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Abstract: Reducing water loss from water supply systems is often regarded as one of the most
important ways to improve the resource efficiency of water supply services. However, the costs and
impacts of water loss reduction efforts need to be weighed against the benefits to define the optimal
water loss target level. To this end, we conducted a cost–benefit analysis of three investment-based
leakage reduction methods: district metering, pressure reduction, and pipe renovations. Furthermore,
we conducted uncertainty and sensitivity analysis to determine the most relevant data for leakage
analysis and policymaking on a national level. The results indicate that water loss management might
not be directly cost-beneficial to utilities operating with moderate leakage levels. Neither leakage
percentage nor the Infrastructure Leakage Index (ILI) were suitable for leakage target setting for the
Finnish utilities. The costs of investing in district metering or renovations were the most influential
factors in the sensitivity analysis, but the results showed that the estimated values were sufficiently
accurate for assessing leakage policies.
Keywords: water loss; leakage reduction; infrastructure leakage index; economic level of leakage;
district metering; pressure reduction; renovations

1. Introduction
Reducing water loss is one of the most important ways to improve the resource efficiency of
water supply services. Globally, water loss amounts to 126 billion cubic meters per year (expressed as
non-revenue water) with an estimated value of USD 39 billion per year [1]. Besides the societal and
environmental issues of water scarcity, water availability, and energy consumption, leakage in water
distribution systems can cause technical problems for the water providers. A high level of leakage is
usually linked with aged infrastructure, and thus it is linked with a higher rate of pipe bursts. Bursts
and leaks in the network affect its reliability, service continuity, and risk of contamination. Moreover,
operating and modeling the network accurately and reliably is more difficult if there is a lot of leakage.
Water loss from water supply networks is often classified as background leakage and leakage
from bursts [2]. The background leakage typically includes flow from deficient joints and small defects
in the pipe walls, while the burst-related leakage includes outflow from larger, usually detectable holes
and cracks. In general, leakage can be reduced by localizing, pinpointing, and repairing the detectable
leaks, by reducing the hydraulic pressure and by renovating pipelines [2,3].
Identifying the areas with higher leakage levels and possible detectable leaks can be achieved
through so-called district metering, wherein flow and pressure measurement stations are set at the
boundaries of enclosed areas in the network. While these network measurements can be used to
find detectable leaks, background leakage can mainly be reduced by lowering the hydraulic pressure
or by renovating pipelines. The pressure in the pipe network affects all the demand components,
including leakage, since the water outflow rate is a function of pressure. Pressure management has
been considered to be one of the most efficient methods for controlling leakage, especially background
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leakage [4,5]. Renovating pipelines, on the other hand, has other considerable benefits besides cutting
down on water loss, such as reducing large pipe bursts and improving the network reliability.
All of the leakage mitigation methods mentioned above consume some resources, which is why
they need to be weighed against their benefits. Some leakage appraisal methods presented in the
literature include the sustainable economic level of leakage (SELL) framework [6], cost–benefit analysis
case studies [7,8], and economic inefficiency measures [9–11]. Malm et al. [8] presented a comparison
of the costs and benefits of four different leakage control alternatives against a predetermined leakage
target. The case study distribution system benefited the most from increased leak detection efforts, either
through increasing personnel or through investments in district metering. Another case study [12], in
the absence of detailed data, used the active leakage control cost curve model developed within the
SELL framework, which is only applicable to a short-run situation as opposed to long-term investments.
In Portugal, Martins et al. [9] found some indication that the unit cost of water (including all costs of
supplying water) could be lowered by reducing leakage, but the study did not indicate any specific
methods for leakage control. In Chile, the results suggested that costs could not be saved by active
leakage management [10].
In the light of these somewhat contradictory results, more information is needed for the
optimization of leakage management on a policy level as well as for investment planning. We
present a formula for estimating the leakage reduction potential of Finnish water utilities. We conduct
cost–benefit analysis to estimate the economic level of leakage of these utilities. We analyze the
uncertainty and sensitivity of the input variables to specify which data are the most relevant for leakage
analysis and policymaking. The leakage reduction methods in the analysis are district metering,
pressure control, and pipe renovations.
2. Materials and Methods
We calculated and analyzed the net present value (NPV) of three investment-based leakage
reduction measures: (1) district metering areas, (2) district metering areas with pressure reduction,
and (3) renovations. Net present value (NPV) [13] is often used to estimate the value of investments
and other capital projects with cash flows occurring over time. The yearly cash flow is discounted to
present value as
T
X
Rt
NPV (r, T ) =
,
(1)
t
t=1 (1 + r )
where r = discount rate, T = total time in years, t and Rt = cash flow in year t.
First, we calculated the leakage reduction potential of each utility. Next, we calculated the NPVs
based on the direct costs and benefits acquired by the utilities. The costs are calculated as a one-time
investment, while future benefits (reduced water loss and bursts) are discounted for the whole lifetime
of each measure. The overview of the workflow along with the input data is presented in Figure 1.
2.1. Data
Our dataset contains 92 water utilities from Finland, covering 29% of all municipalities, 38% of
the total network length, and 70% of those inhabitants of Finland that are served by centralized water
supply. The smallest utility serves around 3300 people, and the largest serves 1,112,000 people.
The Finnish environmental administration’s water utility information system (VEETI, [14]) sourced
the following data: (1) volume of water pumped into the network, (2) billed volume, (3) the network
length for different pipe material groups (metal, plastic, and other/unknown), (4) number of people
served, (5) number of connections, (6) number of pipe failures per year, (7) energy consumption in
water treatment and distribution, and (8) raw water source (surface water, groundwater, or artificial
groundwater).
The average energy consumption was 0.75 kWh/m3 for surface water facilities, 0.56 kWh/m3 for
groundwater facilities, and 0.22 kWh/m3 for water distribution. The average values were used for the
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around 60% of the utilities that did not report energy consumption. The cost of energy was estimated
as electricity cost, even though a small part of the total energy consumption sometimes comes from
other sources such as fuel oil. The cost of electricity was estimated based on the Finnish electricity
price statistics [15] and was 0.07–0.12 euros/kWh. The unbilled authorized consumption was assumed
to be 2% of the network input for all utilities. The average length of service lines was set to 22.5 m [16].
All customers, usually the property owner, are metered in Finland, and the water meters are located
inside
the buildings.
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network length for different pipe material groups (metal, plastic, and other/unknown), (4) number of
According to our estimation, around 11% of all municipalities will face increases in water demand over
people served, (5) number of connections, (6) number of pipe failures per year, (7) energy
the next 20 years.
consumption in water treatment and distribution, and (8) raw water source (surface water,
groundwater, or artificial groundwater).
The average energy consumption was 0.75 kWh/m3 for surface water facilities, 0.56 kWh/m3 for
groundwater facilities, and 0.22 kWh/m3 for water distribution. The average values were used for the
around 60% of the utilities that did not report energy consumption. The cost of energy was estimated
as electricity cost, even though a small part of the total energy consumption sometimes comes from
other sources such as fuel oil. The cost of electricity was estimated based on the Finnish electricity
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Currently, there are no requirements for water loss levels; however, there is a growing concern
over the state of the water supply infrastructure. The renovation rates have been said to be 2–3 times
lower than they should be [19–21].
2.2. Estimating the Leakage Reduction Potential
We formulated the leakage reduction potential as the difference between the current leakage level
and the theoretically minimum leakage level, which was based on leakage per pipe length and the
customer density. Since larger cities have larger pipes and more service connections per pipe length,
leakage per pipe length is also higher. The density of people per pipe length was chosen as the indicator
for this variability.
Originally, we wanted to use the formula for the unavoidable annual real losses (UARL) [22] as
the theoretical minimum leakage level, but it was discarded because over half of the utilities had a
current leakage level less than the UARL. Thus, instead, we drafted a formula following the current
lowest leakage levels as
The minimum leakage level (

Number of people served
m3
) = 54 + 2.7
,
km
Network length (km)

(2)

We compared this formulation to the UARL, which is given by
UARL = (6.57Lm + 0.256Nc + 9.13Ls )h,

(3)

where Lm = length of mains (km), Nc = number of service connections, Ls = total length of service pipes
(km), and h = average pressure head (m). The UARL can be used with the current leakage level to
calculate the infrastructure leakage index (ILI) as
ILI =

CARL
,
UARL

(4)

where CARL = the current annual real losses and UARL = the unavoidable annual real losses [22].
Thus, a utility has leakage reduction potential if the ILI is over one.
Figure 2 shows the formulation of the minimum leakage level compared to the current leakage
levels
and
the
of each
utility.
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2.3. The Leakage Reduction Methods
We included district metering, district metering with pressure reduction, and renovations as
leakage reduction methods. All of these measures have the potential to reduce leakage, and
renovations also reduce pipe failures. The costs of the measures for the water utility include direct
construction and management costs. The benefits include the avoided cost of leakage and the avoided
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2.3. The Leakage Reduction Methods
We included district metering, district metering with pressure reduction, and renovations as
leakage reduction methods. All of these measures have the potential to reduce leakage, and renovations
also reduce pipe failures. The costs of the measures for the water utility include direct construction
and management costs. The benefits include the avoided cost of leakage and the avoided cost of pipe
failure repairs, including the repair cost and damages paid by the utility. The cost of leakage was
calculated as the marginal cost of water, which is the cost of producing and distributing one (more)
unit of water, including power (energy) and treatment chemicals. We calculated the net present value
of each leakage reduction method with a discount rate of 3.5%.
2.3.1. District Metering
District metered areas (DMAs) allow utilities to follow water loss levels on fixed areas. The districts
are created by closing valves or connections and metering the flow on the remaining connections at the
area boundaries. This helps in detecting leaks, thus reducing water loss by reducing the run time of
unreported leaks. We assumed that the leakage reduction potential of a DMA system is 30% of the
total leakage reduction potential, based on the value used by Malm et al. [8] in Sweden.
The variables associated with the DMAs were selected based on a construction plan of a DMA
system for a Finnish utility. The average DMA size was set to 560 service connections, but all utilities
with over 800 service connections had a minimum of two DMAs. This yielded DMAs with pipe lengths
between 16 km and 361 km. The cost per DMA was set to 48,000 euros with an average of 2.7 metering
stations per DMA. The lifetime (depreciation period) of the metering stations was assumed to be
20 years.
2.3.2. Pressure Reduction
The network pressure affects both leakage level and water use, both of which can be modeled as
flow through an opening (orifice). The outflow through an orifice is a function of the pressure head,
orifice area, gravitational acceleration, and orifice attributes. In elastic pipes, the area of an opening
can change along with changes in pressure, which needs to be taken into account [23]. We used the
empirical leakage-pressure relationship
L1
P N1
= ( 1) ,
L0
P0

(5)

where L0 = initial leakage volume, L1 = leakage volume after pressure change, P0 = initial pressure, P1
= pressure after change, and N1 = empirical exponent for the leakage–pressure relationship [24]. Based
on previous assessments, values of 1.5 and 0.5 for the N1 exponent are often assumed for elastic and
rigid materials, respectively [25]. We used the following values: ‘plastic’ N1 = 1.5, ‘other/unknown’ N1
= 1, and ‘metal’ N1 = 0.5.
In the water user side, the N1 exponent has usually much lower values, because the water user
controls the flow through faucets and shower heads and may increase the flow, for example during a
shower, if pressure and flow are decreased. Not much literature could be found with measured values
for the N1 exponent in relation to water use and pressure. For the water use–pressure relationship, we
used Equation (5) with N1 exponent value of 0.15, which has been reported for office buildings in the
Czech Republic [26].
The network pressure levels were not known, and thus an average pressure of 50 m and an
average potential pressure reduction of 5 m were assumed for all utilities. The pressure change
was assumed to cause no significant changes in pipe failure frequencies, because the pressure–burst
relationship is not yet well understood [5]. Pressure reduction was assumed to be carried out within
the DMAs. Half of the DMAs were assumed to be suitable for pressure reduction with an average of
2.7 pressure-reducing valves (PRV) installed per area. This means that half of the areas would have an
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average pressure reduction of 10 m and half would not have any pressure reduction. The average
cost of a pressure-reducing valve was set to 9000 euros (based on Gomes et al. [4]), and the lifetime
(depreciation period) was set to 20 years.
2.3.3. Renovations
Renovations both decrease water loss and reduce pipe failures. Since renovations are usually
targeted at the oldest and most deteriorated pipes, we estimated the average failure rates for pipes that
were considered ‘old’ based on pipe failure statistics. Moreover, because new pipes also sometimes
break, we estimated the failure rate of new pipes and calculated the reduction in the failure rate as
the difference between the old and new pipes. For example, the renovation of a metal pipe would
reduce the pipe failure rate of that pipe segment from 16 failures/100 km/year to 1 failure/100 km/year
(Table 1).
Table 1. The estimated pipe failure rates (failures/100 km/year) for different material groups for ‘old’
and ‘new’ pipes, the ratio between the average failure rate and the failure rate of ‘old’ pipes, and the
leakage rate of different material groups compared to the metal group.
Age Category
Old (≥50 or ≥40 years old)
New (≤15 years old)
Average of all ages
Ratio of old to average pipe failure rate
Leakage rate compared to metal pipes
(based on the average pipe failure rates)

Pipe Failure Rate (Failures/100 km/year)
Metal

Plastic

Other/Unknown

16
1
9
1.8

10
1
1
7.1

6
0
3.3
1.8

1

0.15

0.36

Due to small cohort sizes in some of the age and material groups, we defined the ‘old’ pipes to be
more or equal to 50 years old for metal pipes and more or equal to 40 years old for plastic and other or
unknown pipes. The failure rates for new or renovated pipes were calculated from the statistics of
pipes less than or equal to 15 years old.
We calculated the renovation cost and the benefits for a one-time renovation investment of 1% of
the total network length, which is roughly the amount of increase in the renovation rate that should be
currently made in Finland according to a recent estimate [27]. First, the renovations were allocated to
different pipe material groups in the order of best benefit, which is metal, plastic, and other/unknown.
If, for example, at least 1% of the utility’s network is metal pipes, all of the renovations will be allocated
to metal pipes. Next, the total leakage volume was allocated to different material categories, yielding
the average leakage rate of each material group (Table 1). Since we did not have any data on the
typical distribution of the total leakage volume among different material and age pipes, we allocated
leakage volumes based on the average pipe failure rates. This means that since the plastic pipe failure
rate is 15% of the metal pipe failure rate, the plastic pipe leakage rate is also 15% of the metal pipe
leakage rate. Moreover, to account for the fact that the oldest and most deteriorated pipes are usually
selected for renovation, we multiplied the average leakage rate of each material group by the ratio of
old to average pipe failure rates (Table 1). The total leakage reduction was calculated as the product of
renovation length and the difference between the leakage rates of old and new pipes. Similarly, the
decrease in failure rates was calculated as the product of renovation length and the difference between
old and new pipe failure rates.
The average cost of pipeline renovations was 94–628 euros/m, depending on the size of the
utility. The renovation costs were estimated based on data from eight utilities [28–32]. The average
pipe failure cost was 5500–14,500 euros/failure, which was evaluated based on information from four
utilities [29–31] and depended on the size of the utility. It includes the average repair cost and damages.

Water 2020, 12, 195

7 of 15

The pipe lifetime was set to 70 years, which is therefore also the number of years we assume to
gain benefit from the renovations (positive cash flow in the NPV calculation).
2.4. The Economic Level of Leakage
We calculated the economic level of leakage (ELL) for each utility and each water loss reduction
method. The absolute values of the net present values of the methods were minimized using a
nonlinear programming solver (fminunc in MATLAB R2019a Optimization Toolbox), searching for a
local minimum for the total leakage volume. The problem can be represented as
minimize NPVmeasure i (x) ,

(6)

x

where x = the total leakage volume and NPVmeasure i = the net present value of leakage reduction
measure i. In calculating the NPVs, the leakage potential as well as the benefit gained from each
measure are functions of the total leakage volume. In the case of renovations, the pipe failure rate is
also a function of the total leakage volume, and it is assumed to increase or decrease in proportion to
the leakage rate.
2.5. Uncertainty and Sensitivity Analysis
We performed a sensitivity analysis to (a) analyze the reliability of the results and (b) to evaluate
which variables are most significant. The following 14 input variables could have significant uncertainty:
the total length of service lines, unbilled authorized consumption, average pressure, average pressure
reduction, discount rate, marginal cost of water, DMA effectiveness, DMA cost, DMA lifetime, N1
(leakage–pressure exponent), cost of pressure management, burst repair cost, renovation cost, and pipe
lifetime. We did not analyze the uncertainty of those input parameters that were obtained from the
VEETI database or the few reports, even though they might have uncertainty due to incorrect inputs
and measurement errors.
The variables were given either normal, truncated normal, or uniform distributions, depending on
the type of the variable (Table 2). The variables were sampled from these distributions, and Monte Carlo
simulations were run for each leakage reduction measure. We used the SAFE toolbox (R1.1) in MATLAB
R2019a by Pianosi et al. [33] for the simulations. The sampling strategy was the ‘All-At-a-Time’ (AAT)
method of the SAFE toolbox, in which all the variables are varied simultaneously [34]. This way,
possible interactions between variables are accounted for.
Table 2. The distributions of variables in the uncertainty analysis. DMA: district metered areas.
Variable
The total length of service lines
Unbilled authorized
consumption
Average pressure
Discount rate
Marginal cost of water

Unit

Distribution

Estimated Mean (µ)

Standard
Deviation (σ)

m

normal

22.5

5

-

% of network input

uniform

2

-

[0.5, 3.5]

m
% per year

uniform
normal
truncated normal

0.8
0.1 µ (min.
value 0.04)

[35, 65]
-

euros/m3

50
3.5
varies by utility
(median 0.11)

DMA cost
DMA lifetime
N1 (leakage–pressure exponent)
Average pressure reduction
Cost of pressure management

% of the total leakage
reduction potential
euros/DMA area
years
m
euros/station

Burst repair cost

euros

truncated normal

Renovation cost

euros/metre

truncated normal

Pipe lifetime

years

normal

DMA effectiveness

Uniform Dist.
Bounds

-

uniform

30

-

[20, 100]

normal
normal
uniform
uniform
normal

48,000
20
varies by utility
5
9000
5500–14,500 (varies
by utility size)
94–628 (varies by
utility size)
70

10,000
2
-

[0.5, 1.5]
[1, 10]
-

2000
0.25 µ (min.
value 2000)
0.25 µ (min.
value 50)
15

-
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To evaluate the effect of individual variables, they were simulated one at a time, and the results
were analyzed by looking at the median values of the 10th and 90th percentiles of the simulated results.
2.6. Limitations of the Method
The analysis concerns investments related to water loss reduction. This framing results in
drawbacks that need to be taken into account in interpreting the results and applying the method. In
particular, we did not include the effect of possible future demand growth, even though it is potentially
a very significant factor if a utility is near its capacity limit. Both increasing treatment capacity and
augmenting water sources can be very costly, which would make water loss reduction efforts more
cost-beneficial if such investments can be avoided. Another factor outside the scope of this study is
saving water at the end-user side. As Lam et al. [35] showed, reducing water consumption can be
more cost-efficient than targeting water loss from the society’s perspective.
Moreover, environmental and social costs and effects related to network reliability were excluded.
Considering the environmental effects would require life cycle analysis, which does not fit into the
scope of this work. While producing water creates environmental impacts, mostly due to the energy
consumption [36], water loss reduction actions also generate impacts as a result of the construction
works and equipment, amongst other things. As Pillot et al. [37] showed, comparing the environmental
effects of water loss to water loss reduction efforts coupled with uncertainties can result in quite
high environmental levels of leakage. Environmental costs related to the water resources are small,
because most areas in Finland have abundant water resources. Lastly, defining the network reliability
is complex and it would require detailed modeling on the utility level, while this study focused on the
national scale.
Since we wanted to study whether long-term investments in leakage reduction are worthwhile,
we did not include increased leakage detection efforts as a leakage reduction measure. In reality,
leakage detection using more personnel resources can be the best option in some cases, for example
in [8]. Anyone implementing the presented method should make estimations about the efficacy of
increased leakage detection efforts, as well as consider the capacity limit.
3. Results
3.1. Current Leakage Levels and Leakage Reduction Potential in Finland
Leakage indicators show that leakage levels in Finland are mostly low in international comparison.
The leakage per network length shows that the majority of the utilities (76%) are in the best category of
less than 3 m3 /km/day according to the Portuguese classification [38] (p. 71) and almost all (97%) in the
best category of less than 8 m3 /km/day according to the Swedish classification [39] (p. 34). ILI values
are very low for over half of the utilities.
The utilities with the highest leakage reduction potential did not have any apparent common
nominators, except overall, the leakage reduction potential was small for small utilities (3000–10,000
inhabitants) and higher for large utilities (over 60,000 inhabitants), even though the leakage percentages
would have suggested otherwise (Table 3).
3.2. The Cost–Benefit Analysis of Leakage Reduction Measures
We calculated the net present values (NPV) for three leakage reduction measures: (1) district
metering (DMA), (2) district metering with pressure reduction (DMA + P), and (3) renovations
(Figure 3). Only three of the 92 utilities had at least one positive NPV; both were for DMA and DMA +
P. Renovations were not a cost–beneficial leakage reduction measure for any of the utilities. Overall,
the NPVs are small (negative) compared to the median marginal cost of water (0.11 euros/m3 ) of our
utilities. The median NPV was −0.32 euros/billed m3 for DMA, −0.34 euros/billed m3 for DMA + P,
and −0.36 euros/billed m3 for renovations.
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Table 3. Median, minimum and maximum values for key leakage level characteristics for the 92 Finnish
water utilities grouped by size, and the share of utilities with leakage reduction potential in the size
groups in 2015–2017.1 ILI: Infrastructure Leakage Index.
Utility Size (Sample Size)
Small (n = 43),
3000–10,000 pop.,
900–3700 conn.
Medium (n = 39),
10,000–60,000 pop.,
2000–16,000 conn.
Large (n = 10),
60,000–1200,000 pop.,
11,000–73,000 conn.

Figure

Service
Conn/km

No. of
People/km

Leakage % 2

Leakage
m3 /km/d

ILI

Median
Min–Max

J
4–21

F
7–67

J
4–49

J
0.2–7

J
0.2–4.4

Median
Min–Max

J
5–31

M
17–198

J
6–28

J
0.4–5

J
0.3–2.2

Median
Min–Max

J
13–27

M
70–365

J
6–20

J
1–13

J
0.6–5.2

1 Data from 2015 were used for most utilities, but if unavailable, data from 2016 or 2017 were used.
water
input
to the
network.
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though most NPVs were still negative. Renovations were the best measure for 29% of the utilities, and
We calculated the economic levels of leakage (ELL), which is the point where the costs and
district metering with pressure reduction was the best measure for 15% of the utilities. In the case of
benefits of leakage management add up to zero. Due to the mostly negative cost–benefit values, most
renovations, the main benefit came almost always from the decrease in pipe failures, while the benefit
utilities had a higher ELL than the current leakage level. The median of the best ELLs of each utility
of reducing the water loss was smaller.
expressed as m3/km/day was 4.6, or 39% as leakage percentage, while the current median leakage
levels
1.6 m3/km/day
and 17%
3.3. Theare
Economic
Level of Leakage
(ELL)in terms of percentage of water input. Naturally, it is not
guaranteed that the systems would actually work with such high theoretical leakage levels.
We calculated the economic levels of leakage (ELL), which is the point where the costs and benefits
Figure 4 shows the ELL values of the best performing measure of each utility against (a) the
of leakage management add up to zero. Due to the mostly negative cost–benefit values, most utilities
current leakage level and (b) the connection density. Even though district metering (DMA) alone was
had a higher ELL than the current leakage level. The median of the best ELLs of each utility expressed
the most
beneficial measure for a majority of the utilities at the current leakage levels, there is a point
as m3 /km/day was 4.6, or 39% as leakage percentage, while the current median leakage levels are 1.6
at which the net present value of district metering combined with pressure management (DMA + P)
surpasses the DMA. At the economic level of leakage, the first investment to make includes pressure
management for a majority of the utilities.
The limitation of this approach is that the selected leakage reduction measures require large,
expensive investments which result in relatively high ELL values. In reality, labor-intensive active
leakage detection is part of the equation and would most likely lower the ELL in terms of the ILIs.
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m3 /km/day and 17% in terms of percentage of water input. Naturally, it is not guaranteed that the
systems would actually work with such high theoretical leakage levels.
Figure 4 shows the ELL values of the best performing measure of each utility against (a) the
current leakage level and (b) the connection density. Even though district metering (DMA) alone was
the most beneficial measure for a majority of the utilities at the current leakage levels, there is a point
at which the net present value of district metering combined with pressure management (DMA + P)
surpasses the DMA. At the economic level of leakage, the first investment to make includes pressure
management for a majority of the utilities.
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simulated results. The bars start from the median value of the baseline results. More parameters were
tested, but only the most influential are shown in the figure. The investment costs of district metering
stations as well as the renovation cost had the highest influences on the final net present values.

Figure 5. Net present values (euros) per total billed volume of water in m3 for: (a) District metering;
(b) District metering with pressure reduction; and (c) Renovations in relation to the leakage reduction
potential. The simulated 10th to 90th percentile values are indicated by the error bars. Note that the
scale of the x-axes changes at 3 m3/km/day.
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3.4. Uncertainty and Sensitivity Analysis
The uncertainty of the final net present values of the leakage reduction measures was estimated
using Monte Carlo simulations. Figure 5 shows the median values of the results along with the 10th
and 90th percentiles for (a) district metering, (b) district metering with pressure reduction, and (c)
renovations.
For some utilities, the variation is considerable, but the overall conclusion that
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The effect of individual input variables on the output was similarly tested by one-at-a-time
Monte Carlo simulations. Figure 6 shows the median value of the 10th and 90th percentiles of each
utility’s simulated results. The bars start from the median value of the baseline results. More
parameters were tested, but only the most influential are shown in the figure. The investment costs
of district metering stations as well as the renovation cost had the highest influences on the final net
present values.
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4.1. Context-Specific Findings: Mostly Low Water Loss Levels in Finland
4.1. Context-Specific Findings: Mostly Low Water Loss Levels in Finland
According to our results, the majority of Finnish utilities have low or moderate levels of water
According to our results, the majority of Finnish utilities have low or moderate levels of water
loss. Moreover, only three utilities had positive returns on leakage reduction investments based on
loss. Moreover, only three utilities had positive returns on leakage reduction investments based on
the direct costs and benefits gained by the utilities. As a result, the economic levels of leakage (ELL)
the direct costs and benefits gained by the utilities. As a result, the economic levels of leakage (ELL)
were mostly higher than the current leakage levels. The range of the ELLs expressed as leakage per
were mostly higher than the3 current leakage levels. The range of the ELLs expressed as leakage per
network length per day (m /km/day) was wide (0.5–19), which means that no threshold value for
network length per day (m3/km/day) was wide (0.5–19), which means that no threshold value for the
the cost-benefit of leakage reduction measures could be identified in terms of this leakage indicator.
cost-benefit of leakage reduction measures could be identified in terms of this leakage indicator. In
In terms of leakage percentage, the ELLs were 10%–59%. The values are high but not necessarily
terms of leakage percentage, the ELLs were 10%–59%. The values are high but not necessarily
unfeasible, since the current leakage level is at highest 49%. The highest ELL percentages resulted for
unfeasible, since the current leakage level is at highest 49%. The highest ELL percentages resulted for
utilities that have lower connection densities and lower burst rates.
utilities that have lower connection densities and lower burst rates.
One reason for the low net present values (NPVs) is the relatively low marginal cost of water.
The median cost of water with the Finnish data was 0.11 euros/m3, which is in the lower end
compared to European case studies with costs between 0.09 and 0.51 euros/m3 [40].
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One reason for the low net present values (NPVs) is the relatively low marginal cost of water. The
median cost of water with the Finnish data was 0.11 euros/m3 , which is in the lower end compared to
European case studies with costs between 0.09 and 0.51 euros/m3 [40].
4.2. Leakage Reduction Methods
Based on our data, reducing water loss through investment-based measures is not cost-efficient for
most water utilities in Finland. However, we did not consider the benefit that comes from the avoidance
of increasing raw water source and treatment capacity or of improving the network reliability, other
than the direct costs saved through decreasing pipe failures. In comparison, between measures, district
metering was clearly the best method, although pressure management increased the benefits for a
number of utilities. The uncertainty analysis showed that the conclusions are quite robust.
In other Nordic countries, one case study showed district metering or increased labor-intensive
leakage detection efforts to be the most economical methods for leakage reduction [8]. Another case
study indicated that renovations were not cost-effective for water loss reduction [7], similarly to our
study. In line with our results is also the Italian case study by Creaco and Walski [41], which concluded
that pressure control is not cost-effective if the water loss level and the marginal cost of water are low.
Our results were most sensitive to the variables district metering cost and renovation cost followed
by DMA effectiveness, burst cost, and pressure reduction potential. The cost of district metering varies
depending on the number of metering stations, among other things, and is quite case-specific. Along
with pressure management cost, it should be evaluated individually for cost–benefit calculations.
With the assumptions of our study, the investments would still remain uneconomic for most utilities.
However, the utilities get other value from district metering, such as increased system control
possibilities, which were not taken into account.
Data on average renovation cost are more suitable to generalization. We had data from eight
utilities, which represented both larger cities as well as smaller towns, giving a good overview
of the renovation costs in different surroundings. During the work for this article, the variable
‘number of connection’ was added to the national water utility database (VEETI). This increased the
reliability of the results considerably, as earlier the connection density was identified as one of the most
sensitive variables.
Some uncertainties remain in our analysis. Around 14% of the utilities had clearly made some
errors in filling in the data in the VEETI database, and it is possible that we could not identify all such
cases. One major gap in the analysis is that we did not account for the effect of possible future demand
growth. Future demand growth can necessitate increasing treatment capacity and augmenting water
sources. Since we did not conduct individual interviews with each utility, we had no information on
whether they are close to their capacity limits.
4.3. Leakage Indicators and Policies
The majority of the utilities, concentrating on the small and medium-sized utilities, got the
theoretically impossible ILI value of less than one. This means that the estimated minimum leakage
level (UARL) is higher than the reported leakage level. In terms of leakage per water input to the
network, the UARL was over 30% for 14 utilities and even over 50% for one utility. This shows how
low some of the connection densities are in Finland. Earlier, it was instructed that the ILI formula is
applicable only to connection densities above 20 connections/km [42], but this restriction was later
removed, while the median connection density of the small utilities in our data is 11 connections/km.
According to [42], the empirical estimates in the UARL formula are derived mostly from tests in
district metered areas in England and Wales during the late 1990s. For example, the UARL of the main
pipes is a combination of background leakage and leakage from reported and unreported breaks. All
of these components are affected by network material and age. Further studies are needed to clarify
whether the empirical parameters of the ILI formula are applicable to utilities with low connection
densities and relatively young pipes, as is the case in Finland.
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It is clear that percentual leakage targets are not very suitable, even when used internally at
utilities, because the leakage percentage is a function of water use. Our results suggest that the ILI,
even though theoretically more appropriate, is also not a suitable indicator for setting leakage targets
in Finland. Instead, in the absence of a suitable indicator, the utilities could be obligated to monitor
leakage levels and formulate leakage management plans in the long term.
5. Conclusions
The analysis showed that water loss management is often not directly cost-beneficial to utilities
operating with moderate leakage levels. Calculating the economic levels of leakage did not yield
leakage target levels that could be generalized within a country. This shows that the target levels
should be determined individually. Moreover, neither the leakage percentage nor the Infrastructure
Leakage Index (ILI) were suitable for leakage target setting. The costs of investing in district metering
or renovations were the most influential factors in the sensitivity analysis, followed by district metering
effectiveness, burst cost, and pressure reduction potential. However, the estimated values were
sufficiently accurate for reaching our conclusions.
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