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HYDROPOWER PLANT OPERATION OPTIMIZATION 
BASED ON SEDIMENT EROSION

                              Lhendup Namgyal and Tandin

Abstract
The sediments transport in the rivers of the 
Himalayan region is significantly high due to 
the fragile geology and rugged terrain of the 
landscape. This poses a serious challenge 
to sediment management and increases 
reservoir capacity loss in the hydropower 
plants and sediment induced wear on 
underwater components of hydropower 
plants. Sediment induced wear requires 
repairing, replacement, and causes loss of 
revenue due to reduced turbine efficiency 
or downtime during replacement/repairing 
works. It is, therefore, economical to close the 
water intake and stop the turbine operation 
when Suspended Sediment Concentration 
(SSC) and particle sizes exceed limit values.

In view of optimizing power plant operation 
during high sediment periods and to improve 
the life and efficiency of the turbines, 
sediment impact assessments were carried 
out for the four high head power plants under 
the Druk Green Power Corporation (DGPC) 
in Bhutan, namely Basochhu Hydropower 
Plant – Upper Stage (BHP – US), Basochhu 
Hydropower Plant – Lower Stage (BHP – 
LS), Chhukha Hydropower Plant (CHP), and 
Tala Hydropower Plant (THP). Based on 
the erosion rate and the economic analysis 
for the uncoated runners, the optimal SSC 
was estimated for each power plant for the 
switch–off decision: 1,445 ppm for BHP – US, 

1,690 ppm for BHP – LS, 6,546 ppm for CHP 
and 5,540 ppm for THP.

Keywords: Suspended Sediment 
Concentration, Particle Load, Efficiency, 
Switch-off

1. Introduction
The rivers of the Himalayas are primarily fed 
by glaciers and their tributaries. However 
due to the steep, rugged terrain and fragile 
geology of the land, the sediment supply 
and transport in the Himalayan rivers are 
significant and considered to be the highest 
in the world. This poses serious challenges 
to the hydropower plants located in these 
rivers in the form of loss of reservoir 
capacity, damage of spillway glacis, and other 
headwork, and above all, sediment induced 
wear.  Sediment induced wear is one of the 
major concerns in power plants and consume 
considerable amounts of time and resources in 
replacement works on damaged underwater 
components. Deforestation, developmental 
activities such as expansion of road networks, 
infrastructures, etc. lead to soil erosion and 
landslides, thereby contributing to high 
sediments in the rivers. In the Himalayas, the 
majority of the sediments are hard abrasive 
sand and silt which severely damage the 
underwater components, particularly in the 
high head power plants (fig 1).
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Even though the sediment data are collected 
on a regular basis by the power plant 
operators and other relevant agencies around 
the world, not much has been done on the 
optimization of power plant operation to 
overcome sediment erosion (Felix et al., 
2016b; Felix, 2017; Kumar et al., 2013; Sinha, 
2010; Agrawal). Therefore, based on the 
guidelines provided in IEC 62364 (IEC, 2013), 
a sediment impact assessment and a power 
plant operation optimization was conducted 
for the four high head power plants under 
Druk Green Power. 

Corporation Limited (DGPC)1 in Bhutan. The 
four high head power plants are: Basochhu 
Hydropower Plant – Upper Stage (BHP - US); 
Basochhu Hydropower Plant – Lower Stage 
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Fig. 1: Erosion on the underwater components.

1 DGPC is the government owned company responsible for operation and maintenance of hydropower 
plants in Bhutan and also represents Royal Government of Bhutan in the Hydropower Sector.

(BHP - US); Chhukha Hydropower Plant 
(CHP); and Tala Hydropower Plants (THP).

However, the sediment impact assessment 
and power plant optimization were carried 
out only for the uncoated runners due to non-
availability of field data for the coated runners. 
Except for CHP and THP, both BHP-US and 
BHP-LS are currently using uncoated Pelton 
runners as the silt erosion is less as compared 
to CHP and THP due to lower sediment 
content in these rivers. The estimated optimal 
SSC will provide the baseline data for making 
the switch-off decision.

2.   Salient features of the power plants
The salient features of the four high head 
power plants under DGPC are given in Table 
1.

Table 1: Salient features of the high head power plants under DGPC

Descriptions BHP – US BHP – LS CHP THP
Catchment area (km2) 162 64 6,854 4,028
Net head (m)3 336.7 459.0 435.0 819.0
Design discharge (m /s) 8.10 9.90 94.864 141.06
Installed capacity (MW) 24 40 336 1,020
Turbine type Pelton Pelton Pelton Pelton
Number of units 2 2 4 6
Number of nozzles per unit 2 2 6 5
Number of buckets per unit 20 19 21 22
Year of commissioning 2002 2005 1986 – 88 2006 – 07
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3.   Electricity distribution
As per the bilateral agreement between Royal 
Government of Bhutan and Government of 
India, all the surplus electricity generated from 
those power plants that were constructed 
under Inter – Government (IG) mode will be 
purchased by India through PTC India Limited 
(PTC) while Bhutan Power Corporation 
Limited (BPC) is solely responsible for the 
transmission and distribution of electricity in 
Bhutan.

Except for BHP-US and BHP-LS, plants that 
were constructed solely to meet internal 
demand, the others - CHP and THP - were 
constructed under the IG mode. The current 
electricity selling rate to BPC is Nu. 1.59/kWh 
whereas the current electricity selling rate to 
PTC for CHP and THP are Nu. 2.55/kWh and 
Nu. 2.15/kWh, respectively.
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4.   Sediment analysis
Sediment data for assessing the impact of 
sediments on the turbines were collected 
from the respective turbine outlets and 
accordingly, sediment analyses were carried 
out for SSC, sediment load, mineralogical 
composition, and Particle Size Distribution 
(PSD) as shown in Fig. 2 to 4. The maximum 
SSC and the average sediment load per year 
is shown in Table 2 while the yearly average 
particles size and minerals size distribution is 
shown in Table 3 and 4. 

Based on the mineral size distribution, it 
was observed that the quartz content in the 
rivers is significantly high, reaching almost 
58%. This has a significant impact on the 
underwater component as the hardness for 
the quartz is 7 (on Moh’s scale) whereas the 
hardness for the base material of the runner 
is around 5 to 6 (on Moh’s scale). The yearly 
average quartz size distribution is shown in 
Fig. 4.

Fig. 2: Maximum SCC (ppm) for (a) BHP – US, (b) BHP – LS, (c) CHP and (d) THP.
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Table 2: Maximum SSC (ppm) and average sediment load (ton/year) for the power plants   

Power plants Max. SSC (ppm) Avg. Sediment load (ton/year)  Period 
–  –
–  –

 –
 – 

  
Table 3: Yearly average PSD (Volume %) for the power plants   
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Fig. 3: Average SCC (ppm) for (a) BHP – US, (b) BHP – LS, (c) CHP and (d) THP.

Fig. 4: Sediment load (ton/year) for (a) BHP – US, (b) BHP – LS, (c) CHP and (d) THP.
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Table 2: Maximum SSC (ppm) and average sediment load (ton/year) for the power plants

Power plants Max. SSC (ppm) Avg. Sediment load (ton/year) Period
BHP – US 798 6,198.66 2013 – 2018
BHP – LS 845 5, 994.98 2013 – 2018

CHP 3,900 181,294.00 2013 – 2018
THP 2,287 194,531.99 2012 – 2018

Table 3: Yearly average PSD (Volume %) for the power plants

Class Size (micron)
Yearly average (Volume %)

BHP – US BHP – LS CHP THP

Sand

Very coarse 2,000 – 1000 1.41 0.63 0.84 0.82
Coarse 1,000 – 500 9.80 6.80 1.66 2.11
Medium 500 – 250 24.52 21.08 8.52 6.31
Fine 250 – 125 22.11 24.21 19.98 13.26
Very fine 125 – 62 20.71 25.75 28.08 23.13

Silt

Coarse 62 – 31 10.30 12.48 18.81 21.18
Medium 31 – 16 4.04 4.85 10.63 15.54
Fine 16 – 8 1.54 1.82 5.61 9.14
Very fine 8 – 4 0.56 0.67 2.22 3.60

Clay

Coarse 4 – 2 0.39 0.48 1.26 1.85
Medium 2 – 1 0.30 0.37 0.71 0.96
Fine 1 – 0.5 0.26 0.33 0.57 0.77
Very fine 0.5 – 0.24 0.24 0.29 0.52 0.69

Fig. 5: Average quartz size distribution (Volume %) for the power plants
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2 Others A: Hard minerals like tourmaline, hornblende, garnet, and kyanite.
3 Others B: Soft minerals like carbonate, chlorite, rock fragments, unidentified minerals, and clay.

5.   Erosion model for hydraulic turbines
For predicting sediment erosion on hydraulic 
turbines, many equations have been 
developed over the decades that were based 
on analytical considerations, laboratory tests, 
and numerical simulations (Felix et al., 2016b; 
Bajracharya et al., 2008; Thapa et al., 2012; 
Pandhy and Saini, 2009; Tsuguo, 1999; Naidu, 
2002; Abgottspon et al., 2016; Liu et al., 2012; 
Bajracharya, 2007). However, the application 
of such equations on the ground and in the 
field is limited due to the requirement of some 

calibration parameters and is also limited to 
site specific applications.

As per the guideline of IEC 62364 (IEC, 2013), 
the IEC formulated a concept for modelling of 
hydro-abrasive erosion on hydraulic turbines, 
where the absolute erosion rate is computed 
by considering the following parameters:

= ∫98       (  ).  -./0(  ).  -1230(  ).  124560--(  ). (1)
=   ;.     .  <. =/    3    (2)



86Issue 4 | 2021

Research Article

Where

 

 

5.   Erosion model for hydraulic turbines  
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9 
Exponent that describes the size dependent effects of erosion such as curvature effect. Constant

p for each turbine component. IEC does not provide any value for Pelton turbine.

However, equation 2 for computing sediment erosion cannot be applied directly, 
particular to Pelton Turbine, without field data due to the unknown parameters.

6.   Adaptation of particle load for Pelton runners

Unlike in the reaction turbines, the erosion on the Pelton bucket takes place intermittently 
during the operation when the erosion of bucket decreases proportionally to the number of 
buckets due to shorter exposure time per bucket. However, the erosion increases approximately 
proportional to the number of nozzles as more buckets are simultaneously in contact with 
sediment laden water. To account for this effect, therefore, Felix et al.

(2016a) have modified the particle load given in equation 1 as
2 = @A  (3)      -

                       @B  
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Where
PLa – Modified Particle Load;
Z0  – Number of nozzles;
Z2  – Number of buckets.

The average modified particle load (PLa) 
computed for the power plants using equation 
3 is shown in Table 5.

Table 5: Average modified particle load 
(PLa) for the power plants

Power 
plants

Avg. modified 
particle load 

(kg.h/m3)
Period

BHP – US 4.0312
2013 – 
2018

BHP – LS 4.0093
CHP 6.1201
THP 2.3355

7.   Adaptation for unknown parameters
As per IEC guidelines (equation 1 and 2), 
parameters such as S, W, PLa, x, and RS are 
known parameters while parameters such as 
Km, Kf and p are unknown. Therefore, in order 
to compute these unknown parameters, Felix 
et al. (2016a) and Felix (2017) solved the 
unknown parameters (denoted as C) by using 
theknown parameters from the field data as 
follows:

Where

Based on the field data4 (erosion depth), the 
unknown parameter (C) given in equation 
4 were computed for each power plants as 
shown in Table 6.

Table 6: Computed average parameter (C) 
for the power plant

Power plants C [mm/(h.g/l.m3/
s3)] Period

BHP – US 2.6243 x 10-06

2013 – 
2018

-06
BHP – LS 4.991 x 10

-06
CHP 1.8963 x 10 -06

THP 2.36028 x 10

Accordingly, equation 2 given in IEC 62364 
(IEC, 2013) was simplified using equation 5 
for computing the erosion rate as:

= ;. 2.                                        (6)

Based on the field observations, it was found 
that the sediment erosion on the turbines 
were not uniformly distributed. For e.g., it 
was observed that erosions were seen only 
on some buckets while no erosion was seen 
on the other buckets of the same turbine and 
also no erosions were seen on some of the 
other turbines from the same power plants. 
Therefore, to consider the overall impact of 
sediment on the turbines, the yearly average 
erosion rate was computed using equation 
6 after computing the unknown parameters 
from the field data. The yearly average erosion 
rate on the runner for the power plants are 
shown in Table 7.

Table 7: Yearly average erosion rate (mm) for 
the power plants

Power plants Average erosion rate per 
year (mm)

BHP – US 0.71
BHP – LS 0.21

CHP 1.17
THP 1.27
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Based on the erosion on the runner bucket 
only as no erosion field data were available 
for runner splitter, cut – out and nozzle.

8.   Efficiency reduction due to erosion
The abrasive erosion of turbine components 
leads to change in flow pattern and hence 
losses in efficiency. In fact, abrasive erosion is 
the main contributor of efficiency reduction 
in a hydraulic turbine. While online turbine 
efficiency monitoring systems are yet to be 
installed at the power plants under DGPC, 
the runner efficiency reduction in the power 
plants due to abrasive erosion was estimated 
based on the empirical relationship between 
the erosion rate and the loss of efficiency 
for the hydraulic runner (Bajracharya et al., 
2008) as:

h4 µ   . (  )N (7)

h4 =   .   . (  )N (8)

Where
hr – Efficiency reduction due to erosion 
(%);
S – Erosion (mm);
a – Constant. a = 0.1522;
b – Constant. b = 1.6946;
K – Constant. K = 1 (Thapa et al. 2012)

Using equation 8, the yearly average runner 
efficiency reduction (%) for the power plants 
were estimated as shown in Table 8.

Table 8. Yearly average runner efficiency 
reduction (%) for the power plants

Power plants Yearly average efficiency 
reduction (%)

BHP – US 0.0981
BHP – LS 0.0146

CHP 0.2228
THP 0.2395

9.   Power plant operation optimization
Hydropower plants in the Himalayan region 
suffer huge loss of power generation and 
revenue mainly due to silt erosion which 
leads to reduction of efficiency and ultimately 
the failure of turbine components. Even one 
percent loss in efficiency of hydro turbine 
leads to substantial loss of power generation 
and revenue. In a period with high SSC, and 
with relatively coarse particles and hard 
minerals, the direct and consequential 
damages on turbines and other components 
may exceed the revenues from the sales of 
electricity. It is, therefore, economical to 
close the water intake and stop the turbine 
operation when SSC and particle sizes exceed 
limit values. While SSC and PSD in the turbine 
water may vary considerably (Felix et al., 
2016c), the effect of PSD on turbine erosion 
is not yet fully known and the switch – off 
decisions are so far based on SSC (Felix et al., 
2016b).

9.1. Revenue loss due to reduction of runner 
efficiency
Based on the yearly average runner efficiency 
reduction, the loss of generation and hence the 
corresponding revenue loss was computed 
for the power plants as shown in Table 9.

9.2. Cost associated with sediment erosion

The cost associated with sediment erosion 
has been estimated by considering the cost 
of repair, cost of runner5, manpower cost6, 
and generation loss due to downtime for 
replacement, and efficiency reduction.

The plant-wise estimated cost associated 
with the sediment erosion is given in Table 
10.
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Table 9: Annual revenue loss due to reduction in runner efficiency

Descriptions BHP-US BHP-LS CHP THP Units
Discharge/unit 4.05 4.95 23.716 23.51 m3/s
Net head 336.70 459.00 435.00 819.00 m
Turbine efficiency 91.00 91.00 90.70 92.10 %
Generator efficiency 98.50 98.67 91.51 97.72 %
Actual generation/unit 12,000 20,000 84,000 170,000 kW
Efficiency reduction 0.0146 0.0981 0.2228 0.2395 %
Generation reduction/
unit 11,998.07 19,978.44 83,793.66 169,55.93 kW

Generation loss/unit 1.93 21.56 206.34 442.07 kW
Number of units 2 2 4 6 Nos.
Total generation loss 3.85 43.12 825.37 2,652.44 kW
Plant load factor (O&M, 
2017) 59.44 59.44 61.13 51.40 %

Machine running hours/
year 5,206.94 5,206.94 5,354.99 4,502.65 Hrs.

Energy loss/year 20,049.60 224,528.00 4,419,831.15 11,942,995.93 kWh
Percentage sale to BPC 
(O&M,
2017)

100 100 30 30.70 %

Percentage sale to PTC 
(O&M,
2017)

0 0 70 69.30 %

Revenue loss from BPC 31,878.86 356,999.52 2,108,259.46 5,829,734.61 Nu.
Revenue loss from PTC 0 0 7,889,398.61 17,546,171.91 Nu.
Total revenue loss/year 31,878.86 356,999.52 9,997,658.07 23,375,906.51 Nu.

Table 10: Cost associated with the sediment erosion for the power plants

Descriptions Amount (Million Nu.)
BHP – US BHP – LS CHP THP

Cost of repair
- Runner coating 4.76 4.76 18.97 21.97
- Nozzle assembly coating 0.40 0.40 1.23 1.84

Replacement cost
- Manpower 0.48 0.49 0.84 2.23
- Equipment 0.03 0.03 0.05 0.07

New runner cost 4.46 4.86 13.67 17.55
Generation loss

- Downtime for replacement 1.07 1.78 13.79 61.49
- Efficiency loss 0.03 0.36 10.00 23.38

Total cost 11.22 12.67 58.35 128.52
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6 Based on the past maintenance records of the power plants, the cost for the repair, downtime for 
replacement and manpower were estimated by considering only 50% of the total installed number of 
units for each power plants.

9.3. Estimation of switch-off SCC
The optimal switch-off SSC for the power 
plants were estimated based on a simplified 
approach adopted by Felix et al. (2016b) and 
assuming that the sediment induced cost is 
proportional to the sediment mass (Felix et 
al., 2016b), and also considering the sediment 
induced cost w.r.t electricity and electricity 
selling rate.

Based on the economic analysis, the optimal 
switch-off SSC for BHP-US and BHP-LS are 
1,445 ppm and 1,690 ppm, respectively and 
correspond to sediment induced cost w.r.t 
electricity of Nu. 1.59/kWh which is the 
selling rate of electricity to BPC (Table 11). 

Any increase in SSC beyond 1,445 ppm (BHP-
US) and 1,690 ppm (BHP-LS) will result in 
increase in the sediment induced cost w.r.t 
electricity, higher than the electricity selling 
rate and hence it is not profitable to operate 
the power plants. For e.g., an increase in 
SSC to 1,500 ppm (BHP-5 Only one-fifth of 
the runner cost has been considered as the 
average life of the runner is approximately 5 
years for the power plants in Bhutan.

US and 1,750 ppm (BHP-LS) will increase 
the sediment induced cost w.r.t electricity 
energy to Nu. 1.651 for BHP-US and Nu. 1.646 
for BHP-LS, much higher than the electricity 
selling rate to BPC as shown in Table 12.

Table 11: Optimal switch – off SSC (ppm) for BHP – US and BHP – LS

Descriptions BHP-US BHP-LS Units
Long term average annual sediment load 
through turbines 6,198.66 5,994.98 Ton

Annual average cost 11.22 12.67 Million Nu.

Sediment induced cost 1,810.06 2,113.44 Nu. / ton
1.810 2.113 Nu. /kg
1,445 1,690 ppm

Average suspended sediment concentration 1.445 1.690 gm/l3
1.445 1.690 kg/m

Sediment3
induced cost w.r.t volume 2.616 3.571 Nu. /kWh

1 m of water 1.64 2.25 kWh
Sediment induced cost w.r.t electricity 1.59 1.59 Nu. /kWh
BPC selling rate 1.59 1.59 Nu. /kWh
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Table 12: Sediment induced cost w.r.t. higher SSC (ppm) for BHP – US and BHP – LS

Descriptions BHP-US BHP-LS Units
Long term average annual sediment load 
through turbines 6,198.66 5,994.98 Ton

Annual average cost 11.22 12.67 Million Nu.

Sediment induced cost 1,810.06 2,113.44 Nu. / ton
1.810 2.113 Nu. /kg
1,500 1,750 ppm

Average suspended sediment concentration 1.50 1.75 gm/l3
1.50 1.75 kg/m

Sediment3
induced cost w.r.t volume 2.716 3.698 Nu. /kWh

1 m of water 1.64 2.25 kWh
Sediment induced cost w.r.t electricity 1.651 1.646 Nu. /kWh
BPC selling rate 1.59 1.59 Nu. /kWh

Similarly, for CHP and THP, SSC corresponding 
to the sediment induced cost w.r.t electricity 
and the electricity selling rate to BPC 
(Nu. 1.59/kWh) are 4,845 ppm and 4,830 
ppm, respectively, as shown in Table 13. 
However, unlike BHP where the electricity 
is sold to BPC only, both CHP and THP, apart 
from selling electricity to BPC also export 
surplus electricity to PTC, India. Therefore, 
considering the electricity sold to both 

BPC & PTC and the net revenues (excluding 
transmission wheeling charges), the optimal 
switch-off SSC corresponding to sediment 
induced cost w.r.t electricity were estimated 
at 6,546 ppm and 5,540 ppm for CHP and 
THP, respectively, as shown in Table 14 and 
15. Therefore, considering the net revenue 
generated by CHP and THP, any increase in 
SSC beyond the optimal switch-off SSC will 
not be profitable.

Table 13: SSC (ppm) corresponding to the electricity selling rate of BPC for CHP and THP

Descriptions CHP THP Units
Long term average annual sediment load 
through turbines 181,294.00 194,531.99 Ton

Annual average cost 58.55 128.52 Million Nu.

Sediment induced cost
322.94 660.66 Nu. / ton
0.323 0.661 Nu. /kg
4,845 4,830 ppm

Average suspended sediment concentration 4.845 4.83 gm/l3

4.845 4.83 kg/m
Sediment3 induced cost w.r.t volume 1.565 3.191 Nu. /kWh
1 m of water 0.98 2.01 kWh
Sediment induced cost w.r.t electricity 1.59 1.59 Nu. /kWh
BPC selling rate 1.59 1.59 Nu. /kWh
PTC selling rate 2.55 2.12 Nu. /kWh
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Table 14: Optimal switch – off SSC (ppm) for CHP.

SSC
(ppm)

Sediment induced cost
w.r.t electricity

(Nu./kWh)

Electricity revenue (Million Nu.)

Sale to 
BPC

Sale to 
PTC

Net amount (excluding
transmission wheeling

charges)
4750 1.576 8.52 1,565.95 1,261.11
4845 1.590 0.00 1,542.75 1,229.38
5000 1.641 -30.22 1,460.46 1,116.86
5500 1.805 -127.09 1,1196.46 756.25
6000 1.969 -223.95 932.96 395.64
6500 2.134 -320.81 669.22 35.03
6546 2.149 -329.72 644.95 1.86
6550 2.150 -330.50 642.84 -1.03
7765 2.550 -566.59 0.00 -879.96

Table 15: Optimal switch – off SSC (ppm) for THP

SSC
(ppm)

Sediment induced cost
w.r.t electricity

(Nu./kWh)

Electricity revenue (Million Nu.)

Sale to BPC Sale to PTC
Net amount (excluding
transmission wheeling

charges)
4800 1.579 15.52 1,723.18 1,120.19
4830 1.590 0.00 1,688.14 1,069.63
5000 1.645 -77.61 1,512.96 816.84
5500 1.809 -309.02 990.59 63.06
5540 1.822 -327.37 949.18 3.30
5541 1.823 -328.78 946.00 -1.29
5550 1.826 -333.01 936.44 -15.08
6445 2.120 -747.86 0.00 -1,366.38

10.  Future works
The sediment impact assessment and 
optimization of high head power plants 
under DGPC have been carried out only for 
the uncoated runners due to non-availability 
of field data for the coated runners. With the 
current trend of using increasing number 
of coated runners in the hydropower 
plants due to their enhanced resistance to 
sediment erosion, sediment impact on the 
coated runners and its associated economic 
assessment need to be carried out for optimal 
power plant operation based on field data.

11.  Conclusion
The sediments transport in the rivers of the 
Himalaya region are significantly high mainly 
due to its fragile geology and rugged terrain. 
This poses serious challenges with regards 
to sediment management, loss in reservoir 
capacity in the hydropower plants, and 
above all, sediment induced wear. Sediment 
induced wear is one of the major challenges 
for the hydropower plants as it causes loss 
of revenue due to reduction in turbine 
efficiency, downtime during replacement, and 
repair works due to hydro-abrasive erosion. 
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It is, therefore, economical to close the water 
intake and stop the turbine operation when 
suspended sediment concentration and 
particle sizes exceed limit values.

Therefore, in view of optimizing the power 
plant operation during the high sediment 
period and also to improve the life and 
efficiency of the turbines, this sediment 
impact assessment was carried out for the 
four high head power plants under DGPC in 
Bhutan. Based on the erosion rate and the 
economic analysis for the uncoated runners, 
the optimal SSC were estimated for each 
power plant for the switch – off decision: 
1,445 ppm for BHP – US, 1,690 ppm for BHP 
– LS, 6,546 ppm for CHP and 5,540 ppm for 
THP.
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