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Abstract

When considering the design, purchase, installation and associated running costs of large
capital assets such as fans, compressors, pumps or boilers the focus tends to be on them
operating in isolation or “Island Mode”. The reality is that many times a complete system
contains multiple machines which are highly coupled through the process by headers,
pipes, ducts etc. This paper will explore the opportunities and problems associated with
operating multiple assets that are linked together in some form.

1 INTRODUCTION

This paper will explore some of the challenges associated with operating multiple assets
in tandem then offer a number of solutions that help overcome those challenges. In the
main these solutions can be achieved through implementation of strategies within the
existing control system whether itis a PLC or DCS. In many instances there is little or no
requirement for additional instrumentation or valving and the economic benefits can be
staggering.

1.1 ECONOMICS

It is a well-established fact the operating and life-cycle costs of a pump or a boiler far
outweigh the original capital outlay. Some estimates place the capital costs to be less
than 10% of the total life cycle costs while maintenance and energy costs account for
around 80%.

Because of these extraordinary figures it is incumbent on all people responsible for the
operation of these assets to ensure they operated in the best and most efficient manner
possible. How we operate our assets adds a third dimension to the overall life-time cost
of those assets.
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2 Multiple Pumping Sources

For the sake of this paper a pump is defined as some mechanical machine that changes
the pressure of a medium and includes items such as fans, blowers, compressors and
pumps. Multiple pumping sources are when more than one machine is coupled by the
process through pipes, ducts, etc. Examples of multiple pumping sources are:

e Pumps operating in parallel or series

e Pumps or compressors geographically isolated from each other but coupled
through some form of header

e One pump feeding multiple flow streams

2.1 Parallel Pumps

Pumps in parallel increase the overall capacity for the same delivery pressure. While this
may be advantageous when largely varying flowrates are needed the additional pumping
costs must carefully be considered.

Operating pumps in parallel offer a number of challenges which include the fact they must
always operate at the same speed and depending on the operating regime the flow rates
are highly non-linear. Two pumps operating in parallel do not give twice the flow as one
pump and two pumps at 50% speed is not the same as one pump at 100%. The operating
costs of a pumping system rise dramatically for every pump placed in service. This is
despite the fact the contribution of each additional pump diminishes rapidly.

For example Figure 2-1 shows a classic arrangement where pumps are placed in parallel
and the flow is throttled by a control valve to maintain a constant header pressure.

Modelling of the system reveals that when the control valve is fully open the total power
consumption rises significantly as additional pumps are operated in parallel despite only
a relatively moderate increase in total flowrate. The results for different pumping
configurations can be seen below in Table 2-2 and Figure 2-2.
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Figure 2-1 Example of Parallel Pumps
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Table 2-1 Parallel Pumping Without Throttling

Pumps Flow (kg/sec) Power (kW) kg/kWh
One 160 189 3048
Two 221 335 2375

Three 236 433 1962

Flow & Power for Parallel Pumps

One

Two Three

ETotal Flow W Total Power

Figure 2-2 Flow & Power for Parallel Pumps

The situation becomes even worse when the valve is being throttled to maintain a
constant pressure or flow. Modelling reveals that for a constant flowrate the overall
pumping cost rises significantly when multiple pumps are operated in parallel. This can
be seen in Table 2-2 where the pumping costs double between one and three pumps.

Table 2-2 Parallel Pumping With Throttling

Pumps Flow (kg/sec) Power (kW) kg/kWh
One 160 189 3048
Two 160 291 1979

Three 160 364 1582

If it is necessary to operate pumps in parallel then careful design and operating regimes
must be considered and all attempts made to shut pumps down as soon as capacity is
reduced.
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2.2 Series Pumps

Operating pumps in series increases the total head but not the overall capacity of the
system and is used predominately to boost the pressure beyond what is feasible or
practical using one pump.

The challenges for operating pumps in series are less than in parallel however it is
possible, under certain situations, to optimise the operation of series pumps to minimise
the energy costs. This essentially involves setting the ratio of each pumps speed so the
maximum possible efficiency can be realised from the two pumps. Incidentally if the two
pumps have the same rates and pump curves the best efficiency and lowest operation
costs occur when both pumps are at the same speed however this is not always the case.

Pump 2
Suction
Pressure
Controller

Optimisation
Strategy

> Pump 1 Speed Signal

Feed Forward Signal
(Preempt speed change)

Master
Controller > Pump 2 Speed Signal

(e.g. Flow)

Figure 2-3 Series pumping strategy

2.3 Valve Positioning Control

A common application is where a pump or fan supplies multiple flow streams which are
controlled by control valves or dampers. This configuration offers an enormous
opportunity for cost savings by employing a strategy known as Valve Positioning Control
(VPC). This algorithm examines the position of each valve or damper and manipulates
the speed of the fan or pump such that the maximum valve or damper opening is at or
near its maximum.
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Figure 2-4 Example of Multiple Flow Streams
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In the example shown above in
Figure 2-4 if the pump is operated at 100% speed the two control valves will modulate to
control the required flow rate with a corresponding pressure drop. If the pump is slowed
down the control valves are forced to open thus reducing the pressure drop and the
energy required to pump the same flow. If one or more of the valves is held at or near its
maximum opening then pumping costs are at their minimum.

With reference to Table 2-3 it can be seen that a significant reduction in pumping costs is
achieved if the flowrates are reduced with a combination of valves and pump speed
compared to simply modulating the valves.

Table 2-3 Valve Position Control Energy Comparisons

Speed Flow 1 Flow 2 Valve 1 Valve 2 Power kg/kWh
100% 80 ka/s 80 ka/s 80% 80% 189 kw 3048
100% 50 kg/s 30 kg/s 40% 24% 146 kW 1973
65% 50 kg/s 30 kg/s 90% 54% 48 kW 6000
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3 Multiple Boiler Operation

Many industrial boilers, both large and small, tend to operate in tandem to produce steam
or hot water to a common header for use throughout the plant. Boilers, when coupled
through a steam header are highly interactive and careful consideration in how to handle
this interaction must be considered. If not managed, multiple boilers will cause cycling,
pressure deviations and boilers firing well below their best operating points.

To understand the reasons behind the challenges associated with multiple boilers firing
in tandem one must understand a maxim in the discipline of process control. The maxim
states that:

“The number of degrees of freedom in a system corresponds strictly to the number of
manipulated variables which may be used.”

In simple terms that means that for every variable to be controlled there can be one, and
only one, manipulated variable. When multiple boilers are coupled through a common
header we have a situation where we have one degree of freedom (header pressure) but
multiple manipulated variables (boiler firing). Unless this “non-square” arrangement is
dealt with the boilers will cycle.

Many small to medium boilers are purchased and installed with their own independent
control system which assumes that particular boiler will operate in isolation or island
mode. In industrial situations this is rarely the case because, as mentioned previously,
these boilers are more often than not connected to a plant header and are coupled directly
with other boilers all operating with their own isolated control systems. This arrangement,
shown in Figure 3-1 below “breaks the rules”!

3.1 Modes of Operation

When operating multiple boilers in tandem there are numerous ways in which they may
be operated however the most common ones are:

e Boiler Master with complete independence
e Boiler Master with lead/lag strategies
e Plant Master with lead/lag and optimising strategies

3.1.1 Boiler Master with Independent Firing

In this mode all boilers are assumed to be completely independent of each other with their
own pressure controller. Typically every boiler's setpoint is the same as other. In this
mode the order of firing tends to be totally random and invariably no single boiler will
operate at its most efficient point. This method of operation will tend to use 4% to 5%
more fuel than boilers operating in Plant Master Mode.
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Figure 3-1 Boilers Operating in Island Mode

3.1.2 Boiler Master with Lead/Lag Strategies

In this mode all boilers still operate with their independent pressure controllers however
to better coordinate the firing of each boiler the setpoints of each boiler are staged. The
lead boiler will have the highest setpoint while the subsequent lagging boilers will have
their setpoints reduced to accommodate the particular firing order. This does tend to
allow the lead boiler(s) to operate at higher rates however the cost of this is greater
variations in steam pressure particularly with varying steam loads. This method of
operation will tend to have 30% to 40% higher standard deviation of the overall header
pressure than a system operating in Plant Master Mode.
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3.1.3 Plant Master with Load Allocation

By far the most superior method of operating boilers in tandem is to implement a mode
called Plant Master. In Plant Master an independent pressure controller is implemented,
usually measuring the plant steam header pressure, and the output of this single
controller is “split” into multiple outputs that are fed to the combustion system for each
individual boiler.

With reference to Figure 3-2 this is achieved by allocating a single pressure or
temperature controller to produce a total demand signal. This signal is a demand for total
firing and is usually ranged as a percentage of total installed boiler capacity. The total
demand signal is compared with the weighted and summed demand signals from each
boiler which in turn is integrated to produce the individual boiler demand signals. The
weighting values applied to each demand signal is usually the fraction of each boilers’
contribution of the total capacity.

By the addition of individual bias values it is possible to set lead/lag firing scenarios for
each boiler or the implementation of “Least Cost Firing” strategies which allow for the
incremental firing changes based on achieving the lowest cost firing for any given load.

Another advantage of this strategy is the inherent linearisation of the total process gain
to the Plant Master. Irrespective of whether boilers are in or out of service or their
respective capacities the system is always linear. If one boiler is taken out of service or
held at a fixed firing rate the other boiler(s) will work harder to still give the same overall
demand.
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Figure 3-2 Multiple Boilers with Plant Master & Load Allocation
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3.2 Least Cost Load Allocation

When bolilers are operated in tandem it can be a challenge to determine the firing profile
for each boiler. This can become a real challenge if boilers have different capacities,
efficiencies and fuel sources. Conventional wisdom maintains that it is cheaper to shut
down boilers whenever possible and better to lead the most efficient boilers over less
efficient appliances. Unless a detailed understanding of how each boiler contributes to
the total installed system it is impossible to accurately determine the best firing profile to
achieve least cost production. This is best explained by the following example:

A graph comparing the efficiency curves for two different boilers is shown in Figure 3-3
and clearly shows that Boiler 1 has a higher efficiency than Boiler 2 at all loads. The
convention would be to always lead Boiler 1 to make best use of its inherent higher
efficiency.

If we rearrange the data to produce a graph of input (fuel) versus output (steam) then we

see the slopes between the two boilers being quite different at varying loads. This can
be seen in Figure 3-4.

Boiler Efficiencies

20% 30% 40% 50% 60% 70% 80% 90% 100%
Boiler Load
Boiler 1 Boiler 2

Figure 3-3 Boiler Efficiency Curves

Taking this data one step further and plotting the load derivatives for each boiler we see
that in Figure 3-5 the derivatives intercept at around 65%. Least Cost Loading of boilers
is choosing to lead the boiler that has the lowest derivative. The point at which the
derivatives intercept is where the lead from one boiler would transfer to the boiler with the
next lowest derivative. This transfer of load allocation is easily performed by manipulating
the Bias Signals as described in Section 3.1.3 above. Based on the example shown on
these graphs the correct load allocation for these two boilers would be:

e Hold Boiler 2 at minimum firing (20%) and load Boiler 1 from 20% to 65%
e Hold Boiler 1 at 65% and load Boiler 2 from 20% to 100%
e Load Boiler 1 from 65% to 100%
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Input vs Output

20% 30% 40% 50% 60% 70% 80% 90% 100%
Output

e BOjler 1 e Boiler 2

Figure 3-4 Boiler Input vs Output Curves

Firing Derivatives

20% 30% 40% 50% 60% 70% 80% 90% 100%
Boiler Load

e BOjler 1 === Boiler 2

Figure 3-5 Boiler Load Derivatives
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To verify this methodology a comparison of different loading profiles is performed to
determine which produces the lowest incremental fuel consumption for a corresponding
incremental rise in steam production. The three loading profiles are:

e Both boilers are loaded equally
e The most efficient boiler is set as the lead up to maximum firing
e A least cost method of leading boilers is adopted as described above

As can be seen in Figure 3-6 leading the most efficient boiler for the entire load profile
produces the highest fuel consumption overall while the least cost method produces the

lowest fuel consumption. Needless to say this can have a significant cost benefit over
the lifetime of the plant.

Incidentally, if the boilers are similar in capacity and efficiencies then their derivatives
don’t intercept and it is generally best to operate them in tandem at equal firing rates.

Fuel versus Total Load

20% 30% 40% 50% 60% 70% 80% 90% 100%

, Fuel

M Eq Firing MLlead B1 M Least Cost

Figure 3-6 Load Profiles & Fuel Consumption
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4 Plant Air Modifications — A Case Study

4.1 Description

A plant situated in the Australian state of New South Wales has nine 800 kW compressors
supplying compressed air to a common plant header. Of the nine machines seven are
fixed displacement with simple load and unload valves while two are variable
displacement with Inlet Guide Vanes (IGV) which offers a small amount of modulation of
the air supply system.

4.1.1 Operational issues

The system experienced various problems including:

Low plant air pressure even with machines unloading and blow off valves venting
Continuous plant air pressure cycling

Requirement to run at higher than desired pressure to give some buffer.

Very high energy costs

4.1.2 Reasons for poor performance

The main reasons for this poor performance emanated from the fact that each
compressor was essentially controlled as though it ran in isolation (island mode) however
each machine is joined together by the common plant main. Even when considered in
isolation the “as built” control strategies were very poor but may just satisfy the needs of
one machine however when coupled with other machines they became completely
inadequate. The two variable displacement machines have anti-surge algorithms which
are designed to avoid surging by opening vent valves when required. The algorithms
were totally wrong and the machines spent very lengthy periods blowing air to the
atmosphere despite the fact the machines were nowhere near their surge lines.

4.1.3 Modified strategy

The final strategy involved building a Plant Air Master controller that uses the median
signal of three separate plant air pressure transmitters as its input and whose output is a
signal which we refer to as the Total Demand. This Total Demand signal is then fed to a
special algorithm that calculates the configuration and number of machines needed to
satisfy the Total Demand signal.

For example for a 50% Total Demand the algorithm would load three fixed displacement
machine and two variable displacement machines at 75% each: Assuming all machines
are equal then the demand is satisfied by the following equation:

Demand = (3*K) + (2 * K * 0.75).

The value of K is calculated by the number and relative sizing of each machine to the

total. In this instance where there are nine equal sized machines their individual

contribution to the demand is % =11.11
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Figure 4-1 Overall Compressor Strategy

4.1.4 Anti-Surge Control

Surge in a compressor is a very serious matter and can damage or even destroy the
machine in a very short time. It occurs when there is insufficient flow for a given DP
across the machine and the rotor begins to move backwards and forwards quickly. The
method of ensuring the machine does not enter into surge is done by determining a surge
line which is based on the relationship between flow and DP. A series of tests are
performed to ascertain when the compressor surges for different IGV openings. This
gives the actual surge line. It's then a simple matter of taking this surge line and adding
a sufficient safety margin and programming in to the controller. If, for any reason the flow
of the machine begins to approach this programmed surge line the blow off is opened to
increase the flow through the compressor thus keeping it from surging. The actual flow
is controlled so that it tracks the programmed surge line thus ensuring the machine is
protected but at the minimum blow off. When normal flow is established the flow controller
automatically closes the blow off valve thus reducing energy costs and wasting precious
compressed air.

Page 13



-ﬁ
@ Blow Off
4><7

IGV

Compressor

Figure 4-2 Compressor Anti-Surge Algorithm

4.1.5 Project Outcomes

In short the project outcomes were:

Variable displacement machines almost never blow off.

Cycling of the compressors is greatly reduced

Plant air supply is far more stable enabling a reduction of the pressure set point
Reduced energy costs of more than $800K per annum.
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5 Conclusion

Boilers and pumps are essential pieces of equipment, they are expensive to purchase
and even more expensive to operate and maintain over their lifetime. The benefits of
buying higher quality and more efficient assets and carrying out regular maintenance of
those assets is well documented and has an astonishing impact on the overall costs.

However the third dimension to lower costs is the manner in which the assets are
operated especially when they are coupled by the process. The moment multiple assets
are coupled the dynamics and economics of their operation alters significantly and rarely
is it acceptable to operate them in island mode.

Two important points when considering coupled assets is that so often the method they
should be operated is often counter-intuitive and secondly the solutions and methodology
needed to extract maximum benefits is usually cheaper and easier than one would think.

So often these solutions can be implemented in existing PLC or DCS control systems
with very little capital and the time to recover your investment can often be counted in
days or weeks.

Understand how your assets interact and how each one contributes to the overall process

is an important step in devising the best way to operate them. Taking the effort may well
be one of the best investments you can hope to make.
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