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1 | INTRODUCTION

| Payman Dehghanian’

Abstract

With the widespread deployment of advanced heterogeneous technologies and growing
complexity in our modern society, there is an increasing demand for risk-aware manage-
ment and joint operation of interconnected infrastructures and lifeline networks. The coor-
dination between Power and Water Networks (PWNss) is urgently needed as water networks
are one of the most energyintensive critical infrastructures. This paper proposes a frame-
work for day-ahead operation optimization and coordination of the interconnected Joint
Power and Water Networks (JPWNs). Unlike the state-of-the-art where PWNs are individ-
ually operated in their respective domains, we present an integrated framework for PWNs
that conjoins the Optimal Power Flow (OPF) mechanisms in power grids with innovative
operation models of the water networks. Piece-wise lineatization is applied to the nonlinear
hydraulic operating constraints to convert the proposed optimization model into a mixed-
integer linear programming (MILP) formulation. The suggested framework is applied to a
15-node water network jointly operated with the IEEE 9-bus and IEEE 57-bus test power
systems. The simulation results show the effectiveness of the proposed framework, result-
ing in cost reduction and enetrgy-saving when both systems’ operation is jointly optimized.
The results show that the proposed methodology is scalable and computationally-efficient
when applied to larger-scale systems.

systems, they need to be operated jointly and interdependently
in real-world applications [3]. Water facilities need to be deliv-

Water and energy are the two most critical lifeline infrastruc-
tures as they play central roles in back-boning modern society
and human life. Electricity usage for pumping water through
water systems accounts for a high percentage of the total elec-
tricity demand globally [1]. The electricity consumption by water
infrastructure alone is approximated around 4% of the total
electricity consumption in the United States [2]. The projected
ramping of the populations in modern societies calls for fur-
ther electrification of the Power and Water Networks (PWNs)
in the next years to come; therefore, there is an urgent need for
improved reliability and efficiency of the water networks and
the water facilities, that is, water treatment, water purification,
cooling, wastewater etc.

While water and power systems have traditionally been
designed and planned as two independent and uncoupled

ered electricity from power systems to normally and adequately
operate. On the other hand, water is essential for refining fuels
and generating electricity. With the apparent interdependency
of power and water systems, a challenging concern exists in
the scenarios of limited availability in either water or electric-
ity. For instance, in the case where a shortage in cooling water
for conventional steam power plants is realized, water system
may not be supplied with sufficient amount of electricity needed
to pump the water through transmission pipelines; this could,
in turn, lead to a failure in both systems. The closely inter-
twined PWNs ecosystem is commonly referred to as water-
energy nexus (WEN) [4-0].

WEN has been widely investigated in the literature. The
effects of climate change on the operation of hydro power
plants and water reservoir management were studied in [7].
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Reference [8] provides a literatute review on the water system
optimization with special considerations to WEN. WEN link-
age analysis is employed in [9] to demonstrate the impacts of
considering coupled water-power networks on different eco-
nomic sectors. Effects of the battery storage facilities on the
optimal dispatch of power and water in WENSs are studied in
[10]. A power and water economic dispatch approach for the
supply side has been developed in [6]. Reference [11] presents a
mathematical co-dispatch model for the optimal network flows
in both water and power systems. Daily hydro-thermal oper-
ation scheduling using robust optimization is investigated in
[12], taking into consideration only water network constraints
while ignoring those of the power transmission networks. Dif-
ferent techniques using physics-based modeling of WEN are
suggested in [13] to model the interdependence structure of
water, wastewater, and power systems. Demand response and
frequency regulation for water distribution systems is studied in
[14]. Energy flexibility through the coordination of water and
power systems is introduced in [15]. Multi-objective optimiza-
tion for PWNs operation under the uncertainty of river inflows
is introduced in [16]. A methodology to assess the infrastruc-
tural and operational resilience of PWNs under limited water
and/or energy availability is presented in [17]. Another scope
of research in this area focuses on cost minimization using
strategies for load management in water and wastewater sec-
tors and on the efficiency of passive energy to help maintain the
power grid’s reliability [18-20]. Economic impact of the elec-
tricity demand of the water facilities on power system operation
using different energy efficiency programs is explored in [21].
The use of renewable energy sources in the operation of PWNs
is investigated in [22—24]. References [23, 24] proposed a model
for utilizing solar energy in PWNs. A framework for utilizing
water pumps and tanks to receive the needed electricity for
their operation from renewable sources is presented in [22]. The
coordination between water and electricity networks is investi-
gated in [25]. A mathematical co-dispatch approach to achieve
the optimal network flows in PWNs is studied in [26]. Reference
[27] investigated the demand forecast errors in the operation
of PWNs. Uncertainty modeling of the WEN is investigated
in [28, 29]. A scenario approach is used in [28] to model the
uncertainty of water demand forecasts, while [29] proposed a
two-stage distributionally robust operation model for the WEN
networks.

Focusing only on the operation of water pumps and exclud-
ing the power system constraints has also been a wide and com-
mon area of research in the literature [30, 31]; studies to model
and integrate the interactions between the water and power sys-
tems are found scarce. Modeling such interactions and interde-
pendencies is critical as separate management of the two net-
works individually will result in sub-optimal solutions in one
another. Examples of such sub-optimal solution can be found
in many references in the literature where the first optimiza-
tion procedure focuses solely on water networks that provide
the electricity consumption of the water facilities to power sys-
tem operators, and the second optimization model is managed
by power system operators considering the submitted electric-

ity demand by water network infrastructure. This will result in
a lack of coordination between the two systems which, in turn,
may lead to a shortage of water demand and/or essential water
used for refining fuels and electricity generation. Additionally,
the computational time to continuously coordinate the water
and power systems would be challenging, particularly during
emergency operating conditions. Furthermore, this coordina-
tion relies heavily on reliable and secure communication net-
works across the WEN landscape, where a failure, latency, or
attack may compromise the reliability and dependability of the
two systems. Such lack of coordination was experienced during
the Maria hurricane in Puerto Rico [32], where hurricane dam-
aged around 90% of the state’s electrical system, and large areas
were not supplied with water for a long time due to the sev-
erance of the hurricane and the lack of coordination between
different interconnected sectors, that is, power and water oper-
ators, which resulted in a longer recovery time [33, 34].

Different from the traditional practices where the operation
of power and water networks has been approached either inde-
pendently or coordinated through an iterative exchange of status
information between the networks—yet vulnerable to commu-
nication latencies, cyber-attacks, and sub-optimal solutions—,
this paper bridges the gap by introducing novel techniques for
the operation of the Joint Power-Water Networks (JPWNs). To
the best of the authors’ knowledge, a holistic framework for
modeling and co-optimizing of the interdependent PWNs is
missing in the literature. The presented model aims to enhance
the flexibility of both electric and water systems and elevates the
efficiency and resiliency of both systems in the face of severe
disruptions. The proposed framework dynamically receives the
input information from both networks and minimizes the
energy consumption of the intensive water network infrastruc-
ture, for example, pumps (see Figure 1). The forecasted day-
ahead demanded water, as well as electricity prices, are employed
to minimize the total operation cost of both systems.

The rest of the paper is organized as follows. Section 2
introduces the proposed integrated optimization framework for
JPWNSs, considering DC optimal power flow (DCOPF) and
AC optimal power flow (ACOPF) mechanisms. Numerical case
studies and simulation results on a 9-bus test system integrated
with three 15-node water networks is presented in Section 3.
The paper is eventually concluded in Section 4.

2 | PROPOSED METHODOLOGY

In this section, the proposed formulation for the integrated
modeling and optimization of JPWNs is presented. The com-
ponents of the water network (e.g reservoirs, pipes, pumps,
and tanks) are mathematically modeled based on the a directed
graph G = (N, A), that is, a set of nodes connected together
by arcs directed from one node to another, where /V represents
the set of water system nodes consisting of water sources (i.c.
reservoirs or tanks) or customers demand. Pipes j and pumps

p are represented by A , where A = {p U s}. Positive and nega-
tive values for the water flow rate Q define the direction of each
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FIGURE 2  Schematic diagram of a typical water network
arc. The schematic diagram of a water system and its hydraulic
components are illustrated in Figure 2.

2.1 | Water flow balance constraints

Water system demand is delivered to consumers from the reser-
voirs and tanks through a network of pipes and pumps. The
water flow balance constraints are modeled as follows:

QZ; -Dy, =0y, —AE,, =0 Vb, Ve, (1)
AE,, =T/ = 1" \ZA (1b)

- »Q;/;;m,b < »Q/it < oQ;mx,/: Vb, Vi, (o)
,QZ >0 Vb, Vt, (1d)

7,20 b, Vr. (le)

General architecture of the proposed framework for joint operation optimization of interdependent power systems and water networks

Water flow balance equation in the water network is modeled
in (1a). The difference between the input and output water
flow of the tank AF),, is modeled in (1b), while the water flow
through pipes Qjj, ; is limited in (1c). Water flow through pumps
is bounded in constraint (1d). Constraint (1¢) ensures that only
positive values can be taken for the reservoirs’ nodes.

2.2 | Nodal pressure head models for pipes

Water flows through pipes ; are resulted by the pressure level
difference between the water nodes /V. The nodal pressure head
for pipes is modeled as follows:

bé,b,z - b;/z+1,17,l‘ =7 l ’Q/ii |52 518”@2;) VoVt (2a)
81,

r,=—:, 2b

b= b =0 V1, Vb, (2¢)

bﬂziﬂ,b < b/},t < bmax,b Vit ’ Vb. (Zd)

The flow of water through pipes is modeled in (2a) by the
Hazen—Williams formula, where the coefficient r, depends only
on the water flow as presented in (2b). Pressure head of the
water reservoirs are fixed by its geographical heights in (2c), as
reservoirs are considered unlimited sources of watet. Constraint
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(2d) bounds the nodal pressure in water networks. A piece-wise
linear formulation [14, 35] is applied to guarantee a feasible solu-
tion of the optimization problem. This is because constraint (2a)
is, in nature, a polynomial nonlinear function. In large scale sys-
tems, the nonlinear model may not result in a global optimal

solution. In order to apply the piece-wise hneanzatlon Q/ |
divided into several breakpoints (q/ , qg, . q/ ). ql and q/ are set
at the extremes (i.e. at the maximum and minimum values of

QZ ) Let let/ be a binary variable for each plpe at each bus

which is associated with the 7th interval (i.e. q q +1) Note that
(Q[/] , is forced to be associated with a pair of consecutive break-
points where X, ; € [0, 1] is introduced as a continuous variable
for each breakpoint. Dummy parameters are introduced such

that ¥, = Y, = 0. Finally, the pressure head difference Ab; l(q{)
can be approximated through the following set of constraints:

-
iy
ZYW -

i=1

ij =1,/ i
X <Yv/)t +Y/71

ATA7S (3a)

Vb,¥;, Vi Vs, (3b)

Z X = Vb,V j,Vt, (39
1,j -1,/ ;

X[ <yl Vb,V j, V1, (3d)
X <y Ve, V1, G

Q/bf Z bt ib Vb,V V1, 0

Z DN VoV (Be)

biji,b,z‘ n+1,b,t

Constraint (3a) enforces only one binary variable to take the
value of 1, while (%b) (3e) 1rnp1y that only values other than zero

are chosen for X and X 7 Constraints (3H)—(3g) ensure
that the pressure dlfference for each pipe is properly chosen to
accurately assess the approximated values.

2.3 | Tank and pump operation constraints

Tanks and pumps are the most challenging components to be
modeled in the water networks. Tank is used to smoothen the
pumpage demands during peak hours and to assist the water
network during the emergency conditions. Water tank’s dynamic
operation is modeled as follows:

Vi1 =

V,, + AL, Vb, V1, (42)

VZ?,,’ = ‘S\ﬂb/?,f Vb, Vf’ (4b)

T/mifz,lﬂ < T/J;,l < Vﬂ/ax,b Vb’ \4 ) (4C)
AE,,;,, S AE,, SAE,,. ., Vb, V't (4d)

The flow balance equation for tanks is modeled in constraint
(4a). The pressure head at tank nodes is driven by the water
stored in the related tanks, as formulated in (4b). Constraint (4c)
limits the volume of each tank to its minimum and maximum
capacity. The difference between the charging and discharging
water flow in tanks is limited in constraint (4d). Water pump (p)

increases the pressure A/y/; , by a controlled positive amount (i.e.
A, =Dy 4, = ) The in .
is modeled in (52). The electricity consumption for each pump

). The increase in water pump pressure

is formulated in (5b) and the pump electricity consumption is
limited in (5¢).

O \"
A, = LV/W<¢1 - a2< 7, VoVt (53)
P=w <b1 - b2<%" )) Vb, Vs, (5b)
byt
Po<p<p Vb, Vr. 5¢
minyb byt max,b

Non-linearity is present in the water pressure equations for
pump and pump power consumption constraints (5b) and (5¢),
respectively. The triangle technique is used to approximate
the bi-variate functions A/?‘Z , and P/f ,- First, breakpoints are
selected by dividing the x and J/ axes, respectively, into U and

M points (L. g} ;s b 1w s @y o 7} o 7y 4o oee» Wy ). The break-

points (qf,/}, q{b) and (”/f,b wﬁ[ ») represent the minimum and

maximum water flows through pump Qﬁ , and speed of pump

W, respectively. Continuous variable X | A= € [0, 1] associ-
ated with each (#, ) is introduced. Also, dummy variables for

all upper and lower binary 8 have to be set to zero such that

I/ppf; lppﬂr _ lppﬂr _ pUpper _ L ower Loznr _
=g #,0, % J % =B My — ﬁ - ﬁ
Lou/(’r _ Lou/(’r

U =P = O. The approximations of the two nonhneat

constraints (52) and (5b) are formulated as follows [35]:

u M
ZZ = Vp, Vb, Vt, (6a)
u=1 m=1

u M

Vp,Vb,Vt, (6b)

QZ; = Z 2 /;%/;”’qu,z;

u=1m=1

u M

_ ﬂ ;71,]_7
Vo= 2 2% W

u=1 m=1

Vp, Vb1, (6c)

u M

AW, =) DA (g )X

u=1 m=1

Vp, VbV, (6d)

U M

= X2, )%

u=1m=1

Vp,Vb,Vt, (6e)
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M

o Upper Lou»er —
Z 2 ( /47//]7/7/ 74”/,]),/7,1 =1 Vp’ Vb’ Vt’ <6f)
n=1m=1
U p Upper Upper Upper
)(1;,1 < ﬁ%,l}i—l,]),/}l + ﬁl/t-l-l 1, P, b,t 6%,7}1,p,/7,l
+ Lower Lower

u="1,m,p,b,t wm+1,p,b,t
Lower
Lo Vi, N, N p, b, iz,

(6g)

The weights of the convex combination for the selected trian-
gle is introduced in (6a). Constraints (6b) and (6¢) represent the
linear combinations of any values for ) , and W} ,, respectively.
The bi-variate nonlinear functions for the pressure difference in

each water pump (Abf ,) and the power consumption of pumps
(6f) ensures that only one triangle is used for the convex com-

) are approximated in (6d) and (Ge), respectively. Constraint

bination. Constraint (6g) enforces that only non-zero values of

1,1, . . . .
X 7 can be associated with the three vertices of the triangle.

2.4 | Water-power network integration
constraints

24.1 | DCOPF

Power system’s DC optimal power flow (DCOPF) mechanism
is integrated with the water network through the following con-

straints.
P
P = BP Vo, V1, (7a)
=T
Py =Py + Pl Vi, Vit, (7b)
Py <P+ <P, Vn, Vs, (70)
¢
Z I?Q,l - Z Pkmﬂ,z‘ = P//ﬂ,z‘ V”, VI, (7d)
=1 /7/607
6,—0
B, =—"—" V&, V1, (Te)
X
- PZMX S Pkmﬂ,l‘ S PZKIX V/éa Vls (76
pg/z'ﬂ < Pg P;mm V2. (7g)

A new parameter for pump power consumption is intro-
duced in (72) to adjust the dimension of Pf ,- Constraint (7b)
sums the total electricity demand for power and water net-
works together. Electricity consumption is bounded in (7¢).

Power balance constraint at each bus is enforced in (7d). Con-
straint (7¢) sets the power flow in transmission lines. The
power flow in each transmission line is bounded to the min-
imum and maximum limits in (7f). Output power of sys-
tem generating units is limited to the minimum and maxi-
mum capacities in (7g). The complete mixed-integer linear pro-
gramming (MILP) optimization model for the joint operation
of power grids integrated with water networks is formulated
below:

=z

Mo

NT
min

R
22<m+ (i By + o P+, Z@)

r=1 g=1 r=1 p=1

,A
s
[l

subject to (1a — 1d), (2c — 4d), (5¢ — 6g), (7a — 7g)

‘X/?I’tj € [0, 1]’7;,/: Q;dx’zg/d%] V/;eS
X, €011, € 0.0 Vpe P
A/jff €[ /jp VpeP

The objective function minimizes the total operation cost of the
JPWNs. The first two terms in the objective function are the
fixed costs and the linear costs of the power generating units.
The third term is added to minimize the total consumption of
electricity needed to pump the water in the network. The last
term reflects the purchased water from the reservoirs.

242 | ACOPF

In order to compare the performance of the proposed co-
optimization model under different optimal power flow mech-
anisms in power network, AC optimal power flow (ACOPF)
model is also integrated with the water network by the following
constraints.

P
3/’ new )p
P =Y B Vb, V1, (82)
p=1
D )/),nm'
]’{”[_ld’l-l-]/ﬂl Vﬂ,vf, (Sb)
P, <P, +P" <P, Vo, Vt, (8¢)
G
Z ]?g,/ - Z ])kim/,t = P/Zn,t V”’ Vf’ <8d)
=1 meQ]
Z]?,t_ Z By = Zp/e,t_ Zpé; v, (8e)
2EG; deD; kEK, kEK,
2 Qg,l - Z .,Qd,t = Z ,Qk,f - Z ,Qk,/ vz, (Sf)
e deD, EEK, LEK,
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Constraints (8a—8c¢) integrate the total electricity demand con-
sumed by water and power systems at each bus. The active and
reactive power balance between the generation and loads in all
nodes are enforced in (8¢) and (8f). The active and reactive
power flows across transmission lines are characterized through
linearized AC power flow as modeled in (8g) and (8h). Voltage
magnitude and angle for each node are, respectively, limited in
(8i) and (8j).

The complete mixed-integer linear programming (MILP)
optimization model of joint operation of the linearized AC opti-
mal power flow integrated with water infrastructure is formu-
lated below:

, P
min 3, 3, 2 3 (s + P + 6B + 6

subject to (1a — 1d), (2c — 4d), (5¢ — 6g), (8a — 8))

3 | NUMERICAL CASE STUDIES
3.1 | System descriptions, data,
and assumptions

The proposed formulation for the joint operation optimization
of the interdependent power and water systems is implemented
on the IEEE 9-bus test system connected to three water net-
works as illustrated in Figure 3. The 9-bus test system consists
of three generating units, nine transmission lines, and three load
points. Each water network consists of 15 nodes and is con-
nected to a power grid load point. Note that each water system
includes 11 pipelines, 3 pumps, and 2 tanks. Water demands are
located at nodes 3, 11, and 15 for each water system. Details
on the location of each component in the water network (e.g.
pumping stations, water tanks, nodes etc.) are demonstrated in
each blue box in Figure 3. Reservoir is treated here as an unlim-
ited source of water and tanks are set to be empty at the ini-
tial time. In this model, each water system is characterized with
identical parameters (e.g. tank volume, demands etc.). All system
data (i.e. the hourly generation and load profiles, transmission
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line parameters, water demand, pipeline parameters etc.) are
provided in [36]. All simulations are performed in A Mathemat-
ical Programming Language (AMPL) environment [37], using a
PC with an Intel Xeon E5-2620 v2 processor, 16 GB of mem-
ory, and 64-bit operating system. CPLEX solver is used to sim-
ulate and solve the reformulated MILP model.

3.2 | Results and discussions

In order to illustrate the performance of the proposed optimiza-
tion model, four different test cases (T'C) are studied.

* Test Case 1 (TC1) presents the classic approach for the
operation of PWNs, which assumes that the use of electricity
for water pumps (water network operation) and the DCOPF
mechanism (power network operation) are individually opti-
mized by two independent operators in respective domains.
As the conventional practice (benchmark), the optimization
model in TC1 is conducted in two steps. First, water system
operators optimize the electricity usage of water pumps as
well as the purchased water at each time interval and send
the estimated electricity demand in the water sector to power
system operators. Next, DCOPF is performed by power sys-
tem operators considering the electricity demand requested
to operate the water pumps.

* Test Case 2 (TC2) represents the proposed framework
in which water and power systems are jointly and interde-
pendently operated (i.e. JPWN) where DCOPF and water
hydraulic constraints are efficiently merged. The optimization
engine in TC2 runs only once by a single JPWN operator.

* Test Case 3 (TC3) presents the classic approach for the
operation of PWNs (benchmark) and studies the optimiza-
tion of ACOPF and water hydraulic constraints, individually
approached by two independent operators and optimized in
two steps as in TCI.

* Test Case 4 (T'C4) models the proposed integration of the
hydraulic constraints in water systems and the ACOPF con-
straints in power systems, where both systems are jointly and
interdependently operated, thereby enabling the operation
benefits of JPWNSs.

The operation costs comparison between the classic oper-
ation approach for PWNs (T'C1 and TC3) and the proposed
operation of JPWNs (T'C2 and TC4) is shown in Table 1. TC1
results in a total operation cost of $38,419.55 for water and
power system operation, while in TC2, the optimal operation
cost for the JPWN is reported $20,174.71. TC3 results in a
total cost of $42,287.04 for the two-step independent opera-
tion of the water and power systems, while the optimal cost
for the JPWN in TC4 is found $21,527.71. Comparing the
total operation cost using DCOPF-based operation mechanism
in TC1 (traditional approach) with that proposed in TC2, one
can observe that TC2 yields more efficient outcomes in terms
of the total operation cost saving, where the cost has been
reduced by 18,244.848. For the ACOPF-based operation mech-
anism applied in TC3 and TC4, the operation cost is lower by

2039
TABLE 1 Summary of the operation cost in different test cases
Total

Power system Water system operation
Test case # operation cost ($) operation cost ($) cost ($)
TC1 20,377.85 18,041.71 38,419.55
TC3 24,245.33 18,041.71 42,287.04

Joint Power-Water Networks operation cost (§)
TC2 20,174.71
TC4 21,527.71
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FIGURE 4  Optimal electricity consumption in each water system

20,759.33$ using the proposed technique. The cost reduction is
achieved by optimally operating the electricity-intensive compo-
nent in the water network (i.e. pumps) and optimally capturing
the availability of tanks within the JPWN operation. One can
see, from the reported results, that the suggested methodology
enhances the economic efficiency of the interconnected net-
works.

The energy consumption in each water network for all test
cases are provided in Figures 4-6. Figure 4 demonstrates the
required electricity demand for the operation of the three water
systems submitted by the water system operators to power sys-
tem operator in TC1 and TC3 in which the operation of water
and power systems ate independently optimized. For DCOPF-
based operations in TC1 and TC2, Figure 5 specifies the total
energy consumption for each water network. Figure 5 shows
that the total electricity consumption from the water network
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FIGURE 5 Wiater networks performance in DCOPF-based operation
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FIGURE 9 Schematic diagram of the IEEE 57-bus test system integrated

with water networks

TABLE 2  Summary of the computational time in two test systems

FIGURE 7 Total power-water demand at each coupled node considering
DCOPF in TC1 and TC2

using the proposed JPWN approach (TC2) is lower compared
to the traditional practice of operating the two networks indi-
vidually (TC1). When ACOPF-based operation mechanism is
applied in TC3 and TC4, Figure 0 illustrates that our proposed
JPWN optimization model (TC4) reduces the electricity con-
sumed by the water network compared to that in TC3, where
the two systems are independently optimized.

The total load profile in the IEEE 9-bus test system is anal-
ysed in Figures 7 and 8 when DCOPF and ACOPF formula-
tions are applied. For DCOPF operations in TC1 and TC2, Fig-
ure 7 illustrates the load profile for three different water systems
supplied by the studied power system at load point 5, 7, and 9.
According to Figure 7 where the DCOPF is applied, it can be
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FIGURE 8 Total power-water demand at each coupled node considering

ACOPF in TC3 and TC4

IEEE-9 bus test system

IEEE-57 bus test system

Test Case # Time (s) Test Case # Time (s)
TC1 60.1 TC1 100.94
TC2 85.4 TC2 131.4
TC3 67.6 TC3 104.2
TC4 91.07 TC4 140.1

seen that the total electricity demand required to operate the
water systems, when the two models operate jointly (T'C2), is
lower compared to a case where both systems are operated sepa-
rately and independently (TC1). For ACOPF operations in TC3
and TC4, Figure 8 demonstrates that the use of out proposed
joint operation optimization model (T'C4) reduces the electric-
ity load profile compared to TC3 where the two systems ate
independently optimized.

To further extend the simulation results and verify the scala-
bility of the proposed approach, the proposed formulations are
tested on a larger test system. The IEEE 57-bus test system inte-
grated with the water network (see Figure 9) is used to test the
computational complexity of the proposed approach. Table 2
compares the computational times for the IEEE 9-bus test sys-
tem and the IEEE 57-bus test system integrated with water
networks under four different case studies. In the IEEE 9-bus
test system, the computational times for TC1 and TC3, where
DCOPF- and ACOPF-based operation mechanisms are applied
in the decoupled and traditional practice of operating the two
networks, are reported 66.1 s and 67.6 s, respectively. The
computational times in TC1 and TC3 using the IEEE 57-bus
test system are found 100.94 and 104.2 s, respectively. When the
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proposed integrated model is applied in TC2 and TC4, the com-
putational times are found 85.4 s and 91.07 s, respectively, for
the cases where DCOPF- and ACOPF-based operation mecha-
nisms are employed on the IEEE 9-bus test system. The com-
putational times of the proposed models when applied to a
larger system (i.e. IEEE 57-bus test system) are teported 131.4 s
in TC2 and 140.1 s in TC4. Even though the computation times
for TC1 and TC3 are lower than the proposed model in both
test systems, the time needed to coordinate the data exchange
between the two networks is not included. The proposed
approach in TC2 and TC4 is still computationally attractive for
the daily operation of the interconnected networks. Addition-
ally, the results reveal that the proposed analytics are scalable to
the larger-scale systems and under real-world scenarios.

4 | CONCLUSION

Different from the state-of-the-art research, this paper has pre-
sented a holistic framework for day-ahead joint operation opti-
mization of the interdependent water and power systems by an
independent system operator. The integration of OPF mech-
anisms (both DC and AC settings) in power systems with
hydraulic water system operation has been taken into account
to evaluate the proposed framework’s applicability and effec-
tiveness in managing the interdependent critical infrastructure.
The piece-wise linearization technique was used to approx-
imate the nonlinear functions of the water pumping opera-
tions as well as the pressure head loss between different nodes
in the water network. Hence, the non-convex optimization is
transformed to a tractable mixed-integer linear programming
(MILP) formulation that can be quickly solved by commer-
cial off-the-shelf solvers. The simulation results on the 15-node
water network jointly operated with the IEEE 9-bus test power
system revealed that the proposed analytics for joint opera-
tion co-optimization of interdependent water and power infras-
tructures significantly lower the total operating costs. This is
achieved through optimizing the electricity consumption by
electric pumps used in the water networks and storing water in
tanks during the peak electricity demand time intervals. The scal-
ability of the proposed framework is also tested on a large test
system, that is, the IEEE 57-bus test system connected to a 15-
node water network, and the results verified that the proposed
methodology is scalable and computationally efficient.
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NOMENCLATURE

[7€ Qp] Setof electric system buses.

le€ Qp]  Setof power generating units.

[£#€ Q;] Setof power system transmission lines.
[ € R] Set of water system reservoirs.
[p € P] Set of water system pumps.

[ €S] Setof water system pipes.

Parameters and constants

_[Pd,t] Total electricity demand at time 7 (MW).
[P £y]  Maximum/Minimum electricity demand.
xz]  Reactance of transmission line 4.
£
[£/*]  Maximum power flow limit of line & (MW).
[£”]  Maximum capacity limit of generating unit g.
[ g’m—”] Minimum capacity limit of generating unit g.
[ge] Conductance of transmission line 4.
[6¢] Series admittance of transmission line 4.
[D,,] Vector of water demand (#° /) for each bus b at
time 7.
[5)] Reservoirs’ geographical height at each bus 4.
minb. ” mini .
[Vwiny]  Tanks” minimum volume at each bus 4.
[Vyax,s]  Tanks” maximum volume at each bus 4.
[AE winy]  Minimum  charging/ discharging difference for
tanks at each bus 4.
[AE,,.,] Maximum charging/discharging difference for
tanks at each bus 4.
[r»] Pipe parameter.
[Ainy)  Minimum nodal pressure heads at each bus 4.
[byax,s]  Maximum nodal pressure heads at each bus 4.
[Ooasc/miny]l ~ Maximum,/Minimum water flow rate to the net-

work at each bus 4.

[’

v i ;| Maximum/Minimum power consumption for

pump p at each bus &.

[qf] sl Water flow rate of breakpoint / for pump pat each

- busé
[q[/ J Water flow rate of breakpoint 7 for pipe ; at each
bus 4.
Pump speed breakpoint # at each bus 4.
Fixed cost of generating unit g at time 7 (§).
Linear cost of generating unit g at time # ($/MW).
Operation cost of pump p at time 7.
Operation cost of teservoir 7 at time 7.

Performance parameters for pumps.
Incidence matrix of pumps’ location.
Pipe length (m).

Gravity (9.8 m/s?).

[4] Pipe diameter (m).

|
|
|
|
]
[u/.j ] Speed breakpoint 7 for pump p at each bus 5.
|
]
|
{

Decision variables

[0),] Water flow rate for each bus 4 at time 7.
[,QZ;] Vector of reservoirs’ water inflow rate for each bus &
) at time 7.

/1 Water flow rate through pipe ; for each bus 4 at time
.

[,Qi7 ] Water flow rate through pump p for each bus /at time
.

[4;] Pressure heads for each bus 4 at time 7.

] Pressure heads associated with reservoir  for each

bus 4 at time 7.

Sign function.
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[AE},] The difference of tanks’ inflow/outflow rate for each
bus 4 at time 7.
[7;}”;] Vector of water inflow to tanks for each bus 4 at time
.
[7;7”;”] Vector of water outflow to tanks for each bus 4 at
time 7.
[V},] Volume of stored water in tanks for each bus 4 at time

t.
Pumps’ speed for each bus 4 at time 7.

Power consumption for pump p and bus 4 at time 7.

Vector of water electricity consumption in bus & at

- time?.
X, 1: lj] Continuous decision variable for pressure head
breakpoint 7 associated with pipe / for each bus & at

time 7.
X Z[’m’p ] Continuous decision variable for pressure head
breakpoint # associated with pump p for each bus &

at time 7.

[£,] Expected power output of generating unit g at time 7.
[Penms]  Power flow through transmission line & (connecting

bus 7 to bus ) at time #.

Active power flow on line £ at time 7.

Reactive power flow on line £ at time 7.

Reactive power of generating unit g at time 7.
Reactive power of demand 4 at time 7.

Voltage magnitude deviation from 1 p.u. at bus 7 at
time 7.

Total power-water demand at time # (MW).

Voltage angle for bus 7 at time 7.

Binary variables

Upper
[ﬁi,fiz,p, lﬂ,t]

Lower ]
i, p,b,t

Binary variable for pressure head breakpoint 7 asso-
ciated with pipe ; for bus & at time 7.

i
[¥,,1

Binary variable for the upper triangle in the rectan-
gle at time 7.

Binary variable for the lower triangle in the rectangle
at time 7.
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