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Abstract

With net zero carbon emissions targets approaching over the next 20 to 30
years, the water industry must act now to develop energy efficient techniques
and designs to reduce emissions and reduce the carbon footprint of water
utility providers. There is also the potential for significant energy and there-
fore financial savings to be realised from the adoption of more energy effi-
cient designs approaches. Water utility providers account for a significant pro-
portion of national electricity consumption. The purpose of this research is to
determine if, over the long term, opting for a larger diameter pipe at design
stage can lead to significant financial and emissions savings for water utility
providers when considering pumping mains. Pumping mains are widely used
throughout the water and wastewater industry where a gravity solution is not
possible. 72 hypothetical water main design scenarios were analysed and the
long term financial and environmental impact of each hypothetical water
main was assessed. It was found across all design scenarios that larger diame-
ter water mains were capable of delivering the same rate of flow of smaller
diameter pipes at a much reduced velocity and requiring reduced pumping
power. It was concluded that pumped mains of larger diameters can ultimately
be more energy efficient and cost effective over the long term when selected
in favour of smaller diameter pumped mains in otherwise identical design sce-
narios.

Keywords

Value Engineering, Head Loss, Pumping Main, Water Main Design, Pipe
Diameter, Energy Reduction, Carbon Reduction

1. Introduction

The Northern Ireland Water (NIW) potable water network delivers 585 million

litres of drinking water each day through a system of reservoirs, water treatment
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works, pumping stations, and a network of water mains measuring 27,000 km
longer than the entire Northern Ireland road network [1]. The pumps that con-
vey water through parts of the overall network to homes and businesses are po-
wered by electricity purchased on the commercial energy market and delivered
via the national electricity grid. NIW is Northern Ireland’s largest single electric-
ity user [2], and the energy required to pump water around the distribution
network accounts for a significant amount NIW’s total energy use. The devel-
opment of more efficient ways of delivery and maintaining water and wastewater
assets has the potential to lead to significant financial savings for water utility
providers. Pumping mains for water and wastewater are used where conveyance
of the liquid by gravity is not an option due to the topography. This paper con-
centrates on pumped water mains referred to herein as pumped mains.

Aside from potential economic benefits, there are significant environmental
benefits to be realised from a more energy efficient water distribution network.
Addressing climate change is the defining issue of our time, and the water in-
dustry has a significant role to play in reducing carbon emissions at a local, na-
tional, and global level.

In financial year 2019/2020 NIW purchased just under 294 GWh of electricity
at a cost of around £32 million, and over the same period NIW’s net operational
carbon emissions amounted to 79,328 tCO,e [3]. NIW’s electricity consumption
accounts for the vast majority of NIW’s carbon emissions [1], and water pump-
ing accounts for 9% of NIW’s grid electricity consumption [4]. NIW’s stated
goal is to become carbon neutral by 2050, and steps to achieve this goal include
increasing electricity consumption from renewable sources to 100% by 2027 and
planting 200,000 trees to improve carbon storage, with reducing consumption
and improving energy efficiency key strategic themes [3].

The Republic of Ireland’s Department of the Environment, Climate and Com-
munication’s Climate Action Plan [5] aims to halve national greenhouse gas emis-
sions by 2030 and achieve net zero carbon emissions by 2050. Irish Water is the
largest single electricity user in the public sector, consuming 1059.6 GWh in
2020 [6], and aims to achieve net zero carbon emissions by 2040 [7].

The water industry in the UK emits approximately 4 million tCO, annually [8]
and has a significant role to play in meeting national and international emissions
reduction targets, and the development of more energy and carbon efficient
pumped water main designs should form part of an industry wide effort to re-
duce CO; emissions.

Recent research has examined the effect of water main diameter on chlorine
decay [9], energy efficiency in large-scale distribution networks [10], the identi-
fication of inefficient assets within an existing network [11], and methods for
quantifying carbon emissions associated with energy loss [12], but research on
the long term financial and environmental impact of water main pipe diameter
selection is lacking.

Value engineering as an approach is the analysis of systems with the aim of

achieving essential functions at the lowest life cycle cost “consistent with re-
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quired performance, reliability, quality, and safety” [13]. Research has highlighted
how applying value engineering techniques applied thoroughly can lead to a
large percentage reduction in overall project cost [14].

This paper summarises a research project on the effect of head loss on pump-
ing cost and carbon emissions that examines how larger diameter pipes can re-
sult in long term financial and carbon emissions savings.

A series of sets of comparison design scenarios were set out allowing the head
loss experienced by two pipe materials and three chosen diameters of water main
pipe (150 mm, 250 mm, and 350 mm ductile iron; 125 mm, 225 mm, and 355
mm HPPE) to be demonstrated using the Colebrook White [15] and Darcy Weis-
bach [16] equations over a range of pipe lengths and elevation changes. For each
comparison design scenario, the total required pumping power was determined,
allowing a unit rate per kilowatt hour (p/kWh) for electricity to be used to de-
termine the total cost of pumping over periods of 10, 20, and 30 years. The re-
quired pumping power for each design scenario was used to calculate total car-
bon emissions generated by pumping over 10, 20, and 30 year periods.

The comparison design scenarios were organised into 24 sets of three com-
parison designs. Each set of designs compares identical pipe materials, elevation
changes, and pipe lengths, with only pipe diameter differing. Organising the
comparison design scenarios in this way allows the head loss experienced by the
three pipe diameters chosen to be compared across otherwise identical scenarios.
A full list of comparison design scenarios is included in Appendix A.

A whole life costing analysis was carried out comparing the greater initial
construction costs associated with constructing larger diameter water mains with
potential pumping cost savings over the long term. This study has practical sig-
nificance for pumping main design, there is clear demonstration that head loss is
reduced through selecting larger pipe diameters. Even with the increased initial
costs of using larger pipe diameters, in the long terms significant energy savings
can be made, this reducing carbon footprints of the water industry. Value engi-

neering solutions are required for pumping main design.

2. Method

The total head loss calculated for each comparison design scenario is summa-
rised below, with the results organised into 24 sets of three design scenarios. For
each set, the maximum flow rate for the smallest diameter pipe was established
using the Colebrook White method. The velocity required to achieve this flow
rate for the middle and larger diameter pipes was then calculated. The friction
head and minor losses experienced by all pipe sizes when passing forward flow at
the velocity required to achieve the maximum flow rate of the smaller diameter
pipes was then determined. It was hypothesised that the middle and larger di-
ameter pipes would be able to achieve the same flow rate as the smaller diameter
pipe while experiencing less head loss, and therefore requiring less pumping

power. Figure 1 below shows a graphical summary of all comparison design
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Figure 1. Ductile iron—head loss (m) vs internal pipe diameter (mm).

scenarios featuring ductile iron pipes, showing internal pipe diameter plotted
against head loss. Figure 2 below summarises all comparison design scenarios
featuring HPPE pipes, again showing internal pipe diameter plotted against head
loss.

Complete head loss calculation results are included in Appendix B. These re-
sults confirmed that for each comparison design scenario there is an inverse re-
lationship between pipe diameter and total head loss, with increasing pipe di-
ameter leading to decreasing total head loss. Head loss is the loss of pressure
along a pipeline caused by the effect of a fluid’s viscosity along the internal pipe
walls [17]. Larger diameter pipes have a larger cross sectional area, meaning less
contact between the surface of water as it flows along a pipeline and the internal
pipe walls. The results show that larger diameter water mains can deliver flow at
the same rate as smaller diameter mains but at reduced velocity, and therefore
less energy is needed to pump water at the required flow rate along larger di-
ameter pipelines.

In the following section these results are interpreted to show how potential
long term financial, energy, and carbon savings can be realised by selecting larg-

er diameter water mains at design stage.

3. Analysis

The scenario testing results show that larger diameter pipes can be used to
achieve the same flow rate as smaller diameter pipes while reducing the pumping
power required.

The results show that the greater the static head (ie. the greater the change in
elevation over the length of a pipeline) and pipeline length, the more advanta-
geous it is to use larger diameter pipes. The difference between the total head
loss calculated for the smallest and largest diameter sets was found to increase as
pipeline length and static head increased.

For Set 1, which featured a 500 m ductile iron pipe with a static head of 3 m,
the head loss calculated for the largest diameter pipe was found to be 57.1% of
that of smallest diameter pipe. By Set 23, which featured a 5000 m ductile iron
pipe with a static head of 100 m, the head loss calculated for the largest diameter
pipe was found to be 52.5% of that of the smallest diameter pipe.
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Figure 2. HPPE—head loss (m) vs internal pipe diameter (mm).

For Set 2, which featured a 500 m HPPE pipe with a static head of 3 m, the
head loss calculated for the largest diameter pipe was found to be 67.2% of that
of smallest diameter pipe. By Set 24, which featured a 5000 m HPPE pipe with a
static head of 100 m, the head loss calculated for the largest diameter pipe was
found to be 62.5% of that of the smallest diameter pipe.

Using the Moody Diagram method carries a margin of error of approximately
4% [18], but a clear inverse relationship is established between pipe diameter

and calculated total head loss.

3.1. Pumping Power Analysis

The energy required to overcome the total head loss determined for each com-

parison designed scenario was calculated as follows:

volume(m?® )x head (m)
367

Water energy (kWh) = 19]

The results for ductile iron pipes are summarised in Figure 3 below, and the
results for HPPE pipes are summarised in Figure 4 below.

Table 1 below shows the potential energy saving over 10, 20, and 30 year pe-
riods that could be realised by selecting the middle and largest sized diameter
pipes for each set (250 mm and 350 mm for ductile iron, 225 mm and 355 mm
nominal diameter for HPPE respectively) over the smallest diameter pipe (150
mm for ductile iron, 125 mm for HPPE).

These results show that there is a clear inverse relationship between pipe di-
ameter and calculated water energy in kWh. The trend established by these re-
sults is that larger diameter pipes experience less total head loss than smaller
diameter pipes when all other variables remain the same, meaning that less
pumping power is required to overcome this head loss.

Table 1 below shows the potential long term energy savings that could be rea-
lised by selecting the middle diameter pipe in each set (highlighted in blue) and
the largest diameter pipe in each set (highlighted in green) instead of the smal-
lest diameter pipes tested. This demonstrates how an understanding of efficient
design choices can lead to significant energy savings. This is most clearly illu-

strated in Set 23, which featured 5000 m ductile iron pipes with a static head of
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Ductile Iron - Water Energy (kWh) vs Internal Pipe Diameter (mm)
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Figure 3. Ductile iron—pumping power calculations summary.
Table 1. Potential energy savings summary.
Middle 10 Year 20 Year 30 Year Largest 10 Year 20 Year 30 Year
Set Diameter Saving Saving Saving Diameter Saving Saving Saving
Pipe (mm) (kWh) (kWh) (kwh) Pipe (mm) (kWh) (kWh) (kwh)
1 250 60,896 121,792 182,687 350 65,512 131,023 196,535
2 225 46,688 93,375 140,063 355 49,463 98,925 148,388
3 250 208,621 417,242 625,862 350 224,220 448,439 672,659
4 225 154,430 308,861 463,291 355 163,593 327,185 490,778
5 250 351,261 702,523 1,053,784 350 377,369 754,738 1,132,107
6 225 255,906 511,811 767,717 355 271,075 542,150 813,226
7 250 430,217 860,434 1,290,651 350 461,241 922,482 1,383,723
8 225 322,466 644,932 967,398 355 341,070 682,141 1,023,211
9 250 654,471 1,308,942 1,963,413 350 701,394 1,402,788 2,104,183
10 225 483,994 967,987 1,451,981 355 511,876 1,023,753 1,535,629
11 250 906,830 1,813,660 2,720,490 350 971,555 1,943,110 2,914,664
12 225 663,441 1,326,883 1,990,324 355 701,616 1,403,233 2,104,849
13 250 743,850 1,487,700 2,231,550 350 796,468 1,592,936 2,389,404
14 225 569,179 1,138,358 1,707,537 355 601,462 1,202,923 1,804,385
15 250 1,130,004 2,260,008 3,390,012 350 1,209,420 2,418,841 3,628,261
16 225 853,152 1,706,304 2,559,456 355 901,444 1,802,887 2,704,331
17 250 1,564,100 3,128,200 4,692,300 350 1,673,470 3,346,939 5,020,409
18 225 1,168,258 2,336,515 3,504,773 355 1,234,279 2,468,559 3,702,838
19 250 1,465,366 2,930,732 4,396,098 350 1,568,142 3,136,284 4,704,426
20 225 1,125,428 2,250,855 3,376,283 355 1,188,851 2,377,703 3,566,554
21 250 2,225,624 4,451,248 6,676,872 350 2,380,670 4,761,339 7,142,009
22 225 1,686,398 3,372,797 5,059,195 355 1,781,224 3,562,448 5,343,672
23 250 3,080,148 6,160,296 9,240,445 350 3,293,595 6,587,190 9,880,786
24 225 2,308,698 4,617,395 6,926,093 355 2,438,285 4,876,569 7,314,854
DOI: 10.4236/eng.2022.1412046 618 Engineering
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HPPE - Water Energy (kWh) vs Internal Pipe Diameter (mm)
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Figure 4. HPPE—pumping power calculations summary.

100 m. Selecting a 250 mm diameter pipe instead of a 150 mm diameter pipe
could lead to potential energy savings of over 9.24 GWh over a 30 year period.
When a 350 mm diameter pipe is selected, potential energy savings over a 30
year period rise to 9.88 GWh.

3.2. Carbon Emissions Analysis

The results of the pumping power calculations for each comparison design sce-
nario were used to calculate the total amount of CO, emitted (in kg) by generat-

ing the electricity required to overcome the calculated total head loss as follows:

Total CO, (kg) =0.233xkWh [20]

The results for ductile iron pipes are summarised in Figure 5 below, and the
results for HPPE pipes are summarised in Figure 6 below.

Table 2 below shows the potential carbon emissions savings over 10, 20, and
30 year periods that could be realised by selecting the middle and largest sized
diameter pipes for each set (250 mm and 350 mm for ductile iron, 225 mm and
355 mm nominal diameter for HPPE respectively) over the smallest diameter
pipe (150 mm for ductile iron, 125 mm for HPPE).

The trend established in these results is that as less pumping power is required
to overcome the total head loss encountered in larger diameter pipes, there is a
significant reduction in the CO, emitted through the process of generating the
electricity required to pump water along larger diameter pipelines. It can there-
fore be concluded that for each set, the middle and largest diameter pipes
created a smaller carbon footprint over the long term than the smallest diameter
pipes. This is a result of less energy being required to overcome the total head
loss experienced by larger diameter pipes compared to smaller diameter pipes.

Table 2 below summarises the extent to which CO, emissions could be re-
duced by selecting the middle diameter pipe in each set (highlighted in blue) and
the largest diameter pipe in each set (highlighted in green) over the smallest di-
ameter pipes. Again these potential savings were most pronounced in Set 23,

where selecting a 250 mm diameter pipe instead of a 150 mm diameter pipe could
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Ductile Iron - Total CO, (kg) vs Internal Pipe Diameter (mm)
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Figure 5. Ductile iron—carbon emissions calculations summary.

Table 2. Potential carbon emissions savings summary.

Middle 10 Year 20 Year 30 Year Largest 10 Year 20 Year 30 Year
Set Diameter Saving Saving Saving Diameter Saving Saving Saving
Pipe (mm) (kg CO2) (kg CO2) (kg CO2) Pipe (mm) (kg CO2) (kg CO») (kg CO2)

1 250 14,189 28,377 42,566 350 15,264 30,528 45,793
2 225 10,878 21,756 32,635 355 11,525 23,050 34,574
3 250 48,609 97,217 145,826 350 52,243 104,486 156,729
4 225 35,982 71,965 107,947 355 38,117 76,234 114,351
5 250 81,844 163,688 245,532 350 87,927 175,854 263,781
6 225 59,626 119,252 178,878 355 63,161 126,321 189,482
7 250 100,241 200,481 300,722 350 107,469 214,938 322,408
8 225 75,135 150,269 225,404 355 79,469 158,939 238,408
9 250 152,492 304,983 457,475 350 163,425 326,850 490,275
10 225 112,771 225,541 338,312 355 119,267 238,534 357,802
11 250 211,291 422,583 633,874 350 226,372 452,745 679,117
12 225 154,582 309,164 463,745 355 163,477 326,953 490,430
13 250 173,317 346,634 519,951 350 185,577 371,154 556,731
14 225 132,619 265,237 397,856 355 140,141 280,281 420,422
15 250 263,291 526,582 789,873 350 281,795 563,590 845,385
16 225 198,784 397,569 596,353 355 210,036 420,073 630,109
17 250 364,435 728,871 1,093,306 350 389,918 779,837 1,169,755
18 225 272,204 544,408 816,612 355 287,587 575,174 862,761
19 250 341,430 682,861 1,024,291 350 365,377 730,754 1,096,131
20 225 262,225 524,449 786,674 355 277,002 554,005 831,007
21 250 518,570 1,037,141 1,555,711 350 554,696 1,109,392 1,664,088
22 225 392,931 785,862 1,178,792 355 415,025 830,050 1,245,075
23 250 717,675 1,435,349 2,153,024 350 767,408 1,534,815 2,302,223
24 225 537,927 1,075,853 1,613,780 355 568,120 1,136,241 1,704,361
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HPPE - Total CO, (kg) vs Internal Pipe Diameter (mm)
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Figure 6. HPPE—carbon emissions calculations summary.

lead to potential carbon emissions savings of over 2153 tonnes over a 30 year pe-
riod, or over 2302 tonnes over the same period if a 350 mm diameter pipe is se-

lected over a 150 mm diameter pipe.

3.3. Cost Saving Analysis

The results of the pumping power calculations for each comparison design sce-
nario were then used to calculate the cost of purchasing the electricity required
to power pumping equipment to overcome the total head loss by multiplying the
unity rate of electricity paid by NIW in Q3 2021 (12.48 p/kWh inc. VAT) [21] by
kWh usage, as follows:

Pumping Cost(£) = Unit rate of electricity (p/kWh)x kWh

The results for ductile iron pipes are summarised in Figure 7 below, and the
results for HPPE pipes are summarised in Figure 8 below. Table 3 below shows
the potential financial savings over 10, 20, and 30 year periods that could be rea-
lised by opting for the middle and largest sized diameter pipes for each set (250
mm and 350 mm for ductile iron, 225 mm and 355 mm nominal diameter for
HPPE respectively) over the smallest diameter pipe (150 mm for ductile iron,
125 mm for HPPE).

These results show that significant financial savings can be made by selecting
the larger diameter pipes over the smallest diameter pipe for each set of compar-
ison design scenarios. Table 3 summarises the potential cost savings as a result
of selecting the middle diameter pipe in each set (highlighted in blue) and the
largest diameter pipe in each set (highlighted in green) over the smallest diame-
ter pipes. In Set 23, selecting a 250 mm diameter pipe instead of a 150 mm di-
ameter pipe could lead to potential savings of over £1.15 million over a 30 year
period (over £38,000 a year), and over £1.23 million over 30 years (over £41,000 a

year) if a 350 mm diameter pipe is selected rather than a 150 mm diameter pipe.

3.4. Construction Cost Analysis

The analysis so far has highlighted the financial and carbon emissions savings
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Table 3. Potential financial savings summary.

Set Dl\i/[:iiir S 10‘ Year 20‘ Year 30‘ Year DI;:;O,::; 10‘ Year 20‘ Year 30‘ Year
Pipe (mm) aving (£) Saving (£) Saving (£) Pipe (mm) Saving (£) Saving (£) Saving (£)
1 250 7600 15,200 22,799 350 8176 16,352 24,528
2 225 5827 11,653 17,480 355 6173 12,346 18,519
3 250 26,036 52,072 78,108 350 27,983 55,965 83,948
4 225 19,273 38,546 57,819 355 20,416 40,833 61,249
5 250 43,837 87,675 131,512 350 47,096 94,191 141,287
6 225 31,937 63,874 95,811 355 33,830 67,660 101,491
7 250 53,691 107,382 161,073 350 57,563 115,126 172,689
8 225 40,244 80,487 120,731 355 42,566 85,131 127,697
9 250 81,678 163,356 245,034 350 87,534 175,068 262,602
10 225 60,402 120,805 181,207 355 63,882 127,764 191,646
11 250 113,172 226,345 339,517 350 121,250 242,500 363,750
12 225 82,797 165,595 248,392 355 87,562 175,123 262,685
13 250 92,832 185,665 278,497 350 99,399 198,798 298,198
14 225 71,034 142,067 213,101 355 75,062 150,125 225,187
15 250 141,025 282,049 423,074 350 150,936 301,871 452,807
16 225 106,473 212,947 319,420 355 112,500 225,000 337,501
17 250 195,200 390,399 585,599 350 208,849 417,698 626,547
18 225 145,799 291,597 437,396 355 154,038 308,076 462,114
19 250 182,878 365,755 548,633 350 195,704 391,408 587,112
20 225 140,453 280,907 421,360 355 148,369 296,737 445,106
21 250 277,758 555,516 833,274 350 297,108 594,215 891,323
22 225 210,463 420,925 631,388 355 222,297 444,593 666,890
23 250 384,402 768,805 1,153,207 350 411,041 822,081 1,233,122
24 225 288,125 576,251 864,376 355 304,298 608,596 912,894

Ductile Iron - Pumping Cost (£) vs Internal Pipe Diameter (mm)

£10.0000
£9.0000 Set 23
£8.0000
£7.0000
£6.0000
£5.0000
£4.0000
£3.0000
£2.0000
£1.0000
£0.0000

Pumping Cost (£)

Internal Pipe Diameter (mm)

Figure 7. Ductile iron—pumping cost calculations summary.
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HPPE - Pumping Cost (£) vs Internal Pipe Diameter (mm)
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Figure 8. HPPE—pumping cost calculations summary.

that can be made by selecting large diameter water mains over smaller diameter
ones. To determine whether this can result in long term financial savings it is
necessary to consider whether the larger initial construction costs associated
with laying larger diameter pipes can be offset by potential pumping cost sav-
ings.

The financial uplift associated with laying larger diameter pipes is a result of
several factors, including the need to dig wider and deeper trenches during con-
struction, resulting in a greater volume of trench bedding and backfill being re-
quired. The cost of pipes also increases as diameter increases, as more material is
required for larger pipes.

Recently published industry data was used to indicatively assess, at a high lev-
el, whether the reduced cost of pumping larger diameter water mains could off-
set the larger initial capital outlay required over the long term.

This analysis can only be considered as a high level, indicative review. The av-
erage rate per meter, in GBP (£), for laying pipes of the materials and diameters
tested as part of this research were taken from Spon’s Civil Engineering and
Highway Price Book 2022 [22]. There are however many variables that can affect
the construction costs of water main pipelines that will vary on a site specific ba-
sis, such as ground conditions, the presence of other services, design costs, and
any land take that may be required, among other factors. These variables cannot
be reflected accurately when using average rates collected on an industry-wide
basis. In addition, the rates per metre selected (shown below) for 350 mm ductile
iron, 125 mm HPPE, and 355 mm HPPE were not listed specifically, but were
interpolated from rates given for other sizes.

Ductile Iron HPPE

2.50 - 2.50 -
Pipe <150m | 3.00m Pipe <150m | 3.00m
Diameter | Unit| Trench Trench Diameter | Unit| Trench Trench

(mm) Rate (£) Rate (mm) Rate (£) Rate

(£) (£)

150 99.03 129.79 125 46.20 64.71
250 m 182.54 217.16 225 m 115.32 136.45
350 318.38 360.69 355 207.24 225.02
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Two rates were selected for each pipe material and size - a rate for laying
pipes in trenches less than 1.50 m in depth, and a rate for laying pipes in
trenches between 2.50 and 3.0 m in depth. Of the range of trench depth rates
available in the industry literature, these were selected as they represent reasona-
ble “best case” and “worst case” scenarios. When there are no limiting factors to
consider, it is desirable to lay water mains at depths of less than 1.50 m where
possible to reduce costs. It is not however uncommon for water mains to be laid
at depths of between 2.50 m and 3.0 m when necessary, but depths below this are
usually avoided where at all possible due to greater costs and the risks associated
with digging deeper trenches.

The construction cost uplift for laying the middle and largest diameter pipes
when compared with the smallest diameter pipe for each set was then deter-
mined. This was then weighed against the potential calculated pumping cost
savings over 10, 20, and 30 year periods.

Of the 24 sets of comparison design scenarios, eighteen were found to include
an option (either the middle or largest diameter pipe, or both) which could re-
sult in pumping cost savings offsetting greater initial construction costs if se-
lected in favour of the smallest diameter pipe, when laid at a depth of below 1.50
m and considered over a 20 year period. When considered over a 30 year period,
22 out of 24 sets were found to include a larger pipe option that could ultimately
prove cheaper than selecting the smallest diameter pipe to meet a required flow
rate.

When rates for laying pipes in trenches of 2.50 m to 3.0 m were assessed,
eighteen out of 24 sets of comparison design scenarios were again found to in-
clude an option which could result in pumping cost savings offsetting greater in-
itial construction costs over a 20 year period when a large diameter pipe is se-
lected. Over a 30 year period, 22 out of 24 sets were again found to include a
larger pipe option that could ultimately prove cheaper than selecting the smallest
diameter pipe to meet a required flow rate.

The results show that there is a greater likelihood of pumping cost savings
offsetting greater construction costs as pipe length and static head increase, and
when potential savings are assessed over longer periods. The cost uplift of dig-
ging deeper trenches (2.50 - 3.0 m compared with depths above 1.50 m) did not
reduce the number of sets found to include found to include a cheaper long term
option than the smallest diameter pipe.

Based on the rates per metre selected for use in this analysis it can be con-
cluded that selecting a larger diameter pipe will usually result in long term sav-
ings as a result of reduced pumping power requirement and therefore reduced
pumping costs. It was found that more often than not, selecting the middle di-
ameter pipe in each set was the most cost effective option. Even though the larg-
est diameter pipes were found to require the least pumping power in each set of
comparison designs, the greater construction costs associated with these could

not usually be offset by the potential pumping power savings.
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Even in sets which featured pipelines over lesser distances and elevation changes
where it is found that selecting the smallest diameter pipe could be the finan-
cially cheapest option (Sets 1 & 2 over both trench depths), the cost of selecting
either of the larger diameter pipes was found to be less than £90,000 over 30
years in each case. With this in mind, the value of potential carbon reductions
should also be considered. Governments and water utility companies should con-
sider whether it is worth meeting this larger cost to reduce carbon emission.

Recent research has confirmed that the occurrence of stagnation within a wa-
ter distribution network is favourable for the multiplication of legionella [23].
Further research is needed to determine if the reduced flow rate experienced by
larger diameter pipes can increase the likelihood of stagnant conditions occur-
ring when compared with smaller diameter pipes, particularly during periods of

low flow.

4. Conclusions

It is concluded that pumped mains of larger diameters can ultimately be more
energy efficient and cost effective over the long term when selected in favour of
smaller diameter pumped mains capable of delivering water at the same flow
rate.

Scenario testing of 72 hypothetical water main designs has shown that there is
a clear inverse relationship between total head loss and pipe diameter when all
other variables remain the same. Larger diameter pipes can deliver water at the
same rate as smaller diameter pipes but at much reduced velocities, leading to
reduced total head loss. Analysis has shown that for ductile iron pipes the head
loss experienced by the largest diameter pipeline of each set was on average
54.08% of that of the smallest diameter pipeline. For HPPE pipes, the largest
diameter pipes experienced on average 63.98% of the total head loss of the smal-
lest diameter pipes.

The pumping power required to overcome total head loss, in the form of wa-
ter energy, was calculated using the scenario testing results for each hypothetical
design which showed that the lower head loss experienced by the larger diameter
pipes in each set resulted in a significantly reduced pumping power requirement.
Sets featuring the greatest pipeline length and elevation change, or hydraulic
gradient, showed the largest reduction in pumping power requirement as pipe
diameter increased. Potential energy savings of up to 9.88 GWh over a 30 year
period were found by selecting the largest diameter pipes over the smallest di-
ameter pipes.

A method for calculating the carbon emitted through the process of generat-
ing the required pumping power for each comparison design scenario was ap-
plied to the water energy results. This has shown that the reduced pumping
power requirement of larger diameter pipes led to a significant reduction in CO,
emissions, with potential carbon servings of over 2300 tCO,e over 30 years for

the longest pipelines tested. Over time the carbon generated through electricity
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production will decline as the proportion of energy produced coming from re-
newable sources increases.

As required pumping power was found to decrease as diameter increased, poten-
tial long term cost savings were identified. The unit rate of electricity (p/kWh)
paid by NIW was multiplied by the water energy required (kWh) for each design
to get an hourly figure, which was then extrapolated over 10, 20, and 30 year pe-
riods. Potential savings of over £1.23 million over 30 years were identified if the
largest diameter ductile iron pipe was selected over the smallest diameter pipe
over the largest pipeline length tested.

For most of the hypothetical designs tested, it was found that the potential
long term pumping cost savings that could be realised by using larger diameter
water mains could offset the greater initial construction costs associated with
larger diameter pipes. Hypothetical designs where this was not the case were
over lesser distances and elevation changes, however the long term overall cost
uplift associated with the larger diameters was found to be comparatively small -
less than £90,000 over 30 years in each case.

As the largest single electricity user in Northern Ireland, NIW has pledged to
achieve carbon neutrality by 2050 [3]. In financial year 2019/2020 NIW con-
sumed approximately 294 GWh of grid electricity, a significant proportion of
which was used to pump potable water around the public distribution network.
To achieve publicly stated carbon emissions reduction targets, water utility pro-
viders must look at ways of further improving efficiency in all areas. This re-
search shows the extent that considering the long term pumping requirements of
different pipe sizes at design stage and selecting pipe size accordingly can con-
tribute to the effort to reduce the carbon footprint of the water industry as a
whole.

NIW spent approximately £32 million purchasing grid electricity in financial
year 2019/2020 [3]. The economic constraints experienced by NIW as a result of
chronic underfunding has a significant effect on funding available for key water
and wastewater projects, effecting regional economic growth as a whole [24].
The financial savings that could be realised by designing water infrastructure to
operate as efficiently as possible could free significant capital that could be in-
vested in, for example, failing wastewater infrastructure and improving envi-
ronmental protection.

Potential energy, carbon, and cost savings were calculated over 10, 20, and 30
year periods to highlight the potential long term savings that could be realised by
selecting larger diameter pipes during the water main design process. These time
frames were chosen as net zero emissions targets will be approaching over the
next 20 - 30 years. NIW has committed to achieving carbon neutrality by 2050
[3], while Irish Water aims to achieve this by 2040 [7]. This research has shown
how changes to design choices in the present day can help water companies to
achieve these goals.

Value engineering has traditionally been viewed from a financial perspective,
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but the potential for carbon emissions reductions over the long term should also
be considered as adding value. Governments and water utility companies should
consider whether it is worth meeting this larger cost to reduce carbon emissions
where pumping cost savings were not found to offset the greater construction

cost associated with larger diameter pipes.
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Appendix A. Comparison Design Scenarios

Internal Diameter Pipe Length Static Head

Set No. Pipe Material
(mm) (m) m 7
1 150
1 2 250 500 3 Ductile Iron
3 350
4 102.28
HPPE (PE100
2 5 184.10 500 3
SDR11)
6 290.46
7 150
3 8 250 500 7 Ductile Iron
9 350
10 102.28
HPPE (PE100
4 11 184.10 500 7
SDR11)
12 290.46
13 150
5 14 250 500 10 Ductile Iron
15 350
16 102.28
HPPE (PE100
6 17 184.10 500 10
SDR11)
18 290.46
19 150
7 20 250 1000 15 Ductile Iron
21 350
22 102.28
HPPE (PE100
8 23 184.10 1000 15
SDRI11)
24 290.46
25 150
9 26 250 1000 20 Ductile Iron
27 350
28 102.28
HPPE (PE100
10 29 184.10 1000 20
SDR11)
30 290.46
31 150
11 32 250 1000 25 Ductile Iron
33 350
34 102.28
12 35 184.10 1000 25 HPPE (PE100
’ SDR11)
36 290.46
37 150
13 38 250 2500 30 Ductile Iron
39 350
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Continued
40 102.28
HPPE (PE100
14 41 184.10 2500 30
SDR11)
42 290.46
43 150
15 44 250 2500 40 Ductile Iron
45 350
46 102.28
HPPE (PE100
16 47 184.10 2500 40
SDR11)
48 290.46
49 150
17 50 250 2500 50 Ductile Iron
51 350
52 102.28
18 53 184.10 2500 50 HPPE (PE100
’ SDR11)
54 290.46
55 150
19 56 250 5000 60 Ductile Iron
57 350
58 102.28
HPPE (PE100
20 59 184.10 5000 60
SDR11)
60 290.46
61 150
21 62 250 5000 80 Ductile Iron
63 350
64 102.28
HPPE (PE100
22 65 184.10 5000 80
SDR11)
66 290.46
67 150
23 68 250 5000 100 Ductile Iron
69 350
70 102.28
24 71 184.10 5000 100 HPPE (PE100
’ SDR11)
72 290.46
HPPE Pipe  Wall Thickness Internal
Diameter (mm) (mm) Diameter (mm)  For ductile iron pipes, diameter
125 11.36 102.28 nominal (DN) was taken to be
equal to internal diameter, as per
225 20.45 184.10 manufacturers specification
355 32.27 290.46
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Appendix B. Head loss Calculations Summary

Set1 Set 2 Set 3 Set 4

Internal Total Head Internal Total Head Internal Total Head Internal Total Head
Diameter (mm) Loss (m) Diameter (mm) Loss (m) Diameter (mm) Loss(m) Diameter (mm) Loss (m)

150 7.165 102.28 9.301 150 16.331 102.28 20.644

250 3.364 184.10 3.399 250 7.804 184.10 7.862

350 3.076 290.46 3.048 350 7.167 290.46 7.104
Set 5 Set 6 Set 7 Set 8

Internal Total Head Internal Total Head Internal Total Head Internal Total Head
Diameter (mm) Loss (m) Diameter (mm) Loss (m) Diameter (mm) Loss(m) Diameter (mm) Loss (m)

150 23.137 102.28 28.917 150 33.520 102.28 42.470

250 11.126 184.10 11.195 250 16.533 184.10 16.685

350 10.233 290.46 10.144 350 15.308 290.46 15.197
Set 9 Set 10 Set 11 Set 12

Internal Total Head Internal Total Head Internal Total Head Internal Total Head
Diameter (mm) Loss (m) Diameter (mm) Loss (m) Diameter (mm) Loss(m) Diameter (mm) Loss (m)

150 44.386 102.28 55.704 150 55.210 102.28 68.772

250 22.007 184.10 22.187 250 27.474 184.10 27.678

350 20.402 290.46 20.256 350 25.495 290.46 25.313
Set 13 Set 14 Set 15 Set 16

Internal Total Head Internal Total Head Internal Total Head Internal Total Head
Diameter (mm) Loss (m) Diameter (mm) Loss (m) Diameter (mm) Loss(m) Diameter (mm) Loss (m)

150 65.729 102.28 84.143 150 86.978 102.28 110.276

250 32.892 184.10 33.259 250 43.777 184.10 44.222

350 30.569 290.46 30.373 350 40.741 290.46 40.483
Set 17 Set 18 Set 19 Set 20

Internal Total Head Internal Total Head Internal Total Head Internal Total Head
Diameter (mm) Loss (m) Diameter (mm) Loss (m) Diameter (mm) Loss(m) Diameter (mm) Loss (m)

150 108.134 102.28 136.065 150 130.325 102.28 167.009

250 54.650 184.10 55.162 250 65.637 184.10 66.397

350 50.910 290.46 50.590 350 61.100 290.46 60.727
Set 21 Set 22 Set 23 Set 24

Internal Total Head Internal Total Head Internal Total Head Internal Total Head
Diameter (mm) Loss (m) Diameter (mm) Loss (m) Diameter (mm) Loss(m) Diameter (mm) Loss (m)

150 172.446 102.28 218.849 150 214.381 102.28 270.002
250 87.359 184.10 88.282 250 109.055 184.10 110.122
350 81.431 290.46 80.940 350 101.756 290.46 101.148
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