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ABSTRACT 

 

This paper presents the energy audit of a water network, which is obtained from the energy 

equation in integral form, and its time integration extended over a given period (day, month or 

year). The analysis allows accounting for all the energy in the system, showing that the energy 

balance is maintained. This balance allows can be used to obtain performance indicators to 

assess the system from the energetic point of view. From these indicators, it is possible to 

identify the improvement actions that will make the system more efficient. This energy audit 

requires a previous water balance and the mathematical model of the network, both of which are 

necessary to know the energy flows through the system’s boundaries.  
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INTRODUCTION 

Until recently, energy savings in the water industry were an operational issue, a pump efficiency 

matter, a process improvement or simply a management efficiency target (Lingireddy and 

Wood, 1998). However, due to the periodic energy crisis and the need to reduce greenhouse 

emissions, there is an increasing motivation to minimize energy requirements in sustainable 

water use (USDE, 2006). In any case, it is understandable that the degree of concern with a 

water utility in terms of energy efficiency will depend on the circumstances of the system. If 

water is obtained from a desalination plant, the required energy before coming into the system is 

at least 3.5 kWh/m3 (NRC, 2008), and the sensitivity to energy-related issues will thus be high. 

However, if the water source is natural and has high quality and no treatment costs, energy 

issues will become secondary. 

 

The present work will analyze in detail the distribution phase in water networks. Until now the 

analyses performed have consisted of dividing the energy paid (kWh), called hereafter shaft 

energy, by the volume of water delivered to users (m3). This ratio provides for this phase a 

global estimation of the energy costs per volume, a value that in California ranges from 0.18 to 

0.32 kWh/m3 (CEC, 2005). The example provided in this paper will show that such a range, 

pending more accurate data, is a valid reference. However, it is a global indicator and does not 

provide information about how that energy is used along the distribution process, which is the 

final objective of the energy audit presented here. 
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Pelli and Hitz (2000) establish the water-energy relationship in a system in an integral manner 

and propose two indicators: the infrastructure indicator and the quality indicator. This is an 

interesting practical approach that combines elements external to the network (such as the 

efficiency of pumps) but ignores the energy dissipated in friction losses (which depends not 

only on the consumed flow rate but also on the leakage level). This issue has already been 

considered by other authors, such as Colombo and Karney (2002), although their analysis does 

not include the whole network and, when it does, the analysis is particularized for a specific 

system (Colombo and Karney, 2005).  

 

This paper originates in the study of the energy equation and presents a complete audit of the 

distribution system contained within a control volume (which may be either the full network or 

a district metering area). In order to apply Reynolds’s transport equation to energy, the different 

flow terms at all boundaries need to be known. Therefore, a water audit and a calibrated model 

are required. In other words, the hydraulic problem must first be solved. Since water is 

incompressible, the mechanical and thermal equations are not coupled (White, 1974), and the 

energy problem can be solved after the hydraulic one. It must also be noted that the selected 

control volume will not include pumps. The hydraulic power that the pumps deliver is an 

external contribution, and their efficiency thus needs to be evaluated independently from the 

energy audit presented here. This is not the case of regulation valves, which, where present, 

should be considered part of the system, as they are within the control volume boundaries and 

influence the problem by increasing friction losses. 
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The most relevant novelty of the energy balance presented here is the assessment of the final 

uses of the energy injected to the system and, specifically, to the energy loss associated with 

leakage. Such an energy loss results from two different terms: one associated with the water 

leaking out of the network and another one related to the energy dissipated in friction losses due 

to the additional flow rate needed to compensate for the leakage while meeting demands. 

Performance indicators are later used to characterize the whole energy balance, allowing the 

assessment of the energy efficiency of the network as well as the influence of the energy losses 

in the optimum pipe renovation period (through a cost-benefit analysis).  

 

The global balances presented to date (Todini, 2000) do not explicitly assess the energy losses 

associated with leakage. In the current climate change scenario, the need to clearly establish the 

water-energy relationship justifies this work. 

 

GENERAL APPROACH TO THE PROBLEM 

The integral energy equation can be applied to a control volume with known amounts of water 

and energy flowing through its boundaries. This implies solving the water balance and the 

mathematical model of a system contained within a control volume defined at will. Its 

boundaries define which elements are external (contributing to the energy flow) or internal 

(storing or dissipating energy). To illustrate the difference between internal and external 

elements, the example here presented includes both types of elements, an external reservoir and 

an internal regulation tank. The pumps are external elements, providing shaft work, while 

service connections and leaks represent the exit control surface of the system. The mathematical 

model is necessary to quantify the energy flows (inherent to water flows) through the 
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boundaries. Figure 1 represents the control volume and the incoming and outgoing flows of 

energy.  

 

Compensation
tank

Control Volume

Reservoir
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tank

Control Volume

Reservoir

Pump

Energy through leaksFriction energyEnergy suplied to users  

FIGURE 1. WATER NETWORK AS A CONTROL VOLUME WITH THE TERMS OF THE ENERGY BALANCE 

 
By applying the energy equation (which is in fact a power balance) in its most general form to 

the control volume, Equation (1) is obtained: 
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where dtdE represents the energy exchange per time unit (sum of the heat exchange, t
Q
∂

∂ , and 

the work, t
W

∂
∂ ),  represents the total energy per mass unit and ρ represents the fluid density. 

Developing the unit energy term, Equation (2), which is better suited to our application, can be 

obtained: 
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Equation 2 can be simplified, given the following assumptions: 
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1. Water is incompressible and thus ρ constant. 

2. The heat flow through the boundaries is zero ( tQ ∂∂ =0), a reasonable hypothesis for this 

application. In fact, this is a very complex problem under research (Burch and 

Christensen, 2007) but it does not affect the final result of the audit. With no heat 

transfer, friction will slightly increase the temperature of the flowing water.  

3. The shaft work, , is supplied by pumps (shaftW tWshaft ∂∂  = ). ∑
Pn

i
PiPiHQγ

4. The kinetic term ( 22v ) is neglected as in most network analyses. 

5. The performed energy analysis is quasi-static with an extended period integration. In 

each calculation interval, the energy inside the control volume is constant as far as pipes 

are concerned, while the energy stored by internal tanks can change.  

6. The flow is uniform at the boundaries. 

 

Under these conditions, the energy equation becomes Equation (3): 
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Typical boundary elements of water networks are reservoirs, tanks and pumps (Rossman, 2000). 

The energy contribution of the reservoirs, which are external to the system, depends on their 

head. From the audit’s point of view, it is a “natural” energy compared to the “artificial” energy 

provided by pumps (shaft work). A tank’s contribution is also natural, although its elevation is 

variable with time. As for the energy flows exiting through the nodes, the energy is reflected in 

the piezometric head. For a generic outlet, the (demand) node (i) is OiOiOi zPH += γ . This value is 

dependent on the system’s reference for elevations. The location of the origin influences the 
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final value of the energy indicators. It is advisable to use as the origin of the reference system, 

z=0, the lowest node of the system.  

 

From the previous considerations, for a system fed from  reservoirs (constant head) 

supplying  network outlet nodes, with  pumping stations providing energy to the system, 

and with  compensation tanks, Equation (4) is obtained: 

Nn
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The preceding power balance, which refers to the whole system, is similar to the energy balance 

in Bernoulli’s equation, as applied to the ends of a pipe:  

 

− The “natural” power supplied provided by reservoirs and tanks is = .  NP ∑
Nn

i
NiNi HQγ

− The “artificial” power provided by pumps is = .  PP ∑
Pn

i
PiPi HQγ

− The total power supplied, , comprises both. 0P

− The term ∑  is the exit power through the network outlet nodes, the sum of the 

power delivered to users (useful power ) and the power losses resulting from leakage 

( ).  

n

i
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− The term  is the variation of the internal energy of water with time. 

With no heat exchange, the increase of internal energy with time is equal to friction 

losses ( ). 
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− The term ∫ ∫ ∫ ∀
∂
∂

CV zd
t

γ = =  is the change with time (negative or positive) of the 

potential energy in the  tanks belonging the system.  

Ci
n

i
P

C
∑± CP±

Cn

 

Equation (4) can be expressed in a more compact manner as Equation (5): 

. 

CFLUPN PPPPPP ±++=+          (5) 

This equation states that the power supplied to the network is equal to the power delivered to the 

users plus the power losses (leakage and mechanical friction), a balance finally adjusted by the 

compensation term, provided by the tank inside the system. This compensation term becomes 

less relevant as the integration period increases. The new audit also allows separating the 

internal power (Todini, 2000) in its two terms (PL and PF) while also considering PC. 

EXTENDED PERIOD INTEGRATION OF THE ENERGY EQUATION 

Equation (5) can be integrated through time in a process analogous to the one followed to 

simulate the hydraulic behavior of a water network with time. The integration converts the 

power terms into energy terms. The adopted notation is shown in Figure 2.  

 

Node i Node i+1

)()( klikui tqtq + )()( 11 klikui tqtq ++ +

)( ki tH )(1 ki tH +

)()()( kljkujkj tqtqtq +=
Node i Node i+1

)()( klikui tqtq + )()( 11 klikui tqtq ++ +

)( ki tH )(1 ki tH +

)()()( kljkujkj tqtqtq +=

 

FIGURE 2. NOTATION USED TO INTEGRATE THE ENERGY EQUATION 

 
)( kui tq ,  supplied and leakage flow rate delivered in node i at time . )( kli tq kt

)( kuj tq ,  supplied and leakage flow rate circulating in line j at time . )( klj tq kt

)( ki tH , piezometric head in node i at time . kt
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The energies resulting from the integration of Equation (5) for a simulation period totaling time 

 are listed in Table 1. pt

TABLE 1. ENERGIES INVOLVED IN THE AUDIT 

Energy Notation 

Natural energy (supplied by external sources) )( pN tE  
Shaft energy (supplied by pumps) )( pP tE  

Useful energy delivered to users  )( pU tE  
Leakage energy losses  )( pL tE  
Friction energy losses )( pF tE  
Compensation energy (associated with internal system tanks) )( pC tE  

 
The difference between natural and shaft energy makes plenty of sense. When water comes into 

the distribution system, it has its own previously acquired energy footprint (take for instance the 

transport and treatment energy consumption in kWh/m3). In the distribution phase, the natural 

energy does not modify this footprint, while the shaft energy is included as a new term. 

 

Input energy supplied by the reservoir 

The external energy, supplied by reservoirs or external tanks, is 

, where ttHtQtE
N pk

k
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)()()( γ γ  is the specific weight of water,  is the flow 

rate supplied at the time ,  is the piezometric head at time , and  is the considered 

time interval of integration. In order to perform the analysis in an extended period, it is 

necessary to add the different  intervals included in that period ( ).  

)( kN tQ

kt )( kN tH kt t∆

in tnt ip ∆⋅=
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If the head of the external sources is constant, the same equation can be simplified resulting 

in , with  being the volume supplied by reservoir  during the whole 

analysis period and  the piezometric head of water in that reservoir. This equation reflects 

the incoming natural energy into the system. 

∑ ⋅∀⋅=
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i
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Energy supplied by pumping stations (shaft work) 

The shaft work supplied by pumps is , where  is the 

flow rate pumped by station  at time  and  is the head of the pump. This calculation 

needs to be done for all  pumping stations that supply shaft work at the different time 

instants . 
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Energy supplied to users 

The useful energy delivered to the customers is , where the 

number of demand nodes is . 
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Outgoing energy through leaks 

Leaks in mathematical models are concentrated in demand nodes and behave as a pressure-

driven demand. Although in the audit they appear as lost energy, they are modeled as energy 

leaving the system, which is formally analogous to the energy delivered to users: 
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Friction energy  

The energy dissipated in the system due to friction is 

 where  is the number of lines of the network and 

 the friction losses in line  at time  (known from the mathematical model of the 

network). 
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The flow rate in line , Figure 2, is . This equation shows that the leaked 

flow rate (flows through the network before leaking out) generates additional friction losses. 

The energy audit will determine the value of this additional energy by simulating the network’s 

behavior with and without leaks. Representing a global balance for the whole water distribution 

network and not divided in lines, the individual values,  and remain unknown, 

although for this analysis, this fact bears little relevance. 

j )()()( kljkujkj tqtqtq +=

)( kuj tq )( klj tq

 

Energy compensation of the downstream tank 

Many networks have a compensation tank to accumulate water during low consumption hours 

while releasing it in peak hours. These tanks belong to the system. However, the net flow of 

water and energy in one of these tanks, when integrated through a long enough period, is zero, 

and so is their contribution to the long-term analysis. During normal operation, with shorter 

periods, the tanks can be considered mass and energy sources and sinks and must be included in 

the audit.  
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The variation of potential energy stored in tanks of constant section for a given period of time is 

( ) ( )( )∑ −⋅⋅=∑ −=∆
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compensation tank  and ,  the levels of the free surface of water of tank  at the 

initial and final times. The maximum variation of this energy, , obviously corresponds to 

total oscillation between empty and full tanks of the whole system.  
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GLOBAL ENERGY BALANCE  

The energy balance for a given period is the result of integrating Equation (4) over time (energy 

results from integrating power with time). These energies (except the compensation term) enter 

or exit the system or, otherwise, are dissipated. This enables the derivation of Equation (6):  
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Developing the terms results in Equation (7). 
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The aforementioned compensation term is only relevant in short-term simulations. The 

threshold value, , separating the short term from the long term is established by imposing that 

the maximum compensation energy is only a small percentage of the system energy input 

( ). For a 1% value, this threshold is: 

Bpt ,

InputE

)(·
)( max,

,
dailyE

E
dayst

Input

c
Tp

100
1

∆
=

.

         (8) 

 

Therefore, if the energy audit is assessed annually, the compensation term may be withdrawn, 

and Equation (6) becomes Equation (9). Table 2 summarizes a long-term audit: 

 

)()()()()()()()( pDissipatedpOutputpFpLpUpPpNpInput tEtEtEtEtEtEtEtE +=++=+= .   (9) 

 

TABLE 2. ENERGY BALANCE FOR A DRINKING WATER NETWORK ON THE LONG TERM 

)( pU tE  
(energy delivered to users) 

)( pN tE  
(natural input energy) 

)( pL tE  
(outgoing energy through leaks) 

)( pOutput tE  
)( pInput tE

 
)( pP tE  

(shaft input energy) 
)( pF tE  

(friction energy) 
)( pDissipated tE  
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BASIC ENERGY INDICATORS 

Energy indicators have traditionally been expressed in kWh/m3 as the ratio between the billed 

shaft work and the metered volume. The indicators proposed here provide an overall and 

intuitive assessment of the system and have sense mostly in the long term. The piezometric 

heads are set to the lowest node, which is taken as the z=0 reference, a criterion that affects the 

values of the indicators (as all the analysis is carried out by means of piezometric heads) 

deeming impossible the comparison with other systems.  

 

Context information 

Each system is, from an energetic point of view, different. The network can be flat or hilly, and 

it may or may not require intermediate pumping stations. It is obvious that a system supplied 

from a source located at a higher point represents an ideal situation, as it needs no pumping at 

all. The opposite case is a system supplied from groundwater where every cubic meter requires 

a significant amount of energy before it reaches users. The difference in context between these 

two situations is covered by the first “context indicator”  (formally, it cannot be considered 

context information - see the definition in Alegre et al. 2006 - as it may slightly change 

depending on leakage or friction, but in our experience, it is a constant enough value and 

provides valuable context data to compare utilities).  (Table 3) shows which portion of the 

energy delivered to the system is natural and ranges from 0 to 1, with the maximum being 

reached when all the injected energy is gravitational, being provided by a high water source.  

1C

1C
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The second context information item , Table 3, takes into account how demanding from an 

energy point of view the network is. As the ratio between the minimum useful energy  

defined in each node from the minimum required head ( ) and a theoretical 

minimum required energy (for a flat, leak free and frictionless network) . Since this ideal 

network corresponds to a flat layout with all nodes located at the same maximum height z

2C

usefulEmin,

γ/, MíniiMín Pzh +=

flatEmin,

max, 

the best possible value of  is one. 2C

 

TABLE 3. CONTEXT INFORMATION 

1C
Energy nature 

2C  
Network energy requirement 
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Efficiency indicators 

As defined in the IWA manual of performance indicators (Alegre et al., 2006) the context 

information items provided above are useful for characterizing the system. However, they 

cannot be changed by management decisions and thus should not be used to measure how well 

the system is managed. In order to perform such an analysis, five performance indicators are 

proposed (Table 4): 
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TABLE 4. ENERGY EFFICIENCY INDICATORS 

1I
Excess of supplied energy 

2I  
Network energy efficiency 

3I  
Energy dissipated through friction 

∑ ⋅
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− The first indicator, , is the ratio between the real energy entering the system and the 

minimum useful energy.  

1I

 

− , is a measure of the efficiency of the use of the energy injected to the system (which 

fraction of the total energy input is useful).  

2I

 

−  represents the hydraulic capacity of the network. A higher value indicates lower 

efficiency. Although this can be brought to values very close to zero, eliminating friction 

losses implies a very costly design. Target values depend on a balance between 

investment and running costs.  

3I

 

− The fourth indicator, , measures the energy loss due to leakage, which results from the 

sum of energy loss through leaked water  and the additional energy required to 

overcome friction with the increased flow rate needed to overcome leakage (difference 

between the actual energy dissipated in friction losses  and the value of friction 

losses in a leak-free network, ).  

4I

)( pL tE

)( pF tE

)('
pF tE
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− Finally, , is the direct ratio between the energy delivered to users and the minimum 

required useful energy. It is a network-level indicator that averages the overall condition 

of the system but may leave sector performance unnoticed (the average condition may 

be good while some sectors are performing poorly). At a first glance,  can be 

interpreted as follows: 

5I

5I

 

5I  <1 shows that average pressure levels are insufficient and below standards. The 

minimum value for a given network appears when water is delivered to users by 

means of underground tanks located in users’ households. The supply pressure 

would then be atmospheric and the numerator of  equal to:  5I ∑ ∆⋅⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
∑ ⋅⋅

=

=

=

=

ni

i

tt

tt
ikui tztq

pk

k1 1

)(γ

 

5I  >1 is the most common case. The pressure is kept above the service standards. A 

value closer to 1 indicates greater efficiency in meeting them. On the other hand, 

such an excess of potentially recoverable energy depends mainly on the minimum 

excess pressure value ∆pmin (the minimum value for all nodes and all simulation 

intervals of the difference between the real pressure and the minimum allowable 

value pservice – pmin). However, the actual possibility of recovering such energy 

greatly depends of the characteristics and operation of the network. Another 

possibility is that even when  >1, some node may not satisfy the pressure standard, 

in which case ∆p

5I

min would be negative. 
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NUMERICAL EXAMPLE 

To illustrate both the energy audit and the use of the proposed indicators, a numerical example 

is presented. As water balances are usually assessed in coincidence with meter-reading periods 

(month, trimester or year) usually the audits will be assessed over the long term.  

 

Basic data 

Figure 3 shows the network layout while Table 5 shows the node and line data. Node 33, which 

is the lowest point in the network, becomes the origin for elevations and all other values are 

given in reference to this elevation. The simulations were carried out using the EPANET 2.0 

toolkit.  

 

Reservoir
9

111

11 12 13

21 22 23

31 32 33

10 11 12
1

21 22

31 32

Pump

121

121

122

113

123

Tank10

Reservoir
9

111

1111 1212 1313

2121 2222 2323

3131 3232 3333

10 11 12
1

21 22

31 32

Pump

121

121

122

113

123

Tank1010

 

FIGURE 3. GENERAL LAYOUT OF THE NETWORK 
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TABLE 5. LINE AND NODE DATA 

Line Length (km) 
Diameter 

(mm) Node 
Base 

demand 
(l/s) 

Elevation 
(m) 

Emitter 
coefficient 

(m3-α/s) 
10 2 400 Node 10 0 5.8 0.002611285 
11 2 300 Node 11 5 5.8 0.010445142 
12 2 350 Node 12 5 4 0.010445142 
21 2 200 Node 13 3 2 0.010445142 
22 2 200 Node 21 5 4 0.013056427 
31 2 200 Node 22 6.5 2 0.015667712 

111 4 200 Node 23 5 0 0.013056427 
112 4 250 Node 31 3 4 0.007833856 
113 4 300 Node 32 3 5 0.010445142 
121 4 200 Node 33 3 0 0.007833856 
122 4 200 Reservoir - 25 - 
123 4 200 Tank - 32 - 
32 2 200     
1 2 400     

 

TABLE 6. HOURLY COEFFICIENTS OF WATER DEMAND MODULATION 

Time 1 2 3 4 5 6 7 8 9 10 11 12 
Coefficient 0.6 0.5 0.45 0.45 0.5 0.5 0.9 1.3 1.4 1.1 1.5 1.4 
Time 13 14 15 16 17 18 19 20 21 22 23 24 
Coefficient 1.4 1.45 1.45 1.3 1.2 1.2 1.1 1.1 1.2 1.1 0.9 0.7 

 
The pipe roughness is 0.1mm. The diameter of the compensation tank is 20 m, and its level 

oscillates between 2.5 m (initial value for the simulation) and 7 m (maximum value). The 

minimum node pressure (22 mcw) is maintained by a pump (characteristic 

curve: ). The pump starts and stops when the water level reaches the limits 

in the tank. The two simulation periods correspond to one day for the short term and one year 

for the long term, a value clearly above the “long-term” threshold ( in our example, as shown 

later, 

200364603393 QH ⋅−= ..

Tpt ,  = 16 days). 
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The initial annual water audit (apparent losses are included in the delivered water) is: 

 

 Injected water: = 1.743 hm)( pN t∀
3/year. 

 Delivered water: = 1.214 hm)( pU t∀
3/year. 

 Real losses: = 0.529 hm)( pL t∀
3/year. 

 

Both the total user demand and the hourly modulation coefficients are constant along the year. 

Table 6. 

 

The leakage flow rates at the nodes are determined supposing that they are proportional both to 

the pressure in the node (pressure driven demand) and to the length of the pipes linked to it 

(uniform distribution). Additionally, the continuity equation needs to be fulfilled (and therefore 

the sum of all volumes leaked through the nodes must be in accordance with the water audit 

results). Each nodal leak is characterized through the corresponding emitter, which is adjusted 

by successive approximations in a quick convergence method described in Almandoz et al. 

(2005). The characteristics of the emitters follow the EPANET model [ ]α)()( , kiiEkli tHCtq ∆⋅=  

(Rossman, 2000), where (miEC ,
3-α/s) is the coefficient assigned to each node, (m) the 

pressure variation through the leak and 

)( ki tH∆

α =1.2 the emitter exponent that models the 

characteristics of the pipe material. The resulting emitters’ coefficients are also depicted in 

Table 5.  
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Results 

Table 7 shows the results of the four analyzed cases. They correspond to daily and annual 

simulations for both an ideal network (no leaks) and a real network. While the first period can 

be considered a short one, the second qualifies as a long-term simulation, with a period much 

longer than the 16 days required by Equation (8), as the input energy is = 1364.41 

kWh/day and the maximum variation in the compensation tank is = 218.62 kWh. The 

hydraulic time step used to calculate the simulations is 1 minute for the short-term simulations 

and 15 minutes for the long-term ones. 

=Tpt , )( pinput tE

max,cE∆

 

TABLE 7. ENERGY BALANCE (ALL CASES PRESENTED)  

 
Real network 

 
Ideal network (no leaks) 

Energy  Short Term 
 

(kWh/day) 
Tpp tt ,<

Long Term 
 

(MWh/year) 
Tpp tt ,>

Short Term 
 

(kWh/day) 
Tpp tt ,<

Long Term 
 

(MWh/year) 
Tpp tt ,>

)( pN tE  386.66 (28.3%) 118.75 (28.7%) 322.52 (27.3%) 82.79 (27.7%) 
)( pInput tE  

)( pP tE  977.75 (71.7%) 294.76 (71.3%) 857.95 (72.7%) 215.60 (72.3%) 

)( pU tE  453.20 (33.2%) 169.13 (40.9%) 501.71 (42.5%) 179.73 (60.2%) 

)( pL tE  232.67 (17.1%) 77.53 (18.8%) - (0%) - (0%) )( pOutput tE  

)( pC tE∆  128.87 (9.4%)  0.17 (0.0%) 217.28 (18.4%)  0.20 (0.1%) 

)( pDissipated tE  )( pF tE  549.84 (40.3%) 166.86 (40.4%) 461.12 (39.1%) 118.63 (39.8%) 

 
The theoretical energies, defined as  and , are equal to 219.67 kWh/day 

(80.18 MWh/year) and 199.42 kWh/day (72.79 MWh/year), values that correspond to an almost 

flat network. Additionally, the results in Table 7 show that: 

usefulEmin, flatEmin,

 

 In a leak-free network, there are additional advantages to the obvious energy input 

savings (1180.47 kWh/day versus 1364.41 kWh/day). Additionally, the network 

performance is clearly improved. This is shown by the amount of energy received by 
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users (501.71 kWh/day versus 453.20 kWh/day) with all of the improvement 

possibilities that come with it. The leak-free system involves a higher value of , 

revealing to what extent leakage consumed extra capacity already existing in the system, 

and that such extra capacity is an opportunity for further improvement in energy 

performance by reducing pumping output to curtail unnecessary surplus pressure at the 

delivery points. It also reveals a better situation for future network expansions. 

Quantifying these improvements delivers the ∆pmin value, which for a leaking network 

is 1.05 m.c.w. for the short-term simulation and 0.21 m.c.w. for the long-term one. The 

values increase to 6.85 m.c.a. and 6.69 m.c.a., respectively, in the case of a leak-free 

network. These minimum values are registered when the network input point is the 

compensation tank in node 31. The partial or total recovery of these energy surpluses 

requires the optimization of the operating conditions of the network. 

5I

 

 The energy loss associated with leaks (which is lost directly through them) is 232.67 

kWh/day, but the total energy loss is larger when the additional friction losses are 

considered (the difference between the 549.84 kWh/day and the 461.48 kWh/day of the 

leak free network). This brings the total daily savings to 321.03 kWh/day (which 

represents 27.2% of the total energy in use). 

 

 If percentages are taken into account, the audit shows that while there is little variation in 

the input energy, there are great differences when considering the energy delivered to 

users. The differences observed between the two scenarios are to a great extent due to 

the significant participation in the short term of the compensation energy in the tank. 
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 The energy dissipated in friction losses =166.86 MWh/year is equal to the 

increment in internal energy of  provided that no heat is 

exchanged. Under these conditions, the water temperature increases by 0.08ºC on 

average (being ρ=1000 kg/m

)( pF tE

)( pF
ni

i
NiNi

ni

i
OiOi tEuQuQ

N
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∑−∑⋅
=

=

=

= 11
ρ

3, =4180 J/kg/K and ). pC TCu p ∆⋅=∆

 

Energy assessment of the network with the new indicators  

The aforementioned indicators defined can help to assess, compare and improve the energy 

efficiency of different networks. They can be calculated with the results of both short-term and 

long-term energy audits, although short-term analyses may create distortions in the indicators’ 

values. 

 

Utilities often use the shaft energy per volume indicator (kWh/m3), which can be referred to for 

both injected and consumed volumes. However, when the objective is to assess the energy 

efficiency, it makes sense to use the delivered volume as a denominator, for it is the ultimate 

goal of the utility (i.e., to provide users with a certain volume of water). This can clearly be seen 

when comparing both possibilities in our example. For the ideal network, both volumes are the 

same, and so are the indicator values (0.17 kWh/m3). In the real network, the values are 0.17 

kWh/m3 when referring to the injected volume and 0.24 kWh/m3 when referring to the delivered 

volume. It must thus be underlined that if the energy intensity of injected water is calculated, a 

leaking network would appear to be as energy efficient as a leak-free one (0.17 kWh/m3 in both 

cases). When the comparison is carried out taking into account the delivered volume, the 

absence of leaks becomes a clear energy advantage (0.17 vs. 0.24 kWh/m3). 

 

- 23 - 



Energy Audit of water networks 

Utilities become sensitive to this indicator, as their energy sources are becoming more 

expensive. Although full gravity-driven systems would not feel the urgency to account for this 

indicator, as the energy they use appears 'free', within a broader context of resource scarcity, 

higher water and energy prices, and the pressure any future climate change might place on 

these, opportunities for recovering existing capacity become more relevant, and the opportunity 

cost of energy inefficiency more apparent.  The possibility of employing micro-turbines to 

recapture energy in cases where chronic dissipation would otherwise be the norm ought to be 

entertained when feasible. 

 

Table 8 presents for both scenarios the value of the new energy indicators assessed with the 

results of annual audits. All of them improve as leaks disappear. In the case of  this is due to 

the increase of useful energy delivered to users. Especially remarkable is the improvement of , 

although it comes as no surprise, as this indicator is closely related to leakage values. 

5I

4I

 

TABLE 8. ENERGY INDICATORS  

 1C  2C  1I  2I  3I  4I  5I  

Real network 0.28 1.10 5.16 0.41 0.40 0.30 2.11 
Ideal network 0.28 1.10 3.72 0.60 0.40 0.00 2.24 

 
Context information, as expected, is independent of the state of the network (such is the 

condition to be considered context, Alegre et al. 2006). The first context information item shows 

that less than 30% of the injected energy is natural. 2C . with a value close to 1, indicates that the 

network is quite flat.  

 

The first indicator  shows that the input energy of the network is more than 5 times the 

minimum amount of energy necessary to supply the service, leaving significant room for 

improvement. As a matter of fact, when leakage disappears, this indicator is brought down to 

1I
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3.72. Additional strategies to improve this indicator could include re-designing the network 

diameters to reduce friction losses or installing variable-speed pumps to better adjust to pressure 

requirements. 

 

2I  shows which percentage of the energy is delivered to the users (41% in the real network). 

This leaves 59% of the energy being lost through either leakage or friction. In a leakage-free 

scenario, the value reaches 60% (representing an almost 50% improvement). 

 

The third indicator shows how much energy is used to overcome friction in pipes. In this case, a 

value this high (40%) indicates that the length of the network is very significant, the diameters 

are tight, or a combination of both factors. The value is the same for both scenarios, which is 

understandable in a leak-free situation, as the friction energy is reduced, but so is the input 

energy. In any case, a value of 40% is high enough to trigger the substitution of key pipes with 

larger ones. 

 

Of all the indicators, 4I  is probably the most innovative one. It shows which fraction of the 

energy entering the system is lost due to leakage. A deeper analysis could include energy use 

outside the distribution stage, and it could take into account, for instance, whether water comes 

from a desalination plant or from a surface source. In other words, such an analysis would 

require accounting for the water energy footprints corresponding to all other stages previous to 

distribution (from abstraction to bulk transport). 

 

Finally,  shows the excess of energy delivered to users, that is, the surplus of energy delivered 

on top of the minimum energy required to meet the pressure standards. The value of this 

5I
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indicator can be improved by means of regulation elements such as valves or variable-speed 

pumps. 

 

This performance assessment system is a useful tool to determine the optimal strategies to 

improve the energy management of the system. The indicators are also useful for assessing the 

potential for improvement.  

 

CONCLUSIONS 

Until a decade ago, the most relevant aspect of the water-energy relationship was hydroelectric 

production. Today, the focus has shifted towards water as an energy-consuming agent. This new 

perspective has turned water distribution into a very relevant stage and has brought attention not 

only on how much energy is consumed but also on how that energy is used. A proper 

assessment of how much energy is wasted as a result of network leakage is the main aim of this 

paper. Such energy loss results not only from the energy leaving the system through leaks 

(which can be quite significant depending on the energy footprint of the produced water, e.g., 

desalinated water) but also the energy needed to overcome additional friction losses created by 

higher circulating flow rates through the pipes. 

 

The audit presented in this work can be used to identify the end uses of the energy entering the 

network and thus to define a performance assessment system that characterizes the network 

from an energy perspective through context information items and evaluates its energetic 

performance. The energy audit approach can also be supplemented with water and energy price 

information, as well as estimates of carbon and GHG impacts for the sources and amounts of 

energy use, in order to form part of a more holistic evaluation of system performance 

improvement options, such as might be undertaken in a cost-benefit analysis framework. As a 

- 26 - 



Energy Audit of water networks 

matter of fact, these tools could easily be used from a regulatory or administrative perspective to 

create incentives for a more efficient use of energy in water distribution. The energy audit, like 

associated indicators, requires a previous water audit and that both of them are applied in similar 

conditions (either to the whole network or a sector). The energy audit can be extended to any 

period of time, but as the water balance is usually available for a year, the audit should cover the 

same period.  

 

The energy audit is carried out with a simple but lengthy calculation process, manipulating 

EPANET result files. The software is not able by itself to calculate the suggested indicators. 

Should EPANET incorporate this option, the energy audit of the system would become an 

instant tool available for all technical network managers. 
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NOTATION 

iA  Section of the  tank i

iEC ,  Emitter coefficient at node i. 

pC  Specific heat of water 

1C  Energy nature coming into the system 

2C  Energy management complexity of the network (context information) 

e  Energy per mass unit 

)( 1tE
iC  Energy compensation of the tank i at the initial time of a simulation 

)( pC tE
i

 Energy compensation of the tank i at the final time of a simulation 

)( pDissipated tE  Energy losses due to friction for the simulation period  

)( pF tE  Friction energy for the simulation period 

)('
pF tE  Friction energy in a leak-free network 

)( pInput tE  Input energy for the simulation period 

)( pL tE  Energy through leaks for the simulation period 

usefulEmin,  Minimum useful energy needed in a frictionless, leak-free network served with the minimum required 

pressure.  

flatEmin,  Minimum theoretical energy needed in an ideal network, frictionless, leak-free and flat.  

)( pN tE  Energy supplied by the reservoirs for the simulation period 

)( pOutput tE  Output energy for the simulation period 

)( pP tE  Energy supplied by pumping stations for the simulation period 

)( pU tE  Energy supplied to users for the simulation period 

iMinh )(  Minimum required piezometric head at node  i

)( ki tH  Piezometric head at node  at time interval  i kt

)( kNi tH  Piezometric head at the reservoir i  at time interval  kt
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)( kPi tH  Piezometric head of the I pump at time interval  kt

NiH  Piezometric head of water at reservoir,  )( kNiNi tHH =

1I  – Excess of supplied energy (performance indicator) 

2I  – Network energy efficiency (performance indicator) 

3I  – Energy dissipated through friction (performance indicator) 

4I  - Leakage energy (performance indicator) 

5I  – Standards compliance (performance indicator) 

n  Number of demand nodes of the network  

Cn  Number of compensation tanks of the network  

in  Number of time intervals ( ) tnt ip ∆⋅=

Ln  Number of pipes of the network  

Nn  Number of reservoirs 

Pn  Number of pumps 

CP  Power supplied by compensation tanks  

FP  Power required to overcome friction losses  

LP  Power lost through leaks 

NP  Power provided by reservoirs 

0P  Total power supplied 

PP  Power provided by pumps 

UP  Power delivered to users 

γ
)( ki tP  Pressure at node  at time interval  i kt

γ
MinP  Minimum pressure required by standards at any node and any time 

)( kj tq  Flow rate at line  at time interval  j kt

)( kli tq  Leakage flow rate at node  at time interval  i kt

)( klj tq  Leakage flow rate at line  at time interval  j kt
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)( kui tq  Consumed flow rate at node  at time interval  i kt

)( kuj tq  Consumed flow rate at line j  at time interval  kt

Q  Heat exchange at the control volume 

)( kNi tQ  Flow rate supplied by reservoir i  at time interval  kt

)( kPi tQ  Flow rate supplied by pumping station i  at time interval  kt

kt  Time interval of the steady state simulation 

pt Total time of simulation (long or short) 

Tpt ,  Short-term/ long-term time threshold (days)  
u  Internal energy per mass unit 

)( pL t∀  Total leakage volume for the simulation period 

)( pN t∀  Total volume injected for the simulation period 

)( pU t∀  Total volume consumed by users for the simulation period 

)t( pi,uυ Total demand of node i during the simulation period  pt

W  Work Exchange at the control volume 

iz  Elevation of node i  

)( 1tzi  Water level in the compensation tank i  at the initial time of a simulation 

)( pi tz  Water level in the compensation tank i  at the final time of a simulation 

α Emitter exponent 

γ  Specific weight of water 

)( pC tE∆  Total variation of the energy compensation of the tanks (from  to ). =  1t pt )( pC tE∆ )( ponCompensati tE∆

maxCE∆  Maximum compensation energy of the tank 

)( kj th∆  Friction losses in line  at time interval  j kt

minp∆  Excess pressure minimum value (for all nodes and simulations) calculated as the minimum difference 

between the real pressure and the minimum required pressure.  

t∆  Time interval of integration ( ) kk ttt −=∆ +1

ρ  Density of water 
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