an air ventilated oven at 70 
°C until its weight does not change (takes several days). The dry-to-wet weight conversion factor 
is the ratio between measured dry weight and measured wet weight. 
 

Combining Vegetation Types 

After dry weights have been determined for all major vegetation types and the topsoil, these 
numbers can be combined into one or two numbers: the total dry biomass per unit area or the 
total hard and soft dry biomass per unit area. 
 
Inputs to the calculations are the individual dry weights (wi) and coverage (ci) for each vegetation 
or soil type. Coverage can be expressed as the relative area a vegetation type covers or as the 
relative volume an organic soil group covers. 
 
The dry weight of the biomass is the sum of products of these quantities 

 


i

ii cw
 

 

From Dry Weight Biomass to other Units 

As mentioned on Page 37, composition of biomass follows with good approximation the formula 
of Stumm and Morgan: 
 

C106H263O110N16P 
 
For each carbon atom in the biomass there are 263/106 ≈ 2.5 hydrogen atoms, 110/106 ≈ 1.04 
oxygen atoms, 16/106 ≈ 0.15 nitrogen atoms and 1/106 ≈ 0.009 phosphorus atoms. This 
information can be used to: 
 

o Convert biomass as dry weight into equivalent weight of carbon 

o Convert biomass as dry weight into equivalent weight of phosphorus 

o Convert biomass as dry weight into equivalent amount of O2 consumption during 
decay expressed as biochemical oxygen demand (BOD units) 
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Biomass to Carbon 

The fraction of the dry biomass that consists of carbon is: 
 

358.0
311141616110126312106

12106





 
 
Thus almost 36% (weight per weight) of dry biomass is carbon. 
 
To convert for example 230 tons dried biomass per hectare (230 t/ha) into kg carbon per square 
meter (kg C/m2), the 230 should be multiplied by 0.358 and by 1000 (kg/ton), and divided by 10 
000 (m2/ha) that is 230 × 0.358 × 1000 / 10000 = 8.25 kg C/m2. 
 

Biomass to Phosphorus 

The fraction of the dry biomass that consists of phosphorus is: 
 

00872.0
311141616110126312106

31


  
 
Approximately 0.87% (weight per weight) of dry biomass is phosphorus. 
 
To calculate concentration of P in biomass in a reservoir flooded to 8 meter average depth and an 
area of 450 km2 when the flooded biomass was 230 tons dry weight per ha, one shall first 
calculate the total mass of P and next the volume of water, and finally divide the mass by the 
volume: 
 
Mass:   230 × 0.00872 × 450 × 100 = 90,252 ton P 
Volume: 450 × 106 × 8 = 3.6 × 109 m3 
Concentration: 90.252 × 109 / 3.6 × 109 = 25 g P/m3 

 
The factor 100 in the mass calculation is due to the fact that 1 km2 = 100 ha. 
 

Biomass to BOD Units 

For each carbon atom, C, in dry biomass, one oxygen molecule, O2, is required to mineralize the 
biomass into inorganic carbon, CO2. Therefore the oxygen demand in mole equals the carbon 
contents in mole of the biomass. In other words biomass can be expressed in BOD units, and 1 g 
C per cubic meter of water corresponds to 32/12 = 2.67 g BOD/m3 (since one mole of carbon 
weights 12 g and one mole of O2 weights 2 × 16 = 32 g). 
 
Using the value for biomass to carbon derived above (the 36% rule), one could also say that 1 g 
dry biomass per cubic meter of water corresponds to 0.358×32/12 = 0.95 g BOD/m3 (95%). 
 
The new rule therefore becomes: To convert from biomass concentration (dry weight per 
volume) to BOD, multiply by 0.95.  
 
The 230 tons dry biomass per hectare in the example above would consume 230 × 0.95 × 450 × 
100 = 9.8 million tons O2 if all biomass in the reservoir mineralized into CO2. For comparison the 
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volume of the reservoir (3.6×109 m3) holds only 8.0 × 3.6 × 109 g = 0.029 million tons of O2 at 28 
°C if the water is 100% saturated with air. It will take a long time to replenish the oxygen! 
 

From Half Life to Decay Rate 

Most types of decay can be assumed to be 1st order reactions. This implies that the concentration 
C(t) of what decays is an exponential function of time (t): 
 

tkeCtC  0)(  
 
C0 is the concentration at t = 0 and k is the decay rate. The dimension of k is 1/time, so its units 
could be day-1, year-1, s-1, etc. 
 
Half life,  , is the time it takes for C to be reduced to half of its present value: 
 

)t(C
2

1
)tt(C 2/1   

 

From this definition and the previous equation it follows that 2/1t is independent of t and equal 
to39: 
 

kk
t

693.02ln
2/1 

 
 
For example, a half life of 38 years for hard biomass (quoted in an EDL report from 1998 at Nam 
Leuk40) corresponds to a decay rate of 0.0182 yr-1 = 0.00005 day-1. The same source quotes soft 
biomass to have a half life of 1.4 years, which translates into 0.5 yr-1 or 0.0014 day-1. 
 

From Volume Units to Mass Units 

The relationship between mass, m, and volume, V, of a substance is determined by its specific 
gravity or mass density ρ: 
 

Vm   
 
If the substance is water, ρ equals 1 g/ml (or 1 kg/ ℓ or 1 ton/m3)41. So material that floats on 
water has a mass density less than 1; material that sinks has a mass density greater than 1. 
 
As an example, the formula shows that if 10,000 m3 of logs and floating debris have been 
removed from a reservoir the first year after filling starts, then this corresponds to slightly less 

                                                      
39 This can be seen by applying the exponential formula with time set to t + t1/2 and to t which gives:  

ktttk eCeC   0
)(

0 2

1
2/1  

 After dividing both sides by C0 and exp(-k t) this equation reduces to exp(-k t1/2) = 1/2 or t1/2 = ln 2/k. 
40 Biomass Clearance Trials and Root Biomass Survey BC2, Electricité du Laos and Sogreah Ingénierie Nam Leuk Environmental 

Studies, 23 July 1998, Resource Management & Research 
41 Strictly speaking this is only true at 4 °C. Above and below this temperature liquid water has a slightly smaller mass density. 

2/1t
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3NO

3
4PO

than 10,000 tons (since the logs and debris mostly float). This mass is wet weight, which would 
convert to approximately 3000 tons of dry weight with the methods described above.  
  

Concentration Units 

Water quality parameters are mostly concentrations expressed in units like mg/ℓ (milligram per 
liter), g/m3 (gram per cubic meter), ppm (parts per million) and mol/ ℓ (moles per liter). 
 
The first two of these units use mass per volume concentrations, while ppm uses mass per mass or 
volume per volume. Mol/ℓ (mole per liter) is proportional to number of molecules of the 
substance per volume of the solute (water). So, mol/ℓ is mass per volume for pure substances 
since the molecular weights are well-defined for pure substances. 
 
These units are related as follows: 
 

1 mg/ ℓ = 1 g/m3 ≈ 1 ppm 
 
The latter equality is only strictly correct at 4 °C where one unit of mass (in g) equals one unit of 
volume (in ml). 
 
1 µmol/ ℓ of    (one micro mole of nitrate per liter) in water is the same as 10-6 × (14 + 3×16) 
g/ ℓ = 0.062 mg/ ℓ since one mole of nitrogen weights 14 g and one mole of oxygen weights 16 g. 
 

Combining Concentrations from Tributaries 

When a reservoir receives substances from more than one tributary their concentrations must be 
combined in order to estimate their overall impact. Most interesting are allochthonous organic 
material (i.e. dead biomass coming from tributaries to the reservoir), but also nutrients such as 
phosphorus in ortho-phosphate  
 
Let the concentration of one of these substances be Ci from the ith tributary (i = 1, 2 …) and let Qi 
be the inflow of water from each of the tributaries. Then the combined concentration, C, and the 
total flow Q can be calculated as 
 

Q

CQ
C i

ii


 


i

iQQ
 

 
Flows are most often described as m3/s, ℓ/s or m3/day. 
 

Electrical Power and Energy Units 

Usually the capacity of a hydropower plant is characterized by the electrical power it delivers in 
MW (megawatt or million watts). Power means energy per time, and 1 W (watt) equals 1 J (joule) 
per second: 1 W = 1 J/s. Joule is the fundamental unit for energy in metric systems. 
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Household consumption of electricity and electricity bills mostly count kWh (kilowatt hour), 
which is an energy (power multiplied by time).  1 kWh equals 3600 kJ (kilo joule) since there is 
3600 seconds in an hour. 
 
This has given rise to other power units, like kWh per month, TWh per year etc. For example a 1 
GW (giga watt) power plant could also be said to deliver 8766 GWh/yr (giga watt hour per year) 
or 8.766 TWh/yr (tera watt hour per year), since there are 24×365.25 = 8766 hours per year and 
since tera means 1012 while giga means 109. 
 
Among the key figures for Nam Theun 2 are these: 
 

Installed capacity (MW): 1070 
Average annual energy (GWh): 6000 

 
Potentially the 1070 MW = 1.07 GW would be able to deliver 1.07×8766 = 9380 GWh per year, 
so the lesser figure (6000) indicates that the plant is not delivering full power all year round. 
 

GHG Emission Units 

Greenhouse gas emissions and fluxes are expressed in a variety of units. Emissions are mass per 
time, for example with these units: 
 

o Gg CO2-eq/yr (Gigagram CO2 equivalents per year). This unit is used by IPCC42. 

o t C/yr (Tons of carbon emitted per year) 

o kg CO2-eq/yr/MWe (kilogram CO2 equivalents per year per megawatt electricity 
produced) 

 

Fluxes are emissions per surface area of the reservoir, for example with these units: 
 

o CO2-eq/ha/day 

o mg CO2-eq/m2/day 
 

Global Warming Potential 

CO2-eq implies that the gas not necessarily is CO2. If it is methane or another GHG, it is 
converted to equivalent CO2. This is done by multiplying fluxes or emissions by a factor named 
Global Warming Potential or GWP. GWP tells how much a gas is holding back the outgoing heat 
radiation from our planet (which is the greenhouse effect) compared to what CO2 can hold back 
over a number of years. Usually 100 years are applied. GWP is based on the mass of the gas 
being compared to CO2. 
 
The GWP must depend on the lifetime of the gas in the atmosphere compared with the time 
horizon for the GWP (the 100 years). The lifetime for methane is 12 years, so in the beginning of 
the time horizon methane is much more serious than after about 12 years. Other gases behave 

                                                      
42  Intergovernmental Panel on Climate Change. Home page: www.ipcc.ch 
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differently.  Nitrous oxide (N2O) for example has a lifetime of 114 years, so its infrared 
absorbance is still very significant after the time horizon. 
 
For methane IPCC has determined GWP to be 25 for a 100 year time horizon. (An older value 
was 23 and a still older was 21). If the time horizon instead of 100 was set to 20 years then the 
GWP for methane becomes 72 (due to its short lifetime).  
 
The conclusion is that it is important to state the time horizon when a GPW value is quoted, for 
example as: 
 

25100,4
yrCHGWP

 
 
This number is the ratio between actual emission or flux, and CO2-eq emission or flux for a given 
greenhouse gas. For methane: 
 

442 100, CHyrCHCO EGWPeqE 
 

 
where E means emission or flux.  
 
A Numerical Example 
The Nam Theun 2 reservoir has a maximum surface area of 450 km2. If the CO2 emission was, 
say, 100 Gg/yr, then the emission as measured as mass of carbon, C, per unit of time becomes:   
 

100 Gg CO2/yr = 100×103×(12/44) /365.25 = 75 ton C/day 
 
So the rule is: To convert Gg CO2/yr to ton C/day, multiply by 0.75.  
 
The factor 12/44 is the ratio between molar weight of carbon and the molar weight of CO2. The 
factor 103 is number of ton per Gg and 365.25 are the number of days per year. 
 
The CO2 flux from a 450 km2 reservoir surface and 100 Gg CO2/yr emission would be  
 

100×1012/(450×106×365.25) = 610 mg CO2/m
2/day 

 
since 1 Gg = 1012 mg and 1 km2 = 106 m2. 
 
If the same reservoir has a methane flux of 20 mg×m-2×day-1 then the total CO2 equivalent flux 
becomes:  
 

day/m/eqCOmg11102520610E 2
2eqCO2
  

 
 

Cumulated Emissions 

Climate change results from the cumulative build-up of greenhouse gases in the atmosphere over 
time, not emissions in any particular year. For hydropower reservoirs it would be natural to 
accumulate emissions rates over the lifetime, T, of the hydropower plant: 
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 dttEA
T

COCO  0 22  
 
Here A is the accumulated emissions with a mass unit (Gg CO2, t C, etc.). To calculate the 
integral, emission must be known as a function of time, t. It is expected that this function, E(t) is 
only significantly above zero in the early years during the lifetime of the reservoir. The reason is 
that, although some biomass may take decades or even centuries to decay, the nutrients released 
from the fast decaying biomass will trigger growth of algae, which absorb CO2 (but not methane) 
during their photosynthesis. See also Page 35 for a discussion of the effect of re-growth in the 
drawdown zone.  
 

Pre-Inundation Parameters 

Parameters collected prior to and during reservoir filling which are most relevant for setting up a 
biomass removal strategy can be listed as follows. The texts in parenthesis refer to the symbols 
used by the biomass model. (See Biomass Removal – Technical Reference) 
 

1. Standing crop of soft and hard biomass before inundation ( 0
2B and 0

3B ) 

2. Minimum and maximum reservoir volumes during operation of the plant (VFSL - 
ΔV and VFSL) 

3. Maximum drawdown area (can be used to estimate live volume ΔV) 

4. Discharge of water from the reservoir through turbines or spillways (Q0) 

5. Inflow from each tributary to the reservoir; annual minimum, maximum and 
average (used to estimate total inflow versus time Q(t)) 

6. Annual rainfall and runoff in wet and dry season (runoff contributes to Q(t)) 

7. Annual evaporation 

8. Concentration of allochthonous carbon in tributaries and runoff water (Bin) 

9. Concentration of dissolved phosphorous in tributaries and runoff water (Pin) 

 
Based on these observations and on the Guidelines (see Page 39), the amount of hard and soft 
biomass to be removed before inundation or flushed out during inundation can be determined. 
This includes ash flushed out if vegetation will be burned prior to inundation. 
 

Methods of Determination and Units of Measurements 

Recommended methods for determination of pre-inundation parameters are as follows. 
 
1. Standing crop of hard and soft biomass 
The procedure starts with vegetation classification and division of these classes into four groups: 
 

Above ground, hard biomass  Above ground, soft biomass 
Below ground, hard biomass  Below ground, soft biomass 
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Each group is found as a wet-weight and its coverage, and ends up as one number for hard 
biomass and one number for soft biomass dry weight using the rules described above for “From 
wet weight to dry weight” and “Combining vegetation types”. 
 
Hard and soft dry weight biomass should be reported as tons biomass per ha, as g biomass/m3 and 
as g BOD/m3 at full supply level (FSL). The biomass concentrations can be found by dividing the 
t/ha with the average depth at FSL after converting hectares to square meters and tons to grams. 
The BOD units can be calculated from the dry weight units by multiplying the weight by 0.95. 
 
2. Minimum and maximum reservoir volumes during operation 
These numbers can be obtained from the developer or calculated as min/max surface areas times 
average depth. Units are m3. 
 
3. Maximum drawdown area, average depth and length of reservoir 
These numbers can be obtained from the developer. Drawdown areas can also be derived from a 
digital elevation model using GIS. The length of the reservoir is a rough estimate of the path 
length from the main inflow to the main downstream spillway or outlet. It can be estimated from 
maps of the area to be flooded. Area units are km2, length units are km, and depth units are m. 
 
4. Discharge of water from the reservoir through turbines or spillways 
These numbers are known from the developer, often reported as m3/s, and vary during operation 
of the plant. Convert these numbers to an annual average in m3/day. 
 
5. Inflow from each tributary to the reservoir; minimum, maximum and annual average 
These numbers may be obtained from the developer or the literature. If not, fieldwork should 
include determination of these flows, at least as one number for the dry season and one for the wet 
season in each tributary. The preferred measuring instrument is a current meter. The results are 
reported as m3/s and as an annual combined inflow average in m3/day. 
 
6. Annual rainfall and runoff 
Rainfall and sometimes runoff for the area may be obtained from the literature or the Internet or 
nearby meteorological and hydrological stations. Their units can be mm/year. Multiplying by the 
surface area of the reservoir (in km2) at FSL and multiplying further by 1000 gives you the annual 
flow from precipitation and runoff into the water body in m3/year. Convert these numbers to 
m3/day. If runoff cannot be determined, set its value to 40% of the rainfall. 
 
7. Annual evaporation 
Annual evaporation is usually known from the literature or the Internet or nearby meteorological 
stations. If not, formulas exist to estimate evaporation from temperature, wind speed and humidity 
(see e.g. en.wikipedia.org/wiki/Penman_equation). A third option would be to include pan 
evaporation in the fieldwork (see e.g. en.wikipedia.org/wiki/Pan_evaporation). An approximate 
result is adequate, since evaporation can be assumed to be an order of magnitude less than the 
discharge43. 
 

                                                      
43  At the Nam Theun 2 reservoir the estimated mean annual evaporation is 5.0 m3/s which should be compared to the mean annual 

discharge through turbines of 238 m3/s. See Environmental Assessment and Management Plan 2004, Nam Theun 2 Power 
Company, Annex E, Table E.9.  
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The unit of annual evaporation is usually mm/year. Multiplying by the surface area of the 
reservoir (in km2) at FSL and multiplying further by 1000 gives you the annual evaporation flow 
withdrawn from the water body in m3/year. Convert this number to m3/day. 
 
8. Concentration of allochthonous carbon in tributaries and runoff water 
Concentrations in tributaries should be measured from samples taken at 1 m depth both as TOC 
(total organic carbon in g C/m3) and as BOD (biochemical oxygen demand in g O2/m

3) at inlets of 
major tributaries. The two numbers can be compared by multiplying TOC by 32/12 to make both 
units equal to g O2/m

3.  
 
Concentrations in runoff water can be measured from samples taken during storm and rainfall 
events near the shorelines of the river. Both TOC and BOD should be determined. Add the 
contributions from tributaries and runoff as flow-weighted averages (see “Combining 
concentrations from tributaries” above).  
 
9. Concentration of dissolved phosphorous in tributaries and runoff water 
Dissolved P from tributaries should be measured from samples taken at 1 m depth at the inlets of 
all major tributaries. Dissolved P in runoff water can be measured from filtered samples taken 
during storm and rainfall events near the shorelines of the river. 
 
Add the contributions from tributaries and runoff as flow-weighted averages (see “Combining 
concentrations from tributaries” above).  Unit: g P/m3. 
 

Processing Pre-Inundation Data 

Biomasses from different vegetation classes are aggregated into a hard and a soft biomass 
component for the standing crop prior to any biomass removal using this formula 
 


i

ii cw
 

 
The summation is over all vegetation classes registered as hard or soft biomass respectively. The 
terms to sum are products of the individual dry weights (wi) and coverage (ci) for each vegetation 
or soil type. Dry weights can be determined from real samples in the field, oven-dried to constant 
weight. Coverage can be expressed as the relative area a vegetation type covers or as the relative 
volume an organic soil group covers. 
 
The separation into hard and soft biomass shall be based on decay rates or half lives in the 
published literature (see also Page 37). The hard component shall include biomasses with decay 
rates of 0.001 day-1 or smaller; the soft biomass components have decay rates bigger than 0.001 
day-1. The end result is two numbers: standing crop of soft and hard biomass before inundation 

( 0
2B and 0

3B ). 

 
Volume at FSL, length of the reservoir and the average discharge are used to calculate the Froude 
number for the reservoir. See Page 36 for details. Data needed to calculate the Froude number can 
be obtained from item 2, 3 and 4 above. 
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The flows listed in item 5 – 7 above can be used to document the hydrological balance. Total 
inflow is the sum of 
 

o Inflow from tributaries 

o Rainfall 

o Runoff 
 
Total outflow is the sum of 
  

o Discharge through turbines or spillways 

o Evaporation 

o Groundwater recharge (can usually be ignored) 
 
When inflow and outflow are known as time series, water storage in the reservoir can be 
calculated from 

outin QQ
dt

dV


 
 
Notice that the volume V only is constant when Qin = Qout at any time, t. 
 
An alternative to solving the equation for V is to use the simple hydrology in the attached model. 
It assumes Qout to be constant and Qin to follow a sine function. If the model is used, it is 
necessary to estimate the fraction of the amplitude of Qin which can be attributed to tributaries and 
runoff (excluding precipitation and evaporation). This fraction is called β in the model. 
 
Concentrations of allochthonous organic material and phosphorus in tributaries and runoff can be 
used to calculate total load of the two substances using these formulas 
 

Q

CQ
C

n

0i
ii


 

 





n

0i
iQQ
 

 
Ci is the concentration of one of these substances from the ith tributary (i = 1, 2 …n) or from runoff 
(i = 0). Qi is the inflow of water from each of the tributaries and Q0 is the runoff. Notice that Q 
neither includes evaporation nor rainfall, since these flows do not carry any biomass or 
phosphorus.   
 

Post-Inundation Monitoring 

The water quality and GHG emission monitoring program should at least include these 
parameters: 

1. Dissolved oxygen and temperature profiles at representative stations in the 
reservoir. As a minimum three stations: one most upstream, one most 
downstream and one in the middle. Unit: g O2/m

3. 
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2. Concentrations of allochthonous carbon at inlets of major tributaries and in 
runoff water. Convert units to g O2/m

3. See item 8 above. 

3. Total and dissolved phosphorus at 1 m depth at representative stations in the 
reservoir and at inlets of major tributaries. Unit: g P/m3. See item 9 above. 

4. Total nitrogen and dissolved nitrogen (ammonia plus nitrate) at 1 m depth at one 
or two stations in the reservoir.  Unit: g N/m3. Compare (3) and (4) in order to 
verify that P (not N) is limiting for growth of phytoplankton. P is limiting if  

74.7
31

15
16

)m/g(P

)m/g(N
:or16

)m/mol(P

)m/mol(N
3

3

3

3

  

 
Refer to the composition formula for biomass on Pg. 37 (Stumm and Morgan). 
15 and 31 are the molar weights of N and P, respectively. If this inequality has 
been true for at least two samples, one in the wet season and one in the dry 
season, then the nitrogen monitoring program can be terminated. 

5. Phytoplankton biomass at 1 m depth at one or two stations in the reservoir. 
Unit: g dry weight/ m3. Also convert to g O2/m

3 by multiplying by 0.95. 

6. Secchi disk depth at the stations where dissolved oxygen is measured. Unit: m. 
Use these numbers to estimate the volume of the photic zone (the zone with 
light, i.e. the upper water layers where photosynthesis takes place). Compare 
with dissolved oxygen and temperature profiles. 

7. Methane concentrations in both hypolimnic and epilimnic water. Unit: g 
CH4/m

3. For reservoirs where methane is suspected to become an issue, direct 
measurement of methane fluxes right above the water surface shall also be 
carried out. Unit: g CH4/m

2/day. 
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