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ABSTRACT Reservoir Operating Rules (ROR) have been well-known in Indonesia as guidelines for reservoir operation that comprise the
release rules and rule curves derived from the dependable inflow time series in dry, normal, and wet conditions. However, likely because
of the incoherence of the original application concept of ROR, the real performance of ROR in reservoir operation has so far remained
unclear. This paper proposes a practical application concept of ROR and evaluates the performance of its implementation for annual
storage conservation and periodic demand satisfaction under inflow uncertainty in the integrated system of Segawe Regulating Weir,
Wonorejo Multipurpose Dam, and Tiudan Regulating Dam. The release rules for the three hydraulic structures were integrated into a
unified “Wonorejo ROR” through optimization of water allocation over 36 ten-day operational periods. The performance of the application
of Wonorejo ROR was evaluated based on several operational success and failure events in Monte Carlo simulations, for which 1,000 years
of unique and independent synthetic inflow time series were generated from the Thomas-Fiering model. Under the application concept
of ROR, the release decisions for the three hydraulic structures were made in real-time solely based on the actual water level of Wonorejo
Reservoir and the rule curves of Wonorejo ROR. For comparative purposes, the Monte Carlo simulations were carried out to evaluate two
alternatives of Wonorejo ROR, namely ROR-D65 and ROR-D80, which had different dry inflow exceedance probabilities. Based on the
specified events in the Monte Carlo simulations, ROR-D65 and ROR-D80 resulted in reliabilities of 76.4% and 81.3% for annual storage
conservation, and the lowest reliabilities of 73.9% and 52.4% for periodic demand satisfaction, respectively. In addition, other reser-
voir operational performances and a comprehensive interpretation of the proposed application concept of ROR are presented in this paper.

KEYWORDS Inflow uncertainty; Monte Carlo simulations; Real-time application of Reservoir Operating Rules; Reservoir opera-
tional performance; Thomas-Fiering model.
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1 INTRODUCTION

The Indonesian Government’s Education and Train-
ing Center for Water Resources and Construction—
nationally known as Pusat Pendidikan dan Pelatihan
SDA dan Konstruksi (2017)—suggested that there are
two guidelines for annual reservoir operation, namely
the Reservoir Operating Rules (ROR) and the Annual
Plan for Reservoir Operation (APRO), which are known
in Indonesian respectively as Pola Operasi Waduk
(POW) and Rencana Tahunan Operasi Waduk (RTOW). It
was stated that a reservoir operation must comply with
the two guidelines, so that the reservoir’s storage can
be conserved to satisfy the water demands throughout
the year. In this context, APRO is the main guideline for
reservoir operation that must be updated once a year.
Meanwhile, ROR is a long-term guideline that must be
updated at least once in five years, and is only used for
the derivation of an APRO. Each guideline must be de-
rived by simulating or optimizing the water balance of
the reservoir’s inflow, storage, and outflow in all opera-
tional periods to generate release rules (the reservoir’s

outflows) and rule curves (changes in the reservoir’s
storage). The decision-making process in this simula-
tion is commonly referred to as “operating policy,” as it
must consider the reservoir’s characteristics, the water
demands, and the water allocation constraints (You and
Cai, 2008; Loucks and van Beek, 2017; Men et al., 2019).
In further conceptual detail, APRO and ROR can be dif-
ferentiated as follows (Pusat Pendidikan dan Pelatihan
SDA dan Konstruksi, 2017).

a) ROR comprises release rules and rule curves for
three conditions, namely lower normal (dry), nor-
mal, and upper normal (wet), whereas APRO com-
prises them only for the upcoming year.

b) The initial water level of each rule curve of ROR
must be equal to the final water level, whereas that
of the rule curve of APRO is the reservoir’s water
level estimated for the end of the current year.

¢) The dry, normal, and wet inflow time series for
ROR are determined respectively with 65%, 50%,
and 35% exceedance probabilities, whereas inflow
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time series for APRO are predicted according to
“informasi ramalan musim (seasonal forecast in-
formation)” from the Indonesian Agency for Me-
teorological, Climatological, and Geophysics.
A clear connection to this study can be made by ad-
dressing two issues of the concept of APRO as described
by Pusat Pendidikan dan Pelatihan SDA dan Konstruksi
(2017). First, the rule curve of APRO was stated to be
in between the dry and wet rule curves of ROR, and its
final water level must be equal to that of the normal
rule curve of ROR. Although such a requirement may
appear reasonable, it would effectively reduce the stor-
age capacity in the derivation of APRO in compliance
with the rule curves of ROR. This will become a prob-
lem if the inflow time series predicted for APRO dif-
fer substantially from the dependable inflow time se-
ries for ROR. More precisely, due to mass conservation,
the rule curve requirement may actually become a con-
straint that will force the outflows to be either greater
than needed or inappropriately less than available in
certain periods. This means that if the predicted in-
flow time series turn out to be accurate, an APRO may
instead result in a non-efficient demand satisfaction
throughout the year.

Second, the application concept of APRO states that the
reservoir’s water level must be immediately adjusted
if it deviates from the rule curve of APRO (Pusat Pen-
didikan dan Pelatihan SDA dan Konstruksi, 2017). One
problem with this application concept is that it will
likely be difficult to implement, since a reservoir’s ac-
tual inflow is rarely known in real-time. Another prob-
lem is that the application of APRO contradicts the pur-
pose of release rules, which is to guide demand satis-
faction. This is because, if the actual inflow time series
differ from those predicted, applying APRO will lead to
an irregular demand satisfaction, as the reservoir oper-
ation focuses only on storage conservation.

There is categorically no robust explanation for the
concept of APRO and ROR as described by Pusat Pen-
didikan dan Pelatihan SDA dan Konstruksi (2017). This
is due to the fact that real inflow time series cannot
easily be accurately predicted one year ahead (van Dijk
et al., 2013; Montanari and Koutsoyiannis, 2014), nor
can they necessarily be assumed as such in ‘dry,” ‘nor-
mal,” or ‘wet’ conditions (Koutsoyiannis and Monta-
nari, 2007; Vogel et al., 2015). Indeed, simplified con-
ceptualization in hydrology is a common practice in
water resources management and engineering, and it
may be accepted due to the complexity of hydrologi-
cal uncertainty (Chow et al., 1988; Haan, 2002). How-
ever, based on the two issues discussed above, APRO
appears to have been conceptualized as if it assumes
certainty in predicted inflow time series, despite ac-
knowledged uncertainty, or as if practical implemen-
tation considerations were secondary. Moreover, the
application concept of ROR as described by (Pusat Pen-
didikan dan Pelatihan SDA dan Konstruksi, 2017) raises
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the question of why an ROR must be derived in the first
place. This is because the release rules of ROR would
have essentially no practical value, and the rule curves
that were stated to guide APRO could simply be gener-
ated from historical data of actual storage changes.

This study does not argue that APRO can never be rel-
evant as an annual plan for reservoir operation. If a
model exists (or will exist) that can accurately predict
inflow time series for an entire future year, APRO could
be derived directly from such predictions without com-
plying with ROR rule curves and applied as the annual
plan. Otherwise, since ROR comprises release rules and
rule curves from three dependable inflow conditions, it
may instead be applied practically as anticipatory guid-
ance in real-time storage conditions.

Unlike APRO, the derivation concept of ROR as de-
scribed by Pusat Pendidikan dan Pelatihan SDA dan
Konstruksi (2017) has been widely used in studies
on reservoir water allocation in Indonesia, producing
various results on reservoir operational performance
(Soentoro et al., 2018; Santoso et al., 2021; Waluyadi
et al., 2021; Azmeri et al., 2022; Agastya et al., 2023;
Bachtiar et al., 2023; Putranto et al., 2023; Fauziyah
et al., 2023; Igbal et al., 2023; Rediasti et al., 2023;
Sastrawan et al., 2023; Agastya et al., 2024; Haditama
et al., 2024; Mujiburrakhman et al., 2024; Wahyuni
et al., 2024; Santosa et al., 2025). However, these per-
formances are based only on specified inflow scenar-
ios, making them still irrelevant to actual inflow un-
certainty and confirming that the application concept
of ROR remains unclear.

As mentioned earlier, this study proposes a new appli-
cation concept of ROR as real-time anticipatory guid-
ance in annual reservoir operation. The performance
of this application will be evaluated for storage conser-
vation and periodic demand satisfaction under inflow
uncertainty using Monte Carlo simulations. Although
the current case study involves the integrated system of
Segawe Regulating Weir, Wonorejo Multipurpose Dam,
and Tiudan Regulating Dam in Tulungagung Regency,
the application concept of ROR will be discussed in gen-
eral terms so that it can be further studied for other
reservoir operations.

2 METHODS
2.1 Reservoir Performance Criteria

Reservoir operational performance can be regarded as
the result of a stochastic process, since the demand sat-
isfac-tion in each period de-pends on those in previ-
ous and subsequent periods and is influenced by in-
flow uncertainty (Chow et al., 1988; Haan, 2002). For
this reason, a reservoir performance for every period in
one year—j = 1, 2, ..., N—is best evaluated on the base
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of three criteria first introduced by Hashimoto et al.
(1982), namely reliability, resiliency, and vulnerability.
Note that these three criteria were originally defined
in probabilistic terms of operational success and fail-
ure events, but they will be defined here in the relative
frequency terms, F(E), which are more straightforward
and appropriate for this study.

2.1.1 Reliability

By assuming the release-demand ratio, k;, as the mea-
sure of demand satisfaction, and ki, as the minimum
allowable release-demand ratio, then a success and a
failure in a reservoir operation can be stated when k; >
kmin and k; < kmin, respectively. The reliability to
which (Hashimoto et al., 1982) referred itself is the fre-
quency for the reservoir operation to succeed in the de-
mand satisfaction in period j, F(k; > kmin). Accord-
ingly, since 1 — F(k; > kmin) is the frequency for the
reservoir operation to fail, or F(k; < kmin), F'(k; >
kmin) = 1 implies that the reservoir operation would
almost certainly succeed in upcoming year’s period j.
Hence, it is clear that the higher the reliability, the bet-
ter the reservoir performance.

2.1.2 Resiliency

Resiliency is a criterion that can describe the reservoir
performance to turn a failure in period j into a success
in period j+1. This criterion is defined as the frequency
for the reservoir operation to succeed in the demand
satisfaction in period j + 1 given that a failure occurred
in period j, F(k;j4+1 > kmin | k; < kmin), as in Equation

(D).

F(k; ko Nk > ko
F(kj+1 > kmin | k; < kmin) = ( 4 < Fmin Jj+1 = min)

F(k] < kmin)
1)
F(k;j < kmin N kjy1 > kmin) in Equation (1) is the fre-
quency for the reservoir operation to fail in period j;
and succeed in period j + 1. In this case, it does not
equal F'(k; < kmin) multiplied by F'(k;11 > kmin), since
k;j < kminNkj11 > kmin is actually a unit event caused by
the dependency of k;, on k; (Hashimoto et al., 1982;
Chow et al., 1988; Haan, 2002). This means that if
F(kjt1 > kmin | kj < kmin) = 0, then a failure that
would occur in the upcoming year’s period j would al-
most certainly be followed by a failure in period j + 1,
even if F(kj;1 > kmin) > 0. However, it can be noted
that the resiliency from Equation (1) would be unde-
fined if F'(k; > kmin) = 1. Furthermore:
a) lf F( J+1 > kmm) =1, then F(kj+1 > Kmin | kj <
mm

) =
b) if F( i+ > mm) =0, then F(ijrl > Kmin | kj <
) =

kmm
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2.1.3 Vulnerability

Vulnerability may be defined as a criterion that de-
scribes how severe, significant, or worth considering
are the failures that would occur in period j. Based on
how it was explained by Hashimoto et al. (1982), vul-
nerability will be defined here by referring to Figure 1.
It can be seen that a distribution of release-demand ra-
tios in period j can be made of a number of the k-factor
intervals, k;, where k; < knin is classified as a failure
(i € f), while k; > ki is classified as a success (i € s).

Hashimoto et al. (1982) defined the vulnerability of
reservoir operation in period j, v;, by considering only
the failure events. However, if v; also assumes the suc-
cess events, and the deficit of 1 — k; is the measure of
deficiency in demand satisfaction, then v; can essen-
tially be defined as in Equation (2).

vi=Y (1=k) m——o— ( +Zl k;)

( i)

i€ f i€s 2 k; )
(2)

It can be seen that v; in Equation (2) will be undefined

if F(k; < kmin) OF F'(k; > kmin) is equal to zero. Hence:

a) if F(kj > kmin) = 1, then

vi=> (1= ki) F(k:);

i€s

b) if F(k; < kmin) = 1, then

vi =Y (1 ki) F(k:).
ief

This equation itself describes that vulnerability must
consider both how severe and how likely the deficits
are in a period, as two operational periods may ideally
have the same reliability but different vulnerabilities.
It can also describe that depending on the k-factor dis-
tribution, although F'(k; > ki) = 1 must result in
vj <1 — kmin, F(k; > kmin) < 1 would not necessarily
resultinv; > 1 — kpip.

J:(k, = Komin)

Cumulative Frequency

[F{R; < Kumin)
t
k factor
| ky < Kmin | ks = Fmin |
I
) Failure | Success
| i€ef I i€Es ‘

F(k)
|

Relative Frequency

Of by "k ' ks ' ky ks | ke | ky ke | ke kio K factor interval

Figure 1. Illustration of a distribution of the release-
demand ratios from reservoir operation in period j.
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2.2 Monte Carlo Simulations and Thomas-Fiering
Model

If sufficient historical data of reservoir operation are
not available, the frequencies of events for reservoir
performance evaluation can be obtained from Monte
Carlo simulations. As shown in Figure 2, Monte Carlo
simulations involve simulating reservoir operation re-
peatedly by continuously introducing uncertainty into
the inflow time series (Haan, 2002). Ideally, the un-
certainty can be introduced using a probability func-
tion. However, inflow data are needed over a long span
of years to generate such smooth periodic probabil-
ity functions. In order to illustrate the three crite-
ria of reservoir performance, Hashimoto et al. (1982)
themselves used the inflow time series that were gen-
erated from the Thomas-Fiering model as in Equation
(3) (Chow, 1964; Haan, 2002).

Liv1 = Tt +bj1 (L — 1) +ejm 8a‘+1m ©)

Developed by Thomas and Fiering (1962), Equation (3)
is an autoregression model in which the inflow in pe-
riod j + 1, I;14, is assumed to be dependent on that in
period j, I;, based on some statistical relationship pa-
rameters of I, and I;. Although it seems determinis-
tic, this model can be used to generate synthetic inflow
time series for Monte Carlo simulations of a reservoir
operation, since ¢4, is a standard normal variate that
defines the relationship uncertainty between I;; and
I;. In this case, the statistical relationship parameters
can be determined from historical data, where I; and s;
are respectively the mean and the standard deviation of
inflows in period j, and r; ; is the correlation coeffi-
cient between inflows in period j+1 and those in period
j. Meanwhile, b;,, ; itself is the regression coefficient
for inflows in period j + 1 based on those in period j,
which is equal to %

Besides the Thomas-Fiering model, another widely
used model is the Autoregressive Integrated Moving
Average (ARIMA). This model is basically more capable
of representing complex autoregressive and moving av-
erage processes (Box et al., 2016; Shumway and Stoffer,
2017). However, it requires relatively long and station-
ary data to ensure stable estimation of statistical pa-
rameters (Box et al., 2016; Hyndman and Athanasopou-
los, 2018). In contrast, the Thomas-Fiering model is a
first-order Markov chain developed specifically for sim-
pler streamflow synthesis (Thomas and Fiering, 1962).
As the 10-day inflow data used in this study span only
15-20 years (Mujiburrakhman et al., 2024), they are
more suitable for the Thomas-Fiering model that per-
forms well with limited data availability (Salas et al.,
1980; Clarke, 1994; Koutsoyiannis, 2000). Further-
more, the purpose of this study is only to evaluate the
performances of the application of ROR for annual stor-
age conservation and periodic demand satisfactions.
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Therefore, the Thomas-Fiering model is sufficient to be
used in this study, since it was designed to preserve rel-
evant key periodic statistical parameters, namely the
mean, variance, and lag-one autocorrelation (Thomas
and Fiering, 1962; Salas et al., 1980; Kottegoda and
Rosso, 2008). As for the Monte Carlo method, it can

Periodic k-factor distributions
from stochastic process

Uncertainty in periodic inflows
based on given distribution:

¢ *.
! N

Inflow in Period 1

Inflow in Period 2
Reservoir | ;|
Operation

’ \

r® k factor in Period 1

v

v

Inflow in Period ... k factor in Period ...

k factor in Period 2 :
|

Inflow in Period N ¥ k factor in Period N

_________________________________

..........................

Figure 2. Monte Carlo simulations scheme for a reservoir
performance evaluation.

explicitly manage inflow uncertainty in reservoir simu-
lations (Loucks and van Beek, 2017), and has a flexible
framework to evaluate and characterize performance
variability of ROR under a wide range of inflow real-
izations (Kindler, 1977; Lai et al., 2022). The main dis-
advantage of the Monte Carlo method itself is that the
simulation must be repeated many times to result in
an output distribution that may represent the popula-
tion (Haan, 2002; Janssen, 2013). However, as long as
the input distribution fits the historical data distribu-
tion (Aitken et al., 2022; Maia et al., 2024), Monte Carlo
simulations can be carried out as many times as needed
until the output statistical parameter of interest—such
as the mean or a percentile—is no longer changing sig-
nificantly, or has converged (Faber, 2021).

2.3 The Case Study of Reservoir Operating Rules

Segawe Regulating Weir (7° 59’ 46.90” S - 111° 49’
11.63” E), Wonorejo Multipurpose Dam (8° 1’ 11.87” S
—111° 48’ 18.91” E), and Tiudan Regulating Dam (8° 2’
47.52” S — 111° 50’ 28.62” E) are three hydraulic struc-
tures in the Ngrowo sub-watershed of the Brantas River
basin. These three hydraulic structures are now in-
tegrated under the management of Perusahaan Umum
Jasa Tirta I (Jasa Tirta I Corporation). The complete
water allocation scheme of the three hydraulic struc-
tures can be seen in a previous study (Mujiburrakhman
etal., 2024), and a simplified version of it will be shown
in Figure 4. However, it can be generally described as
follows.

a) Segawe Regulating Weir must release some or all of
its inflow downstream for the Song River’s ecosys-
tem maintenance (duty flow) and irrigation of
the Blader, Kluwih, and Gelang paddy fields (PF
Blader-Kluwih-Gelang), while it may also divert
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an amount of impounded inflow into Wonorejo
Reservoir.

b) Wonorejo Multipurpose Dam must release its stor-
age for usually 10 hr/day to conserve the daily stor-
age of Tiudan Regulating Dam and generate elec-
tricity.

¢) Tiudan Regulating Dam must release its storage
24 hours nonstop for the Gondang River’s duty
flow, the Paingan paddy field (PF Paingan) irriga-
tion, and domestic water supply.

In this study, local inflows were assumed only for
Segawe Regulating Weir and Wonorejo Multipurpose
Dam. The release rules for the three hydraulic struc-
tures themselves were integrated into an ROR. As it
consists of only the rule curves of Wonorejo Reservoir,
this ROR is here called the “Wonorejo ROR.” For com-
parative purposes, two alternatives of Wonorejo ROR
were derived, namely ROR-D65 and ROR-D80. The
wet and normal inflows for both alternatives of ROR
are determined respectively with 35% and 50% ex-
ceedance probabilities, while the dry inflows for ROR-
D65 and ROR-D80 are determined respectively with
65% and 80% exceedance probabilities. The four de-
pendable inflows were generated for 36 operational pe-
riods from the flow-duration curves created using the
Weibull equation (Chow et al., 1988; Haan, 2002), and
they are shown along with the demands for irrigation
and domestic water supply in Figure 3(a). These de-
pendable inflows and water demands were determined
from the same data used in a previous study (Mujibur-
rakhman et al., 2024). Both alternatives of Wonorejo
ROR themselves were derived through an optimization
that considered priority constraints on water alloca-
tion in all periods, for which the model has also been
discussed in the previous study. The wet release rules
for ROR-D65 and ROR-D80 from the optimization were
the same as the water demands throughout the year,
while the normal and dry release rules are shown in Fig-
ure 3(b). The dry, normal, and wet rule curves of these
release rules are shown in Figure 3(c).

2.4 Aplication of Wonorejo ROR

The operation of the three hydraulic structures in
Monte Carlo simulations was programmed in Microsoft
Excel. There were three terms of release defined for all
purposes, namely release rule, release decision, and ac-
tual release. They were defined in m3/s and as functions
of daily hour indexes—t = 1,2,...,24—in period ; as
follows.

* Release rule, Q" is the release in dry, normal, or
wet conditions as in the Wonorejo ROR.

* Release decision, Qf , is the release decided solely
based on the actual water level of Wonorejo Reser-
voir and the rule curves of Wonorejo ROR.

» Actual release, 7, is the release that must satisfy
the principle of mass conservation and the water
allocation constraints.

Journal of the Civil Engineering Forum

2.4.1 Release rule

From Figure 3, the release rules for the PF Blader—

Kluwih—-Gelang irrigation, Q]I-K “ the PF Paingan irri-

gation, Q§P °and domestic water supply, QJD Si¢ un-

der condition ¢, were equal to the water demands mul-

tig)}(i_ecd by the corggpspon%r}_gc k—factc;rg: . D

O e, DI QT = DT QP
J J :

The release rule for electricity generation itself in-
cluded the turbine flow rate, Q}/V‘c, and the operational

hours of Wonorejo Power Plant. Both QJW;C and the op-
erational hours were determined in the same manner as
explained by (Mujiburrakhman et al., 2024), from which
QJW;“ according to ROR-D65 and ROR-D80 varied from
9.9 to 12.0 m3/s and 7.3 to 11.9 m?/s, respectively, for
10 to 14 hr/day.

2.4.2 Release decision

In the Monte Carlo simulations, it was assumed that the
operational date would change at 5 a.m., and Wonorejo
Power Plant would stop operating at 10 p.m. The re-
lease decisions for all purposes—p = IK,W,IP, DS—
were determined only at 5 a.m. and 5 p.m., where:
a) ift =50rt=17,then Q¥ = Q(Z}V);
b) ift #5andt # 17, then Q¥ = Q¥ ;.
To determine the release decision as a function of the
actual water level of Wonorejo Reservoir, Q(Z}V), it can
first be seen in Figure 3(c) that each rule curve may or
may not intersect with another rule curve within cer-
tain periods, where:
a) there is no overlap among the three rule curves,
ZEYY < Z;lormal < Zzﬂet;
b) there is overlap between the dry and normal rule
curves, Z0V = znormal - Zwet,
¢) there is overlap between the normal and wet rule
curves, Z0V < znormal — zwet,
Based on these three rule curve comparisons, the po-
sitions of the actual water level of Wonorejo Reservoir
were categorized as in Table 1, and then Q(Z}") for
each purpose was determined as in Table 2. In gen-
eral, it can be seen that when the reservoir’s actual wa-
ter level was exactly above a rule curve (dry, normal, or
wet), the release decision would be determined as the
release rule corresponding to that rule curve. This is
the application concept of ROR as some real-time an-
ticipations in reservoir operation, which does not con-
sider the actual inflow.

2.4.3 Actual release

The integrated water allocation was assumed as in Fig-
ure 4, where the principle of mass conservation for the
three hydraulic structures was that the change in stor-
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Figure 3. (a) Dependable inflows of Se?awe Regulating
Weir and Wonorejo Multipurpose Dam along with the de-
mands for irrigation and domestic water supply; (b) Dry
and normal release rules of Wonorejo ROR; (c) Dry normal,
and wet rule curves of Wonorejo ROR.

age over a given hour must be equal to inflow minus
outflow in the same given hour:

ds
=1 - o)

(Chow et al., 1988). Especially for Segawe Regulating
Weir, which is incapable of storing its inflow, the mass
conservation was assumed to be % = 0. Thus, in Fig-
ure 4,

IF=QfP + Qi + IfT.

On the real field, the downstream releases for the Song
River’s duty flow and the PF Blader-Kluwih—-Gelang
irrigation— Q7" + Q! —can technically be controlled
by the river gates. Meanwhile, the connector tunnel
inflow, I¢7, can only flow freely over an ogee-crested
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weir at the tunnel’s inlet. Therefore, the local inflow of
Segawe Regulating Weir, I, was allocated as in Equa-
tions (4) to (6), where D7? is the demand for the Song
River’s duty flow: 0.4 m3/s.

7P = min (DJP, I}) 4)
/% = min (QI%, 15 - QfP) (5)
I _ IS SD {K (6)

The mass conservation for Wonorejo Multipurpose
Dam was assumed as in Equation (7). In this equation,
the final storage, StW 7 and the spillover, FV, were
determined by considering the initial storage, S}V,
and the maximum storage capacity, S . as in Equa-
tions (8) and (9).

as S Sy W W W W
E:tT_I +ICT B — Q) —F,
(7

SV =min [SW, SV (1Y +IET — EY — QYY) dt]
®)

FW*max[O,StW+(ItW+ItCT—EtW—QtW> — Sma

max

£ dt
©

In Equation (7) to (9), the actual release for the oper-
ation of Wonorejo Power Plant, Q}", was always equal
to the release decision from Table 2. The evaporation
in Wonorejo Reservoir itself, £}V, was determined as a
function of the evaporation height and the reservoir’s
water surface area. By referring to Singer et al. (2021),
the hourly height distribution for one day of the reser-
voir’s evaporation was assumed as in Table 3. Mean-
while, the daily evaporation rates and the reservoir’s
characteristic curves can be seen in a previous study
(Mujiburrakhman et al., 2024).

Similar to that for Wonorejo Multipurpose Dam, the
mass conservation for Tiudan Regulating Dam was as-
sumed as in Equation (10). However, the actual releases
for the PF Paingan irrigation, Q{”, and domestic water
supply, , were not always equal to the correspond-
ing release dec131ons. This is because the regulating
dam’s release capacity actually depends on the inflow,
QY + FV, which can cause a water surplus or a storage
deficit.

dsS S St
B ST Qi Qi P

dt dt
(10)
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Figure 4. Water allocation scheme assumed for the integrated system of Segawe Regulating Weir, Wonorejo Multipurpose
Dam, and Tiudan Regulating Dam in Monte Carlo simulations.

Tiudan
Regulating Dam

Table 1. Positional categories of the actual water level of Wonorejo Reservoir to the rule curves of Wonorejo ROR

Rules curves

. Actual water level of Wonorejo Reservoir to the rule curves of Wonorejo ROR
comparison

Position A Position B Position C Position D Position E

Ay < W < zpormal 149 mMSL < Z)V <z ZV < 142mMSL

thry < Z;norm,a,l < th(if, ZfVV > Z;net Ztnormal < ZtVV < th(it 7
ZW = zpormal  149mMSL < Z}V < zpormel zW < 142 mMSL

thry — Ztnormal < thet Zg/V > Zguet Ztnormal < ZtVV < thet
Z["Y < zpormal = gwet gV > guwet ZlV = zpet Zi < zlV < zpet  142mMSL< z)V <z z}V < 142mMSL

The first step to allocate the daily storage of Tiudan
Regulating Dam was to determine the release capac-
ities for the Gondang River’s duty flow and the PF
Paingan irrigation, Q¢ + Q}", and for domestic water
supply, QPS. This was done by considering the regu- max [07 STi 4 ( W L W _GGD _ QI _ Q?S> di — SnTm]

ST7 = min[sk, ST+ (QI 4 FY - QPP - QLT - @) ar
3)

lating dam’s initial water level, Z!*, as in Equation (11) AT = =
and (12). (14)

560 | 17 {DSD +QIP if " > 95.7mMSL (15)

ps {min( DS . QPs +AtT> , ifFY >0
DS —
0 if otherwise

)bs if FV =0

(11)

7 = min [0} Q17 + AT — (5 ~0P*)] ae)

bs min(Q,PS, QPs (ZtTi)) if ZI > 98.7mMSL
if otherwise

Gy Q=G AT (o) - (i - alr
Equation (11) and (12) describe that the regulating dam 17)

would not release its storage downstream and for do-

mestic water supply, respectively, when Z7" falls below Equation (13) to (17) generally describe that when there

would be awater surplus, A7 > 0, at which §77/ = §T

95.7 and 98.7 mMSL. T D . Dmax’
AT would have first been allocated for QP° until Q% =
In Equation (11), Q¢P is always equal to DEP = DS if FV > 0. Meanwhile, if )V = 0, then AT would

1.5 m3/s. Meanwhile, QP (Z1"*) in Equation (12) rep-
resents the release capacity for domestic water supply
according to the regulating dam’s water level, as shown
in Table 4.

It can be noted that when the water level is at or above
100.20 mMSL, the regulating dam’s storage is assumed
to flow freely over the river gates downstream.

have been all allocated for Q!” + Q¢P, since it was as-
sumed to be the river gate overflow. The allocation of
AT — (QP5 — QP%), or only AT, would first be done for

[P until Q/F = D!P. Therefore, when Q%P + QI
and QP* from Equations (11) and (12) were not equal
to 0, then QP* < Qg3, Q" < D", and Q7" > DFP,
where QP53 = 5 m3/s. The regulating dam’s storage
curve itself can be seen in Figure 5.
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Table 2. Release decisions for irrigation, domestic water supply, and electricity generation in accordance with the actual
water level of Wonorejo Reservoir and the rule curves of Wonorejo ROR

Position of the
actual water level of
Wonorejo Reservoir

Release decision as a function of the actual water level of Wonorejo Reservoir

PF Blader-Kluwih-Gelang Wonorejo Power Plant PF Paingan
irrigation operation irrigation Domestic water supply
Position A Q(z}V) = Qifsiwet Q(zY) = QWiwe Q(z}V) = QIFiwet Q(z}V) = QPsiwet
Position B Q ZXV _ Q(K;1L01»7nal Q ZfW _ QW;no'I'nLal Q Z,W _ Q{P;vlov-mal Q th _ st;nm-mal
Position C Q(zV) = @iy Q(2Y) = Q) v Q(zlV) = iFdry Q(z)) = Py
Position D Q(z!) =i Q(z) =0.s8QYmy Q(zl") =i Q(zl) = QP
Position E Q(zl :Q;K"d"y Q(z¥)=o0 Q(z¥)=o0 Q(z¥)=o0
101
Table 3. Hourly height distribution assumed for one day a
of evaporation in Wonorejo Reservoir s
Hour Eva. height Hour Eva. height Hour Eva. height ‘_Ef %9
step percentage step percentage step  percentage g
6-7 1.7% 10-11 12.2% 14-15 10.3% i q7
7-8  4.9% 11-12 13.1% 15-16 7.8% g
8-9 7.8% 12-13 13.1% 16-17 4.9% g
9-10 10.3% 13-14 12.2% 17-18 1.7% 95 e
00 01 02 03 04 05 06 07 08
Storage (MCM)

Table 4. Release capacities assumed for domestic water
supplly according to the water level intervals of Tiudan
Regulating Dam

WL interval  Release WL interval Release
(mMSL) capacity (m?/s) (mMSL) capacity (m?/s)
99.20-100.20 >3.65 98.90-98.95 1.16
99.15-99.20  3.65 98.85-98.90 0.80
99.10-99.15  3.00 98.80-98.85 0.50
99.05-99.10  2.48 98.75-98.80 0.26
99.00-99.05  2.00 98.70-98.75 0.08
98.95-99.00 1.56 <98.70 0.00

2.5 Generation of Synthetic Inflows

The Thomas-Fiering model as in Equation (3) was used
to generate 1,000 years of 10-day inflow time series for
the Monte Carlo simulations. The statistical relation-
ship parameters were determined from the same data
used in the determination of the dependable inflows
(Figure 3); except, I; and s; assumed only non-outlier
inflows. The high and low thresholds for the outlier
inflows were determined using the Water Resources
Council method (Chow et al., 1988). Because the catch-
ments of Segawe Regulating Weir and Wonorejo Multi-
purpose Dam are located side by side, the synthetic lo-
cal inflows for the two hydraulic structures were gener-
ated with the same ¢;1,;. This means that there were
only 36,000 standard normal variates which were ob-
tained using the Random Number Generation tool in
Microsoft Excel. To ensure that the inflow time series
in every simulation were unique and independent, I; in
the generationof I, = I, for a simulation was defined
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Figure 5. Storage curve of Tiudan Regulating Dam.

as Iy = I3 from the same simulation. This means that
the synthetic inflow time series in simulation 1, 2, ...,
1,000 did not really occur consecutively.

2.6 Performance Evaluation of Wonorejo ROR
2.6.1 Demand satisfaction

The actual release-demand ratio in period 7, kﬁ.’ , for ir-
rigation and domestic water supply were defined as in
Equations (18) and (19).

ZQ p=IK,IP (18)

0.0036
DS DS DS
ki 0.0864 d; DDS Z n (D27, Q%) (A9

In Equation (18) and (19), 0.0864 def and d; are
respectively the total demand (million cubic me-
ters/MCM) and the number of days in period j. The k
factors from these equations were the ones considered
in the determination of the reliability, resiliency, and
vulnerability of reservoir operation as in Equation (1)
and (2) and Figure 1. The k-factor distribution itself
was made of 40 intervals, where k,;, for irrigation and
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domestic water supply were determined to be 0.70 and
0.85, respectively.

2.6.2 Electrical energy

The hydropower of Wonorejo Power Plant, P, (MW),
was determined using Equation (20), where p, g, K,
I, and D are respectively water density, gravitational
acceleration, coefficient of minor head loss, the pen-
stock’s length, and its inner diameter.

2

P=Qip |t~ (i + K ) 3 207 @0
In Equation (20), H; is the average gross head from
the initial and final conditions in hour ¢. Meanwhile,
ft, vt, and 7, are respectively the Darcy friction factor,
the flow velocity, and the hydropower efficiency, which
were functions of @}V (European Small Hydropower As-
sociation, 2004; Munson et al., 2012). For practicality,
f+ was approximated using the Vatankhah (2014) equa-
tion, and 7, was determined according to a typical ef-
ficiency curve for the Francis turbine (European Small
Hydropower Association, 2004).

As P, from Equation (20) would be constant in one
hour, the energy of Wonorejo Power Plant in period
j (MWh) was defined as G; = >, Fx. The perfor-
mances for electricity generation in all periods were
simply determined to be the dependable energies at
quartiles 0, 1, and 2, since the demands for electric-
ity were undisclosed. It might be known that the three
quartiles are respectively equivalent to 100%, 85%, and
50% exceedance probabilities.

2.6.3 Storage conservation of Wonorejo Reservoir

Based on consideration of the rule curves of Wonorejo
ROR (Figure 3) and the periods on which rainy sea-
son changes to dry season, the starting time in the
Monte Carlo simulations was set at the beginning of
May (01/05). At this starting time of simulation, both
storages of Wonorejo Multipurpose Dam and Tiudan
Regulating Dam were conditioned to be full. The per-
formance of Wonorejo ROR for the storage conserva-
tion of Wonorejo Reservoir was evaluated only at the
end of simulations. In this case, it was assumed that
the higher the frequency for the storage to be back in
full condition, the better the performance of Wonorejo
ROR. As in Equation (8), (9), (13) and (14), it can be re-
called that when Wonorejo Reservoir is in full condi-
tion, there would likely be a water surplus in the daily
storage of Tiudan Regulating Dam due to a spillover
from Wonorejo Multipurpose Dam.
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3 RESULTS
3.1 Inflows Distribution and Uncertainty

As shown in Figure 6(a), the determination of I; and
s; in Equation (3) from non-outlier historical inflows
was to generate synthetic inflows that have a simi-
lar histogram and periodic means to historical inflows.
To further evaluate the performance of the Thomas-
Fiering model, the Nash-Sutcliffe efficiency (NSE) can
be examined from a standpoint of the periodic means of
inflow. In this case, NSE is used to measure the perfor-
mance of the Thomas-Fiering model to reproduce the
variability and magnitude of historical inflow time se-
ries (Gupta et al., 2009). Its values range from —oco to 1,
where an NSE of 1 represents perfect correspondence
between the periodic means of synthetic and historical
inflows (Nash and Sutcliffe, 1970). Based on the cal-
culation, the NSE values of the periodic means of syn-
thetic inflow for Segawe Regulating Weir and Wonorejo
Multipurpose Dam are respectively 0.997 and 0.996.
This can indicate that the Thomas-Fiering model had
a very good performance in generating the synthetic
inflows that fit the historical data distribution. How-
ever, it may be essential to explain that such synthetic
inflows were not resulted only from the adjustment
of historical I; and s;, but also from an inflow selec-
tion. This inflow selection was done after all the 72,000
inflows had been generated from the Thomas-Fiering
model, where if a generated inflow was higher than the
maximum limit or lower than the minimum limit, then
the maximum or minimum limit was selected as syn-
thetic inflow.

There were two types of maximum limits in the in-
flow selection, namely the historical maximum inflow
that is lower than the high threshold for outliers (limit
A) and the sum of I; and s; from all historical in-
flows (limit B). In Figure 6(a), the limit A was defined
for Segawe Regulating Weir in periods May-1 to Sep-
1, Sep-3 to Oct-3, and Nov-2 to Apr-3. For Wonorejo
Multipurpose Dam, the limit A was defined in periods
May-1 to Sep-1, Sep-3, Oct-1, Nov-1, Nov-3, and Dec-
1 to Apr-3. For the two hydraulic structures, the limit
B was defined in other periods. Meanwhile, the mini-
mum limits in all periods were simply the low thresh-
olds for outlier inflows. However, since the historical
inflow time series were often continuously zero on the
peak of dry season, there was an additional conduct in
the inflow selection for Wonorejo Multipurpose Dam.
The additional conduct was that if the frequency for
historical inflow to be zero in periods j and j + 1 was
greater than 50%, then zero synthetic inflow in period
j should be followed by zero inflow in period j + 1. In
Figure 6(a), this additional conduct was done in periods
Aug-2 to Oct-1.

From each 36,000 synthetic local inflows, the percent-

313



Journal of the Civil Engineering Forum

Synthetic Mean — —-Historical Mean =~ - Synthetic Minimum
- - - - Synthetic Maximum — - — Historical Maximum

407 Wonorejo Multipurpose Dam I3

! _ I /\;\ R RPN

{/ - =

N
o

i

5

Local Inflow (m?/s)
Y
o o
("]
[N
=
i
%
=
oy
=
=
A

4]
=3
!
2
/
-
-

I~ _1'\ -
Ml Lk Y S -
123)1123[1123

Jun. | Jul, |Aug.

123123123123123123123123|

Sep. | Oct. | Nov. | Dec. | Jan. | Feb. | Mar. | Apr.
Manth - Period

OSynthetic Sample i Historical Sample

123
May

0.50 . 0.50
Segawe Regulating
Weir

Wonorejo Multipurpose
Dam

Frequency

0-3 6=9 12-15 18-21 0-3 6-9 12-15 18-21
Inflow Interval (m?/s) Inflow Interval (m?/s)
—Segawe-Wonorejo Correlation
——Segawe Autocorrelation ——Wonorejo Autocorrelation

£0. . . . . . . . . . ,
“ 0 100 200 300 400 500 600 700 800 9S00 1,000

= Simulation

2 1.0 .

s Segawe Regulating Weir Wonorejo Multipurpos Dam
L 08 08

w

'Fe 0.6 All year round 0.6 All year round
>

wn

o 04 04

g 02 Each of 36 Periods 0.2 Each of 36 Periods
8 00 0.0

£-0.2 0.2

& 0 100 200 300 400 500 0 100 200 300 400 500

Simulation Lag Simulation Lag

Figure 6. (a) Comparison of periodic statistical parameters
and histograms between the synthetic and historical local
inflows of Segawe Regulating Weir and Wonorejo Multi-
purpose Dam; (b) Correlation coefficients of the synthetic
local inflows time series of Segawe Regulating Weir and
Wonorejo Multipurpose Dam.

age of selection-affected inflows for Segawe Regulating
Weir and Wonorejo Multipurpose Dam are respectively
9.37% and 24.53%. However, based on the correlation
coefficients shown in Figure 6(b), the inflow time series
in the Monte Carlo simulations can still be assumed to
be uncertain (Haan, 2002). This is because, first, the
correlation coefficients between the inflow time series
in simulation y and those in simulation y + 1 (Segawe
and Wonorejo autocorrelations) vary from 0.05 to 0.91.
This means that two consecutive annual inflow time se-
ries were neither always strongly nor weakly correlated
throughout all simulations. Second, the periodic serial
correlation coefficients by 1 to 500 simulation lags vary
only from —0.17 and 0.17. This means that the 1,000 in-
flows in every operational period were very weakly cor-
related, or hardly dependent on each other. Neverthe-
less, such an uncertainty does not necessarily implies
that the inflow time series were completely vague. This
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is because the stability of the all-year-round serial cor-
relation coefficients can indicate that the inflow time
series had a consistent tendency to being high or low
in rainy or dry season. Moreover, the high correlation
coefficients between the two hydraulic structure’s local
inflow time series (Segawe-Wonorejo correlation) can
indicate that the trends of the two local inflows were
relatively similar in all simulations.

3.2 Output Convergency of Monte Carlo Simula-
tions

Figure 7 shows the moving averages of annual irriga-
tion, domestic water supply, and electrical energy re-
sulting from the application of each ROR-D65 and ROR-
D80 in the Monte Carlo simulations. It can be observed
that the annual moving averages are unlikely to change
significantly after 1,000 simulations, where the maxi-
mum relative errors in the last 100 simulations are less
than 0.05%.

This is also the case when the moving averages of all
purposes are examined within the rainy season, dry
season, or each operational period. Therefore, the out-
puts of the Monte Carlo simulations can be assumed to
have converged.

3.3 Performances of Wonorejo ROR

Reliabilities and resiliencies for the PF Blader-Kluwih-
Gelang irrigation according to ROR-D65 are identical
to those according to ROR-D80. Figure 8 shows that
the lowest reliability is 69.5% in period Oct-3, while the
lowest resiliency is 4.26% in period Oct-2. It can also be
observed that the vulnerabilities under the two ROR al-
ternatives are relatively similar, with the same highest
value of 97.1% in period Nov-1.

This is because the local inflow of the Segawe Regulat-
ing Weir was prioritized for the Song River’s duty flow,
as defined in Equation (4) and (5), where the actual re-
lease for the PF Blader—-Kluwih—-Gelang irrigation was
completely dependent on it.

Figure 8 also shows that for the PF Paingan irriga-
tion, the reliabilities according to ROR-D80 only reach
99.8% in period Jan-3 and 99.9% in period Feb-1, while
those according to ROR-D65 reach 100% in all periods.
The resiliency in period Jan-3 according to ROR-D80 is
50.0%, whereas the vulnerabilities in periods Jan-3 and
Feb-1 are 38.9% and 38.2%, respectively. Meanwhile,
the highest and second-highest vulnerabilities accord-
ing to ROR-D65 are 7.7% in period May-3 and 7.6% in
period Jun-2.

These differences arise because the application of ROR-
D80 causes the Tiudan Regulating Dam to stop releas-
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Figure 7. Moving averages of annual irrigation, domestic water supply, and electricity generation according to the applica-
tion of each ROR-D65 and ROR-D80 in 1,000 Monte Carlo simulations.

ing its storage during certain hours, as defined in Equa-
tion (11) and (12), when the release from Wonorejo
Multipurpose Dam fails to conserve the daily storage
of the Tiudan Regulating Dam.

As for domestic water supply, both ROR alternatives
result in good performance during the peak of the dry
season, when the lowest inflows and highest water de-
mands occur (Figure 3). As shown in Figure 8, the re-
liabilities reach 100% in periods May-1 and Sept-2 to
Oct-2 under ROR-D65, and in periods Aug-2 to Sept-2
and Oct-1 under ROR-D80. However, the two alterna-
tives yield less satisfactory performance in other peri-
ods, where the lowest reliabilities are 73.9% (ROR-D65,
period May-3) and 52.4% (ROR-D80, period May-1).

In terms of resiliency, ROR-D65 results in 0% in period
Mar-1, while ROR-D80 results in 10.7% in period Jan-2.
The highest vulnerabilities under ROR-D65 and ROR-
D80 are 59.0% (period May-3) and 59.8% (period Jun-1),
respectively.

As also shown in Figure 8, the dependable energies
of the Wonorejo Power Plant under ROR-D65 and
ROR-D80 are relatively similar at the second quartile
(Q2). The lowest Q2 energy for both alternatives is
500.8 MWh in period Feb-3. However, the dependable
energies differ significantly at quartiles 0 and 1 (Q0 and
Q1). The lowest QO energies under ROR-D65 and ROR-
D80 are 275.6 and 159.2 MWh in periods Dec-2 and Jan-
1, respectively, while the lowest Q1 energies are 480.1
and 457.9 MWh in periods Dec-2 and May-2.

Figure 9 generally shows that ROR-D80 results in bet-
ter performance in terms of storage conservation of the
Wonorejo Reservoir than ROR-D65. The frequencies for
the reservoir to return to full condition at the end of
April (30/04) are 76.4% and 81.3% under ROR-D65 and
ROR-D80, respectively. More specifically, the lowest fi-
nal water levels are 176.6 and 181.3 mMSL for ROR-D65
and ROR-D80, respectively.

These differences occur because the dry release rules
and rule curve of ROR-D80 are significantly lower than
those of ROR-D65 Figure 3. However, since the fre-
quency of the reservoir returning to full condition does
not reach 100%, the dependency of reservoir opera-
tion in period May-1 on that in period Apr-3 cannot be
definitively established. This is because the inflow time

series in all simulations are independent and do not oc-
cur consecutively. Consequently, as shown in Figure 8,
the resiliencies in period Apr-3 are not determined us-
ing Equation (1).

4 DISCUSSION

4.1 Motivations for Proposing the Application Con-
cept of ROR

It is widely recognized that the main challenge in an-
nual reservoir operation lies more in the uncertainty of
the inflow time series than in the operational plan itself
(Kasprzyk et al., 2013; Giuliani et al., 2014).Clearly, a
reliable prediction model for inflow time series over an
entire future year would substantially improve the ef-
fectiveness of reservoir operation planning. However,
in the absence of such a model, the achievement of op-
erational objectives remains highly sensitive to inflow
uncertainty.

This forms the basis for the application of the ROR con-
cept, as presented in Table 2, where release decisions
are determined in real time without considering the
reservoir’s actual inflow.

Prescribing release decisions based on the rule curves
of ROR and the actual storage condition, as shown in
Table 2, helps preserve the consistency of releases by
allowing storage variations to follow probabilistically
safe temporal conditions (Ahmadi et al., 2015). In this
way, reservoir operation becomes more transparent,
as each release decision can be evaluated against pre-
defined storage criteria rather than relying on unre-
stricted judgment (Ilich, 2024).

Moreover, a properly optimized ROR can maximize
reservoir performance in meeting varying periodic wa-
ter demands while maintaining storage conservation
(Tang et al., 2024). It also helps ensure that water de-
mands are satisfied with minimal waste and balanced
trade-offs among competing demands (Jibat et al.,
2024).
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Figure 8. Performances of ROR-D65 and ROR-D80 for the demand satisfactions and the electricity generation.

4.2 Differences and Advantages of the Proposed Ap-
plication Concept of ROR

The release decisions that vary throughout the year
may give the impression that the ROR application con-
cept in this study is somewhat similar to that of APRO,
as described by Pusat Pendidikan dan Pelatihan SDA
dan Konstruksi (2017). However, as shown in Figure 9
and Table 2, reservoir operation under ROR does not
focus solely on storage conservation.

This is because there is no requirement for the actual
water level to remain within specific rule curves Table
2. Instead, there is a considerable possibility for it to
remain between two rule curves, or above one of them,
for extended periods Figure (9). If the ROR has been
derived through an optimization process, the release
decisions in all periods can be considered appropriate,
since the application of ROR does not rely on the ac-
tual inflow, which is often unknown in real time due to
operational limitations.

Furthermore, the ROR application concept is more
relevant and transparent for reservoir operation than
APRO. This is because ROR does not assume certainty

316

in dependable inflow, nor does it ignore inflow un-
certainty. Instead, it adopts a conservative approach:
when the actual water level lies between two rule
curves, the release rule corresponding to the lower rule
curve is selected.

4.3 Comparative Review of Similar Studies

Studies on reservoirs outside Indonesia have primar-
ily focused on deriving or optimizing operating rules,
but have rarely examined their real-time application
as required in practice (Kangrang et al., 2018; Wan
etal., 2019; Kosasaeng and Kangrang, 2023; Tang et al.,
2024). Similarly, although Monte Carlo simulations
have been employed in several studies to evaluate
reservoir performance (Feng et al., 2017; Liu et al.,
2019; Yaghoubi et al., 2020; Zhao et al., 2026), they
have not been applied to the implementation of ROR.

This study is the first to demonstrate a fully operational
real-time implementation of ROR. It is also the first to
statistically evaluate the performance of ROR for an in-
tegrated system of three hydraulic structures. There-
fore, this study provides both conceptual clarity and
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Figure 9. Changes in the storage of Wonorejo Reservoir according to the application of each ROR-D65 and ROR-D80.

statistical evidence regarding the real-time applicabil-
ity of ROR, even in the context of integrated hydraulic
systems.

4.4 Recommendations on the Application of ROR

The Monte Carlo simulations in this study show that
the application of the Wonorejo ROR results in rela-
tively good performance in terms of periodic demand
satisfaction and annual storage conservation. How-
ever, as the findings are specific to the Wonorejo ROR,
several general recommendations for the application of
ROR need to be discussed.

First, three key factors are involved in the derivation of
an ROR: storage capacity, water demand, and depend-
ableinflow. Asillustrated in Figure 3, these factors may
be interdependent due to optimization constraints on
release rules and rule curves. Among them, dependable
inflow can be considered the most independent factor,
as water demand is typically determined from estab-
lished methods or historical data, while storage capac-
ity is fixed for a given year.

This study demonstrates that different exceedance
probabilities of dry inflow lead to different operational
outcomes: ROR-D80 performs better in terms of stor-
age conservation Figure (9), whereas ROR-D65 per-
forms better in terms of demand satisfaction (Figures
7 and 8).

If one of the ROR alternatives must be selected, a
multi-criteria decision-making approach may be ap-
plied. However, dependable inflows do not necessarily
need to be categorized as “dry,” “normal,” and “wet.”
These terms are conceptual and do not fully represent
the variability of actual inflow time series over a year
(Mateus and Tullos, 2017; Li et al., 2024).

In this study, the application of ROR assumes that re-
lease rules and their corresponding rule curves act as
real-time anticipatory controls (Table 2). This implies
that increasing the number of release-rule sets and rule
curves may improve reservoir performance. Therefore,
provided that storage capacity is sufficient, an ROR can
be derived using more than three dependable inflow
levels—such as exceedance probabilities of 35%, 50%,
65%, and 80%—to enhance both demand satisfaction
and storage conservation. The naming of correspond-
ing release rules and rule curves can follow the con-
ventions of reservoir management. However, it should
be noted that water demand may exceed feasible sup-
ply, and that higher dependable inflows correspond to
lower exceedance probabilities (Figure 3).

Second, the application of ROR may lead to critical
storage conditions, particularly when the actual water
level falls below the lowest rule curve (Figure 9). In
this context, it is important to recall that the primary
purpose of a reservoir is to meet water demand. Un-
der inflow uncertainty, excessively restricting releases
to maintain storage levels may be undesirable, espe-
cially when substantial storage is still available. More-
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over, Figure 9 shows that the release decisions defined
in Table 2 can often restore storage to safe conditions.
This is largely because the ROR is derived such that the
initial water level of each rule curve corresponds to its
final water level (Figure 3c).

To assess the risk of low storage in the upcoming year,
reservoir operators can apply ROR within Monte Carlo
simulations, as demonstrated in this study. The sim-
ulation start time can be aligned with the actual op-
erational start, while the initial water level can be set
based on estimated end-of-year conditions. The per-
formance of ROR in terms of storage conservation can
then be evaluated using the simulated final water lev-
els. In general, a higher frequency of final water levels
being equal to or greater than the initial level indicates
better performance.

Given that ROR is typically applied over at least one
year, Monte Carlo simulations are a reasonable and
practical approach. They can also be computationally
efficient, as the number of simulations is largely deter-
mined by the number of release decisions at each time
step (Table 2; Figure 7). Furthermore, performance in-
dicators derived from these simulations—such as elec-
tricity generation and demand satisfaction—can sup-
port financial planning for reservoir operation in the
coming year, which is essential for the sustainability of
multipurpose dams in Indonesia.

However, it should be emphasized that the reliability of
Monte Carlo simulation outputs depends on the qual-
ity of the assumed inflow distributions and their asso-
ciated uncertainties (Figures 2 and 6).

5 CONCLUSION

Inflow uncertainty remains a major challenge in annual
reservoir operation and is often difficult to overcome
in real time. However, it does not necessarily render
reservoir operation conceptually unclear or practically
complicated, as operational convenience is as impor-
tant as its relevance.

This study therefore proposes a practical application
concept of ROR as a set of real-time anticipatory rules
for annual reservoir operation. Under this concept, re-
lease decisions can be made conveniently without con-
sidering the reservoir’s actual inflow. At the same time,
because decisions are based on the actual storage con-
dition and the rule curves of ROR, the clarity and con-
sistency of reservoir operation can be maintained un-
der varying hydrological conditions.

Based on the application of ROR-D65 and ROR-D80 in
Monte Carlo simulations of an integrated system con-
sisting of the Segawe Regulating Weir, Wonorejo Mul-
tipurpose Dam, and Tiudan Regulating Dam, the pro-
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posed ROR concept demonstrates relatively good per-
formance. In 1,000 simulations, ROR-D65 and ROR-
D80 achieve reliabilities of 76.4% and 81.3%, respec-
tively, for annual storage conservation, and minimum
reliabilities of 73.9% and 52.4% for periodic demand
satisfaction.

However, if the ROR concept is to be applied to other
real reservoir systems, operators should recognize that
its performance is influenced by storage capacity, wa-
ter demand, and, most importantly, dependable inflow.
Furthermore, it is recommended that reservoir opera-
tors first apply ROR within Monte Carlo simulations to
estimate its performance and to assess the likelihood
and extent to which it may lead the reservoir to critical
low-storage conditions.
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