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Abstract: Pakistan’s agriculture and economy rely heavily on the Tarbela Reservoir. The present
storage capacity of Tarbela is 8.2 BCM and it has been depleted by more than 40% due to sedimentation
since 1976. It also has had a 0.94 percent (0.134 BCM) decrease in gross reservoir capacity every year.
Historically, the amount of sediment trapped in the Tarbela Reservoir during the period 1976-2020 was
198.5 million tonnes annually. Based on the current operation by the Water and Power Development
Authority (WAPDA), the delta is expected to extend to 2.41 km from the dam in 2035. The reservoir
will become a run-of-the-river reservoir with a gross storage capacity of 2.87 BCM. This rapid loss of
storage capacity will significantly impact reservoir benefits while also putting turbine performance at
risk due to abrasion. Slowing the sediment deposition phenomena by a flexible operational strategy
is a worthwhile aim from the dam manager’s viewpoint to achieve Sustainable Development Goals
(i.e., poverty and hunger alleviation, clean affordable energy, protecting ecosystem etc.). Therefore,
for the safe and long-term operation of the turbines, the existing Standard Operating Procedures
(SOPs) adopted by WAPDA need to be appraised to delineate their impact on future optimized
operations. The aspect of considering static SOPs on the whole period of reservoir operation has not
been attempted earlier. The Tarbela Reservoir was selected as a case study to enhance the existing
reservoir operation. The methodology relies upon the use of a 1-D sediment transport model in
HEC-RAS to study the impact of the operational strategy on sedimentation. In conjunction, the
existing reservoir operation of Tarbela was modelled in HEC-ResSim using its physical, operational,
and 10-daily time-series data for simulation of releases and hydropower benefits based on a revised
elevation-capacity curve for sedimentation. After calibration and validation, the model was applied
to predict future reservoir operation impacts on a 5-year basis from 2025 to 2035 for determining
storage capacity, irrigation releases, power production and energy generation. It was predicted that
as the storage capacity of the reservoir is depleted (by application of the WAPDA current SOPs in
future years), the irrigation releases would be increased in the Kharif season (April-September) by 7%
and decreased by 50% in the Rabi season (October—-March) with a corresponding increase in power
generation by 4% and decrease by 37%, respectively, and the average annual energy generation would
be decreased by 6.5%. The results showed that a gradual increase in the minimum operating level
will slow down delta movement but it will reduce irrigation releases at times of high demand. The
findings may assist water managers to improve the Tarbela Reservoir operation to achieve sustainable
development goals and to attain societal future benefits.
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1. Introduction

Reservoir development helps the entire world satisfy its food and fibre demands
by providing water for agriculture and hydropower, generating rapid monetary growth,
and enabling flood management. Simultaneously, current reservoir storage capacities
are dwindling worldwide, posing a hazard to agricultural and hydropower generation.
With mean yearly reservoir storage capacity reductions ranging from 0.1% to 2.3% owing
to sedimentation, there is a scarcity of accurate data on reservoir sedimentation rates
worldwide. Despite this, the global annual storage loss is approximately 1.0% [1].

Storage loss in China’s largest reservoir is 2.3%, while the lowest storage loss in the
UK is 0.1% [1]. According to the International Commission on Large Dams, there are over
42,000 big dams in the world [2], and the global rate of storage loss and storage capacity
owing to sedimentation concerns is around 0.5% to 1% and 7000 km?® annually, respectively.
In 2015, 50 km? of storage capacity was added worldwide annually to compensate for this
loss rate, costing over 18 billion dollars [3]. A global crisis of water availability may occur,
if communities continue to allow reservoir storage capacity to reduce [4]. The world’s
ever-increasing population exacerbates the problem. Although, worldwide, storage volume
diminishes, water storage requirements increase as the population expands [5]. Due to a
decline in dam construction rate and sedimentation of reservoirs, there is a net reservoir
storage capacity deficit [6].

In Venezuela, an extreme event occurred within 15 years of the reservoir operation
starting, when the available storage capacity of the Camaré reservoir was lost due to
sedimentation [7]. The storage capacity of Zuni Dam in New Mexico declined by 20% of
the designed capacity within 25 years of operation commencement. Most of the dams in
the United States west of the Mississippi River have yearly sedimentation rates of more
than 1.2 percent, with storage loss rates of more than 2 percent in most states [8]. As gross
storage decreases, net irrigation releases and production from the reservoir decrease.

Tarbela is an important part of Pakistan’s Indus Basin plan, which intends to provide
better and more consistent water to millions of acres of fertile land, hydroelectricity gen-
eration, and flood management. It is one of the world’s most important water resource
development projects. The dam is located on the Indus River supplementing 50% of the
country’s total food basket and making a 30% contribution to the overall energy benefit.
The releases, power production, and durations will decrease with time due to the formation
of a massive silt delta in the reservoir. The passage of irrigation water via the tunnels with
turbines generates electricity from the Tarbela reservoir, which is Tarbela’s secondary prior-
ity. Since construction, however, the energy gains have outweighed the irrigation benefits.
The plant is used to provide a base load from early June to October (when considerable,
regular discharges occur) and as a peaking supply for the rest of the year. The monthly
irrigation and electrical consumption curves from the Tarbela Reservoir are depicted in
Figure 1 and Table 1 [9].

Table 1. Monthly energy demand profile of Tarbela Reservoir [9].

Month Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec
Irrigation

(Million 1570 2735 2692 1816 4008 7596 12,442 11,898 6148 4647 3355 2637
m?3/month)

Firm Energy 250

(GWh) 250

250 250 250 250 500 750 750 750 750 500
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Figure 1. IRSA Irrigation Demand Pattern on d/s of Tarbela Reservoir [9].

The capacity of the Tarbela Reservoir in Pakistan was reduced by 20% during the
first two decades of its operation because the dam traps a huge amount of sediment from
the Indus River [3]. It has now declined by one-third in 40 years [10]. Modelling of the
associated sediment [11] was used to investigate the amount of sediment deposited in
the reservoir and the dynamics of the sediment delta as it changes shape and position
with incoming flows (in the past as well as in the future). According to these studies,
unless remedial action (such as the current study) is taken, the reservoir’s dead and live
storage will be largely filled by 2030, with a gradual reduction in the reservoir’s regulated
production up to that date, and the intakes will be blocked well before [12].

The Tarbela Reservoir serves as a vital water source for irrigation, flood control, and
power generation. The reservoir’s initial capacity has been reduced by 39.04 percent due to
sediments [13]. When the Tarbela Reservoir was constructed in 1974, it had a gross storage
capacity of 14.34 BCM and a live storage capacity of 11.94 BCM. subsequent reductions
have seen the gross and live storage capacities drop to 8.74 BCM and 7.61 BCM, respectively,
in 2017 [14].

Sedimentation is diminishing reservoir capacity globally. Annual global reservoir
storage capacity losses range from 0.1 to 2.3 percent, with an average of around 1.0 percent.
With a mean annual sediment deposition rate of 0.134 BCM/annum, the Tarbela reservoir’s
gross storage capacity diminishes by the day [14].

The Tarbela Reservoir annually accumulates around 200 million tonnes of sediments
(550,000 tonnes per day on average). The sediment delta pivot point is advancing towards
the dam at a rate of roughly 0.386 km per year, according to current reservoir operations.
The Tarbela Dam is a key component of the “Indus Basin Water Treaty” alternative works
program, which began in 1960. The Tarbela Reservoir stores water from a 169,650-square-
kilometre upper catchment area [15]. The Tarbela Dam, with four units generating 700 MW
of energy, was completed in 1974. In 1982, four units were added to the power plant,
increasing its capacity from 4 to 8 units. Two more 350 MW units, 9 and 10, were constructed
in 1985, followed by four 1728 MW units 11-14 in 1992-1993, giving the Tarbela Reservoir
a total generation capacity of 3478 MW [16-19]. For agricultural reasons, the Tarbela
Reservoir releases 75.10 BCM of water. The Tarbela Reservoir is the main component of
IBIS. During low-flow seasons, it is crucial to meet irrigation demand [20]. The reservoir
will be full of sediment by the year 2030 if the current sedimentation trend continues, and
the sediment delta will be close to the dam face. The expected sediment inflow rate in the
reservoir was 0.294 BCM per year [20] meaning that sediment will fill the Tarbela Reservoir
storage volume to 90% in 50 years. Subsequently, the reservoir will only provide 1.2 BCM
of live storage.



Water 2022, 14, 2512

4 of 40

By following WAPDA'’s current operating procedures, the delta is progressing rapidly
towards the dam body. The sediment delta pivot point is moving at a rate of 0.386 km/year
and is now at a distance of 8.77 km and a height of 422.026 m. Tarbela’s minimum
pool level was 396.3 metres at completion, and it is now maintained at 422.8 metres in
2017 [14]. According to the Pakistan WAPDA, spills (uncontrolled discharges) account
for 70% of water discharge and do not generate energy [21]. This is concerning because
Pakistan’s energy demands are increasing at a 7.9% annual rate (Tarbela now produces
30% of the country’s hydropower). Uncontrolled releases (when the Indus River’s flow
surpasses 11,326 m?/s) have also resulted in 13 floods, causing significant damage to the
agriculture industry.

The operation of the Tarbela Reservoir is based on a criterion of minimization of the
irrigation release deficit. This use of a single criterion is a common approach employed
globally but has limitations regarding the strengths and weaknesses of reservoir opera-
tions [22,23]. The dam is situated in a region vulnerable to the impact of climate change
due to precipitation and snowmelt variability [24-26]. Previous research has indicated that
climate change impact may shift the of peak inflow event to an earlier time [27]. If such
conditions prevailed, the reservoir filling would have to be initiated earlier to attenuate
flood peaks. Other research has indicated that climate change may change the crop sowing
pattern to an earlier month to achieve maximum yield [28]. Early reservoir irrigation
releases and a similarly limited storage volume for the falling limb would be required for
this shift in sowing patterns. Due to a low storage coefficient of 0.11 (ratio of live storage
to mean annual inflows) and a high draft ratio of 0.97 (ratio of annual demands to mean
annual inflows), climate change, in addition to the operational stressors mentioned above,
places additional strain on Tarbela Reservoir’s physical aspects [21]. Because of its low
storage coefficient, the reservoir’s ability to control excessive hydrological flow fluctuation
is limited.

In the 1980s, WAPDA tried to develop a decision support tool, the Indus Basin Model
(IBM), for the assessment of the system’s performance aiming for maximization of net
economic benefit from agriculture. However, it did not take into account the impact of
standard operating procedure on long term releases and hydropower benefits [29]. In
addition, previous Tarbela research has mostly concentrated on rule curve optimization
approaches for improving reservoir performance [30]. For example, using a genetic algo-
rithm for multi-objective optimization to minimize the irrigation shortfall in Tarbela. This
research anticipated a low reservoir level for all months except August and September (as
opposed to the present rule curve). Although this strategy reduced the irrigation deficit
by a little amount (1.23 km?), there was no improvement in hydropower generation or
flood damage mitigation [31]. Taking a similar irrigation-centric rule curve optimization
technique recommended lowering the minimum reservoir level from 417 to 396 m. Because
Tarbela was built to optimize irrigation deficits, the primary justification for this technique
was that rule curves resulting from irrigation deficit reduction should be preferred. To
date, no research has been done to inspect the potential effects of modifying the physical
reservoir features and evaluating the existing WAPDA Standard Operating Procedures
(SOPs) on the future irrigation release patterns and their multiple benefits. The present
study primarily emphasizes different operational strategies for a reservoir to manage sedi-
ments for the determination of future release hydrographs along with power and energy
benefits through optimal utilization coupled with the impact of existing static SOPs on the
long-term operation of the reservoir. As a case study, we selected the Tarbela Reservoir
in Pakistan. The generation of future optimized release patterns and power benefits were
tried. Further, the impact of existing the Standard Operating Procedures (SOPs) on future
reservoir operation was assessed, which was not done in earlier studies [30,31].

Simulation of reservoir operation can be efficiently carried out using HEC-ResSim
computer model [32]. Assessment of the Jiroft storage dam, Iran, used the HEC-ResSim
model. It was concluded that the present system of operation led to serious deficiency
and failures in 25% of the operation periods, which could be mitigated by enhancement
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of irrigation efficiency from 30% to 50% increasing the system resilience by 17% [33]. To
optimize hydropower generation and flood management, HEC-Res-Sim modelling was
employed to simulate cascade dams across the Omo Gibe River basin. New operation
rules were selected which increased the energy generation by 28-45% [34]. The HEC-
ResSim model performed hydrologic routing and determined multiple benefits for the
Kajakai reservoir in Afghanistan [35]. The HEC-ResSim model was developed for the
Lancang Cascade to determine the influence of the cascade on the Lower Mekong River [36].
The HEC-ResSim model was developed for the Mosul dam to simulate the operational
behaviour of the reservoir. It was found that the real operation using the current rule curve
did not match the original design operating curve [37]. The HEC-ResSim model was used
for the Tucurui Dam located in Brazil. The rules for different zones of the reservoir were
assessed based on the capacity of the spillways, the reservoir storage and the flow capacity
of the river drainage system downstream [38].

In the Pakistani context, HEC-ResSim was employed for reservoir simulation mod-
elling to study the impact of climate change on the hydropower generation for the Mangla
reservoir. As the Mangla reservoir was raised by 12 m in the year 2009, the model was
set up for two scenarios, i.e., pre-raising and post raising. Based on the simulations , it
was concluded that in future the increase in annual hydropower generation was expected
to be 16.6 to 20.4 percent for the pre-raising scenario and 13 to 15.3 percent increase for
post-raising scenario. The developed model lacked the capability for updating the elevation
capacity relationship caused by long term sedimentation in the reservoir [39].

The numerical model HEC-RAS was employed for the Tarbela Reservoir, Pakistan for
the assessment of sedimentation for future operations. It was concluded that the life of
reservoir may be extended by 27 years by decreasing the minimum operating level from
457 m to 401 m. However, the study did not estimate the impact on hydropower generation
for future scenarios [40]. A GA-based optimization model was developed for maximization
of hydropower generation for cascade reservoirs and applied to the Tarbela and Bahsa dams
in Pakistan. It was concluded that average annual benefits from hydropower generation
can be maximized up to 2724.7 Million US$ by the joint operation of the Tarbela and
Bahsa dams [41]. The impact on hydropower generation by varying the operation of the
Tarbela Reservoir was carried out using the Evaluation and Planning (WEAP) model. It
was concluded that a 13% increase in hydropower generation would be expected. However,
the study did not cover the impact of sedimentation for future operational strategies [42].

To achieve plan 2030, global goals or the Sustainable Development Goals (SDGs) have
been developed by UNDP in 2015 to mitigate poverty and protection of the planet. Out of
17 SDGs, some of them are covered by efficient, innovative use of the reservoir operation,
which include poverty and hunger alleviation, clean and affordable energy, protecting
ecosystem from degradation [43]. Use of an efficient operation regarding sedimentation
will alleviate food and energy issues along with other socio-economic benefits.

Owing to variability in sediment deposition in the reservoir, the physical condition
in the reservoir will fluctuate, which will affect the reservoir operation, power production
in peak hours, and hydropower generation. Rapid variation in seasonal high flow and
reservoir levels will require new restrictions in operation of the reservoir system. Otherwise,
they may have major impacts on power plant machinery and physical components of
the dam, like the spillways, power, and irrigation tunnels, and the downstream river
conditions and reservoirs. The latter is a new aspect that has been considered in this study.
Therefore, determining the most suitable operational strategy based on the reservoir’s
physical condition, considering the sediment deposition rate, is a worthwhile aim from
the dam manager’s viewpoint. Hence, for the efficient operation of the reservoir, there is a
need to explore future optimized reservoir’s operation to gauge future storage, irrigation
releases, and power and energy production to achieve sustainable development goals.
These include poverty alleviation, clean and economic energy, efficient irrigation, the use
of innovative techniques, and preservation of the ecosystem.
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The paper aims to review and appraise the existing operation of the Tarbela Reservoir;
to carry out an assessment of optimal future irrigation outflows; to optimize the likely
future power production and energy benefits and to inspect the impact of the WAPDA
static SOPs on the future optimized operation, bearing in mind the time-based reservoir
sedimentation and other physical constraints. To accomplish this task, the HEC-RAS 1-D
sediment transport model was set up along with the HEC-ResSim reservoir operation
model. The prediction of the optimized future operation was assessed on a 5-year basis
from 2025 to 2035 for determining storage capacity, irrigation releases, power production
and energy generation. Further, the impacts of the operational strategy during Kharif
(April to September) and Rabi (October-March) irrigation releases were predicted for future
application years along with the impact on reservoir capacity upon sedimentation. The
outcome may assist water managers to improve the Tarbela Reservoir operation for its
sustainable use to attain future societal benefits. Further, the optimum operation of the
reservoir is necessary to achieve sustainable development goals, i.e., poverty and hunger
alleviation, clean and affordable energy, protecting ecosystem from degradation.

2. Study Area
2.1. Description of the Case Study

Tarbela Reservoir spans a major portion of the Indus Basin, ensuring a more reliable
and consistent water supply for millions of acres of arable land, hydroelectricity generation,
and flood control. The Indus catchment area at Tarbela is 169,600 km2, with a mean annual
flow of only 79 BCM [44] as shown in Figure 2. It is the world’s largest earth-fill dam and
Pakistan’s most important national resource. This dam on the Indus River creates a vast
multipurpose reservoir that will supply half of Pakistan’s agricultural water and about
a third of the country’s energy demands. Previously, irrigation was the most pressing
demand, but hydropower has become increasingly crucial to the economy [9]. The Indus
River basin is shared by Pakistan, India, Afghanistan, and China, and is near Thatta, Sindh
province’s capital [34].
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2.2. Reservoir Operation Using HEC-ResSim

The HEC-ResSim model was established by the Hydrologic Engineering Center (HEC)
of the United States Army Corps of Engineers (USACOE) to assist water experts in pre-
dicting reservoir behaviour by certain operational changes. The program depicts the
reservoir operation decision-making process using an original system with rules and logic
specifically designed to explain the process. The HEC-ResSim model is a dynamic tool for
simulating reservoir operation and conservation processes in hydropower and irrigation
applications [46].

The governing equation can be expressed as:

St41 =St + It — Ry — B — O, 1)

where St is initial storage, I; is inflow at start, Rt is the releases required, E; is the evaporation
and Ot are the outflows from the reservoir. The flow chart of HEC-ResSim simulation

model in given in Figure 3.
C INPUT DATA )
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Figure 3. Flow chart for the HEC-ResSim Simulation.
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2.3. Sedimentation Studies of Tarbela Reservoir

The results of the HEC-RAS model [40,47] for different operating scenarios were
investigated by adding around 1.2 m annually to the lowest operating level in scenarios 2,
3, and 4 for modelling sediments in the Minimum Pool Level at 420 m. (Scenario-1).

Minimum Pool Level: 426.7 m (Scenario-2)
Minimum Pool Level: 441.9 m (Scenario-3)
Minimum Pool Level: 457.2 m (Scenario-4)
Adding 1.2 m annually in minimum operating level of 420 m of year 2010 (Scenario-5)

Sediment deposition will occur in Tarbela Lake’s higher reaches if the reservoir is
managed according to scenario-5, slowing the average rate of sediment delta progres-
sion [47,48]. The reservoir’s maximum life would be up to 2035, according to WAPDA’s
present operating mechanism, as its storage capacity would be reduced. If the reservoir is
operated at the present WAPDA levels, the pivot point of the delta will be very close to the
dam face, and Tarbela will become a run-off-the-river type project with just 2.87 BCM of
gross storage by 2035. The pivot point of the sediment delta in 2035 will be 2.41 kilometres
from the dam face. The location of the Tarbela Reservoir sediment delta profile is depicted
in Figure 4 [40,47].

490 & -
Max. Chnservation Level 472/42rh
470
450 e = - -
E 30 [ RTINS N/
S 410 (INY
g /
o 390 o
T} L
370 ¥
350
330 >
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Distance From Main Dam (Km)
—e=2010 ——2020 —8—2025 —4—2030 —¢=2035 —8—2040

Figure 4. Delta profiles of Tarbela Reservoir [40].

When the reservoir’s gross capacity is decreased to 20% of its designed capacity, its
practical life is deemed to be over. The reservoir at Tarbela was estimated to be usable for
85 years. Due to sedimentation, the reservoir’s live storage capacity would continue to
drop, resulting in a progressive reduction in water delivery. Tarbela will become a run-of-
the-river project after 2035, with a gross storage capacity of 2.87 billion cubic metres [40,47].
Table 2 indicates that the storage capacity of the Tarbela reservoir under various opera-
tional scenarios.
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Table 2. Description of 80% deposition against operated scenarios [40,47].

Y Scenario-1 Scenario-2 Scenario-3 Scenario-4 Scenario-5
o Sediment Deposition (BCM)

2015 7.11 7.12 7.19 7.25 7.09
2020 7.84 7.90 8.00 8.10 7.89
2025 8.43 8.51 8.60 8.64 8.48
2026 8.60 8.70 8.78 8.80 8.52
2027 8.66 8.77 8.82 8.87 8.63
2028 8.76 8.89 8.92 8.95 8.73
2029 8.77 8.91 8.95 8.97 8.77
2030 8.84 9.00 9.02 9.12 8.99
2035 9.05 9.20 9.33 9.43 9.33
2040 9.21 9.35 9.51 9.65 9.50
2045 9.39 9.44 9.62 9.87 9.74
2050 9.47 9.49 9.69 9.95 10.00

As shown in Figure 5 [49], sediment input has altered the Tarbela Reservoir bed
level, resulting in a 100 percent storage capacity loss in the reservoir up to 2030, and
hydropower-producing capability will also be threatened.

520
— — 2030 predicted
470 = = = 2020 predicted
------ 2015 predicted
E cnnsne- 2012 predicted
E 420 —&— Bed Load 2007
—#— Bed load 2003
—&— Bed load 1979
370 —#— Bed load original
320
0 10 20 30 40 50 60
Distance from dam (km)

Figure 5. Tarbela Reservoir future sediment bed load levels [49].

In other research, a sedimentation study of the Tarbela Reservoir was carried out [50].
The useful life of the reservoir was assumed to be 85 years, however, its live capacity would
be constantly in decline and would reduce energy generation and irrigation releases [50].
The Indus River will absolutely fill Tarbela Reservoir with sediment under the current
operational strategy. Tarbela is presently losing 123 MCM/year of storage capacity to
sedimentation, putting at danger the ability to fulfil downstream irrigation releases and
6338 MW of power generating capacity, including current and under-construction units
at Tarbela and Ghazi Barotha headwork, which is absolutely dependent on sediment
management strategy at Tarbela [7].
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After the 2016 hydrographic survey of the Tarbela reservoir, the revised live and gross
storage capacities were estimated as 6.174 and 7.084 MAF, respectively, indicating that
the losses in its live and gross storage capacities were 3.505 and 4.536 MAF, which were
36.212 and 39.036%, respectively. Average loss rate in the gross storage capacity of Tarbela
Reservoir is 0.108 MAF/year. If the current reservoir sedimentation rate continues in the
future, then 80% of the reservoir volume will be filled with sediment in next 52 years. If the
average delta advancement rate is considered for future years, then the Pivot Point of the
delta will approach the dam face in 22 years. The useful life of the Tarbela Reservoir would
be exhausted by 2038 [14] as given in Table 3.

Table 3. Tarbela Reservoir and Sediment Delta Condition in 2017 [14].

Parameter Value
Pivot Point Elevation (m) 422.026
Distance from Dam face (km) 8.77
Gross Storage (BCM) 8.74
Live Storage (BCM) 7.61
Delta Average Advancement Rate (km/year) 0.386
Delta Elevation Rise Rate (m/year) 0.64
Delta Advancement Rate in recent years (km/year) 0.153
Useful Life of Reservoir 2038

3. Tarbela Reservoir Standard Operating Procedures (SOPs)

The current WAPDA standard operation procedure for Tarbela Reservoir is given
below [51];

1.  Tunnel Nos. 4 and 5 are generally operated up to the reservoir elevation 458.72 m.
The gates of these tunnels are opened at full gate capacity during the operation. These
irrigation tunnels operated above 458.72 m only in grave emergency conditions.

2. The reservoir should not be filled at a rate of more than 3 m in a 10-day period while
the reservoir levels are more than 460 m to ensure the structural protection of the dam
embankments against severe earthquakes.

3. Spillways will be operated between the reservoir elevations 458.72 m and 472.44 m.
The operating guidelines for both service and auxiliary spillways are given below:

4. When the reservoir approaches the elevation of 458.72 m, the Auxiliary spillway is put
into operation. Its initial operation would be free flow because the flipping process
is not possible when the average discharge of the Auxiliary spillway is less than
1415.84 m3/s and the Service spillway is less than 2548.52 m3/s.

5. When the discharging capacity of the Auxiliary spillway approaches or exceeds
5833 m3/s, then the Service spillway is put into operation with a discharge capacity
of more than 2548.52 m3/s.

6.  When the discharge capacity of the Auxiliary spillway is above 7080 m3/s, then gates
no. 2 and 8 are lowered by one third of their capacity.

7. The raising of the Service and Auxiliary spillway gates start from the end gates of
both spillways, i.e., in the case of the Auxiliary spillway gate no: 1 and 9,2 and 8, 3
and 7, 4 and 6 and 5 are raised. The gate raising pattern of the Service spillway is just
like that of the Auxiliary spillway.

8.  The lowering pattern of the spillway gates starts from the centre, i.e., the lowering of
Auxiliary spillway gates starts from middle gate no. 5,4 and 6,3 and 7, 2 and 8, and 1
and 9.

9. When both the spillways reach free flow condition, all the gates of both spillways are
raised equally to protect the d/s gates from turbulence.
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10. The service and auxiliary spillway gates are not allowed to operate with a fraction of
a foot opening.

11. The operation pattern of all the gates of both spillways is same, but gates no. 2 and
8 of the Auxiliary spillways are suppressed by 1/3 of the opening of the remaining
gates to protect the chute walls from splashes.

Rule curves were developed for only the Tarbela Reservoir without considering the
conjunctive operation of multiple reservoirs and to fulfil the irrigation demands and power
demands as a by-product. The original MOL 396.3 m of Tarbela Reservoir was modified
to 401 m, 408 m up to 1995, 412 m after 1995, 417.2 m in 2002, and to 420.3 m in 2010,
respectively. The purpose of the increase in MOLs of Tarbela Reservoir by WAPDA was to
protect the power tunnels from the advancing sediment delta [40]. The existing Tarbela
Reservoir operations rule curves were reviewed and modified according to the 6th Periodic
Inspection of Tarbela Reservoir [14] by keeping the minimum operating level 2.1 feet higher
than the pivot point elevation of the reservoir sediment delta.

4. Material and Methods

The HEC-ResSim model may incorporate any single- or multifunctional reservoir
system due to its flexibility accompanied by new powerful features making it adaptable
tool for reservoir operations. As a decision-supporting tool, it aims to satisfy the needs of
modelers working on reservoir projects [32].

Using HEC-ResSim, complex flood management procedures may be modelled, pro-
moting the operation of multifunctional reservoir systems. The Corps Water Management
System is a significant application for ResSim (CWMS). The primary objective of the CWMS
is to assist USACE reservoir system operations in real-time via means of flood control. The
ResSim intervals range from 15 to 30 minutes daily [52-54]. From DOS to Windows, it
has enhanced the user interface. Other HEC systems, such as HEC-HMS, HEC-RAS, etc.,
have graphical user interface (GUI) capabilities that can be connected. The model was
successfully used in many reservoir processes, such flood control, irrigation, hydropower
simulation, water supply, and environmental quality control. Rosenberg [46] successfully
used HEC-ResSim to model reservoirs in the Sacrament and San Joaquin Basins of the Dis-
trict of California; ref. [55] used HEC-ResSim successfully for flood control on the Columbia
River in the United States. Additionally, its application was successful in the Forgotten
River part of the Rio Grande/Bravo basin [56]. Further its application was successfully
implemented for analysing climate change impacts on future power generation for the
Mangla reservoir, Pakistan [39].

The HEC-ResSim model does not possess the capability for including sediments. To
obtain release and power values for present and future scenarios considering a sediment
effect, the HEC-RAS sediment model was linked with the HEC-ResSim model to acquire
updated elevation-capacity relationships. Therefore, considering the worldwide proven
accuracy of the HEC-ResSim model, it was decided to develop the model for the present
study to simulate the operation of the Tarbela Reservoir to assess the impact of the WAPDA'’s
present SOPs on the future operation and predicted future power and water releases due
to a rapid reduction of its live storage. The prediction of the optimized future operation
was assessed on a 5-year basis from 2025 to 2035 to determine storage capacity, irrigation
releases, power production and energy generation. Further, the impacts of the operational
strategy during the Kharif period (April to September) and Rabi period (October-March)
irrigation releases were predicted for future application years along with the impact on
reservoir capacity upon sedimentation. To achieve reliability of the model results, the
simulated data was compared with observed data—Nash and Sutcliffe Efficiency [57],
Index of Agreement (IOA) [58] and Run-off Ratio (RR) [38] tests—were used for calibration
and validation of model results.

The overall methodology with different stages is described in the flow chart in Figure 6.
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Figure 6. Flow Diagram showing the Methodology of the Study.

4.1. Data Collection

In order to model the reservoir operation of Tarbela, data were collected from the
Surface Water Hydrology Project (SWHP), WAPDA, Hydrology and Survey, TDP and
from previously carried out studies [40,47] as shown in Table 4. The data includes storage
capacities of reservoir at different elevations, time series flow data, time series power
generation pattern, area-elevation capacity tables, rule curves, and evaporation data of the
reservoir for different years.

Table 4. Tarbela dam and reservoir data collection sources.

Data Years Sources
Tarbela Reservoir Qutflows and 2008, 2009, 2012, 2013,2020  TDP (WAPDA)
POWEI' generatlon
Tarbela Reservoir Hvdroloev and Surve
Area-Elevation-Capacity Tables 2008, 2009, 2012, 2013,2020 o 008 vey
TDP (WAPDA)
Rule Curves
Tarbela Reservoir Levels 2008, 2009, 2012, 2013,2020  iydrology and Survey
r SO0, SURE, L85 TDP (WAPDA)
Tarbela Reservoir Rule Curves 2008, 2009, 2012, 2013, 2020 IRSA
Discharge Series (Besham Qila 2008, 2009, 2012, 2013,2020  SWHP (WAPDA)

Gauging Station)

4.2. Data Analysis

Data from 2008, 2009, 2012, 2013 and 2020 were collected and analyses of inflow,
outflow, reservoir levels, and power and energy generation were carried out to determine
the reservoir operation pattern of past years. Data analyses were carried out for the
following parameters.

4.3. Monthly Inflow Hydrograph

The mean monthly inflows at Besham Qila are shown in Figure 7. Maximum and
minimum inflows were in the months of August and February with an average annual
flow of is 64 MAF (79 BCM).
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4.4. Tarbela Reservoir Levels

Operating levels at the dam followed a drawdown and fill cycle. Tarbela Reservoir
levels were low during the months of March, April, and May, and were high during the
months of August, September, and October. During the months of March, April, and May,
there was great irrigation demand on downstream of dam and after the sowing season the
reservoir was again filled and the reservoir attained the previous maximum reservoir level
during the summer season as shown in Figure 8.
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Figure 8. Tarbela Reservoir levels.

4.5. Releases from Tarbela Reservoir

Releases through the reservoir were dependent on the downstream release requirement
and available storage at the particular instant. Releases during 2008, 2009, 2012 and 2013 are
shown in Figure 9. Rule curves of Tarbela were developed based on the downstream Tarbela
command area known as “Kirmani Demands in Pakistan”. Tarbela contribute 75.1 BCM to
total annual irrigation supplies for IBIS (10.8BCM for Rabi and 64.3 BCM Kharif).
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Figure 9. Irrigation Releases from Tarbela Reservoir.
4.6. Power and Energy Pattern
Tarbela is a hydropower dam, where the d/s irrigation demands limit power produc-
tion. Tarbela Reservoir is an important part of the IBIS system and the releases operations
of the reservoir are integrated with IBIS. The irrigation demand during the Kharif season is
more on downstream of the reservoir, so, as the releases from the dam increase, the releases
are preferred to pass through the power tunnels. Therefore, by fulfilling the irrigation
demand, power and energy is generated as by product. The pattern of power generation
and energy generation in Figures 10 and 11 indicates that the power and energy generation
is maximum during the summer months and low during the winter months.
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Figure 10. Mean Monthly Power generation pattern of Tarbela Reservoir (2008-2020).
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Figure 11. Mean Monthly Energy generation pattern of Tarbela Reservoir (2008-2020).

4.7. Reservoir Storage Capacities

The storage volume of the reservoir is exhausted very quickly due to the erosive nature
of the upper catchment. As a result, the rate the reservoir sediment delta pivot point rises
and advances is very high. Based on the current progress of the reservoir sediment delta
pivot point, it is expected that the gross storage capacity of the reservoir would be fully
exhausted very soon, as the average sediment deposition rate is 0.134 BCM/annum. To
check the effect of reduction in storage capacity on irrigation releases and power generation
pattern, the reservoir storage capacities for different years were used in this study (2008,
2009, 2012, 2013 and 2020) and future applications years (2025, 2030 and 2035). The gross
storage capacities of Tarbela Reservoir at different elevations for different years are shown
in Figure 12 [40,47].
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Figure 12. Tarbela Reservoir storage capacities.

4.8. Reservoir Rule Curves

Tarbela Reservoir is being operated using predefined guide curves called rule curves,
i.e.,, maximum and minimum, developed to meet irrigation demands. The original design
rule curves were developed based on inflows, losses, present capacity of reservoir, maxi-
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mum and minimum conservation levels, earthquake, structural and geotechnical safety
and with consideration of irrigation requirement as the priority, and hydropower as a by-
product. The reservoir should not be allowed to drawdown to its minimum conservation
level in the months of late May to early June due to high irrigation demand then. The
WAPDA rule curves for Tarbela Reservoir operations are shown in Figure 13 [59].
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Figure 13. Tarbela Reservoir Rule curves.

4.9. Evaporation Data

The analysis of pan evaporation presents that evaporation is maximum in June and
minimum in December. Evaporation is maximum during the summer season and minimum

during the winter season as shown in Figure 14.

Evaporation (mm)
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Figure 14. Mean Monthly Evaporation from Tarbela Reservoir (2008-2020).

5. Tarbela Reservoir Simulation Using Hec-ResSim

The input screen of Reservoir system modelling using the HEC-ResSim model of the

Tarbela Reservoir as shown in Figure 15.
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Local Workspace Tarbela_Watershed-2035 opened

Figure 15. Input Screen of HEC-ResSim for Modelling Tarbela.(Blue line shows river reach while
yellow part shows Tarbela reservoir).

The main objective of the Watershed Setup module was to give a setup to create
the watershed. The watershed setup module is the part of other HEC generations like
HEC-RAS, HEC-ResSim, HEC-FIA and HEC-HMS. The Tarbela Reservoir watershed is
related to the alignment of upstream and downstream reaches of the Indus River and the
Tarbela Reservoir in the watershed. The watershed setup module includes all the streams,
projects (reservoirs), time-series locations, impact areas, computation points and hydraulic
and hydrologic data points for the watershed area. The final configuration of all these
elements is used to generate the watershed framework.

The Reservoir Network is the second step and is the most complicated module of the
software. In the Reservoir Network module, the river and reservoir schematic diagram
shows the operational elements and the physical parts of model, and the new alternatives
can be developed so that they can analysed in the simulation. Then the river reaches
and the remaining network elements were connected to accomplish the network scheme.
The operational and physical data for each element of the network were incorporated on
finishing of the schematic figure. Alternatives were developed that describe the operation
sets, initial conditions, reservoir network and DSS time series files [60].

The network parts that are demonstrated by HEC-ResSim may have four types, for
example, junctions, routing reaches, reservoirs, and diversions. Different modules of the
HEC-ResSim model are shown in Figure 16. The Physical data tab and the Observed data
tab of the Reservoir Editor of the Model are shown in Figures 17 and 18, respectively.
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Figure 16. Schematic of Tarbela Reservoir Network. (Blue line shows river reach while yellow part

shows Tarbela reservoir).
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Figure 17. Physical Input data of Tarbela dam and reservoir.
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Figure 18. Tarbela Reservoir Editor observed data.

6. Simulation Procedure and Results

The simulation module was used to separate the output results from the development
of the model. After the definition of the alternatives and completion of model, the module
was used to run the simulation. It was required to define the simulation time window,
alternatives to be assessed and simulation run interval. The DSS file consisted of all the DSS
records that shows the input and output time series data for the considered alternatives.
Besides this, elements may be saved and edited for further simulations.

The main concepts of the theoretical development of the reservoir network consists
of two parts: A physical part that includes the Tarbela dam and reservoir, spillways, dam
structure, tail waters information and correct information of all these is very important
for an adequate result. The second part of the reservoir network is the provision of
operation rules for the Tarbela Reservoir—that is a basic step in the model development.
The description of this portion is really complicated and require a lot of information and
hydrological and hydraulics equations are used for calculation. Conditional portrays
like if, or, then, and rules are used for the better development of the Tarbela Reservoir
simulation model.

The physical part is a very important part in the HEC-ResSim model as even minor
changes affect the behaviour of the reservoir system. The physical part input consists of
dam parts and reservoir details that consist of the Tarbela power plant detail, spillways,
reservoirs storage and pool surface area, dam crest, length of crest of dam was included.
The mathematical water flow models for large areas include water inflow in reservoir,
flow in open streams, and release from the outlet tunnels (spillways, power, and irrigation
tunnels) of dam and power production in hydropower plants. Various types of flows that
are considered in this study are:

e  Flow in the Indus River reaches that are interlinked with the Tarbela reservoir.
e  Changes in Tarbela pool storage.
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Releases from both spillways of Tarbela dam.
Releases from irrigation tunnel no. 4 and 5.
Releases and power generation from power tunnel no. 1,2 and 3.

Spillways are the controlled /uncontrolled outlets of a dam to pass the flood safely to
d/s stretches of river safely. During the high flow season, the reservoir level increases and
results in overflowing of the dam crest. In such condition, the turbine or spillway will cater
to pass this surplus discharge to restrain towards the guide curve. In the case of the Tarbela
dam, Auxiliary and Service spillways are used to spill the extra water from the reservoir in
the flood season, and both spillways are put into operation when the reservoir level reaches
458.72 m. It is safe for the dam structure to operate both spillways up to a level of 472.44 m.

The releases from spillways were estimated by Equation (2). These calculations were
crucial in determination of the operational rules and physical considerations. The maximum
increase in reservoir level depends on the discharge capacity of both spillways at different
reservoir elevations. The operation rules in operation sets for the discharge capacity of both
spillways were used to spill excess water at different elevations. Spill from the Auxiliary
and Service spillways were calculated with Equation (2):

Q=C-B-a-\/2-¢-Do, )

where ‘Q’ is discharge (m?/s), ‘C’ is discharge coefficient (0.75 for streamlined and 0.6 at the
sharp edge), ‘B’ is spillway width, ‘2’ is spillway gate above the threshold, ‘g’ is acceleration
and ‘Do’ is water depth over spillway. Equation (3) was used to determine the releases
from power tunnels no. 1, 2 and 3 for power generation:

Q=0.102 x (E,/(m x h x 1)), (3)

where ‘E,’ is the energy generation (MWh), ‘n’ is the efficiency, ‘h’ is Gross head (m), ‘t’ is
time (h) and “Q’ is reservoir release (m3/s).

Pan evaporation of Tarbela lake was used to determine the change in pool storage
due to evaporation. End pool storage after seepage, evapotranspiration and releases from
spillways, power and irrigation tunnels was determined by the HEC-ResSim model from
continuity Equation (4):

S, =51 — Evap + (INFLOW — OUTFLOW)~CQS (4)

where ‘'S¢’ is end of period storage, ‘Evqy” is evaporation during time interval, ‘Outflow’ is
power release and leakage, ‘CQS’ is discharge to storage conversation.

Tarbela Reservoir standard operation procedures were used in this study defined by
WAPDA rule curves and IRSA according to crop water requirement and power generation
d/s of dam that specify the Tarbela pool storage or required releases based on the time of
year and the current reservoir storage in the reservoir. Tarbela Reservoir has upper and
lower rule curves either in dry or wet season throughout the year.

7. Standard Guide Curve Operation by WAPDA

A reservoir’s targeted elevation at a certain instant is termed as Guide Curve. It is
divided into an upper zone (i.e., maximum conservation or flood-control) and a lower
zone (i.e., minimum conservation and dead storage). The main objective of Guide curve
operation is to ensure releases from the dam and to preserve the reservoir storage level.

As per the standard guide curve operation by WAPDA, the standard release operation
of Tarbela Reservoir is:

(i) release water as quickly as possible when high inflows are trying to intrude into the
flood pool

(if) limit releases to the minimum required essential to satisfy buffer, conservation, or
hydropower demands when inflows are less, and storage level is below the guide
curve.
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(iii) with the increase or decrease on inflows, standard guide curve operation will attempt
to control the storage level back to the “Guide Curve”.

The standard Tarbela guide curve operations provided by WAPDA are given below in
Table 5.

Table 5. Tarbela Reservoir Operation Set Summary [51].

Tarbela Reservoir Operation Summary

Minimum Operating Levels (MOL) for year 2025, 4382, 4443, 45049 m

2030, 2035

Maximum Conservation Level (MCL) 47244 m

Filling of Reservoir (Inflow > Outflow) @3.048 m/Day

Filling from Elev. 460 m to El. 472.22 m @0.3048 m/Day
Maximum Reservoir Level August, 20

Maximum Reservoir Drawdown @0.914 m/Day

Tunnel-5 operation Level 4 Up to 462 m

Tunnel 1, 2, 3 and 4 operating Level From 396.3 m to 472.44 m
Releases to be passed through spillways and 460 m

power-tunnels

Auxiliary Spillway Opened first at Elevation 458.72 m

Auxiliary Spillway Release > 5834 m3/s Service Spillway put into Operation

Gates No. 2 and 8 are suppressed by 1/3

s . _ 3
Auxiliary Spillway Release = 7080 m”/s (same for service spillway)

The release decision of HEC-ResSim states that a release is based on the range of
release capacity through the physical limitations and defined rules. The maximum release
is the total capacity of the controlled and uncontrolled outlets under certain elevation as
per rating and the minimum release is also as per minimum capacity of the outlet, usually
taken as zero [46].

8. Model Calibration and Validation

The HEC-ResSim Model was calibrated and validated for the releases and power
generation from the Tarbela Reservoir throughout the wet and dry seasons according to
WAPDA standard operation procedures for the year 2012, 2013 and 2008, 2009 respectively.
The flow chart of the HEC-ResSim simulation run is shown in Figure 19.

The various simulations of the HEC-ResSim model indicates that the model was highly
sensitive to the power plant efficiency. According to the WAPDA standard operations and
by trial and error, the model generates the releases and power generation from Tarbela, and
the patterns were approximately similar to the actual observed data throughout the year
for the calibrated and validated years 2012, 2013 and 2008, 2009, respectively.
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Figure 19. Flow Chart for Simulation.

9. Reservoir Operation for Future Prediction

After calibration and validation of model, it was used to predict the future irrigation
releases and power generation at different capacity values of the reservoir based on oper-
ating scenario-5 (according to WAPDA operations procedure). The inflow data for years
2025, 2030 and 2035 were taken from the two hydrological cycles of [40,47] as indicated in
Figure 20.
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Figure 20. Future Application Years Hydrological Cycle.

The simulations for predicting the future conditions of the Tarbela Reservoir were
carried out for the years 2025, 2030 and 2035 on a 5-year basis.

10. Coefficient to Check Accuracy of Model
10.1. Coefficient of Efficiency (COE)

Nash and Sutcliffe [57] indicated the coefficient of efficiency ‘E’ in the form of Equation (5).
It is defined as the summation of the absolute squared differences between the simulated
and the observed values and divided by the variance of the observed O values and subtract
it all from 1 for the investigation period.

I (0i- Py’

E=1 “1)
i1(0:i —0)

©)
10.2. Index of Agreement (I0A)

Willmott [58] used this index for comparing results from simulation with the observed
data as stated by Krause et al. (2005). Its value varies between (0) and (1). This index can
be determined using Equation (6):

Y10 —e)’

ioa=1-— — 5
L1 (|0 —Of + lei —€[)

(6)

10.3. Run-Off Ratio (RR)

The Runoff Ratio [38] is the comparison of the timing and magnitude of the observed
and simulated data outflow hydrograph and elevation pool time series respectively.

RR = —— 7)

where O shows observed data and O shows the simulated data; RR is the dimensionless
ratio and E[O], E[O] are the average daily observed and simulated hydrograph or pool
elevation variation respectively.
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11. Results and Discussion

To investigate the operation patterns of the Tarbela Reservoir, data for irrigation
releases, power generation and energy generation from the power plant were collected.
The results of the model were compared with these data. These results are presented in
the form of a comparison between the observed and predicted dam releases, power, and
energy for the existing WAPDA operating scenario for the future years.

According to 6th Periodic Inspection Report of Tarbela Reservoir [14], the minimum
operating level of the Tarbela Reservoir is needed to keep the minimum operating level of
the reservoir 2.1 ft. (0.640 m) higher than the pivot point elevation of Tarbela sediment delta.
The current sediment delta pivot point elevation is 422.6 m, and the minimum operating
level is 423.31 m.

The HEC-ResSim Model was calibrated for the irrigation releases and power gen-
eration for the year 2012 and 2013. Results of the Model calibration are indicated in
Figures 21 and 22 for irrigation releases and power generation, respectively.
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Figure 21. Calibration of the Model for Irrigation Releases (2012 and 2013).

The coefficient of efficiency, index of agreement and run-off ratio indicate the satisfac-
tory values for accuracy of the model as shown in Table 6.

Table 6. Model efficiency parameters for Model Calibration year 2012 and 2013.

Irrigation Irrigation

Coefficients Releases Releases Power Power
2012 2013 2012 2013
I0A 0.97 0.96 0.98 0.97
RR 0.89 0.90 - -
COE 0.87 0.84 0.93 0.92

After calibration of the model for the years 2012 and 2013, its validation was carried
out using the years 2008 and 2009, see Figures 23 and 24 for irrigation releases and power
generation, respectively. The results of validation coincide with the observed value within
the satisfactory limits. The resemblance of the simulated values of the model were very
closer to the observed values for irrigation releases and power generation, as shown by the
IOA, RR and COE in Table 7.
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Figure 22. Calibration of the Model for Power Generation (2012 and 2013).
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Figure 23. Validation of the Model for Irrigation Releases (2008 and 2009).

Table 7. Model efficiency parameters for Model Validation for year 2008 and 2009.

Irrigation Irrigation Power Power
Coefficients Releases Releases
2008 2009 2008 2009
I0A 0.97 0.97 0.94 0.97
RR 0.94 0.95 - -
COE 0.92 0.92 0.84 0.89

Table 7 shows the quantitative estimation of the deviation between the simulated and
observed data. It also includes numerical values of the coefficient of efficiency, index of
agreement and run-off ratio also the comparison between the observed and the simulated
model for validation of 2008 and 2009.
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Figure 24. Validation of the Model for Power Generation (2008 and 2009).

After the calibration and validation of the model to a satisfactory level, it was em-
ployed to predict the possible future irrigation releases and power generation according to
WAPDA standard operations procedure. The simulations for predicting future conditions
of Tarbela Reservoir were carried out on a 5-year basis for the years 2025, 2030 and 2035 to
investigate future irrigation releases, power production and energy generation, as shown
in Figures 25-27.
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Figure 25. Irrigation releases from Tarbela Reservoir for application years (2025, 2030 and 2035).

With the reduction in storage capacity, the releases during the high inflow period will
be more, which will enhance the power production and energy generation as releases are
preferred to be passed through the power tunnels.

Application of the model was done on a 5-year basis for 2025, 2030 and 2035. The
Tarbela Reservoir was operated according to the existing WAPDA operations for the future
years at different minimum operating levels (432.2, 438.2, 444.3 and 450.49 m) and maximum
operation level of 472.44 for the year 2025, 2030 and 2035, respectively.
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Figure 26. Power generation from Tarbela Reservoir for application years (2025, 2030 and 2035).
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Figure 27. Energy generation from Tarbela Reservoir for application years (2025, 2030 and 2035).

The model was optimized for maximum releases, power, and energy generation
according to the modified upper and lower rule curves. When the reservoir capacity is
reduced to 20%, then the storage reservoir will be transformed to a run-off-the-river project
The predicted irrigation releases, power, and energy generation of the application model
for the year will be reduced, but the power generation and releases from the dam would be
maximum (in surplus) during the high flow season.

Based on the comparison of inflow and outflow hydrographs of past years (2008, 2009,
2012, 2013) and future years (2025, 2030, 2035), it was observed that there was an increase
and decrease in the release patterns in the Kharif and Rabi periods, respectively, by the
reduction in storage capacity of the reservoir. As the capacity was reduced due to deposition
of high volume of sediments, the releases from the reservoir would increase and up to

2035, it is expected that the inflows would be equal to the outflows from Tarbela (including
releases from spillways, irrigation tunnels and power tunnels) due to the reduced storage
capacity of 2.87 BCM.
In the past years 2008, 2009, 2012 and 2013, when the storage capacities were 9.932,
9.783, 9.335 and 9.186 BCM, respectively, the storage capacities of Tarbela were enough to
operate the reservoir according to the WAPDA standard operation procedures and enough

to fulfil the irrigation and power demands d/s of the reservoir throughout the year, as
shown in Figures 28-31.
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Figure 28. Inflow-Outflow Hydrograph of year 2008.
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Figure 29. Inflow-Outflow Hydrograph of year 2009.
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Figure 30. Inflow-Outflow Hydrograph of year 2012.
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Figure 31. Inflow-Outflow Hydrograph of year 2013.

In the future years 2025, 2030 and 2035, when the storage capacities will be 5.855, 5.337
and 2.87 BCM, respectively, the storage capacities of Tarbela would be exhausted such that
it would be difficult to operate the reservoir according to the WAPDA standard operation
procedures and not enough to fulfil the irrigation and power demands d/s of the reservoir

throughout the year, as shown in Figures 32-35.
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Figure 32. Inflow-Outflow Hydrographs of year 2020.
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Figure 33. Inflow-Outflow Hydrographs of Application year 2025.

Based on the comparison of flow and power duration curves, as shown in Figures 36-38,
releases were regulated according to the demand during high, medium, and low flows.
However, based on Figures 39-41, it can be observed that the flat portion of the flow
duration curve predominates, which means that with the passage of time due to the
reduction in storage capacity, natural releases would be sustained through the year for
river flow regulation, instead of outflows being regulated as per demand as it was in the
past years of operation.
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Figure 34. Inflow-Outflow Hydrographs of Application year 2030.
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Figure 35. Inflow-Outflow Hydrographs of Application year 2035.

The flow and power duration curves of the future application years indicate that the
pattern of upper region of both curves in Figures 36-38 shows the reservoir would follow
the pattern of WAPDA standard operation procedures (when capacity of the reservoir
would be enough) and releases and power generation would be according to demand.
The medium and lower regions of the flow and power duration curves in Figures 3941
show that, during the low flow season, the inflows in the reservoir would be difficult to
fulfil the irrigation and power demand d/s of Tarbela. While the flat pattern of the upper,
medium, and lower regions of the flow and power duration curves for year 2035 (when
the storage capacity of Tarbela would be expected to fully exhausted) shows in Figure 41
that the inflow would be equal to outflow, and the gross storage would approach 2.87 BCM

approximately as shown in Figure 42.
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Figure 36. Flow and Power Duration curves for year 2008.
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Figure 37. Flow and Power Duration curves for year 2009.

It is observed from Table 8 that the gross storage capacity in year 2035 would be
28% of the original gross storage capacity. This would lead to surplus releases during the
kharif season and a deficit in the Rabi season, as demand would be more. The predicted
long-lasting irrigation releases in the future year 2035 are shown in Figure 43.

Table 8. Tarbela Reservoir Past and Future Storage Capacities.

Year Gross Storage (BCM) Year Gross Storage (BCM)
2008 9.93 2020 6.43
2009 9.78 2025 5.85
2012 9.33 2030 5.34
2013 9.18 2035 2.87
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Figure 38. Flow and Power Duration curves of year 2020.
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Figure 39. Flow and Power Duration curves of Application year 2025.

After 2035, when the gross storage capacity of the reservoir would be expected to be
fully depleted, the reservoir levels will be higher and most of releases will be preferred to
be released through the power tunnels, auxiliary and service spillway. Gross power and
energy generation would increase during the high inflow season and will decrease in the
low flow season and will not meet the power and energy demand of the country. Power and
energy generation would be high in summer season and low during the winter season. The
pattern of predicted power and energy generation in 2035 is shown in Figures 44 and 45,
respectively.
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Figure 40. Flow and Power Duration curves of Application year 2030.
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Figure 41. Flow and Power Duration curves of Application year 2035.

The simulated results from the study were compared with those of various researchers
in the Pakistan region for Tarbela Reservoir [30,31,40,42,45]. The impact on hydropower
generation by variation in the operation of Tarbela Reservoir was carried out using the
Evaluation and Planning (WEAP) model [42]. It was concluded in that a 13% increase
in hydropower generation would be expected by altering the operation and it was rec-
ommended that the reliability could be increased or enhanced by restricting releases to
through the power units instead of the spillways. Further, it was concluded that shifting of
the reservoir level to April-May will raise hydropower generation. However, the study did
not compute releases and power generation for future operations. Moreover, the study was
devoid of considering impact of sedimentation while altering operational strategies.
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Figure 42. Comparison of Gross Storage of Tarbela Reservoir for future years [47].
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Figure 43. Comparison of Expected Irrigation Releases and Demand in 2035.

The performance assessment of the rule curves for the Tarbela Reservoir was carried
out by [45]. Three vital indicators, reliability, resiliency and vulnerability [61], delineating
several facets of operational performance, were computed using 44 years of daily time-step
dataset from 1976 to 2019. Tradeoff criteria were assessed by earlier researchers [22,62,63]
who concluded that the reliability of Tarbela in meeting the irrigation demands could
be increased by up to 70% based on present SOPs of WAPDA. The potential impact due
to a low performance of Tarbela was evaluated, which entailed that an average annual
shortage of 85 MCM was expected to be encountered and this would lead to a reduction in
hydropower generation as well. Further, it was demonstrated through intra-annual analysis
of maximum and minimum rule curves of Tarbela that maximum variation occurred in
the month of April with CV ranges from 0.017 to 0.024 while minimum variation was
encountered in August and September with an average CV of 0.003. The greater CV
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in April showed reduction in performance in fulfilling the downstream demand with a
decreasing trend in CV at 0.1% annually [45].
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Figure 44. Comparison of Available Power Generation and Demand in 2035.
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Figure 45. Comparison of Available Energy Generation and Demand in 2035.

Recently, the RESOOSE model [41] was developed and implemented for maximization
of hydropower for cascade reservoirs, i.e., Tarbela and Basha reservoirs. It was concluded
that an average annual benefit of 2724 Million US$ by joint operation. Khan et al. developed
the ROSSE model [31] for optimization of reservoir operation for Tarbela. It was concluded
that while giving priority to hydropower generation, an 8% increase in the net economic
benefit may be achieved. In was recommended in the study to establish the model sing
HEC-ResSim to validate the results.

Therefore, the present study considered the reservoir operation model coupled with
a sediment model. It was found, based on simulation results, that with the predicted
reduction in storage capacity, the releases during the high inflow period will be more, which
will enhance power production and energy generation as releases would be preferred to be
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passed through the power tunnels. Application of the model was done on a 5-year basis
for the future years 2025, 2030 and 2035. The Tarbela Reservoir was operated according
to the existing WAPDA operation procedures for the future years at different minimum
operating levels (432.2, 438.2, 444.3 and 450.49 m) and maximum operation level of 472.44
for the year 2025, 2030 and 2035, respectively. The model was optimized for maximum
releases, power, and energy generation, according to the modified upper and lower rule
curves. The simulated irrigation releases, power, and energy generation of the application
model for the year will be reduced but the power generation and releases from the dam
would be maximum (in surplus) during the high flow season.

The results of flow and power duration curves for the future application years, see
Figures 36-38, shows the reservoir would follow the pattern of WAPDA standard oper-
ation procedures (when capacity of reservoir would be enough) and releases and power
generation would be according to demand. The medium and lower regions of the flow and
power duration curves in Figures 39-41 shows that during the low-flow season the inflows
in the reservoir would be difficult to fulfil the irrigation and power demands d/s of Tarbela.
While the flat pattern of the upper, medium, and lower regions of the flow and power
duration curves for year 2035 (when the storage capacity of Tarbela would be expected
to fully exhausted) shows in Figure 41 that the inflow would be equal to the outflow and
the gross storage would approach to 2.87 BCM. The gross power and energy generation
would increase during the high inflow season and will decrease in the low flow season and
will not meet the power and energy demand of the country. Power and energy generation
would be high in the summer season and low during the winter season.

The present simulation study has revealed that while the reservoir consumed 80% of its
live storage, power production will be expected to be enhanced during the summer season
by 4% and reduced by 37% in the low flow season. However, the impact of gross storage
capacity in future will cause a reduction of 6.5% in average annual energy generation
because of the limitations imposed by the SOPs of WAPDA being implemented for safely
operating the Tarbela dam. The results suggest that with the passage of time, even using
optimized rule curves, the reservoir storage capacity will be depleted due to sedimentation.

The flat pattern of the upper, medium, and lower regions of the flow and power
duration curves for year 2035 indicate that, by then, the storage capacity of Tarbela would
be expected to fully exhausted and inflow would be equal to outflow. The flatness of the
flow and power duration curves reinforces the comment that in the month having high
flows, inflow becomes equal to outflows due to insufficient storage, while in the low flow
season, due to demands higher than inflows, water could not be stored in the reservoir, as
irrigation was the primary purpose for construction of the Tarbela reservoir. In 2035, the
storage capacity would be exhausted such that it would be difficult to operate the reservoir
according to WAPDA standard operation procedures and releases will not be sufficient to
meet the irrigation demands throughout the year.

12. Conclusions

In this study, the HEC-ResSim model for Tarbela Reservoir was developed for analysing
historic and future reservoir operations considering sedimentation impact using the HEC-
RAS sediment model. The constraint of the SOPs implemented by WAPDA are also outlined
and modelled in the HEC-ResSim. The new developed methodology was simulated for
the Tarbela reservoir, Pakistan for assessment of its future operation. After successful
calibration and validation, the model was used for future operation prediction at 5-year
intervals, as the reservoir lost 80% of its live storage capacity. The results were then dis-
cussed in the context of pre-existing research, by taking existing WAPDA SOPs into account.
In addition, future flow duration and power duration curves were developed to discuss
the impact of releases through the reservoir during the Rabi (October—-March) and Kharif
(April-September) seasons. The simulated results will be helpful for policy makes/water
managers in deciding flexibility in system constraints.

Based on the results, the following conclusions were made:
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1.  The simulation results showed that a flat pattern of the upper, medium, and lower
region of the flow and power duration curves for the year 2035 indicate when the
storage capacity of Tarbela would be expected to fully exhausted and inflow would
be equal to outflow. After 2035, Tarbela Reservoir is expected to become a run-of-
the-river type project (when reservoir capacity will be exhausted by 80%), and the
irrigation releases are likely to be enhanced during Kharif and reduced in Rabi by 7
and 50%, respectively.

2. Based on the scenarios considered in the simulations, the study shows that the power
generation is expected to be enhanced during Kharif and reduced in Rabi by 4 and
37%, respectively after 2035.

3. In future, when the project will become the run-off-the-river type, energy genera-
tion are likely to increase during Kharif and decrease during Rabi by 36 and 37%,
respectively.

4. The impact of reduction in the gross storage capacity of the Tarbela Reservoir in future
upon implementation of the WAPDA existing standard operating procedures may
result in reducing average annual energy generation by 6.5%.

13. Recommendations

The following recommendations are for the future expected scenario.

e As in future, when the Tarbela Reservoir will become ineffective for fulfilling the
water demands during Rabi and the power demand in the winter season, to achieve
sustainable development goals, the construction of the Diamer Basha dam and Kala
Bagh dam should be initiated to fulfil the irrigation releases and power generation
shortages in future.

e The use of innovative efficient irrigation systems is recommended for the low flow
season, which will alleviate poverty, improving living and sustainable communities.

o The impact of reservoir storage capacity on future irrigation releases, power and
energy should be investigated considering mean daily flows and daily power.

e  The HEC-ResSim model may be applied daily for the future irrigation releases, power
and energy assessment.

e  The impact of climate change on future inflows and demands needs to be considered
for future research work.
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