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SAMMANFATTNING 

Elektriska pumpar används flitigt i många industriella och kommersiella applikationer över hela världen och står 

för cirka tjugo procent av världens el- efterfrågan på energi . Nyttjande energi som förbrukas av pumparna är 

mindre än vad de kräver på grund av ineffektivitet som orsakas av flera skäl bland annat obalansen mellan de 

nominella driftsförhållanden och deras verkliga driftförhållanden . Vissa studier inklusive de som görs av US 

Department of Energy , visar att så mycket som 30-50 % av energin som förbrukas av pumpsystemskulle kunna 

sparas genom utrustning och kontroll förändringar i pumpsystem . 

 

Zambia, liksom många länder , står inför en brist på el . Att förbättra energieffektiviteten i pumpning därmed 

sammanhängande verksamhet kan bidra till att spara elkostnader och på så sätt främja en hållbar utveckling och 

slutligen minska den globala uppvärmningen . Det här dokumentet diskuteras olika metoder för att minska pumpa 

relaterade elkostnader som kan kategoriseras under antingen mekaniska eller elektriska metoder . Preliminära 

energibesiktningar på några pump infrastruktur för tre vatten allmännyttiga företag i Zambia har genomförts och 

resultaten visade olika möjligheter för att spara elkostnader . Detaljerad studie på vald pump infrastruktur visade att 

så mycket som femtio fyra ( 54 % ) el kostnadsbesparingar kan leda till en pumpstation genom att korrigera 

driftspunkterpumpar så att bästa effektivitet Points ( BEP ) på pumpkurvormatchade pump systemets huvudkrav. 
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ABSTRACT 

Electric pumps are extensively used in many industrial and commercial applications worldwide and account for 

about twenty percent of the world’s electrical energy demand. The useful energy consumed by the pumps is less 

than what they demand due to inefficiency caused by a number of reasons including the mismatch between the 

rated operating conditions and their actual operating conditions. Some studies including those done by the US 

Department of Energy, show that as much as 30-50% of energy consumed by pumping systems could be saved 

through equipment and control changes in the pumping systems. 

 

Zambia, like many countries, faces an electricity shortage. Improving energy efficiency in pumping related 

operations can help save electricity costs and thus promote sustainable development and ultimately reduce global 

warming. This document discusses various methods of reducing pumping related electricity costs which can be 

categorised under either mechanical or electrical methods.  Preliminary energy audits on some pumping 

infrastructure for three water utility companies in Zambia were carried out and results showed various 

opportunities for saving electricity costs. Detailed study on selected pumping infrastructure revealed that as much 

as fifty four (54%) electricity cost savings could result at one pump station by correcting the operating points of 

pumps such that the Best Efficiency Points (BEP) on the pump characteristic curves matched the pumping system 

head requirements.   
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NOMENCLATURE 

Notations 

Symbol Description 

H Head (m) 

E Electrical Energy (W)  

ρ Fluid Density (kg/m
3 ) 

μ Absolute (Dynamic) viscosity 

 υ Kinematic Viscosity 

P Fluid Pressure (Pa) 

A Amperage (A) 

V Voltage (V) 

R Reynolds Number 

f ’ Friction Factor 

ω  pump speed (rad/sec) 

g  gravitational constant = 9.81 (m/s²) 

η  efficiency (decimal) 

Q Flow rate (m
3
/h) 
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Abbreviations 

1.) FLC  - Full Load Current 

2.) BEP  - Best Efficiency Point 

3.) LCC  - Life Cycle Cost Analysis 

4.) VSD  - Variable Speed Drive 

5.) TDH  - Total Dynamic Head 

6.) NPSHA - Net Positive Suction Head Available  

7.) NPSHr - Net Positive Suction Head Required  
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1 INTRODUCTION 

All the water utility companies surveyed in Zambia currently use centrifugal pumps coupled to electric motors as 

the main prime mover at their various pump stations. Internal Combustion Engines are only used for emergency 

pumping and dewatering activities or in areas that are far from normal electricity supply.  All the motors used in 

pumping related activities are induction motors run on alternating current power supply. This study, therefore, is 

concerned with centrifugal pumps and their respective induction motors. 

 

1.1 BACKGROUND 

Pumps are extensively used in many industrial and commercial applications worldwide and account for about 20% 

of the world’s electrical energy demand. Some pumping systems could waste as much as 50% of the total electrical 

power supplied to them.  Some studies show that 30-50% of energy consumed by pumping systems could be saved 

through equipment and control changes. (DOE, et. al 2001) 

Zambia obtains almost all its electricity from hydropower plants and faces electricity shortage with load shedding 

of power especially in the dry season when water flow rates in rivers reduce. ZESCO Limited (ZESCO), the main 

electricity producing and distributing company in Zambia, has been mandated to increase electricity tariffs by the 

Government of the Republic of Zambia (GRZ) through its regulatory body, the Energy Regulation Board (ERB) 

by an average of 36% for the period 2008/09 and an average of 25.6% for the period 2009/10 (Energy Regulations 

Board, 2009).  ZESCO is expected to raise the tariff by similar margins in the coming years. 

 The cost of electricity directly affects the cost of living of Zambians because it is a direct input into the 

manufacture or processing of a wide selection of products and services they consume. The operations of Water 

and Sewerage Commercial Utility Companies (CUs) has been adversely affected by the yearly upward electricity 

tariff adjustments, with the  Energy costs going up to twenty five percent (25%) of the total annual operation costs 

as at the end of the period 2009/2010  for one Water Utility Company(NWASCO 2009). 

Since the water and sewerage tariffs are tailored such that the customer in the end bears the costs of the service 

delivery, affordability of the water and sewerage services have thus been getting lower with each upward electricity 

tariff adjustment thereby negating the efforts being put in place by the GRZ to achieve the United Nations 

Millennium Development Goal No. 7c (UN MDG No.7c), as well as its Vision 2030 development plan (GRZ 

2006). 

Before the year 2000, the water and sewerage services were being offered by municipal councils and the private 

sector, these being mostly the mining companies, and none of them paid attention to energy efficiency tenets. As a 

result ,most pumping systems were not designed to be energy efficient. In addition, the infrastructure is not 

maintained and operated in a manner that enhances energy efficiency.  

The author conducted a preliminary energy audit on one of the pump stations in Chingola, Zambia (Kafue Water 

Treatment Pump Station) and made some corrective interventions that gave positive results. The active power 

consumed per month stood at 682,749 kWh  and dropped to 397,627 kWh after the intervention, giving energy 

savings of 42%. Similarly, savings of 40% were achieved on apparent power cost, with figures dropping from 1,240 

kVA to the least recorded value of 743 kVA. At the same time, water production increased from an estimated 

26,000m3/day to 30,000m3/day, giving an increment of 15%. This was evidenced by rising levels in the water 

storage reserviours across the water network. Also, before the intervention, the clear well from which the pumps 

draw water used to over flow perpetually. After the intervention, the water stopped overflowing  and the clear well 

tended to be depleted as the pumps were now able to cope with the inflow from the filters. 
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 After seeing the positive results and the further opportunities that lie in the Zambian Water Sector to reduce 

pumping related electricity costs and the positive impact this is likely to have on the poor and vulnerable people in 

Zambia, the author decided to undertake a thesis study on selected pumping infrastructure on three major CUs in 

Zambia. 

 

1.2 Centrifugal Pump Theory 

A centrifugal pump is a rotodynamic machine that converts energy from a prime mover to a liquid and sets it in 

motion or increases its pressure through centrifugal action on the fluid using a rotor and a stator. This rotor is 

usually called the impeller while the stator is usually the volute casing which is designed to work as a diffuser on 

the outlet. The centrifugal pump imparts energy to the fluid through rotary motion of the impeller blades and 

deviates the fluid through the stator and diffuser thereby decelerating the flow. The decrease in velocity leads to an 

increase in pressure head at the outlet of the pump (Vogt 2007). The theory on pumps, as explained in 

turbomachinery, is understood by simplifying the Euler equation and deriving the equations No. 1 to Equation No. 

5 as taught in turbomachinery at KTH University (Vogt 2007), as follows;  

 

     
     
       (Eqn. 1)   

where,  

H  - is the pressure head,  

U2   - is the tangential velocity at impeller exit, 

 Cθ2  - is the circumferential velocity component of the fluid flow at impeller exit and 

 g  - is the acceleration due to gravity.  

 

In real conditions, the fluid does not exit the impeller at exactly the blade angle at that point due to slip 

phenomenon. A Slip factor is introduced to cater for this and equation 1 is then written as; 

     

    
   

 

 
  (Eqn. 2) 

where the Slip Factor σ, is the ratio between the actual exit circumferential velocity component and the ideal 

magnitude of the circumferential velocity component. All the other variables are defined as in equation 1. 
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The Euler equation basically tells us that the kinetic energy will be transferred to the fluid as long as the tangential 

velocity U2 is more than zero; the bigger the value, the more the energy is transferred to the fluid. 

 

1.2.1 Pump Characteristic Curves 

 

By introducing design parameters called Head Coefficient  and Flow coefficient as follows; 

 

      
 

   
  (Eqn. 3)   

  

    
 

    
  

   

  
 (Eqn. 4)    

 

It can be proven that the two design parameters above relate with each other as per equation below; 

    

 

Figure 1-1:Velocity Triangles on Centrifugal Pump Impeller (Vogt, 2007) 



 19 

  
                  

  
 

   =               (Eqn. 5) 

 

where ;  

 H  - is the Head 
 Q -  is the flow rate 

 U2  - is the tangential exit velocity at the outlet of the   impeller 

 β2  - is the blade angle at the impeller exit  

 

Plotting a graph of head coefficient versus flow coefficient for positive, zero and negative values of the blade angle 

β2 yields the following graph; 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

For back swept impeller blades as found in centrifugal pumps, the ideal plot of the head coefficient versus the flow 

coefficients reveals a straight line with a negative gradient. However, in real conditions, the graph presents itself as 

curved line shown by the dotted line. This is what the normal pump characteristic curves for centrifugal pumps 

looks like. In real pump curves, the head coefficient would be represented by the Total Dynamic Head (TDH) 

while the flow coefficient would be represented by the pump flow rate. 

  

Figure 1-2: Impeller Blade Angle and Pump Characteristics (Vogt 2007) 
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1.2.2 Total Dynamic Head 

In normal operations, a pump would lift water from its suction and pump it to a destination which could be a 

reserviour or a water pipe network as depicted below;  

                          

Figure 1-3: Typical Pumping System and Bernoulli's Equation (Claverton Energy 2008) 

 

The Bernoulli’s equation explains how the pumps operates in its system as follows; 

 

(P/ρg) + (V2/2g) + (Z2-Z1)= constant    (Eqn. 6) 

that is;   

Pressure Energy + Kinetic Energy + Potential Energy = Constant 

 

In real situations, there is a fourth component comprising of friction as the fluid is passing through the pipes and 

fittings called frictional head. Therefore, a pump has to generate enough pressure to overcome all the resistances. 

This pressure required by the pump to overcome all the head losses is called Total Dynamic Head (TDH) and 

thus, 

 

 Htot = Hp + Hv + Hpot + Hf   (Eqn. 7)   

where 
 Htot  =  TDH 

 Hp  =  Pressure head  = (P2-P1)/ρg 
 Hv = Velocity Head = (U2-U1)/2g 
 Hs = Static Head = (Z2-Z1) 

Hf = Friction Head ( in pipes and fittings) 
   

The frictional component is a sum of frictional losses in pipes and pipe fittings. Frictional losses of pipes are 

normally referred to as major frictional losses while those in pipe fittings are referred to as minor frictional losses. 
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Major frictional losses are calculated using Darcy-Weisbach formula or the Hazen-William’s Formula. This study 

will use the Darcy-Weisbach approach which is considered more accurate over a wider temperature range and 

diameter of the pipes carrying the fluid (Garg 2005) and is represented by the following; 

   

 

     
       

   
 (Eqn. 8)     

      

where, 
 HL = Head loss through pipes 

 d = Wetted Diameter 

 L = Length of pipe 
 U = Mean Velocity of fluid through the pipe 
 g  = Acceleration due to gravity 

 f’ = Friction Factor     

       
    
The friction factor varies depending on the pipe absolute roughness (e) on the wetted surface as well as the 

Reynolds number (Re) but generally varies between 0.02 for new steel pipes to 0.075 for old  steel pipes and 

depends upon the Reynolds number and the relative roughness of the wetted surface of the pipe. An average of 

0.024 is considered for designs which all use new steel pipes (Garg 2005).  

The friction factor is approximated by many empirical equations depending on the flow regime of the fluid in a 

pipe and also depending on how corroded the pipe is. In this study, the flow is expected to be in transition or 

turbulent regions and the friction factor will be based on the Colebrook and White formula (Garg 2006 page 261) 

represented as; 

  
 

  
        –           

  

 
  

    

     
               (Eqn. 9 ) 

Where, 

  d = Wetted diameter 

  Re = Reynolds Number 
  g  = Acceleration due to gravity 

  f’ = Friction Factor  

  e = Natural log     

Minor losses through pipe fittings can be calculated using the following formula (Rajput 1998); 

     
   

  
         (Eqn. 10)     

Where; 

  Hm        = Minor losses in pipe fittings 

  k          =       Pipe fitting coefficient 

  U          =       Mean velocity of fluid flow in a pipe 
  g           =       Acceleration due to gravity 
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1.2.3 Characteristic Curves for Centrifugal Pumps 

The real pump characteristic curve of head coefficient versus flow coefficient deviates from the ideal curve in 

section 1.2.1 above. A plot of head verses flow rate of all centrifugal pumps reveals similar curves as the one 

shown above.  

Pumps are installed to operate on a pumping system. A pumping system can consist of pipes and pipe fittings 

which offer resistance to the flow of the fluid. A pump may have to overcome a height in addition to the flow 

resistance offered by pipes and associated fittings. The head loss associated with pipes and fittings is called 

Dynamic Head while that associated with height difference is called Static Head. As will be seen later, the 

Dynamic Head quadruples once the flow doubles while the static head remains constant. The system characteristic 

curve intersects the pump characteristic curve to determine the operating point of a pump as shown in the figure 

below; 

 

Figure 1-4: Pump and System Characteristic Curves (Claverton Energy 2008) 

 

A pump will operate at specific point on its characteristic curve at which it will just overcome the system head. The 

pump operating point is set by a specific flow rate and head that matches the requirements of the system into 

which it is pumping. This point shifts as the pump wears out with undesirable effect on pump performance and 

efficiency. 

Apart from the head versus flow rate curve, the centrifugal pump also has an efficiency curve. The pumps have a 

specific point along the characteristic curve for each impeller or for each particular pump speed that gives the 

highest value of efficiency for  a particular impeller size. The highest efficiency achievable on the Head versus flow 

rate characteristic curve is the Best Efficiency Point (BEP). High energy efficiency pumps have higher values of 

BEP. The Hydraulic Institute has typical figures for centrifugal pump efficiencies based on pump centrifugal pump 

style and operating condition as defined under the ANSI/HI 1.3-2000 where double suction pumps have the 

highest efficiency of 86.5% while the slurry pumps have the lowest efficiency of 71.8%. These typical pump 

efficiency values are even used in the Pump System Assessment Tool software developed by the Hydraulic 

Institute (US DoE 2011). Higher energy efficiency pumps have BEP values above these thresholds.  
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The power demand of the pump also has a certain characteristic as shown below. The energy imparted onto the 

fluid (Absorbed Power) increases with increase in flow rate for a specific impeller size.  

 

 

   

 

Curves are for specific liquids e.g. Water Power curve is typically pump shaft input power BEP is at maximum 

efficiency 

 

Different impeller sizes will have different characteristics curves for Head versus flow rate, efficiency and absorbed 

power. Higher diameter impellers have higher values of shut-off head and higher power curves and vice versa. 

 

1.2.4 Pumps Operating in Parallel 

If pumps of similar characteristics are made to operate together in parallel, their characteristic curves add up in 

such a way that a new operating point is set with each pump equally contributing to it. This point is not exactly the 

summation of the two flow rates of the two pumps since the system offers more resistance as the flow rate 

increases. The resulting operating point is depicted figure 1-6. 

When pumps of dissimilar pump characteristics are made to operate together in parallel in the same system, the 

situation is similar to the figure above except that the pump having a characteristic curve with a lower head will be 

forced to operate towards the shut off head unlike the pump with a characteristic curve having a higher head. The 

dissimilar pumps will find equilibrium with one another as they  together interact with the pumping system. First, 

the pump with the highest  shut off head will begin to discharge flow thereby losing its head with increasing flow 

rate. A point is reached where its operating head matches the shut off head of  the other pump(s) which will also  

start to discharge a flow of fluid.. In the end the system offers resistance to the flow until an equilibrium is reached 

when the system resistance matches combined head of the two pumps operating together. 

 

Flow 
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Efficiency 
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Power 
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Best Efficiency Point (BEP) Pump 

Curve (m) 

Figure 1-5: Pump Characteristics, Efficiency and Power Curves (Claverton Energy 2008) 
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Operating pumps in parallel can have detrimental effect on power consumption if the pumps are not optimised for 

parallel pumping. Although parallel operation does increase the flow rate, it also causes greater fluid friction losses, 

results in a higher discharge pressure, reduces the flow rate provided by each pump, and alters the efficiency of 

each pump (US DoE 2006). Using dissimilar pumps should be avoided in parallel-pumping since the pump(s) with 

lower shut-off head will be dominated by the one with a higher shut-off head, leading to inefficiency of the 

pumping systems (Karassik n.d.). 

1.2.5 Pumps Operating in Series 

When the two identical pumps are configured to operate in series, the flow rate will be the same but the final head 

will be ideally doubled. The resulting operating point is depicted below; 
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Figure 1-6:Identical Pumps Operating In Parallel. (Claverton Energy 2008) 

Figure 1-7:Pumps Operating in Series (Claverton Energy 2008) 
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When dissimilar pumps operate in series, the resulting characteristics are similar to the graph depicted above and 

the final head will be the sum of the contributions from each pump. If the first pump has a lower flow rate, this 

may pose problems to the second pump that may start to cavitate. It would be prudent to ensure that the Net 

Positive Suction Head Required (NPSHr) by the second pump is met by the first pump and the pump with a lower 

flow rate should be put in front of the one with higher flow rate. Discussion of Net Positive Head requirements 

will be detailed later under the subject of cavitation. 

 

1.2.6 Operating Away From The Best Efficiency Point 

Operating a pump away from its BEP not only has detrimental effects on energy efficiency but also on its 

mechanical performance and reliability. Radial forces are present in a pump due to the inrush of water through the 

volute or diffuser. The unbalanced radial thrust that arises in a single volute pump is lowest at or near BEP 

depending upon the Pump's Specific Speed (Ns).  But as operation moves away from BEP (especially to the left) 

the net radial thrust increases quickly.  Unbalanced radial thrust can cause increased shaft deflection which can lead 

to increased wear of seals, bearings, and rings etc.  In some cases it can cause the shaft to break. (Hydraulic 

Institute 2006). The figure below shows the regimes on a pump curve with different effects on pump performance. 

 

 

 

 

1.2.7 The Effect of Over Sizing Pumps 

An oversized pump will have a tendency to produce more flow rate. This leads to energy wastage for the extra flow 

rate. An oversized pump will also operate away from its BEP to the right side further contributing to energy 

wastage as shown below; 

Head bep 
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and seal life 
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recirculation 

High flow cavitation 

Flow 

Figure 1-8:Off BEP Pump Operation and Its Effects. (Claverton Energy 2008) 
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An oversized pump operating on a system without any controls will result into high power consumption and 

consequently higher electricity bills. Operating point will be to the right side of the BEP where the absorbed power 

is greater hence there is a risk or of overloading a motor and it might overhead and get damaged. Since the pump 

flow rate if greater than the designed flow rate, the NPSHr will be higher to the right of the BEP and this may lead 

to cavitation and damage the pump. 

An oversized pump is normally provided with a bypass or has its discharge valve throttled. Both of these practices 

result in energy wastage. 

 

1.2.8 Energy Wasted in Throttling Discharge Valves 

When a discharge valve is throttled, the system resistance is increased and the pump flow rate reduces to match the 
new operating point as shown in the figure below; 

 

 

Throttling a pump causes the pump to operate away from the design operating point and causes reduction of 

efficiency. The internal pump elements also suffer more stresses as it works against a partially closed valve and 
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Figure 1-9: Effect of over sizing a centrifugal pump (Claverton Energy 2008) 

Figure 1-10:Energy Wasted in Throttling Valves (Claverton Energy 2008) 
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tends to vibrate more, causing more wear to the pump elements and valve. Even though the power demand of the 

pump is reduced, the loss of energy arises from the off-set operating point and the partial load efficiency loss by 

the electric motor.  

1.2.9 Centrifugal Pump Impeller Inducer 

 An Inducer is a small helical impeller mounted on the eye of the main impeller to reduce NPSHr. It is basically an 

impeller for an axial pump. It requires less NPSH than the main impeller, and increases the pressure and thereby 

the NPSHa at the eye of the main impeller.  An inducer will typically reduce the NPSHr of the pump (based on a 

three percent head drop of the combined impellers) about forty percent at the BEP, but will require more NPSH 

than the main impeller at lower and higher capacities (Hydraulic Institute 2006).  Inducers also normally cavitate 

continuously and as such, they have a shorter life than would be anticipated.  

 

Figure 1-11:Inducers for Centrifugal Pumps (Hydraulic Institute, Lawrence pumps and Pumpzone respectively.) 

 

1.2.10 Pump Affinity Laws 

 

The centrifugal pumps behave in certain ways depending on what parameter is altered. The relationship between 

the impeller diameters, the Head, Flow rate and rotational speed of the pumps related with one another according 

to a set of rules called affinity laws. The following analysis was obtained from turbomachinery lecture notes (Vogt 

2007) 

    

  
 

       

       
          (Eqn. 11)                        
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similarly,                            

     

  
 

      

      

   
     (Eqn. 12)    

 

Where;  

Ha  is the head at operating point a 

Hb is the head at operating point b 

da  is the diameter of the impeller at operating point a 

db is the diameter of the impeller at  operating point b 

Qa is the flow rate of the pump at operating conditions a 

Qb is the flow rate of the pump at operating conditions b 

  

 

Also power is directly proportional to Head and Flow rate, that is; 

 

E = KQH     (Eqn.  13) 

Where; 

  K  = is a constant 

  Q = if the Flow rate 

  H = is the head 

 

From Equations 1 and 2, it follows that; 

1.) the Dynamic Head is directly proportional to the square of the rotational speed of the impeller all 

others variables remaining constant, that is;  

 

H ∞ ω2           
(Eqn. 14) 

 

Therefore, varying the rotational speed of the impeller by half results in reduction of the head to a value that is a 

quarter of the original value, a further reduction of the rotational speed by half results in a reduction of the 

dynamic head to a sixteenth of the original value. Conversely, increasing the rotational speed raises the dynamic 

head significantly. 

2.) The Dynamic Head is directly proportional to the square of the impeller diameter all other 

variables remaining the same, that is, 

 

H ∞ d
2                          

(Eqn. 15) 
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3.) The Flow rate is directly proportional to the square of the diameter taking all other variables to be 

constant. 

Q ∞ d
2                 

(Eqn. 16) 

4.) The Flow rate is directly proportional to the rotational speed of the impeller all other variables 

being held constant.   

Q ∞ ω           (Eqn. 17) 

Since the power needed to pump water is directly proportional to the product of the flow rate Q and the head H, it 

follows therefore that; 

   

5.) The power needed by a pump is directly proportional to the cube of the rotational speed of its 

impeller holding all other variables constant. 

    E ∞ ω3               
(Eqn. 18) 

 

6.) The Power needed by pump in directly proportional to the fourth root of the impeller diameter 

holding all other variables constant. 

      E ∞ d4   
  (Eqn. 19) 

 

1.2.11 Measuring Total Pump Head Rise  

In order to measure the total head of a dry well centrifugal pump, the pressure gains and losses on the suction side 

must be taken into consideration while looking at those on the discharge side as shown below; 

 

 

 

 

 

 

 

 

 

 

Figure 1-12: Total Pump Head Rise For a Centrifugal Re-Lift Pump (Claverton Energy 2008) 

 

Head Rise  



 30 

Dry Well 

Wet Well 

Liquid Level 

Submersible 

Pump 

h 

Pd , Vd 

 Well 

H =  
         

  
    

           

  
       –        (Eqn. 20) 

 

ρ = density of fluid (kg/m3) 

g = gravitational constant (9.81m/s²) 

Vd = mean velocity in discharge pipe (m/s) 

Vs = mean velocity in suction pipe (m/s) 

Pd = discharge pressure (N/m2) 

Ps = suction pressure (N/m2) 

hd, hs = height above pump centreline (m) 

 

 

1.2.12 Measuring Total Pump Head Rise (submersible pump) 

Submersible pumps have a different arrangement for the suction side in comparison with the drywell pumps. 

Measuring the total pump head is done takes this in to consideration as follows; 

 

 

 

 

 

 

 

 

 

 

 

 

Head Rise (H) =  
  

  
    

   

  
      (Eqn. 21) 

ρ = density of fluid (kg/m3) 

g = gravitational constant (9.81m/s²) 

Vd = mean velocity in discharge pipe (m/s) 

Figure 1-13: Total Pump Head Rise For a Submersible Pump (Claverton Energy) 
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Pd = discharge pressure (N/m2) 

h = height above liquid level in wet well (m) Cavitation  

 

 

Centrifugal pumps are designed to have a positive suction in order to avoid cavitation. The suction side of the 

pumps must have enough suction to avoid the fluid boiling off as the water is sucked into the pump. The suction 

has to have a net positive pressure after considering the barometric pressure, the fluid losses along the suction pipe 

(If available ) and the vapour pressure of the fluid being pumped at that temperature. This is called Net Positive 

Suction Head available or NPSHa and is calculated as;  

 

NPSHa = (Pbar –Pv)/ ρg) ± hs- hv -hL    (Eqn. 22)  

 

Where; 
 Pbar  = Barometric pressure on the fluid being pumped (Pa) 

Pv = Vapour Pressure of the fluid being pumped (Pa.) 

Ρ = Density of fluid being pumped(kg/m
3 

) 

g  = Acceleration due to gravity (9.81 m
2
/s) 

hs = Static head of fluid in relation to the pump meridional axis (m)  
hL = Fluid losses along the suction pipe and fittings (m) 
hv = velocity head(m) 
 

Air pressure above sea level (Engineering Toolbox n.d.)  can be calculated as 

 
Pbar = 101325 (1 - 2.25577 10-5 h)5.25588      (Eqn. 23)  

 
where  

p = air pressure (Pa) 
h = altitude above sea level (m) 
or  
 

Using the Hypsometric formula (Keisan n.d.); 

 

          
       

         
 
     

   (Eqn. 24) 

Where; 

                                                   

  P0 = Atmospheric pressure at a reference point 

  P = Atmospheric pressure at a given height 
  h = Given height  
  T0 = atmospheric temperature at reference height 
  T = atmospheric temperature at given height 
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There are many formulae for determining the vapour  pressure of water. The  International Association for the 

Properties of Water and Steam (IAPWS) Formulation 1995  (Wagner and Pruß, 2002)  recommends a certain 

formula to directly calculate the vapour pressure 

Vapour pressure for water at different temperatures can also be obtained from tables for water properties obtained 

from thermodynamic literature etc. Interpolation or extrapolation may be required to obtain the vapour pressure at 

the specific temperature.  

 

The static head of water, hs can be calculated using the formula 

 

 Hs = ρgh    (m)  (Eqn.  25) 

 

It is negative if the column of water is below the centre line of the pump impeller eye and positive if it is above the 

line. The frictional head loss can be calculated from the Darcy-Weisbach formula already dealt with. 

NPSHa should be designed to be as large as possible to avoid any cavitation of pumps. Pumps are then designed 

to have a suction head required that is less than the available suction head in order to avoid cavitation. This suction 

head required from the pump is termed Net Positive Suction Head Required or NPSHr 

There are different recommendations on the requirements for NPSHr in relation to NPSHa. The pump 

manufacture, Grundfos pumps (Grandfos Pumps 2010), mentioned that; 

 

 NPSHa = NPSHr + 0.5 bars.    (Eqn. 26)      

 

While the Hydraulic Institute (America), Europump and the US Department of Energy (Hydraulic Institute et al 

2006) recommends; 

 

 NPSHa/NPSHr ≥ 1.2              (Eqn. 27)      

 
 
Cavitation is detrimental to the performance of both the pump and the motor and should be avoided in order to 
improve energy efficiency in pumping. When a pump cavitates; 

1. It looses the load and results in partial loads on a motor and directly negates the efficiency of the motor. 
2. The high energy implosions of the bubbles on the metal surfaces creates pitting of the impeller and pump 

casings thereby increasing the surface roughness of the internal pump parts and therefore leads to more 
frictional losses within the pump. 

3. The wear parts like impeller neck rings and sleeves wear out more and the end result is volumetric 
efficiency drop as recirculation of fluid within the pumps sets in. 

4. Cavitation is accompanied by more vibrations which exert cyclic loads on the pumps and results in more 
frequent fatigue failure of shafts and bearing failure etc. 

 
Conditions that favour cavitation are; 

1. Inadequate Net Positive Suction Head Available for the pump. This happens if the pump was not 
correctly selected or poor engineering of the pump suction infrastructure.  
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2. Pumping fluids at a higher temperature than the design temperature of changing the fluid from one with 
lower vapour pressure to one with higher vapour pressure at the same operating temperature. 

 In order to avoid cavitation; 
1. Double suction pumps should be considered, they inherently have a lower NPSHr.  
2. Elevate the static head of the fluid on the suction side of the pump by either lowering the pump chamber 

or elevating the reserviour of fluid above the pump, this will Increase NPSHa. 
3. Reduce the length and optimize the diameter of the pipes on the suction side of the pumps, this will 

increase NPSHa. 
4. Consider using pipes with lower absolute roughness like Poly pipes as opposed to rougher pipes like cast 

Iron or old steel pipes, this will increase NPSHa 
5. Install a booster pump in series with the main pump if the situation is unavoidable or if doing so will be 

deemed viable. This will elevate NPSHa to the second pumps. 
6. Reduce the vapour pressure of the liquid by cooling it prior to pumping if this is unavoidable or if doing 

so will be deemed viable. 
7. Use a slower speed pump as this inherently has lower NPSHr. 
8. Use an impeller with a larger impeller eye (impeller inlet) as long as it’s not too big to trigger recirculation 

within the pump. 
9. Fit an inducer to the pump that will lower the NPSHr. 
10. Use several smaller pumps operating in parallel rather than one pump to pump the required flow rate. This 

will lead to lower NPSHr for each of the smaller pumps. This measure may not be cost effective and 
energy efficient although reliability of the unit may go up. 

1.2.13 Onset of Cavitation  

A pump will cavitate once the NPSHa is less than or close to NPSHr. The onset of cavitation of depicted below;   

 

 

 

 

 

 

 

 

Figure 1-14: Onset of Cavitation (Claverton Energy 2008) 

NPSHR (NPSH-3) is the suction pressure limit at which the pump's total differential head performance is reduced by 3% due to 

cavitation. It's important to note that cavitation occurs at suction pressure levels above the NPSH-3 level and pump damage can occur 

from cavitation even though the pump may continue to provide the expected hydraulic performance.(Claverton Energy 2008) 

Pump performance is adversely affected by cavitation. Its efficiency and output drastically deteriorates as shown 

below; 
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The onset of cavitation is marked by a rapid decrease in developed head. This is accompanied by a rapid decrease in pump efficiency. 

Cavitation and Pump Noise. The characteristic cavitation noise sounds as though a pump is pumping a fluid with 

small stones in it. Sometimes a pump can cavitate with very low noise level under certain condition of higher 

frequency of bubble formation and destruction. Noise, in this case, may not be the only indicator of 

cavitation(Claverton Energy 2008). 

 
 

Cavitation usually produces noise. The noise is generated by the implosion of the vapour bubbles. This can sound 

like gravel passing through the pump. In extreme cases cavitation can be almost silent due to the sound insulation 

properties of the vapour bubbles cushioning the noise of the implosions at certain noise frequencies. 

 

1.2.14 Internal Recirculation of pumps 

All centrifugal pumps operating at flows away from the BEP flow are subject to internal recirculation at the 

discharge and suction sides of the impeller. Suction recirculation is more prominent that discharge recirculation 
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Figure 1-15: Cavitation and Pump Performance (Claverton Energy 2008) 

Figure 1-16: Cavitation and Noise Level (Claverton Energy 2008) 
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and the two may or may not occur simultaneously. Internal recirculation causes intense vortices to form at the 

entrance and discharge sides of an impeller with high velocities at their core resulting in low static pressure at those 

points and therefore resulting in cavitation. Internal recirculation results in severe pressure pulsations and noise 

and leading to poor performance and eventual damage to the pump (Claverton Energy 2008).  

 

 

 

When the capacity of a pump is reduced by throttling (or by an increase in system head) recirculation can occur. 

Recirculation is a flow reversal at the suction and/or discharge tips if the impeller vanes. All impellers have a 

critical capacity at which recirculation occurs. Recirculation commonly occurs briefly as a pump is shut-off. 

 

Suction recirculation is a reversal of flow at the impeller eye.  A rotating annulus of liquid is formed upstream of 

the impeller inlet. The axial flow corresponding to the output of the pump passes through the core of this annulus. 

The high shear rate between the annulus and axial flow creates vortices that form and collapse resulting in 

cavitation and noise. Suction recirculation produces a loud crackling noise about the suction end of a pump (louder 

than low NPSHa cavitation) and can be very damaging if it occurs during continuous operation of the pump. 

 

Discharge recirculation is a reversal of flow at the discharge tips of the impeller vanes. The high shear rate between 

the inward and outward flows produces vortices that cause cavitation that attacks the pressure side of the vanes.  

Discharge recirculation produces the same characteristic crackling noise about the discharge end of the pump and 

can be very damaging if it occurs during continuous operation of the pump. 

 

1.2.15 Power Consumed in Pumping 

 

Pgr = 
    

          
     (Eqn. 28) 

 

Pgr = electrical power consumed (kW) 
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Figure 1-17: Internal Re-circulation in a Centrifugal Pump (Claverton Energy 2008) 
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ρ = density of fluid (kg/m³) 

g = gravitational constant = 9.81 (m/s²)  

Q = volumetric flow rate (m3/s) 

H = head developed by the pump (m) 

ηp = pump efficiency (decimal) 

ηm = motor efficiency (decimal) 

 

1.2.16 The Cost of Pumping 

Annual Cost  = Pgr nTr   ---------------------------Eqn. 31 

 

Pgr = electrical power consumed (kW) 

t = hours run per year (hrs)  

Tr = tariff rate (amount/kWh) 

 

 

1.2.17 Life Cycle Cost Analysis of pumping infrastructure 

It is not always apparent that implementing a certain intervention would result into cost savings. In order to make 

it easy to determine which options would be viable, a life cycle cost (LCC) analysis need to be performed and this 

reveals which are the best options to be  consideration for investments. The Hydraulic Institute and Europump 

has recommended a formula to be used for LCC analyses in pumping infrastructure and is as follows; 

 

 LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd     (Eqn. 30) 

where 

 Cic  – Initial Cost  (Purchase price of pump and pumping system (pipes, auxiliaries)  
 Cin  – cost of installation and commissioning 
 Ce  – energy costs  
 Co  – Operating costs (Labour) 
 Cm  – maintenance costs (spare parts etc) 
 Cs  – downtime (loss of production) 
 Cenv - Environmental costs 
 Cd - Decommissioning costs 
 

It has generally been found that the energy costs supersede the cost of the maintenance and capital costs of 

pumping infrastructure multiple times over. The cost of a motor, for example, can be as low as two percent as 

compared to the amount of cost incurred on energy during the life time usage of the motor (Claverton Energy 

2008).  Cost saving opportunities available in pumping infrastructure can be categorised as follows 

 

 Energy Savings of 10 – 15% can typically be made by improving the efficiency of pumps 
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 Energy Savings of 30-40% can typically be made by considering the performance of complete pumping 
systems 

1.2.18 Economical pipe diameter 

Pipe diameters should be optimised to avoid unnecessary electricity costs in pumping operations. The bigger the 

diameter the loss the resistance to flow  and therefore the less the cost of pumping. However, the bigger the pipe 

diameter the more costly the installation becomes, thus, becomes economically unattractive to over size the pipe 

diameters. 

 

 

 

 

 

 

 

 

An empirical formula has been determined to specify a pipe diameter economically called Lea’s Formula (Garg 

2005). This was derived by considering all the costs involved in putting up pipe installations of various sizes as well 

as taking into consideration the operational costs. An optimum pipe diameter that gives the most economical 

choice is obtained as follows; 

 

  D  =  k√Q  (Eqn. 31) 

 

Where Q = Flow rate (m3/s) 

 D = Economical Diameter 

 K = constant varying between 0.97 to 1.22 

1.2.19 Efficiency Deterioration in centrifugal pumps 

Centrifugal pumps lose efficiency during operation. The pump components like impeller wear rings and sleeves 

contribute greatly to the performance of pumps and once these parts wear out, pumps lose efficiency . It has been 

observed from experience that pumps can loose more than fifteen percent of its original efficiency due to the wear 

of these components. The graphs below show that the maximum drop in efficiency occurs during the first five 

years of commissioning a new pump. This entails that maintaining the pump components regularly increases pump 

performance and enhances energy efficiency (Henshaw n.d.) 

Figure 1-18: Economical Pipe Diameter (Claverton Energy 2008) 
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Starting and stopping pumps is the cause of most deterioration. Operating the pumps wrongly can also damage the 

pumps. Correct sizing of pumps must be done to avoid cavitation. The suction valve of a centrifugal pump should 

never be throttled. 

 

1.2.20 Optimising Maintenance and Refurbishment of pumps 

Once pumps are properly refurbished, there is an immediate reduction in the operational costs as the energy 

savings generally go down with reduced down time due to pump failure. The relationship between operating costs 

and refurbishment intervals is depicted below; 

 

Figure 1-20: Relationship Between OPEX and Pump Refurbishment 

 

Savings from Pump Refurbishment is represented by the following relationship 

 

P (kW) = (ρgQH / 1000) x (1 / η1 - 1 / η2)    (Eqn. 32) 
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Figure 1-19: Efficiency Deterioration in Centrifugal Pumps (Claverton Energy) 
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Annual Saving can be obtained by multiplying equation 15 by the number of run hours and the tariff and as 

represented in the following equation  

(ρgQHtTr /1000 ) x (1 / η1 - 1 / η2)    (Eqn. 33) 

 

where (for both equations 34 and 35); 

 
η1 = ηp1 x ηm1 = overall efficiency before refurbishment 

 
η2 = ηp2 x ηm2 = overall efficiency after refurbishment 

 
P = electrical power consumed (kW) 
ρ = density of fluid (kg/m³) 
g = gravitational constant = 9.81 (m/s²)  
Q = volumetric flow rate (m3/s) 
H = head developed by the pump (m) 

t = hours run per year (hrs)  

Tr = tariff rate (amount/kWh) 
ηp1 = pump efficiency (decimal) before refurbishment 
ηm1 = motor efficiency (decimal) before refurbishment 
ηp2 = pump efficiency (decimal) after refurbishment 
ηm2 = motor efficiency (decimal) after refurbishment 
 

The author did has gathered some knowledge on how many companies in the  Zambian Water Sector as well as 

those from the general Zambian Industrial sector do refurbish their pumps.  The following are the approaches 

taken by these companies to refurbish pumps. 

1.2.20.1 OEMs Pump Rehabilitation (OPR) Approach 

The Original Equipment Manufacturers(OEM) Pump Rehabilitation (OPR) approach involves restoration of 

pump performance by using the original pump manufacturer spares. The pumps are taken to a manufacturer or an 

agent who tends to apply the same approach to original pump manufacture while refurbishing the pump. The 

spares used are the same original spares found in new pumps in terms of metallurgical properties and dimensions. 

Few manufacturers would want to alter the dimensional properties of spare parts during pump refurbishment 

because this may entail setting up new jigs, fixtures or processes to deal with this and this may not be economical 

for them. It should be understood that the core business of any pump manufacturer is to manufacture their type of 

pumps; pump rehabilitation  comes as secondary business. The approach by pump manufacturers, is therefore, to 

replace whole parts as much as possible and avoid modifications. This is a good approach as far as restoring pump 

performance is concerned and should be taken advantage of whenever it is found to be cheaper and sustainable. 

This approach is, however, mostly applicable for customers who are close to pump manufacturers. Some 

manufacturers use pump refurbishment as an after-sales service and even offer a free pump to be used temporarily 

by the end-user while their pump is under rehabilitation.  

This method is both expensive and inconveniencing for an end-user who is located far from a manufacturer and 

the average cost of rehabilitating  a pump this way in Zambia is usually closer to the original purchase price of a 

new pump.  
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1.2.20.2 Engineered Pump Rehabilitation (EPR) Approach 

This method is completely driven by a qualified engineer or technician who is fully responsible for the pump 

rehabilitation process. The qualified engineer or technician makes recommendations of how to proceed depending 

on the status of the pump and/ or conditions on the ground where the pump operates, etc. The engineer is free to 

modify  the pump by  choosing appropriate dimensions and materials to undertake the rehabilitation in the 

absence of OEM spare parts. This approach is adopted for end-users who are not close to pump manufacturers 

and the method is always cost effective as well as sustainable.  

 

A qualified engineer carefully chooses the right duplex material to use and prescribes correct tolerances to use 

between the different mating parts of the pump. Generic materials can be as strong and durable as OEM’s parts if 

particular attention is given to metallurgical composition and consistency of the primary material.  

The EPR approach is flexible enough to correct many errors in the original pump specification. If the original 

pump had a high head, for example, the engineer would calculate the extent to which the impeller could be 

trimmed in order to optimise the head and thereby reduce energy wastage simply by executing a cost effective 

solution. The pump manufacturer or agent, in this case, would most probably recommend a complete replacement 

of the impeller or pump altogether which would increase the cost of pump refurbishment.  

 

The author has used EPR before and successfully refurbished the biggest pumps for Mulonga Water and Sewerage 

(rated motor power of 476 kW) at an average cost of about US$ 2,115 with demonstrable and recorded 

improvement in pump and motor efficiencies and very short returns on investments. Steps of how to execute the 

EPR approach are discussed in detail under chapter 4.3.2. 

 

1.2.20.3 Contracted Pump Repairs (CPR) Approach  

The third method involves a third party who is contracted to refurbish a pump. This method could work well with 

professional and credible contractors who have proven sound pump engineering knowledge. The contractor would 

basically follow the EPR approach to refurbish the pump. This method should be encouraged only if a contractor 

with proven training and experience in pump rehabilitation is available to undertake the repair. The cost of such 

pump repairs should  not adversely affect the LCC of the pumps, that is, the cost of repairs should be sustainable.  

 

In Zambia, as the case may be in other developing countries, it is very difficult to find such professional  

contractors. CPR approach, as observed by the Author,  is the predominant method used by end-users of pump in 

Zambia. The unqualified contractor would engage a trial and error approach and has no post rehabilitation 

performance objective of the pump in question.  Most of these unqualified contractors even use unscrupulous 

methods as they try to refurbish the pumps in order to maximise their profits. The spares parts used in this 

approached are recycled or have poor metallurgical and mechanical properties and do not comply with any credible 

standards.  

 

1.2.21 Specific Power Consumption (PS)  

Specific power is the amount of energy units consumed per unit volume of fluid pumped.  This would make it 

possible to compare the performance of different pumping infrastructure or comparing different designs of 

pumping systems under the same pumping conditions. Claverton Energy, in the already referenced document  
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defines specific energy consumption by only considering energy units spent for overcoming the system  static head 

per unit volume of fluid pumped as follows; 

 

PS = P/Q = ρ.g.HS/ηgr = Ws/m3 (watt seconds per cubic metre)  (Eqn. 34) 

 

PS = ρ.g.HS/3600.ηgr = kWh/Ml    (Eqn. 35) 

where; 

PS = specific power consumption (kWh/Ml) 

ρ = density of fluid (kg/m³) 

g = gravitational constant = 9.81 (m/s²)  

HS = static head (m) 

ηgr = product of overall component efficiencies 

Ml = Million Litres (or m3) 

 

Claverton Energy also defines Specific Consumption per metre of static head that can be used to compare the 

performance of competing designs as follows: - 

 

PS/Hs = kWh/Ml/m      (Eqn. 36) 

 

The problem with this comparison method is that it insist on static head only while ignoring the frictional pipe 

losses as well as the velocity head. From Bernoulli’s equation, the pipe diameter matters when comparing the 

energy efficiencies pumping system. Two pumping systems with the same flow rates same type if pipe fittings, 

same pipeline lengths  and the same static head can have different energy consumption figures if their pipe 

diameters are different. 

 

The author, thus proposes that in order to compare two different pumping systems, it would be better to isolate 

the individual components of the head looses as presented in Bernoulli’s equation,  thus, the definition ; 

 

Specific Energy Consumption,  

 

Es = Ps +Pd +Pv  (Eqn. 37) 

 

Where;  

Ps -   is Specific Power Consumption per static head or the amount of 

useful  power spent to pump one cubic  metre of fluid over one metre 

of static head (kWh/ML/m  as defined by Claverton or kWh/m2 
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Pd - Specific Power Consumption spent per dynamic head (pipe frictional 

losses). This is the amount of real power spent to pump one  cubic 

metre of fluid to over one metre of pumping system dynamic head  

Pv - is the Specific Power Consumption per metre of velocity head or the 

amount of useful power spent to pump one cubic metre of fluid to 

lose a velocity head of one metre.   

1.2.22 Polymer Coatings 

As the centrifugal pump is in operation, the rotating element is often rehabilitated without refurbishing the internal 

surfaces of a pump. With passage of time, the roughness of the internal pump casings tear due to cavitation and 

corrosion also sets in. Sometimes, it is the deposits from the fluid that adhere to the pump casings. The resulting 

rough surfaces of the internal pump casing detract on the efficiency of the pump. Polymer coatings are known to 

enhance the efficiency of the pump once properly applied. They give a smooth finish to the internal pump casings 

thereby reducing energy loss due to friction within a pump and thus enhancing the hydraulic efficiency of a pump. 

According to Claverton Energy, the following figure depicts how efficiency can be enhanced by applying the 

polymer coatings on different pump geometric configurations; 

 

 

 

 

Efficiency derived from polymer coatings will last, providing cavitation is avoided which would eventually erode 

the coatings. 

1.2.23 Effect of Entrained Air on Pump Performance 

Entrained air has a detrimental effect on pump efficiency and performance. This can also reduce pump life and has 

a similar effect to cavitation. The pump would not only have a reduced performance but would suffer vibrations 

and mechanical damage depending on the amount of entrained air involved. The author has witnessed booster 

pumps that vibrate vigorously due to entrained air (Kabundi Booster Pumps) especially when the pumps are 

started after a shut down when the water retreats and leaves air pockets in the pipes. The following figure show 

how pump performance reduces with increased entrained air in the pump. 
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Figure 1-21: Efficiency Increase From Polymer Coatings  (Claverton Energy 2008) 
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As can be seen above, the more the pump operates under increased entrained air, the poorer its performance 

becomes. 

1.2.24 Methods of Determining Efficiency of Pumps 

There are many methods of measuring pump performance. The method chosen depends on the availability of 

resources and accuracy sought for the measurements. The following some methods used for measuring pump 

performance; 

 

1.2.24.1 Thermodynamic Method 

This methods required an accurate means of measuring minute temperature and pressure changes across the pump 

inlet and outlet and from these parameters determining the wasted energy by the pump through thermodynamics. 

This methods requires accurate pressure transducers and temperature measuing instruments and is therefore a 

specialised methods.( Stuparu et al n.d.) This method is the most accurate method of determining pump efficiency 

becasue it measures the energy losses across the inlet and outlet of a pump rather than the actual energy input and 

output, as such the uncertainties on the measured parameters become diminutive when applied on the actual 

efficiency value. In addition, there is no need to measure the flow rate of a pump which is a major source of errors 

in the other method described below. The analysis is based on the following formulae; 

 

The general formula for efficiency is Energy output divided by Energy in. Also Energy input  is the sum of  Energy 

output plus losses. In this case, the energy input is the shaft power from the motor, Es, which is the electrical 

power supplied to a motor  less the motor losses, that is;  

 

   Es = Em* ηm     (Eqn. 38) 

 

Also Absorbed energy (energy imparted to a fluid),  

 

Eab = Es*ηp = ρgQH (Eqn. 39) 
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Figure 1-22: Effect of entrained air on pump performance (Claverton Energy 2008) 
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Where,  

ρ = density (kg/m³) 

g = gravitational constant = 9.81 (m/s²)  

Q = volumetric flow rate (m3/s) 

H = total head rise across the pump (m) 

Es = Shaft power supplied to a pump (which is P(motor) from Eqn. 47) (Watts) 

Eab = absorbed power (Watts) 

Em = electrical power supplied to a motor.(Watts) 

 

Once the pumping system has reached thermal equilibrium, and ignoring the corrections to the kinetic energy and 

gravitational terms on the Bernoulli’s equation , the energy losses across the pump can be taken as; 

 

losses = ρQCpΔT   (Eqn. 40) 

where; 

ρ = density (kg/m³) 

Q = volumetric flow rate (m3/s) 

Cp = specific heat capacity at constant pressure (J/kg.K) 

ΔT = temperature rise across the pump 

 

Thus pump efficiency, 

ηp  = 1 / ((1 + CpΔT) / (gH))    (Eqn. 40) 

 

The thermodynamic methods therefore can be used to determine pump efficiency by only measuring the pressure 

and temperature difference across a pump. This is cardinal since fluid flow rate is excluded which is the most 

difficult parameter to measure in-situ for pump in service. 

 

1.2.24.2 Traditional Pump Efficiency Measurement 

This method of determining pump performance involves determination of pump efficiency by measuring the 

actual electrical power supplied to the motor that is connected to the pump  and equating it to the absorbed power 

by the fluid, that is, the power output from the pump. This means equating equation 28 and equation 47 without 

duplicating the motor efficiency, that is; 

 

 

Pgr = 
    

      
 = Em = V*I*√3 *PF   (Eqn.41) 
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Where; 

Pgr  = electrical power consumed (W) 

ρ  = density of fluid (kg/m³) 

g  = gravitational constant = 9.81 (m/s²)  

Q  = volumetric flow rate (m3/s) 

H  = head developed by the pump (m) 

ηp  = pump efficiency (decimal) 

ηm  = motor efficiency (decimal) 

V  =Operating Voltage or motor (V) 
 A =Operating Amperage of motor (A) 

 ηm =efficiency of motor (decimal) 

 PF =Power Factor of motor (Decimal) 

Em =Electrical Power supplied to a motor (W) 

  

Re-arranging the relationship above leads to  

 

Eab = (Ia)*(Va)*√3*PF*( ηp*ηm) = Em*ηp*ηm (Eqn.42) 

 

Where Eab is the absorbed power by the fluid just as it exits the pump or the power imparted to the fluid being 

pumped by the pump. All other variables are as in Equation 41. The pump efficiency can the be found as per 

equation below; 

 

ηp   = ρgQH / Em * ηm   (Eqn. 43) 

 

 

All the variables are as defined in equation 41 and can be determined or measured as seen before. Motor efficiency 
can be determined more accurately by a rigorous method suggest by NEMA that includes determining motor load   
using “ slip method” with voltage compensation and using other motor parameters like rated power etc ( US 
DOE, 2011,  Otaduy, P. J. 1996). This method shall not be used in this study. An estimate of motor efficiency can 
be obtained by using the manufacturer motor characteristic curves and estimating the operating point of the motor 
using current readings. 
 

Measuring the electrical power supplied to the motor can be done using a power analysiser or by measuring 

individual parameters that would enable one to calculate the total power supplied, that is, the current, voltage, and 

power factor of the electrical load.  

 

Measuring the absorbed power from the pump is more difficult to undertake because of various constraints 

encountered on the ground.  Flow measurements are usually inaccurate because of incorrect sizing of flow meters 

with respect to the actual flow regimes. The accuracy of the flow meters depend on a number of factors including 
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their installed conditions, pipe configuration and calibration status of the flow meter. Flow meters could be 

installed along pipes or could be portable devices. Examples of water flow meters are electromagnetic flow meters, 

ultrasonic flow meters and mechanical meters 

 

Pressure measurement can be done using pressure measuring devices that includes pressure gauges and pressure 

transducers. The easiest and cheapest means of making pressure measurements is by using a pressure gauge that 

can be either calibrates to take absolute pressure or gauge pressure from the factory. One has to determine which 

reference the pressure gauge was calibrated for otherwise an error would arise. It is not usually easy to tell which 

reference the pressure gauge was calibrated to measure in practice and end-users usually do not retain OEM 

manuals for pressure gauges. Pressure gauges also rapidly loose their accuracy with age and stresses coming from 

the usage. Many pressure gauges checked by the author has a residual reading even when the pipe were empty. 

More accurate mean of taking pressure measurements can be done using digital or analogue test pressure gauges 

but these are usually expensive and require adjustments to be made to the pipes which may not be easily be 

allowed by the end-users because it would require shut down of the plant and could have negative implications on 

production etc.  

 

This method is less accurate as compared to the thermodynamic method because of its dependency on the 

accuracy of measuring equipment for actual operating head and flow rate and power input. The British standard BS 

EN ISO 9906 which is about Rotodynamic Pumps Hydraulic Performance Acceptance Tests Grade 1 & 2 is 

concerned about this type of pump test.(Claverton Energy 2008). The analysis is as follows; 

 

The Active Electrical Power from the supply cables to the motor is determined by the following equation; 

 

Em  = (Ia)*(Va)*√3*PF  (Eqn. 44) 

 

Where the terms are as explained before in Equation 41 . Since the supply voltage and power factor are more less 

constant, one can relate the amount of active power being drawn by a motor to the amount of current passing 

through the supply cable. During a preliminary stage of energy audit, one can estimate the load conditions on a 

motor by measuring the amount of current drawn by the motor. 

 

1.2.24.3 Estimating Pump Performance Using the Pump Curves 

This method can be used to determine the pump operating point in the absence of accurate measuring 

instruments. The varaibles in equation 43 can be determined as follows; 

The density of the fluid would be taken as measured by the manufacturer when making the pump curves. In this 

case, the application of the pump must be appropriate, for example, if the pump was made to pump slurry, then 

the pump curves for that pump can not be used for any fluid other than that type of slurry. The power  supply 

could be measured using a power analysier or calculated from voltage, amperage measurements and power factor 

readings. The user must then measure the pressure of the fluid across the pump (TDH) using pressure gauges on 

the suction and discharge side of the pump and subtracting or adding acordingly. This pressure value can then be 

ploted on the manufacture’s pump curves to intersect with the pump characteristic curve for the specific impeller 

diameter in use to give the flow rate. Having all the variables and substituting in equation 43, the pump efficiency 

could be estimated. 
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If pressure measurements can not be done one could measure the flow rate and plot the operating point on the 

pump curve accordingly. The absorbed power and pump efficiency could be estimated from the pump curves 

where a vertical line from the flow rate axis cuts the respective curves. The TDH could be read off by drawing a 

horizontal line to cut the pressure line. The value obtained could be refined by comparing with the value obtained 

by determining the absorbed power through estimations of pump efficiency and calculation of electrical power 

using measured electrical parameters or reading off the value from a power analysier.  If power factor values and 

motor efficiency values can not be determined easily, a practical approach would be to take the value for the 

product of motor efficiency and Power factor to be 0.85 (Nelik n.d.). A closer figure can be obtained using motor 

name plate data especially if the motor operating point is near full load conditions. Pump efficiency can be 

estimated depending on the age and operating conditions of the pump but this would be very inaccurate to be used 

on critical decision making undertakings.  It is thus possible to calculate the absorbed power of the pump using the 

pump characteristic curves from a manufacturer. On the absorbed power curve, a point can be found showing an 

approximate pump operating point and by drawing a vertical line cutting across the pump Head-Flow rate curve, 

another point can be found showing the operating head and flow rate of the pump. (Nelik n.d.) . Values of 

absorbed power, efficiency and TDH obtained from these approaches could be then be compared and refined 

accordingly. 

 This method could be iterative and complemented by use of pressure gauges to double check the operating point 

and is mostly inaccurate and should be confined to estimating pump performance and should merely indicative of 

the actual performance of a pump in the absence of accurate methods. This methods will have errors arising from 

the efficiency deterioration of the pump since the pump Head-flow  rate and efficiency curves will tend to take a 

lower head value from the original curve presented on Manufacturer’s pump curves while the absorbed power 

curve would tend to rise above the original curve as shown in the figure 1-23 below.  

 

Eab = Em*ηp*ηm (Eqn. 45)  

 

Thus,                           

ηp   = Eab /( Em * ηm)    (Eqn. 46) 

 

Taking note of the pump wear and deviations of the curves, cautious deviations from the original pump curves can 

be done to depict the worn status of the pump to give a more realistic scenario than taking the original pump 

curves which are only applicable to a new pump. The following figure explains the deviations that occur on the 

pump curves when a pump gets worn; 
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Figure 1-23: Effect of Pump Wear on Pump Curves (GIM 2005) 

 

1.3 Theory on Induction Motors 

1.3.1 Basic construction and operating principle of an induction motor 

Electric motors currently in use in the Zambian water sector are exclusively induction motors. An induction motor 

works on the principle of electromagnetic induction (e.m.f) and has a rotor and a stator as the main components 

between which magnetic flux acts to bring about the necessary torque. For a pole pair, an e.m.f is generated in the 

rotor conductor which circulates a current with an effect of strengthening flux on one side of the rotor and weaken 

the flux on the other side thus the flux in the gap between the rotor and the stator is distorted thereby bringing 

about a force that acts on the rotor and brings about the rotation.  The  Alternating Current Induction motors can 

be wound as two pole or four pole motors etc; the higher the number of poles the lower the speed of rotation for 

the same frequency.  

 

 By design, induction motors produce reactive power and thus  lower the power factor of the circuits unlike 

synchronous motors (Huges 1995). It is imperative, therefore, to consider power factor correction especially where 

the Electricity company imposes a penalty for the consumption of reactive power. One of the reasons why 

synchronous motors do not find their application in pumping related operations in Zambia is because of their high 

capital cost per Kilowatt as compared to induction Motors which are relatively cheaper. 

The efficiency of the induction motor is affected by the load it is carrying. Efficiency deteriorates at partial loads 

and only improves when the motor is fully loaded. A fully loaded motor has an operating current reading equal to 

its rated full load current. The efficiency characteristics of an induction motor is presented below; 
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Figure 1-24: Efficiency of Induction Motors at Different Load Conditions (G.A McCoy, et al 1993) 

 

Induction motors have different efficiency levels depending on many factors. The bigger the motor in terms of 

rated power output the better the full load efficiency value and better the partial load performance of the motor in 

terms of efficiency deterioration as can be seen from the graph Fig. 1-24. The graph depicts the efficiency 

characteristics of different sizes of induction motors at different load conditions. 

 

The energy efficiency class of the induction motor affect the full load efficiency value of the motors. The higher 

the energy efficiency class the better the full load efficiency value (McCoy et al. 1993). Energy efficient motors are 

carefully constructed in terms of material and structural designs to give them the better efficiency characteristic. 

These motors also have other added benefits like higher longevity and reliability as compared to the standard 

motors and currently fetch higher prices per installed kilowatt. There are currently two prominent energy efficiency 

ratings recognised world wide, that is, International Electrotechnical Commission (IEC) 60034-30 standard which 

describes the codes IE1, IE2 and IE3 for low voltage, three phase low voltage motors  and the National Electrical 

Manufacturers Association (NEMA) premium motor standards which sets equivalent standards for motors McCoy 

et al. 1993). The European Commission has based its motor efficiency standards on IEC standards. NEMA is 

from the United States of America. 

 

Partial loads also affect the amount of reactive power Induction motors consume. The power factor value 

improves as the motor operates at its full load and deteriorates as a motor operates away from its rated full load 

current. The following figure depicts how power factor varies with the amount of load on a motor. 
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Figure 1-25: Power Factor Vrs Load on Motor (G.A McCoy, et al 1993) 

Improving the motor load of a motor can therefore improve both the efficiency of a motor as well as reduce the 

reactive power being consumed by motors at an installation. The following data was obtained after improvement 

of motor load at Kafue Water Treatment Pump Station belonging to the Zambia Water Utility Company Mulonga 

Water and Sewerage Company , in 2010. The pump station experienced lower kVA and kWh readings while with 

improved water productivity as a result of a gradual motor load improvement by sequential effective rehabilitation 

of five pumps at the pump station.  

 

1.3.2 Determining the Power of an Induction Motor 

The power of a motor can be determined by direct measurement using an instrument. An indirect method can be 

used by measuring the operating current and voltage. Using the power factor of the motor, the power output from 

a motor can then be calculated using the following formula; 

 

P(motor) = V*I*√3 *PF* ηm  = Em*ηm (Eqn. 47) 

 

Where: 
 V  = Operating Voltage or motor (V) 
 A = Operating Amperage of motor (A) 

 ηm = efficiency of motor (decimal) 

 PF = Power Factor of motor (Decimal) 

Em = Electrical Power supplied to a motor (W) 
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1.3.3 The Load on an Induction Motor 

The load on an induction motor is directly proportional the amperage the motor is running on since voltage is 

almost constant under most operating conditions. The full load current is the rated current when the motor is 

under its rated full load. This is seen from equation 39; by neglecting the minor changes in the voltage, power 

factor and motor efficiency, an estimation of the motor load in relation to the rated load could be done. Thus; 

 

Lf = Aa /Ar    (Eqn. 48) 

 

Where; 

 Aa       - Actual amperage reading 

 Ar       - Rated amperage at full load 

 Lf - Motor Load (ratio) 

 

1.3.4 Effect of Phase Voltage Imbalance on Motor Efficiency. 

Induction motors lose efficiency if the input voltage is not balanced. It is imperative that the input voltages should 

be balanced in order to improve efficiency of motors. Voltage imbalance also affect the motor’s lifespan negatively. 

The imbalance of voltages results in imbalance in currents which also produces torque pulsation leading to 

vibrations and eventually mechanical damage to the motor. One or two phase windings could start heating up 

leading to losses and insulation damage and dramatic failure of a motor (US DoE n.d.).  NEMA describes the 

percentage voltage imbalance as 100 times the maximum deviation of the voltage from the average reading divided 

by the average voltage reading, that is; 

 

  Vi = 100* 
    

  
   (Eqn. 49)    

where; 

  Vi - Percentage Voltage Imbalance (%) 

  V -maximum deviated voltage reading 

  Vm - average voltage reading = (V1 +V2 +V3)/3 

   (V1, V2 and V3 are phase voltage readings) 

 

A voltage imbalance of 3.5% calculated using equation 49 can result into motor losses of about 20% while a 

voltage imbalance of 5% indicates a serious problem ((McCoy et al. 1993,P43).  

1.3.5 Effect of Over or Under Voltage on Motor Performance 

When a motor operates at a lower voltage than its rated voltage, even with the allowable 10% limit, it will draw 

more current than the rated figure in order to generate the required torque imposed on it by the load. When a 

motor operates at a higher voltage than the rated figure, the magnetising current increases exponentially and can 

lead to saturation of the iron core and motor overheating. The motor efficiency and power factor decrease. The 

following figure depicts what happens when a motor operates with over- or under-voltage conditions. 
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Figure 1-26: Effect of Input Voltage Variation on Motor Performance (G.A McCoy, et al 1993) 

 

1.3.6 Determining Motor Efficiency at Operating Conditions 

It is very important to determine the operating motor efficiency for a motor in service. Operating conditions 

predisposes a motor to different efficiency deteriorations and so it is vital to know the actual operating efficiency 

of a particular motor in service. Applying a systems approach on pumping infrastructure  is key in energy 

management and demands knowledge of operating efficiencies of the motor and associated pumping equipment. 

There are different standards used to determine the operating efficiency of a motor in service. Three known motor 

efficiency testing standards are the Japanese Electrotechnical Commission (JEC-37), the International 

Electrotechnical Commission (IEC 31-2) and the US equivalent, IEEE 112-1984 (G.A McCoy, et al 1993). This 

report considers the last method and is represented as; 

 

Motor Efficiency  

ηm = 0.746 * Output hp/(measured Power in kW)    (Eqn. 50) 

 

 where; 

  Output hp = Motor Load * Nameplate hp 

  Motor Load = Slip/(Nsync. – Nrated.) 

  Slip              = Nsync. – N meas. 

   Nsync. – synchronous motor speed (rpm) 

   Nmeas. – measured motor speed (rpm) 

   Nrated – rated/Nameplate motor speed at full load 

 

  Nsync.        =  60*2f/p 
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   f   -   frequency of power system 

   p   - Number of poles for which motor is wound 

 

The motor speed is measured by an appropriate instrument like a tachometer while the full load current is obtained 

from the motor manufacturer or read off from the name plate. 

 

1.4 METHODS OF REDUCING PUMPING RELATED ENERGY 

WASTAGE 

Other opportunities to reduce pumping related energy costs can be grouped into electrical methods and 

mechanical methods and include the following; 

 

1.4.1 Electrical Methods 

1.4.1.1  Using Variable Speed Drives (VSD). 

Variable speed drives are devices that are used to vary the speed of a machine in order to have the desired 

operating speed. These can be of different types depending on the application. Examples are magnetic drives, fluid 

couplings, Variable Frequency Drives (VFD) etc. We will consider the variable speeds drives that control the 

power of the machine by varying the power output of the prime mover. We will particularly consider the VFD that 

have direct application in reducing pumping related energy costs on electric pumps. Correct application of VFD 

technology can translate into energy savings for electric pumps installed to operate in certain conditions 

demanding variable water flow rates and pressures (Hydraulic Institute 2004). An example is a Booster Pump that 

delivers water directly into the residential water networks which may not need to deliver the same  flow rates 

during the day as in the night when the water demand goes down or during any other off peak time. During the off 

peak time, the speed of the motor can be reduced to match the water demand at night. Traditionally, the flow rates 

can be reduced to suit the off peak demand by throttling the discharge valves of pumps but this is not an energy 

efficient methods as seen earlier.  

In centrifugal pumps, the affinity laws entail that the flow rate of a pump can be reduced by half while the power 

demand of the pump will be reduced to an eighth value of the original power demand before halving the pump 

speed. Since VFD manipulate the speed of a pump indirectly by varying the speed of the coupled motor, they not 

only save energy on pumps but also on motors which would otherwise be running at full speed under a partial load 

resulting in energy wastage on the motor as would be the case for other VSD like fluid couplings etc. VFD offer 

additional benefits of in-built automatic Power Factor Correction as well as motor protection capabilities and thus 

can save capital costs of installation of separate equipment to take care of these electrical disturbances. 

 

When VFD are used on pumping system with high static heads and very low dynamic head or where there is little 

variation of flow rate, it becomes uneconomical and it is not recommended to use these devices. In cases where 

there is a high static head, rotational speed of the pump varies over the low dynamic head regime, the system curve 

cuts across the iso-efficiency lines such that there is a reduction in efficiency with variation of speed as shown 

below(Hydraulic Institute 2004); 
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Figure 1-27: Variable Speed Pumping in a Static Head Dominated System (Hydraulic Institute, 2004) 

 

On the other hand, if the VFD are used in pumping systems with very low static head, the system head would cut 

the pump characteristic curves almost along the iso-efficiency lines thus keeping the efficiency of the pumping 

system with variation of speed as shown below ; 

 

Figure 1-28: Variable Speed Pumping in a Dynamic Head Dominated System (Hydraulic Institute, 2004) 
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Apart from system static head considerations, deterioration of both the motor and pump with reduced pumping 

speed must be taken into consideration in order to get the benefit of variable speed pumping. 

Each centrifugal pump has a specific region of highest efficiency where the BEP is highest. There is also an 

optimum H-Q curve with specific impeller diameter (or particular pump speed). Reducing the speed of a pump 

gives it a particular H-Q characteristic curve with a lower efficiency. This is similar to trimming an impeller to a 

diameter that would give the same H-Q curve. It goes then that once the speed of a pump reduces, the pump 

efficiency also reduces.  Energy savings arising from reduced flow rate and head by way of reducing the pump 

speed must exceed the energy wastage as a result of deteriorated pump efficiency at reduced speed.  

In addition to pump efficiency loss that occurs at reduced rotational speeds, the load on the motor also gets 

reduced. As a result, the motor efficiency also drops down. If the load gets to a much lower value exceeding 50% 

full load, the motor efficiency drops down significantly especially for smaller motors and this can be detrimental to 

application of variable speed pumping(See fig. 1-25). 

Additional consideration should be given to the infrastructure when applying the variable speed pumping using 

VFD. These include ensuring that the motor has enough insulation to withstand the VFD conditions, harmonic 

filtering, use of insulated non-drive bearings to combat circulated currents (especially in large motors), avoiding 

mechanical vibration at resonance frequency which can arise when rotation speed coincides it the natural frequency 

of the pump assembly etc, (Hydraulic Institute 2004). 

1.4.1.1.1 Mode of operation of VFD 

There are Four principles on which a logical control circuits that can be built to run a VFD on a pumping 

infrastructure.  

 

VFD control can be done by using the water pressure in the water network near the pump or at a remote place in 

the network. This mode of operation is the Pressure Based VFD control mode. Pressure transducers respond to 

water pressure changes and send signals to the VFD to either increase the speed (when pressure tends to go down) 

or reduce the speed when pressure tends to go up. This way, the water pressure would be maintained at a constant 

value. The problem with this operation mode is that when there is a pipe burst in the water network, there is a 

consequent reduced water pressure and the logic circuit would increase the pump speed worsening the situation 

 

Another approach would be to programme the VFD to reduce the pump speed during off-peak times and increase 

the pump speed during peak hours. The advantage with this mode is the VFD would not speed up the pump when 

there is a pipe burst. This method would involve revisiting the pump speeds until the appropriate pump speeds are 

known for off-peak and peak periods of the day and would need scheduling of holidays etc. 

 

The third VFD operation mode is hybrid mode where the logic circuit responds both to water pressure in the 

system and also the programmed time for pump speed change. One mode can be the default mode while which 

can be overridden by the other logic circuit when conditions change. 

 

The fourth mode is the manual mode. This method involves direct human input of pump speed through a human 

interface to instruct the VFD to change the pump speed to the required value. 
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1.4.1.2 Soft Starters 

Soft Starters are used to gradually accelerate pumps from zero load to full load current or vice versa.  They 

function in a similar fashion as VFD during the start up and shutting down of the pump but they are not used to 

vary the operating speed of a pump in service. This start up procedure avoids the current surge that would 

otherwise occur and is usually 600-700% of the full load current of an Induction Motor. This way, soft starters can 

reduce the excessive stresses exerted on the mechanical and electrical infrastructure of a pumping system during 

start up and shutting down of the pump.  

 

Energy savings are minor with application of soft starters but they may improve the reliability of the pumping 

infrastructure because of lower stresses associated with the start up procedure and water harmer effect associated 

with the shutting down of pumps. Most of the Maximum Demand Tariff plans only apply the charge for the 

maximum current drawn over a period of about 30 minutes and so a pump station with several pumps could have 

all the pumps operated at a lower Maximum Demand Penalty as compared to the Direct On-line or Star-Delta 

methods. The following is an abstract for a white paper on soft starters (Blaabjerg et. al 1995.) 

“Modern soft-starters have both soft-starter capability and energy saving functions which are special useful when the motor runs at low 

load…… measurements are compared with an induction motor without soft-starters. It is concluded soft-starters have energy saving 

capabilities at low load up to 4% of rated power for small motors, but it is also concluded the payback time will be long. Finally, it is 

concluded soft-starters have problems with new grid disturbance regulations at low load operation.” 

The other energy saving benefits arise from the in-built electronic Power Factor correction capability of most soft 

starters. Additional benefits are inbuilt motor protection capabilities in-built within some Soft Starters. Harmonic 

filtering is not needed with Soft Starter application because the voltage pulsing only occurs within few seconds 

during start up and shutting down of a pump. 

1.4.1.3 Power Factor Correction. 

Using accurately sized Capacitor Banks to correct the Power Factor can reduce the reactive power consumed by 

pumps running on induction motors and thereby reduce the energy costs where the pumping facility is billed on 

Maximum Demand Tariff by the power utility company. The apparent power, S, is measured in kVA while the 

active power, P,  is measured in kW and the reactive power, Q,  is measured in kVAr and represented by the 

following phasor diagram; 

 

 

 

 

 

 

 

 

 

 

 
Figure 1-29: Power Triangle and Associated Parameters 
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From the geometry of the phasor diagram above, in order to improve the power factor from the initial conditions 

to the desired conditions, the capacitor size should be determined by the following equation 

 

Q = P * (tan φ’ – tanφ)     (Eqn. 51) 

 

 Where; 
  Q -  reactive power (kVAr)  
  P – Active Power (kW) 

  φ’ – phase angle before power factor correction 

  φ – phase angle after power factor correction 

 

The benefits of reducing the power factor are 

 Reduced voltage drops in the power cables due lower reactive currents in the cables 

 Reduced heating of cables due to reduced reactive currents and therefore lower capital investment in the 

electrical infrastructure 

 Reduced electricity costs where the power utility penalises user of reactive power consumption. 

 

1.4.1.4   Energy efficient Motors. 

Using Energy Efficient Motors can also result into energy savings. These motors have high efficiencies than 

ordinary motors. Higher motor efficiency translates into reduced energy wastage and thus savings in energy costs. 

A life cycle cost analysis should be done to justify installation of such a motor. The energy savings that can result in 

using an energy efficient motor can be seen by applying the following equation, 

 

 E = V*I*√3*PF*(η2-η1)   (kW)  (Eqn. 52) 

   

 Where; 

  E – Energy saving (kW) 

  V – Voltage (V) 

  A – Amperage  (A) 

  η2   – Efficiency rating of a higher energy efficiency motor 

  η1   – Efficiency rating of a lower energy efficiency motor 

 

The above equation assumed the same motor load and run hours of the motors. Multiplying the result with the run 

hours and the tariff would give the energy savings that would result as a result of upgrading an existing motor with 

one of higher efficiency that is; 
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  Cost savings = E* t * Tr  (Eqn. 53) 

 

Where; 

  E –Energy consumption difference  from Eqn. 52 (kW) 

  t – number of hours of operation (hours) 

  Tr – tariff   

 

 

1.4.2 Mechanical Methods 

1.4.2.1 Optimizing Pipe Dimensions and Material Selection. 

Bigger pipe diameters offer less resistance to fluid flow and this entails reduced pumping energy costs for the same 

volumetric flow rates. From the Bernoulli Equation, pipe friction losses are directly proportional to the mean 

velocity of fluid flowing through the pipe as well as the friction factor. It follows, therefore, that for the same 

volumetric flow rate flowing through two pipes of different wetted diameters but of the same length, the pipe with 

a smaller diameter will have a higher mean velocity of fluid flow and thus, higher pipe frictional losses than the 

pipe with bigger diameter. The pipe with smaller pipe diameter will demand more energy to pump the same 

volumetric flow rate of liquid unlike the pipe with a bigger diameter. Similarly, for two pipe of the same diameters 

and length, choosing a pipe material with lower absolute roughness can also result in reduced energy costs (Pump 

System Matter n.d.). 

 

The Darcy-Weisbach formula, (already discussed) 

 

 

     
       

   
 

 

 Increasing the diameter of the pipe would inversely reduce the value of the head loss HL  

 Increasing the diameter of the pipe would also reduce the mean velocity of the fluid, U which would also  
further reduce the value of the head loss HL   

 Reducing the value of the Darcy friction factor would directly reduce the value of HL 

  Reducing the length of pipe, L, would directly reduce the value of the head loss HL. 
 

1.4.2.2   Energy Efficient Pumps 

Using Energy efficient pumps can result into energy savings.  Proper design of impellers, diffusers and other 

components can help reduce hydraulic losses which in turn increase the pump efficiency and  reduce pumping 

related energy costs. 
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The power savings that would result in replacing an energy efficient pump with one that is inefficient is 

represented by the following equation. 

 

   

         
    

          –     
    (Eqn. 54) 

 

Where; 

Ppump= Absorbed power by the pump (kW) 

ρ = density of fluid (kg/m³) 

g = gravitational constant = 9.81 (m/s²)  

Q = volumetric flow rate (m3/s) 

H = head developed by the pump (m) 

ηp1 = Lower pump efficiency (decimal) 

ηp2 = Higher pump efficiency (decimal) 

 

Likewise, the cost savings are realised by considering the run hours and tariff as follows; 

   

  Cost Savings = Ppump  * n* tr        (Eqn. 55) 

 

  P pump –Energy consumption difference    (Eqn. 56)  

  t – number of hours of operation (hours) 

  Tr – tariff   

 

1.4.2.3   Matching Pumps With System Requirements. 

This can result into energy savings by ensuring that the pumps are running at the design operating point with 

highest efficiency , the BEP (Pump System Matter n.d.). 

 

1.4.2.4   Good pump Maintenance and Refurbishment. 

 Adhering to regular and correct pump maintenance undertakings (predictive maintenance etc) will ensure that that 

the pumps are maintained at optimum efficiencies all the time. When pumps are poorly maintained, their 

efficiencies deteriorate and this results in energy wastage. A worn out impeller neck ring alone can contribute as 

high as 10% or more to pump inefficiency (US DoE 2006). The EPR method is a more sustainable pump 

refurbishment approach for the Water Utility companies as well as other Industries in Zambia. 
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1.5 Mathematical Model For Comparing Pumping Systems 

 

In order to compare the energy efficiency of pumping systems, it would be important to consider all the 

measurable parameters that pertain to energy input and output on a particular pumping system. On Electric 

pumps, the two electrical parameters pertaining to input power that have a bearing on electricity cost are the Real 

Power  and Reactive Power. The Reactive Power is directly proportional to the value of the power factor of the 

pumping infrastructure as measured at the power supply point. Some tariff plans do not take care of the quality of 

power factor and there are no costs associated with consumption of reactive power while other tariff plans do take 

into consideration the consumption of reactive power. In order to compare the performance of pumping systems  

using electric pumps, the author proposes  that both the real power and reactive power should be considered 

despite the type of tariff being used. Thus; 

 

   
  

  
t - (Eqn. 57) 

 

Where, 

  Et = Corrected input electrical energy per month (kWh) 

  Pr = Real electrical power per month (kWh) 

  PF = Average  monthly power factor  

 

It would be important to take the average power factor measurement over the same period during which the real 

power is measured; this is commonly done on a monthly basis. 

 

Once the input power is standardised, it is important to standardise the parameters  of a pumping system that 

directly affect the pattern of consumption of electrical energy. These parameters are; 

1. The flow rate of fluid being pumped,  

2. The type of fluid being pumped and its associated properties (Density, Viscosity etc) 

In addition to this, It would be important to take into account all the features of the pumping system that would 

favourably or adversely affect the consumption of energy by the pumping systems.  From Bernoulli’s equation, this 

would be the Total Static Head. Rather than measuring the static head alone, the other components must be 

measured as well including the frictional head loss across the pumping system. 

 

The Bernoulli’s equation explains how the pumps operates in its system as follows; 

 

(P/ρg) + (V2/2g) + (Z2-Z1)= constant    (Eqn. 58) 

that is;   

Pressure Energy + Kinetic Energy + Potential Energy = Constant 
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In real situations, there is a fourth component comprising of friction as the fluid is passing through the pipes and 

fittings called friction head. Therefore, a pump has to generate enough pressure to overcome all the resistances. 

This pressure required by the pump to overcome all the head losses is called Total Dynamic Head (TDH) and 

thus, 

 

 Htot = Hp + Hv + Hs + Hf   (Eqn. 59)  

  

Where; 
 Htot  =  TDH 

 Hp  =  Pressure head  = (P2-P1)/ρg 
 Hv = Velocity Head = (U2-U1)/2g 
 Hs = Static Head = (Z2-Z1) 

Hf = Friction Head ( in pipes and fittings) 
 

The author, thus proposes that in order to compare two different pumping systems, it would be better to isolate 

and measure the individual components of the Total Dynamic Head being delivered by the pump across the 

pumping system  as  presented in Bernoulli’s equation,  thus, the definition Specific Energy Consumption,  

 

                (Eqn. 60) 

Where;  

Pp - Specific power consumption per metre of pressure head or the amount of useful 

power spent to pump one cubic metre of fluid to lose a pressure  head of one 

metre. (kWh/m2)   

Ps -   is Specific Power Consumption per static head or the amount of useful  power 

spent to pump one cubic  metre of fluid over one metre of static head 

(kWh/m3/m) or kWh/m2 (Claverton Energy  2008, P73)  

Pd - Specific Power Consumption spent per dynamic head (pipe frictional losses). This 

is the amount of real power spent to pump one  cubic metre of fluid to over one 

metre of pumping system dynamic head  (kWh/m2) 

Pv - is the Specific Power Consumption per metre of velocity head or the amount of 

useful power spent to pump one cubic metre of fluid to lose a velocity head of one 

metre. (kWh/m2)   

 

Ideally, it is possible to determine how much energy would be needed to overcome each component of the TDH 

and thus optimise the pumping systems to reduce energy wastage where possible. In real situations, it is difficult to 

accurately determine all the components of the TDH. In order to compare the performance of different pumping 

system  as far as energy efficiency is concerned, it would be better to focus on the components that can be easily 

adjusted. Static head is normally the only component that is difficult to adjust as it depends on the land profile and 

human intervention to alter this is limited or impractical . The other components of the TDH depend on features 

of the pumping infrastructure that can be optimised like pipe diameter, pipe type, correct pump selection, number 

and type of pipe fittings etc. It is also easy to measure static head of pumping systems to reasonable accuracy using 

common equipment like the dumpy level. The author proposes that this component should be excluded in the 

TDH such that it is easier to determine the energy efficiency of pumping systems over the dynamic head alone.. 
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The second point is that the pumping infrastructure to be compared should be pumping the same fluid type with 

similar properties regarding viscosity and density.  

Once the total volume of the fluid being pumped over a certain period is known,(preferably over a period of one 

month) and the total energy consumption over the same period is known (e.g. from the energy bill from the power 

utility company), then the energy spent to overcome the static head can be calculated using a variation of equation 

46 as follows, 

 

   

      
     

     
   (Eqn. 61) 

 

Where; 

Ps= Energy spent to over come static head in a pumping system (kW) 

ρ = density of fluid (kg/m³) 

g = gravitational constant = 9.81 (m/s²)  

Q = volumetric flow rate (m3/s) 

Hs = Static head of entire pumping system (m) 

 

The value of Q should be calculated using the already determined volume of fluid pumped over the specific period 

of time and simplified to cubic metres per second. 

 

The energy spent to overcome the static head can then be subtracted from the total energy spent to pump the fluid 

and which is obtainable from energy meters and thus the resultig analysis is only based on components that can 

easily be optimised to improve energy efficiencty. Thus, Dynamic Head Specific Energy Consumption, Ed 

 

            (Eqn. 62) 

Where;  

Pp - Specific power consumption per metre of pressure head or the amount of useful 

power spent to pump one cubic metre of fluid to lose a pressure  head of one 

metre. (kWh/m2)   

Pd - Specific Power Consumption spent per dynamic head (pipe frictional losses). This 

is the amount of real power spent to pump one  cubic metre of fluid to over one 

metre of pumping system dynamic head  (kWh/m2) 

Pv - is the Specific Power Consumption per metre of velocity head or the amount of 

useful power spent to pump one cubic metre of fluid to lose a velocity head of one 

metre. (kWh/m2)  
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Thus; 

            (Eqn. 63) 

 

Where, 

 Ed   - Dynamic Head Specific Energy Consumption (kWh/m2) 

  Es - Specific Energy Consumption as defined in Eqn. 60. This can 

directly be obtained by dividing the energy measurement from an 

energy meter over a specific period of time and the total volume of 

fluid pumped over the same period (kWh/m2) 

 Ps - is Specific Power Consumption per static head or the amount of 

useful  power spent to pump one cubic  metre of fluid over one 

metre of static head (kWh/ML/m  or kWh/m2 (Claverton Energy  

2008, P73) 

Besides comparing the different pumping systems, each system can be audited individually.  It would be a good 

practice to audit the pumping system and determine the base energy consumption and decide on the  optimum or 

best energy consumption for that particular pumping system so that efforts should be made to ensure the future 

energy consumption patterns should be as close to the optimum energy consumption as possible. This would be 

an important tool for water utility companies in Zambia to monitor their energy consumption. 

 

The signature energy consumption can be worked out by dividing the real energy consumption over a specific 

period of time divided by the total volume of fluid pumped over the same period of time. This would be the 

energy consumption per cubic  metre of fluid pumped. An example is shown in the table below for a case study at 

Chingola Kafue WTP. A new correctly sized pump  was able to replace four old pumps (See appendix P) 

 

Table 1-1 : Comparing Pump Performance at Chingola Kafue WTP 

Month 

Energy Meter 
Readings Energy 

Consumption 

 Volume of 
water 

pumped 
(m3)  

 Energy 
Consumption  

per cubic metre 
(kWh/m3)  

 Comment  KWh 

Previous  Current KVA KWH 

Sep-13 53061227 53652258 
        
1,657  

           
591,031  

        
688,649  

                                  
0.86  

New pump operating 
alone 

Aug-13 52442523 53061227 
        
1,453  

           
618,704  

        
658,121  

                                  
0.94  

Four old pumps 
running 

Jul-13 51779688 52442523 
        
1,228  

           
662,835  

        
716,829  

                                  
0.92  

Four old pumps 
running 

Jun-13 51157298 51779688 
        
1,218  

           
622,390  

        
671,104  

                                  
0.93  

Four old pumps 
running 

May-13 50515737 51157298 
        
1,659  

           
641,561  

        
694,754  

                                  
0.92  

Four old pumps 
running 

Apr-13 49943579 50515737 
        
1,238  

           
572,158  

        
616,067  

                                  
0.93  

Four old pumps 
running 

Mar-13 49306433 49943579 
        
1,228  

           
637,146  

        
696,762  

                                  
0.91  

Four old pumps 
running 
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Figure 1-30: Comparing Pump Performance at Chingola Kafue WTP 

  

One pump replace 4 

old pumps and 

performed better on 

kWh/m3 comparison 
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1.6 OBJECTIVES      

1.) To conduct Preliminary Energy Audits at selected pump stations in three Major Water utility 

Companies in Zambia. 

2.) To prescribe the optimum energy efficient way of pumping water or sewage at selected audited pump 

stations  

3.) To propose a realistic model for comparison of performance of centrifugal pumps. 

 

1.7 METHODOLOGY AND METHODS 

The methodology undertaken for this study was constrained by unavailability of measuring instruments, time and 

access to pumping infrastructure. The approach taken was split into preliminary study and detailed study of the 

pumping infrastructure. 

Under the preliminary study, the aim was to find pumping infrastructure with more opportunities for saving 
electricity costs. In this study, the actual operating conditions of the pumps was determined by collecting different 
data and comparing  it with the rated or design conditions. This comparison revealed which pump-sets were 
operating off the design point ; the more the deviation from the operating conditions the more the opportunities 
for electricity cost savings.  
 
The detailed study involved determining the corrective measures that would result into electricity cost savings and 
to what extent energy saving opportunities could be realised for the selected pumping infrastructure. An ideal 
model was defined for each pumping system under this study. This was used to compare with the performance of 
the selected pumping systems and quantify the electricity saving opportunities for each recommended intervention.  
 

1.7.1 Methodology for Preliminary Energy Audit 

 
The preliminary study was a reconnaissance survey conducted on several pumping infrastructure across three water 
utility companies namely Mulonga, Nkana and Lusaka Water and sewerage companies.  
 
Relevant data was collected from logbooks or measured  using appropriate instruments in order to determine the 
actual operating conditions of the pumping infrastructure. There were some constraints to get the data and the 
most convenient or plausible method was used. Some of the constraints were only particular to some water 
treatment plants and included lack of access and instruments to measure critical parameters like flow rates and 
system pressures. The following combination of data was collected to help determine the actual operating points of 
pumping infrastructure; 
 

a. Operating voltage of a motor on a pump-set, measured using handheld or panel voltmeter. 
b. Operating amperage of motors, measured using handheld or panel ammeter. 
c. Operating discharge pressure, obtained using the mounted discharge gauge 
d. The actual volumetric flow rate of pumps, measured using mounted flow metres or through indirect 

method by using pump curves and load-amp method for determining motor power 
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e. The mode of operation of pumps, e.g., whether discharge valves are throttled or not, whether there is 
reserviour overflow, or if there is need for varying pump flow rate. This was obtained by asking pump 
operators etc. 

f. The size and type of suction and discharge pipe, obtained from site maps and onsite checks and 
measurements. 

g. The economical pipe diameter, obtained using Lea’s formula. 
h. The static head of the pumping system, obtained from Google Earth, handheld GPS device or maps.  
i. The power factor for the electrical systems of the pump station, obtained from digital energy meters 
j. The tariff plan for the pump station, obtained from electricity bills and other records. 
k. The pumping configuration of the pumps, that is , parallel or series determined by inspection. 
l. NPSHa, obtained by considering suction conditions and applying equation 22 in this document. 
m. Any  onsite signs of pump cavitation like noise, vibrations etc 
n. Estimated motor efficiency from motor characteristic curves and load conditions on the motor. 
o. Estimated pump efficiency, obtained from pump characteristic curves or by using Equation 43 in this 

document. 
p. Historical pump information on maintenance and refurbishment obtained by interviewing stakeholders or 

from logbooks and maintenance records. 
 
 

Design parameters of pump-sets was also collected to determine the rated or design conditions.  The source of 

this information was  from name plates on pumps and motors, user manuals, pump curves and test certificates 

from pump manufacturers.  The data collected in this category was; 

a. Rated voltage of motors on pump sets, obtained from motor name plate of motor user manual 
b. Rated Full Load  Amperage of motors, obtained from motor name plate or motor user manual 
c. Rated pump head, obtained from pump name plate or pump curves 
d. Rated pump volumetric flow rate, obtained from pump name plate or pump curves 
e. The economical tariff plan for the pump station, determined by calculating electricity costs using different 

tariff plan conditions. 
f. Pump NPSHr, Obtained from manufacturer pumps curves  
g. Motor power rating, obtained from the motor name plate or motor user manual 
h. Motor efficiency rating, obtained from the motor name plate or motor user manual 
i. Rated speed of the motor and pump, obtained from the name plates or user manuals 
j. BEP for each pump, obtained from pump curves 

 
 

1.7.2 Methodology for Detailed Study of pumping infrastructure 

Three pumping infrastructure were picked for detailed study from the pumps studied under preliminary energy 

Audit. The selection of the three pumping system to be subjected to detailed study was influenced by the following 

constraints and features; 

 Availability of data for analysis; these pump stations had more adequate data for analysis than the rest of 
the pump stations. 

 The three pump stations were fairly representative of the rest of the pump stations in terms of the key 
features like pumping configuration, type of interventions needed to improve energy efficiency and scale of 
activity. Thus, the outcomes of the analysis on these pump stations would also apply to other similar 
pumping infrastructure. 

 

The aim of the detailed study was to quantify some of the energy saving opportunities identified under the 

preliminary energy audit and exhaust the options of improving energy efficiency  as well as other ways of reducing 
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pumping related electricity costs. The recommended option(s) were subjected to a Life Cycle Cost analysis to 

reveal the viability of the options and conclusions were made accordingly.  

Analysis of the pumping infrastructure was done according to the theoretical approaches discussed under chapter1 

for both the preliminary and detailed studies. Detailed study for the pumping infrastructures was also compared to 

the ideal model. This model was meant to be attainable and realistic rather than theoretical. The definition was 

based on the scope of information gathered and the current technological advancements on pumping systems as 

surveyed by the author. Thus, this model is subject to change with better technological advancements in the future.  

1.7.3 Definition of an Ideal Pumping Model 

Joe Evans wrote that “Many medium and larger centrifugals offer efficiencies of 75-90% and even smaller ones usually fall into the 

50-70% range. Large AC motors, on the other hand, can approach an efficiency of 97% and any motor, five hp and above, can be 

designed to break the 90% barrier.”  (Evans n.d.). Based on this, the highest efficiency for a centrifugal pump and 

motor will be determined for the ideal pumping model in this study. The ideal pumping model, thus, has the 

following features; 

1.) The most important feature of the  ideal pumping model is that it should have the least electricity costs 

based on the tariff structure and power consumption (kWh) and should be the cheapest investment as 

justified by the LCC analysis. The electricity costs should be the cheapest  in monetary terms and it should 

have the least specific power consumption based on the dynamic head. 

2.) The ideal pumping model is the one whose pump(s) operates at their BEP or within 5% of the BEP 

efficiency regime.  

3.) The ideal pumping model has motor efficiency rating currently available across a wide range of motor 

sizes.  IEC IE2 energy efficiency class is the minimum preferred choice. The corresponding full load 

efficiency will depend on the motor size and will be obtained from the IEC IE2 tables for each motor size. 

4.) The ideal pump model would have an efficiency rating of 87% .  

5.) The ideal pumping model would have the lowest absolute roughness of its pipe material, that is, its pipe 

material would be made of High Density, PolyEthyl  (HDPE) or Unplasticised Polyvinyl Chloride (uPVC) 

material with an average absolute roughness of 0.0025mm  

6.) The ideal pumping model would have the most direct pipeline on the suction and discharge side of pump 

for the actual pumping conditions in question. 

7.) The ideal pumping model would have the most economical pipe diameter obtained using Lea’s formula 

(Eqn. 31) with K = 1.22) 

8.) The ideal pumping infrastructure has pumps that run without cavitation, that is NPSHa/NPSHr ≥1.2 
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2 PRELIMINARY STUDY OF PUMPING INFRASTRUCTURE 

An initial study of pumping infrastructure was done by collecting data for analysis to reveal which pumping 

infrastructure had more opportunities for reduction of energy wastage. The walk in survey dealt with the following 

pumping infrastructure, 

2.1 Chingola Kafue Raw Water Intake   

The pump station consists of a floating raft that sits on the  Kafue river. The raft has two identical submersible 

pumps that lift water to the Kafue Water Treatment Plant, about three hundred meters away through a common 

concrete pipe of diameter 24 inches. The raft has provision to accommodate four submersible pumps and plans 

are underway to procure the two other pumps in the near future when three pumps are expected to run at a time 

with a fourth standby pump available. 

 

 

 

Figure 2-1 Picture of Floating Raft at Chingola Kafue Raw Water Intake Pumps Station 

The picture in Figure 4.1.1 reveals a brownish colour of raw water in the river due to the presence of silt from the 

mining activities upstream. The following is the data patterning to the intake; 
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Table 2-1: Details of Pumping System at Chingola Kafue Raw Water Intake 

No. Pumps: 2 

No. Pumps running 2 

No. Standby Pumps 0 

Pump Configuration Parallel 

Pump types Identical 

Operation of Discharge Valve Always Fully Open 

Discharge Pipe Nominal Diameter 30 Inches 

Discharge Pipe Distance 130 metres 

Static Head 9 metres 

No. Discharge Pipes 1 

Discharge pipe material Concrete 

Status of discharge pipe Good 

Power Factor (at transformer) 0.8356 

 

 

2.1.1 General description of Pumping equipment at Chingola Kafue Raw Water 

Intake 

The company recently bought new submersible pumps in 2011 to replace the two old pumps that failed. The 

pumps were bought from Sweden and are of a brand called Flygt manufactured by ITT now under a stream lined 

branch called Xylem. 

 

Table 2-2: Details of Pumping Equipment at Chingola Kafue Raw Water Intake 

Pump 
Name 

Rated 
Head 
(m) 

Actual 
Discharge 

Gauge 
reading 

(Bar) 

Rated 
Flow 
rate 

(m3/h) 
Actual Total flow 
rate (m3/h) 

Rated 
Motor 
Power 
(kW) 

Design 
Curren

t (A) 

Actual 
curren

t (A) 
Pump 
BEP 

Motor 
Efficiency 

Class 

Rated 
Voltag
e (V) 

Pump1  20.3  1.2  676 1413 (P1&2) 
 

54 74 76 70% 
IEC 

60034-1 550 

Pump2 20.3 1.2 676 54 74 75 70% 
IEC 

60034-1 550 

 

The following are steps undertaken to assess the Kafue Raw Water pumping infrastructure; 

2.1.2 Pump Overhaul Opportunity 

The pumps were procured and installed within the last ten months and do not need any overhaul.  

 

2.1.3 Power Factor Correction 

The average power factor read from the digital energy meter just after  the ZESCO main supply transformer for a 

period of six months gave a figure of  0.8356. Since the tariff at this plant is Maximum Demand Tariff-2 (MD-2)  
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which involves penalties on consumption of reactive power, there is an opportunity to save electricity at this 

pumping infrastructure through power factor correction to a minimum of 0.95 according to the ideal model. This 

power factor reading, however, incorporates the load from the Kafue Water Treatment Plant and high lift pumps 

and thus correction of this shall be considered under the detailed energy audit. 

2.1.4  Optimising the Pipeline Features. 

There are no opportunities of saving energy through optimizing the distance of the pipeline as it is the most direct 

route to the destination. Consideration of using pipe material with lower friction factor like HDPE can be done 

since the current pipes are old and corroded steel pipe with higher friction factors. 

 The current Diameter of the pipeline is 30 inches. It starts as four 300mm flexible rubber pipes that merge into 

the single  762mm mild steel pipe that runs over a distance of 358m to the Water Treatment plant. The pipeline  

was installed in 1975 and is still in fair condition. In order to determine whether the discharge pipe is undersized,  

Lea’s formula will be used, that is ; 

D = k√Q  

Where;  
Q = Flow rate (m3/s) 
D = Economical Diameter 
K = constant varying between 0.97 to 1.22 
 

 Taking the worst case, K = 1.22  and the maximum design capacity of  35,000m3/day or 0.405m
3
/s  gives; 

  D =  0.776m 

The existing pipe is 0.762m and is close to the economical diameter hence there would be no consideration for 

increasing the size of the pipe. 

2.1.5 Motor Load 

 The rated Full Load Current (FLC) of the identical flygt submersible pumps is 74 A each 

 The average operating current is 76A for pump 1 and 73A for pump 2. (Ammeters attached to the board 

read wrongly read 89A and 80 A  respectively because they were old and malfunctioning).  

The motor load for pump 1 is thus; 

 
 Lf (1) =  Aa /Ar     

  = 76/74  

  = 1.03 
Similarly for pump 2; 
 Lf (2) = 1.014 
 
Pump 1 and pump 2 are running at off the motor operating point to the right hand side. There is need to align the 

pumps,  near the full load current in order to save energy.  There has been incidents of burned motor at the 

pumping facility. There is, therefore, energy saving opportunities in aligning the operating point of the pumps 

closer to their BEP. The company has plans to increase pumping capacity from this pump station using the same 

pipeline by adding two more pumps. This will be an opportunity to optimise parallel pumping and careful choice 

of pump specifications for the new pumps could solve this problem since with more pumps added in parallel, there 
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is a tendency for the system resistance to go up and shift the operating point of pumps to the left as seen from 

theory. 

 

2.1.6 Investigating  Pump Cavitation  

 The pumps are lowly installed at a positive static head of water of about 80cm.  

Hs  =  1000*9.81*0.8  

= 7,840N/m3 or 0.0784 bar or 0.784m H2O 

 

 The temperature of the water is an average of 20 degrees Celsius giving a Vapour Pressure of water  of 

from property tables of  

 

Pv  = 2340 N/m2 or 0.0234bar or 0.234m H2O 

 

 The elevation difference between the submersible pumps and the reserviour they pump into is very low; 

about 14m. Thus the barometric air pressure difference will be negligible and shall be ignored, i.e.  

Pbar = 0) 

 Since the pump is a submersible pump, the suction pipe frictional losses are nil (HL = 0) 

 The pumps are pumping into an open chamber over a static head of about 14m and are each submerged 

to about 0.8m below the river surface giving a static head of water column of 14.m. 

 

Then, ignoring the velocity head and the barometric air pressure; 

 NPSHa   = Pbar + Hs – HL – Pv 

                  = 0+Hs -0 - Pv  = 7840 -2340 

 = 5500 N/m2 = 0.055 bars = 0.55m 

 NPSHr (from pump curve on Appendix J) = 5.1m 

 

Thus, 

 NPSHa/NPSHr  = 0.55/5.1 = 0.11 

 

Since the recommended minimum ratio of NPSHa/NPSHr ≥ 1.2, as guided by the United States Department of 

Energy and as defined for the ideal model ,the submersible pumps are cavitating and corrective measures must be 

put in place to avoid premature pump failure. 
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2.1.7 Investigating Use of Energy Efficient Pumps 

The pump has an energy efficiency rating of 70% at BEP as seen from the graph. The ideal pump model chosen 

has a value of 85% thus there is an opportunity to improve pump efficiency and save energy. 

2.1.8 Investigating Use of Energy Efficient Motor 

The submersible pumps were bought recently from Europe and have adequate efficiency rating of IE2  with the 

full load efficiency of 92% on the motor. The would be no need to change the energy efficiency rating to a higher 

one at this point since this the bench mark rating for now. 

2.1.9 Investigating Variable Speed Pumping 

The pumps deliver water continuously and there is no need to reduce the speed of the pumps to deliver less flow. 

All the valves are always fully open, thus there is no need to introduce Variable Frequency Converters to vary the 

speed of the pumps. 

2.1.10 Optimising Pumping Configuration 

Pumping configuration need to be optimised to ensure that all the pumps are operating as close to their BEP as 

much as possible. Since the pumps are operating to the right side of the BEP and there is need to increase the flow 

rate from the pump station by introducing another pump with appropriate specifications of flow rate and head. 

The other option would be to trim the impellers or replace them with one of appropriate smaller diameter. 

2.1.11 Supply Power Quality 

The supply voltage was balance at 547 Volts. There is no opportunity to improve energy savings and or protect the 

motors by correcting phase imbalance. The supply voltage, however, registered an under-voltage by 3 volts. 

Investigating the impact of this on motor efficiency; 

 

Nominal voltage : 550 V 

Operating voltage : 547 V 

Variation  : -3 V 

Percentage Variation : (-3/550) = - 0.54% 

 

Looking up the impact of voltage variation as discussed on Fig. 2-26, efficiency deterioration at – 0.54 % is close to 

zero and therefore is negligible thus voltage imbalance and over/under voltage does not adversely affect motor 

efficiency. 
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2.2 Chingola Kafue High Lift Pump Station 

  The pump station is one of the biggest consumers of electricity among all pumps stations across Mulonga Water 

and Sewerage Company.(See Appendix C ). It has four identical pumps and a fifth dissimilar pump.  

 

The pump station was designed to initially carter for a population of about forty thousand people and provision 

for future expansion was allowed for in the design. High water demand from new developmental areas has resulted 

in a high waster demand thus stretching the operation of the pump station. 

 

 

The pump station normally runs four pumps at a total head of 140 bars as read from the pressure gauges. Since the 

rated head for all the pumps is less than 140 meters,( that is 130m for pumps 1,2,3 and 4  and 126m for pump5 ), 

there is an opportunity to improve the performance of pumps by upgrading the impeller diameters to match the 

required Total Dynamic Head (TDH) is the casing sizes would allow otherwise a new specification for new pumps 

would have to be made to correct the situation as the last resort.  

 

  

 

Figure 2-2 Chingola Kafue High Lift Pump Station 

Below is the data pertaining to the Chingola Kafue pump station; 
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Table 2-3: Details of Pumping system at Chingola Kafue High Lift Pump Station 

No. Pumps: 5 

No. Pumps running at a time 5 

No. Standby Pumps 0 

Pump Configuration Parallel 

Pump types Dissimilar 

Operation of Discharge Valve Always Fully Open 

Discharge Pipe Nominal Diameter 30 Inches 

No. Discharge Pipes 1 

Discharge pipe material Mild Steel 

Status of discharge pipe Good 

Static Head 137 

Power Factor (at transformer) 0.8356 

Status of discharge pipe Good 

 

2.2.1 General description of pumps at Chingola Kafue High Lift Pump Station. 

There are four identical pumps initially installed in 1998 and a fifth dissimilar pump first installed in the mine in 

1981 and relocated to the pump station in 1997. The initial design of the pump station was to run three identical 

pumps and have a fourth identical pump on standby. Due to unanticipated high water demand, it became a 

practice to run all the five pumps to try to cope with the high water demand. The high lift pumps convey water 

across a distance of about six kilometres through a plain steel pipe  of 30 inches diameter to Kabundi Main 

Booster Station. Below is a summary of data pertaining to the pumps at the pump station; 

 

 

 

Figure 2-3:High Lift Pumps at Chingola Kafue WTP 

The five pumps have a flooded suction arrangement with a head of water from a clear well on the wall facing the 

pumps which gives a positive suction head to the pumps.  
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Table 2-4: Details of Pumps at Chingola Kafue High Lift Pump Station. 

Pump 
Name 

Rated 
Head 
(m) 

Actual 
Discharge 

Gauge 
reading 

(Bar) 

Rated 
Flow 
rate 
(m3/

h) 

Actual Total 
flow rate 
(m3/h) 

Rated 
Motor 
Power 
(kW) 

Design 
Current 

(A) 

Actual 
curren

t (A) 
Pump 
BEP 

Motor 
Efficiency 

Class 

Rated 
Voltage 

(V) 

Pump
1  130  140  421 

871 (P1,2 &5) 
733 (P3&5) 

588 (P5) 
 

225 49.5 38 79 IEC IE1 3300 

Pump
2 130 140  421 225 49.5 37 79 IEC IE1 3300 

Pump
3  130 140 421    225 49.5 38 79 IEC IE1 3300 

Pump
4  130 140 421 225 49.5 40 79 IEC IE1 3300 

Pump
5  126 140 833 476 100 67 77 IEC IE1 3300 

 

The following areas were investigated as part of the preliminary energy audit on the Kafue WTP pumping 

infrastructure; 

2.2.2 Pump Overhaul Opportunity 

The four identical pumps (Pump1, Pump2, Pump3 and Pump 4) were first installed as new pumps in 1998 and 

have only been overhauled once in 2010. The pumps, however, would need to be overhauled as the last overhaul 

was not completed according to manufacturer’s specifications. The replaced parts were made of temporary 

material with poor metallurgical properties from a local foundry and were not meant to last more than one year of 

with pumps continuously running. The last overhaul also revealed mild pitting on the inside of the pump casings 

which was not corrected. Electricity savings were, however, recorded immediately after the pumps were 

overhauled as represented in appendix C. Further electricity costs savings could, therefore, be realised through 

correct and complete pump overhaul. 

2.2.3 Power Factor Correction and Tariff Plan Optimisation 

The average power factor read from the digital energy meter just after  the ZESCO main supply transformer for a 

period of six months gave a figure of 0.8356 The tariff structure at this pump station is based on Maximum 

Demand Tariff-2 (MD-2) with penalties incurred on consumption of reactive power. There is, thus, an opportunity 

to save electricity at this pumping infrastructure through power factor correction to at least 0.95. Using other tariff 

plans other than the existing plan would not help save electricity costs. 

2.2.4  Optimising the Pipeline Features. 

There are no opportunities of saving energy through optimizing the distance of the pipeline as it is the most direct 

route to the destination. The discharge pipe is a plain mild steel pipe of diameter 30 inches and was installed in 

1975. The pipeline is still in good condition.  

 The appropriateness of the pipe diameter shall be checked using Leas’ formula as described in Equation 17 with 

the maximum constant of 1.22, that is; 

D = 1.22 √Q  
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Thus; taking the maximum design flow rate for the treatment plant of 35,000m3/day or 0.405m
3
/s, the 

economical diameter of the pipe is 0.776m while the existing pipe diameter is 0.762m, thus there shall be no 

consideration to increase the pipe diameter in order to save electricity costs at this pump station. 

 

2.2.5 Motor Load 

 The rated FLC of the identical pumps, is each 49.5A while that for Pump5 is 100A 

 The pump station normally runs four or five pumps in parallel continuously throughout the year.  

The analysis of the motor load for  each pump using respective rated and actual operating current figures gives; 

1.) Pump1 ; Lf (1) = 38/49.5 = 0.7835 

2.) Pump2 ; Lf (2) = 37/49.5 = 0.747 

3.) Pump3 ; Lf (3) = 38/49.5 = 0.7835 

4.) Pump4 ; Lf (4) = 40/49.5 = 0.808 

5.) Pump5 ; Lf (5) = 67/100 = 0.67 

 

The above analysis shows that all the pumps are operating at lower motor loads as compared to the rated loads. 

Since the five pumps have original motors from the factory, and since they are under loaded, then they are 

operating off the BEP point to the left side according to theory on pump curves characteristics (pages 25 and 26). 

There is, therefore, an opportunity in saving electricity costs by ensuring that the pumps operate closer to their 

BEP. 

2.2.6 Investigation Pump Cavitation  

 The pumps have a flooded suction arrangement with an average static head of water in the clear well of 

about 3m.  

 The temperature of the water is an average of 20 degrees Celsius giving a Vapour Pressure of water of 

2340 N/m2 or 0.234 m 

 The pump station is at an altitude of 1260m and lifts water to an open reserviour, K3 reservoir, at an 

altitude of  1,397m as obtained on a contour map. 

Thus, the barometric pressure difference between the pump station and the open reserviour using 

Equation 23 or 24 yields, 

 

Pbar = Pbar(1260) – Pbar(1397) 

 =  98,571.13 - 98,270.70 

 = 300.43 Pa. 

                      = 0.03m 

              (Note: Pbar and hv are negligible and shall be ignored in subsequent calculations.) 
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 Each suction pipe has a length, L, of 4.5m and is made of mild steel and has a nominal diameter, d, of 16 

inches. The maximum flow rate, Q, per pump is 291.67 m3/h or 0.0810m3/s. Taking the average friction 

factor of 0.024 for a steel pipe in a fair condition (Garg 2005) the analysis is as follows; 

Thus, average velocity; 

                 
 

 
    

 

    
 
 
 

                                                           = 0.081/{3.142*(16*0.0254)^2/4}  

                                                           = 0.6246m/s 

the suction head loss through each suction pipe is 

        
      

     
 

       = 0.024*4.5*0.6246^2/(2*9.81*0.4064) 

       = 0.0053m   

Then 

 NPSHa = Pbar + Hs – HL – Pv = 1.9620+3 - 0.0053 - 0.2340 = 4.7227m 

 NPSHr (from pump curve, Appendix D) = 4.4m 

Thus, 

 NPSHa/NPSHr  = 4.756/4.4 = 1.08 

 

Since the recommended minimum ratio of NPSHa/NPSHr = 1.2 as guided by the United States Department of 

Energy it is likely that the pumps are cavitating and corrective measures must be instituted immediately. 

 

2.2.7 Investigating Use of Energy Efficient Pumps 

The identical pumps each has an energy efficiency rating of about 79.5% at BEP as seen from the graph. This is an 

adequate energy efficiency rating and there would be no need to for now to upgrade the pumps on the basis of 

efficiency. 

2.2.8 Investigating Use of Energy Efficient Motor 

The pumps have motors rated at IEC IE1, thus there would be energy saving if the motor were upgraded to IEC 

IE2 energy efficiency rating but there would be need to conduct a detailed LCC calculations to reveal if the 

intervention would be viable of not. 

2.2.9 Investigating Variable Speed Pumping 

The pumps deliver water continuously and there is no need to reduce the speed of the pumps to deliver less flow. 

All the valves are always fully open, thus there is no need to introduce Variable Frequency Converters to vary the 

speed of the pumps. The pumping system is also dominated by static head and this would not be attractive for 

variable speed pumping as discussed in section 1.4.1.1 
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2.2.10 Optimising Pumping Configuration 

There is an opportunity to optimise pump characteristics to match the operating system head of 140m. all the 

pumps are rated at less than 140m (130m for DSB Duoglide 200/200 pumps and 126 for 8-LN-26 pump)  

2.2.11 Supply Power Quality 

The supply power phase voltages could not be measured due to lack of Medium Voltage Equipment and 

restrictions to the electrical switch gear. It could not be established if the supply voltage is balance or not or 

whether the supply voltage is in excess or under the nominal rating of 3300 volts. 

 

2.3 Kabundi Main Booster Pump Station 

The pump station conveys water  from Kafue WTP to various distribution centres  in Chingola. The water from 

this pump station is pumped directly into three reserviours namely, Roberts, Kasompe1 (Kas.1)and Kasompe 2 

(Kas.2) Reserviours. The water from Kafue WTP first reports to a reserviour called Kabundi Reserviour 3, (K3) 

whose capacity is 6,800m
3
. From here, a set of small  pumps(Pump 1 and Pump2) are used to lift water to another 

reserviour called Kabundi Reserviour 2 (K2) about two hundred metres away on a hill of about 20m high through 

water pipeline No.1. K2 has a capacity of  2,500m
3
. These pumps normally run one at a time while the other is on 

standby.  

Another set of  three bigger pumps convey water to  the three reserviours, Kas.1, Kas.2  and Robert's reserviours 

through one pipeline whose nominal diameter is 30 inches. There is a tap off about one kilometre before Kas.1 

and Kas.2 from where Robert's reserviour is fed.  There are three more tap offs that are used to supply water from 

the pipeline leading to Roberts and Kasompe reserviours to nearby high cost townships called riverside and 

Chingola Central with a combined population of three hundred houses. The Kas.1 and Kas.2 reserviours are 

adjacent to each other and each has a capacity of  4,500m
3 while Robert's reserviour has a capacity of   6,800m

3
 

 

 

Table 2-5: Details of Pumping System at Kabundi Main Booster Pump Station 

No. Pumps: 5 

No. Pumps running at a time 4 

No. Standby Pumps 1 

Pump Configuration 
Two Parallel 

systems 

Pump types Identical 

Operation of Discharge Valve Always Fully Open 

Discharge Pipe Nominal Diameter 30 Inches 

No. Discharge Pipes 1 

Discharge pipe material 
Mild Steel + 

Concrete 

Status of discharge pipe Good 

Static Head 42m 

Power Factor (at Transformer) 0.8898 
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2.3.1 General Description of Pumps at Kabundi Main Booster Pump Station. 

The pump chamber has five pumps; two identical smaller ones and three identical bigger ones. The three bigger 

pumps were designed to pump water to Kas.1 and Kas.2  and Roberts Reserviours through pipeline No. 2  (line2) 

while the two smaller pumps were designed to pump water to K2 through pipeline No1. (Line1). Line 1 and Line 2 

have an interconnection just outside the pump house such that it is possible to pump water to K2 by opening a 

valve on this interconnecting pipe.  As the pump age and as the water demand increased, a mode of operation was 

adopted where the interconnection was opened slightly to feed water from line2 to line 1 in order to boost water 

levels in K2. This is a deviation from the original operation mode of using dedicated pumps to pump through their 

respective lines. The bigger pumps were originally designed to run two at a time while the third remains on 

standby. Due to the increased water demand, all the three pumps now run all at once while the smaller ones often 

run one at a time with the by-pass line being used to fill up K2 at times. 

 

Table 2-6: Details of Pumping Equipment at Kabundi Main Booster Pump Station 

Pump 
Name 

Rated 
Head 

Actual 
Discharge 

Gauge 
reading 

Rated 
Flow 
rate 

(m3/h) 

Actual 
Total 
flow 
rate 
(m3/h) 

Rated 
Motor 
Power 
(KW) 

Design 
Current 

(A) 

Actual 
current 

(A) 
Pump 
BEP 

Motor 
Efficiency 

Class 
Rated 

Voltage 

Pump1  31m  3 bar 450 - 55 50 A 42 84 IEC IE1 380V 

Pump2 31m 3 bar 450 55 50 A 43 84 IEC IE1 380V 

Pump3  67m 6.3 bar 691.2 

- 

   185 300 A 250     86 IEC IE1 380V 

Pump4  67m 6.4 bar 691.2    185 300 A 280 86 IEC IE1 380V 

Pump5  67m 6.0 bar 691.2 185 300 A 273 86 IEC IE1 380V 

 

2.3.2 Pump Overhaul Opportunity 

There are five pumps in the pump chamber that were installed in 1998. None of the pumps have had effective 

pump overhaul since they were installed, thus there is an opportunity to enhance the performance of the pumps 

though effective pump refurbishment. 

2.3.3 Power Factor Correction and Tariff Optimisation 

The average power factor read from the main digital energy meter just after the main supply transformer for a 

period of six months gave a figure of 0.8898.  The tariff structure at this pump station is based on MD2 with 

penalties incurred on consumption of reactive power. Therefore, there is an opportunity to save electricity at this 

pump station by improving the power factor to a minimum of 0.95. In addition, there is an opportunity to save 

electricity costs by migrating from the Commercial Tariff to Maximum Demand Tariff 1 (MD1) as seen on 

appendix N. 

2.3.4  Optimising the Pipeline Features. 

This pump station takes a fairly direct route to the Roberts and Kasompe reserviours and re-adjusting the distances 

would not offer any cost benefits. The discharge pipe is a plain mild steel p0ipe of diameter 30 inches and was 

installed in 1975. The pipeline is still in good condition. The main pipeline (Line2) handles about eighty two 

percent of  the water from Kafue WTP and thus , the maximum design flow rate would be ; 

   Q = 0.82*35,000 
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= 2,870m3/day.  

 

 

Thus, using Lea’s formula, the economical diameter would be, 

D   = 1.22 √Q  

        = 1.22√(0.3321) 

      = 0.703m 

Since the nominal diameter of the rising main is 30 inches, or 0.762m is bigger than the economical diameter as per 

lea’s formula, the existing diameter of the pipeline is adequate for the current flow rates. 

 

2.3.5 Motor Load 

With Pump4 on standby, the pump station normally runs four pumps in parallel continuously throughout the year. 

The pumps are switched off only during the maintenance sessions. The analysis of the motor load for  each pump 

from equation 48 is as follows  

1.) Pump1 ; Lf (1) = 42/50 = 0.84 

2.) Pump2 ; Lf (2) = 43/50 = 0.86 

3.) Pump3 ; Lf (3) = 250/300 = 0.83 

4.) Pump4 ; Lf (4) = 280/300 = 0.93 

5.) Pump5 ; Lf (5) = 273/300 = 0.91 

 

The above analysis shows that all the pumps are operating at a lower motor load. Since they all have original 

motors from the factory, they are operating off the BEP point to the left side. This gives opportunity to improve 

the efficiency of the pumps especially pumps1, Pump2 and pump3 whose motor load fall outside the ten percent 

margin. 

2.3.6 Investigation Pump Cavitation  

 The pumps have a flooded suction arrangement with an average static head of water in the K3 Reserviour 

of about 5m. In addition, the pump chamber is sunken by 2 meters giving a total suction static head of 

7m.  

 The temperature of the water is an average of 20 degrees Celsius giving a Vapour Pressure of water of 

2340 N/m2 or 0.234 m 

 The barometric pressure difference between the source and destination of pumped water is ignored 

because it is insignificant as seen from earlier calculations. 

 Each suction pipe has a length, L, of 12m and is made of mild steel with a nominal diameter of the 

common pipe connecting the reserviour to the pumps chamber, d, is 18 inches. Each pump has a suction 

pipe of length 2m of diameter 12 inch. The average flow rate, Q along the common pipe is the same flow 

rate that come from Kafue WTP, that is, 0.324074m3/s. Taking the average friction factor of 0.024 for a 



 81 

steel pipe in a fair condition and ignoring all minor losses through the short pipes connecting the common 

pipe to the pumps and through all pipe fittings, the analysis is as follows; 

Thus, average velocity of water in the common pipe ,  

 U = Q/A = Q/{d^2)/4}  

     = 0.324074/{3.142*(18*25.4)^2/4}  

     =1.973976 m/s 

the suction head loss through the common pipe is; 

    

     
      

     
 

                                                                              = 0.024*12*1.973976^2/(2*9.81*0.4572) 

             = 0.125m   

Then 

 NPSHa = Pbar + Hs – HL – Pv = 0+7-0.234-0.125 = 6.6 

  NPSHr (from pump curves on Appendix E) = 6.4m 

 

Thus, 

 NPSHa/NPSHr  = 6.6/6.4 = 1.03 

 

Since the recommended minimum ratio of NPSHa/NPSHr = 1.2 as guided by the United States Department of 

Energy the pumps could be cavitating although there was little cavitation noise.  

2.3.7 Investigating Use of Energy Efficient Pumps 

The identical pumps each has an energy efficiency rating of about 85% at BEP as seen from the graph in appendix 

E. This is an adequate energy efficiency rating as defined by the ideal model. The aim would be to maintain this 

efficiency through effective maintenance and pump rehabilitation. 

2.3.8 Investigating Use of Energy Efficient Motor 

The motors are rated IEC IE1. There would be some energy savings if the motors were upgraded to IEC IE2 

energy efficiency rating 

2.3.9 Investigating Variable Speed Pumping 

The pumps deliver water continuously and there is no need to reduce the speed of the pumps to deliver less flow. 

All the valves are always fully open all the time, thus there is no need to introduce Variable Frequency Converters 

to vary the speed of the pumps. 

2.3.10 Optimising Pumping Configuration 

Pumping configuration need to be optimised to ensure that all the pumps are operating as close to their BEP as 

possible. Since the pumps are operating to the right of the BEP and there is need to increase the flow rate from the 
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pump station, introducing another pump  would worsen the situation and cause all pumps to operate off the BEP 

point further to the right. Increasing the impeller diameters of all the pumps to an appropriate diameter would 

correct this although thus measure may entail increasing the power rating of the motors as well to match the new 

power demand of the pumps with increased impeller diameters. Another option would be to introduce new pumps 

with proper specifications. A LCC needs to be done in order to justify which option to adopt. 

 

2.3.11 Supply Power Quality 

The supply phase voltages are often below the rated nominal voltage of 380V. Phase measurements revealed an 

average phase readings of 361.67 V, (that is 360, 363, 362 V) . 

Using equation 41 under Introduction, the amount of phase imbalance is  

  = (360-361.67/361.67)*100 

  = -0.47% 

The under voltage measured is 20 Volts representing  

= 20/380  = 5.26% 

There could be an opportunity to save electricity costs by correcting the voltage imbalance as well as the under-

voltage. 

2.4 Kabundi Booster Pump Station 

The pump station is used to boost water pressure from the KCM Water Treatment Plant to four residential areas 

of Chingola.  

The discharge valve is often throttled to regulate the flow of water. The pumps often cavitate heavily due to low 

suction pressure and the failure rate of pumps is very high. There is an increasing need to increase the flow from 

this pump station in order to meet the water demand of residents. 

Table 2-7: Details of Pumping System at Kabundi Booster Pump Station 

No. Pumps: 2 

No. Pumps running at a time 1 

No. Standby Pumps 1 

Pump Configuration  Parallel system 

Pump types Dissimilar 

Operation of Discharge Valve 
Sometimes 
throttled 

Discharge Pipe Nominal Diameter 12 Inches 

No. Discharge Pipes 
3x 300mm, 
1x100mm 

Discharge pipe material Mild Steel 

Status of discharge pipe Poor 

Static head(K1 reserviour ) 41m 

Power Factor 0.9985 
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2.4.1 Description of Pumping System at Kabundi Booster Pump Station. 

The pump chamber has two old dissimilar pumps that are operated separately. The pumps often experience 

cavitation and this is characterised by a sound as though small stones are hitting the pump is churning gravel.  

 

Table 2-8: Description of Pumping System at Kabundi Booster Pump Station. 

Pump 
Name 

Rated 
Head 
(m) 

Actual 
Discharge 

Gauge 
reading 

(Bar) 

Rated 
Flow 
rate 

(m3/h) 

Actual 
Total 
flow 
rate 
(m3/h) 

Rated 
Motor 
Power 
(KW) 

Design 
Current 

(A) 

Actual 
current 

(A) 
Pump 
BEP 

Motor 
Efficiency 

Class 

Rated 
Voltage 

(V) 

Pump1  65  4.5  500 Not 
available 

200 252 155 78 IEC IE1 550 

Pump2 80 6.3  350 132 160 66 77 IEC IE1 550 

 

 

Below is a picture showing the pumps at Kabundi Booster Pump Station. 

 

 

Figure 2-1:Pumps at Kabundi Booster Pump Station 

 

2.4.2 Pump Overhaul opportunity 

The pump station has two old pumps that have never been effectively rehabilitated. One pump is about twenty 

five years old while the other one is about eleven years old. There is an opportunity to improve the efficiency of 

the pumps by undertaking a pump refurbishment. 

2.4.3 Power Factor Correction and Tariff Plan Optimisation 

The average power factor read from the digital energy meter just after  the ZESCO main supply transformer for a 

period of six months gave a figure of  0.99 and thus there would be no need to further improve power factor to 

realise reduced pumping related electricity costs. The tariff structure at this pump station is based on a social tariff, 

thus power factor quality is not taken into consideration when determining electricity bills for this pump station. 
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There is an opportunity of saving electricity costs at this pump station by considering the improved power factor  

and migrating from the social tariff to the Maximum Demand 1 tariff plan as seen on appendix N. 

2.4.4  Optimising the Pipeline Features. 

There are no opportunities of saving energy through optimizing the distance of the pipeline as it is the most direct 

route to the destination. Consideration of using pipe material with lower friction factor like HDPE can done since 

the current pipes are old and corroded steel pipe with higher friction factors. 

The discharge pipe from the pump leads into a common manifold to which three equal pipes are connected 

leading to three different places. The pipes are made of plain mild steel pipes each of diameter 12 inches and were 

laid 1985. The pipelines are not in good condition especially along the golf course where it is usually wet. In order 

to determine whether the discharge pipe is undersized,  Lea’s formula will be used, that is; 

 

D = 1.22 √Q taking the worst case scenario from equation 30. 

 

Thus; taking the maximum design flow rate for the Booster Pump Station of 500m3/h or  0.13889 m3/s 

We determine the economical diameter of the pipe as 

  D = 1.22√(0.13889)     = 0.4547m 

 

Since there are three 300mm outlet pipes from the pump, the flow would be divided into three streams on average 

and therefore the economical diameter for each pipe would be; 

 

  D  = D = 1.22√(0.13889/3)      

 

   = 0.263 mm 

   

 Since each outlet pipeline is more than 0.263mm,  thus there are no energy saving opportunities by increasing the 

diameter of the discharge pipes. 

  

2.4.5 Motor Load 

 The rated Full Load Current of  Pump1 is 252 A while the operating current is 180 A at most. 

 The rated Full Load Current for Pump2 is 160A while the operating current is 65 A at most. 

 

Thus, the motor load for  each pump from equation 48 is as follows  

1.) Pump1 ; Lf (1) = 180/252 = 0.714 

2.) Pump2 ; Lf (2) = 65/160 = 0.406 
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The above analysis shows that all the pumps are operating at a lower motor load. Since they all have original 

motors from the factory, they are operating off the BEP point to the left side.  The under load may be due to the 

effect of severe cavitation of oversized pumps or both. There is opportunity to save electricity costs at the pump 

station by correcting the under load on the motors. 

 

2.4.6  Investigation Pump Cavitation  

 The pumps are configured in series with those from KCM WTP and receive water at a maximum positive 

suction head of 0.5 bars. 

 There is no suction static head as the incoming pipeline are almost at the same level as the pumps and 

there is no reserviour. 

 The temperature of the water is an average of 20 degrees Celsius giving a Vapour Pressure of water of 

2340 N/m2 

 The pumps convey water in a pipe network that is fairly flat 

 

Thus, 

 NPSHa = Pbar + Hs + Inlet Water pressure – HL – Pv = 0+0+5m -0 -0.234 =  4.977m 

 

 NPSHr (from pump curve) = 5.2m 

 

Thus, 

 NPSHa/NPSHr  = 4.977/5.2 = 0.957 

 

Since the recommended minimum ratio of NPSHa/NPSHr = 1.2 as guided by the United States Department of 

Energy it is likely that the pumps are cavitating and corrective measures must be instituted immediately. Often 

times the pumps receive water at a much lower suction pressure than 0.5bars especially during peak hours when 

the clients use much water leaving little water for the booster pumps station. During these periods the pump 

cavitate heavily. This is worsened by the ingress of air in the supply pipelines before the booster pumps station. 

 

2.4.7 Investigating Use of Energy Efficient Pumps 

There would be an opportunity to save pumping related electricity costs by replacing the pumps with more energy 

efficient pumps since both existing pumps have efficiency ratings less than 87% defined for the ideal model. 

2.4.8 Investigating Use of Energy Efficient Motor 

 Improving the energy efficiency rating of motors from the existing IEC IE1 to IEC IE2 or better  would result 

into saving of pumping related electricity costs 
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2.4.9 Investigating Variable Speed Pumping 

The pumps are required to  deliver water continuously to fill the reserviours as well as to supply water to 

townships. Variable speed pumping would have limited application  at the pumps station because in the night 

when there is low water demand by residents the pump station fills a reserviour called K1 reserviour and as such 

the speed of the motor should remain constant.  

2.4.10 Optimising Pumping Configuration 

There are opportunities to optimise the pumping configuration at this pumps  station in order to maximise the 

efficiency of the pumping system and avoid cavitation. A detailed study can bring to light the viable options.  

2.4.11 Supply Voltage Quality 

Phase voltage measurements revealed a balanced voltage  and current supply and the nominal voltage gave an 

average of 550 V which is the rated input supply voltage. There are no opportunities of saving electricity cost and 

equipment by improving the quality of the supply voltage. 

 

2.5 Kasompe Pump Station 

The pump station is situated at the point where the pipeline that takes water from kabundi Main Booster Pump 

Station ends. There are two reserviours mounted at ground level (ground reserviours) that are interconnected and 

thus maintain one reading for the level of water and are of equal size (6,800 m3). These reserviours are used to 

store water and supply to the nearby township called Kasompe although over eighty percent (80%) of this water is 

gravitated to “The Close” pump station and pumped into the town centre of Chingola.  

The pump station has three pumps that were designed to first lift water into four interconnected tanks each of  

capacity 38.4m3 and then the water would be gravitated to Kasompe township. A bypass was provided for to be 

used in case of maintenance works on the tanks etc. The pump station would run two pumps at a time while the 

third would be on standby. Of late, however, all three pumps are run simultaneously especially during peak hours 

in order to satisfy the demand of the growing township. The overhead tank was decommissioned since it was badly 

corroded and needed to be repaired or replaced, as such direct pumping is now used to supply water to Kasompe 

from the pumps station. The pumps station is a sunken chamber two (2) meters above ground that lifts water from 

the ground reservoirs to the township of Kasompe. 
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Figure 2-2: Kasompe Tanks 

 

 

Below is the information pertaining to Kasompe Pump Station. 

 

Table 2-9: Details of Pumping System at Kasompe Pump Station. 

No. Pumps: 3 

No. Pumps running at a time 3 

No. Standby Pumps 0 

Pump Configuration  Parallel system 

Pump types Identical 

Operation of Discharge Valve 
Always fully 

open 

Discharge Pipe Nominal Diameter 06 Inches 

No. Discharge Pipes 01 

Discharge pipe material Asbestos Cement 

Status of discharge pipe Good 

Static head of pumping system 
15m (overhead 

tank) 

Static head of pumping system 
7m (direct 
pumping) 

Power Factor ( Supply Transformer) 0.8320 
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2.5.1 Details of Pumping Equipment at Kasompe Pump Station. 

There are three identical pumps in the sunken pump chamber that were mounted in 1998. The pumps often 

operate simultaneously but one is switched off during off-peak periods.  

 

Table 2-10: Details of Pumping Equipment at Kasompe Pump Station 

Pump 
Name 

Rated 
Head 
(m) 

Actual 
Discharge 

Gauge 
reading 

(Bar) 

Rated 
Flow 
rate 

(m3/h) 

Actual 
Total 
flow 
rate 
(m3/h) 

Rated 
Motor 
Power 
(KW) 

Design 
Current 

(A) 

Actual 
current 

(A) 
Pump 
BEP 

Motor 
Efficiency 

Class 

Rated 
Voltage 

(V) 

Pump1  20  1.8 54  7.5 14.9 13.2 76 IEC 34-1 380 

Pump2 20 1.8 54  7.5 14.9 13.8 76 IEC 34-1 380 

Pump3 20 1.8 54  7.5 14.9 14.1 76 IEC 34-1 380 

 

Below are the pumps that are found at Kasompe Pump Station. 

 

 

Figure 2-3: Kasompe Pumps 

 

2.5.2 Pump Overhaul Opportunity 

The pumps were commissioned in 1998 and have never been refurbished. There is an opportunity to improve the 

efficiency of the pumps by undertaking a pump refurbishment. 

2.5.3 Power Factor Correction and Tariff Plan Optimisation 

The average power factor read from the digital energy meter just after  the ZESCO main supply transformer gave a 

figure of  0.83 The tariff structure at this pump station is based on social tariff and thus power factor improvement 
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would not help reduce electricity costs at this pump station. Other available tariff plans from the electricity 

provider would not help reduce electricity. 

 

2.5.4  Optimising the Pipeline Features. 

There are no opportunities of saving energy through optimizing the distance of the pipeline as it is the most direct 

route to the destination. Consideration of using pipe material with lower friction factor like HDPE can be done 

since the current pipes are old and corroded steel pipe with higher friction factors. 

 Using Lea’s formula in Equation 31 and taking the K = 1.22 and average flow rate of 96 m3/h from the log 

books, thus; 

D = 1.22 √Q 

 

gives;  

  D = 1.22√(0.026667)     = 0.1992m 

 

Since there is only  pipeline  of diameter 6 inches over a distance of 950m there is an opportunity to save electricity 

costs at this pumps station by increasing the diameter of the pipeline. While exploring the viability of implementing 

this option under the LCC analysis, it would be recommended to change the type of material of the new pipeline 

from the existing steel material to un-plasticised Poly Vinyl Chloride (uPVC) or High Density Poly Ethylene 

(HDPE) material for lower frictional losses through the pipeline. These options would be considered under the 

detailed study. 

  

2.5.5 Motor load 

Thus, the motor load for  each pump from equation 23 is as follows  

1.) Pump1 ; Lf (1) = 13.2/14.9 = 0.886 

2.) Pump2 ; Lf (2) = 13.8/14.9 = 0.9262 

3.) Pump3 ; Lf (3) = 14.1/14.9 = 0.9463 

 

 

The above analysis shows that all the pumps are operating at a lower motor load. Since they all have original 

motors from the factory, they are operating off the BEP point to the left side. This gives opportunity to improve 

the efficiency of the pumps especially Pump1. The motor load is, however, within the five percent deviation from 

the Full Load Current, as such, load factor improvement might not be a priority as it is not likely to make a big 

impact.  
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2.5.6 Investigation pump cavitation  

 The pumps mounted on a sunken pump chamber with an average static head of water from the 

reserviours of 4m. 

 The NPSHr as indicated in the pump curve is 2.8m 

 

 The temperature of the water is an average of 20 degrees Celsius giving a Vapour Pressure of water of 

2340 N/m2 

 

 Since the static head on the discharge side is below 100m (that is 7m), we shall ignore the effect of air 

pressure. 

 

 Frictional losses through the suction  pipe, HL = 4fLV^2/2dg; with suction pipe diameter of 0.15m 

and nominal frictional factor, f = 0.024 

 

     
      

     
 

 

            = 0.024*4*1.973976^2/(2*9.81*0.075) 

            = 0.254m   

 

Thus, 

 NPSHa = Pbar + Hs + Inlet air pressure – HL – Pv = 0+4m +0 +0 -0.254-0 =  3.746m 

 

 NPSHr (from pump curve) = 2.8m 

 

Thus, 

 NPSHa/NPSHr  = 3.746/2.8 = 1.34 

 

Since the recommended minimum ratio of NPSHa/NPSHr = 1.2 as guided by the United States Department of 

Energy, the pumps are no cavitating.  

2.5.7 Investigating use of energy efficient pumps 

The identical pumps each has an energy efficiency rating of about 76% at BEP as seen from the graph. There 

could be energy savings by replacing the pumps with more energy efficient pumps. Since the pumps were first 

installed about 14 years ago and have in service for about three quarters of their useful lives, it is recommended 

that more energy efficient pumps should be considered when replacing the pumps in the near future. The 
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replacement of the pumps is further motivated by the growing population in the area with a new township being 

put up nearby called Chingola South Township. 

2.5.8 Investigating use of energy efficient motor 

There is an opportunity of saving more electricity costs at this pump station by considering replacing the current 

motors rated at IEC IE1 with better energy efficiency rated motors in future. It is, however, recommended that 

this should happen at the time of replacing the pumps.  

2.5.9 Investigating Variable Speed Pumping 

Since the pumps currently deliver water directly into the township where there is variable demand during the day 

and night, there is an opportunity to save electricity costs by introducing Variable Speed Pumping.  

2.5.10 Optimising pumping configuration 

The pumps were configured to operate in parallel via overhead tanks to deliver water to Kasompe Township. The 

tanks are currently decommissioned. There would be opportunities to optimise the pumping configuration at this 

pumps  station  by re-commissioning the overhead tanks in order to save pumping related electricity costs. A 

detailed study can bring to light the viable options.  

2.5.11 Supply Voltage Quality 

Phase voltage measurements revealed a balanced voltage  and current supply and the nominal voltage gave an 

average of 378 V which is close to the rated supply voltage of 380V.  The pump station, however sometimes  

experiences lower input voltage that has resulted into overheating and damage to one motor.  The motor was re-

wound. There are, therefore, some opportunities of saving electricity cost and equipment by improving the quality 

of the supply voltage.  

2.6 ‘The Close’ Pump Station. 

The two Kasompe reserviours supply water by gravity to ‘The Close’ reserviour about two and half kilometres 

away. Part of the water is pumped to boost water pressure necessary to supply water to high rise buildings up to 

three storeys or ten (10) meters. 

 

 

Figure 2-4: Outside View of ‘The Close’ Booster Pumps Station 
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The booster pump station has two pumps that operate simultaneously during the day. One pump is normally 

switched off during the night time when the water demand goes down. Below is information pertaining to the 

pumps station. Water from Kasompe first gravitates into the overhead tank about 12m high on the top from which 

it is pumped to the town centre of Chingola town. 

 

Table 2-11: Details of Pumping System at  “The Close” Booster Pump Station 

No. Pumps: 02 

No. Pumps running at a time 02 

No. Standby Pumps 0 

Pump Configuration  Parallel system 

Pump types Identical 

Operation of Discharge Valve Always throttled 

Discharge Pipe Nominal Diameter 06 Inches 

No. Discharge Pipes 01 

Discharge pipe material Mild Steel 

Status of discharge pipe Good 

Static head of pumping system 10m  

Power Factor ( Supply 
Transformer) 

0.8562 

 

The suction pipes of the pumps are connected to a vertical pipe that collects water from the overhead reserviour. 

There is a provision to bypass the pumps and supply water directly from Kasompe reserviours but some customers 

do not receive any water this way unless the pumps at The Close reserviour are running. 

 

 

 

Figure 2-5: Inside View of “The Close” Pumps Station 
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The discharge pipes from the pumps are connected into one outlet pipe in a manner such that when both pumps 

are running, one pump registers a lower amperage reading than the other due to the orientation of one discharge 

pipe in relation to the other one. Each of the pumps have discharge valves that are always fully open but there is 

another common discharge valve outside the pump station that is always only opened partially (4-6 turns of the 

valve spindle out of 28 turns to fully open valve position) otherwise the pumps would cause the motors to draw 

too much current beyond the rated current and cause damage to the motors. The original motors were rated at 

7.5kW and were replaced with bigger motors rated 22kW by one technician in an attempt to try to mitigate this 

problem. The operating pressure on the discharge pipes is more than the rated value of 1.5bars and the average is 

around 5.8 bars for both pumps.  

2.6.1 Details of Pumping Equipment at  “The Close” Pumps Station. 

The pump station has two pumps newly installed in 1998. Two pumps operate together during the day and only 

one pump operates in the night. The pumps are always operated with the discharge valve throttles otherwise the 

current on the motors would rise beyond the rated operating limit. 

 

Table 2-12: Details of Pumping Equipment at  “The Close” Pumps Station 

 
Pump 
Name 

Rated 
Head 
(m) 

Actual 
discharge 

Gauge 
Pressure 

(bar) 

Rated 
Flow 
rate 

(m3/h) 

Total flow 
rate 
(m3/h) 

Rated 
Motor 
Power 
(KW) 

Design 
Current 

(A) 

Actual 
current 

(A) 

Motor 
Efficiency 

Class 
Rated 

Voltage 

Pump1  15 5.8 119 - 22 42.6 38 IEC 34-1 380V 

Pump2 15 5.6    119          - 22 
42.6 

41 IEC 34-1 380V 

 

2.6.2 Pump Overhaul Opportunity 

The pumps were commissioned in 1998 and have never been refurbished. There is an opportunity to improve the 

efficiency of the pumps by undertaking a pump refurbishment. 

2.6.3 Power Factor Correction and Tariff Plan Optimisation 

The average power factor read from the digital energy meter just after  the ZESCO main supply transformer over a 

period of six months is 0.8562. The tariff structure at this pump station is based on commercial tariff and thus 

power factor improvement is not taken into consideration in the electricity bills. There could be some electricity 

cost savings by optimising the tariff for this pump station as seen from appendix N. 

2.6.4  Optimising the Pipeline Features. 

There are no opportunities of saving energy through optimizing the distance of the pipeline as it is the most direct 

route to the destination. Consideration of using pipe material with lower friction factor like HDPE can be done 

since the current pipes are old and corroded steel pipe with higher friction factors. Since there are two pipelines 

each of sizes 300 and 250mm restively and both are used simultaneously every time, an assumption is made that 

the flow would be the same for both pipes (In reality the flow in the smaller pipe would be slightly less because of 

the smaller diameter.) 

Thus, the flow  
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 Using Lea’s formula and taking the K = 1.22 and average flow rate of 600 m3/h (Design flow rate) thus; 

D = 1.22 √Q 

gives;  

  D = 1.22√(0.1667/2)     = 0.3522mm 

 

Since the economical diameter is bigger than all the existing outlet pipes, it would be recommended to upgrade the 

pipe diameters to the nearest diameter of 350mm. for each outlet pipe.  

  

2.6.5 Motor load 

Thus, the motor load for  each pump as seen before is as follows  

4.) Pump1 ; Lf (1) = 38/42.6 = 0.892 

5.) Pump2 ; Lf (2) = 41/42.6 = 0.962 

 

The above analysis shows that all the pumps are operating at a lower motor load. Since they all have original 

motors from the factory, they are operating off the BEP point to the left side. This gives opportunity to improve 

the efficiency of the pumps especially Pump1. The motor load is, however, within the five percent deviation from 

the Full Load Current, as such, load factor improvement might not be a priority as it is not likely to make a big 

impact.  

2.6.6 Investigation Pump Cavitation  

 The pumps suction is taken from an overhead tank with average suction static head of 8m. Thus Hs = 8m 

 NPSHr as indicated in the pump curve is 3.5m 

 

 The temperature of the water is an average of 20 degrees Celsius giving a Vapour Pressure of water of 

2340 N/m2  

 

 Since the static head on the discharge side is below 100m (that is 10m), we shall ignore the effect of air 

pressure. 

 

 The suction pipe diameter is 0.2m , its length is 6m, nominal frictional factor, f = 0.024 and 

estimated flow rate of 300m3/h per pump, that gives 600m3/h through the common suction 

pipe. 

     
      

     
 

 

= 0.024*6*5.14^2/(2*9.81*0.2)  
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= 0.954m   

 

 

Thus, 

                  –     –       

= 0+8m -0.954- 0.234 =  6.812m 

 

 NPSHr (from pump curve) = 3.5m 

 

Thus, 

 NPSHa/NPSHr  = 6.8/3.5 = 1.94 

 

Since the recommended minimum ratio of NPSHa/NPSHr = 1.2 as guided by the United States Department of 

Energy, the pumps are no cavitating.  

2.6.7 Investigating Use of Energy Efficient Pumps 

The identical pumps each has an energy efficiency rating of about 76% at BEP as seen from the graph. There 

could be energy savings by replacing the pumps with more energy efficient pumps. 

2.6.8 Investigating Use of Energy Efficient Motor 

There is an opportunity of saving more electricity costs at this pump station by considering replacing the current 

motors rated at IEC IE1 with better energy efficiency rated motors in future. It is, however, recommended that 

this should happen at the time of replacing the pumps.  

2.6.9 Investigating Variable Speed Pumping 

Since the pumps currently deliver water directly into the township water pipe network and the discharge valve is 

always throttled and adjusted to meet the pressure and flow demand depending on the time of the day, there is an 

opportunity to save electricity costs by introducing Variable Speed Pumping (VSD). Since the discharge valve is 

always throttled at any one time, this indicates that the pump is oversized and a further study should be done to 

arrive at an appropriate specification of pumps.  

2.6.10 Optimising Pumping Configuration 

The pumps were configured to operate in parallel with the suction pipe connected to an overhead tank with an 

average static head of 8m. The discharge pipes are can be configured such that when both pumps are running, 

there would be little difference in the operating amperage such that both pumps are contributing equally to the 

total flow rate in the common discharge pipe unlike the case is now. Since the suction head of water coming from 

Kasompe reservoirs is adequate (average 8m), the pumping configuration can further be optimised such that the 

booster pumps should be placed in series with the flow of water from Kasompe reservoirs with the overhead tank 

being used as a buffer reserviour. At night when the water demand drops, there is little or no need to boost the 

pressure of water into the town centre water network. 
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2.6.11 Supply Voltage Quality 

Phase voltage measurements revealed balanced voltage  of 379V on all three phases and as such there would be no 

need to balance the supply voltage to realise electricity cost savings or to save motors.  

 

2.7 KCM Water Treatment Pump Station. 

The KCM Water Treatment Plant Pumps Station (KCM Pump Station) is located on the premises of a copper 

mining firm called Konkola Copper Mines, (KCM), hence the name of the water treatment plant. The Water 

Treatment Plant has a pump station that handles an average of 55,000 m3 of treated water per day and has seven 

high lift pumps. The pump station serves about half the population of Chingola District; about 80,000 people out 

of a population of 157, 340 (Central Statistics of Zambia – GRZ). 

 

Table 2-13: Details of pumping System at  KCM Water Treatment Plant 

No. Pumps: 07 

No. Pumps running at a time 04 

No. Standby Pumps 03 

Pump Configuration  Parallel system 

Pump types 3 Identical sets  

Operation of Discharge Valve Always open 

Discharge Pipe Nominal Diameter 
10,12 
& 16 Inches 

No. Discharge Pipes 09 branched pipes 

Discharge pipe material Mild Steel 

Status of discharge pipe  Old pipes 

Power Factor 0.67 

Static head Various 

2.7.1 Layout of pumps at KCM Pump Station 

The pump station supplies water to various places and has several pipes coming out of three different manifolds. 

Pumps No. 1 and 2 have one pipe manifold that supplies water into one pipeline whose nominal diameter is 12 

inches while pumps 3, 4 and 5 supply water to another manifold that has Three outlet pipes whose nominal sizes 

are 12inches and 16 inches. Pumps 6 and 7 supply water to the third manifold that has two branching pipes leading 

to four outlet pipes whose nominal diameters  are 12 and 16 inches. Below is the data acquired from the pump 

sets. Pump No. 3 can supply water to the manifolds where pumps 1 and 2 supply as well as the other manifold 

where pumps 4 and 5 supply, although the pumps is not used currently because it is old  (1945) and is scheduled to 

be replaced. 
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Table 2-14: Details of Pumping Equipment at KCM Pumps Station 

Pump 
Name 

Rated 
Head 
(m) 

Actual 
discharge 

Gauge 
Pressure 

(bar) 

Rated 
Flow 
rate 

(m3/h) 

Actual 
Total flow 
rate 
(m3/h) 

Rated 
Motor 
Power 
(KW) 

Design 
Current 

(A) 

Actual 
current 

(A) 

Motor 
Efficiency 

Class 
Rated 

Voltage 

Pump1  90 9.2 320 410 132 167 - IEC 34-1 550 V 

Pump2 90 9.1   320 150 
180 

150 IEC 34-1 550 V 

Pump3  80 - 200  
 
982 

90 
100 

-  IEC 34-1 550V 

Pump4 65 5.6 756 200 
261 

210 IEC 34-1 550 V 

Pump5  65 5.8 756 200 
261 

220 IEC 34-1 550 V 

Pump6 100 6.0 846 
1116 

355 
450 

360 IEC 34-1 550 V 

Pump7  100 6.1 846 355 
450 

370 IEC 34-1 550 V 

 

The KCM pumping facility is a sunken chamber of about five meters below the ground. It was originally designed 

to pump to a small network and got modified under ZCCM to pump water to various townships in the early 

1980s. 

 

Figure 2-6: Inside view of KCM Water Treatment Plant (Dr. A Zulu and Dr. L. Siaminwe Following) 

 

2.7.2 Pump Overhaul Opportunity 

The pumps were first commissioned as new pumps in 2000 and have never been refurbished. There is an 

opportunity to improve the efficiency of the pumps by undertaking a pump refurbishment. 
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2.7.3 Power Factor Correction and Tariff Plan Optimisation 

The  average power factor  at the pump station is 0.67.  The pump station has a Social Tariff plan structure that 

does not take into account penalties on  reactive power consumption. However, migrating to Maximum Demand 

tariff 2 (MD2) would save electricity costs and improving the power factor to 0.95 would further save electricity 

costs at this tariff plan as seen from appendix N. 

 

2.7.4  Optimising the Pipeline Features. 

There are no opportunities of saving electricity through optimizing the distance of the pipeline as it is the most 

direct route to the destinations. Consideration of using pipe material with lower friction factor like HDPE can be 

done since the current pipes are old and corroded steel pipe with higher friction factors. 

 Using Lea’s formula in Equation 31 and taking the K = 1.22, 

 

For manifold 1 with one pipeline of diameter 300mm (pump 1 and pump 2) the historical average flow through 

the pipeline is 410 m3/h when both pumps are running and 290m3/h when one pump is running. 

 

D = 1.22 √Q 

gives;  

  D = 1.22√(0.11388)     = 0.411m  (this is bigger than the current 0.3m) 

 Since the economical diameter is bigger than the existing pipeline, it is important to upgrade the diameter of the 

current pipeline to realise electricity cost savings. The company intends to increase the flow rate through the 

pipeline to expand their service coverage to include new townships to about 700 m3/h which would demand a 

pipeline of minimum pipe diameter of 0.54m going by the above analysis. There was no consideration during the 

ZCCM era to design the system appropriately and the first use of the pipeline was to deliver water to a small 

reservoir elsewhere. The company intends to replace the whole old corroded pipeline in the near future. (At the time 

of submitting this thesis, the company had upgraded a portion of the pipeline over a length of 2,070m with new pipeline of internal 

diameter 400mm and energy savings were recorded at KCM WTP as seen in Appendix Q. In addition to the upgrade of the line, two 

pumps were refurbished that augmented on the energy savings brought about by the pipeline upgrade) 

 

2.7.5 Motor load 

Thus, the motor load for  each pump from equation 23 is as follows  

1.) Pump1 ; Lf (1) = (pump is decommissioned) 

2.) Pump2 ; Lf (2) = 150/180 = 0.833 

3.) Pump3 ; Lf (3) = (pump is decommissioned) 

4.) Pump4 ; Lf (4) = 210/261 = 0.804 

5.) Pump2 ; Lf (2) = 220/261 = 0.843 

6.) Pump2 ; Lf (2) = 360/450 = 0.8 
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7.) Pump2 ; Lf (2) = 370/450 = 0.822 

 

The above analysis read with table 7.2 shows that all the pumps are operating away from their design operating 

point. Pump number 2 had it original motor upgraded from 132kW to 150kW after it developed a fault hence the 

operating amperage is different from the original value. All the other pumps in operation have original motors 

from the factory. There is, therefore, an opportunity to improve the efficiency of the pumps and motors by 

increasing the motor loading.  

2.7.6 Investigation pump cavitation  

 All the pumps have their suction taken from one common suction manifold in a sunken pump chamber 

lying 5.1m below the ground. The average suction static head with reference to the clear well and storage 

tank is 3m. Thus Hs = 3m 

 NPSHr as indicated in the pump curve is 3.5m 

 The temperature of the water is an average of 20 degrees Celsius giving a Vapour Pressure of water of 

2340 N/m2  

 All the pumps lift water to a static head on the discharge side below 100m (that is 10m), we shall ignore 

the effect of air pressure. 

 The size of the suction pipe diameters for all pumps is 0.457m , and average  length is 2m from 

the common suction manifold whose diameter is 0.787m. The nominal frictional factor for steel 

pipes in service, f , is 0.024. 

 The respective design flow rate for Pump 1 & 2 is of 320 m3/h per pump and since they have 

separate suction pipes, thus, frictional losses through each suction pipe, using the formula; 

 

     
      

     
 

 

  = 0.024*2*0.541^2/(2*9.81*0.457) 

 = 0.00156m   

 

Thus, 

 NPSHa = Pbar + Hs – HL – Pv = 0+3m -0.00156 - 0.234 =  2.76m 

 

 NPSHr (from pump curve) = 3.5m 

 

Thus, 

 NPSHa/NPSHr  = 2.76/3.5 = 0.788 
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Since the recommended minimum ratio of NPSHa/NPSHr = 1.2 as guided by the United States Department of 

Energy, the pumps No. 1 and 2 are cavitating. Remedial action must be put in place 

Pumps 1 and 2 are end suction pumps whose failure rate has increased during the last three years when the clear 

well and storage tanks from which the all pumps draw water stopped holding enough water due to erratic raw 

water supply. Currently, the pump No. 1 is decommissioned because it kept failing on average three times in a 

month. Both pumps exhibit the same type of failure, that is, the pump shafts undergo fatigue failure at the point 

where the lock nut sits. This is due to increased vibrations and shaft deflections as the pump cavitate. Both pumps 

also demand regular bearing replacement as the bearings also fail prematurely under the same conditions.  

 

It is recommended that an inducer be fitted to the pumps otherwise new pumps are being procured which will 

have double suction impellers with lower NPSHr. 

 The above approach was applied to pumps 3,4,5,6 and 7 and the results are as follows; 

 Pump 3 ; NPSHa/NPSHr = 2.76/2.1 = 1.3 

 Pump 4; NPSHa/NPSHr = 2.75/3.8 = 0.72 

 Pump 5; NPSHa/NPSHr = 2.75/3.8 = 0.72 

 Pump 6; NPSHa/NPSHr = 2.76/5 = 0.55 

 Pump 7; NPSHa/NPSHr = 2.76/5 = 0.55 

 

This means apart from pump No. 3, all the other pumps are currently operating under conditions that favour 

cavitation. Pumps 3,4,5,6 and 7 are horizontal split case double suction pumps and as such they do not exhibit the 

same failure pattern as the end suction pumps 1 and 2 which have a protruding shaft on which an impeller is 

installed; this arrangement is prone to vibrations due to imbalance on radial forces that act on the impeller as seen 

from theory. Despite the pumps 4,5 6 and 7 not exhibiting frequent failures as pumps 1 & 2, yet these pumps have 

been known to demand frequent bearing replacements as well as packing glands. Remedial action to mitigate 

cavitation is to ensure that there is a high static head on water in the clear well and storage tank that would give the 

ratio of NPSHa/NPSHr =>1.2. 

2.7.7 Investigating use of energy efficient pumps 

There is an opportunity to save electricity costs by introducing more energy efficient pumps since the efficiencies 

of the pumps are less that for the ideal model of 85%. 

2.7.8 Investigating use of energy efficient motor 

There is an opportunity of saving more electricity costs at this pump station by considering replacing the current 

motors rated at IEC IE1 with better energy efficiency rated motors in future.  

2.7.9 Investigating Variable Speed Pumping 

Some of the pumps deliver water directly into the network where there is variable water demand depending on the 

time of the day and night. These are Pump 1 and 2. These should be considered for variable speed pumping. The 

other pumps deliver water to different reservoirs as well as supply water into the network. These may not be 

considered for variable speed pumping.  
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2.7.10 Optimising Pumping Configuration 

The pumps No. 4  and 5 are rated at 65m head but operate at lower head of about 50 to 58m and so are the pumps 

6 and 7 rated at 100m head that operate at between 58m and 65m meaning that they are all operating to the right 

of their BEP. Optimising the pump specification or pump and pipe configuration would ensure that the pumps are 

running near the BEP to save electricity costs. The effective diameters of the discharge pipes are too big and offer 

lower resistance such that the system head is lower than the desired value. 

2.7.11 Supply Voltage Quality 

Phase voltage measurements revealed balanced voltage  of close to 550V on all three phases for all pumps and as 

such there would be no need to balance the supply voltage to realise electricity cost savings or to save motors.  

 

2.8 Highlights On Other Pump Stations. 

There were a number of pumps stations that were investigated under the preliminary study that could not be 

studied in detail because of inadequate data gathered. Some of the pumps stations are similar to the ones already 

discussed and as such parallel recommendations also apply to them. The following are the pumps stations under 

this category;  

2.8.1 MCM Water Treatment Pump Station. 

The MCM Water Treatment Plant Pump Station (MCM Pump Station) is located on the premises of a copper 

mining firm called Mopani Copper Mines in the district of Mufulira, hence the name of the water treatment plant. 

The Water Treatment Plant has a pump station that handles an average of 30,000 m3 of treated water per day and 

has seven high lift pumps. The pump station serves about seventy thousand people of Mufulira District. 

 

The pumps station is similar to KCM WTP pump station with four sets of pumps arranged in parallel 

configuration delivering water into four separate pipe manifolds to different townships. All the pumps have not 

had an effective overhaul since they were first installed more than twelve years ago. In addition, all the pumps are 

operating away from their BEP with each pump’s rated head being more than the operating head, likewise the 

motor rated and operating current. Information on the power factor, tariff plans, pump curves, electricity 

consumption and flow rates was not made available and making measurements was difficult due to restricted 

access to the plant. It would be recommended to conduct a thorough investigation with measurements in order to 

make decisions of what should be done to reduce electricity costs at this pump station. What is clear is that the 

pump-sets are not operating efficiently looking at their operating conditions. This pump station requires 

optimisation of pump specifications to meet the system demands in order to improve efficiency. The pumps that 

deliver water into the water network can be fitted with VFD to help save electricity costs during off peak hours. 

 

2.8.2 Seventeenth Street Booster Pump Station. 

The Seventeenth Street Booster Pump Station (SSB Pump Station) receives water from MCM Pumps station from 

pipe of diameter ten inches at a pressure of one (1) bar and boosts it to a pressure of slightly over three (3) bars to 

serve the target residential community. The pump is mounted such that it boosts the water pressure on-line the 

pipeline with no sump or reserviour. The discharge valve is always throttled otherwise the motor would draw too 

much current and burn out. 
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This pump station is similar to The close pump station discussed before. The outcomes of the detailed analysis of 

The Close pumps station would also apply to this pump station. Variable Speed Pumping can reduce electricity 

costs in a similar way it can reduce costs as the detailed analysis revealed for  The Close pump station. 

 

2.8.3 Chililabombwe Water Treatment Pump Station. 

The pump station is responsible for distribution of about 30,000 m3 of treated water per day  representing about 

eighty percent of the total water demand for the district. The pump station has Four identical pumps that pump 

water to various townships. All these pumps supply water directly into the water network and there is no storage 

reserviours in the water network. 

  

This pump station is similar to KCM and MCM water treatment plants and all the pumps are not operating at their 

rated operating points. The operating pressures are less than the rated pressures due to pipe interconnections. This 

pump station requires optimisation of pump specifications to meet the system demands in order to improve 

efficiency. The pumps that deliver water into the water network can be fitted with VFD to help save electricity 

costs during off peak hours. 

 

 

Figure 2-7: Chililabombwe Water Treatment Pump Station 

 

 

2.8.4 Chililabombwe Kafue Raw Water Pump Station. 

Chililabombwe Kafue Raw Water Pump Station (CKR Pump Station) is situated about ten Kilometres (10 km) 

from Chililabombwe Town Centre. The pumps were designed to pump 40,000m3/day or raw water to feed 

Chililabombwe WTP but currently produce about 25000m3 or raw water per day due to the badly corroded 

pipeline. The pumps were first installed in 2001 and have never been overhauled. 

 

Figure 2-8: Vertical pumps at Chililabombwe Raw Water Pump Station 
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The layout of this pump station is similar to Chingola Kafue WTP pump station.  The vertical Pump should be 

overhauled to improve their efficiency and help save electricity costs.  

 

2.8.5 Mingomba Raw Water Pumping Infrastructure. 

The pumping infrastructure at Mingomba Raw Water Works comprises of a Mingomba Submerged Raw Water 

Intake and Mingomba  Raw Water Pump Station that are connected in series. The pumping infrastructure is 

situated near the border town of Kasumbalesa that borders Zambia and Congo DR. The plant supplies raw water 

to Mingomba Treatment Plant about six kilometres away. There are two sets of pumps that are connected in series, 

one set being two submersible low lift pumps while the other set consist of two medium lift pumps. Each set can 

pump in parallel such that it is possible to run either one or two submersible pumps or medium lift pumps.  

 

The pump station is a simple structure which initially had two identical pumps that were obtained from the ZCCM 

mine in Chililabombwe about fifteen years ago. The pumps were initially installed to function as dewatering pumps 

for the Underground Mine. They were then relocated to this pump station. The pumps were bigger than the 

motors and as such they discharge valves were always throttled in order to avoid tripping out the motor protection 

circuit for overload current. The valves would also be throttled in order to match the flow rates with the incoming 

flow from the submersible pumps connected in series. 

The submerged intake pump station is a simple tripod standing structure that support two submersible pumps. 

The pump station has kept moving forward away from the original river bed as the water level keeps rising due to 

the dam. The dam wall was recently adjusted upwards causing the structure to be completely submerged. There is a 

new floating structure that is earmarked to replace the tripod intake structure in the vicinity. The pumps lift water 

to the Raw Water Pumps Station over a distance of about one hundred and fifty meters.   

 

Figure 2-9: Submerged Raw Water Intake at Mingomba Pumps Station 
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Figure 2-10: Inside View of Mingomba  Pump Station 

 

 

The pumps were donated by the mines and were not correctly specified. The rotational speed of the motors is 

about 3000rpm which predisposes the pumps to wear since they are meant to pump raw water. Variable speed 

drives could save electricity costs at this pump station. The pumping configuration should be adjusted to ensure 

that there is enhanced efficiency in the system. Better analysis could be done with flow and related measurements 

in order to make recommendations of what needs to be done to save electricity costs at this pump station. 

 

2.8.6 Bulangililo Treated Water Pump Station. 

The pump station is situated in the City of Kitwe and belongs to Nkana Water and Sewerage Company Ltd. It was 

constructed during the early years of nineteen seventy just like the Chingola Kafue Water whose configuration is 

similar. The pump station was designed to handle an operating throughput of about ninety thousand  cubic metres 

(90,000 m3) per day but currently handles slightly  less than eighty thousand cubic metres (80,000 m3) per day. The 

pump station delivers water into three different reserviours from where distribution is done by gravity. The 

necessary data could not be acquired due to lack of flow meters, pressure gauges and documents like pump curves.  

 

 

 

 

Figure 2-11: Bulangililo Pump Station and Its Pumps 
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This pump station is similar to KCM, Water Treatment plants and all the pumps are not operating at their rated 

operating points. The operating pressures are less than the rated pressures due to pipe interconnections and due 

loss of efficiency since the pumps have never been refurbished since their first installation more than fifteen years 

ago. This pump station requires optimisation of pump specifications to meet the system demands in order to 

improve efficiency. The pumps that deliver water into the water network can be fitted with VFD to help save 

electricity costs during off peak hours. 

 

2.8.7 Iolanda Raw Water Pump Station. 

The pump station is situated on the Kafue River in the Kafue District and belongs to Lusaka Water and Sewerage 

Company Limited (LWSC). The pumps station serves to lift water from the river to a treatment plant about half a 

kilometre away. The pumps operate at about 40m as compared to the rated figure of 50m while the operating 

current is 50 amps as opposed to the design current of 58 amps. The pumps could perform better if they were 

effectively overhauled since their efficiency has deteriorated over the period from the time they were first installed 

more than ten years ago. The four pumps deliver an estimated volume of 5,035 m3/h of raw water for treatment at 

Iolanda Water Treatment Plant. 

 

2.8.8 Iolanda Water Treatment Pump Station 

The pump station is situated at the Iolanda Water Treatment Plant near the Kafue River which treats raw water 

from the Iolanda Raw Water Pumps Station. The Iolanda Water Treatment Pump Station (Iolanda WTPS) has 

four high lift pumps that convey treated water to a booster pumps station in Chilanga Township which in turn 

pumps the treated water to Lusaka Water Distribution Pumps Station or Lusaka Water Works from where water is 

pumped to various places in the City of Lusaka. Water from this pipeline is served to a number of clients on the 

way between Iolanda WTP and Chilanga Booster pump station. The pumps are rated 242m head and operate at a 

gauge pressure of 25 bars. The rated current of the motor is 270A while the operating current for each pump is an 

average of 252A. There has been no effective pump overhaul for more than ten years and as such this should be 

done to improve efficiency. 

 

2.9 Chilanga Booster Pump Station. 

The pump station is situated in a township called Chilanga near Lusaka. This booster pumps station conveys the 

water pumped from Iolanda WTPS to Lusaka Water Works.  The pump station has four pumps identical with the 

ones at Iolanda WTP pump station. The recorded flow rate was 4070m3/h with three pumps rated at 1530 

running. The rated current is 270 Amps for each motor while the operating current were 229A, 235A and 240A for 

each respective pump found running. All pumps deliver water into the same system.  In order to save electricity 

costs, effective pump refurbishment and parallel configuration of the pumps should be done. 

 

2.9.1 Lusaka Water Works Pump Station 

The pump station is situated in the City of Lusaka and receives treated water from Chilanga Booster Pumps 

Station. The Pump station acts as a water distribution centre since water is pumped to various parts of Lusaka 

from here. The Water Treatment Plant also pumps water from wells beneath the pump chamber in addition to the 

water received from Chilanga Booster Pumps. At the time the information was being collected, a number of 
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measuring devices were not functioning. Most of the ammeters and pressure gauges were not working. The water 

flow meters were also not working as well. There was a simple SCADA system that had failed to function properly. 

Of the pumps that had panel ammeters working, amperage readings showed that the motors were severely under 

loaded because the rated currents were more than the operating currents. This was particularly so with pump No. 4 

and 6 which both had rated current of 252A but operated at 191A and 200A respectively.  The pumps had not 

been effectively refurbished for more than ten years. The pumps that deliver water into the water networks could 

be retrofitted with VFD to save energy.  

 

2.9.2 Chelstone Booster Pump Station 

The pump station is situated in a township called Chelstone in the City of Lusaka and receives treated water from 

Lusaka Water Works. The pumps station distributes water to Chelstone township as well as the surrounding 

townships. This pump station has a VFD that has never worked because of incorrect programming. The pressure 

based feedback system does not actuate even during off-peak time because the water network is virtually empty 

due to pipe bursts and increased water demand. A time based feedback system should be put in place to step down 

the speed of motors during the night time when clearly, the number of people using water drastically reduced by 

more than ninety percent. Further investigation using measurements of flow rates, pressure readings and phase 

readings should be done in order to optimise the layout of the water network to reach conclusive results on to base 

recommendations for reducing electricity costs at this pump station. 
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3 DETAILED STUDY OF PUMPING INFRASTRUCTURE 

 

The pumping infrastructure studied from the preliminary study presented different dimensions and scope on 

which a selection was based for a more detailed study. Some pumping infrastructure could have been considered 

for detailed study had it not been for inadequate data available for example  the Iolanda pumping infrastructure, 

the Chilanga Booster Pumping Station and the Lusaka Water Works. These qualified for a detailed analysis because 

they handled the most voluminous quantities of water among the entire pumping infrastructure studied.  

 

Three pump stations studied under the preliminary survey were picked for detailed study and these were so picked 

such that they summarise three broader layouts for the pumping infrastructure. This way, each of the other 

pumping infrastructure dealt with under the preliminary study can be associated with any of the three 

configurations and the conclusions made can be generalised for all such pumping infrastructure falling into the 

categories. The three pumping configurations are; 

a) Pumps operating in parallel formation   

b) Pumps operating in series with respect to each other. 

c) Pumps operating under variable pumping conditions. 

The three pump stations picked for further investigation under the detailed study are Chingola Kafue WTP, 

Kabundi Booster Pump Station and The Close Pump Station. 

 

3.1 Chingola Kafue Water Treatment Pump Station 

The pump station has four similar pumps and a fifth dissimilar pump that are used to pump water over a distance 

of about six Kilometres and a static head of 130m into a reserviour. This pump station would represent most of 

the pump stations discussed under the preliminary study including KCM WTP, MCM WTP, Iolanda WTP pumps 

station, Lusaka WTP pump station, Bulangililo Pump Station etc. where similar pumps operate in parallel to pump 

into one pumping system.  This pump station would also represent other cases where dissimilar pumps are made 

to operate in parallel to deliver water into one pumping system like the manifold 2 at KCM WTP etc. 

 

Under the preliminary study, the following areas were identified for further study; 

1.) Correctly matching the pumps BEP to the system head. 

2.) Use of higher Energy Efficient pumps and motors 

3.) Use of polymer coatings to improve pump efficiency. 

4.) Restoration of pump performance through effective pump refurbishment 

5.) Power Factor correction 

6.) Tariff plan Optimisation 

 

The above areas will be analysed and the outcomes subjected to the LCC analysis to determine the viability of the 

options. 
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3.1.1 Correctly Matching the Pump BEP to the System Head.  

The preliminary study revealed that  Pump No. 1, Pump No. 2, Pump No.3 and Pump No. 4 had their BEP rated 

at 130m while Pump No. 5 had its BEP rated at 126m. In addition, it was found that the water demand forced 

operators to run a minimum of four pumps at a system head of at least 140m thereby forcing the pumps to operate 

to the left side of their BEP  and at lower pump efficiencies. In order to match the pump BEP and the system 

head, the pumps would need to be fitted with impellers having bigger diameter to match the system head. The 

pump casings would allow an upgrade of impeller diameter up to 480mm and 672mm for the four  Duoglide 

pumps and the 8-LN-26 pumps respectively.  (Note that the impeller diameter for the Duoglide pumps is smaller 

than that for the 8-LN-26 and yet they have similar head because the former are two stage pumps while the later is 

a single stage pump.) 

 Below is data pertaining to the design parameters for Pump no. 1, Pump no.  2 Pump no. 3 and Pump no. 4; 

Pump Manufacturer : Weir Warman 
Pump Model  : Duoglide DSB200-200 
Pump stages  : Two stages. 
Impeller Diameter : 452.48mm 
Operating Head : 130m 
Operating Discharge : 117 l/s (421.2 m3/h) 
Maximum Impeller Diameter : 480mm 
BEP   : 79.11 
Absorbed power : 188.61 kW 
Power Required : 216.9 kW 
Installed motor power rating : 225 kW 
Motor power factor : 0.86 
Casing pressure rating : 1,863 kPa. 
Rated speed  : 1480 rpm 
Year of manufacture : 1998 
Motor safety factor : 1.15 

 
Below is data pertaining to the design parameters for Pump no. 5. 
 

Pump Manufacturer : Flowserve (Worthington) 
Pump Model  : 8-ln-26 
Pump stages  : Single stage, double suction. 
Impeller Diameter : 625mm 
Operating Head : 126m 
Operating Discharge : 231.38 l/s (833 m3/h) 
Maximum Impeller Diameter : 672mm 
BEP   : 79.11 
Absorbed power : 418 kW 
Installed motor power rating : 476 kW 
Casing pressure rating :     -  
Rated speed  : 1480 rpm 
Year of manufacture : 1982 
Motor power factor : 0.87 
Motor safety factor :  1.10 
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Since both pumps are operating to the left of their design BEP, it means the system resistance at the operating 
total flow rate is more than the design operating head for both pump types.  
 
 
The pump performance curves for the Pumps No. 1 to 4 (DSB Duoglide 200-200 pumps)  as seen in Appendix D 
reveals that the current impeller diameter of 452.48mm would give a flow rate is 95 l/s or 342m3/h at a head of 
140m 
 
The pump performance curves for pump No. 5 ( 8-ln-26 pump) is shown in Appendix K and reveals that the 
current impeller diameter of 625mm, would give a flow rate is 180m3/h at a head of 140m. 
 
 Normally, four pumps are run together  with  pump No.5 always running with any three DSB Duoglide pumps  as  
a default set up. This gives the total flow rate of; 
 

  =               
= 1206 m3/h or 10,599 m3 per year. 

 
 
The graph obtained from Weir Warman Africa (Appendix I) shows that the 140m horizontal line would cut the 
 Constant BEP line for different impeller diameters at a flow rate of 120 l/s around a BEP of 80%. Graphically, 
the impeller diameter found by measuring the distances and interpolating between the bordering impeller 
diameters of 480mm and 450mm on the chart indicates that the desirable diameter would be:  
 

  =       
       

  
      

= 466.67mm 
 
Increasing the impeller diameter for the DSB Duoglide 200-200 pumps to give a BEP  of 80% at 140m would 
consequently give rise to increased flow rate according to pump affinity law in equation 14 discussed under theory.  
 
That is, 
  

  

  
 

     

        
    where the subscripts “a” denotes conditions before and “b” after 

 
Thus,  

With flow rate before impeller change,  
 

Qa = 342 m
3
/h, da = 452.48mm  

 
and new impeller diameter of 466.67mm, 
 
 (note ωa = ωb since the speed of the motor remains constant) 

 
The new average flow expected would be  
  

Qb =     
       

       
  

       
       = 463.78m3/h per DSB Duoglide pump. 
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This flow rate is slightly lower than the one obtained from the manufacturer at the point where the BEP line 
coincides with 140m head line for the new impeller diameter of 466.67, which gives about 120 l/s or 432 m3/h as 
seen on appendix I. 
 
The figure for the new flow of 432m3/h will be used rather than the 463.78m3/h because the former is more 
credible while the later has errors from the graphical analysis. Also in reality, running many pumps in parallel  
would yield a reduced combined flow rate than simply adding individual flow rates from pump curves due to flow 
resistance offered by the system with increased flow rates as discussed under the chapter on Introduction.  
 
For the flow rate of 432m3/h and the head of 140m, the absorbed power for each pump referring to equation 50 
under the introduction chapter would be; 
 
  Eab = ρgHQ  
Thus, absorbed power for the Duoglide pumps 

 

Eab (Duoglide) =               
   

    
  

 =164,808 W 
 
In order to determine the electrical power required, the following analysis is made;  
  
 
Since;   

Em = Eab/ηpηm  
 
from Equation 54, and since the new impeller diameter reveals an efficiency of 80.4% and since the motor is 
expected to be fully loaded with full load efficiency of 93%, the new power demand by the pumps would be  
 

  Em = 
      

          
  

       
      = 220.4 kW 

 
Each motor fitted to the Duoglide pumps is rated 225 kW with a factor of safety of 1.15, thus the motors can 
safely take a maximum load without overheating of:  
 
  225 * 1.15 = 258.75 kW   
 
Therefore the impeller upgrade of 466.67mm is feasible without any need to upgrade the electric motors. 
 
  
Similar analysis using the pump performance curve for 8-LN-26 the impeller diameter that would ensure that the 
pump runs at 140m is 672mm.(obtained from Flowserve) and this would give a theoretical flow rate of 833m3/h. 
The current impeller diameter rated at 126m and 833 m3/h, from the graph is obtained by interpolating between 
the two curves for the impeller diameters 625 and 672 giving; 
 

            
       

  
    

 
             = 643.8mm 
 
The pump currently has a smaller impeller diameter of 625 which is smaller than the original impeller that was 
designed to operate at 126m and 833m3/h. 
 



 111 

Similarly, at a head of 140m and an estimated flow rate of 833m3, electrical power needed would be  
 

      
   

    
 

    

    
 

 
   
Also  Eab (8-LN-26)   = ρgHQ  

     = (1000*9.81*140*833/3600) 
     = 317,789.5 W 

 
With the motor efficiency of 93.2% and the pump efficiency of 82% at the new impeller diameter, 
 
  Em = (1000*9.81*140*833/3600)/(0.932*0.82)  

      = 415,824 W 
 
The installed motor is rated 476kW with a service factor of 1.1, meaning it can safely take a load, Em1 
 
  Em1  =1.1*476 

            = 523.6kW 
 
Thus, the impeller diameter upgrade of 672mm is feasible on the 8-LN-26 pump to harmonise the head 
requirements of all the pumps at Kafue. 
 
The nominal flow rate Qdn of 28,000m3/day can now be attained and exceeded by running only two pumps after 
upgrading the impeller diameters with the 8-LN-26 online by default, that is 
 
  Qdn     =  24h*(833 +432)m3/h  

= 30,360 m3/day. 
 
 
In reality, the pumps would stabilise at a slightly lower flow rate with the pump efficiencies expected to drop 
rapidly within 5% of a few months in operation as seen from the Introduction.  For the purpose of making the 
Life Cycle Cost, a reduction of five percent in the new flow rate will be taken based on the loss of efficiency in the 
pump of up to five percent. Thus, the expected  daily flow rate, Qde, would be  
 
  Qde = 30,360 m3/day* 0.95 

= 28,842 
 
Thus, in a month, the excess volume of water available for sale by the water company would be the new monthly 
average flow rate minus old monthly average flow rate: 
 
i.e: 

  
                  

   
          

= 25260 m
3
/month 

 

The average tariff for Mulonga Water is K1,700/m3 ( $0.34/ m
3
) of treated water, thus, the company would make 

monetary gains from the excess flow rate of: 
 

  = 25260 m3/month * K1,700/ m
3
 

 
  = K42,942,000 per month  (Approx. $8,588.4) 
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The company would no longer need to run four pumps (or often times as they do, five pumps) to realise the 
average flow rate of 28,000m3/day but would ideally run two pumps, One of the Duoglide pumps and the 8-LN-
26 pump thus making savings on electricity  and maintenance costs by avoiding the running costs of the excess 
pumps. Taking onto account the average electricity consumptions at Kafue Water Treatment Plant for a period of 
twelve  months, and working with a new scenario of running two pumps, the following is the analysis; 
 
 
Electrical Power  Demand  from one Duoglide pump was found to be 220.4 kW at a power factor of 0.87. In 
reality, the calculated power might be exceeded with efficiency losses from the pump side expected to drop by  
about 5%  within a few months of operation. With diligent and regular maintenance of pumps, an average loss of 2 
percent (2%) is allowed in the pump performance. Secondly, the system head would go up slightly with an 
increased flow rate. The system curve at this pump station is fairly flat because the pipe diameter is big and 
therefore the system curve can be regarded as a straight line with gradient calculated from the two known points 
on the pump curves and system curves. Graphically this is seen as follows; 
 
On the pump curve, at the pump shut off head, there is no dynamic head loss through the pipes, thus the first 
point shows a flow rate of zero and a static head of 137m. The second point has a flow rate of about 28,000m3 
and a head of 140m. The gradient of the system curve , m, in this vicinity is thus, 
 
                      m = (140-137)/28000-0) = 3/28000  {m/(m3/day)} 
 
The increased flow rate of 30360 m3/day would therefore yield a total head loss of 
  =  137 + (3/28000)*30360 
  =  137+ 3.25m 
  =  140.25m 
 
(Note that the system head could not be plotted accurately since the flow meters were not working and alternative 
flow measurements were not done due to unavailability of equipment etc. An Estimate of the system curve was 
done and highlighted in Appendix m) 
 
 
Thus, the change in the system head is small with the increased flow rate of 30,360 and power demand by the 
pumps shall  be estimated as follows; 
 
  Em (Duoglide) = Eab (Duoglide)/ηpηm  

 = 164, 808/{0.93*(0.803-0.02)}  
 = 226.4 kW 

 
(Note: motor efficiency varies very little for big motors of power rating > 200 kW with load 
variation above 50% as seen from theory, thus, the motor efficiency is maintained while pump 
efficiency is reduced by 2%) 

 
 
Similarly, 
 

  Em (8-LN-26)  =    
       

    
 

  = 
         

                 
 

  =426.3 kW 
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Notice that all the new power requirements at reduced pump efficiencies still fit the current motors. The pumps 
would ideally run non-stop and full load throughout the month, thus the instantaneous Active Power or Real 
Power (Pr) consumption would be; 
 
  Pr = (426.3+226.4)kW  = 652.7 kW 
 
For a period of one month, the electricity consumption would be  
 
  Pr(monthly)  = Pr * 24hrs * 30 days = 652.7kW*24h *30 days 

= 469,944 kWh 
 
Taking the scenario before any intervention is made to correct the power factor, we use the average Power Factor 
of 0.87 that was obtained from the smart energy meter just after the transformer.. This would give the total 
Apparent Power or Total Power (Pt)  of; 
 
  Pt = Pr/ cosφ = 652.7/0.87 

 = 750.2 kVA   (Note that cosφ = Power Factor =  0.87) 
  
This pump station has a tariff plan that takes power factor quality into account, which is MD2 tariff plan. 
Computing the monthly electricity consumption and comparing with the current electricity consumptions reveals 
substantial electricity cost savings as shown in table 6.1.1; 
 
 
Table 3-1: Electricity Cost Savings at Kafue WTP - Matching Pumps BEP with System Head. 

Average monthly Electricity 
Consumption 

 Electricity Bill 
(VAT Exclusive)  

(ZMK) 

 Expected Bill 
(VAT Inclusive)  

(ZMK) 

 Total Electricity Bill + 
Excise Duty   

(ZMK) 
 Comment  

kVA kWh 

 1,324.33   705,657.42  
       
130,420,321.58  

        
151,287,573.04  

               
155,826,200.23  

Current average 
monthly 
electricity 
consumption(Ju
ly 2011 -June 
2012) 

    750.20   469,944.00  
             
84,050,241.26  

              
97,498,279.86  

                     
100,423,228.26  

New average 
monthly 
Electricity 
consumption 
after changing 
impeller 
diameters 

    574.13   235,713.42  
             
46,599,073.04  

              
54,054,924.73  

                        
55,676,572.47  

Average 
monthly 
Electricity 
cost savings 

Percentage electricity cost savings on a monthly basis (without LCC analysis) 36% 

Average 
monthly 
Electricity 
cost savings 

 
Note: MD2 Tariff; K21871.21 per kVA, K143.45 per kWh, fixed charge is K228,992.22, VAT at 16% and 
Excise Duty at 3% 
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In order to justify the action of matching the pumps BEP to the System Head of 140m according to the analyses 
made, a Life Cycle Cost analysis shall be done. The analysis is based on equation 34 from the introduction chapter; 
 
 
 LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd    
 
In this case the full useful  remaining life of fifteen years (15 yrs)for the existing pumps is taken into consideration. 
In order to make a meaningful LCC analysis, the two scenarios of the case before and after the intervention should 
be compared and the variance should be noted. If the variance is favouring the scenario before the intervention, 
then there would be no need to implement the intervention. In order to simplify the analysis, the elements of the 
LCC equation shall be seen as net values after comparing the scenario before and after the intervention. The full 
life of the five pumps is estimated at fifteen years. All the components of the costs shall be taken into account 
based on their occurrence in fifteen years. 
  

Cic     – Initial Cost: 
Shall refer to the one off cost of purchase of new impellers with appropriate 
diameters. This cost is ZMK 35,000,000.00 for the 8-LN-26 and ZMK 
44,000,000.00 for each Duoglide pump (a set of two impellers for two stage pumps). 
Remembering that the first scenario would record zero for this cost, thus, the total 
initial cost is thus;  

  
  (First scenario – Second Scenario) 

  
= 0 - 35,000,000+44,000,000*4  
= - ZMK 211,000,000.00 (Approx. $42,200)  

  
 (Note that this cost has a negative sign depicting that it is working against the 

interventions) 
  

Cin  – The cost of installation and commissioning: 
This cost shall be a one off cost in fifteen years and does not apply to the first 
scenario. 
Fitters employed by the company would change the impellers as they are competent. 
It would take one working day of 8 hours to change the impeller using three fitters 
and three helpers. The total man hours for fitters and their helpers would be 24hrs 
each respectively. The hourly rate for a fitter is K28, 409 and K8, 522 for helpers. 
Similarly, with overheads of 10%, this would bring the cost of installation and 
commissioning to; 
 

= 0 - K28,409 *3*8 +K8522*3*8  
= -K974,978.4  (Approx. $195) 

 
 

Ce  – Energy costs  
  

Energy costs, in this case, would reflect as savings since the first scenario would 
have higher energy costs than the second scenario after implementing the 
recommendations. The figure will have a positive sign to reflect this. These 
electricity savings would go to fund the investments being recommended. Thus, 
from table 3-1, energy costs (savings) would be  
 
   = K55,676,572.47 *12*15  

= K10,021,783,044.74 (Approx. $2,004,356.61) 
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Co  – Operating costs (Labour): 
This cost would have been constant as there would be no upset on man hours or 
overheads. However, since the pump station will record an increased throughput of 
water that would bring a monthly gain to the company of K42,943,000 as calculated 
in the previous paragraphs, there would be a positive figure in favour of the second 
scenario of; 
 

= K42,943,000 * 12*15  
 = K7,729,740,000 in fifteen years. 
 

However, since the company has a Non-Revenue Water figure of 
42%, thus, 
 
The company would only realise; 
 = (100-42)%* K7,729,740,000 
 = K4,483,249,200.00 (Approx. $896,649.84) in fifteen years. 

 
In fact, this figure could go, in fact, go down since fewer pumps will 

be run as compared to the first scenario. In order to simplify the case, this cost 
would be zero since the operating costs are assumed to be constant. 

 
 
Cm  – Maintenance costs (spare parts etc): 

 This figure is expected to go down since the pumps are expected to run more 
effectively near their BEP with fewer vibrations, infrequent break down and less 
down time. The estimated annual cost of maintenance is of pumps at the pump 
station is K102,000,000.00. The projected annual cost of maintenance is expected 
reduce to K63,240,000. Thus the maintenance costs would be  

 
  = K (102,000,000-63,240,000)*15  

= K581,400,000  (Approx. $116,280) 
 
   

Cs  – Downtime (loss of production): 
 Down time will be more with the first scenario than with the second scenario. 
Currently, downtime for the pumps is approximately 2 hours per week to attend to 
unscheduled maintenance works (break down of pumps) for example, replace or 
adjust gland pickings, change bearings etc. The figure is expected to reduce by 80 
percent during the second scenario when unscheduled maintenance is expected to 
reduce dramatically. I hour of down time of one pump at this pump station costs 
the company 

 
  = (28000m3 per day/(24 hours * 4 pumps)  

= 288.92m3 of treated water per pump 
 

 Using average tariff of K1,700/m3, and taking the average of 2 hours down time per 
week, this brings the cost of down time in fifteen years for the first scenario of 

 
  = 288.92 (m3/h) * 2 (h/week) *52 (weeks/year) * 15 (years) * K1,700/m3 

  = K766,215,840.00  per fifteen years ( Approx. $153,243.17) 
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 The second scenario after implementing the recommendations would bring  the 
down time costs  down by eighty percent, thus; in fifteen years, this would be 

 
  = (100-80)% * K766,215,840 

 = K153,243,168.00  (Approx. $30,648.63) 
 

Thus the down time costs savings would favour the second scenario and would 
register a positive figure of; 
  
 = 766,215,840 – 153, 243, 168 
 = K612,972,672. 
   
However, since the company has a Non-Revenue Water figure of 42%, it would 
only realise the monetary figure of ; 
 
  =(100-42)% * K612,972,672 
 = K355,524,149.8 (Approx. $71,104.83) 
 

  
Cenv - Environmental costs: 

 This cost would favour the second scenario as there would be no need to consume 
more electricity to pump even more water from the pump station. Since electricity 
in Zambia is almost exclusively renewable energy (Hydropower), the analysis of 
saving power will not have any cost implications. However, since new impellers will 
need to be made, probably imported, and made using coal fired power plants (non 
renewable energy). In addition, the old impellers may need to be disposed of or 
recycled into another bronze cast item such that coal or non-renewable energy 
might be used in the process. For simplicity sake, the total environmental cost shall 
be estimated at thirty percent of the value of the new impellers and this cost does 
not favour the second scenario Thus Environmental Cost; 

   
  = 0- 0.33* K211,000,000  

= -K69,630,000 (Approx. $13,926) 
   

   
Cd - Decommissioning costs;  

This cost shall be zero since the intervention shall not affect the initial cost of 
decommissioning the pumps. 
 

Taking all the cost components into account, the LCC analysis is as follows; 
 
 LCC  = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd    

=K(-211,000,000-974,978.4+10,021,783,044.74 + 4,483,249,200 + 581,400,000 +  

355,524,149.8 -69,630,000+0) 

          = K 15,229,981,416.14  (approximately $3,045,996.28) per 15 years or 

         = $203,066/year 

This would result in monthly electricity cost savings of ; 

  =  
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= 54% 

Thus matching the pumps BEP to the system head would yield positive results and must be exploited by the 

company. 

  

3.1.2 Use of higher Energy Efficient Pumps and Motors 

   
 The Best Efficiency points for the pumps are 79.11% for the four Duoglide pumps and 81 % for the 8-LN-26 
pump while the full load efficiencies for the same pumps are 83% for the Duoglide pumps and 83.2 % for the 
 8-LN-26 pump. 
 
It is possible to increase the efficiency of the pumps by replacing the current pumps with available higher 
efficiency pumps or by using polymer coatings. The current motors can also be replaced by higher efficient IE2 
motors although this option is expected to be more expensive and can only be recommended at the time of 
replacing the pumps. The following data for energy efficient motors falling in the range above 200 kW was 
estimated from the data obtained from the Energy Efficient Motor Selection Handbook (G.A McCoy, et al 1993, 

page 13) ; 
 

           Current Efficiency   New Efficiency 
Duoglide Pump 79.11%            86%   
Duoglide Motor 93%             94% 
8-LN-26 Pump 81%             86% 
8-LN-26 Motor 93.2%             94.5 
 
Using Equation 34 from the Introduction chapter, 
 

P (kW) = (ρgQH / 1000) x (1 / η1 - 1 / η2)   

And applying the applicable MD-2 tariff on Kafue WTP, the analysis was made as per table below. The parameters 

used in the equation are as explained in the introduction chapter. Note that the efficiencies used on the pumps at 

Chingola Kafue WTP are the design parameters for the Duoglide pumps and not the actual (operating) parameters 

to simplify the case.  
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Table 3-2: Use of Higher Energy Efficient Pumps and Motors 

 
Old Efficiency Ratings New Efficiency Ratings 

Head 140 M 140 M 

Flow rate 0.3241 m3/s 0.3241 m3/s 

Pump BEP 0.7911 
 

0.86 
 motor Efficiency 0.93 

 
0.94 

 Power Factor 0.87 
 

0.87 
 Electrical power demand 604.9605 kW 550.5731 kW 

Apparent Power 
Consumption 695.36 kVA 632.84 kVA 

run hours 720 
hours per 

month 720 
hours per 

month 

Monthly Active Power 
Consumption 435,571.54 kWh/month 396,412.67 kWh/month 

monthly Electricity Charge ZMK 93,098,847.20 

 

ZMK 84,753,646.24 

 Annual Electricity Charge ZMK 1,117,186,166.41 

 

ZMK 1,017,043,754.92 

   
    Annual electricity cost 

savings 
ZMK 100,142,411.49 

   Percentage  electricity 
cost savings 

5.3% 

    
 
Using the Life Cycle Cost model as before; 
 

LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd 
 
And going by the same analysis where the first scenario is compared with the second scenario, the LCC 
components are analysed over a period of twenty years, (the expected useful life span of a new pump and motor), 
as follows; 
 

Cic     – Initial Cost: 
The first scenario would have no cost associated with efficiency improvements. The 
cost of purchasing pumps and motors of similar capacities as the existing one but of 
higher efficiency is estimated as follow; 
 
Higher efficiency pump, BEP 86%, Flow rate 432m3/h, Head 140m = 
K380,000,000 each. Since four pumps are needed, this cost would become 
 

= 4*K380,000,000  
= K1,520,000,000 

The cost of a new energy efficient motor of power rating close to 226kW is 
estimated at K128,000,000 (Energy Efficient Motor rated 150kW is priced at $8,592 
or K42,960,000 in USA (G.A McCoy, et al 1993, page 17); assuming a linear pricing per 
kilowatt and doubling the price to cover freight, taxes and overheads by suppliers) 
 
Thus, the total cost for four motors is 
 



 119 

 = 4*K128,000,000   
 = K512,000,000 
This, the total cost of four energy efficient pumps and motors is 
 
 =0- (K512,000,000+K1,520,000,000) 
 = -K2,032,000,000    (Approximately $406,400) 

  
  

Cin  – The cost of installation and commissioning: 
This cost shall be taken as twice the one worked out before in the previous chapter 
using three fitter and three helpers. 
 

= 2*(0 - K28,409 *3*8 +K8522*3*8)  
= -K1,949,956.8  (Approx. $389.99) 

 
 

Ce  – Energy costs  
  

Similarly, the energy costs, would reflect as savings already worked out in table 3-2. 
Thus, 
  
 
   = K100,142,411.49*20  

= K2,002,848,229.8 (Approx. $2,004,356.61) 
 

   (Note that this has a positive sign as discussed before) 
 

Co  – Operating costs (Labour): 
This cost is taken to be zero since no change in operation (man hours and 
overheads etc) is expected. 

 
 
Cm  – Maintenance costs (spare parts etc): 

Energy Efficient motors and pumps are constructed from superior materials and 
strict tolerances. As a result, the equipment tends to be more durable and require 
less maintenance. This cost is estimated at 60 percent of the cost of maintaining 
ordinary pumps and motors.  Taking the maintenance cost already worked out in 
the previous chapter, this would be ‘ 
 

= 60% * K102, 000,000.00 = K61, 200,000 
 

 The savings would thus be; 
 
  = K(102,000,000-61,200,000)*20  

= K816,000,000  (Approx. $163,200) 

(Note that this has a positive sign because it would bring about 

savings) 

 
   

Cs  – Downtime (loss of production): 
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Down time will be more with the first scenario than with the second scenario.  The 
figure is assumed to be the same as the one worked out in the previous chapter , 
thus the down time costs before for the first scenario in 20 years would be 
  
 = 288.92 (m3/h) * 2 (h/week) *52 (weeks/year) * 20 (years) * K1,700/m3 

=K1,021,621,120 per twenty years 

Downtime is expected to reduce with the introduction of new more efficient and 

durable pumps and motors by a fifty percent. Thus the resulting savings in twenty 

years would be; 

 = 50% *  K1,021,621,120  

    =K510,810,560 per twenty years    

 However, since the company has a Non-Revenue Water figure of 42%, it would 

only realise the monetary figure of; 

  = (100-42) % * K510, 810,560 

    = K296, 270,124.8 (Approx. $ 59,254.02) 

 
  
Cenv - Environmental costs: 

 This analysis is the same as the one presented in the previous chapter except that 
the scale of disposing of or recycling old pumps and manufacturing four pumps and 
motor would increase. An arbitrary figure of 10 is assumed based on the weight to 
weight comparison of impellers and pump sets. Thus Environmental Cost would be; 

   
  = 10*(0- 0.33* K211, 000,000) 

= -K696, 300,000 (Approx. $139,260) 

  (Note that this would be a one off cost as before) 
   

Cd - Decommissioning costs;  
This cost of decommission is expected to be negligible and shall consist of removal 
and transportation of pumps. It shall be assumed to be zero.  

 
 

Adding all the costs results into a favourable LCC analysis with an LCC of   K384, 868,397 or $76,973.68. per 

twenty years. This would result into percentage electricity cost savings per month of ; 

    =      
         

     

         
      

   = 1% 

 

3.1.3 Use of Polymer Coatings to Improve Pump Efficiency. 

 
Polymer coatings are expected to increase the efficiency of pumps by an average of 0.5 to 2% as seen from table 
2.5 on the impact assessment of different interventions to save energy costs. Polymer coatings are used to 
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smoothen the internal surfaces of pumps and thereby improve efficiency of pumps. As pumps age, their internal 
surfaces become rougher as corrosion and cavitation sets in. 
 
 

 
Figure 3-1: Rough Internal Surfaces of Pump casings at Kafue WTP 

 
We shall take the average of 1.25% as the percentage by which energy savings can be realised by using polymer 
coatings. 
Taking the same analysis as in the last chapter with the system head of 140m, average flow rate of 28,000m3/day 
and using four Duoglide pumps at their design conditions at Kafue WTP, the following is the analysis; 

 

Table 3-3: Use of Polymer Coatings to Improve Pump Efficiency 

 
Old Efficiency Ratings New Efficiency Ratings 

Head 140 M 140 M 

Flow rate 0.3241 m3/s 0.3241 m3/s 

Pump BEP 0.7911 
 

0.8036 
 motor Efficiency 0.93 

 
0.93 

 Power Factor 0.87 
 

0.87 
 Electrical power demand 604.9605 kW 595.5503 kW 

Apparent Power Consumption 695.36 kVA 684.54 kVA 

run hours 720 Hrs/ month 720 Hrs/month 

Monthly Active Power 
Consumption 435,571.54 kWh/month 428,796.22 kWh/month 

monthly Electricity Charge ZMK 93,098,847.20 

 

ZMK 91,654,950.26   

Annual Electricity Charge K1,117,186,166.41 

 

K1,099,859,403.09   

  
   

  

Annual Electricity Cost savings K 17,326,763.32 

  
  

Percentage electricity Cost 
savings 

1% 
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Using the Life Cycle Cost model as before and going by the same analysis where the first scenario is compared 
with the second scenario, the LCC components are analysed over a period of five years being the average effective 
life span of the coatings. From the LCC model; 
 

 
LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd 

 
The individual components are analysed as follows; 
 

Cic     – Initial Cost: 
The cost of polymer coatings per pump is projected at K21,000,000 per pump from 
local suppliers. Thus four pumps would demand 
 
= 0-K21,000,000*4 
=-K84,000,000  ($16,800) 

  
  

Cin  – The cost of installation and commissioning: 
This one off cost would be the same as the one involving replacement of impeller 
discussed before since both would require fitter to open the pumps, that is; 
 

= 0 - K28,409 *3*8 +K8522*3*8  
= -K 974,978.4  (Approx. $195) 

 
 

Ce  – Energy costs  
  

The energy costs, would reflect as savings already worked out in table 3-3. Thus, 
  
 
   = K17,326,763.32 *5  

= K86,633,816.6 (Approx. $17,326.76) 
 

   (Note that this has a positive sign as discussed before) 
 

Co  – Operating costs (Labour): 
This cost is taken to be zero since no change in operation (man hours and 
overheads etc) is expected. 

 
 
Cm  – Maintenance costs (spare parts etc): 

This cost is expected to remain constant. As such the entry for this category shall be 

zero. 

 
   

Cs  – Downtime (loss of production): 
This cost is expected to remain constant. As such the entry for this category shall be 

zero. 

 
 

  



 123 

Cenv - Environmental costs: 
 This is expected to be minimal and shall be neglected. 

   
Cd - Decommissioning costs;  

This cost shall be taken as zero. 
 
The Life Cycle Cost of using Polymer Coatings at the Kafue Water Treatment Plant shows a positive result with 

savings of K1, 658,838.20. (Us$331.76) per five years or percentage electricity cost savings of; 

=  
         

    

         
      

=  1.77%   

3.1.4 Restore Pump Performance Through Effective Pump Refurbishment 

The case of Kafue WTP Pumps station is a demonstrable case where a previous intervention in effective pump 
refurbishment resulted into notable energy savings. This analysis is an  idealised case of the situation before the and 
after the intervention with Duoglide pumps. The following are the parameters collected before and after the 
effective pump refurbishment on the performance of the pumps; 
 

            Before Pump Refurbishment After pump refurbishment 
Average Flow rate  26,000 m3/day            28,000m3/day  
Average system head    130             140 
 
 
The pumps spares got worn out such that the pump station could only deliver an average of 26,000m3/day at an 
average head of 130m. The 8-LN-26 pump could not pump effectively when operating with the other pumps. It 
could get warm clearly indicating that it was operating off its BEP towards the shut off point as confirmed in 
theory in figure 2.1.6.1. The pump performance curves from the manufacturer also reveal that the pump was 
operating near the shut off head. It is important to note that the actual characteristic curve deviated downwards 
from the standard curve for the impeller as depicted in fig.2.4.3 when the pump performance deteriorated.  

 
Figure 3-2: Worn Out and A New Shaft Sleeve A Duoglide Pump Chingola Kafue WTP Pump Station 
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A number of components inside the pumps got worn out leading to drastic pump efficiency losses. Although the 
system head was registering 130m on average, the pumps could not deliver the rated flow rate at that head as seen 
from the manufacturer pump curves because of different factors  discussed under the introduction chapter 
including internal recirculation between the first and second stages etc. This scenario gives rise to high electricity 
costs as seen from the case study at this water treatment plant. 
 
 

 
Figure 3-3: Worn Out Impeller Necks Rings A Duoglide Pump at Chingola Kafue WTP Pump Station 

 
All the components inside the pumps had to be replaced except for those parts that could be refurbished like 
impeller neck rings and pump casings etc. The formulae discussed from the Introduction were used to compute 
the results. Pump and motor efficiencies were adjusted to depict the scenario as obtained at the Chingola Kafue 
WTP before and after the effective pump refurbishment also relating to the theory as discussed. The following is 
the analysis made on the restoration of pump performance though effective pump refurbishment. 
 
With the head of 130m and flow rate of 26,000m3/day, pump efficiency of 46% and motor efficiency of 91%, the 
general power factor  of 0.74(as obtained from the Energy Meter), 
 

1.) The Real Electrical Power Demand works out to be 
 
E  =  Eab/ηp*η m 

   
  = ρgHQ/ ηp*η m 

  = {1000*9.81*130*(26000/(24*3600))}/(0.46*0.91) 
  = 916.79kW 
    

2.) With a power factor of 0.74; Apparent power works out to be; 
 

Pt   = Pr/P.F = 916.7961/0.74 
 = 1,238.9 kVA 

 
3.) The pumps operate round the clock thorough out the month, thus run hours; 

 
= 24*30 = 720 hrs per month. 
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4.) The Average monthly Kilowatt Hours becomes 
 

= 720*916.79 
= 660,093.17 kWh 
 

5.) The monthly electricity charge then based on maximum Demand tariff becomes 
 

=  (((1,238.9*K21871.21)+(660,093.17*K143.45)+K228992.72)*1.16)*1.03 
= K 145,784,593.99 per month. 

 
(Note: MD2 tariff charge is K21871.21 per kVA, K143.45 per kWh, fixed charge of K228,992.72, VAT at 
16% and excise tax at 3%)) 
 

Similarly, after the intervention, closely fitting tolerances where specified that enhanced the efficiency of the pump 
idealised at 77%. This led to improved load on the motors (8-LN-26 previously had close to 50% motor loading 
with operating current at 50-55A now improved to about 68A) and thus improved motor efficiency of 92%  and 
improved power factor of 0.87 as seen from theory. The new system head become 140m as confirmed by the 
pressure gauges and flow rate increased to about 28000m3/day. Following the same analysis as above, the results 
are as presented in table 6.1.4 below. The actual figures measured after effective refurbishment were actually very 
close to the figures in table 6.1.4. The actual parameters were presented in table 2.2.1 under the introduction 
chapter. 
 
 
 

 
Figure 3-4: Broken Neck Ring Shoulder for the 8-LN-26 Pump Before Refurbishment 

 
 
The above picture shows worn out casings or the 8-LN-26 pump. The inner high pressure chamber could release 
water to the outer low pressure chamber through the broken neck ring shoulder bringing about water recirculation 
and loss of efficiency. The worn out shoulder against which the impeller wear rings are anchored can be seen in the 
picture. Using the EPR approach, the diagnosis of internal re-circulation was made and the broken shoulder was 
repaired which contributed to the improved pump performance after the overhaul exercise.  
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Table 3-4:Restoration of pump performance through effective pump refurbishment. 

 

Parameters before pump 
refurbishment 

Parameters after effective pump 
refurbishment 

System Head 130 M 140 M 

Flow rate 0.3009 m3/s 0.3241 m3/s 

Pump Efficiency 0.46 
 

0.77 
 motor Efficiency 0.91 

 
0.92 

 Power Factor 0.74 
 

0.87 
 Electrical power demand 916.7961 kW 628.2938 kW 

Apparent Power 
Consumption 1,238.91 kVA 722.18 kVA 

run hours 720 Hours/ Month 720 Hours/Month 

Monthly Active Power 
Consumption 660,093.17 kWh/month 452,371.54 kWh/month 

monthly Electricity Charge ZMK 145,784,593.99 

 

ZMK 96,679,118.54 

 Annual Electricity Charge ZMK 1,749,415,127.85 

 

ZMK 1,160,149,422.47 

   
    Annual Elec. cost savings ZMK 589,265,705.38 

   Percentage Electricity Cost 
savings 

32% 

    
Using the Life Cycle Cost model as before and going by the same analysis where the first scenario is compared 
with the second scenario, the LCC components are analysed over a period of two years being the average effective 
life span of pump spares to maintain the efficiency of the pump within a downward drop of 2% from the original 
value. Using the LCC model, 
 

 
LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd 

 
The individual components are analysed as follows; 
 

Cic     – Initial Cost: 
The cost of pump spares excluding impellers(shaft sleeves, impeller neck rings, 
made from local phosphor bronze) cost K108,000,000 including building and 
machining one set of pump casings. 
 
= 0-K108,000,000 
=-K108,000,000  ($21,600) 

  
  

Cin  – The cost of installation and commissioning: 
This one off cost is estimated as; 
 

=2(* 0 - K28,409 *3*8 +K8522*3*8 ) 
= -K 1,949,956.8  (Approx. $390) 
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Ce  – Energy costs  
  

The energy costs, would reflect as savings already worked out in table 3-4 Thus, 
  
 
   = K589,265,705.38 *2  

= K1,178,531,410.76 (Approx. $235706.28) 
 

   (Note that this has a positive sign as discussed before) 
 

Co  – Operating costs (Labour): 
This cost is taken to be zero since no change in operation (man hours and 
overheads etc) is expected. 

 
 
Cm  – Maintenance costs (spare parts etc): 

This cost is expected to reduce since the pumps are more efficient and operate near 
their BEP with less vibrations etc. The estimated annual cost of maintenance is of 
pumps at the pump station is K102,000,000.00. The projected annual cost of 
maintenance is expected reduce to K63,240,000. Thus the maintenance costs would 
be;  

 
  = K (102,000,000-63,240,000)*2 

= K77,520,000  (Approx. $15,504) 
 
   

Cs  – Downtime (loss of production): 
This cost would reduce by 80% from the current downtime already worked out in 

6.1.2. Similar analysis as the one done in 6.1.2 shows a two year saving of’ 

= K47,403,220  (Approx. $9,480.64) 

 
  
Cenv - Environmental costs: 
 This is expected to be minimal and shall be neglected since pump spares were 

sourced locally using renewable energy. 
   

Cd - Decommissioning costs;  
This cost shall be taken as zero. 

 
The Life Cycle Cost of using local material for pump spares and using the Engineered Pump Refurbishment (EPR) 

as discussed in theory would yield a positive figure of about K1,193,504,673.96 (Approx. $23,8700.93) with a life 

cost of two years or $169,738.46/year. On a monthly basis, this would result in percentage electricity cost savings 

of ;    

   =  
             

      
            

   = 32% 
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3.1.5 Power Factor correction 

The current power factor is at Kafue WTP is 0.87. The ideal model would have a figure of at least 0.95. To correct 

the power factor at this plant to 0.97, the following is the analysis of the size of capacitors to install; 

From Equation 51 under introduction, the reactive power needed to be corrected, Q, is 

 

Q = P * (tan φ’ – tanφ)   

 

 The current average active power, P at the  pump station as seen from table 4-8  is                        
P = 705,657.42 kW. 

 The current phase angle, φ’ is cos-1(0.87) = 29.54 degrees 

 The desired phase angle , φ is cos-1(0.97) = 14.07 degrees 

 
Thus, 
 
  Q  =  604 * {tan (29.54) – tan (14.07)} kVAr 
   = 191 kVAr 
 
 
To procure ordinary capacitor banks of this magnitude would cost $13/kVAr overseas for a fixed capacitor bank 

(K.D. Slack  et al. n.d) . In Zambia this cost is estimated at K350,000/kVAr from local suppliers. 

 
Thus, the cost of the capacitor banks would be  
  
  = K350,000/kVAr * 191kVAr = K66,850,000 
 
Installation cost and overheads are estimated at Forty percent of the cost of the capacitor bank. Thus this would 
bring the total cost of correcting power factor at Kafue WTP to 
 
  = K66,850,000 * 140% 
 
  = K93,590,000/191kVar Fixed Capacitor Bank Installed 
 
The impact of correcting the power factor at Kafue WTP from 0.87 to 0.95 is summarised into the following table; 
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Table 3-5: Impact of Correcting Power Factor From 0.87 to 0.95 at Kafue WTP 

     

 
Old Efficiency Ratings New Efficiency Ratings 

Head 140 m 140 M 

Flow rate 
                                   
0.3241  m3/s 

                             
0.3241  m3/s 

Pump BEP 0.7911   0.8036   

motor Efficiency 0.93   0.93   

Power Factor 0.87   0.95   

Electrical power demand 
                              
604.9605  kW 

                         
595.5503  kW 

Apparent Power 
Consumption 

                                   
695.36  kVA 

                             
626.90  kVA 

run hours 720 
hours per 
month 720 

hours per 
month 

Monthly Active Power 
Consumption 

                          
435,571.54  kWh/month 

                     
428,796.22  kWh/month 

monthly Electricity Charge ZMK 93,098,847.20    ZMK 90,148,573.49    

Annual Electricity Charge ZMK 1,117,186,166.41    
ZMK 

1,081,782,881.89    

          

Annual Electricity Cost 
savings 

ZMK 35,403,284.52  
      

Percentage electricity Cost 
savings 

1.9% 
      

 
 
 
Using the Life Cycle Cost model as before and going by the same analysis where the first scenario is compared 
with the second scenario, the LCC components are analysed over a period of ten years being the average effective 
life span of fixed Capacitor Banks Thus, the LCC model below is analysed after the same manner as in 6.1.4 with 
the cost components of the first condition being compared to the cost implications after implementing the 
intervention recommended. Thus; 
 

 
LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd 

 
The individual components are analysed as follows; 
 

Cic     – Initial Cost: 
= 0- K K66,850,000 
=- K66,850,000  (Approx. $13,370) 

  
  

Cin  – The cost of installation and commissioning: 
This one off cost is estimated as; 
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             = -K 26,740,000  (Approx. $5348) 

 
 

Ce  – Energy costs  
  

The energy costs, would reflect as savings already worked out in table 3-5. Thus, 
  
 
   = K35,403,284.52  per year*10 years  
    = K354,032,845.2 (Approx. $70,806.57) 
 

   (Note that this has a positive sign as discussed before) 
 

Co  – Operating costs (Labour): 
The change in man hours is expected to be nil since no change in operation of the 
pump station will occur after correcting power factor at the pump station. 

 
 
Cm  – Maintenance costs (spare parts etc): 

 
This cost is expected to remain constant for the situation before as compared to 
that after the intervention 

 
   

Cs  – Downtime (loss of production): 
This cost is expected to remain constant for the situation before as compared to 
that after the intervention. In reality, improved power factor correction leads to 
improved voltage stability which may lead to some improved power supply quality 
and performance of electric motors which in turn may prolong the mean time to 
breakdown (MTTB) for electric motors. This may imply that down time for motors 
may improve with power factor correction. 

 
 

Cenv - Environmental costs: 
 This is expected to be minimal and shall be neglected.  

   
Cd - Decommissioning costs;  
 This is expected to be minimal and shall be neglected.  

 
The Life Cycle Cost for improving power factor at Kafue WTP in ten years then becomes; 

LCC  = . - K66,850,000 - K 26,740,000+ K354,032,845.2 

  =   K260,442,845.20 (US$ 52,084)/ten years or 

  = $5.208/year 

The LCC analysis shows that the resulting electricity cost savings would be  

=  
           

     

         
      

= 1.4% 
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The LCC value is positive, therefore, the intervention would save electricity costs at the pump station. 

 

 

3.1.6 Tariff Plan optimization 

The power Utility, ZESCO has offered a Time Of Use (ToU) Tariff to all companies that are willing to step down 

their production during the Zambian national peak demand for electricity which occurs between 18:00rs  and 

22:00hrs. The following is the analysis of adopting the ToU tariff at Kafue WTP which is currently on Maximum 

Demand (MD) tariff; 

The analysis will be based on the proposed new tariff proposed for implementation in September 2012 and the 

following are the details; 

 

1.) MD2 Tariff Plan (Capacity between 301-2000kVA) 

a. MD Charge (kVA per month)  - K27,776.44/kVA 

b. “Energy” Charge  - K182.18/kWh 

c. Fixed monthly Charge  - K290,820.75 

 

2.) ToU Tariff Plan 

a. Standard Hour Charge 

i. MD Charge shall be charged at  K27,776.44/kVA 

ii. “Energy” Charge shall be charged at K182.18/kWh 

 

b. Peak time Charge (between 18:00hrs to 22:00hrs) 

i. MD Charge shall attract a penalty of 25% for power consumed in this period 

ii. “Energy” Charge shall attract a penalty of 25% for power consumed in this period 

c. Off-peak Hour Charge 

i. MD Charge shall  attract a 50% discount on standard rate, that is, 

  K 13,888.22/kVA 

ii. “Energy” Charge shall attract a 25% discount on the standard charge, that is; 

 K 136.635/kWh 

The Standard charge shall also attract the same fixed charge as the MD2 charge.  Both tariff plans will attract Value 

Added Tax of 16% and an excise duty charge of 3%. The first scenario will depict the existing situation where the 

average Apparent Power Consumption is 1,324.33 kVA being the average figure obtained over a period of twelve 

consecutive months from July 2011 to June 2012.  
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There are water reserviours and tanks that have an average maximum water storage time of 3 hours per reserviour. 

These reserviours were discussed under chapter 2. The critical reserviour is K3 into which the water from Kafue 

WTP is pumped.  The total capacity of K3 reserviour 6,800m3 and a maximum level indicator reads 12ft 

(3.6576m) The level of water in K3 is fairly stable at an average level indicator of 5 feet(1.524m)  during the day 

between 11hrs and 18hrs when the level dips to 3 feet(0.9144) during the evening when the highest water demand 

is recorded between 18hrs to 22hrs.  The K3 has an average level indicator reading of 8 ft (2.4384m) at 06hrs. Note 

that the K3 reserviour receives water from Kafue WTP and simultaneously supplies all the other four reserviour in 

its circuit as discussed in chapter 3. The average inflow from Kafue WTP to K3 at the average pumping 

throughput of 28,000m3/day is therefore estimated as; 

 

 = 28,000/24 = 1166.67m3/h.  

Therefore, the estimated holding capacity for K3 reserviour is; 

 

 =6,800/1166.67 

 = 5.82 hrs or 5 hours 0.82*60 minutes 

 = 5 hrs 49 minutes. 

 

Assuming that all the pumps at Kafue WTP would be switched off during the peak hours between 18:00hrs and 22 

hrs, The K3 reserviour would need to supply water equivalent to  

 = (22-18)h*1166.67m3/h 

 = 4,666.68 m3. 

 

Since the average reading from the level indicator is 5 feet on the cylindrical tank between 11hrs and 18hrs, the K3 

would have an average volume of water before switching off of; 

 

 = (6800m3/3.6576) *1.524 

 = 2,833.33 m3. 

 

Thus, the average volume of water in the K3 reserviour would only last an average of  

 = 2.833.33m3/1166.67m3/h 

 = 2.43 hours 

 = 2hour 25 minutes 

Thus, the K3 would run out of water at  

 = 18hr + 2hours 25 minutes 

 = 20:25 hrs. 

In order not to disturb clients, water supply should be provided for the extra hours between 22:00hrs and 20:25hrs, 

that is for the deficit of  
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 = 22 :00hrs – 20:25hrs 

= 1 hour 35 minutes. 

The volume of water needed during the period of deficit would be  

 = 1h*1166.67m3/h +(35/60)h*1167.67m3/h 

= 1,848.23 m3 

=2,000 m3 approximately 

Since K3 has a current average water level of 5 feet(1.524m), a deliberate measure must be instituted to increase 

the minimum level of water in K3 in order to supply enough water during the peak time (when all pumps at Kafue 

WTP must be switched off) that is the new minimum water level should be; 

 = 1.524 + (3.6576/6800)*2000 = 1.524 + 1.076 

 =2.6m 

  

Thus, assuming that the K3 would be empty at 22:00hrs, it must therefore be filled up to the new average level at 

06:00hrs from the current average reading of 8ft to; 

 = 2.4384m + 1.076t 

 = 3.5144m 

For simplicity, we take it that the K3 would be filled up  completely at 06:00hrs. The total volume of water that 

must be pumped from Kafue WTP to K3 between 22:00hrs and 06:00hrs( a period of 8 hours) is therefore; 

 = 1166.67m3/h * 8h + 6800 m3 

 =16,133.36 m3 

 

Thus, the pumping capacity needed from Kafue WTP during this period of 8hrs would be 

 = 16133.36 m3/8h 

 = 2,016.67m3/h 

In order to pump this volume of water through the current infrastructure, the expected increase in the dynamic 

system head, assuming the constant system gradient of 3/28000 discussed in section 3.1.1 would be approximately; 

 = (3m/1166.67m3/h)*2016.67m3/h 

 = 5.18m 

 

Thus, the approximate total system head would increase to a new value of; 

 = 137m + 5.18  

 = 142.18m  

(The actual total system would be more than this figure since the real system curve is not linear but is parabolic as 

seen from theory. The actual flow measurements were not done due to lack of equipment. An approximation of 

the system curve was, however, done as shown in Appendix L such that, a flow rate of 2,016.67m3/h would yield a 

system TDH of 154.98m.   
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This new system resistance would offer a new challenge on the currently installed pumps and motors as their 

operating point would shift to give a lower flow rate at this new system head. This would further result into more 

efficiency losses on the pumps and motors as discussed earlier in the introduction chapter. It would, therefore, not 

be recommended to attempt a ToU tariff on Kafue WTP with the current pumping infrastructure. An analysis of 

the ToU tariff, can be done using another specification for pumps. 

 

3.2 Kabundi Booster Pump Station 

The main areas identified under the preliminary stage for further investigation are; 

1.) Correcting Suction Cavitation 

2.) Choosing the correct size of pump and motor at Kabundi Booster Pump Station  

3.) Use of Energy Efficient pump-sets 

4.) Tariff Optimisation 

 

3.2.1 Correcting Suction Cavitation 

The pumps at Kabundi Booster pump station often cavitate as a result of low NPSHa on the suction pipe. The 

pumps are connected in series with three pumps at KCM WTP pump station. Sometimes the cavitation is 

worsened by the presence of air in the suction pipes especially after shutting down pumps at KCM WTP during  

routine maintenance etc. Sometimes the pumps break up due to excessive axial forces acting on the impeller which 

are transmitted onto the bearing via the shaft leading to catastrophic suction pump failure characterised by a 

sudden explosive noise leading to disintegration of bearings as shown in the figure below 

 

 

Figure 3-5: Disintegration of Bearings on a Pump at Kabundi Booster due to Severe Suction Cavitation 

The first picture above shows broken bolts that hold the (now detached) bearing housing which is located near the 

motor (drive-end side).  A gap can be seen clearly between the bearing housing and the pump as indicated by the 

red arrow. Part of the bearing housing is broken. The second photo to the right shows a disintegrated bearing (on 

the non-drive end) with the broken bearing housing lying below in the water. What can be seen attached to the 

shaft is the inner race of the disintegrated bearing.  
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In order to solve the suction problems at Kabundi Booster, the options recommended under section 1.1.12 were 

scrutinised. Some of the recommendations suggested could not find application, for example, use of an inducer 

would be challenging or impossible on a split casing pump. The existing pumps are double suction pumps and as 

such there would be no need to make that intervention. The preferred option to reduce cavitation is to ensure that 

there is enough NPSHa in the suction pipe as water is reaches Kabundi Booster from KCM WTP pump station. 

This can be achieved by ensuring that there is a dedicated pipeline to Kabundi Booster pump station without 

tapping off water to supply residents along the way as is the case now. Making connections in the suction pipe to 

supply water to clients this way reduces NPSHa. Since there are about three active pipelines supplying water to 

Kabundi Booster, the two other pipelines can now be dedicated to supply water to clients directly from KCM 

while the third one would be dedicated to supplying water to Kabundi Booster. In this case, the flow rate of water 

in the pipe should be set to match or preferably exceed that operating flow rate of pumps at Kabundi Booster to 

avoid water starvation. This can be done by adjusting the outlet valves on the manifold at KCM WTP pump 

station. 

Air relief valves should be installed at the highest points along the dedicated line supplying water to Kabundi 

Booster. This would get rid of air that gets engrossed in the suction pipeline once the pumps at KCM are switched 

off. It would also be prudent to install a remote automatic means of switching off pumps at Kabundi Booster once 

pumps in series at KCM are switched off. The suction pressure of water at Kabundi Booster is an average of 0.5 

bar especially during off-peak periods which would be adequate for the current pumps as discussed earlier had it 

not been for the mentioned disturbances.. 

  

3.2.2  Choosing the Correct Pump and motor Size at Kabundi Booster pump 

Station 

The rated amperage of the motor is 261 amperes while the operating current is a maximum of 180 amperes. At this 

load factor, the pumps deliver adequate water to satisfy clients. The flow rate of the water at this load factor is 

approximately 300m3/h although the pump is rated at 756m3/h. The efficiency of the motor at this load factor 

from the motor load characteristic curves is estimated at 85 % while that of the pump is estimated at 60%. The 

pump’s operating head is 65m but the operating point is 7.5 bars. This therefore means the pump has a wrong 

specification and is over sized on the flow rate. A new specification for the pump should be 75m at 300m3/h. 

Changing the impeller diameter for this pump would still not solve the problem as the pump and motor would still 

be oversized. The company has two second hand pump with a rated flow rate of 320m3/h at a head of 75m that is 

in fairly good condition. This pump would need to be rehabilitated to improve its performance. The two pumps 

can be installed to replace the existing pumps and the mode of operation would be the same as before; that is, one 

pump on duty while the other would be on standby. The following is the analysis of electricity cost savings once 

the recommendation above have been implemented; 

The pumps station has two pumps which have never had an effective refurbishment since they were purchased. 
One pump was purchased about ten years ago while the other one was purchased about twenty five years ago. The 
Load factor is very poor for both pumps and they always cavitate due to poor Net Positive Suction Head Available 
(NPSHa). The following data was collected in September 2011 from for pump station; 

 
 
Pump operating efficiency   - 40% 
Pump rated flow rate   - 756 m3/h 
Motor rated amperes   - 261 A 
Motor operating amperes (Aver.)  - 180 A 
Motor rated efficiency   -   90% 
Pump average operating head (Gauge)  - 75m 
ZESCO monthly Average bill (last 12 months) - K   33,232,060.80 
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Analysing the above data reveals the following; 
 
 Load Factor    - 68.9% 
 Flow rate (approx.)           - 317 m3/h 
 Motor operating efficiency (Estimated)  - 0.9 % 

 

Using the formula; 

P (kW) = (ρgQH / 1000) x (1 / η1 - 1 / η2)  ------------  Eqn. 1  

 

 And taking the overall efficiency of both the pump and motor before and after corrective measure have been 

taken (η = η-motor * η-pump), and assuming same flow rates and head of pumps the analysis is as follows; 

Head (H)  =  75m  
Flow rate(Q)  =  317m3/hour, 
Pump efficiency  = 40% 
Motor efficiency =  91%, 
General power factor  =  0.99(as obtained from the Energy Meter); 

 
 
 
 

a) Calculating the real power: 
Working from the pumped liquid side, the real electrical power demand works  out to be 

 
E  =  Eab/ηp*η m 

   
  = ρgHQ/ ηp*η m 

  = 

              
   

    
 

       
   

 

=             179,963.54 W 
= 179.96 kW 

 

Note: This is comparable with the power found using the equation 39 in the introduction chapter, that is, for the 

current pump; 

  E = V*I*PF*√3; with V = 550V, I=180A, PF = 0.99 

     = 550*180*0.99*√3 

     = 141,354.88 Watts 

     = 141kW 

(The value for the new pump would be less because the current would be reduced while all other parameters would remain the same. 

Actual phase voltages and currents could not be measured hence the above is an estimation.) 
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If this old pump were to be replaced by a properly selected pump, then the power demand would reduce since the 

efficiency of the pump would be better than the estimated 40% for the current pump. If an ordinary pump-set 

with an efficiency of 70% on the pump and efficiency of 95% for the motor were procured to replace this pump, 

the estimated power consumption would be; 

 
E  =  Eab/ηp*η m 

   
  = ρgHQ/ ηp*η m 

 

  = 
                

              
 

 

  =             90,471W 

  = 90.47kW 

 

 

b) Calculating the Apparent  Power    
With a power factor of 0.99,  apparent power for the current pump works out to be; 

 
Pt   = Pr/P.F = 179.96/0.99 

  = 181.78 kVA 
  

For the new properly sized pump, 
 
Pt   = Pr/P.F = 90.47/0.99 

  = 91.38 kVA 
 
 
c) Calculating the Kilo Watt hours  
 
The pumps operate round the clock throughout the month, thus run hours; 

 
=24*30 = 720 hrs per month. 

 
 

The Average monthly Kilowatt Hours for the current pump becomes 
 

= 720*179.96 

=          117,794.32 kWh 
 

(This is comparable with the current kilo watt hour consumption at the pump station as seen from appendix N) 
 

For the new correctly sized pump, expected average monthly Kilowatt Hours would be; 
 

= 720*90.47 
=          65,138.4 kWh 
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d) Calculating the monthly electricity charges 
 

The monthly electricity charge at this pump station is based on social tariff,  ( Social tariff charge is K239.4 per kWh 
and a fixed charge of K41, 515, VAT at 16% and excise tax at 3%)) 
 

thus, for the current pump; 
the charge is 

 

=  (((117,794.32*K239.4) +K41515)*1.16)*1.03 
= K 33,742,914.06 per month. 
 

(This is comparable with the prevailing average electricity costs at the pump station of K33,232,060.80) 
 

For the new correctly sized pump set, the expected electricity costs at the same tariff plan would be 
 

= (((65,138.4*K239.4) +K41515)*1.16)*1.03 
 

  =  K18,681,472.18  

 

From above, there would be expected monthly electricity cost savings after replacing the current pump with a 
correctly sized pump of;  
  = (117,794.32 – 65,138.4) kWh 
  = 52,655.92 kWh 
Or  = K33,742,914.06 – K18,681,472.18 
  =K15,061,442.06 (about $3,012)  
 
(At the time of submitting the thesis document, a new pump had been installed and electricity consumption of about 
88,000kWh/month and cost of about KR25,450 (Rebased Zambian Kwacha)as at June 2013 as shown in appendix N. 
Considering average consumption figures above, this presents savings of  or savings   of  KR33,232.06080-KR25,450 = KR 
7,782.0508 or $1,556.41 per month ) 
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Table 3-6 :Correcting Pump Operating Point at Kabundi Booster 

 
Old Efficiency Ratings New Efficiency Ratings Units 

Head 
75 75 

M 

Flow rate 
0.0881 0.0881 

m3/s 

Pump BEP 
0.4 0.77 

  

motor Efficiency 
0.9 0.93 

  

Power Factor 
0.99 0.99 

  

Electrical power demand 
163.6032 90.4718 

kW 

Apparent Power Consumption 
165.26 91.39 

kVA 

run hours 
720 720 

hours per month 

Monthly Active Power Consumption 
117,794.32 65,139.72 

kWh/month 

monthly Electricity Charge 
ZMK 33,742,914.06  ZMK 18,681,848.35  

  

Annual Electricity Charge 
ZMK 404,914,968.70  ZMK 224,182,180.25  

  

Annual Electricity Cost savings 
ZMK 180,732,788.45    

  

Percentage Electricity Cost savings 
45.32%   

  
 
 
Something to note here is that Kabundi Booster pump station with only one pump running at a time consumes as 

much as K33, 232,060.80 per month on overage compared to Kabundi Main Booster which runs with an average 

of four similar pumps at an average monthly bill of K56, 418,954.49. Another contrast is the KCM plant which 

runs with an average of four pumps and has a monthly average bill of K46, 274,761.63 over the same period. In 

terms of percentage, Kabundi booster pump station consumes about 59% and 72% of the total monthly power 

consumption for kabundi Main Booster and KCM pump stations respectively 

 

The following Life Cycle Cost analysis applied to the above recommendations as well as those made in section 

3.2.1. Using the Life Cycle Cost model as before and going by the same analysis where the first scenario is 

compared with the second scenario, the LCC components are analysed over a period of ten years being the 

estimated average effective life span of the second hand pumps with correct specifications for Kabundi Booster. 

Thus from the equation; 

 
 
LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd 

 
The individual components are analysed as follows; 
 

Cic     – Initial Cost: 
 The cost of implementing recommendations in given in paragraph 3.2.1 and 3.2.2 is 

worked out as follows; 
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a) Cost of pipes and connections including Air Relief Valves to dedicate one 
supply line to Kabundi Booster = K85,000,000 

b) Cost of rehabilitating two second had pumps with preferred specifications = 
K68,000,000 

Thus total initial cost of implementing recommendations in 3.2.1 and 3.2.2 = K 
(85,000,000 +68,000,000) 
=K153, 000,000  
 
Thus, the net initial cost is, 

 
= 0- K 153,000,000 
  
= -K153, 000,000 (Approx. $30,600) 

  
  

Cin  – The cost of installation and commissioning: 
This  one off cost is estimated as; 
 

             = -K 26,740,000 (Approx. $5348) 
 
 

Ce  – Energy costs  
  

The energy costs, would reflect as savings already worked out in table 3-6 Thus, 
  
 
   = K180, 732,788.45 per year*10 years  

     = K 1,807,327,884.52 per ten years (Approx. $361,465.58)  

 
   (Note that this has a positive sign as discussed before) 
 

Co  – Operating costs (Labour): 
The change in man hours is expected to be nil since no change in operation of the 
pump station will occur after the intervention. 

 
This cost of spares for pump maintenance is, however, expected to decrease. An  
estimate reduction by 60 percent of the current cost of maintaining  pumps at this 
pump station is assumed, which is an average figure of K43,000,000 per year, that is, 
 

= 60% * K43, 000,000 = K25, 800,000 
 

 The savings would thus be; 
 
  = K (43,000,000-25,800,000)*10  

= K 172,000,000 (Approx. $34,400) 

(Note that this has a positive sign because it would bring about savings) 

 
   

Cs  – Downtime (loss of production): 
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Down time will be more with the first scenario than with the second scenario. The 
down time is approximated to be the same as the one for Kafue WTP at 2 hours per 
week.  The figure is estimated as follows over the period of 10 years; 
  
= 317 (m3/h) * 2 (h/week) *52 (weeks/year) * 10 (years) * K1. 700/m3 

    = K560, 456,000.00  

Downtime is expected to be only twenty percent of the first scenario with 

appropriately sized pumps running without cavitation, thus, 

Thus, down time cost savings would be 

 = (100%-20%) * 560,456,000 

   = K 448,364,800.00 per ten years. 

    

 However, since the company has a Non-Revenue Water figure of 42%, it would 

only realise the monetary figure of; 

 
  = (100-42) % * K448, 364,800 

   = K 260,051,584.00 (Approx. $ 52,010.32) 

  
Cenv - Environmental costs: 
 This is expected to be minimal and shall be neglected.  

   
Cd - Decommissioning costs;  
 This is expected to be minimal and shall be neglected.  

 
 
The Life Cycle Cost for implementing measures that would avoid cavitation and correct the operating point of 

pumps would be K   2,059,639,468.52 per ten years (Approx. $411,927.89) . This would translate into percentage 

electricity cost savings per month of  

  =   
 
             

     
 

          
      

  = 52% 

 

 

3.2.3 Introducing Energy Efficient Pump-Sets at Kabundi Booster Pump 

Station. 

 

The BEP of the current pump is 77% while the motor is  IE1 rated with full load current efficiency of 93%. The 

pump will be replaced by a more energy efficient one rated at 85% while the motor will be replaced with a more 

energy efficient pump rated IE2 with full load current efficiency of 95%. Thus, the analysis using the equations as 

in table 4-11 would yield the following results while maintaining the same flow and head conditions. 
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Table 3-7: Introducing Energy Efficient Pump-sets to Kabundi Booster Pump Station 

 
Old Efficiency Ratings New Efficiency Ratings Units 

Head 75 75 m 

Flow rate 0.0881 0.0881 m3/s 

Pump BEP 0.77 0.85   

motor Efficiency 0.93 0.95   

Power Factor 0.99 0.99   

Electrical power demand 90.4718 80.2314 kW 

Apparent Power Consumption 91.39 81.04 kVA 

run hours 720 720 hours per month 

Monthly Active Power Consumption 65,139.72 57,766.63 kWh/month 

monthly Electricity Charge ZMK 18,681,848.35  ZMK 16,572,885.75    

Annual Electricity Charge ZMK 224,182,180.25  ZMK 198,874,628.96    

Annual Electricity Cost savings ZMK 25,307,551.29      

Percentage Electricity Cost savings 6%     
 

 

Using the Life Cycle Cost model as before; 
 

LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd 
 
And going by the analysis where the first scenario before implementing recommendations is compared with the 
second scenario after implementing the recommendations, the LCC components are analysed over a period of 
twenty years, (the expected useful life span of a new pump and motor), as follows; 
 

Cic     – Initial Cost: 
The first scenario would have no cost associated with efficiency improvements. The 
cost of purchasing pumps and motors of similar capacities as the existing one but of 
higher efficiency is estimated as follow; 
 
A higher efficiency pump with  BEP at 86%, Flow rate at  317m3/h and Head at  
75m on average costs about K350,000,000 each in Zambia from a survey done. 
Since two pumps-sets are needed, this cost would become 
 

= 2*K350, 000,000  
= K700, 000,000 
 

The cost of a new energy efficient motor of power rating close to 200kW is 
estimated at K114,000,000 (Energy Efficient Motor rated 150kW is priced at $8,592 
or K42,960,000 in USA ((G.A McCoy, et al 1993, page 19); assuming a linear pricing 
per kilowatt and doubling the price to cover freight, taxes and overheads by 
suppliers) 
 
The total cost for two motors is 
 
 = 2*K114, 560,000   
 = K229, 120,000 
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Thus, the total cost of two energy efficient pumps and motors is 
 
 =0- (K700, 000,000+K229, 120,000) 
 = -K929, 120,000    (Approximately $185,824) 

  
  

Cin  – The cost of installation and commissioning: 
This cost shall be taken as twice the one worked out before in the previous chapter 
using three fitter and three helpers. 
 

= 2*(0 - K28, 409 *3*8 +K8522*3*8)  
= -K1, 949,956.8 (Approx. $389.99) 

 
 

Ce  – Energy costs  
  

Similarly, the energy costs, would reflect as savings already worked out in table 3-7, 
Thus, 
  
 
   = K25, 307,551.29*20  

= K506, 151,025.80 (Approx. $101,230.21) 
 

   (Note that this has a positive sign as discussed before) 
 

Co  – Operating costs (Labour): 
This cost is taken to be zero since no change in operation (man hours and 
overheads etc) is expected. 

 
 
Cm  – Maintenance costs (spare parts etc): 

This cost is estimated at 60 percent of the current cost of maintaining  pumps at this 
pump station which is an average figure of K43,000,000 per year, that is, 
 

= 60% * K43, 000,000 = K25, 800,000 per year 
 

 The savings would thus be; 
 
  = K (43,000,000-25,800,000)*20 years 

                 = K 344,000,000 (Approx. $38,800) 

(Note that this has a positive sign because it would bring about savings) 

 
   

Cs  – Downtime (loss of production): 
Down time will be more with the first scenario than with the second scenario.  The 
figure is assumed to be the same as the one worked out in the previous chapter, thus 
the down time costs before for the first scenario in 20 years would be 
  
 = 317 (m3/h) * 2 (h/week) *52 (weeks/year) * 20 (years) * K1, 
700/m3 

    = K1, 120,912,000 per twenty years  
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Downtime is expected to be only twenty percent of the first scenario with 

appropriately sized energy efficient pumps running without cavitation and with 

energy efficient motors, thus, 

Thus, down time cost savings would be 

 = (100%-20%) * 1,120,912,000 

    = K 1,401,140,000 per twenty years. 

    

 However, since the company has a Non-Revenue Water figure of 42%, it would 

only realise the monetary figure of; 

 
  = (100-42) % * K448, 364,800 

    = K 812,661,200 (Approx. $ 52,010.32) 

 
  
Cenv - Environmental costs: 

 This analysis is the same as the one presented in the previous chapter except that 
the scale of disposing of or recycling old pumps and manufacturing four pumps and 
motor would increase. An arbitrary figure of 10 is assumed based on the weight to 
weight comparison of impellers and pump sets. Thus Environmental Cost would be; 

   
  = 10*(0- 0.33* K211, 000,000) 

= -K696, 300,000 (Approx. $139,260) 

  (Note that this would be a one off cost as before) 
   

Cd - Decommissioning costs;  
This cost of decommission is expected to be negligible and shall consist of removal 
and transportation of pumps. It shall be assumed to be zero.  

 
 
Adding all the costs results into a favourable LCC analysis with a surplus of     K35, 442,269 or $7,088.45. The 
LCC results entails that the monthly savings would become  
   
   =K35442269.32/(20*12) 
 
   =K147,676.12 (US$29.53) 
 
Compared to the current electricity cost that stands at an annual average of K33,323,066.8, the percentage cost 
savings would be 0.44%. 
 
The figure is positive although it is a comparatively small figure and therefore this intervention may not be 
emphasised at this pump station. 
   
 

3.2.4 Tariff Optimisation 

The pump station is currently billed on a social tariff. Since the pump station has an excellent power factor 

recorded at 0.99 from the energy meter, it would be cheaper to adopt the tariff that takes reactive power into 
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account. The following are the average figures for electricity consumption for the pump station for a period of 

twelve months; 

 

Table 3-8: Tariff Optimisation at Kabundi Booster Pump Station 

Pump 

Station 

Electricity Consumption  Electricity Bill 

(VAT Exclusive)  

 Expected Bill 

(VAT Inclusive)  

 Total Electricity Bill 

+ Excise Duty   

 

Comment  

kVA kWh 

 Kabundi 

Booster  

    

216.83   112,550.83  

        

26,986,185.45  

         

31,303,975.12  

                 

32,243,094.38  

Social 

tariff 

    

216.83   112,550.83  

             

21,566,937.74  

              

25,017,647.77  

                        

25,768,177.21  

MD-1 

Tariff 

 

This shows a monthly savings of  

 = K (32,243,094.38-25,768,177.21) 

 =K6, 474,917.17  

Annual savings would be; 

 = 12 * K6, 474,917.17 

 = K77, 699,006.04  

There are no opportunities to apply the Time of Use Tariff because the pump station pumps directly into the water 

network without reserviours on two pipelines and the available storage time on the reserviours on the other two 

lines is not adequate. (Two and half hours). 

It is therefore recommended that the MD1 tariff plan should be adopted for Kabundi Booster. There are no 

investments cost or liabilities associated with this tariff change and therefore the LCC would be a positive annual 

income of K77, 699,006.04 (Approximately $15,539.80). This would result in a percentage monthly savings of  

  =    
             

             
      

  =    19.5%  
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3.3 The Close Booster Pump Station 

 

During the preliminary study, three areas of opportunity were identified as; 

1. use  of variable speed drives,  

2. use of energy efficient pump-sets, 

3. Power factor correction and tariff optmisation. 

In this analysis, only the first opportunity shall be analysed in detail. 

 

3.3.1 Use of variable speed pumping at the close reserviour 

The pumps station has two pumps running during peak hours and one pump running during off peak hours during 

the night. The average operating pressure for both pumps indicates that the pumps are running far beyond their 

shut off head considering the pump curve in appendix G. In reality, the pumps are placed in series with the flow of 

water from Kasompe reserviours which has enough head of more than 15m by the time it reached The Close 

reserviour. Thus, the pumps are on the downstream side of the flow. The incoming flow and head of water from 

Kasompe are more than the flow rate and head the pumps are capable of delivering hence the pumps behave as 

though they are oversized requiring that the common discharge valve be throttled otherwise the motors would 

draw too much current and burn out. 

In order to overcome the problem, it would be recommended that the water network for the town centre be 

divided into a high pressure circuit and a low pressure circuit. Since the flow and head of the water from Kasompe 

is adequate for most of the properties in the town centre, these should be serviced by the low pressure circuit. The 

high pressure circuit should be used to supply water to the high rise buildings and outlying areas of the town 

centre. The high pressure line should be connected to the booster pump station. 

The pumps at The Close have no name plates (Except the motors) and it is unclear whether the pump curve in 

appendix G belongs to them. Information gathered showed that the original motors were rated 7.5kW and were 

replaced with the 22kW motors. Since the motors are operating nearly at their rated full load current, they are not 

over sized in that since in fact, the situation is that the pumps are oversized while the motors are undersized hence 

the need to throttle the  valve without which the motors would draw too much current and burn out. There has 

not been any historical occurrence of pump failure as a result of excessive stresses brought in by too much power 

of the motor. This may also go to indicate that the pumps are not undersized for the motors. The following 

analysis will assume the same infrastructure and operating conditions as they are at The Close pumps station for 

simplicity sake. Data obtained from The Close pump station is as follows; 

 

1. Operating amperage of pump No.1    - 38A 

2. Operating amperage of pump No.2    - 41 A 

3. Operating head during peak hours   - 6.1 bars 

4. Operating head during off peak hours  - 5.5 bars 

5. Approximate flow rate during peak hours  - 600m3/h 

6. Approximate flow rate during off peak hours  - 300m3/h 
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7. Status of common discharge valve during peak time  - 6/28 turns open 

8. Status of common discharge valve during off-peak time - 4/28 turns open 

9. Apparent power consumption (June12-July11)  - 56.58kVA/month 

10. Active power consumption (June11-July12)  - 24,847.58 kWh/month 

11. Power factor    - 0.8562 

12. Peak hour (two pumps online)   - 06hrs to 21hrs 

13. Off-peak hours(one pump online)   - 21hrs to 06hrs 

 

The flow rate could not be measured at this pumps station because there are flow meters installed. The following is 

an estimation of the flow rate based on the operating point of the pumps; 

Instead of throttling and regulating the common discharge valve to meet the water demand during peak and off-

peak times, a variable speed drive such a Variable Frequency Drive (VFD) can be fitted to each pump to regulate 

the flow and pressure of water. Since the valve is barely opened with the pumps running, it implied that the pumps 

should never run at full speed at any one time of the day. Thus, ideally, a lower speed motor should be used 

together with the VFD so that the VFD should be isolated during the time the pumps are expected to run at full 

speed. In addition, instead of running two pumps at a time, it would become possible to run only one pump 

because of the added pump operation control using a VFD. The following are the assumptions used on this 

analysis; 

 

1. Full Speed -Peak hour   - 06hrs to 21hrs 

2. Reduced speed - Off-peak hours   - 21hrs to 06hrs 

3. Peak hour motor VFD speed   -  80% * 1450 rpm 

4. Off-peak VFD Speed    - 45% * 1450 rpm 

5. One pump shall be used while the other one shall be on standby 

 

At full rotational speed, each motor would deliver total power of  

  E = V*I*P.F*√3 

   = 380V * 41A*0.85*√3 

   = 22,937.55W 

(Since the power rating of the motor is 22kW, it might be overloaded if the service factor is not adequate) 

  



 148 

 

The rotational speed of the motors would be reduced to eighty percent of the normal rotational speed. From the 

pump affinity laws the following were the derived relationships between different parameters; 

H ∞ ω2        ___________ (Eqn. 16) from introduction chapter) 

Q ∞ ω      _______  (Eqn. 19 from Introduction chapter) 

                E ∞ ω3        _______ 
(Eqn. 20 from introduction chapter) 

 

Thus, from Equation 20, during the day, the new power requirement would reduce by a cube of the fraction the 

speed would be reduced to. Since the new rotational speed would be reduced to 80% of the original speed, thus 

the power requirement during the peak period without throttling the valve would reduce to; 

E1 = K*(0.8)^3 * ω3 
 

  = 0.512 * K * ω3 

 

The original power at full motor speed 

  E = K ω3  

   = 22,937.55 W 

Thus, 

  E1 = 0.512 * E 

   = 0.512 * 22937.55 

   = 11,744 W 

   = 11.744kW 

 

Likewise, the off-peak power would become; 

   

E2 = E*(0.45)^3 

   = 22,937.55 * 0.091125 W 

   = 2090.184W 

   = 2.1kW 

 

In one day, the total power consumption running one pump with the variable speed would be the sum of the off-

peak power plus the peak power consumption, thus; 

 

Daily Active Power consumption  = 2.1kW* 9hrs+11.744*15hrs 
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    = 18.9kWh +176.16kWh 

    = 195.06kWh per day. 

Thus, in a month, the active power consumption would become; 

 

 Monthly Active Power = 195.06kWh/day * 30 days 

   =  5,851.8kWh per month. 

Thus, electricity cost savings that would result by using a VSD at The Close Pump Station would be; 

   = 24,847.58-5,851.8 kWh 

   = 18,995.78kWh 

 

With a power factor of 0.85 recorded at the pump station, this would bring the maximum apparent power during 

the peak hour to  

  

Pt  = E1/P.F 

  = 11.744/0.85 

  = 13.85 kVA 

The new monthly electricity bill based on the current tariff (commercial tariff) and the newly worked out power 

consumption figures  would be; 

 

 New Monthly Bill =  K(((266.13*5851.8 +47753.13)*1.16)*1.03) 

   = K 1,917,764.71  

 

Below is a comparison of the current average electricity consumption for a period of twelve months (June 2012 to 

July 2011) and the new projected consumption using a variable speed drive; 
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Table 3-9: Reduced electricity consumption using Variable Speed Drive at the Close Pump Station 

Pump Station 

Monthly Electricity 
Consumption  Monthly Electricity 

Bill   
 Comment  

kVA kWh 

 The close  

      
56.58  

   
24,847.58  

               
7,957,894.29  

current average 
consumption 
(commercial tariff) 

13.85 5851 
               

1,917,510.34  

New consumption 
using variable 
speed drive 
(commercial tariff) 

      
56.58  

   
24,847.58  

               
7,156,884.74  

current average 
consumption 
(social tariff) 

13.85 5851 
               
1,723,194.74  

New consumption 
using variable 
speed drive (social 
tariff) 

 

 

Electricity cost savings after introducing the Variable Speed Drive based on the current tariff plan would be; 

= K7,957,894.29 – K1,917,510.34  

= K6,040,383.95 per month. 

 
Using the Life Cycle Cost model as before; 
 

LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Cd 
 
And going by the analysis where the first scenario before implementing recommendations is compared with the 
second scenario after implementing the recommendations, the LCC components are analysed over a period of ten 
years, (the expected useful life span of a VFD), as follows; 
 

Cic     – Initial Cost: 
 
 The cost of two variable speed drives, compatible motors and cables etc rated at 
15kW is estimated at K84,000,000, thus this component becomes; 
 
 =0- K84, 000,000 
 = -K84, 000,000    (Approximately $18,800) 

 
 
  

  
Cin  – The cost of installation and commissioning: 

This cost has been estimated based on the man hours of one mechanical fitter, one 
electrician and one instrumentation technical with their respective helpers working 
one shift of 8 hours, thus; 
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= (0 - K28, 409 *3*8 +K8522*3*8)  
 
= -K1, 949,956.8 (Approx. $389.99) 

 
 

Ce  – Energy costs  
  

The electricity savings, from table 3-9 at the current tariff would be; 
 
= K6, 040,383.95 per month.  
 
Over a period of ten years, this becomes 
 
= K6, 040,383.95*12*10 
 
= K724, 846,074 per ten years (Approx. $144696.2) 
 

 
Co  – Operating costs (Labour): 

This cost is taken to be zero for simplicity sake. The pump station would, in fact, 
become fully automated without any need to adjust the valve with the time based 
programming of the VFD in place. In reality, the company would want to keep the 
employees to take hourly water quality parameters etc. 

 
 
Cm  – Maintenance costs (spare parts etc): 

This cost is estimated at 60 percent of the current cost of maintaining  pumps at this 
pump station which is an average figure of K15,000,000 per year, that is, 
 

= 60% * K15, 000,000 = K9, 000,000 per year 
 

 The savings would thus be; 
 
  = K (15,000,000-9,000,000)*10 years 

= K 60,000,000 (Approx. $12,800) 

(Note that this has a positive sign because it would bring about savings) 

 
   

Cs  – Downtime (loss of production): 
The pump station currently very few down time hours (9 hours recorded over the 

past twelve months). This cost shall be ignored since the downtime is expected to 

go down further with the use of VFD. 

 
  
Cenv - Environmental costs: 

This cost would go to address the environmental concerns of making new VFD etc. 
It is estimated as one thirds of the cost of the new equipment, thus; 

   
  = (0- 0.33* K84, 000,000) 

= -K 27,972,000 (Approx. $5,594) 
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  (Note that this would be a one off cost as before) 
   

Cd - Decommissioning costs;  
This cost of decommission is expected to be negligible and shall consist of removal 
and transportation of pumps. It shall be assumed to be zero.  

 
 
Adding all the costs results into a favourable LCC analysis with a positive figure of     K670, 924,117.2 
(approximately $134,184.82) over the useful life of the VFD. 
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4 EPILOGUE 

4.1 Discussion 

The preliminary energy audits revealed signs of inefficiency of pumping systems studied which could be attributed 

to two general causes. The first cause is that all the pumps studied were not operating at their Best Efficiency 

Points while the second cause is that their motors were not operating at their Full Load Currents. These two 

phenomena are expected of pumps that are wrongly specified and do not match the system characteristics as 

explained under Introduction on pages 24 to 28. This scenario also arises if pumps that were correctly matched 

with their system head characteristics get worn out as described under Introduction on pages 40 to 41. In addition 

to the aforementioned causes for inefficiency, some pumping systems studied were incurring higher electricity 

costs due to poor power factors values, pump cavitation, poor power supply quality, lack of variable speed 

pumping, energy efficient pumps and motors.  

 

Findings and opportunities for reducing pumping related electricity costs had already been suggested under chapter 

2 and 3 i.e.  Preliminary and Detailed study of pumping infrastructure.  Many of the interventions dealt with are 

mutually exclusive such that there is no bearing of one intervention on the other. An example for this is the use of 

energy efficient motors or pumps and matching pump characteristics with their system head or correcting the 

operating point(s) for pumps and motors. Some interventions on the other hand are dependent upon each other 

and therefore applying one intervention may not yield any positive results unless an appropriate intervention 

preceded it. An example of this was the relationship between power factor correction and tariff optimisation or 

tariff change. Another example of interrelated interventions was correctly rehabilitating pumps at Kafue WTP that 

increased motor load on previously under loaded motors leading to improved motor efficiency as well as improved 

motor power factor values. For all mutually exclusive interventions, the maximum electricity savings would result if 

all the interventions were done and in theory, this would be the arithmetic addition of all individual contribution of 

the respective interventions. On the other hand, the dependent interventions did not clearly reveal to what extent a 

complementary intervention would contribute to the overall reduction in saving electricity costs.  

 

The submersible pumps at Chingola Kafue Raw Water Intake were all experiencing flow cavitation. This is because 

the pumps were not lowered enough in water to give a sufficient NPSHa. The second observation made was that 

the submersible pumps were designed to work on a TDH  of 20m (2 Bar) and yet they were operating at 1.2 bar, 

thus the pumps were overloaded with the operating point being deflected away from the BEP towards the right as 

seen on the graph on appendix J.  The other reason that shows that the submersible pumps were overloaded is that 

the operating current that each motor draws was more than the rated current of 74A per motor. The amperage 

readings taken from the ammeters fixed to the control panel read 80 A and 89 A respectively. Further 

investigations later revealed that the ammeters were faulty and were not springing back to zero. Measurements 

revealed that the pumps were drawing 75A and 76A respectively.  The third reason that shows that the pumps are 

overloaded is that the total flow rate measured from an electromagnetic flow meter for the two pumps running 

together was slightly more than the combined rated flow rates of the two pumps, that is, 1,413m3/h instead of 

1,352 m3/h. At this flow rate, the power demand was  more than the rated power demand of 54W as seen from 

the pump curve on appendix J. Pumps operating in parallel would normally deliver less flow rate that the 

summation of their rated flow rates due to pipe frictional resistance as seen from theory.  
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In order to correct the operating points for the submersible pumps at Kafue Raw Water Intake, an additional 

pump(s) could be added to run in parallel with the existing pumps such that the total flow rate increases. Increased 

flow rate would lead to increased system resistance. The ideal size of pump(s) to add in parallel to the existing ones 

would be the ones that would increase the total flow rate to yields system resistance (TDH) of 20m. This flow rate 

was calculated and found to be  11,348 m3/h  as seen in appendix M. This solution, however, would not be 

practical as it would require about fourteen additional pumps of similar capacity to the existing ones and such a 

total flow rate would be too much for the water company to treat at their treatment plant. Trimming the impeller 

diameter or replacing the pumps with the correct pump specifications would be the recommended solution to the 

problem at Chingola Kafue Raw Water Pump Station.  

The pumps at Chingola Kafue WTP were operating inefficiently because they were wrongly specified and so their 

rated operating points did not match that of the system head. The rated TDH for the identical pumps was 130m 

while that for the dissimilar fifth pump was 126m and yet all pumps are subjected to an operating head of about 

140m which is beyond their respective rated TDH. The implication is that all the pumps were delivering less than 

their rated flow rates and the efficiencies of both the pump types and their respective motors was lower than their 

rated efficiencies. Optimising the pump characteristics to match their system head of 140 by upgrading pump 

diameters as calculated under the paragraph 4.11 showed favourable outcomes and could be done economically as 

revealed by the LCC analysis for this intervention. Although this may be the case, it may not be economical to use 

this intervention where the need arises to upgrade the flow rate of water beyond 28,000 m
3
/day as this would 

cause the pumps to operate inefficiently, furthermore, the motors would not take anymore load and would get 

burnt for any further flow rate increase. Impeller diameter upgrade was the most favourable intervention found at 

Chingola Kafue WTP and this could save $203,066. The next favourable intervention would be correctly 

rehabilitating the pumps  and this yielded an LCC value of $169,738.46 per year. The use of energy efficient pumps 

and motors was the third most viable intervention and would save $20,028 per year. Power factor correction to the 

value of 0.95 could save $5,208 per year and was the least viable intervention at the pumping station. Tariff 

migration to Time of Use (ToU) category would not be feasible with the current pumping infrastructure unless the 

capacity of water storage reserviours were increased and the pumps were replaced completely with higher flow rate 

pumps that would deliver all the needed water within the window when the charge for electricity is the lowest. The 

four interventions are mutually exclusive thus could either be carried out simultaneously or independently although 

it would be better to carry  first out pump refurbishment together with the upgrade of pump impellers first in 

order to both improve the flow rate and also reduce electricity costs at the pump station.  

It was possible to save electricity costs at Kabundi Main Booster Pump Station by correcting the power factor to a 

minimum of 0.95 and through correct pump overhaul. There was an recorded under voltage at Kabundi Main 

Booster of 5.26%. Although the under-voltage was less than the allowable 10% tolerance over which an  average 

induction  motor could operate without getting damaged, figure 1-26 shows that a loss in efficiency of about 1% 

would result as a result of the 5.26% voltage imbalance. In addition, the phase imbalance determined of less than 

1% could result in motor inefficiency of about 2%. This was extrapolated lineally from the fact that an imbalance 

of 3.5% according to NEMA definition could result in motor inefficiency of 20% as seen from chapter 2.3.4.   

 

Kabundi Booster Pump Station had an opportunity to save electricity costs by migrating from the social tariff to 

MD2 tariff because the power factor  was almost unity (0.998). Further electricity costs could be saved by resolving 

the cavitation of pumps due to low NPSHa. This could be achieved by ensuring that there is a dedicated pipeline 

that supplied water to the  booster pump station at a minimum water pressure of 0.624 bars as seen from chapter 

2.4.6 (that is 1.2 times NPSHr for the pump i.e. 5.2m). Since the static head on the discharge side of the pump is 

low (except when filling K1 reserviour), the pumping infrastructure would be best suited for variable speed 

pumping as recommended in paragraph 1.4.1.1.  
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 The problem of cavitation at Kabundi Booster Pump Station could also be mitigated by installing a variable speed 

drive to the motor. The VSD would be connected to a pressure transducer at the on the suction pipe such that the 

speed of the motor would be influenced by the water pressure. The motor would be driven at full speed if the 

suction pressure is optimum. The VSD would then be programmed to reduce the speed of the motor based on the 

signal from the pressure transducer. There should be done in light of other constraints like the lower  and upper 

speed  limit beyond which a VSD should be allowed to operate.  The VSD, in this case, would primarily act as an 

anti-cavitation device to the pumps although electricity costs would also be saved since the speed of the pump 

would be reduced during certain operating conditions. In addition to mitigating against cavitation using a VSD 

electricity costs at the pump station could be reduced by optimising the pump size in relation to the pumping 

conditions. Calculation during the preliminary energy audit revealed that the load on each  motor was less that the 

rated load as seen in paragraph.  

The pump station with pumps that deliver  water directly into their respective water networks namely, Kasompe 

Pump Station, The Close, pump station, 17th Street Booster Pump Station, all the pumps at KCM WTP, all the 

pumps at MCM WTP, All the pumps at Chililabombwe WTP, Some pumps at Bulangililo WTP, some pumps at 

Lusaka Water Works and Chelstone Booster Pump Station could save electricity costs if VSDs were fitted on them 

such that the speed of the pumps should reduce during off-peak demand for water. More specific studies would 

need to be done before recommendation could be implemented. 

 

The performance of pumps from different pumping systems could be done indirectly by considering how much 

energy is spent  pumping a unit volume of fluid over a unit fall in the TDH. This approach does not distinguish 

between the dynamic head losses and the static head losses. It is usually difficult for users to avoid the constraint 

posed by static head when designing pumping systems as that is mostly dependent on the natural environment and 

as such, there is usually little that one could do optimise this. The designer of the pumping infrastructure on the 

other hand has more control over the dynamic head losses by optimising the pipe sizes, limiting the number and 

type of pipe fittings etc. In this respect, it would be easy to compare like terms of the pumping infrastructure in 

order to indirectly determine the performance of centrifugal pumps as far as energy efficiency is concerned. An 

empirical formula could make it easy to compare pumps from pumping systems with unlike features. The work on 

this thesis study did not address this because of various limitation especially the uncertainties in the accuracy of the 

data gathered and lack of laboratory facilities to conduct pertinent experiments etc. The following is the summary 

of major findings on the pumping infrastructure studied; 
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Table 4-1: Summary of Major  Recommendations on Various Pump Stations 

Item 

No. 
Pumping Station Recommended Energy Saving Intervention 

1 Kafue Raw Water Intake 1. Correct BEP 

2. Correct motor load 

3. Correct power factor to 0.95 minimum  

4. Use energy efficient pump and motor 

5. Correct pump cavitation 

2 Kafue WTP 1. Overhaul pumps 

2. Correct pump Operating point by increasing impeller diameters 

3. Correct power factor to 0.95 minimum 

4. Use energy efficient pump and motor 

3 Kabundi Main Booster 1. Pump rehabilitation 

2. Power factor correction to 0.95 minimum 

3. Use energy efficient pump and motor 

4 Kabundi Booster  1. Down-size pump and motor  

2. Avoid cavitation 

3. Use energy efficient pump and motor 

4. Change tariff to MD1 

5 Kasompe Booster  1. Pump rehabilitation 

2. Power factor correction to 0.95 minimum 

3. Use energy efficient pump and motor 

6 “The Close”   1. Pump rehabilitation 

2. Power factor correction to 0.95 minimum 

3. Use energy efficient pump and motor 

4. Use variable speed pumping 

5. Increase outlet pipe diameter  

7 KCM WTP 1. Pump rehabilitation 

2. Power factor correction to 0.95 minimum 

3. Use energy efficient pump and motor 

4. Use variable speed pumping 

5. Improve NPSHa for all pumps 

8 Chililabombwe Kafue Raw 

Water 

1. Pump rehabilitation 

2. Power factor correction to 0.95 minimum 

3. Use energy efficient pump and motor 

9 Chililabombwe WTP  1. Pump rehabilitation 

2. Power factor correction to 0.95 minimum 

3. Use energy efficient pump and motor 

4. Use VSD to pump directly into water network 
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Table 4-1 (Continued) 

   

10 Mingomba Raw Water   1. Pump rehabilitation 

2. Power factor correction to 0.95 minimum 

3. Use energy efficient pump and motor 

 

11 Konkola WTP 1. Pump rehabilitation 

2. Power factor correction to 0.95 minimum 

3. Use energy efficient pump and motor 

4. Use VSD to pump directly into water network 

9 Bulangililo WTP  1. Pump rehabilitation 

2. Power factor correction to 0.95 minimum 

3. Use energy efficient pump and motor 

4. Use VSD to pump directly into water network 

10 Iolanda Raw Water Works 1. Pump rehabilitation 

2. Power factor correction  

3. Use energy efficient pump and motor 

11 Iolanda WTP 1. Pump rehabilitation 

2. Power factor correction  

3. Use energy efficient pump and motor 

12 Chilanga Booster  1. Pump rehabilitation 

2. Power factor correction  

3. Use energy efficient pump and motor 

13 Lusaka Water Works 1. Pump rehabilitation 

2. Power factor correction  

3. Use energy efficient pump and motor 

4. Use VSD to pump directly into water network 

15 Chelstone Booster  1. Pump rehabilitation 

2. Power factor correction  

3. Use time based mode for existing VFD 
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4.2 Conclusion 

The pumping stations studied under the preliminary and detailed energy audit of the pumping infrastructure 

presented different opportunities to saving electricity costs depending on their operating conditions. Interventions 

to save electricity costs also vary depending on the prevailing conditions at a particular pumping infrastructure.   

It is possible to improve pump performance at Chingola  Kafue WTP while reducing electricity costs within the 

limits set by the pump characteristics and pumping conditions by correctly and effectively rehabilitating the pumps 

with further options of optimising pump impeller diameters. Increasing impeller diameters for each DSB Duoglide 

200/200 pump at Chingola Kafue WTP from the current 452.58 mm to 466.67 mm could result into increased 

flow rate for each pump of 463.78 m3/h at a head of 140m and improved pump efficiency of 80%. The current 

motors could sustain the additional load as a result of the impeller diameter increase at their current power and 

service factor ratings. 

Applying the Time of Use (ToU) tariff  at Kafue WTP with the current capacities of pumps and reserviour can not 

result into any electricity saving costs unless the pumping infrastructure were upgraded accordingly. 

Correctly sizing pumps at Kabundi Booster Pump Station in view of pump operating conditions could save 
electricity costs. A pump rated 75m head and flow rate of 317 m3/h could perform better than the existing pump 
and save electricity costs at Kabundi Booster Pump Station of 52,655.92 kWh or K15,061,442.06 (about $3,012)  
per month at the current tariff. 

Tariff Optimisation at Kabundi Booster Pump Station from the Social Tariff to the Maximum Demand Tariff 1 

(MD-1) could save electricity costs of K5,130,000 (or $1,026) per month. The same intervention could save 

electricity costs at The Close Booster Pump Station  of  K795,000 ($159) per month at the current tariff. 

Using a Variable Speed Drive  at ‘The Close’ Pump station could save electricity units of 18,995.78kWh or 

K6,040,383.95 ( $1208) per month at the current tariff.   

 

The performance of centrifugal pumps in a pumping infrastructure in relation to energy efficiency could be 

determined indirectly by considering how much energy is consumed to pump a unit measure of fluid of the same 

properties over a unit fall in the Total Dynamic Head of the pumping system. This gives the unit measurement of 

Specific Energy Consumption per unit of Total Dynamic Head of  kWh/m
2.   

4.3 Recommendations 

 

The following are the recommendations based on the findings on the pumping infrastructure studied; 

4.3.1 Recommendation on the mode of operation of VFD 

Most of the water network and sewer pipe networks in Zambia are old and in need or extensive repair or complete 

replacement. They are characterised by corroded steel pipes that can not sustain certain water pressures without 

bursting or leaking.  

Vandalism is common in most of the townships in Zambia especially the low and medium cost areas. The water 

utility companies lose huge volumes of water annually through vandalised pipes networks. The Non-Revenue 

Water (NRW) figures stand close to 40% for most of the Water Utility companies in Zambia (NWASCO 2009).  
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In view of the above constraints, it would be difficult to operate pressure -based VFD because then if a pipe 

bursts, the VFD would increase the speed of the motor and pump in order to maintain the constant pressure of 

liquid in the pipeline thereby worsening the leakage and posing risks to the motor. Constant pressure VFD systems 

are thus not suitable for the Zambian water pipe networks.  

 

In order to overcome the above challenge where the constant pressure VFD systems may not work well, the  time-

based VFD system can be used. Time-based VFD systems are programmable based on the time and the day and 

the day of the week. Information is first collected on the peak hours and off peak hours and their corresponding  

requirements for flow rates and pressures. The system is then programmed to change the speed of a motor and 

pump depending on the time of the day and the day of the week. Week-ends and holidays would have different 

programming from normal week days.  

 

4.3.2 Recommended Steps of the EPR Approach 

The following are the important steps that must be carried out as part of the engineered pump refurbishment 

process; 

4.3.2.1 Background of Pumping Infrastructure 

This the most important step to take before the pump overhaul should begin. The author observed that some of 

the pump stations investigated did not have the initial pump selection  based on sound engineering principles. It 

would therefore be prudent to correct the erroneous specifications of a pump under rehabilitation. The Engineer 

must satisfy himself whether the pump earmarked for refurbishment is suitable for the pumping system it has been 

operating on.  

 

The other reason why this step is important is that an old pump that could have been correctly specified several 

years ago may no longer be suitable to be used at the same site due to changing needs in operating flow rates and 

head or due to changing pumping configurations or flow rate requirements of the fluid. The Engineer may then 

decide whether to make necessary modifications to the pump or recommend a new pump with desirable 

specifications altogether. 

 

4.3.2.2 Pre-Overhaul Pump Inspections 

The second step would be for the engineer to critically look at the worn out pump and look at signs of premature 

pump failure. The wear signatures of many pump components would guide the engineer of what further 

modifications to implement on the pump or pumping system in order to have a more reliable pump after the 

refurbishment. The Engineer must pay attention to the, shaft sleeves, impeller blades at the suction end, impeller 

blades at the discharge end, bearing housings, shaft condition, pump casing condition, impeller necks, impeller 

wear rings etc.  This inspection would guide the Engineer on what options to consider in order to improve 

efficiency and performance of the refurbished pump. The Engineer would then take notes and make sketches for a 

draughtsman to work on. The drawings will then be used by the foundry and machining companies to manufacture 

pump spares.  
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4.3.2.3 Material for Pump Spares 

The material for pump components should be determined by the pump engineer with metallurgical properties 

befitting an excellent duplex material to resist abrasion and corrosion as well as  mechanical stresses encountered in 

pumping fluids. The engineer must satisfy himself with the metallurgical and mechanical properties of the primary 

material before having it machined. It is recommended to have metallurgical and mechanical tests done and a test 

certificate dully signed by the foundry before accepting material for manufacturing pump spares parts. There are 

many grades of bronze, for example, and the engineer must determine the suitable grade to suit the duty and 

properties of the fluid to be pumped etc. 

 

Once the right material has been sought, the engineer should then provide drawings to the foundry company to 

cast the billets for the manufacture of pump spares. Hollow billets  with suitable allowance of material to be 

machined out to suit the reach the desired dimensions would make refurbishment cheaper and reduce on the 

refurbishment period. This type of approach would be desirable for billets to be used for manufacture of impeller 

neck rings and sleeves except for smaller components like water throwers and gland followers etc.  

 

4.3.2.4 Machining of Pump Spares 

The Engineer must provide drawings to the machining companies and must specify all the necessary tolerances. 

After the spares have been manufactured, the engineer must ascertain the tolerances and reassure himself before 

accepting the parts knowing that any compromise at this stage would definitely jeopardise the performance and 

efficiency of the refurbished pump. Inspection of machines parts must be done to ensure that other related 

features like surface roughness conform to desirable standards. 

 

4.3.2.5 Balancing Rotating Elements of Pumps 

All rotating machines should be balanced dynamically to avoid  undue forces that arise as the rotating elements 

spin at high revolutions.. A small off balance weight on a rotating assembly can reduce bearing life tremendously 

and may result in premature failure of other components of the pump. All centrifugal rotating elements must be 

balanced dynamically according the minimum standard API 610 8th Edition or equivalent standard such as ISO 

1940 G1.0 that specifies a maximum residual imbalance weight of 4W/N. The Engineer must satisfy himself that 

the rotating element is balanced accordingly . 

 

4.3.2.6 Assembling of Pumps 

Water companies in Zambia have mechanical fitters who maintain their pumps. Most of these are very competent 

at disassembling and assembling pumps especially those that fall on the repertoire of their company assets because 

they do this often. These fitter know their pumps so well that they could even distinguish identical pumps and tell 

which pump casings had  had their dowels modified. This knowledge of pump history is an asset that cannot be 

ignored. It is thus recommended to utilise the skills of the fitters from within the company  to disassemble and re-

assemble the pumps rather than allowing a third party to do so.  

 

The other reason why it is important not to allow other people to assemble or disassemble the pumps is that while 

the assembly is going on the owners of the pump would also inspect the critical components and see if they are 
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fitting well within the pump. Corrective measures can be done immediately if some pump components were not 

machined properly thus premature failure or poor performance of the pump can be avoided. 

 

4.3.2.7 Pump Installation 

Correct installation of pumps is critical to avoid premature pump failure and poor pump performance. Proper 

methods and procedures must be followed to install and align the pump-sets. More accurate methods of pump 

alignment should be used. This includes laser alignment methods.  

 

The pump bases and plinths should be professionally designed and constructed to aid accurate installation of the 

pumps. The anchoring bolts should be firm enough to avoid “Soft foot” which results in vibration and eventual 

damage to pump-sets. 

 

4.3.2.8 Commissioning and Testing. 

A thorough procedure must be exhausted to commission the refurbished pump and avoid poor installation errors 

that end up debilitating the pump performance. Pre-commissioning inspection and checks must be done and a  

Pre-commissioning check lists filled up to avoid missing important steps, for example, in the case of oil lubricated 

bearings,  the engineer must ensure that the right oil type and quantity is used in the barrel of a pump he/she 

should ascertain that all steps were followed according to the commissioning procedure of a particular pump. 

Pump tests must be done on centrifugal pumps as soon as commissioning is done. Internationally agreed and 

current standards like BS EN ISO 9906  (Rotodynamic Pumps Hydraulic Performance Acceptance Tests) Grade 1 

& 2 should be used. The  pump test will determine the operating point of the pump and also reveal its 

performance. Corrective measures should be done if the pump’s performance is found inadequate.  

 

4.3.3 Recommendation on  Pump Maintenance Approach  

It is recommended to adopt better approaches to pump maintenance and avoid the sole reliance on the 

mundane preventive maintenance approach. Predictive maintenance and condition monitoring, for 

example, can prevent premature failure of bearings and avoid unnecessary downtime simply by gathering  

and analysing pertinent information from the pumping equipment and taking active steps to correct the 

situation. Modern approaches to pump maintenance include, vibration tests, use of data loggers, 

conducting oil tests (for very large installations), taking temperature measurements and thermographic  

scanning and analysis  etc. It is recommended to do these in-house for lower maintenance costs and 

convenience. 

4.3.4 Further studies 

It is recommended that the studies be continued on the methods of comparing pump performance from various 

pumping infrastructure. A deliberate study should be done where accurate data should be collected from various 

pumping stations as well as from laboratory experiments. The mathematical model for comparison of centrifugal 

pumps from various pump stations with respect to energy efficiency could be done by, for example, by finding an 

empirical formula that would define the pumping stations in terms of pipe dimension, number and type of pipe 

fittings, volume of fluid pumped and the related dynamic and static head losses. In addition the empirical formula 

could be also relate the actual pump and motor operating conditions to their rated parameters. 
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APPENDIX A: Comparison of Energy Costs for the Zambian Water Sector 

(Extracted from Urban and Peri-Urban Water Supply and Sanitation Sector Report 2009/2010, by NWASCO, Page 45)  

  

ANNUAL ENERGY COSTS                       

(Million Kwacha) 

TOTAL ANNUAL 

OPERATION COSTS (Million 

Kwacha) 

PERCENTAGE OF 

ENERGY COST TO 

TOTAL OPERATION 

COSTS 

Item No. COMPANY 2008/09 2009/10 2008/09 2009/10 2008/09 2009/10 

1 LUSAKA WATER & SEWARAGE CO. Ltd           14,892            18,848                 83,716                96,384  18% 20% 

2 NKANA WATER & SEWARAGE CO. Ltd             6,339               9,598                 45,394                46,473  14% 21% 

3 KAFUBU WATER & SEWARAGE CO. Ltd             4,441               9,187                 52,745                36,738  8% 25% 

4 MULONGA WATER & SEWARAGE CO. Ltd             6,226               7,480                 35,576                39,671  18% 19% 

5 LUKANGA WATER & SEWARAGE CO. Ltd              1,816               2,305                   8,070                11,066  23% 21% 

6 SOUTHERN WATER & SEWARAGE CO. Ltd             1,948               2,859                 14,269                17,463  14% 16% 

7 CHAMBISHI WATER & SEWARAGE CO. Ltd                 715                  945                   4,533                  5,768  16% 16% 

8 NORTH WESTERN WATER & SEWARAGE CO. Ltd                  399                  379                   6,614                  9,700  6% 4% 

9 EASTERN WATER & SEWARAGE CO. Ltd                 366                  440                   3,719                  4,737  10% 9% 

10 LUAPULA WATER & SEWARAGE CO. Ltd                  370                  866                   5,303                  7,678  7% 11% 

11 WESTERN WATER AND SEWERAGE Co. Ltd.                    -                    306                          -                    3,714                 -    8% 

12 TOTAL/AVERAGE   37,512     53,213      259,939     279,392  14% 19% 
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APPENDIX B - Estimating NPSHR    

 

 

 

NPSHR can be estimated for pumps running at given rotational speeds and flow rates at a fixed specific 

speed. 
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APPENDIX C : Reduction of Electricity Costs at Chingola Kafue WTP. 

 

Table 1 Results of Improving Efficiency through EPR at Kafue WTP Pump Station 

MONTH kVA kWh 

Jul-10          1,240           682,749  

Aug-10          1,240           673,078  

Sep-10          1,240           667,863  

Oct-10          1,226           591,891  

Nov-10          1,182           567,156  

Dec-10          1,154           451,064  

Jan-11             743           398,532  

Feb-11             814           397,627  

 

Fig. 1 Reduction in kVA consumption through EPR at Kafue WTP Pump Station 

 

Fig. 2 Reduction in kWh wastage through EPR at Kafue WTP Pump Station 
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APPENDIX D: Pump Curves for Pumps No. 1,2,3 & 4 AT KAFUE WTP 
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APPENDIX E: Pump Curves for Pumps 3,4 & 5 at Kabundi Main Booster PS 
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APPENDIX F:  Pump Curves for Pumps 1 & 2; Kabundi Main Booster PS 
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APPENDIX G – Pump Curves for Pumps 1 & 2 at ‘The Close’ 
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APPENDIX H – Pump Curves For New Pumps to be Procured at  Kafue WTP 
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APPENDIX I – Pump Curves for Duoglide Pumps 1,2,3 & 4 Showing Impeller Diameters  
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APPENDIX J – Pump Curves for Flygt Pumps at Chingola Kafue Intake 
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APPENDIX K – Pump Curves for  8-LN-26 Worthington Pump at Chingola WTP 
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APPENDIX L : General Pump Curves for KSB CPK Pumps (KSB RSA) 
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APPENDIX M: General Performance Curves for  8-10 DME Mther & Platt Pumps. 
 (SOURCE – MATHER & PLATT – INDIA) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



-179- 
 

APPENDIX N :Calculations on Pumping System at Chingola Kafue Intake 
 

 Flow rate 
  

11348 m3/h 
  Kinematic viscosity 

 
9.98E-07 m2/s 

  Discharge pipe diameter 
 

0.762 m 
  pipe distance 

 
670 m 

  Flow rate 
  

3.152222222 m3/s 
  absolute roughness e 

 
0.0045 

   pipe roughness (e/D) 
 

5.90551E-06 
   suction pipe diameter 

 
0 

   Velocity on discharge pipe Q/A                                         6.912211248 m/s 
  Reynolds 

Number(discharge) 
 

                                        5,277,660.29  
   f-discharge                0.009341217 

    atm Press. (1260m above sea level) 88kPa 
   atm Press. (1391m above sea level) 86kPa 
   

       Fluid frictional head loss discharge pipe                  20.00  m 
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APPENDIX O : Electricity Cost Savings at Kabundi Booster PS 

TREND OF ELECTRICITY CONSUMPTION AT KABUNDI BOOSTER 
   

 

Electricity consumption 

 Month kVA  kWh   Bill (KR)  
 

Jun-13 172       88,581             25,450  

 May-13 185        90,147             25,899  
 

Apr-13 188      104,264             29,948  

New correctly sized pump 
(400m3/h. head 75m ) was 
installed on 24th April 2013 

Mar-13 189      112,997             32,371  
 Feb-13 187      106,673             30,562  
 Jan-13 193      118,273             33,880  
 Dec-12 197      118,287             33,884  
 Nov-12 189      103,760             29,729  
 Oct-12 195      105,817             30,317  
 Sep-12 195      105,817             30,317  
 Aug-12 196      107,364             30,759  
 Jul-12 197      123,844             35,473  
 Jun-12 199      117,912             33,777  
 May-12 195      117,072             33,536  
  

 

 

 
ELECTRICITY COST SAVINGS THROUGH TARIFF OPTIMISATION 

    NAME OF PUMP 
STATION 

TARIFF KVA (aver. 
Last 12 

months) 

KWh (aver. 
Last 12 

months) 

BILL SAVINGS 
PER 

MONTH 
(US$) 

SAVINGS 
PER 

YEAR 
(US$) 

COMMENT 

KCM. Water 
Treatment Plant 

MD2 616 155,673 42,410            
456  

        
1,094  

 BEFORE PF 
CORRECTION  Social 616 155,673 44,689 

MD2 300 155,673 34,152         
2,107  

        
5,058  

 AFTER PF 
CORRECTION  Social 300 155,673 44,689 

The close 
Social 58 21,954 6,345            

159  
            
381  

  
Commercial 58 21,954 7,139 

Kabundi Booster 
MD1 172 88,581 20,320         

1,026  
        
2,463  

  
Social 172 88,581 25,450 
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OCTOBER 2013 BILL FOR KABUNDI BOOSTER 
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BILLING AT KABUNDI BOOSTER IN SEPTEMBER 2010 
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APPENDIX P :Comparing Pump Performance at the Same Site. 

 Kafue WTP with original set up of pumps 

 New pumps for Kafue WTP.

One pump installed and running alone throughout September 2013. 

At KWTP, One Big Pump  was commissioned on 31st August 2013 and was able to replace the performance of 4 pumps 

 Specific Energy Consumption Before – 0.94 

 Specific Energy Consumption After – 0.86 

After Installation of three Big pumps, the aim will be to maintain or  improve the Specific Energy Consumption for the 

Pump Station. At the time of writing this document, the two new pumps were scheduled for installation in January 2014. 
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APPENDIX Q: OPTIMISING KCM-LULAMBA PIPELINE DIAMETER  

 

 

 Original Pipe ID : 300mm 

 Replaced Pipe ID : 400mm 

 Length replaced : 2070m 
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MONTHLY CONSUMPTION OF ELECTRICITY AT KCM WTP  

(New Line was commissioned on 1st January 2013, Pumps were refurbished in May 2013) 

Month kVA kWh Bill (ZMK) 

12-Aug 714 153,467 43,947 

12-Sep 710 154,175 44,149 

12-Oct 717 161,446 46,229 

12-Nov 708 142,364 40,771 

12-Dec 700 149,233 42,735 

13-Jan 645 157,667 45,148 

13-Feb 556 155,681 44,580 

13-Mar 433 146,367 42,021 

13-Apr 445 128,998 37,040 

13-May 443 134,667 38,666 

13-Jun 430 111,706 32,082 

13-Jul 430 111,706 32,082 

13-Aug 433 123,834 35,559 

13-Sep 451 115,688 33,223 
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