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SYNOPSIS 
 
Many organisations are attempting to improve the energy efficiency and 
reliability of their pump systems, and to verify and maintain the energy 
savings. This requires accurate measurements before and after any 
improvements. 
 
The primary parameters for measuring energy savings in pumping systems 
are energy consumed over a given reporting period (e.g. MWh) and average 
Energy / Quantity pumped (e.g. kWh/kl). In multi-pump systems, the 
contributions of individual pumps are also relevant. Optimisation of energy use 
requires the measurement of pump efficiency, flow rate, head, and power for 
each pump, over the operating range. 
 
Measurement of electrical power and head to an uncertainty of 0.5% or better 
is relatively straightforward. The other main parameters in the Pump Equation 
are flow rate and pump efficiency. The difficulty arises when measuring flow 
rate. The uncertainty of conventional stand-alone flow meters may typically be 
5% or more, due to a number of site-dependent errors of unknown magnitude. 
 
The thermodynamic method provides the most accurate on-site measurement 
of pump efficiency and flow rate, for both individual pumps and the overall 
pump system. In many cases the uncertainties in pump efficiency and flow 
rate are less than 1%.  
 
Moreover, the uncertainties in the flow rate and kWh/kl measurements, and 
hence energy savings, can be accurately calculated.  
 
For the improved system, energy savings can be optimised and maintained by 
continuous condition monitoring and pump scheduling software, which has the 
capability of remote viewing. 
 
 
1. THE PUMP EQUATION 
 
Pump parameters are summarised by the following equation: 
 
 ηp.ME.PW   =  q.ρ.g.H    ..........(1) 
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The left-hand side of equation (1) is the electrical power (joules per second) 
applied to the fluid, after losses in the motor drive and pump: - 
ηp is the pump efficiency (expressed as a fraction) 
ME is the motor and drive efficiency (expressed as a fraction) 
PW is the electrical power to the motor (in watts) 
 
The right-hand side of equation (1) is the energy per second imparted to the 
fluid, and also has the units of watts (joules per second): - 
q is flow rate, in m3/s 
ρ is the fluid density, in kg/ m3, a function of fluid temperature and pressure 
g is the acceleration due to gravity, in m/s2 

H is pump total head, in m 
 
The terms ρ, g, H, PW and ME are common to all pump test methods, with ρ 
and g being obtainable from reference tables.  
 
 
2. PUMP TESTING USING A SEPARATE FLOW METER 
 
On-site constraints often make it difficult to accurately measure pump 
efficiency under installed conditions by the same method that pump 
manufacturers traditionally use for works tests. In this technique, pump 
efficiency is calculated from equation (1) as follows: 
 
ηp =  q.ρ.g.H/ ME.PW   
 
This requires measurement of flow rate, head, and power. The accuracy of 
the pump efficiency measurement is determined by the errors in the 
measurement of q, H, PW, and Me. The accuracy of the Energy / Quantity 
pumped is determined by the errors in q and PW. 
 
In practice, the flow rate, q, is the most difficult to determine accurately. Many 
pumps do not have accurate, individual flow meters, which are high cost 
items, especially for larger diameter pipes, and can be difficult or impossible to 
install, maintain, and carry out calibration checks on-site. Flow meter accuracy 
can be dependent on installed straight, clear pipe lengths prior to and after the 
measuring device, the pump‟s operating point and other factors, such as 
build-up of debris in pipes or on sensors. Often, just the total flow from the 
station, or from each group of pumps, is measured. Pipe installations are often 
compromised in the interest of minimising civil costs. Conventional flow 
meters, either installed or strap-on, are likely to have an accuracy of 5 to 10%, 
and this will lead to corresponding errors in the pump efficiency and Energy / 
Quantity measurements. These errors are so large that the method is 
impracticable for accurate measurements of energy savings, or for pump 
refurbishment or system control decisions.  
 
Pumps operating in parallel need individual flow meters for continuous 
monitoring to be meaningful. 
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3. PUMP TESTING BY THE THERMODYNAMIC METHOD 
 
The modern thermodynamic method evolved primarily from work carried out 
by the National Engineering Laboratory and the University of Glasgow, in the 
UK, in the 1960‟s (1), and in parallel by Austin Whillier, at the Mining 
Research Laboratory in South Africa. International standards have been 
developed (2, 3). 
 
The theoretical background to the thermodynamic method is primarily in the 
public domain. The performance of an instrument employing this method is 
largely determined by the design, accuracy and stability of the temperature 
probes. 
 
The pump efficiency, ηp, is determined from changes in enthalpy (internal 
energy per unit mass), using temperature and pressure probes.  The 
calibration of these probes can be readily checked on-site. The uncertainty in 
ηp is primarily due to the uncertainty in differential temperature 
measurements. The flow rate, q, is determined from equation (1), rearranged: 
 
q = ηp.ME.PW / (ρ.g.H)   
 
Thus flow rate can be derived without the need for a separate flow meter. 
 
The thermodynamic method for determining pump efficiency relies primarily 
on the measurement of two parameters: (a) the differential temperature, dT, 
across the pump, and (b) the differential pressure, dp, across the pump. The 
pump efficiency, ηp, is the ratio of two changes in energy per unit mass, each 
comprising of enthalpy, kinetic energy, and gravitational terms.  
 
 ηp = EH/EM for pumps, where EH is the hydraulic energy per unit mass of fluid, 
and EM is the mechanical energy per unit mass. In the absence of minor 
corrections for the kinetic energy and gravitational terms, 
 
 EH = dp/ρ   and  EM = a.dp  +  cp.dT   where 
 
cp is the specific heat capacity at constant pressure (change of enthalpy with 
temperature at constant pressure);  
a is the isothermal coefficient (change of enthalpy with pressure at constant 
temperature); 
ρ is the fluid density, a function of fluid temperature and pressure.  
Data for these three parameters are obtained from tables in international 
standards. 
 
The thermodynamic method determines pump efficiency to a high accuracy, 
since it is essentially measuring losses. For example, suppose a pump is 80% 
efficient, and that both the conventional and thermodynamic methods had an 
error of 5% of the measurement quantity. Then the error in pump efficiency by 
the conventional technique would be 5%. However the error by the 
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thermodynamic method would be 1%, since the losses of 20% (100-80) are 
measured to 5% accuracy, and 5% of 20% is 1%. 
 
 
4. OPERATION NEAR THE BEST EFFICIENCY POINT (BEP) 
 

Operation near the BEP is relevant for both energy savings and reliability.  A 
pump is designed for a specific flow and pressure, and will have maximum 
efficiency at that design point, the BEP. Operation of the pump away from the 
BEP will reduce energy efficiency and reliability, and may cause mechanical 
damage. Recommendations vary somewhat, but pumps operate best when 
the flow rate is between 80 and 120% of the BEP flow rate. Some pump types 
might require a tighter specification, with the maximum recommended flow 
rate less than 110% of the BEP flow rate. The BEP is specified for a given 
motor speed and impeller trim diameter. 
 
When existing pumping systems are analyzed, it is frequently found that 
pumps are not being operated within manufacturer‟s guidelines.  
 
 

5. BEST OPERATING POINT (BOP) 
 

The best measure of energy costs for a pump is the Energy/ Quantity 
parameter (E/Q), i.e. the energy used to transport a unit quantity of fluid. The 
relationship between E/Q and pump efficiency, i.e. energy costs and reliability, 
can be visualized with the following real-life example (Figure 1). Convenient 
units for E/Q are kWh/kl (kilowatt-hours per kilolitre).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Relationship between Energy/ Quantity and Pump Efficiency 
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E/Q is shown on the left-hand Y-axis, and pump efficiency on the right-hand 
Y-axis. Also shown on the X-axis are the flow rates at the BEP, and 80% and 
120% of the BEP flow rates. 
 
We could select a Best Operating Point (BOP) as shown, at 120% of the BEP 
flow rate, where the flow rate is still within the reliability requirement, and E/Q 
is lowest. The cost of operating the pump at this point is given by 0.49 kWh/kl. 
In contrast, at the 80% of BEP flow rate, the cost is given by 0.65 kWh/kl. This 
is an increase of 29%, even within the bounds of the reliability requirement. 
 
Above 120% of the BEP flow rate, E/Q is still decreasing, but maintenance 
costs may increase rapidly. Below 80% of the BEP flow rate, both E/Q and 
maintenance costs will increase. 
 
The fact that the BEP is not necessarily the most energy-efficient operating 
point may seem surprising at first, but it is a natural consequence of the Pump 
Equation, and the fact that the pump head is lower at higher flow rates. 
Rearranging the Pump Equation, E/Q in the appropriate units is given by PW / 
q, since E = PW * time, and Q = q * time 
 
E/Q = PW / q  =  ρ.g.H / ηp.ME 

 
If H decreases faster than ηp, then PW / q also decreases. This equation 
shows that the only options for reducing energy costs per unit quantity are to 
reduce the operating head, or improve the pump or motor/drive efficiency.  
 
Consideration should also be given to minimising E by accurate measurement 
of the required Q. 
 
 
6. INSTRUMENTATION 
 
Robertson Technology thermodynamic pump monitors are available as either 
portable (P22P) or fixed (P22F) systems. Portable units are used for 
investigative work and regular monitoring. Fixed installations provide on-line 
predictive monitoring of critical and high power pumps, giving early warning of 
pumping problems and reduced risk of plant failure. They can be interfaced 
with pump scheduling software, which selects pump combinations to achieve 
the pumping requirement with lowest electricity costs. Remote viewing of data 
is another option. Fixed units were not a viable option prior to the 

development of CoolTip technology (4, 5, 6), as very stable differential 
temperature measurements, over long time periods, are a necessity. 
 
Each pump monitor has two temperature probes, two pressure probes, one 
power meter, and its‟ own software program. Multiple applications can run 
from the same computer. Figure 2 shows a schematic of a fixed pump 
monitor. Figures 3, 4, and 5 show temperature and pressure probes, and 
power meters, in a multiple pump fixed system. 
 



                                                                       ROBERTSON TECHNOLOGY PTY LTD 

© Robertson Technology Pty Ltd 2008 

 

 PUMP 

SUCTION PIPE 
DISCHARGE PIPE 

P1 P2 
T1 

T2 

T1,T2   TEMPERATURE 
             PROBES 
 
P1, P2  PRESSURE 
             PROBES 
 

   GATE VALVE 
 
            PROBE CABLE 
 
            1-PAIR CABLE 
 

  THERMOWELL 

COMPUTER 

POWER 
 METER 

STANDARD CONFIGURATION FOR P22F FIXED UNIT  

POWER AND DISTRI-
BUTION ENCLOSURE 

MAINS 
POWER 

RS 485 –USB 
INTERFACE 

RS 485 –USB 
INTERFACE 

 
  
 

 
 
 

Figure 2. Schematic of single fixed pump monitor 
 
 
 
 
Figure 3. Temperature probe in 
thermowell 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4. Pressure probe connected to               Figure 5. Power meters 
existing tapping point on pump flange 
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With portable units, the temperature and pressure measurements on each 
side of the pump can often use the same tapping point, using T-pieces (Figure 
6). 
 

 
 
Figure 6  Portable unit – Tapping point for temperature and pressure probes 
 
 
Power measurement for the portable unit uses clip-on current and voltage 
probes (Figure 7). 
 

 
Figure 7. Power measurement with portable unit 
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7. UNCERTAINTIES OF THE THERMODYNAMIC PUMP TEST METHOD 
 
For the instrument designer, the main challenge of the thermodynamic 
method is the stable and accurate measurement of dT, the differential 
temperature, which will vary with total head and pump efficiency. Low head 
pumps give lower differential temperatures. Pumps with lower efficiencies give 
higher differential temperatures. Temperatures are typically measured in 
millikelvin (mK), i.e. thousandths of a degree. 
 
Table 1 shows dT as a function of hydraulic efficiency and head, at a water 
temperature of 10 °C. The signal increases slightly with water temperature. 
Table 2 shows the effect on the efficiency measurement of an uncertainty in 
dT of 1 mK.  
 
Table 1.  dT (mK) at 10 °C 

Head, m of water   Hydraulic efficiency, % 

     70%   80%    90% 

        25 m     26 mK 16 mK   8 mK 

        50 m     53 mK 32 mK 16 mK 

      100 m   106 mK 64 mK 35 mK 

 
 
Table 2. % change in hydraulic efficiency, for a 1mK variation in dT, at 10°C 

Head, m of water Hydraulic efficiency, % 

   70%   80%   90% 

       25 m     1.2    1.4    1.5 

       50 m     0.6    0.6    0.8 

     100 m     0.3    0.3    0.4 

 
Robertson Technology Pty Ltd has developed technology for measuring the 
differential temperature (dT) across a pump to an accuracy of better than 
1mK, with long-term stability over periods of years. This technology has been 
applied to both portable and permanently installed (fixed) thermodynamic 
pump performance monitors, and has also been utilised for measurements 
with water turbines. 
 
Long-term tests on temperature probes in portable units have shown no 
change in dT within experimental error (<0.2 mK) over a four-year period. 
With fixed units, a continuous condition monitoring system fitted to 7 high 
power pumps (1-3 MW each) has shown similar stability over the 3 years 
since installation. 
 
For additional assurance of long-term stability, two temperature sensors are 
included in each temperature probe. The software detects any discrepancies 
between the two sensors, giving a warning if one of the sensors is drifting. 
 
Pressure probes are provided with in-built temperature sensors, to provide 
0.1% accuracy (relative to full-scale) over a wide fluid temperature range. 
These probes have a long-term stability of typically 0.1% of full scale per year. 
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Pump motor 

input power

kW

100% 

duty 

cycle

50% 

duty 

cycle

25% 

duty 

cycle

30 17 9 4

50 28 14 7

100 57 28 14

150 85 43 21

300 171 85 43

1000 569 285 142

Electricity costs per year, k£, 

based on 6.5 p per kWh

Electrical power to the pump motors is measured to an accuracy of 0.25%, 
plus errors in current and potential transformer ratios. 
 
Typical field accuracy for pump efficiency and flow rate measurements is 
shown in Tables 3 and 4 respectively. 
 

Head 20 m water 40 m water 70 m water 100 m water 

Pump efficiency 
(%) 

   Uncertainty in pump efficiency (%), at 95% confidence 
level 

           55         0.8        0.5         0.5         0.3 

           65         1.0        0.6         0.5         0.4 

           75         1.3        0.7         0.6         0.4 

           85         1.5        0.9         0.7         0.5 

Table 3. Uncertainty in pump efficiency measurements in typical field 
conditions 
 
 

Head 20 m water 40 m water 70 m water 100 m water 

Pump efficiency 
(%) 

       Uncertainty in flow rate (%), at 95% confidence level 

           55         0.9        0.6         0.6         0.5 

           65         1.1        0.7         0.6         0.5 

           75         1.4        0.8         0.7         0.6 

           85         1.6        1.0         0.8         0.6 

Table 4. Uncertainty in flow rate measurements in typical field conditions 
(excludes the error in any current or potential transformers used for power 
measurement, and errors in motor efficiency) 
 
 
8. ENERGY SAVINGS 
 
 

The electricity costs of running a pump, based on an industrial cost of 
electricity of £0.065 per kWh, are shown Table 5 below. The industrial cost of 
electricity is country and location dependent.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5 Cost of electricity for running a pump 
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The more accurately pump efficiency and flow rate are measured, the more 
accurate is the determination of potential energy savings, and payback 
periods for remedial work or pump replacement.  
 
 
9. IMPROVING PUMP EFFICIENCY 
 

Pump efficiency inevitably deteriorates as wear ring clearances open up, and 
flow passages become roughened by corrosion or erosion. The efficiency of a 
typical in-service water pump may fall by about 10 to 15% from its as-new 
condition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8 Illustrating reduction in pump efficiency with time 
 
Often missing from graphs of pump efficiency vs flow rate is a benchmark on-
site test, which should be performed whenever a new pump is installed. Field 
conditions will generally differ from those during a manufacturer‟s works test, 
and the benchmark provides the initial data for the accurate charting of pump 
performance with time. Pump manufacturers are now purchasing 
thermodynamic pump monitors to perform such tests, to assist their clients 
with the reduction of Life Cycle Costs. 
 
The pump user has the option of replacing the pump with a new one, or 
refurbishing the worn pump. The efficiency of the motor should also be 
considered, as new designs may have motor efficiency improvements. 
 
Generally, it is lower specific speed (i.e. high-head, low-flow) machines that 
are most susceptible to pump deterioration. Renewing the wear rings of a 
worn, high head pump can increase its efficiency by 5 to 6%. Impeller wear is 
a major factor with slurry pumps. 
 
Surface treatments and coatings, applied during pump refurbishment, can 
often be used to maintain and improve pump efficiency (Figure 9). Typically a 
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coating can improve the efficiency by 3% compared with an untreated pump. 
Improvements of up to 8% have been reported. Refurbished pumps may then 
have efficiencies higher than new pumps without coatings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9  Pump refurbishment with surface treatments and coatings 
 

Robertson‟s technology facilitates pump refurbishment by reputable service 
companies. They can use their P22 pump monitor to identify efficiency gains, 
whilst pre- and post refurbishment test results can be used to confirm the 
benefits. 
 
The cost of refurbishing a high power pump, with surface coatings, is typically 
£10,000 to £15,000. The payback period can only be accurately calculated if 
the loss in pump efficiency is also accurately known. In the following table, the 
efficiency loss is 10%, and  £15,000 per pump is assumed for refurbishment 
cost (the client is located in a remote part of the world and there were 
significant transportation costs). 
 

Pump 
type 

Electricity cost 
per year per 
pump, k£ 

Cost of 10% 
loss in pump 
efficiency, k£ 

Payback 
period 
(years) 

1 43 4 3.5 

2 632 63 0.2 

3 305 30 0.5 

4 123 12 1.2 

Table 6 Example of payback period for pump refurbishment 
 

The key point is that pump efficiency must be determined accurately 
(preferably within 1% or so) to make the decision to refurbish with confidence. 
In most situations, only the thermodynamic method will provide the necessary 
accuracy.  
 
Consider the alternative of making this decision using conventional 
flowmeters, with typical installed accuracies of +/-5% or more. The range of 
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possible pump efficiencies will be 10%. For example, if a new pump is 85% 
efficient, and the on-site efficiency measurement is 75 +/- 5%, the pump 
efficiency will be in the range 70 to 80%. The drop in pump efficiency since 
new will be somewhere between 5 and 15%, and there will be a 
corresponding uncertainty in the payback period. Uncertainty in motor and 
drive efficiency will give an additional error. 
 
Pumps can be cost-effectively refurbished to manufacturer‟s specifications, or 
even better. Refurbishment may also provide an opportunity to make even 
more energy savings by modifying pump performance to be a better match for 
the application, and by fitting a high efficiency motor. Depending on 
circumstances, of course, it may be more cost-effective to buy a new pump. 
 
 

10. CONTINUOUS MONITORING VS REGULAR TESTING 
 

A report for the European Commission (7) estimates that energy savings of 
about 10% are „pump-related‟, and can be obtained by optimum selection and 
maintenance of pumps, but that a further 30% could be obtained by 
improvements in „system-related‟ design and control. 
 
System-related measures include 

 accurate measurement of quantity pumped 

 pump selection and scheduling 

 ensuring operating pressure is maintained at the lowest acceptable value 

 use of variable speed or other controls, especially where there are varying   
     flow rate  or other pressure requirements 

 detecting and avoiding unintentional recirculation 

 detecting and avoiding cavitation 
 
The question arises, what improvement in energy savings could be achieved 
by accurate continuous condition monitoring with permanently installed 
thermodynamic pump performance monitors, compared with regular 
„snapshots‟ with a portable test meter? 
 
Whereas portable test meters are sufficient for identifying pump-related 
factors, continuous monitoring is advantageous for many system-related 
measures: 
 
Accurate measurement of flow rate and quantity 
 
The accurate flow rate and quantity measurements provided by continuous 
condition monitoring with thermodynamic flow meters will facilitate energy 
savings for many applications. An advantage of the thermodynamic method is 
that calibration can be checked on-site at any time with portable temperature, 
pressure, and power calibrators. In contrast, with any conventional flow meter, 
the only on-site test that could be accurate would be a volumetric check. 
Otherwise, reliance is made on a distant calibration at another time, under 
different test conditions. 
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Table 7 shows the cost in thousands of pounds (k£) of pumping 5% excess 
quantity per year, for a nominal flow rate of 1000 l/s, an overall pump and 
drive efficiency of 80%, and a cost of electricity of 6.5 p per kWh. 
 

   Head m   kWh/Ml        k £ 

  25   85   8.7 

  50 170 17.4 

100 340 34.8 

150 510 52.3 

 Table 7. Cost per year of 5% excess quantity pumped 
 
 
Pump selection and scheduling 
 
An example of the savings from simple pump scheduling is illustrated below. 
Continuous monitoring of pump efficiency over one year shows that Pump 2 
was 2.4 percentage points more efficient than Pump 1. 
 

 Present Overall 
Efficiency 

Pump 1 81.8% 

Pump 2 84.2% 

 
The cost saving for operation of the most efficient pump is as follows:  
 

 Power saving Yearly Energy 
saving # 

Cost saving per 
year (based on 
6.5 p per kWh) 

Pump 2 vs Pump 1 310 kW 2,715,600 kWh £176,500 

 
 
Cavitation 
 
Effects may not be apparent during „snapshot‟ measurements, being 
dependent on variable system parameters such as suction pressure and flow 
rate. Figure 10 illustrates an example of the onset of cavitation effects in a 
previously stable pump, due to operation at a flow rate significantly higher 
than the BEP flow rate. The efficiency and flow rate drop significantly. 
Similarly, the fall in head is shown in Figure 11. Power did not alter 
significantly. 
 
Changes in differential temperature and pressure corresponded to the above 
in accordance with thermodynamic theory, with 1 m reduction in head being 
equivalent to a rise in differential temperature of 0.0023 °C. 
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Figure 10. Unstable operation due to cavitation 
 

Figure 11. Effect on head of cavitation 
 

 
Recirculation 
 

With pumps in parallel, energy efficiency can be reduced by recirculation 
through a pump that is switched off but not properly isolated. This condition 
can be detected by a rise in the standard deviation of the suction temperature 
measurements of operating pumps, due to the mixing of two streams of water 
at somewhat different temperatures.  
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Figure 12.  Effect on fluid temperatures of recirculation in parallel pump 
system 
 
 
 

 

 

 
 
 
Figure 13.  Recirculation avoided 
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11. CONCLUSIONS 
 
Accurate on-site measurements of pump parameters can be made, using the 
thermodynamic method, without the need for inaccurate conventional flow 
meters.  
 
Payback periods for pump refurbishment can be accurately calculated. 
 
The operation and control of multi-pump pumping systems can be optimised, 
for maximum energy savings. 
 
Energy savings due to improvements in pumps and pumping systems are 
verified by accurate measurements before and after the improvements.  
 
Highest energy savings can be achieved by continuous condition monitoring. 
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