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Abstract. The growth of electricity demand will increase 56.8% in 10 years. Meanwhile, the fulfillment
of electricity in Indonesia is dominated by coal. The amount of electricity growth has not balanced yet by
the amount of electricity supply. It causes the electricity deficit in some areas, especially at the peak load
period. One of the areas that often have electrical power deficit is East Kalimantan, although the province
is one of the biggest coal mining areas in Indonesia. The mining activities give several impacts in
environmental damages especially in the ex-coal mining land which has not been well managed. The
impact includes an irreversible change of landscape and huge craters caused by open mining activities. In
this study, an analysis is conducted for utilization of ex-coal mining land in Kutai Kartanegara as a
reservoir of energy storage system type Pumped Hydroelectric Storage (PSH). The analysis provides a
comparison of three variations of the piping line system. The study uses the spatial data in the form of
Digital Elevation Model (DEM) to calculate the time of starting operation system, expected generated
energy, required energy for power plant operation and the efficiency of the system. This study compares
some criteria based on three variations of the piping line system and the effect on the efficiency of the
system. Keywords— Pumped Storage Hydro Powerplant, starting operation time, energy turbine,
energy of pump, efficiency

The system is a hydropower generation system
operated to fulfill the electrical demand, especially in the

1 Introduction

The electricity demand continuously increases until
56.8% in 10 years, from 637.7 kWh/person in 2010 to
999.9 kWh/person in 2020 [1]. The growth of electricity
demand cannot be balanced by the growth of electricity
supply yet. It causes electrical power deficit in some
areas, especially in the peak load period. One of the
electrical networks that often have electrical power deficit
is Mahakam System.

In the other hand, an area covered the Mahakam
System is Kutai Kartanegara which has many coal mining
activities. The mining activities there causes the
environmental damage. Most of the mining areas were
originally forest area which became the ex-coal mining
land [2]. The coal mining process which uses the open
mining technique with dig and fills method but does not
provide proper reclamation and revegetation will cause
the formation of huge craters. The formation of huge
craters that represents irreversible environment damage
gives the opportunity to be transformed as Pumped
Storage Hydro Powerplant (PSH). The using of ex-coal
mining land as the reservoir of PSH system in Kutai
Kartanegara can be a part of the solution to electrical
power deficit in Mahakam System electrical network.

peak-load period. The system requires two water
reservoirs in operation, called upper reservoir and lower
reservoir. When the electricity demand is above the base-
load, the system will flow the water from the upper
reservoir to lower reservoir to rotate the turbine. It is
called as a discharging mode. Whereas, when the
electricity demand is below the base-load, available
energy surplus will be consumed by the PSH system to
pump the water from lower reservoir to upper reservoir. It
is called as charging mode [3]-[7].

This study analyzes the energy produced, the energy
needed, starting time operating system and efficiency of
the system of the PSH system using the ex-coal mining
land in Sanga-Sanga district, Kutai Kartanegara, East
Kalimantan. This study uses GIS data which is gotten
from LiDAR aerial remote sensing survey in 2014. This
study presents an overview and recommendation of ex-
mining land utilization as PSH.

2 Methodology

2.1 Literature Study
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After reviewing several relevant kinds of literature, then
study conducts collecting data, data processing, and
analysis. This study requires the geographical data of two
ex-coal mining pits as a potential site being analyzed.
Geographical information is analyzed to determine
form and volume of craters. The data provide a basis to
estimate expected power generation due to available head
and discharge as well as the volume of starter water. The
other data needed is the local meteorological data to
calculate the addition of water stored annually. It is also
used to estimate the starting operation time based on the
volume of water in the storage.
Data analysis is conducted in some steps as follow :
- Generating a contour based on map in the form of
Digital Elevation Model (DEM) using Global Mapper
10
- Sampling the contour data per 1 m using ArcMap 11
- Calculating the volume and area based on contours
using Global Mapper 10
- Implementing regression method to know the function
of depth and area also depth and volume
- Estimating additional water in the storage from the
local rainfall rate
- Calculating the rate of evapotranspiration and
infiltration based on local climate data
- Estimating the net discharge addition of water in the
storage
- Estimating the time when upper reservoir being filled
until 0 m height of water surface
- Providing the side view contour of both reservoir
- Designing the piping system
- Calculating the energy of pump and turbine energy in
acycle
- Calculating the efficiency of the system

3 Results and Discussion

3.1 Description of Site Study and Pumped Storage
Hydro Powerplant Plan Design

The study site is ex-coal mining land which is located in
Sanga-Sanga, Kutai Kartanegara, East Kalimantan
Province. The study selects two craters with different
depth. The coordinate of upper reservoir is 0°41°45” S
and 117°14°15” E, and the coordinate of the lower
reservoir is 0°40°45” S 117°14°38”E. Fig. 1 is the
orthophoto data of ex-coal mining land which is used as
the study site.

Both reservoirs in the site have the same height but
different depth and volume. The upper reservoir has a
smaller volume and lower depth than the lower one. The
different depth between two reservoirs is the basic
variable to use them as the reservoir of PSH system.
Based on the formation of the site, the piping system will
be built underground.

3.2 Estimation of Starting Time Operation System

The rainfall is the water source for two ex-coal mining
craters used in this study. This PSH system can start to
operate when the upper reservoir is filled by rainfall until

0 m height of water surface (see Fig. 1). The study
considers the water losses caused by evapotranspiration
and percolation. Mathematically, the equation of
additional net volume can be written as follow

Viet = V)‘_Ve_Vp (1)
Vp:vaApXt @)
Ve=v, XA, Xt (3)

Where :

Verr : net volume (m3 )

Vy : percolation volume (m’)

Ve : evapotranspiration volume (m’)

Vp : the rate of percolation (m/year)

Ve : the rate of evapotranspiration (m/year)

A, : percolation area (m®)

A, : evapotranspiration area (m”)

t : time (year)

Fig. 1. Orthophoto of ex-coal mining land as site study

Based on climate data, the local rainfall rate is about
2.695 m/year [8], percolation rate is 0.73 m/year [8] and
evapotranspiration rate is about 0.535 m/year [9].

The time when the upper reservoir is filled by the
water can be found by knowing the volume and area of
the upper reservoir in each height. Fig. 2 below shows the
graph of depth to area of both reservoirs. Fig. 3 shows the
graph of depth to volume of both reservoirs.

Based on the data, the net additional volume in a year

is about 1,417,570 m’. The estimation of starting
operation time of this PSH system is about 14.7 years
later, or 2028. In that time, the height of water surface is
-0.087 m for the upper reservoir and -48.002 m for the
lower reservoir.
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Fig. 2. The depth vs. area of reservoir graph (a) Lower
reservoir (b) Upper reservoir

150000000
y =?815,4x2 +173116x + 1E+08
= R?=0,9833
Q
£
3
g I T O
-150 -100 50 (f
Derth (] 50060000
(a)

20060000
Favivivivivivivg

y =-4228,1x% + 24260x + 1E+07

E
[ — 5999999_
E R2=0,9959
G _’ o
> T T \v4

-60 -40 -20 0

Depth (m)
(b)

-.]
"N
@
w11
. / \
. \ .
i
»
E " Upper Reservoir
£ o \
s »
a .
el Lower Reservoir
B4
-
-0
-
o )
» T ——
s 75m
.,..I 379,77m
(a)
wi
»
dn
o
/
1 /
» ’ n
"
= \
Y Upper Reservoir
g et
e
- Lower Reservoir
o
w1
0
| o
Y
"“l 751,066m m
wlee
.
»
©
£l
1
*
»
\ "1
| e
IE » Upper Reservoir \
=
=K
% "
=] v
» Lower Reservoir
-
-»
50
-
-7
& .
%0 75m
-teo 602,079 m
(c)

Fig. 3. The graph of depth to volume of reservoir (a) Lower
reservoir (b) Upper reservoir

3.3 Pipeline Design

This study uses three variations of the pipeline for
Pumped Storage Hydro Powerplant (PSH) system. They
are pipeline A, pipeline B, and pipeline C. Fig. 4 shows
the three pipeline designs used in this study

Fig. 4. Layout design of pipeline (a) Design A (b) Design B (c)
Design C

The length of pipeline A is about 502.77 m,
pipeline B is about 904.066 m, and pipeline C is about
755.079 m. The longer pipeline, the greater head loss
will be produced because due to the greater friction. It
will influence the amount of power produced by the PSH
system. Each pipeline design has 4 m in diameter.

3.4 Energy of Turbine

Therefore, turbine power produced by the PSH
system in this study is not constant at the time. It because
the flow rate of the water depends on the hydrostatic
pressure which declines by the time.The highest power of
the system is obtained when the water surface is at the
maximum level. The change of flow rate occurs due to
the change of water level which causes variation of
hydrostatic pressure.
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Where :

Zy : water level in upper reservoir (m)
Z; : water level in lower reservoir (m)

: gravitational acceleration (m/s”)

T 0

: water density (kg/m°)

: flow rate (m/s)

: inner diameter of pipe

: water viscosity (kg/ms)

: length of pipeline (m)

N N R OgoT

: friction coefficient
: 2
An : surface area of upper reservoir water level (m°)

Equation (4) is applied to calculate the declining rate
of water level in the upper reservoir. Substituting
variables of the study site into (4) gives (5).

Az, v. Ap
dt dA
(4@ + 2. 352) (©6)
0184 L -
vD\*?D
az, (%)

dt (43884 Z,(t) + 2000000)
Where

. 2
Aj : surface area of lower reservoir water level (m”)

Furthermore, (6) is applied to calculate the increasing rate
of water level in the lower reservoir. Substituting
variables representing the study site into (6) gives (7).

0184 L 2g(Zy-21)
24 —m—pl8 _Z9HTRL 0

D\*Z kD~ 8
(e2) ko K (8)
Then, the flow rate of the water in discharging mode can
be found by solving the root of flow rate quadratic (8).
Equation (8) can be solved by using Secant method. To
find the value of Zy and Z;, Runge-Kutta numerical
method has to be done with the initial condition Z;(0) = -
0.087 m and Z;(0) = -48.002 m.

P= %.p.Ap.v3 9)
Based on the calculation using that equation, the power of
turbine can be found by using (9) above
Where :
P : the power generated by turbine (W)

The power of turbine will decline by the time due to the
declining of hydrostatic pressure as shown in Fig. 5
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Fig. 5. The power generated vs. time graph (a) Design A (b)
Design B (c) Design C

The operation time of turbine per cycle can be done until
the water level is 10-15 m above the pipeline because the
pipeline has to be submerged in water. 10-15 m is chosen
by considering the fluctuation of declining water. Based
on the calculation, the operation time of turbine per cycle
is 5.5 hours for design A, 12.25 hours for design B and 10
hours for design C. So, mathematically the energy
produced by the turbine in a cycle can be written as (10) -

(12)
a. Pipeline A

5.5
Eturpine = f —2.0848t + 27.518dt (10)
0

b. Pipeline B
(1)
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12.25
Eturbine = f —1.5106 t + 21.348 dt
0

c. Pipeline C

10
Eturbine = f —1.6587 t + 23.242 dt (12)
0

Where :
E : energy produced by turbine (MWh)

Based on those equations, the energy produced by the
systems are 119.8164 MWh for pipeline A, 146.788
MWh for pipeline B, and 149.485 MWh for pipeline C.

3.5 Energy of Pump

At charging mode, the flow rate of water will decline at
the time. It is also caused by the changing of hydrostatic
pressure.

azy v.Ap
Ww _ _ véy
N ) (13)
1256 P92 = Z,@)
0,184 L
(va)"-z D (14)
dZy \ T

‘dt  (18849.8 Zy(t) + 531222)

Equation (13) is applied to calculate the increasing rate of
water level in the lower reservoir. Substituting variables
of the study site into (13) gives (14).

Az, —v.4,
dr dA
(AL(ZL) + 7 d—Zf) (15)
12,56 [29Za@ = Z,©)
0,184 L
K4 ——=9= =
* (pvn)"-2 D (16)
dz; \ u

dt (44348 Z,(t) + 2000000)

Furthermore, (15) is applied to calculate the declining rate
of water level in the lower reservoir. Substituting the study
site into (15) gives (16).

Furthermore, the flow rate of the water in charging mode
can be found by solving the root of the flow rate
quadratic equation below.

Kp 0.184.L.p
> vpump3 + m vpumpz'S +pg(Zy — ZL)’Up
w) (17)
n —W”;;’"" =0
Where

pump’ the flow rate of the pumping system (m/s)
n : efficiency of the pumping system

To determine the value of Zy and Z;, Runge-Kutta
numerical method has to be applied with the certain
initial condition. The initial condition of charging mode is
equal to the final condition of discharging mode. So, the
initial condition of the design A is Zy(0) = -9.930 m and
Z1(0) = -43.685 m, the initial condition of the design B is
Zy(0) = -26.080 m and Z;(0) = -40.734 m, and the initial
condition of the design C is Zy(0) = -20.313 m and Z; (0)
=-41.325 m.

The charging mode would be operated until the water
level is about 0 m. The time needed to pump the water
from lower to the upper reservoir in each pipeline is 5.75
hours for pipeline A, 12.25 hours for pipeline B, and 10
hours for pipeline C.

Epump = Wpump Xt (18)

Where :

Pump : energy needed by pump (MWh)

We pump : power of pump (MW)
t : time (h)

Then, the amount of energy needed by pump can be
solved by using (17)

Pump power needed by the PSH system is assumed to
equal to the maximum power produced by the turbine.
Based on the (17), the energy needed by the pump for
the design A, B, and C is 158.7805 MWh, 261.17 MWh,
and 233,69 MWh respectively.

3.6 Efficiency of The System

Eturbi )
Nsystem = E;o—:;“a x 100% (19)

The efficiency of the PSH system is obtained by
using (18) above. The efficiency of the PSH system in
each layout design of pipeline in this study are 75.460%
for the design A, 56.204% for the design B, and
63.967% for the design C (see Table 1).

4 Results and Discussion

The starting operation time based on the natural water
availability is 14.7 years from the year 2014. In that time,
the upper reservoir water level is -0.087 m and the lower
reservoir water level is -48.002 m. The efficiency of the
PSH system is influenced by some variables. They are the
pipeline design, volume of water that will flow, headloss
and operational time per cycle.
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Table 1. Comparison of the Three Designs

Turbine Power

Length Based on the layout design, the length of
design A < design C < design B. The
longer pipeline, the bigger headloss, and
friction generated

Maximum The maximum turbine power of design A

< design C < design B. The difference 1s
caused by the amount of head loss
generated. The  bigger  headloss
generated, the less maximum turbine
power generated

Operational The pump and turbine operational time of

Cycle design A < design C < design B. The
longer pipeline, the more time needed to
flow the water. The operational time
difference per cycle between pump and
turbine 1s 0.25 hours for pipeline A and
0.5 hours for pipeline B. Pipeline C has
the equal pump and turbine operational
time per cycle.

Energy per The energy generated per cycle of design

Cycle C < design B < design A. The design A
has the lowest energy generated than the
others, although it has the smallest head
loss and the highest maximum turbine
power. It is caused by its flow rate, which
is the smallest than others. The highest
flow rate is in the design B, but its
generated energy is lower than that
generated by the design C. The higher
head loss in the design B causes lower
generated energy.

Efficiency The efficiency generated by the system
per cycle of the design A < the design C
< the design B.
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