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minimum hydraulic head (pressure+elevation)
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drinking water distribution networks

> deliver the water from reservoirs to clients with time-varying demand at
minimum hydraulic head (pressure+elevation)

> head increase through pumps and power consumption
> tanks to secure the water supply (e.g. when pumps are off)
> head losses through pipes due to friction
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operating water distribution networks

> pump scheduling: given profiles of water demand and electricity tariff on a
horizon T (resolution of 1h or 2h), decide when to switch on/off pumps K in
order to satisfy the demand and the tank capacities at any time and to
minimize energy costs
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designing water distribution networks

system design: not to small fo be effective, not to big to be cost-efficient
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designing water distribution networks

system design: not to small to be effective, not to big to be cost-efficient

> literature: dimension pipes or design the pipe layout

> a 2-stage problem: (1) get pipe configurations and investment costs,
(2) check feasibility on a static worst-case demand scenario

> neglect the impact of the pipe configuration on the operation costs

> here: rehabilitate the pumping stations: dimension the pumps
> strongly impact the lifetime ( 20 years) operation costs > 3x investment costs
> should consider uncertainties on the demand
> a 2-stage problem: (1) get pump configurations and investment costs,

(2) solve robust pump scheduling/20 years to get operation costs
> simplifications are required !
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approximated pump scheduling

> reduce T: schedule on 12 representative days a year (demand is
seasonal); reduce the pump efficiency of 1% each year
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approximated pump scheduling

> reduce T: schedule on 12 representative days a year (demand is
seasonal); reduce the pump efficiency of 1% each year

> decompose T: relax the inter-day storage constraints (fix storage at 12PM)

> relax the integrality and non-convex constraints: relax equalities or
generate a tight polyhedral outer approximation (Bonvin19)
pipes: one-direction / bi-direction
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convex continuous relaxation

T=12 T=24 T=48
___Day| UB LB _Gap UB LB Gap UB LB Gap
ol 2L inf 1634 - 1551 1468  54% [ 1509 1459 33%
a 22 inf  166.9 - 1591 1518  4.6% | 155.7 1502 3.5%
.;; 23 inf  180.7 - | 1724 1646  4.5% | 1685 1628 3.4%
S| 24 inf 1895 - 1817 1713 5.7% | 176.0 1703 3.2%
G| 25 inf  160.4 -| 1478 1396 5.5% | 145.5 139.7  4.0%
21 766.3 7181 6.3% | 7332 7190 1.9% | 7318 719.1  L7%
S 22 7964 7084 11.0% | 7321 7085 3.2% | 730.6 708.6  3.0%
;‘ 23 8255  739.9 104% | 761.5 7406 2.7% | 765.0 740.8  3.2%
<| 24 884.2  800.0 9.5% | 822.9 8008 2.7% | 824.0 801.2  2.8%
25 845.8  654.8 22.6% | 690.6 6563 5.0% | 685.6 656.4  4.3%
~| 21 1116 1008  9.7% | 109.0 99.6  8.6% | 110.1 99.6  9.5%
S| 22 | 1136 1021 101% 1011 10.5% | 1124 1010 10.1%
El 23 | 1266 1142 98% 1129 9.8% | 1245 1128  9.4%
5 24 1389 1247 10.2% 1232 9.6% | 136.0 1231 9.5%
25 113.4 94.2 16.9% 2 852 9.6% 92.4 85.1  7.9%
of 21 | 1482 1350 89% | 1468 1178 198% | 1469 1087 26.0%
2| 922 | 1540 1400 9.1% | 1524 1228 194% | 15L5 1135 25.1%
x| 23 167.5  153.0  87% | 1651 1349 18.3% | 164.0 1241 24.3%
; 24 1735 1578 9.0% | 1722 1381 19.8% | 171.2 1276 25.5%
A 25 | 1450 1299 104% | 1398 1112 205% | 140.9 1032 26.8%
21 3379.3  3263.0 34% - 32281 - - 3230.2 -
| 22 | 33982 32741 3.7% | 34206 32298  5.6% - -3229.6 -
=| 23 |3555.6 3419.6 3.8% - 33764 - - 33762 -
S| 24 [ 36804 34587 3.8% | 37375 35164  5.9% - 3516.1 -
25 | 34772 3122.2 102% | 33127 30974  6.5% | 3360.4 30974  7.8%
29.01 1262 1227 2.8% | 1275 1227 3.8%
aQ 27.03 1384 1325 4.3% | 1375 1325 3.6%
| 30.05 1034 1006  2.7% | 103.9 1006 3.2%
~ 26.07 2164 2006  7.3% - 200.5 -
28.09 1059 1005 5.1% | 1039 1005 3.3%
24.11 1044 1011 3.2% | 103.6 1011 2.4%
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> lower bound computed
after b&b presolve

> mean gap 9.5% to the
best solution known

> for considered benchmark
FRD: 4%
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modelling robustness

> hard to predict the evolution of the demand or of the electricity tariffs for
the next 20 years
> stochastic or robust programming approaches would be too expensive
> consider instead crifical day scenarios, e.g.: highest observed demand,
tanks initially empty, one pump outage
> critical days are exceptional; they do not participate to the evaluation of
the operation costs but are used to check feasibility
> solve the convex MINLP relaxation as a satisfaction problem
Proposition: for branched networks as FRD, if er?i“ = 0O for each pump class k.,
then the binary pump operation variables can be aggregated per pump class
and their infegrality relaxed for the classes of pumps able to exceed the highest
allowed head increase.
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unfeasibility and dominance

> if a configuration with Y;. pumps in each class k is unfeasible then at least
one more pump should be installed: Y Uiy, = 1 (feasibility cut)
with Yy, = 1 if at least n 4+ 1 pumps of class k are installed
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if a configuration with Y. pumps in each class k is unfeasible then at least
one more pump should be installed: Y Uiy, = 1 (feasibility cuf)

with Yy, = 1 if at least n 4+ 1 pumps of class k are installed

could we identify more than one unfeasible configuratfion at a fime ?

a configuration Y € ZX is unfeasible iff the maximal flow

Ov(H) = ;. Yi /max(0, H’(‘};H ) it can deliver for any allowed head

increase H € [H™", H™3] s lower than the maximal demand

dominance: if Qyr < Qy and Y is unfeasible then Y is unfeasible; Y is
likely to have a lower reference power ;. Y;’cpk

heuristic: build the list of configurations of at most N pumps and order by
reference power; for each unfeasible configuration, look for dominated
rmaximal configurations in the lower list; generate feasibility cuts

filtering the initial list: start fromn a median configuration and check
feasibllity; if unfeasible proceed as above, otherwise remove all
dominating configurations in the upper list
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Benders decomposition

1. inificlize ¥ = Fo. O =0, UB = +0c0
2. solve the master program, get y* and LB = ;. ,, kY, + Z°

Min (o 1)KN 50 Z IxYin + 2
k.n

S.t. Ykn = Ykn+1, Vi, n
z>2c(Y)+s(Y)(y-Y), VY e O
Z Uky, = 1, VY e F

kek

3. check configuration y* on the critical days, if unfeasible add to F with all

the identified dominated maximal configurations

4. otherwise, get the operation cost c(y*) and a subgradient s(y*) of ¢ at y*
by solving the relaxed daily pump scheduling NLPs and add y* to O;

update UB = min(UB, X » IxY;,, + ¢(y*))
5. stop if UB — LB < ¢, otherwise iterate
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Numerical results

> generated instance for the real network FRD based on 1 year of historical
data; master and slaves solved with Gurobi 7.0.2
19 constructor’s pump classes, at most N = 6 pumps to install
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Numerical results

generated instance for the real network FRD based on 1 year of historical
data; master and slaves solved with Gurobi 7.0.2

19 constructor’s pump classes, at most N = 6 pumps to install
preprocessing 275s: generate 42K configurations of 5 pumps or less,
identify 1902 unfeasible, Fo = 21K = 96%F finai

Stabilized Benders decomposition (vanAckooij16): 732s in 37 iterations (28
unfeasible) for a tolerance of 1078

optimal configuration evaluated using 12 days: 598, 748 euros
optimal configuration evaluated on 365 days: 598, 607 euros
our lower bound LB = 570, 898 euros: optimality gap 4.3%

comparison with the configuration currently installed: 5 pumps instead of 6,
reference power drops from 127 to 66 kW, optimal operation costs
reduced by 25%
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conclusion and perspectives

> pump design: optimal design in water networks with dynamic subproblems

> numerical tests on FRD: good trade-off between accuracy and

performance

the method is generic but some improving features (dominance,
relaxation) are specific

extension to the pump-+pipe design ? generalization to wider classes of
networks ?
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