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ARTICLE INFO ABSTRACT

Keywords: The pumped hydro energy storage (PHES) systems can be installed in various configurations depending on
Pumped hydro energy storage the specific geographical and hydrological conditions. Closed-loop PHES systems are off-stream and have no
Renewable energy natural inflow to the system. However, open-loop systems are on-stream and have natural inflows to the upper

Stochastic programming
Hybrid energy systems
Investment planning

and/or lower reservoirs. In this study, we develop two-stage stochastic programming models for various PHES
configurations to investigate how the choice of PHES configuration impacts the sizing decisions and costs of
a hybrid system that includes a renewable power generator co-operated with PHES. Our numerical results
show that using a PHES facility instead of a conventional hydropower system reduces the expected system
cost and mismatched demand significantly. Open-loop PHES facilities perform better than closed-loop PHES
and seawater-PHES facilities, dramatically lowering the need for fossil fuels in demand fulfillment. The most
cost-efficient PHES configuration is when there is natural inflow to the upper reservoir. Using solar energy
instead of wind as the renewable source significantly increases the requirement for larger upper reservoirs in
on-stream open-loop PHES facilities, while reducing the expected system cost for all configurations.

1. Introduction accompanied by a significant increase in regional disparities. According
to the International Renewable Energy Agency (IRENA), Asia currently

In recent years, renewable energy sources have received significant has the highest PHES capacity in the world with a rated power of 72
attention so as to reduce reliance on fossil fuels and mitigate their GW, followed by Europe and North America with capacities of 28 GW
negative environmental impacts. Nearly two-thirds of the global power and 22 GW, respectively. Africa and the Middle East lag far behind with
capacity additions are for wind and solar [1]. However, given the in- capacities of 3.2 GW and 1.5 GW, respectively [4]. IRENA also reports
termittent nature of these sources, it is necessary to support them with that China leads the world with a capacity of 36 GW, followed by Japan

efficient and flexible storage systems to enhance their reliability. One with a capacity of 22 GW [4]. In North America, the United States
such solution is pumped hydro energy storage (PHES), which stands has a capacity of 22 GW, while Canada lags behind with a capacity

out as one of the most widely adopted large-scale storage technologies of only 177 MW [4,6]. Although Canada is the world’s fourth-largest
to address the intermittency challenge of renewable sources [2]. PHES hydropower generator with a capacity of 81 GW as of 2019, its PHES
systems pump water to an elevated reservoir to store any available capacity is limited [5]

:.xcefss en(te}rlgy - This stored fen(tergy Tan be retrlr;/ledkbytrefasmg wa While conventional hydropower remains of great interest globally
er Irom fhe upper reservoir to a Jower one. thanks 1o 11§ superior with a capacity of 1360 GW in 2021 [5], the PHES systems have
environmental and financial performance when compared to many c . .
. been gaining importance due to their potential to reduce the use of
other storage technologies, PHES has emerged as one of the most . .
. . . nonrenewable resources and improve load-balancing and resource allo-
commercially viable storage options [3] and accounts for 96% of the . . .
cation [7]. The growth trend of PHES systems is expected to continue as

global power storage capacity [1]. hi hnol b idel ized luabl 15
The global installed capacity of PHES systems has shown a rapid this technology becomes more widely recognized as a valuable tool for

increase in the past decade and has reached 130 GW in 2021 [5]. Fig. 1 energy storage and grid stabilization. The PHES systems are typically
exhibits this trend from 2010 to 2021. The distribution of the rated classified into two primary types based on geographical conditions and

PHES capacity across different regions of the world can be observed in natural water availability: open-loop vs. closed-loop [8]. Open-loop
Fig. 2. The rapid expansion of PHES capacity in recent years has been PHES systems rely on natural water inflow to supply upper and/or

* Corresponding author at: Department of Industrial Engineering, Bilkent University, Ankara, Turkey.
E-mail addresses: selin.kocaman@bilkent.edu.tr, kocaman@mit.edu (A.S. Kocaman).

https://doi.org/10.1016/j.renene.2023.119906
Received 16 August 2023; Received in revised form 17 November 2023; Accepted 26 December 2023

Available online 29 December 2023
0960-1481/© 2023 Elsevier Ltd. All rights reserved.


https://www.elsevier.com/locate/renene
https://www.elsevier.com/locate/renene
mailto:selin.kocaman@bilkent.edu.tr
mailto:kocaman@mit.edu
https://doi.org/10.1016/j.renene.2023.119906
https://doi.org/10.1016/j.renene.2023.119906
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2023.119906&domain=pdf

G. Yurter et al.

130

125

120

11

w

11

o

10

wv

10

Global PHES Capacity (GW)
{ = |

o
wv

Renewable Energy 222 (2024) 119906

90 Illlll“l‘l

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Fig. 1. Installed PHES capacity from 2010 to 2021 (GW) [4].
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Fig. 2. Global PHES capacity distribution [4].

lower reservoirs, while closed-loop PHES operations are independent of
the natural water inflow. In this study, we develop two-stage stochastic
programming models for various PHES configurations to investigate
how the choice of PHES configuration impacts the sizing decisions and
costs of a hybrid system that includes a renewable source co-operated
with PHES.

Considering the intermittencies of renewable resources and the un-
certainties associated with them, it is a non-trivial task to optimize the
sizing and operational decisions of hybrid energy systems with PHES.
We refer the reader to Mahfoud et al. [9] and Toufani et al. [10] for
comprehensive reviews of the PHES literature. In this literature, there
are relatively fewer studies that model PHES systems via stochastic
optimization frameworks, compared to deterministic approaches. The
majority of stochastic optimization models focus only on the opera-
tional decisions of existing PHES systems. Two important examples of
this category, which also motivated this study, are proposed by Toufani
et al. [11,12]. Toufani et al. [11] examine the energy generation
and storage problem for alternative PHES facilities (i.e., open-loop
facilities with natural water inflow to upper and/or lower reservoirs
and closed-loop facilities), formulating the problem as a stochastic
dynamic program. Toufani et al. [12] study the energy generation and
storage problem to evaluate the benefits of transforming conventional
cascade hydropower stations into PHES systems, again modeling this
operational problem as a stochastic dynamic program.

Optimizing the operations of hybrid energy systems with PHES
is crucial for efficient control and management. However, it is also
important to devise an optimal sizing plan under uncertainty to ensure
a sufficient power supply without incurring excessive costs during the

entire life cycle of the facility. In the literature dealing with the sizing
problem under uncertainty, Zheng et al. [13] compare the dispatch
strategies of various storage facilities, including a PHES facility. Brown
et al. [14] address the question of how much pumped storage capacity
to install for a PHES facility in a small island system. Reuter et al. [15]
evaluate the economics of PHES systems with wind farms to stabilize
profits from wind. Hemmati [16] proposes a renewable energy hub
composed of wind-hydro-solar generation systems, supported by PHES
and hydrogen storage systems, and optimizes system component capac-
ities and operations to meet demand in autonomous buildings. Liu et al.
[17] study the sizing problem for hydro-photovoltaic (PV)-pumped
storage integrated generation system by taking into account the un-
certainties in PV, spot price, and load. Elnozahy et al. [18] consider
different hybrid storage options, including a PHES facility, by incor-
porating the weather uncertainty into a chance constraint. Abdalla
et al. [19] study the sizing problem for wind-PHES systems by taking
into account the wind and price uncertainties in their two-stage robust
expansion planning model. Amusat et al. [20] solve a bi-criteria sizing
problem to demonstrate the effects of intermittency and inter-year
variability of renewable sources for several storage options, including a
PHES facility. Within a hybrid system including PV panels and a costly
diesel backup source, Kocaman and Modi [7] examine the value of a
particular PHES configuration compared to a conventional hydropower
station. Finally, Kocaman [21] presents two-stage stochastic program-
ming models for mixed (a form of open-loop configuration) and pure
(also known as seawater PHES configuration) PHES systems to study
the sizing problem for hybrid energy systems.
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Fig. 3. (a)-(e) possible PHES configurations, (f) conventional hydropower station.

In this study, unlike Kocaman [21], we construct two-stage stochas-
tic mixed-integer programming models for three different configura-
tions of open-loop PHES systems: (i) the natural water flows only into
the upper reservoir, (ii) it flows only into the lower reservoir, or (iii) it
flows into both reservoirs. Furthermore, again unlike Kocaman [21],
we extend these models to closed-loop, seawater and conventional
hydropower systems (with no pumping capability). All these config-
urations are shown in Fig. 3. We study the sizing problem for these
different configurations when they are integrated with a renewable
source (solar or wind). The primary contributions of our study can be
summarized as follows:

+ Our study is the first to compare various open-loop PHES config-
urations (on-stream systems with natural inflow to upper and/or
lower reservoirs) in terms of the optimal sizing decisions for sys-
tem components. We also compare these configurations against
closed-loop PHES facilities with capacitated lower reservoir,
seawater-PHES facilities, and conventional hydropower systems.
We perform all these comparisons in two different cases: when
the hybrid energy system includes a solar farm or a wind farm.

We develop two-stage stochastic mixed-integer programming
models to optimize the sizing decisions for system components

(e.g., the reservoir and generator capacities, solar panel area, and
number of wind turbines) as well as the operational decisions
(e.g., the amount of water to be pumped or released and the
amount of energy to be curtailed).

In our numerical experiments, we use real time-series data to
take into account the streamflow uncertainty and measure the
value of stochastic solution. With our numerical results, we offer
new insights into the sizing decisions and costs of hybrid energy
systems in different environments.

The rest of the paper is organized as follows: Section 2 formu-
lates the two-stage stochastic programs for the sizing and operational
planning problems of different PHES configurations. Section 3 presents
the numerical results and their discussions. Section 4 presents the
sensitivity results. Section 5 concludes by offering a summary.

2. Problem formulation
Our focus is on determining the optimal sizing of the hybrid sys-

tem components (the PHES facility and the wind/solar farm) and the
transmission line between the PHES facility and demand points. Fig. 4
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Fig. 4. A sample hybrid system with an open-loop PHES facility.

illustrates a hybrid energy system with a specific PHES configuration.
In this system, the natural water flows into both reservoirs of the
PHES facility and the hydropower generated can be transmitted to
the demand points. Excess renewable energy generated in the demand
points can be transmitted to the PHES facility to pump water from
the lower reservoir to the upper reservoir to store it as gravitational
potential energy. When the available renewable energy is not sufficient
to meet the entire demand, we allow for a mismatch between supply
and demand and a non-renewable resource like diesel can be used as
a substitute. Like [7], we take the cost of diesel as the penalty for any
mismatched demand, which is charged for each kWh of energy demand
that hydropower or wind/solar power cannot meet.

2.1. Assumptions

In order to simplify the modeling of hydropower components, we
make several commonly-used assumptions. Specifically, we assume
that the water is always released from a constant height, the system
efficiency is not affected by the amount of water pumped or released,
and there is no loss of water in the PHES facility due to evapora-
tion [21,22]. We consider a one-year planning horizon to capture
the seasonal variability of renewable energy sources. We consider
hourly energy generation and storage decisions to capture the intraday
supply/demand variability. Since there is significant solar variability
throughout the day, the use of hourly periods is needed [7]. Therefore,
like [7], we employ a scenario-based model for the problem and utilize
a one-year series with hourly periods.

2.2. Two-stage stochastic programming model

We construct a stochastic programming model consisting of two
decision-making stages. The first-stage decisions x are made before the
uncertainty is resolved, while the second-stage decisions y are made
based on the resolved uncertainty. We can formulate the two-stage
stochastic program in standard form as follows:

min ¢’ x + E,[0(x, 0)] (€))
s.t. Ax = b, (2)
x> 0. 3

In the above formulation Q(x,w) is the optimal solution to the second-
stage problem with scenario w. When there is a finite number of
scenarios (realizations) and (d, h, T, W) is the data for the second-stage
problem, we can find Q(x, w) as follows [21,23]:

O(x, w) = min {daT)yw|wa + Wy, =hy Yy = O} . (€)]

The extended form of the scenario-based two-stage stochastic program
can be written as follows:

min ¢’ x + 2 pwdgyw 5)

w

Table 1
Indices for parameters and decision variables.
t Time period 1,...,T, with a total of T periods
w Scenario 1,..., 2, with a total of £ scenarios
Table 2
Model parameters.
n Length of each time period
d, Dimensionless annualization parameter for PHES systems
dy Dimensionless annualization parameter for solar power
stations
d, Dimensionless annualization parameter for wind power
stations
d, Dimensionless annualization parameter for transmission lines
i Percentage power loss in transmission lines
g Standard acceleration due to gravity
hy Height of the upper reservoir in the PHES system
hy Height of the lower reservoir in the PHES system
dist Distance between the demand point and the PHES system
a Efficiency of the PHES system in both generation and pump
modes
Y Efficiency of solar panels
cy Unit cost of reservoir capacity in hydropower station
Cpg Unit cost of generator/pump capacity in hydropower station
cs Unit cost of solar panels
cw Unit cost of wind turbines
cr Unit cost of transmission line between the PHES system and
the demand point
u" Unit penalty for mismatched demand
Por Weight of scenario ®, where Zle Po=1
M A large number
s.t. Ax = b, (6)
T,x+W,y,=h, VYo, )
x>0,y,>20 Vo (8)

For our problem, the first-stage decisions involve the sizing de-
cisions for the system components, while the second-stage decisions
involve the operational decisions that depend on the observed scenario.
To address our research question, we construct two-stage stochastic
programming models for each of the six different system configurations,
including the conventional hydropower station in addition to five dif-
ferent PHES configurations. Indices, parameters, and decision variables
of these models are given in Tables 1-3.

We present below our stochastic programming model for the hybrid
system that includes the most general PHES configuration (i.e., an
open-loop PHES system with water inflow to both upper and lower
reservoirs) and a solar farm:

minimize  dyep (Sy,, + SLW) +dpcpg (PGUW + PGy, )

PR ©
+dycsA+dist s dierTyg + o >y ze

w=1 t=1
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Table 3
Model variables.

Exogenous variables

SR Solar radiation in period ¢ in scenario w

W E'" Energy generated from one wind turbine in period f in
scenario @

ED" Energy demand in period ¢ in scenario

wu' Streamflow amount into the upper reservoir in period 7 in
scenario @

wLe Streamflow amount into the lower reservoir in period ¢ in
scenario ®

Decision variables

Su, .. Upper reservoir capacity

S Lower reservoir capacity

PGUW Upper generator capacity

PGLW Lower generator capacity

Thax Transmission line capacity

A Solar panel area

N Number of wind turbines

Sy Water stored in the upper reservoir at the end of period 7 in
scenario @

S Water stored in the lower reservoir at the end of period ¢ in
scenario @

pe Water pumped to the upper reservoir in period ¢ in scenario
(2]

RY Water released from the upper reservoir in period ¢ in
scenario @

RY Water released from the lower reservoir in period 7 in
scenario @

yie Solar energy directly used in the demand points in period ¢
in scenario w

1P Binary variable which is equal to 1 during pumping and
equal to 0 during releasing in period ¢ in scenario @

z'e Mismatched demand in period ¢ in scenario w

Ly Water spilled from the upper reservoir in period ¢ in scenario
[0

Ly Water spilled from the lower reservoir in period ¢ in scenario
[

cre Curtailed renewable energy in period ¢ in scenario w

subject to
Sl =S L WU + PO - R — LI V> 1, Voo, (10)

to _ ot—l.o 1 1 1 1 1 t
S =S+ WL - P+ R - R+ LIy - L' Vi> 1, Vo, (11)

Sy,
lo _ max 1 1 1 1
Sy’ = = AWUC P =R — Ly Vo, 12
Slw _ SL'MX WLlw le le le Llw Llw v (13)
L= T S ETHRy - R Ly = L Yo,
Sy,
Tw _ ~Unax
sthe = =2 v, (14)
St
Tw _ " Lmax
5. = - Vo, (15)
SO < Sy Vi, Vo, a6)
S}‘w < S'Lm”x Vt, Vo, a7
Pogh
max {R’l’j’ghua, ﬁ} < PGy n Vi, Vo, (18)
a max
RPghpa < PG, n Vi, Vo, (19)
Pgh
max { (R’l‘;’hU + R’h;) ga, a(l—g—ll;} < Tpaxht V1, Vo, (20)
P'“gh
yroy =8 L oo _ Ay SR i, Vo, @D

a(l-1)
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ED" =Z"+ V' + (R{hy + R°hy) ga(1-1) Vi, Vo, (22)
P® < IP“M Vt, Vo, 23)
RY < (1-IP")M Vi, Vo, 24
R? < (1-IP)M V1, Vo, (25)
1P €{0,1} Vi, Vo, (26)
L L S5 SISt Sy POUpp PG )

Tparr A PO, R, R, VI, Z1°,C'* 2 0 V1, Vo

The objective in Eq. (9) is to minimize the total system cost that
includes the installation costs and the penalty costs for mismatched
demand. For the installation costs, we multiply the sizes of all system
components (upper and lower reservoirs, generators, solar panels, and
transmission lines) by their unit installation costs and dimensionless
annualization parameters. For the penalty costs, we calculate the to-
tal mismatched demand in each scenario, take the average over all
scenarios, and multiply it by the unit penalty cost.

Egs. (10) and (11) are the flow balance equations for the upper
and lower reservoirs. We assume that both reservoirs are half-full at
the beginning and end of the planning horizon. We incorporate this
assumption into the flow balance equations with Egs. (12) and (13)
in the first period and with Eqgs. (14) and (15) in the last period.
Egs. (16)—(20) set the capacity constraints for the upper and lower
reservoirs, generators, and transmission lines, respectively. Eq. (21)
ensures that the solar energy potential in any period is equal to the
total amount of solar energy that is directly used to meet demand,
utilized to pump water in the PHES facility, or curtailed in that period.
Eq. (22) ensures that the demand is met by the hydro or solar energy
generated, taking into account any mismatched demand. Together with
Eq. (26), Egs. (23), (24) and (25) are logical constraints that prohibit
simultaneous pumping and releasing, affecting only the operational
decisions.

2.3. Formulations for the alternative systems

2.3.1. Water inflow to the upper reservoir

When there is water inflow only to the upper reservoir, we update
only the constraints that include the decision variable related to water
inflow to the lower reservoir.

minimize (9)
subject to

St = S L WU + PO~ R — LI Vi > 1, Voo,

Sl = §7L0 _ ploy RO - RIP + LY — L' Vi > 1, Vo,

Sy
lo _ max 1 1 1 1
SU‘”——2 +WU“+PY-R - L} Vo,

SL .
S0 == = POH R - R+ L - L) Vo,
(14)-(27).
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2.3.2. Water inflow to the lower reservoir
minimize (9)
subject to

to _ ot—l.o 1 1 1
Sio = SN 4 PO — RO — L9 Wi > 1, Vo,

to _ gi-lw 1 1 If 1 lZ 1
SL“’—SL +WL“’—P"’+R[’;’—R£”+LL’;’—L£" vVt > 1, Vo,

Slm _ SUmtlx +Pl(u _le _ Llw Vo
[/ 2 U U ’
Slw — SLmﬂx +WLlw _P1w+R1w _ R1w+L1w _Llw )
L = 9 1% L U L >
14)-(27).

2.3.3. Closed-loop PHES facilities

Closed-loop PHES facilities have no natural water inflow. There is
no water spillage in either reservoir and there is no power generation
in the lower reservoir.

‘ma.

+dist * d,cpT,,,y + L ZZ z"

w—lt

minimize  d,cy (SUW +5, ) +dyepg PGy, + dycsA

subject to

to _ o=l 1 1
SU’”—SU +P"’—Rl‘;’ VvVt > 1, Vo,

to _ gt=-lo 7 7
SP =8 -PY+ R} Vt> 1, Vo,

Sy

lo _ max lo lw
SU = T + P - RU Va),

St

lo _ max 1 1
5)7=—= =PI+ R Vo,

P'“gh
ax {R’(‘]vhga, ol —gl) } S Tpaxht Y, Yo,

ED®=2Z"+V'" ¢+ R’é"hga(l —1) Vt, Vo,

(14)-(18), (21), (23)-(27).

2.3.4. Seawater-PHES facilities

The seawater-PHES facilities are similar to the closed-loop PHES
facilities, with the exception that the lower reservoir has no specified
capacity and is regarded as a sea. We thus no longer include the
decision variables S}’ and S,  in our model. We note that this
configuration is equlvalent to the pure PHES configuration in [21].

minimize  djcy Sy,

”.Q

. +Hdpepe PGy, + dicgA+dist x diepT,

lM"

subject to

to _ ot—-lw 10) tw
Sio = SITI0 4 PO RO V1> 1, Vo,

Sy

— max lo _ plo
)= 5=+ P Ry Vo,

Prwgh
max {R’&"hga, T } < Tt V1, Vo,
ED' =Z"+ V' + R{hga(1-1) Vi, Yo,

(14), (16), (18), (21), (23)~(27).
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2.3.5. Conventional hydropower stations

The conventional hydropower stations have no pumping capability
and no lower reservoir. We thus remove the decision variables S,
PG, , S, P, R, and L' from our model. )

max’

minimize  dycy Sy, +dpepg PGy, + dicsgA+dist w dierT,, .,
u QT
-~ 1w
+5 Yy z
w=1t=1
subject to

to _ ot—la 1 1 tw
S0 = SIT1O 4 WU — RO — LI V> 1, Vo,

glo SUpas LWU'Y _Rlo _[1o v,
U T, U U J

Rygha < PGy, n Vi, Yo,

Ry gha <T,,.n Vi, Vo,

ED' =Z' + V' + R%ha(1 - 1) V1, VYo,

(14), (16), (21), (27).

2.4. Hybrid systems with wind farms

If the hybrid energy system includes a wind farm instead of a solar
farm, Eq. (21) of our main model can be modified as follows:
plo g h
a(l-=1)
where the decision variable N is a nonnegative integer. For the other
models, the corresponding constraints are changed to Eq. (28). In
addition, the solar component of the objective function is replaced with
the wind component. The objective function of our main model can
thus be rewritten as follows:

Ve 4+ +C" =WE'“N Vt, Vo, (28)

minimize  djcy (SUW + SLW) +dyepg (PGU + PGLW>

ze,

Mo
M‘ﬂ%

+d,cy N +dist  diepT,,, g

w=lt

3. Numerical experiments

We present a case study to examine the optimal sizing decisions of
a hybrid energy system that can meet a peak demand of 1 GW in the
Mediterranean region of Tiirkiye. This demand is met by solar/wind
energy and hydro energy, which is generated by utilizing the water
available from the Manavgat river [24]. The solar radiation and wind
speed data is obtained for the same region from Homer Energy [25].
The excess solar/wind energy is stored in the PHES facilities, except
for the conventional case with no storage option. We take into account
the unpredictability of streamflow rate by incorporating the histori-
cal data of the previous 19 years into our models for the open-loop
PHES facilities and conventional hydropower stations. We note that
the closed-loop PHES facilities have no natural water inflow and thus
involve no uncertainty.

The cost, efficiency, and lifetime parameters of the solar farm are
obtained from [21] and are presented in Table 4. The unit cost of a
wind turbine with 900 kW power capacity is assumed to be $1.7M and
its lifetime is assumed to be 20 years [26,27]. The distance between the
hydroelectric system and the demand points is assumed to be 50 km.
The DOcplex module of Python 3.9.7 was used to solve our models at a
workplace with a 2.4 GHz Intel Xeon E5-2630 v3 CPU and 64 GB RAM.
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Fig. 6. Comparison of closed-loop PHES systems, seawater-PHES systems, and conventional hydropower stations based on renewable energy contribution and solar energy utilization.

Table 4

Parameters values for numerical experiments.
Unit cost of reservoir $3/m?
Unit cost of generator $500/kW
Unit cost of solar panels $200/m?
Unit cost of wind turbines $1.7 M
Unit cost of diesel $0.25/kWh
Cost of transmission line $1.1 M/GW
One-sided efficiency of the hydroelectric system 88%
Efficiency of solar panels 12%
Discount factor 5%
Loss in transmission lines 5%
Height of the upper reservoir 100 m
Height of the lower reservoir 100 m
Lifetime of solar panels 30 years
Lifetime of the hydroelectric system 60 years
Lifetime of transmission lines 40 years
Lifetime of wind turbines 20 years

3.1. Analysis of systems with solar farms

We consider the systems with on-stream PHES separately from
the systems with closed-loop PHES, seawater-PHES, and conventional
hydropower stations. We present and discuss our results for these two
groups in the following two subsections, respectively.

3.1.1. Systems with open-loop PHES

For our analysis, we assume that the amount of streamflow entering
the system remains the same across different PHES configurations.
When there is water inflow to both reservoirs, half of the streamflow
feeds the upper reservoir and the other half feeds the lower reservoir.

The optimal sizing decisions for the open-loop PHES systems are shown
in Table 5.

The best open-loop system in terms of expected cost is the case
when the water flows only into the upper reservoir. All component
sizes in this case are smaller than those in the other cases. This is
because the PHES reservoirs are used to store energy via water pumped,
and the need for storage and pumping (and thus large reservoirs) is
lower with water entering the system through the upper reservoir. We
observe that the expected system costs decline as the component sizes
decrease. However, the systems with smaller components benefit less
from the renewable sources, leading to higher mismatched demand. We
also observe an increase in curtailed solar energy as the component
sizes decrease. This situation is another outcome of pumping less: the
incoming solar energy tends to be curtailed if it is not used to pump
water in the PHES facility.

The expected percentage contributions of renewable sources to meet
the demand for open-loop PHES systems are presented in Fig. 5(a). The
mismatched demand is below 8% for all open-loop PHES systems. When
the water flows only into the lower reservoir, the mismatched demand
is at its minimum, and there is slightly more reliance on hydro than the
other two configurations. These results can be explained by the larger
system components and increased pumping capability in this case. The
hydro and solar contributions are 49% and 46%, respectively, in this
case. When the water flows only into the upper reservoir, the hydro
and solar contributions are 47% and 45%, respectively. When the water
flows into both reservoirs, the hydro and solar contributions are 48%
and 45%, respectively.

The expected utilized amounts of solar energy in pumping water
and meeting demand directly, respectively, are shown in Fig. 5(b). The
solar energy produced is lowest, with a total of 5096 GWh, when the
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Table 5
Comparison of systems with open-loop PHES and solar farms.
Water inflow to Upper reservoir Lower reservoir Both reservoirs
Upper res. cap. (km?) 0.146 0.365 0.229
Lower res. cap. (km?) 0.038 0.053 0.040
Upper gen. cap. (GW) 1.404 1.556 1.468
Lower gen. cap. (GW) 0.145 0.239 0.182
Solar panel area (km?) 23.293 25.610 24.343
Transmission line cap. (GW) 1.478 1.638 1.545
Expected solar utilization GWh % GWh % GWh %
Directly used solar 2134 42% 2195 39% 2168 41%
Pumped solar 1900 37% 2602 46% 2224 42%
Curtailed solar 1061 21% 806 14% 933 18%
Total solar produced 5096 100% 5603 100% 5326 100%
Expected energy generation GWh % GWh % GWh %
Upper hydro 1805 38% 1861 39% 1811 38%
Lower hydro 457 10% 502 11% 479 10%
Solar 2134 45% 2195 46% 2168 45%
Mismatched demand 380 8% 217 5% 317 7%
Total consumption 4775 100% 4775 100% 4775 100%
Expected system cost ($/kWh) 0.099 0.106 0.102
Table 6
Comparison of closed-loop PHES systems, seawater-PHES systems, and conventional hydropower stations, all with solar farms.
System type Closed-loop Seawater Conventional
Upper res. cap. (km?) 0.061 0.119 0.007
Lower res. cap. (km®) 0.061 - -
Upper gen. cap. (GW) 1.570 1.665 0.278
Lower gen. cap. (GW) - - -
Solar panel area (km?) 26.579 27.397 11.611
Transmission line cap. (GW) 1.652 1.753 0.278
Expected solar utilization GWh % GWh % GWh %
Directly used solar 2018 35% 2171 36% 1863 73%
Pumped solar 3044 52% 3174 53% 0 0%
Curtailed solar 753 13% 648 11% 677 27%
Total solar produced 5815 100% 5994 100% 2540 100%
Expected energy generation GWh % GWh % GWh %
Hydro 2135 42% 2084 44% 450 9%
Solar 2018 45% 2171 45% 1863 39%
Mismatched demand 622 13% 520 11% 2461 52%
Total consumption 4775 100% 4775 100% 4775 100%
Expected system cost ($/kWh) 0.119 0.116 0.162
Table 7
Comparison of systems with open-loop PHES and wind farms.
Water inflow to Upper reservoir Lower reservoir Both reservoirs
Upper res. cap. (km?) 0.065 0.075 0.070
Lower res. cap. (km?) 0.057 0.067 0.063
Upper gen. cap. (GW) 0.960 1.128 1.057
Lower gen. cap. (GW) 0.143 0.173 0.157
Number of wind turbines 2569 2869 2740
Transmission line cap. (GW) 1.010 1.188 1.112
Expected wind utilization GWh % GWh % GWh %
Directly used wind 2379 59% 2543 57% 2489 58%
Pumped wind 740 18% 1195 27% 947 22%
Curtailed wind 898 22% 748 17% 848 20%
Total wind produced 4017 100% 4486 100% 4284 100%
Expected energy generation GWh % GWh % GWh %
Upper hydro 982 21% 844 18% 899 19%
Lower hydro 436 9% 455 9% 447 9%
Wind 2379 50% 2543 53% 2489 52%
Mismatched demand 987 21% 933 20% 939 20%
Total consumption 4775 100% 4775 100% 4775 100%
Expected system cost ($/kWh) 0.135 0.144 0.139
water flows only into the upper reservoir. In this case, 46% of the solar directly, and the remaining 13% is curtailed. The solar energy produced
energy generated is used to pump water, 41% is used to meet demand is highest, with a total of 5603 GWh, when the water flows only into the
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Fig. 7. Comparison of systems with open-loop PHES and wind farms based on renewable energy contribution and wind energy utilization.

Table 8
Comparison of closed-loop PHES systems, seawater-PHES systems, and conventional hydropower stations, all with wind farms.
System type Closed-loop Seawater Conventional
Upper res. cap. (km?) 0.105 0.142 0.008
Lower res. cap. (km?) 0.105 - -
Upper gen. cap. (GW) 1.435 1.449 0.156
Lower gen. cap. (GW) - - -
Number of wind turbines 3395 3390 2040
Transmission line cap. (GW) 1.510 1.526 0.156
Expected wind utilization GWh % GWh % GWh %
Directly used wind 2491 47% 2601 49% 2225 70%
Pumped wind 2076 39% 2430 46% 0 0%
Curtailed wind 741 14% 270 5% 965 30%
Total wind produced 5308 100% 5300 100% 3190 100%
Expected energy generation GWh % GWh % GWh %
Hydro 1463 31% 1386 29% 221 5%
Wind 2491 52% 2601 55% 2252 47%
Mismatched demand 820 17% 787 17% 2328 49%
Total consumption 4775 100% 4775 100% 4775 100%
Expected system cost ($/kWh) 0.156 0.152 0.181
Table 9 3.1.2. Systems with closed-loop PHES, seawater-PHES, and conventional
EVPI and VSS values for systems with open-loop PHES and solar farms. hydropower stations
Cost ($)/Water inflow Upper Lower Both The optimal sizing decisions for the closed-loop PHES systems,
RP 472,787,413 506,300,297 486,983,828 seawater-PHES systems, and conventional hydropower stations are
ws 468,418,476 503,617,172 483,311,016 shown in Table 6. We observe that the closed-loop PHES and seawater-
EVPI 4,368,937 2,683,125 3,672,812 p h ional hvd . .
% EVPI 0.92% 0.53% 0.75% PHES systems outper orm. t .e conventional hydropower sFatlon§ in
EEV 474,482,019 516,157,139 491,208,620 terms of expected cost. This is because the former two configurations
vss 1,694,606 9,856,842 4,224,791 have the energy storage capability while the conventional one does not.
% VSS 0.36% 1.95% 0.87% The closed-loop PHES and seawater-PHES systems also perform better
in meeting demand from renewable resources, highlighting the impor-
Table 10 tance of energy storage in renewable energy systems. The conventional
EVPI and VSS values for systems with open-loop PHES and wind farms. hydropower station has a remarkably small upper reservoir capacity.
Cost ($)/Water inflow Upper Lower Both This is because the system components incur high installation costs so
RP 646,432,892 685,287,407 665,147,628 that building a large upper reservoir is not beneficial if it is to be used
ws 645,406,104 684,022,405 662,753,772 purely as a generator with no storage option.
EVPI 1,026,788 1,265,002 2,393,856 Fig. 6(a) shows that the expected percentage contributions of re-
% EVPI 0.16% 0.18% 0.36% A
newable sources to meet the demand are similar in the closed-loo
EEV 651,941,889 686,329,963 668,805,385 s ) P
Vss 5,508,998 1,042,557 3,657,756 PHES and seawater-PHES systems. The storage flexibility provided by
% VSS 0.85 % 0.15% 0.55% the PHES configurations reduce the mismatched demand dramatically.

lower reservoir. In this case, nearly 50% of the solar energy generated
is used to pump water, 38% is used to meet demand directly, and
11% is curtailed. When the water flows into both reservoirs, 48% is
used to pump water, 40% is used to meet demand directly, and 12% is
curtailed.

While the mismatched demand is no larger than 13% for all of the PHES
configurations, it is 52% for the conventional hydropower station. In
our experiments the streamflow rate is the same in all system configu-
rations. However, the hydro contribution is greater than 40% for all of
the PHES configurations, but it is less than 10% for the conventional
hydropower station. This result implies that the PHES systems utilize
the available water inflow much more effectively than the conventional
hydropower station. This result is expected since the solar energy
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Table 11
Sensitivity analysis for open-loop PHES systems with solar farms.

Renewable Energy 222 (2024) 119906

Water inflow to Diesel cost x 2 Base case Diesel cost/2

Upper Lower Both Upper Lower Both Upper Lower Both
Upper. res. cap. (km?) 0.499 0.542 0.517 0.146 0.365 0.229 0.026 0.027 0.025
Lower res. cap. (km*) 0.063 0.071 0.066 0.038 0.053 0.040 0.017 0.023 0.020
Upper gen. cap. (GW) 1.557 1.608 1.587 1.404 1.556 1.468 0.609 0.844 0.718
Lower gen. cap. (GW) 0.139 0.205 0.171 0.145 0.239 0.182 0.165 0.203 0.186
Solar panel area (km?) 25.632 27.145 26.298 23.293 25.610 24.343 13.466 16.211 14.726
Trans. line cap. (GW) 1.639 1.693 1.671 1.478 1.638 1.545 0.641 0.889 0.756
Water inflow to Solar cost x 2 Base case Solar cost/2

Upper Lower Both Upper Lower Both Upper Lower Both
Upper. res. cap. (km?) 0.087 0.109 0.075 0.146 0.365 0.229 0.099 0.237 0.099
Lower res. cap. (km*) 0.024 0.029 0.026 0.038 0.053 0.040 0.058 0.062 0.060
Upper gen. cap. (GW) 0.873 1.114 0.958 1.404 1.556 1.468 1.404 1.453 1.420
Lower gen. cap. (GW) 0.175 0.221 0.209 0.145 0.239 0.182 0.130 0.223 0.161
Solar panel area (km?) 15.197 17.822 16.212 23.293 25.610 24.343 28.151 29.605 28.726
Trans. line cap. (GW) 0.919 1.172 1.009 1.478 1.638 1.545 1.478 1.530 1.495

Table 12
Sensitivity analysis for other systems with solar farms.

System type Diesel cost x 2 Base case Diesel cost/2

Closed Seawater Conv. Closed Seawater Conv. Closed Seawater Conv.
Upper. res. cap. (km?) 0.084 1.191 0.019 0.061 0.119 0.007 0.029 0.034 0.005
Lower res. cap. (km?) 0.084 - - 0.061 - - 0.029 - -
Upper gen. cap. (GW) 1.688 1.574 0.332 1.570 1.665 0.278 1.030 1.031 0.220
Lower gen. cap. (GW) - - - - - - - - -
Solar panel area (km?) 31.684 29.703 16.628 26.579 27.397 11.611 18.347 18.238 8.336
Trans. line cap. (GW) 1.777 1.657 0.332 1.652 1.753 0.278 1.084 1.085 0.220
System type Solar cost x 2 Base case Solar cost/2

Closed Seawater Conv. Closed Seawater Conv. Closed Seawater Conv.
Upper. res. cap. (km?) 0.051 0.063 0.006 0.061 0.119 0.007 0.062 0.093 0.008
Lower res. cap. (km?) 0.051 - - 0.061 - - 0.062 - -
Upper gen. cap. (GW) 1.387 1.408 0.266 1.570 1.665 0.278 1.523 1.548 0.297
Lower gen. cap. (GW) - - - - - - - - -
Solar panel area (km?) 20.694 20.836 8.380 26.579 27.397 11.611 32.342 32.157 16.587
Trans. line cap. (GW) 1.460 1.482 0.266 1.652 1.753 0.278 1.603 1.629 0.297

cannot be stored in the conventional hydropower station. Fig. 6(b)
shows that the amount of solar energy produced in the conventional
case is less than half of that in the other two configurations.

The open-loop PHES configurations have lower expected costs than
the other PHES configurations. The upper reservoir capacities of open-
loop configurations are much higher than those of the other configura-
tions. Although the seawater-PHES system has no lower reservoir and
thus has a distinct advantage in terms of installation costs, its upper
reservoir capacity is less than that of the open-loop PHES systems. The
closed-loop PHES and seawater-PHES systems (with no lower genera-
tor) have slightly higher upper generator capacities than the open-loop
PHES systems. Since the closed-loop PHES and seawater-PHES systems
generate less energy than the open-loop PHES systems, they require
installation of wider solar panel areas, inducing larger amounts of
solar energy produced. While the amounts of solar energy used to
meet demand directly are not very different, the closed-loop PHES
and seawater-PHES systems pump more water than the other systems.
Although the seawater-PHES system has an access to unlimited amount
of water, it has a slightly lower expected cost than the closed-loop PHES
system and the amount of water pumped in the seawater-PHES system
is only slightly greater than in the closed-loop PHES system.

3.2. Analysis of systems with wind farms

We rerun our numerical experiments by replacing the solar compo-
nent of our hybrid energy system with the wind component. We present
our results in the following two subsections.
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3.2.1. Systems with open-loop PHES

We again assume that the amount of streamflow entering the system
remains the same across different PHES configurations. When there is
water inflow to both reservoirs, half of the streamflow feeds the upper
reservoir and the other half feeds the lower reservoir. The optimal
sizing decisions for the open-loop PHES systems are shown in Table 7.

Similar to the systems with solar farms, the expected system cost
and component sizes are lowest when the water flows only into the
upper reservoir. However, the sizing decisions of different components
are closer here than in the systems with solar farms. Fig. 7(a) shows
that the wind farm is the major source of energy, followed by the
hydropower station, in all three PHES configurations. Figs. 5(b) and
7(b) indicate that the amounts of wind energy used to meet demand
directly here are larger than the amounts of solar energy used to meed
demand directly in the case with solar farms. The amounts of wind
energy used to pump water here are smaller than the amounts of
solar energy used to pump water in the case with solar farms. These
results can be explained by varying levels of availability of renewable
resources during the day. While the wind can be available throughout
the day, the solar is available only during the daytime. The solar energy
should be stored during the daytime if it is to be utilized during the
night. Since the solar energy is stored more, the reservoir capacities and
the amounts of water pumped are larger in the case with solar farms.

3.2.2. Systems with closed-loop PHES, seawater-PHES, and conventional
hydropower stations

The optimal sizing decisions for the closed-loop PHES systems,
seawater-PHES systems, and conventional hydropower stations are
shown in Table 8. Fig. 8(a) shows that the wind farm is again the major
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Fig. 8. Comparison of closed-loop PHES systems, seawater-PHES systems, and conventional hydropower stations based on renewable energy contribution and wind energy utilization.

source of energy in all these systems. Fig. 6(b) and Fig. 8(b) indicate
that the amounts of wind energy used to meet demand directly here are
larger than the amounts of solar energy used to meed demand directly
in the case with solar farms. The amounts of wind energy used to
pump water here are smaller than the amounts of solar energy used to
pump water in the case with solar farms. For the closed-loop PHES and
seawater-PHES systems, the mismatched demand here is higher than in
the case with solar farms. This is because the solar energy is stored more
than the wind energy, and the stored renewable energy helps reduce
the mismatched demand more effectively. Finally, the seawater-PHES
systems experience very little curtailment of wind energy.

3.3. The impact of hydropower uncertainty

Two main indicators for assessing the importance of solving our
two-stage stochastic programming models (for the open-loop PHES
configurations) are the Expected Value of Perfect Information (EVPI)
and the Value of Stochastic Solution (VSS). Our computations of EVPI
and VSS are based on the methods described in [28]. We refer to the
problem given in Section 2.2 by Egs. (5)—(8) as the recourse problem.
We compute EVPI by solving a deterministic problem for each scenario
individually, averaging the optimal cost values of all these problems
to obtain the wait-and-see solution (WS), and comparing it with the
optimal cost of the recourse problem (RP). Specifically, let G, denote
the optimal cost of the following deterministic problem for scenario w:

min ¢’x + dgyw
s.t. Ax =b,
T,x+Wu,y,=h
x>0, y,>0.

w?

Q
w=1 Go

Hence WS = and EVPI = RP — WS. EVPI represents the
maximum amount of money that one would be willing to pay to obtain
perfect information about the future streamflow rates. For computa-
tion of VSS, we first calculate the scenario @ by averaging all avail-
able scenarios in the recourse problem. We then solve the following
deterministic problem for scenario @:

min ¢’ x + dET) V&
s.t. Ax = b,
Tox+ Wgye = hg,
x>0, y; 20.
We refer to the solution of the above problem as the expected value

solution and denote by x its first-stage decisions. We next implement
these first-stage decisions into the recourse problem as follows:

min ¢Tx + 2 Pwd£Ym

w

s.t. Ax = b,

T,x+W,y,=h, Yo,

Vo =20 Vo

The optimal cost of the above problem yields the expected result
of taking the first-stage decisions of the expected value solution and
the optimal second-stage decisions (conditional on the first-stage deci-
sions). We obtain VSS by comparing this expected result (EEV) with the
optimal cost of the recourse problem: VSS = EEV —RP. Tables 9 and 10
exhibit the EVPI and VSS values for the open-loop PHES systems with
solar farms and wind farms, respectively. Tables 9 and 10 also show

the EVPI and VSS percentages that are calculated as £Y2L x 100 and

RC
VR—SCS X 100, respectively.

We observe that the EVPI and VSS percentages are larger in the case
with solar farms than in the case with wind farms in general. These
results can be explained by the higher degree of intermittency of solar
radiation and the resulting lower flexibility in handling uncertainty.
An exception to this observation arises in the VSS percentage when
the system has a solar farm and the water flows only into the upper
reservoir. This result implies that the first-stage decisions (i.e., the siz-
ing decisions) of the expected value solution are similar to the optimal
first-stage decisions of the stochastic model, leading to a smaller VSS
percentage in this specific case.

4. Sensitivity analysis

We performed sensitivity analysis by changing the unit cost of
diesel (that we use as a proxy for the cost of backup source) and the
unit installation costs of solar/wind farms. The results are shown in
Tables 11-14. The “base case” columns of all these tables correspond
to our results in Section 3. The upper panels of all these tables show
how the optimal sizing decisions vary when we double the unit cost of
diesel () or halve it. The lower panels of Tables 11 and 12 show how
the optimal sizing decisions vary when we double the unit installation
cost of solar farm (cg) or halve it. The lower panels of Tables 13 and 14
show how the optimal sizing decisions vary when we double the unit
installation cost of wind farm (c¢y,) or halve it.

As expected, the optimal sizes of solar/wind farms grow as the diesel
cost increases or as the installation costs decrease. For the systems
with open-loop PHES and solar farms, the upper reservoir/generator
capacity is more sensitive to changes in the diesel and solar installation
costs, in comparison with the lower reservoir/generator capacity. The
cost changes have a larger impact on the upper reservoir capacity
of the seawater-PHES system than on those of the closed-loop PHES
system and the conventional hydropower station. This result can be
attributed to the larger upper reservoir of seawater-PHES system in
general. For the systems with open-loop PHES and wind farms, the

11
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Table 13
Sensitivity analysis for open-loop PHES systems with wind farms.
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Water inflow to Diesel cost x 2 Base case Diesel cost/2

Upper Lower Both Upper Lower Both Upper Lower Both
Upper. res. cap. (km?) 1.016 0.931 0.987 0.065 0.075 0.070 0.021 0.014 0.017
Lower res. cap. (km*) 0.110 0.130 0.122 0.057 0.067 0.063 0.008 0.010 0.008
Upper gen. cap. (GW) 1.424 1.627 1.517 0.960 1.128 1.057 0.274 0.319 0.255
Lower gen. cap. (GW) 0.164 0.180 0.169 0.143 0.173 0.157 0.176 0.206 0.189
# wind turbines 3490 3854 3654 2569 2869 2740 1101 1283 1177
Trans. line cap. (GW) 1.499 1.712 1.596 1.010 1.188 1.112 0.450 0.363 0.444
Water inflow to Wind cost X 2 Base case Wind cost/2

Upper Lower Both Upper Lower Both Upper Lower Both
Upper. res. cap. (km?) 0.059 0.040 0.041 0.065 0.075 0.070 0.071 0.085 0.076
Lower res. cap. (km*) 0.015 0.023 0.019 0.057 0.067 0.063 0.065 0.075 0.069
Upper gen. cap. (GW) 0.379 0.615 0.490 0.960 1.128 1.057 1.294 1.467 1.375
Lower gen. cap. (GW) 0.175 0.232 0.203 0.143 0.173 0.157 0.102 0.112 0.108
# wind tubines 1200 1551 1369 2569 2869 2740 4048 4425 4236
Trans. line cap. (GW) 0.554 0.648 0.557 1.010 1.188 1.112 1.363 1.544 1.447

Table 14
Sensitivity analysis for other systems with wind farms.

System type Diesel cost x 2 Base case Diesel cost/2

Closed Sewater Conv. Closed Sewater Conv. Closed Sewater Conv.
Upper. res. cap. (km?) 0.149 0.224 0.025 0.105 0.142 0.008 0.009 0.015 0.002
Lower res. cap. (km?) 0.149 - - 0.105 - - 0.009 - -
Upper gen. cap. (GW) 2.230 2.169 0.230 1.435 1.449 0.156 0.271 0.391 0.105
Lower gen. cap. (GW) - - - - - - - - -
# wind turbines 4845 4707 3665 3395 3390 2040 1266 1408 944
Trans. line cap. (GW) 2.347 2.283 0.230 1.010 1.526 0.156 0.285 0.411 0.105
System type Wind cost X 2 Base case Wind cost/2

Closed Sewater Conv. Closed Sewater Conv. Closed Sewater Conv.
Upper. res. cap. (km?) 0.029 0.055 0.004 0.105 0.142 0.008 0.096 0.145 0.013
Lower res. cap. (km?) 0.029 - - 0.105 - - 0.096 - -
Upper gen. cap. (GW) 0.722 0.883 0.138 1.435 1.449 0.156 1.546 1.773 0.183
Lower gen. cap. (GW) - - - - - - - - —
# wind turbines 1714 1907 948 3395 3390 2040 4708 4975 3653
Trans. line cap. (GW) 0.760 0.929 0.138 1.010 1.526 0.156 1.628 1.867 0.183

upper reservoir/generator capacity is more sensitive to changes in the
diesel cost (but not in the wind installation cost), in comparison with
the lower reservoir/generator capacity. The cost changes again have
a greater impact on the upper reservoir capacity of the seawater-
PHES system than on those of the closed-loop PHES system and the
conventional hydropower station.

5. Conclusion

In this study, we present two-stage stochastic mixed-integer pro-
gramming models for various PHES configurations and investigate
how the choice of PHES configuration impacts the sizing decisions of
hybrid energy systems with solar/wind farms. We conduct numerical
experiments by utilizing the real historical data of streamflow rates
to generate the scenarios of our stochastic programming models. Our
results show that the PHES systems can significantly reduce the need
for fossil fuels in both cases of solar and wind farms. The open-loop
PHES configurations perform better than the other PHES configurations
in terms of expected system costs. For the open-loop PHES systems,
the system cost is lowest when the water flows only into the upper
reservoir.

This study and its results may lead to many different studies in the
future. In order to reflect the real-life situations better, the uncertainties
not only in the streamflow rate but also in the other renewable sources
might be jointly incorporated into stochastic programming models.
Such an extension will likely require a larger number of scenarios, lead-
ing to large-scale problems that are computationally challenging. Such
problems may be solved by developing and using decomposition-based
solution techniques such as L-shaped method [24]. Future research may
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also consider jointly optimizing the sizing and operational decisions
via multi-stage stochastic programming models. Lastly, future work
may look into the environmental and social aspects of the sizing and
operational decisions.
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