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Technical Assessment 
 

1 Introduction 

1.1 Overview 
An assessment of several commercially available technologies has been performed to determine the most 
suitable scenario for generating electrical power from encroacher bush in Namibia.  Broadly, a number of 
thermochemical technologies are available to NamPower including combustion, gasification and pyrolysis, but 
the commercial and technical maturity and the cost of producing electricity varies substantially.  

Of these technologies combustion is by far the most commercialised to date and thus best suited to provide 
NamPower with low cost and reliable electricity, the key drivers of the technology assessment. It is also the 
lowest risk and hence most likely to attract financial support from risk-wary institutional investors. As discussed 
in the project inception report, WSP recommends the use of commercially proven combustion or staged 
gasification technologies for the conversion of biomass to heat energy for generating electricity.  

There is also potential to use biomass as a replacement for coal at the existing Van Eck Power Station, 
particularly when biomass is pre-treated via a torrefaction process in order to transform it into a material with 
similar characteristics to coal. There may be good opportunities for using torrefied material at Van Eck but we 
do not consider an investment in a production system to be appropriate given the lack of commercial 
experience internationally. However, an arrangement to purchase torrefied material from a producer may offer 
potential. 

1.2 Scenarios 
Following the pre-feasibility study a number of potential technical scenarios and locations for biomass power 
facilities in Namibia have been identified. These are summarised in Table 1. Scenarios 1 and 2 relate to new, 
dedicated biomass power generation facilities. Scenario 3 relates to the conversion of an existing coal power 
plant to operate on a high proportion of biomass. 
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MW Power (Metso - Wartsilla JV) Finland 

Aker Solutions UK 

Weiss A/S Denmark 

Imperative Energy Ltd UK 

RES Enterprises Limited UK 

Vapor Finland Oy Finland 

Envirotherm GmbH Germany 

Foster Wheeler Finland 

Bertsch Germany 

Standard Kessel Germany 

Urbas Austria 

ITI Energy UK 

PRM Energy USA 

Repotec Austria 

HOST Holland 

Nexterra Energy Canada 

Vyncke Germany 

 

 

Table 3: Suppliers of biomass combustion plant in India and China (not contacted) 

Country Company 

India 

  

  

Urja Thermal Solutions 

NS Thermal Energy PVT Ltd 

Sitson India PVT. Ltd. 

China 

  

  

  

  

Harbin Intelligence Thermal Electricity Engineering 
Group 

Shandong Runh Power Plant Engineering 
Technology 

Taishan Group Co., Ltd. 

Qingdao Shuangzi Precision Machinery Co.,Ltd 

 

Detailed discussions with equipment vendors have allowed WSP to recommend representative equipment 
configurations, sizing, and operational parameters for each boiler type to NamPower. It should be noted that 
numerous vendors contacted either did not respond at all or declined to provide information. The reasons 
varied but common responses were being too busy, considering the project to be in too early a phase to allow a 
specific response and a lack of interest in working in Namibia. However six organisations responded positively 
and much of this appraisal is based on the technical and financial data we received from them.  

A listing of each biomass boiler type and the and the advantages and typical applications are presented in 
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The boiler uses an air cooled vibrating grate combustion furnace supplied with under-grate (primary) air and 
over-fire (secondary) air. Biomass fuel is fed to the grate via screw conveyers, with large particles falling on to 
the grate and small particles igniting in suspension above the grate. 

In common with most grate combustion systems, heat generated is recovered via the boiler section located 
directly above the furnace. The boiler is equipped with a superheater section, economizer, and water wall 
evaporative section.   

 

Figure 2: Vibrating grate boiler, courtesy of Babcock & Wilcox Power Generation Group 

 

 

5 MW Grate Combustion System 

The 5 MW grate boiler scenario is based on an air cooled vibrating grate boiler.  These systems can be 
supplied in sizes up to 7 MW so is well suited to small scale applications.  

The technology uses an air cooled vibrating grate combustion furnace supplied with under grate and over fire 
air.  The boiler is equipped with a superheater section, economizer, and water wall evaporative section.   
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Figure 4: Bubbling Fluidized Bed Staged Gasifier example, courtesy of Outotec 

 

 

2.4.3 Circulating Fluidized Bed (CFB) Furnace and Boiler 
The CFB boiler scenario has been based on an internally recirculating circulating fluidized bed (IR-CFB) 
system. Discussions with suppliers indicated that this system is best suited for the application which involves a 
low moisture content fuel.  This boiler is shown in Figure 5.   

The IR-CFB is a circulating fluidized bed boiler in which a portion of the bed media (sand) is recirculated in the 
main furnace chamber. Primary fluidizing air is supplied below the bed with sufficient velocity to force the bed 
media and fuel particles upward through the furnace.  Due to an expansion in cross-sectional area at the top of 
the furnace, the velocity of the existing flue gas is decreased causing sand and particles to drop out of the flow 
and fall back down the furnace.  Some media and particles will continue onward toward the heat exchanger 
tubes and are collected using a series of U-beams designed to separate particulate and sand from the flow. 
These materials fall back down into the main furnace as well. These two components make up the primary 
recirculation loop.  Bed media, fuel particles and ash escaping this primary collection mechanism will be 
collected using cyclone separators following the superheaters and delivered back the bed. This is the 
secondary recirculation loop.  The boiler will be supplied with superheaters, economizers, refractory lined water 
wall and steam drum.  Primary and secondary combustion air will be preheated by exiting flue gas following the 
economizer.  
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Figure 5: Internally Recirculating Circulating Fluidized Bed boiler example, courtesy of Babcock & Wilcox Power 
Generation Group, Inc. 

 

 

Thermoflex has the ability to create a thermodynamic model of a CFB system and this model will provide a 
reasonably accurate estimate of the heat and mass balance for a CFB. Detailed technical operating and 
performance data was not provided by suppliers at the time of the study, so a number of assumptions were 
made and Thermoflex was used to model the optimized performance of the system and determine some of 
these parameters.  
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3.3 Biomass Composition 
Biomass composition data for Namibian Encroacher bush is quite limited in the public domain. A review of 
previous studies conducted has produced very little reliable composition and calorific value data.  WSP 
commissioned Inspectorate, a Bureau Veritas Group Company, in South Africa to conduct composition analysis 
on six Encroacher bush biomass samples including 2 torrefied bush samples.  The first four samples in the 
tables below arise from the Inspectorate analysis report. In addition, an analysis report became available from 
Laborelec, a GDF Suez company, to the study team during the feasibility study which provided an additional 
data point. The fifth sample shown below arises from the Laborelec analysis report. Each analysis report 
contains a proximate analysis, ultimate analysis and ash composition analysis.  The Laborelec study also 
determined ash deformation temperature.  Together these two studies can be used to develop a representative 
biomass composition analysis based on the five untreated biomass samples. This is useful since encroacher 
bush would be sourced from several presently unknown locations and may vary seasonally as different regions 
are harvested.  

The proximate analysis results are presented in Table 7. The gross calorific value (GCV) reported in the 
analysis report has been converted to net calorific value (NCV).  The average results are also converted to 
weight per cent on an as-received basis for a moisture content of 15%. This is the assumed moisture content 
on an as-fired basis by the biomass furnace and which is used in the heat and mass balance calculations. In 
practice, the moisture content may actually be lower if NamPower employ a windrow drying technique similar to 
that used by Schwenk, so 15% is likely a conservative assumption.  NOTE: at the time when the technical 
modelling was performed, only the fifth sample (chopped Encroacher Bush from 07/02/2011) was available and 
this dataset was used in the mass & energy balance calculations presented in this study.  

Table 7: Proximate analysis of raw Namibian Encroacher bush, reported on an Air-dried Basis 

Sample Name H2O Ash Volatile Fixed Car-
bon2 

GCV (kJ/kg-
AR) 

NCV (kJ/kg-
AR)3 

(G1) Gershon hammermill 
<5 cm wood chips 4.3 11.4 68.8 15.5 16,150 15,143 

(EFF1) EFF hammermill 
<5 cm wood chips 10.2 4.6 68 17.2 16,380 15,288 

(EFF2) EFF 5-20 cm wood 
chips 5.9 6.6 70.5 17 16,900 15,828 

(CCF1) CCF 5-20 cm 
wood chips 7.5 1.7 72.1 18.7 17,360 16,228 

Chopped Encroacher 
Bush Samples  
07/02/2011 (as received) 

9.20 5.30 71.20 14.30 15,553 14,219 

Average of all Samples 7.42 5.92 70.12 16.54 16,469 15,260 

Average of all Samples at 
15% M.C. 

15.00 5.44 64.38 15.19 15,120 13,909 

 

The ultimate analysis results are presented in Table 8.  A further Chlorine analysis is also currently being 
undertaken at a separate laboratory (Inspectorate had reported difficulties in undertaking reliable Chlorine 
analysis on biomass combustion samples).  

                                                      
2 Fixed carbon is determined by difference 

3 Net calorific value is not reported but is computed using GCV, hydrogen and moisture contents 
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Mm3/year respectively (Mazambani et al). According to Christian & Associates, (2009) the area around 
Tsumeb has high groundwater potential (~15m3/ hour >360m3/day). For the volumes of water being 
considered for the air-cooled systems proposed in Table 12, and considering that electricity generation is a 
high priority economic sector, obtaining sufficient water is unlikely to be an issue, although this will still be 
subject to a site specific geohydrological study. Auxiliary Fuel and Electricity Requirements 

In normal operation the plant will consume electricity for process and non-process usage, including for pumps, 
fans, controls and lighting. This will be supplied by the plant itself for the vast majority of the time. However 
during start-up and shut-down periods the plant will require auxiliary fuel to initiate combustion and electricity 
from the grid to power the plant while the turbine is off-line. Such requirements are small relative to the total 
annual load, but still represent an operational cost. An approximate estimate of the annual total fuel and power 
requirement is provided in Table 14. These estimates are subject to a high level of uncertainty as the 
consumption depends on a number of factors such as the reliability of the plant, emissions legislative 
requirements and technology type. 

 

Table 14: Auxiliary Fuel and Electricity Requirements 

Scenario Electricity 
(MWh/y) 

Auxiliary Fuel 
(MWh/y) 

1 5MW grate 14 386 

2a 2x10MW grate 45 1,255 

2b 2x10MW BFB 38 1,208 

2c 2x10MW grate 44 1,317 

2d 2x10MW BFB 36 1,290 

 

3.8.3 Other Consumables 
Biomass power plants require a number of consumables to ensure proper and effective long term operation.  

Emissions control 

Fluidised bed boilers utilise limestone injection as a reagent to control sulphur emissions. Grate boilers can 
control sulphur emissions via injection of lime into the flue gas, however the equipment vendors advised this is 
unlikely to be necessary to comply with emissions limits given the composition of the biomass. Nitrogen oxides 
(NOx) emissions are controlled with selective non-catalytic reduction emission control devices. These require a 
supply of urea which is combined with an aqueous reagent (to produce a slurry) and injected into the flue gas. 
The urea will be completely consumed by the reactions and leave the facility as gaseous components via the 
stack (converting a proportion of NOx into benign N2 and H2O in the process).  Limestone supplied to the 
fluidised bed boilers will be converted to calcium sulphate, which will be a solid residue present in the boiler 
ash.  

Boiler cleaning 

Boiler water cleaning will also be required in order to remove impurities and dissolved gases that can lead to 
corrosion (via a demineralisation plant or reverse osmosis unit), and also periodically to remove deposits of 
scale etc. that may accumulate. This will require various chemicals depending on the type of system used. At 
this stage it has not been possible to quantify the quantities required as it depends on the raw water 
composition and choice of technology, but it is expected the quantities required will be relatively small 
compared to other consumables. Costs have been estimated based on rule-of-thumb data available to WSP, 
expressed as a cost per unit of fuel input rather than a cost per tonne of chemicals. 

The annual consumption of the consumables above is shown in Table 15. 
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Table 17: WHO Guidelines for stack emissions from solid fuel boilers, emission rates in mg/Nm3 at 6% O2 on dry 
gas 

 
Non-degraded areas Degraded areas 

 

Limit for boilers 
<50MWth fuel 

Limit for (solid 
fuel)  boilers >50 MW 
to <600MWth fuel 

Limit for boilers 
<50MWth fuel6 

Limit for (solid 
fuel)  boilers >50 
MWth to <600MWth 
fuel 

Particulates 50 50 50 30 

SO2 2000 900 - 1500 2000 400 

NOx 650 510 650 200 

 

Table 18 presents the computed stack emission concentrations reported at 6% excess oxygen on dry gas as 
recommended in the World Health Organisation guidelines. Each power plant scenario presented can achieve 
the emission limits proposed by WHO for non-degraded areas. It would be possible to reduce the SO2 
emissions from the grate system to similar level as the fluidised bed system by installing acid gas scrubbers 
with lime injection to the flue gas, but with a penalty of increased capital and operational costs. 

 

Table 18: Plant air emissions in mg/Nm3 at 6% O2, dry 

Scenario 

Emission Concentration (mg/m3 , 6% O2 dry basis) 

Particulates Sulphur Dioxide 
(SO2) 

Nitrogen Oxides 
(NOx) 

  
WHO guidelines limits <50 
MWth 7 

50 2,000 650 

1 5MW grate 25 225 299 

 
WHO guidelines limits 50 to 600  
MWth 8 

50 900 - 1500 510 

2a 2x10MW grate 25 225 299 

2b 2x10MW BFB 9 46 311 

2c 2x10MW grate 25 225 299 

2d 2x10MW BFB 9 46 311 

 

A more comprehensive assessment of total plant air emissions in tonnes per annum is presented in Table 19 
for informational purposes.  With the exception of ammonia, which is formed in the SNCR system as a result of 
incomplete oxidation following NOx reduction, the other species are all formed as combustion products. The 
emission totals presented here represent species total annual stack emission subsequent to the emission 
controls used. 

                                                      
6 Higher performance levels than these in the table should be applicable to facilities located in urban / industrial areas with degraded airsheds or close to 
ecologically sensitive areas where more stringent emissions controls may be needed 

7 Applies to the 5 MW electrical output scenario 

8 Applies to all 20 MW electrical output scenarios 
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Table 19: Plant air emissions in tonnes per year 

Scenario 

  

  

All figures in tonnes/year 

Nitrogen 
Oxides 
(NOx) 

Sulphur 
Dioxide 
(SO2) 

Sulphur 
Trioxide 
(SO3) 

Hydrogen 
Chloride 
(HCL) 

Ammonia 
(NH3) 

Carbon 
Dioxide 
(CO2) 

Particulate 
Matter 

1 5MW grate 72 54 13 46 37 69,543  6 

2a 2x10MW grate 247 185 44 158 127 237,252  21 

2b 2x10MW BFB 249 36 0 155 128 230,076  7 

2c 2x10MW grate 247 185 44 158 127 237,252  21 

2d 2x10MW BFB 249 36 0 155 128 230,076  7 

 

3.9.2 Ash Production and Disposal 
Biomass fuel contains a proportion of non-combustible matter that will pass through the furnace and exit as 
ash. Some of the ash will drop out the bottom of the furnace while some will be entrained in the hot gases 
exiting the boiler and will be collected by electrostatic precipitators or fabric filters (fly ash). 

The quantities of ash generated from plants modelled in each scenario are provided in Table 20. 

 

Table 20: Total boiler bottom and fly ash production by scenario 

Scenario 

 

Bottom Ash Fly Ash Total Ash  

Tonnes/hr Tonnes/hr Tonnes/hr Tonnes/y 

1 5MW grate 0.05 0.26 0.30 2,457 

2a 2x10MW grate 0.15 0.84 0.99 7,994 

2b 2x10MW BFB 0.33 0.78 1.11 9,022 

2c 2x10MW grate 0.16 0.88 1.04 8,384 

2d 2x10MW BFB 0.36 0.84 1.20 9,684 

 

Encroacher bush composition analysis conducted by Laborelec of GDF Suez and Inspectorate was made 
available during the study.9 The analysis included ash composition analysis. The Encroacher bush ash analysis 
is presented below showing all metal oxides present in the biomass as an average between the Laborelec and 
the Inspectorate Encroacher bush sample analyses.  The collection of ash from the combustion process will 
take place at the boiler and cyclone separators. Both of these sources of ash will contain unburned carbon, and 
as such, presents the representative composition of ash collected from fluidized bed boilers and grate boilers 
adjusted for the content of unburned carbon.  The fluid bed boiler ash stream will also contain calcium sulphate 
produced in the reaction of limestone used to control sulphur dioxide emissions. This has not been accounted 
for in the ash analysis below but would be present at up to 7% by weight in the BFB and CFB residues.  

 

                                                      
9 Refer to Solid Biofuel Analysis Report Number 2011-BIO-026 
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Table 21: Representative Ash Analysis 

Component  Weight % in as 
received 
biomass 

Weight % in BFB 
and CFB 

combustion 
residue 

Weight % in Grate 
Boiler Combustion 

Residue 

SiO2 45.8% 41.2% 45.2% 

Al2O3 21.1% 19.0% 20.9% 

Fe2O3 4.2% 3.8% 4.1% 

CaO 1.2% 1.1% 1.2% 

MgO 1.9% 1.7% 1.9% 

Na2O 16.7% 15.0% 16.5% 

K2O 1.3% 1.2% 1.3% 

TiO2 0.9% 0.8% 0.9% 

P2O5 3.4% 3.1% 3.4% 

SO3 2.9% 2.6% 2.8% 

Other Ash 0.5% 0.5% 0.5% 

Unburned Carbon  9.90% 1.30% 

 

Initial discussions with Schwenk, who are majority owners of the Ohorongo Cement plant, indicate the biomass 
combustion ash could be used as a feedstock in the cement production process.  For facilities sited at or near 
Ohorongo Cement, this would be the best use of the combustion ash residues from both an economic and 
environmental perspective. Effectively the ash produced could be disposed of at zero cost. 

For the scenarios where a plant is located at Otjikoto or Otjiwarongo it is unlikely to be viable to transport the 
ash to Ohorongo Cement in an economically viable manner. In these cases it will be necessary to find 
alternative outlets, or dispose of via landfill. Ash from encroacher bush is rarely classified as hazardous, and 
could potentially be used as a construction material or agricultural additive. However if suitable outlets cannot 
be found within an economic transportation distance the most appropriate solution may be to develop a non-
hazardous landfill at or close to the combustion plant, in order to avoid haulage costs to existing landfills which 
may be significant given the geography of Namibia. This option would need further investigation if a site other 
than Ohorongo Cement is chosen, or if it is found that the cement plant cannot accept the ash for any reason. 

3.9.3 Effluent Emissions 
Much of the water required for process use will be contained in a closed system; however there will be an 
effluent discharge from boiler blowdown. The quantity of blowdown water arising from each scenario is 
provided in Table 22. 

 

 

 

 



 

 
 

 
 

 

Project number: 3190623559   
Dated: 2012/07/31 36 | 71  
Revised:  11/09/2012   

Table 22: Blowdown Emissions 

Scenario 

  

System 

  

Blowdown effluent 

Tonnes/hr Tonnes/y 

1 5MW grate 0.2597 2,104 

2a 2x10MW grate 0.463 3,750 

2b 2x10MW BFB 0.1167 945 

2c 2x10MW grate 0.4698 3,805 

2d 2x10MW BFB 0.1165 944 

 

Blowdown water will contain dissolved minerals and impurities which mean effluent consents will be required if 
disposed of off-site. At this stage we envision the use of boiler blowdown water for ash cooling. A proportion will 
be lost to evaporation in this process, with the remaining water sent to a settlement/evaporation pond where the 
water will evaporate and remaining minerals contained on-site, avoiding the requirement to discharge off-site. 

This is similar to the arrangement currently in place at the Van Eck coal-fired plant. 

3.10 Heat and Mass Balances 
High level mass and energy balance information has been presented in the previous sections of this chapter 
which convey the key process inputs and outputs such as feed rates of biomass, ash production, water 
consumption, etc. needed to deliver a 5 MW or 20 MW net electrical output.  Thermoflex also provides a 
detailed heat and mass balance for the plant and for each component in the process scenario modelled.  
Generally these include fuel flows, air and flue gas flows, steam and water flows, mechanical compression and 
expansion power.  These heat and mass balances have been copied from Thermoflex and are presented in the 
Tables below. The reader is however, encouraged to also refer to the supplementary design report provided for 
further details and reference for where each component is physically located in the process.  

 

Table 23: Heat and Mass Balance for Scenario 1 

HEAT BALANCE 
Zero enthalpy @ 77F (25C) & vapour H2O. 

Component  [kW] [kW] % 
Air-cooled Condenser[28] Heat input -2.42   
Duct[24] Heat removed/lost  0.00  
Duct[4] Heat removed/lost  13.68  
Duct[21] Heat removed/lost  6.33  
Economiser[11] Heat input 40.98   
Economiser[11] Heat removed/lost  49.58  
Fan[17] Compression power 15.58   
Fan[20] Compression power 221.90   
Fan[25] Compression power 13.63   
Fuel Source[2] Heat input 24125.00   
Furnace w/Grate[1] Heat removed/lost  342.50  
Gas/Air Sink[29] Heat removed/lost  12589.00  
Gas/Air Source[18] Heat input -22.61   
Gas/Air Source[26] Heat input -15.07   
Gas/Air Source[30] Heat input -3393.00   
General HX[3] Heat removed/lost  6.15  
General Pump[7] Pumping power 11.98   
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General Pump[9] Pumping power 2.32   
General Pump[34] Pumping power 44.72   
Makeup/Blowdown[14] Heat input -222.00   
Parallel Tubular Air Heater[12] Heat input 7.21   
Parallel Tubular Air Heater[12] Heat removed/lost  10.53  
Pipe[16] Heat removed/lost  16.66  
Selective Non-Catalytic Reduction[6] Heat removed/lost  0.00  
Stack[23] Heat removed/lost  1469.50  
Steam Turbine[8] Expansion power  4171.00  
Steam Turbine[8] ST leak outs  266.30  
Steam Turbine[10] ST leak ins 225.00   
Steam Turbine[10] Expansion power  2105.90  
Superheater[5] Heat input 22.38   
Superheater[5] Heat removed/lost  28.49  
Total Energy Input  21075.00   
Total Energy Output   21076.00  
Cycle Heat Balance Error   1.03 0.0043 
 
 

MASS BALANCE 
 

Component  [t/h] [t/h] % 
Air-cooled Condenser[28] Mass flow in 0.00   
Fuel Source[2] Mass flow in 5.59   
Furnace w/Grate[1] Mass flow out  0.56  
Gas/Air Sink[29] Mass flow out  3008.00  
Gas/Air Source[18] Mass flow in 20.05   
Gas/Air Source[26] Mass flow in 13.36   
Gas/Air Source[30] Mass flow in 3008.00   
Makeup/Blowdown[14] Mass flow in 0.32   
Makeup/Blowdown[14] Mass flow out  0.00  
Stack[23] Mass flow out  38.70  
Steam Turbine[8] Mass flow out  1.24  
Steam Turbine[10] Mass flow in 1.18   
Total Mass Flow In  3049.00   
Total Mass Flow Out   3049.00  
Cycle Mass Balance Error   0.00  
 

Table 24: Heat and Mass Balance for Scenario 2a 

HEAT BALANCE 
Zero enthalpy @ 77F (25C) & vapour H2O. 

Component  [kW] [kW] % 
Air-cooled Condenser[28] Heat input -4.35   
Deaerator[16] Heat removed/lost  0.00  
Duct[24] Heat removed/lost  0.00  
Duct[4] Heat removed/lost  23.46  
Duct[31] Heat removed/lost  4.79  
Economiser[11] Heat input 59.65   
Economiser[11] Heat removed/lost  74.27  
Fan[17] Compression power 14.18   
Fan[20] Compression power 393.90   
Fan[25] Compression power 50.07   
Fuel Source[2] Heat input 39250.00   
Furnace w/Grate[1] Heat removed/lost  554.80  
Gas/Air Sink[29] Heat removed/lost  21633.00  
Gas/Air Source[18] Heat input -17.10   
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Gas/Air Source[26] Heat input 3223.00   
Gas/Air Source[30] Heat input -5831.00   
General HX[3] Heat removed/lost  4.97  
General HX[19] Heat removed/lost  20.90  
General Pump[7] Pumping power 25.81   
General Pump[9] Pumping power 4.02   
General Pump[34] Pumping power 113.90   
Makeup/Blowdown[14] Heat input -361.10   
Pipe[27] Heat removed/lost  29.92  
Selective Non-Catalytic Reduction[21] Heat removed/lost  0.00  
Stack[23] Heat removed/lost  2415.70  
Steam Turbine[8] Expansion power  8423.00  
Steam Turbine[8] ST leak outs  462.60  
Steam Turbine[10] ST leak ins 418.80   
Steam Turbine[10] Expansion power  3678.00  
Superheater[5] Heat input 44.36   
Superheater[5] Heat removed/lost  57.43  
Total Energy Input  37384.00   
Total Energy Output   37383.00  
Cycle Heat Balance Error   -0.86 -0.0022 
 
 

MASS BALANCE 
 

Component  [t/h] [t/h] % 
Air-cooled Condenser[28] Mass flow in 0.00   
Deaerator[16] Mass flow out  0.00  
Fuel Source[2] Mass flow in 9.09   
Furnace w/Grate[1] Mass flow out  0.96  
Gas/Air Sink[29] Mass flow out  5170.00  
Gas/Air Source[18] Mass flow in 15.16   
Gas/Air Source[26] Mass flow in 40.16   
Gas/Air Source[30] Mass flow in 5170.00   
Makeup/Blowdown[14] Mass flow in 0.52   
Makeup/Blowdown[14] Mass flow out  0.00  
Stack[23] Mass flow out  63.91  
Steam Turbine[8] Mass flow out  2.03  
Steam Turbine[10] Mass flow in 1.97   
Total Mass Flow In  5237.00   
Total Mass Flow Out   5237.00  
Cycle Mass Balance Error   0.00  
 

Table 25: Heat and Mass Balance for Scenario 2b 

HEAT BALANCE 
Zero enthalpy @ 77F (25C) & vapour H2O. 

Component  [kW] [kW] % 
Air-cooled Condenser[28] Heat input -3.88   
Deaerator[16] Heat removed/lost  0.00  
Duct[24] Heat removed/lost  0.00  
Duct[4] Heat removed/lost  23.35  
Duct[31] Heat removed/lost  10.79  
Economiser[11] Heat input 62.19   
Economiser[11] Heat removed/lost  75.35  
Fan[17] Compression power 40.25   
Fan[20] Compression power 387.00   
Fan[25] Compression power 23.26   
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Fuel Source[2] Heat input 41159.00   
Furnace w/Grate[1] Heat removed/lost  583.60  
Gas/Air Sink[29] Heat removed/lost  20529.00  
Gas/Air Source[18] Heat input -38.58   
Gas/Air Source[26] Heat input -25.72   
Gas/Air Source[30] Heat input -5533.00   
General HX[3] Heat removed/lost  10.46  
General HX[19] Heat removed/lost  0.73  
General Pump[7] Pumping power 20.39   
General Pump[9] Pumping power 3.81   
General Pump[34] Pumping power 115.50   
Makeup/Blowdown[14] Heat input -365.70   
Parallel Tubular Air Heater[13] Heat input 11.85   
Parallel Tubular Air Heater[13] Heat removed/lost  17.56  
Pipe[27] Heat removed/lost  30.35  
Selective Non-Catalytic Reduction[21] Heat removed/lost  0.00  
Stack[23] Heat removed/lost  2467.50  
Steam Turbine[8] Expansion power  8556.00  
Steam Turbine[8] ST leak outs  465.60  
Steam Turbine[10] ST leak ins 421.80   
Steam Turbine[10] Expansion power  3498.00  
Superheater[5] Heat input 46.23   
Superheater[5] Heat removed/lost  58.27  
Total Energy Input  36324.00   
Total Energy Output   36326.00  
Cycle Heat Balance Error   1.48 0.0036 
 
 

MASS BALANCE 
 

Component  [t/h] [t/h] % 
Air-cooled Condenser[28] Mass flow in 0.00   
Deaerator[16] Mass flow out  0.00  
Fuel Source[2] Mass flow in 9.53   
Furnace w/Grate[1] Mass flow out  0.99  
Gas/Air Sink[29] Mass flow out  4906.00  
Gas/Air Source[18] Mass flow in 34.20   
Gas/Air Source[26] Mass flow in 22.80   
Gas/Air Source[30] Mass flow in 4906.00   
Makeup/Blowdown[14] Mass flow in 0.53   
Makeup/Blowdown[14] Mass flow out  0.00  
Stack[23] Mass flow out  66.02  
Steam Turbine[8] Mass flow out  2.04  
Steam Turbine[10] Mass flow in 1.98   
Total Mass Flow In  4975.00   
Total Mass Flow Out   4975.00  
Cycle Mass Balance Error   0.00  
 

Table 26: Heat and Mass balance for Scenario 2c 

HEAT BALANCE 
Zero enthalpy @ 77F (25C) & vapour H2O. 

Component  [kW] [kW] % 
Air-cooled Condenser[28] Heat input -3.88   
Deaerator[16] Heat removed/lost  0.00  
Duct[24] Heat removed/lost  0.00  
Duct[4] Heat removed/lost  23.35  
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Duct[31] Heat removed/lost  10.79  
Economiser[11] Heat input 62.19   
Economiser[11] Heat removed/lost  75.35  
Fan[17] Compression power 40.25   
Fan[20] Compression power 387.00   
Fan[25] Compression power 23.26   
Fuel Source[2] Heat input 41159.00   
Furnace w/Grate[1] Heat removed/lost  583.60  
Gas/Air Sink[29] Heat removed/lost  20529.00  
Gas/Air Source[18] Heat input -38.58   
Gas/Air Source[26] Heat input -25.72   
Gas/Air Source[30] Heat input -5533.00   
General HX[3] Heat removed/lost  10.46  
General HX[19] Heat removed/lost  0.73  
General Pump[7] Pumping power 20.39   
General Pump[9] Pumping power 3.81   
General Pump[34] Pumping power 115.50   
Makeup/Blowdown[14] Heat input -365.70   
Parallel Tubular Air Heater[13] Heat input 11.85   
Parallel Tubular Air Heater[13] Heat removed/lost  17.56  
Pipe[27] Heat removed/lost  30.35  
Selective Non-Catalytic Reduction[21] Heat removed/lost  0.00  
Stack[23] Heat removed/lost  2467.50  
Steam Turbine[8] Expansion power  8556.00  
Steam Turbine[8] ST leak outs  465.60  
Steam Turbine[10] ST leak ins 421.80   
Steam Turbine[10] Expansion power  3498.00  
Superheater[5] Heat input 46.23   
Superheater[5] Heat removed/lost  58.27  
Total Energy Input  36324.00   
Total Energy Output   36326.00  
Cycle Heat Balance Error   1.48 0.0036 
 
 

MASS BALANCE 
 

Component  [t/h] [t/h] % 
Air-cooled Condenser[28] Mass flow in 0.00   
Deaerator[16] Mass flow out  0.00  
Fuel Source[2] Mass flow in 9.53   
Furnace w/Grate[1] Mass flow out  0.99  
Gas/Air Sink[29] Mass flow out  4906.00  
Gas/Air Source[18] Mass flow in 34.20   
Gas/Air Source[26] Mass flow in 22.80   
Gas/Air Source[30] Mass flow in 4906.00   
Makeup/Blowdown[14] Mass flow in 0.53   
Makeup/Blowdown[14] Mass flow out  0.00  
Stack[23] Mass flow out  66.02  
Steam Turbine[8] Mass flow out  2.04  
Steam Turbine[10] Mass flow in 1.98   
Total Mass Flow In  4975.00   
Total Mass Flow Out   4975.00  
Cycle Mass Balance Error   0.00  
 

Table 27: Heat and Mass Balance for Scenario 2d 

HEAT BALANCE 
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Zero enthalpy @ 77F (25C) & vapour H2O. 
Component  [kW] [kW] % 

Air-cooled Condenser[28] Heat input -3.93   
Bubbling Fluidized Bed[1] Heat removed/lost  1574.40  
Deaerator[16] Heat removed/lost  0.00  
Duct[24] Heat removed/lost  0.00  
Duct[4] Heat removed/lost  21.23  
Duct[19] Heat removed/lost  0.00  
Economiser[11] Heat input 43.76   
Economiser[11] Heat removed/lost  54.60  
Fan[17] Compression power 11.78   
Fan[20] Compression power 110.00   
Fan[25] Compression power 172.30   
Fuel Source[2] Heat input 40398.00   
Gas/Air Sink[29] Heat removed/lost  20480.00  
Gas/Air Source[18] Heat input -24.92   
Gas/Air Source[26] Heat input -37.38   
Gas/Air Source[30] Heat input -5520.00   
General Pump[9] Pumping power 3.67   
General Pump[34] Pumping power 112.60   
Makeup/Blowdown[14] Heat input -121.60   
Pipe[15] Heat removed/lost  30.10  
Selective Non-Catalytic Reduction[7] Heat removed/lost  0.00  
Stack[6] Heat removed/lost  1089.80  
Steam Turbine[8] Expansion power  8378.00  
Steam Turbine[8] ST leak outs  466.20  
Steam Turbine[10] ST leak ins 422.10   
Steam Turbine[10] Expansion power  3463.00  
Superheater[5] Heat input 50.13   
Superheater[5] Heat removed/lost  58.26  
Tubular Air Heater[13] Heat input 3.10   
Tubular Air Heater[13] Heat removed/lost  4.57  
Total Energy Input  35620.00   
Total Energy Output   35620.00  
Cycle Heat Balance Error   -0.27 -0.0007 
 
 

MASS BALANCE 
 

Component  [t/h] [t/h] % 
Air-cooled Condenser[28] Mass flow in 0.00   
Bubbling Fluidized Bed[1] Mass flow in 0.05   
Bubbling Fluidized Bed[1] Mass flow out  0.71  
Deaerator[16] Mass flow out  0.00  
Fuel Source[2] Mass flow in 9.35   
Gas/Air Sink[29] Mass flow out  4894.00  
Gas/Air Source[18] Mass flow in 22.09   
Gas/Air Source[26] Mass flow in 33.14   
Gas/Air Source[30] Mass flow in 4894.00   
Makeup/Blowdown[14] Mass flow in 0.18   
Makeup/Blowdown[14] Mass flow out  0.00  
Stack[6] Mass flow out  64.03  
Steam Turbine[8] Mass flow out  2.03  
Steam Turbine[10] Mass flow in 1.97   
Total Mass Flow In  4961.00   
Total Mass Flow Out   4961.00  
Cycle Mass Balance Error   0.00  
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 bar  C 
 t/h  kJ/kg 

Thermoflow Sample File Created with Thermoflex 21 (2011)

  Grate Furnace

Water

Steam

Air / Flue gas

Legend

Grate 
Cooling

Fuel

Gross power 5890 kW
Net power 4995 kW
Net heat rate(LHV) 17394 kJ/kWh
Net electric efficiency(LHV) 20.7 %
Plant auxiliary 895.1 kW

2
0.7644 982.2
40.73 1148.7

11
0.742 134
40.73 117.1

35
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3008 15.06

36
0.8492 21

3008 -4.06

20
0.1125 48.16
25.73 201.5
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6
47.39 255.6
26.05 1113

28
48.34 48.31
26.05 206.3
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24
1.241 117.6
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0.8691 24.62
13.36 -0.3883
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0.8566 221.5
13.36 201

30
0.747 135.1
40.73 118.3

32
0.8392 228.3
20.05 208.1

19
0.8573 152
40.73 136.7

13
46 450

25.79 3323

33
46 449

25.79 3320

31
0.8566 131.2
20.05 108.1

38
0.8516 130.1
20.05 107

8
0.8492 152
40.73 136.7

22
0.7594 240.3
40.73 234.4

23
0.8492 152
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2.037 136.7
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Appendix B. PFD for Scenario 2a �± 2x10 MW Grate 
Boiler Plant at Ohorongo 
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 bar  C 
 t/h  kJ/kg 

Thermoflow Sample File Created with Thermoflex 21 (2011)

  Grate Furnace

Water

Steam

Air / Flue gas

Legend

Grate 
Cooling

Fuel

Gross power 11407 kW
Net power 9994 kW
Net heat rate(LHV) 14143 kJ/kWh
Net electric efficiency(LHV) 25.45 %
Plant auxiliary 1412.4 kW

2
0.7819 982.2

67.28 1162.2

4
62.62 480

46.3 3372

11
0.7719 231.2

67.28 226.8

31
1.241 105.8

42.7 2684.4
32

1.241 105.8
44.28 2684.4

33
1.241 105.8
1.581 2684.4

35
0.8492 39.84

5170 15.06

36
0.8492 21

5170 -4.06

20
0.1125 48.16

44.66 201.5

5
0.7794 670.9

67.28 754.8

6
63.87 274.7
46.77 1208.8

28
65.15 106.7
46.77 452.2

34
0.1125 48.16

44.66 2415.6

10
0.7769 232.4

67.28 228.1

22
0.8742 249.9

67.28 247.9

13
62 479.7

46.3 3372

40
62 478.7

46.3 3369

24
0.8616 139.2

15.16 116.2

7
0.8492 150

63.91 136.1
8

0.8661 249.9
67.28 247.9

23
0.8492 150

67.28 136.1

27
2.438 87.16
45.19 365.1

37
2.486 47.8
45.19 200.3

38
0.7819 150

3.364 136.1

12
0.7769 232.4

67.28 228.1

18
0.8492 300

40.16 288.9

19
0.8566 138

15.16 115.1
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0.8566 230

33.28 212.2
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0.8566 304.2
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0.8566 304.2

22.04 293.4
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0.8566 304.2

18.12 293.4
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Appendix C. PFD for Scenario 2b �± 2x10 MW BFB 
Boiler Plant at Ohorongo 
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 bar  C 
 t/h  kJ/kg 

WSP Environment & Energy NamPower

Water

Steam

Air / Flue gas

Legend

Fuel

Gross power 11179 kW
Net power 9992 kW
Net heat rate(LHV) 13564 kJ/kWh
Net electric efficiency(LHV) 26.54 %
Plant auxiliary 1187.4 kW

31
1.241 112.2
40.1 2697.9

32
1.241 112.2
44.64 2697.9

33
1.241 112.2
4.539 2697.9

35
0.8492 39.84

4902 15.06

36
0.8492 21

4902 -4.06

7
0.846 450.8
60.61 483.4

3
0.8492 21.5
8.714 15548

4
0.8485 815.6
60.61 942.6

6
63.24 279
46.67 2781.3

14
64.5 106.7

46.79 452.1

15
0.1125 48.16
42.07 2430.2

20
0.1125 48.16
42.07 201.5
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0.8435 109.5
60.61 91.68

5
62 482

46.67 3377

24
62 481

46.67 3375

9
1.004 328
31.34 319.1

16
2.438 48.05
42.25 201.3

17
0.8492 112.9
60.61 95.37

8
63.24 223
46.79 958.7

1
0.8435 109.5
60.61 91.68

2
0.861 23.72
12.25 -1.297

12
0.861 142
21.07 120.1

19
0.9987 326.9
31.34 317.9

21
0.861 300
8.816 288.9
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0.861 300
31.34 288.9
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0.861 300
40.16 288.9
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Appendix D. PFD for Scenario 2c �± 2x10 MW Grate 
Boiler Plant at Otjikoto 
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 bar  C 
 t/h  kJ/kg 

Thermoflow Sample File Created with Thermoflex 21 (2011)

  Grate Furnace

Water

Steam

Air / Flue gas

Legend

Grate 
Cooling

Fuel

Gross power 11362 kW
Net power 9994 kW
Net heat rate(LHV) 14831 kJ/kWh
Net electric efficiency(LHV) 24.27 %
Plant auxiliary 1367.5 kW

2
0.777 982.2
69.49 1148.7

11
0.7546 135.1

69.49 118.3

31
1.241 105.8
40.39 2683.8

32
1.241 105.8
44.94 2683.8

33
1.241 105.8
4.544 2683.8

35
0.8492 39.84

4906 15.06

36
0.8492 21

4906 -4.06

5
0.7745 672.7

69.49 748.7

6
63.87 274.7
47.45 1208.8

28
65.15 106.7
47.45 452.2

34
0.1125 48.16

42.37 2416.1

19
0.8691 24.62

22.8 -0.3883

29
0.8518 224.7

34.2 204.3

30
0.8566 216.4

22.8 195.7

10
0.772 237.6
69.49 231.4

21
0.772 237.6
69.49 231.4

22
0.8742 153.4

69.49 138.3

13
62 479.7

46.98 3372

40
62 478.7

46.98 3369

24
0.8692 132.3

34.2 109.2

41
0.8642 131.2

34.2 108.1

7
0.8492 150

66.02 134.6
8

0.8661 153.4
69.49 138.3

23
0.8492 150

69.49 134.6

27
2.438 49.23

42.9 206.2
37

2.486 47.77
42.9 200.1

38
0.777 150
3.475 134.6

4
0.7596 136.2

69.49 119.5
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62.62 480
46.98 337220

0.1125 48.16
42.37 201.5
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Appendix E. PFD for Scenario 2d �± 2x10 MW BFB 
Boiler Plant at Otjikoto 
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 bar  C 
 t/h  kJ/kg 

WSP Environment & Energy NamPower

Water

Steam

Air / Flue gas

Legend

Fuel

Gross power 11160 kW
Net power 10033 kW
Net heat rate(LHV) 14500 kJ/kWh
Net electric efficiency(LHV) 24.83 %
Plant auxiliary 1126.7 kW

31
1.241 112.2
40.03 2698

32
1.241 112.2
44.56 2698

33
1.241 112.2
4.531 2698

35
0.8492 39.84

4894 15.06

36
0.8492 21

4894 -4.06

7
0.846 467.3
64.03 497.4

3
0.8492 21.5
9.354 15548

4
0.8485 815.6
64.03 931.3

6
63.24 279
46.59 2781.3

14
64.5 106.7

46.71 452.1

15
0.1125 48.16

42 2430.3

20
0.1125 48.16

42 201.5

10
0.8716 82.32
64.03 61.27

13
0.8435 109.5
64.03 90.61

5
62 482

46.59 3377

24
62 481

46.59 3375

9
0.866 22.89
22.09 -2.141

1
0.8435 109.5
64.03 90.61

2
0.8311 77.68
64.03 56.28

19
0.9987 104.5
33.14 80.84

12
1.011 39.44
33.14 14.66

21
0.861 22.89
22.09 -2.141

16
2.438 48.05
42.18 201.3

17
0.8492 82.32
64.03 61.27

8
63.24 233.9
46.71 1009
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Appendix F. Plant layout drawing for Scenario 1 �± 5 
MW Grate Boiler Plant 
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Appendix G. Plant layout drawing for Scenarios 2a-
2d representative of 2 x 10 MW biomass combus-
tion plant 
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