Improving energy efficiency of cyclone circuits in coal beneficiation plants by
pump-storage systems

Lijun Zhang®*, Xiaohua Xia?, Jiangfeng Zhang®®

*Department of Electrical, Electronic and Computer Engineering, University of Pretoria, Pretoria 0002, South Africa
b Department of Electronic and Electrical Engineering, University of Strathclyde, Glasgow G1 1XW, UK

Abstract

A pump storage system (PSS) is introduced to the coal preparation dense medium cyclone (DMC) plants to
improve their energy efficiency while maintaining the required medium supply. The DMC processes are very
energy intensive and inefficient because the medium supply pumps are constantly over-pumping. The PSS
presented is to reduce energy consumption and cost by introducing an addition medium circulation loop. The
corresponding pump operation optimization problem in the PSS scheme under time-based electricity tariff is
formulated and solved, based on which the financial benefits of the design is investigated using life cycle cost
analysis. A case study based on the operation status of a South African coal mine is carried out to verify
the effectiveness of the proposed approach. It is demonstrated that the energy cost can be reduced by more
than 50% in the studied case by introducing a 160 m? storage tank. According to life cycle analysis, the PSS
Option 1 yields an annual 38% reduction of the overall cost for the beneficiation plant with a payback period

of 2.68 years.
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1. Introduction

Due to the fast increasing electricity demand, many
countries are facing the threats of electricity blackout-
s, which results in enormous economic losses [1]. To
avoid such blackouts, studies are done in the field of
rolling blackouts [2], demand response programs [3],
etc. An energy efficiency improvement approach is
proposed for the coal mining industry to address the
energy shortage problem. Specifically, the coal clean-
ing dense medium cyclone (DMC) plants are studied.

It is a common practice that power stations are
built right next to coal mines to save fuel transport
cost. The coal mine is contracted to supply the power
station while the power station provides electricity
for the mine. Under such circumstances, improving
energy efficiency of the coal mine leads to not only
energy cost savings for the mine but also fuel cost
reduction and improved supply capacity for the power
station.
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According to Eskom, the South African electrici-
ty public utility, mining industry takes about 15% of
Eskom’s annual output'. Moreover, electricity con-
tributes 56% to mining industry’s energy usage from
2002 to 2009 in South Africa according to available
statistics?. This implies that reducing electricity con-
sumed by the coal mines contracted to power stations
can offer a great opportunity for alleviating grid pres-
sure. Yet, many coal washing plants in South Africa
are built many years ago when electricity demand
is low. The overall design is about limiting capital
expenditure and operational downtime, rather than
focusing on energy efficiency.

The pumping systems are operating at very low
energy efficiency in coal mines. For instance, over-
sizing of pumps are very common and the operation
of those pumps only considers operation safety. In
the dense medium cyclone (DMC) coal beneficiation
process, only 25% of the pumped medium are used

'Eskom 2011, Towards an energy efficient mining sector.
2Statistics of South Africa 2012, D0405.1.1-Energy accounts
for South Africa, 2002-2009 (Discussion document).
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by the DMC while the other 75% simply flows back
the corrected medium tank without being used.

Therefore, there is a great opportunity for reduc-
ing energy consumption of the DMC coal processing
plant by energy-efficient pumping systems. This cor-
responds to one of the most important areas in mining
industry in terms of energy efficiency improvement—
pumping systems—which were assessed to be able to
save 14% of electricity cost if proper energy efficiency
solutions are applied?.

Although many studies have been done on the
power generating plants concerning generation dis-
patching [4, 5, 6], maintenance scheduling [7, 8, 9]
and renewable energy integration [10], little atten-
tion has been paid to the power plants’ contracted
coal mines [11]. The focus of this study is to improve
energy efficiency of the power station contracted coal
mines so that the mine itself and the power station
can benefit from such improvement.

In view of this, a pump storage system (PSS) is
introduced to the DMC circuit. The PSS is used for
two purposes. Firstly, it is used to add an addition-
al medium circulation loop to the existing system to
reduce the differential head of the pumps such that
energy consumption can be reduced. Secondly, it is
utilized to store the medium and consequently store
energy when the grid demand is low in order to reduce
energy cost and relief grid pressure.

Two options of PSS are presented in this study
considering practical needs. The dynamics of the
DMC process with the PSS options are modeled and
the corresponding optimal operation problem of the
proposed system is formulated under the time-based
electricity tariff afterwards. The optimal operation
problems considers the operation of multi-pumps un-
der the time-based tariff. Though switching control
of a single pump is not technically expensive, the op-
eration of multi-pumps is complex and under inves-
tigation by many researchers [12, 13]. Current prac-
tice for controlling such system resorts to rule-based
methods [14, 15]. In recent years, mathematical tech-
niques are introduced to solve this problem, such as
the optimization of pumping stations and air condi-
tioning systems done in 2012 and 2013 [16, 17, 12, 18,
13].

In pump station studies, [17] presented an im-
proved dynamic programming method for single-pump

3U.S. Department of Energy 2007, Mining Industry Energy
Bandwidth Study.

operation in a pumping station in order to reduce en-
ergy cost. [12] extended the results of [17] to multi-
pump operation with pump switching cost consid-
ered. The focus of [17] and [12] is to reduce the
computation time incurred with the pump operation
scheduling problem. In [18], multi-pump control of a
pump station with the objective of minimizing pump
switching frequency is presented. It gives a two stage
control strategy which firstly determines the number
of pumps that should be running and then decides
which pump specifically to turn on (off). The pump
operation only has ten states and thus the algorithm
is a kind of switching control between different states.

Similarly, a decision-making procedure is proposed
in [16] and the pump operation scheduling of a water
distribution system is investigated in [13] to reduce
energy consumption.

The operation problem is essentially a switching
control problem which is mainly solved either by dy-
namic programming method [17, 12] or heuristic de-
cision making methods [16, 18] in those studies. The
introduction of time-based electricity tariffs that aim-
s to reduce peak load and relief grid pressure further
imposes difficulties for the optimal operation of such
multi-pump systems. In this study, mathematical
formulation of the system dynamics and the corre-
sponding optimal operation problem are presented.
The optimal operation problem is treated as a binary
integer programming problem and solved by the C-
PLEX optimization tool*. Optimization results show
the advantages of the proposed system in terms of
energy consumption and cost savings.

Take advantage of the operating cost of the sys-
tem derived from the solution of the optimal opera-
tion problem, the financial feasibility and benefits of
the proposed system is further evaluated. Life cycle
cost analysis method is employed for this purpose,
and it is shown that the proposed system results in
preferable results in terms of both cost reduction and
grid pressure alleviation.

It is also noted that the proposed approach does
not affect the product quality of the cyclone separa-
tion process because it does not change the flow rate
of medium supply to the DMC. Instead, it changes
the medium supply circuit in configuration and oper-
ation to save energy.

The problem is further elaborated in Section 2
followed by two different configurations of the PSS

4ILOG 2008, CPLEX 11.0 User’s Manual.



in Section 3. After that, the system dynamics of
the DMC plant with PSS is modeled in Section 4.
Section 5 presents the formulation of the operation
optimization problem. Life cycle analysis of the pro-
posed design is done in Section 6. Case studies based
on real-plant data are carried out in Section 7 to af-
firm the proposed system’s financial viability and ef-
fectiveness in improving energy efficiency. Then con-
clusion is drawn in Section 8.

2. Problem statement

Coal preparation plant consists of several coal clean-
ing processes to wash the run-of-mine coal so that it
can be transported to market [19]. This study focuses
on improving energy efficiency of the dense medium
cyclone separation processes such that the energy cost
of the mine can be reduced and consequently reduce
the fuel cost of its contracted power stations.

The schematic diagram of the cyclone separation
process is shown in Fig. 1 [20]. It can be seen that
raw coal and dense medium pumped from the cor-
rected medium tank, which normally situated in the
basement of the plant, are blended in the mixing box
before entering the cyclone for separation.

In the cyclone process, the feed, mixture of raw
coal and dense medium, enters tangentially near the
top of the cylindrical section of the cyclone, thus
forming a strong swirling flow. Centrifugal forces
cause the rejects or high ash particles with high spe-
cific gravity to move towards the wall and to discharge
in the underflow through the spigot. The lighter par-
ticles are caught in an upward stream and pass out
as clean coal through the cyclone overflow outlet via
the vortex finder.

The dense medium supplied to the cyclone is es-
sential for the separation efficiency and product qual-
ity [21, 22]. For each coal washing module, there is
a corrected medium pump used to supply medium
to the cyclone. The medium is pumped from the cor-
rected medium tank to the distributor where it is split
into two streams, one to the mixing box and the other
flows back down to the corrected medium tank. The
resulting clean coal and rejects are subject to drain
and rinse screens to recover the medium and to yield
clean coal.

One thing worth noting is that the part of medi-
um that flows back down to the bottom of the plant
is used in practice for operation safety reasons. Insuf-
ficient medium at the cyclone will result in drops of

production rate and quality of the plant. Therefore,
under-pumping is undesired and must be avoid at all
cost. Therefore, plant operators always try to avoid
under-pumping to maintain the quality of fine coal.

Current practice to maintain the coal quality is
realized by pumping more medium than it is required
by the cyclone separation process and the over-pumped
medium simply overflows back to the corrected medi-
um tank. The energy consumption of this over-pumping
is wasted during the coal washing process.
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Figure 1: Flow chart of cyclone circuit

3. Energy saving via PSS

The PSS introduced aims to provide the plant
with medium recirculation ability which allows the
over-pumped medium to be pumped back to the dis-
tributor without flowing back down to the bottom of
the plant. It is in this way that energy consumption
and cost are reduced. Two different configurations of
the PSS are proposed for the coal beneficiation plant
and detailed in this section.

Changing the existing medium supply to the cy-
clone process is undesired as insufficient medium sup-
ply may result in product quality drop. Therefore,
the proposed approach does not change the medium
supply rate to the distributor, i.e., the flow rate of
the dense medium pumped to the distributor is kept
the same as that of the existing system. Instead, the
dense medium circuit is changed in configuration and
operation to reduce energy costs.

3.1. PSS Option 1

As a first option, a secondary corrected medium
tank is added in the way of the downward flowing



medium pipe to store the over-pumped medium and a
pump is installed there to pump the medium back up
to the distributor. Motivation of this configuration
is that the differential head of the added pump is
much less than the originally used corrected medium
pump, therefore the power and energy consumption
of the pump can be reduced. This configuration is
shown in Fig. 2. The added tank and pump forms an
additional medium circulation loop in the system as
shown in Fig. 2 and are denoted by T2 and P2 from
here after.
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Figure 2: PSS Option 1: with a secondary tank added
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Figure 3: PSS Option 2: with a storage tank added at the top

Mixing pool

3.2. PSS Option 2

From energy cost saving point of view, Option 1
detailed in Section 3.1 can be further improved. First-
ly, in order to ensure the medium supply to the mixer,
P2 has to have the same flow rate as the existing cor-
rected medium pump, power reduction comes only
from the decreased differential head. Secondly, the
two corrected medium pumps have to work in oppo-
site condition to supply the medium. The secondary
pump must be switched off when the primary pump
is switched on because there is no water storage space
available in the mixer. All these limitations restrict
the system’s energy saving potential.

Therefore, a different configuration is presented.
A new tank/reservoir (T3) is added above the dis-

tributor while the secondary tank is still used. The
process flow chart is given in Fig. 3 in which T3 is
added.

The reasons why Option 1 is presented are stated
as follows. Firstly, in some cases, it is impossible to
added a T3 due to space and/or geographical limits.
For instance, there is no space available or lack of sup-
porting infrastructures for an additional T3. Second-
ly, the T3 added results in differential head increase
due to the height of T3 in comparison to Option 1.
In cases only tall T3 with a small storage volume is
applicable, Option 1 will be a better option.

Both options presented in this section are moti-
vated by recirculating the dense medium in an added
loop with a shorter differential head in comparison
to the existing configuration. The energy savings are
achieved by the reduced pump power due to the re-
duced differential head. The energy cost savings can
also be obtained from the optimal operation of the
system. The system can be operated in such a way
that the over-pumped medium are stored to shift load
from high tariff period to low tariff period to cope
with electricity shortage in peak hours.

The medium might settle in the added tank, which
will influence the relative density of the medium and
therefore product quality. This problem is not stud-
ied here because the settlement can be avoided by
engineering methods. For instance, the medium can
be supplied to a magnetite separator before entering
the storage tank. The water outlet of the magnetite
separator can be stored in the added tank and the
magnetite can be stored in an extra container. When
the stored medium is required to be supplied to the
distributor, the magnetite and water can be blended
again to form the medium with specified density.

4. System dynamics

The medium supply to the distributor is kept the
same as the flow rate of the existing system to main-
tain the dense medium supply to the cyclone pro-
cess. In addition, the coal washing plant only op-
erates fixed speed pumps, therefore only fixed speed
pumps are considered in the dynamic models.



4.1. PSS Option 1

The water volume change in T2 can be formulated
according to its mass balance as follows

% = (Quui(t) + Qaua(t) — Q3) — Qaua(t)

= QlUl(t) - Q3>

where V5 is medium volume in T2, @1, Q2 and Q3
are the flow rate of the primary corrected medium
pump (P1), the added pump (P2), and the flow rate
required at the mixing box, respectively. The control
variables u1(t) and ua(t) are the on/off status of P1

and P2:
0, P2 is off;
us(t) =

0 0, P1 is off;
u =
! 1, P1 is on. 1, P2 is on.

(1)

The differential heads of the P1 and P2, as shown
in Fig. 2, are h% and h%, respectively.

4.2. PSS Option 2
The volume variation of T2 and T3 in this scheme
can be written as

T2~ (@i~ Q9) ~ Quuslt),
Vs (2)
i Qru1(t) + Qauz(t) — Q1,

where V3 is the medium in T3.

In this case, as the introduction of T3 will increase
the differential head of the pumping system, this is
modeled by

h? = hl + Ah, -
h3 = h3 + Ah,

where Ah is the differential head equals to the height
of the T3: Ay
Ah=—3 4
wd3 )
in which dr is the diameter and V3"* is the maximum
volume of T3.

4.3. Operational constraints

For Option 1, there are volume limit on the sec-
ondary corrected medium tank, flow rate and operat-
ing time limit for P2. Besides, the control variables
are binary signals for the on/off status of the pumps.

Vet <V < Ve
Q1 = Q2,

ul(t) + %@(t) =1,
uy (), ua(t) € {0, 1}.

(5)

As for Option 2, operational constraints are vol-
ume limits on T2 and T3. Also, the control variables
are required to be binary integers.

‘/Qmin S ‘/2 S ‘/'2max,
V3m'in S Vv?, S vamax) (6)
ul(t)7u2(t) € {07 1}

5. Optimal operation under time-based elec-
tricity tariffs

Time-base electricity tariffs like time-of-use (TOU)
tariff are commonly used all over the world nowa-
days [23]. The optimal operation of the proposed
PSS in coal beneficiation plant is formulated under
such tariff.

The objective of the optimization is to minimize
energy cost while maintaining the normal production
process, therefore, the following objective function is
used

T
J = / p(t) (P1u1 (t) + PQUQ (t)) dt, (7)
0

where T is the total operation time during a day, p(t)
is the electricity price at time ¢ and P; and P are
the power of P1 and P2 (kW), respectively [24]. For

. _ _Qipghj _ _Qapghy .
Option 1, P; = T000m, 7 ? = 100007 For Option
_ Qipgh? _ Q2pgh3 .
2, P = O = T000n,m Coefficients 7, and

Nm are pump and motor efficiency, p is the density of
the dense medium and g is gravity acceleration.

Then the optimization problem with Option 1 is
to minimize (7) subject to (1) and (5). For Option 2,
the problem is to minimize (7) subject to (2) and (6).
This is solved by mixed integer programming method
in this study.

6. Life cycle cost analysis

Economic benefit of the introduced PSS is eval-
uated by comparing life cycle cost (LCC) of the in-
troduced PSS configuration and the existing system.
In this section, the LCC models for pre- and post-
implementation of the PSS scheme are developed.
Present value method is employed to estimate the L-
CC as it is widely used in economics to compare cash
flows at different times and in engineering to evaluate
the feasibility of the proposed design [25, 26, 27, 28|.



6.1. Post-implementation of PSS

The life cycle cost by adopting the PSS scheme
can be calculated as

LCC=CC+0OC+MC - SV,

where CC, OC, MC and SV are, respectively, capital
cost, operating cost, maintenance cost and salvage
value.

Adopting the present value model yields the fol-
lowing [28]

— OC; + MC;

LOC = CC + “i_ gy
; (1+r)t

where 7 is the number of year, n is the project lifetime
and r is the discount rate.

Operating cost in this study is electricity cost due
to running of pumps, therefore it can be obtained by

T
oa:g%m[;mwummw+fwxmﬁ,(&

where _
pi(t) = (1+q)'p(?)

denotes the electricity tariff in the i-th year, ¢ is the
percentage of annual electricity price increase and n.
is the number of cyclone modules in the plant.
Maintenance cost and salvage value are calculated
by [25, 29|
M Ci =mCC s
(1—-adrcc

where m is maintenance ratio and d is the annual
deprecation ratio of the facilities.

SV =

6.2. Pre-implementation of PSS

As the baseline, the cost of the existing system
during the life cycle of the PSS scheme is calculated
as follows

LCCY = Zn: M — Syo
— (1+r) ’

T ceo(i—ayn—t
where OC? = 365n,. Jo Pupi(t)dt, SVO = %,

in which CC? is the costs of pumps in the existing
system.

6.3. Payback period

Payback period is commonly used in economic
analysis for its simplicity. It is a measure of the time
in which the initial cash outflow of an investment is
expected to be recovered from the cash inflows gen-
erated by the investment. To take the time value of
money into consideration, the discounted payback pe-
riod is employed to evaluate the proposed approach’s
financial viability and feasibility [30]. The following
formula is used to calculate the payback period:

I, (LCCY() — LCC())
LCC(ny + 1) ’

Payback period = n,, +

where n, is the last year with a negative cumulative
cash flow.

Note that cash flow in this study is the difference
between the LCC pre-implementation of the PSS op-
tions and the LCC post-implementation of the PSS
options.

7. Case study

To demonstrate the feasibility and effectiveness
of the proposed system. Case studies are done based
on the situation of a real coal washing plant. The
operation optimization problem is solved in Matlab
using the CPLEX toolbox function cplexbilp, which
solves binary integer programming problems.

7.1. Project configurations and parameters

The operation status of a coal washing plant in
South Africa is used without losing generality. Un-
der different plant parameters, the performance of the
proposed approach will vary in terms of the absolute
savings but the energy and cost saving potential will
not be affected. The studied mine operates two coal
washing plants with total 15 cyclone modules. There
is one corrected medium pump in each cyclone mod-
ule. For the first washing plant, it consists of ten
cyclone modules with 200 kW pumps. Five 201 k-
W pumps are running in the second washing plant.
Regarding the over-pumping effect of the corrected
medium pump, only 25% of the medium pumped to
the distributor flows into the mixing box while the
other 75% simply flows back to the corrected medi-
um tank. The plant is run for about 16 hours every
day from 6am to 10pm.

Other parameters are listed in Table 1. To align
with the current plant operation status, the sampling
period of the system Ty is set to be 0.5 hour.



Table 1: Parameters
Qi (m%/s) Hy(m) Hy(m) ny 7m
0.0859 60 20 0.8 0.6

Both energy savings and electricity cost savings
are calculated in comparison with the original config-
uration (current practice) in the following sections.
The originally used pump is a fixed speed pump with
a flow rate of 0.0859 m?3/s.

The Eskom’s TOU tariff for large industrial users
is used. The off-peak period is during lam to 6am
and 11pm to 12pm, peak period is during 8am to
10am and 7pm to 8pm, Other time is standard peri-
od. The electricity prices for off-peak, standard and
peak period are R0.3558/kWh, R0.5948/kWh and
R2.0538/kWh, respectively. The current unit R used
in this study is the South African Rand, the average
exchange of Rand to US dollar in 2012 is $1=RS8.21.

7.2. Results of PSS Option 1

In this subsection, the impacts of the added sec-
ondary corrected medium tank/reservoir are investi-
gated.

With the capacity limits of T2 set to V5"** = 160
m? and h = 20 m, the simulation results are shown
in Fig. 4.

The total operation time of P1 is 4 hours, it is
switched off to save energy during the other 12 hours
when the added P2 is responsible for the medium
supply. It can be seen that the secondary pump P2 is
turned on as long as possible because it has a smaller
power due to the reduced differential head compared
to the original pump P1. The three to one operation
time of P2 and P1 can be explained by the 75% over-
pumping of P1 as (16 —4)/16 = 0.75.

Regarding load shifting effect, it can be observed
from the first subplot that the secondary pump P2 is
switched on at most of the time, P1 is switched on
only when the medium stored in the secondary tank
T2 is insufficient to supply the cyclone process.

The energy consumption and electricity cost de-
creased by 50.00% and 51.71%, respectively under
this option. This yields a daily R1715 electricity cost
reduction per cyclone module. In addition, since the
coal mine is contracted to the power station, the en-
ergy consumption reduction can enable the power s-
tation to have a higher capacity to supply other con-
sumers and the electricity cost reduction also means
fuel cost reduction for the power plant.
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Figure 4: Results of Option 1 with V3"*® = 160 m?

7.8. Results of PSS Option 2

In this configuration, a start-up procedure is pre-
sented to minimize the size of T2 because of following
reasons.

Firstly, P2 cannot start working before there is
some medium in T2. That is to say, if there is no
medium in T2 when the plant starts to operate, P2
must be kept off in the first sampling period. Sec-
ondly, if the P2 is kept off during the first sampling
period, the storage capacity of the T2 must be at
least (Q1 — Q3)Ts according to (3). As the flow rate
of the over-pumped medium by P1 is high, it requires
a large volume T2 to store the over-pumped medium
during a sampling period. In practice, the larger T2
the higher investment and maintenance cost, which
is undesirable.

In order to reduce the size of T2, a simple start-up
procedure is introduced. At start-up, P1 is turned on
and P2 is kept off to allow T2 to store medium; after
08V, seconds, P2 is switched on and the optimal
schedule of the two pumps is implemented.

In the simulation Q2 = Q1 — Q3, V3" = 1 m3
and V3" = 160 m®. The height of T3 in this case
is 0.91 m. Simulation results are shown in Fig. 5.
The zoomed in part in Fig. 5 gives a clear view of the
start-up procedure.

Energy consumption saving is 50.05% and elec-
tricity cost saving is 52.23% in this case.

In comparison with the result of Option 1, more
energy and electricity cost savings are achieved. Specif-
ically, there is 0.52% more electricity cost savings in
Option 2 than that of Option 1. The reason for this
0.52% saving is due to the energy storage capacity of
T3. This enables the DMC process to shift load from
peak period to off-peak period.
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7.4. With larger storage capacity

In this subsection, the capacities of the added
tanks are increased in order to investigate its impacts
on load shifting under time based tariffs.

In Option 1, the capacity of T2 is set to 320 m3.
For Option 2, T2 is kept with V"% = 1 m? while the
limit of T3 is increased to 320 m3. The results are
depicted by Fig. 6 and Fig. 7, respectively.

From those figures, it is clear that load shifting
is very effective with a large storage tank. In both
cases, the original pump P1 is switched off during
peak period.

Energy saving and electricity cost saving from Op-
tion 1 are 50.00% and 58.06%, respectively. When
compared to the results in Section 7.2, it can be found
that the energy saving remains stable while the elec-
tricity cost saved 6.35% more. This is because the
required medium at the mixing box is the same. On
one hand, the medium pumped up to the distributor
is the same which results in the same amount of time
of the on state of P1, as P2 is working in opposite
with P1, it then leads to the same energy consump-
tion as the result in Section 7.2. On the other hand,
due to the increased storage capacity of T2, the op-
eration of P1 can be switched off during peak periods
to save energy cost.

As for the results of the PSS Option 2, energy
consumption decreases by 49.68% in comparison to
the existing configuration (no tank, only P1), energy
cost reduction reached 61.70%. More energy is con-
sumed than the case with a smaller tank with 160 m3
volume due to the increased height of T3 (see equa-
tion (4)). By contrast, the electricity cost is further
reduced as a result of the load shifting with the larger
storage capacity.

In summary, electricity cost savings increase with
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Figure 7: Results of Option 2 with V3% = 320 m?

the increase of the capacity of the storage tank while
energy consumption remains stable in Option 1 and
increased in Option 2.

The influence of the differential head of the P2 and
the diameter of T3 on the energy and cost savings are
investigated and plotted in Fig. 8, in which Cs and E;
are the percentage reduction of energy consumption
and cost, respectively. Note that this simulation is
run with the larger capacity 320 m?.

As depicted by Fig. 8, both energy consumption
and energy cost savings decrease when hi increas-
es in the two proposed configurations. However, the
two options (with and without T3) have distinct per-
formance differences. Firstly, the smaller the h, the
smaller difference between Option 1 and Option 2.
It is noted that then advantage of Option 2 becomes
noticeable when hl gets larger and larger. This is
evidenced by the effect that the energy cost saving
drops faster without T3 when h} increases. Never-
theless, the energy consumption saving resulted from
the two options share the same rate of change.

Moreover, the energy consumption saving yield
from Option 2 is dependent on the diameter of T3, the
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Figure 8: Saving ratios relationship to h3

bigger the diameter, the more energy consumption
savings. It is also interesting to note that if hl can
be small enough, the performance of the Option 2 will
be worse than the Option 1 in terms of both energy
consumption saving and energy cost saving like the
case when hi < 15 m and dr = 5 m in Fig. 8.

Therefore, the two options proposed should be
used according to the specific situation of the plant.
Generally, the Option 2 is able to outperform Op-
tion 1. But if there is limits on the selection of the
T3 and if the plant owner prefers energy consump-
tion savings to energy cost savings, the Option 1 may
offer a better solution.

7.5. Life cycle cost analysis

In order to show the economic viability of the pro-
posed schemes, the following LCC analysis is given.
To be conservative, the results from the smaller tank
size in Section 7.2 and Section 7.3 are used in this
analysis.

The economic data of the project is shown in Ta-
ble 2. The capital costs of the project are based on
the practical data on the installation costs of pump-
s and water tanks and are given in the second row
of Table 2. For the maintenance rate, the mine un-
der investigation replaces the slurry pumps every sev-
en month due to performance drop. Therefore, the
maintenance for the existing system is to replace the
slurry pumps every seven month, which results in
the high maintenance rate (120%). In the proposed
schemes, this pump replacement rate is kept the same
as in the existing system while the maintenance rate
for tanks is 40%, which yields the results shown in
the third row of Table 2.

Table 2: Summary of economic data

Existing Option 1  Option 2
Project lifetime (years) - 10 10
CC' (million Rands) 2.251 24.41 26.26
MR(%) 120 24.542 25.632
r (%) 10
d (%) 50
q (%) 24

! This is the cost of the currently used pumps since there is no
initial capital cost for the existing system.

2 The maintenance ratios after implementation of the proposed
schemes are lower than that of the existing system because the
maintenance ratio for tanks are much lower than for pumps.

Table 3: Summary of 10-year LCC analysis results (Rand)

Existing Option 1 Option 2
cC 2,250,000 24,412,275 26,262,483
oC 372,109,617 179,701,589 177,777,562
MC 16,590,331 36,812,065 41,359,556
SV 847 9,191 9,888
Accumulated saving 150,032,364 145,559,388
Payback period 2.68 years 3.30 years

The breakdown of the result is depicted in Ta-
ble 3. Although initial capital cost and maintenance
cost are increased in the proposed schemes, the oper-
ating cost is decreased. In this 10-year LCC analysis,
the average annual cost savings obtained by the PSS
Option 1 and PSS Option 2 are R15.00 million and
R14.56 million, respectively.

Besides, the LCC analysis shows that the pro-
posed change in the beneficiation plant can result in
positive economic effects on the plant with a relative-
ly short payback period (2.68 years for the proposed
Option 1 and 3.30 years for Option 2).

In this LCC analysis, the result shows that the
Option 1 is better than Option 2 in terms of eco-
nomic benefit. However, the benefits of Option 1 and
Option 2 can be different under different situations.
Therefore, the performance of the two options must
be compared before implementation according to the
given conditions.

8. Conclusion

A pump storage system (PSS) is introduced to
coal washing plants to improve their energy efficien-
cy. Two options of the PSS are proposed, which can
be applied according to the given conditions of the
plant. The system dynamics of the PSS and its cor-
responding optimal operation problem is formulated



and solved. The results verified the effectiveness of
the proposed system in terms of energy consumption
and cost reduction. In addition, life cycle cost analy-
sis is done to investigate the economic benefits of the
scheme change. It is shown that both options are able
to generate positive financial savings with short pay-
back period. It also demonstrates that selection of
the two PSS options presented must be based on the
practical situation of the plant under consideration.
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