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Abstract: The primary heat rejection cycle, which is critical for the stability and integrity of the metal
production process and equipment, involves the transfer of heat from flue gas to a fluid circulated
through a gas-cooler. The rate of heat transfer from the flue gas is influenced by several parameters,
including the temperature of the cooling fluid. Heat transfer rates that are too high or too low can
negatively impact equipment’s life, emphasising the need for a temperature operational envelope
in the cooling fluid prior to entering the gas-cooler. Rejected heat is used for power generation,
transferred to the environment, or both. This study examines the impact of control philosophies on
both temperature and power generation, while maintaining the exit temperature within the desired
range as the highest priority. A more advanced philosophy that combines bypass control with
feedforward parameters can maintain temperatures within safe operating limits at all times, while
improving the power generation, compared to a typical works approach which is used as a baseline.
This study presents a formulation that increased power generation from an average of 6.11 MW for
a typical works philosophy to 10.68 MW, while maintaining the temperature within the operating
temperature envelope.

Keywords: thermal management; heat rejection; air-cooled heat exchanger; waste heat; transient
modelling; temperature control

1. Introduction

Steel production accounts for approximately 4.8% of global energy use, with an
estimated 48.0% of wasted energy input [1]. Production processes, such as a blast furnace
(BF), a basic oxygen furnace (BOF), and an electric arc furnace (EAF), use energy to convert
input materials into desired products. These processes also produce an energy stream
as a secondary product in the form of high-temperature flue gas [2]. The carbon-oxygen
reaction within a BOF converter produces flue gas at temperatures between 1200 and
1500 °C [3].

Heat is transferred from the flue gas in the gas-cooler. A gas-cooler is a heat exchanger
that typically has internal channels for a fluid to pass through and absorb heat from a high-
temperature flue gas. The flue gas leaving the gas-cooler needs to be at least below 727 °C
at all times to prevent the short-term overheating of downstream pipes and equipment [4].
This temperature requirement drops to below 454 °C to reduce the risk of long-term
overheating [4]. A lower temperature limit is also in place to prevent acid-dew point
corrosion, with the specific value dependent on the composition of the flue gas [5].

Among other factors, the rate of heat transfer from one fluid to another is influenced by
the temperature and mass flow of both fluids [6]. The mass flow rate and the temperature
of the flue gas typically depend on a specific process. It follows that the mass flow and the
temperature of the heat-absorbing fluid are controlled to ensure that sufficient cooling of
the flue gas is achieved.
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Studies such as [7] can be used to design a heat exchanger for maximum heat transfer
performance by considering the expected hot and cold stream parameters. The study by
the authors of [7] determines the required number and height of fins to maximise heat
transfer from exhaust gases.

The heat transferred from flue gas is referred to as waste heat. A fluctuating waste
heat profile is commonly encountered in practical industrial scenarios such as steel pro-
duction [8]. This variability arises from changes in production demand, fluctuations in
ambient conditions, and other dynamic factors inherent to the process. Therefore, the
effective management of the fluctuating waste heat profile is essential for maintaining the
efficiency and the performance of the heat exchange system, while ensuring the cooling
fluid is operated within the allowable temperature envelope. A temperature setpoint is a
predetermined target temperature value used for reference in temperature control systems.

Advanced control strategies and predictive algorithms have been developed to manage
the waste heat fluctuations effectively. These methods dynamically adjust the temperature
setpoint in response to variations in the waste-heat source. This adaptive approach ensures
that the temperature of the heat-absorbing fluid remains within the desired envelope, even
when faced with fluctuations in the waste-heat source.

Furthermore, the temperature of the heat-absorbing fluid entering the gas-cooler is
typically constrained within a specific range, defined by the lower and upper threshold
temperature values. This heat-absorbing fluid circulates in a closed-loop cycle, in which the
absorbed heat must be efficiently transferred to the surrounding environment or another
industrial process. In this study, heat was transferred to the environment or to a power
generation system.

This process of transferring heat to the environment or to a power generation system
is hereafter referred to as the “heat rejection process”. The conventional approach to heat
rejection from the flue gas involves the use of air-cooled heat exchangers to release heat
into the environment [9]. However, with the increasing need for metal producers to stay
competitive, waste-heat utilisation is becoming more prevalent in production plants.

In response to this shift, production plants are continuously exploring integrated
heat rejection processes that combine both conventional heat removal and waste-heat
utilisation methods. The development of specific control strategies is essential for the
effective temperature management of these integrated systems.

Controlled heat transfer processes can be applied to ensure that the setpoint temper-
ature is maintained. A study [10] attempted to automate and control a thermal mixing
process. To achieve this, an accurate dynamic model of the process was formulated based
on the conservation of mass and energy. The dynamic model was then used to predict
the temperature response in the tank when process changes were implemented. This
prediction was then used to adjust the heat-transfer rate to limit the difference to the
target temperature.

A study by the authors of [11] focused on an organic Rankine cycle (ORC) that
operates under fluctuating and intermittent heat sources. Solutions to the challenges
posed by a fluctuating heat source can be grouped into two main categories: the damping
of fluctuations and the accommodation through stream control. Conventional stream
control methods include bypassing the energy source and transferring thermal energy to
the ambient environment [12]. Within the ORC, adjustments are made to the flow rate of
the working fluid to match the heat-source fluctuations [13].

The study by the authors of [11] also investigated multiple proportional-integral-
derivative (PID)-based controllers and concluded that, even though PID controllers are easy
to implement, control performance is often unsatisfactory with a fluctuating heat source.
The study then evaluated advanced control methods, including both linear and nonlinear
predictive control [14], supervisory predictive control [15], dynamic programming [16],
optimal control [17], and extremum-seeking control [18]. These control methods delivered
higher control performance, but this performance is highly dependent on the accuracy of
the fluctuation prediction.
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Heuristic control methods are, therefore, advised in the studies of [19,20]. Fluctuat-
ing heat sources also present challenges owing to the mechanical restrictions of rotating
equipment, poor control performance, and an inability to achieve real-time optimal control,
owing to the nonlinearity of an ORC system [11].

All the methods investigated above focus on controlling the rate of heat transfer in
a single heat transfer process to match a fluctuating supply. A relevant addition to the
current study is the use of multiple heat transfer components and the designation of the
flow distribution for each component.

The work in [21] focused on a neural-network-based, model-predictive controller
(MPC) for temperature control within a heat exchanger network (HEN). Parallel heat
exchangers were observed within the HEN. The control method proved to be a significant
improvement on a conventional MPC; however, the temperature controller did not adjust
the flow rates to individual heat exchangers. This resulted in the flow being equally split
between the heat exchangers.

A study conducted in [22] used fuzzy logic controllers to improve the energy efficiency
of a small HEN. Within this HEN, the high-temperature fluid was distributed between two
branches that had a total of three identical heat exchangers. This resulted in a difference
in the heat-transfer rate capability between the branches. None of the heat exchangers
within the HEN could be used to generate electrical power. The efficiency improvement
was realised by minimising the coolant fluid flow induced by the pump. No additional
objectives have been reported.

In [23], the conventional approach to flow distribution control in an HEN was changed
in an attempt to increase heat recovery. The conventional approach involves an even split
in the volume flow between the branches. The heat exchangers within each branch have
different heat transfer capabilities. In the study, a PID controller was used to adjust the
flow split between the two branches to maintain identical temperatures between the outlets
of each branch. This resulted in an improvement in the total heat recovery.

The heat rejection process used in this study can distribute the waste heat to two
separate processes: a power generation cycle and an air-cooled heat exchanger. In addition,
the power-generation component has varying efficiencies based on the supplied flow
and temperature.

The goal of this paper is to formulate a control philosophy that uses both the air-cooled
heat exchanger and the power generation methods in parallel to maximise energy recovery,
while still adhering to all critical process constraints.

The novel contribution of this paper includes the formulation of three control philoso-
phies that consider the stochastic effect of a fluctuating heat source and maximise the
energy recovered, even in the event of sudden changes in heat transfer capabilities, such as
the power generation system becoming unavailable.

2. System and Model Description
2.1. Process Description

The original cooling cycle consisted of a circulation pump, gas-cooler, multiple air-cooled
heat exchangers, and a holding tank. The design of this cooling cycle was completed with
water as the selected cooling fluid. With the aim of waste-heat recovery, a power generation
cycle was designed and retrofitted in parallel to the existing air-cooled heat exchangers.

During the design and construction phase of the power generation cycle, no other
changes were made to the existing cooling cycle. Water remained the designated cooling
fluid absorbing heat from the flue gas.

The resulting cooling cycle is displayed in Figure 1. Valves were used to designate the
flow to each stream by adjusting the opening from 0 to 100%. From Figure 1, three distinct
heat streams can be identified.

The first heat stream flows to air-cooled heat exchangers (ACHX). In the ACHX, ambi-
ent air is used to absorb heat from the high-temperature water through forced convection.
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Figure 1. Rejecting the heat from the cooling fluid.

The second heat stream flows to a power generation cycle (PGEN). In the PGEN, a
working fluid is used to absorb heat from the high-temperature water. This heat is then
used as the heat source in a Rankine cycle to generate electrical power.

The last heat stream is the bypass line (BP) where no heat is transferred. Therefore,
this will typically be used in low-heat conditions. The water exiting the gas-cooler at a
temperature near the target temperature for water entering the gas-cooler is regarded as a
low-heat condition.

After the high temperature water passes through a combination of the three branches,
it then enters the holding tank at a lower temperature, T7.

2.2. The Applicable Component and Process Limitations

To demonstrate the control philosophy, a typical production process and historical data
are required. In this section, the relevant representative processes and design parameters
are discussed.

The supplied design and operational parameters in this section are from an actual
plant with additional information taken from the relevant literature to assign realistic
parameters, where required.

The gas-cooler temperature limitations are listed in Table 1, along with the setpoint
temperature of the control philosophy.

Table 1. Process and temperature envelope values for the cooling water.

Node Parameter Unit Value
- Maximum Pressure bar 90
. Upper Temperature °C 280
Exit of Gas-cooler Lower Temperature °C 230
Temperature Setpoint °C 180
Entry of Gas-cooler Lower Threshold Temperature °C 180
Upper Threshold Temperature °C 220

The temperature range expected for the cooling water exiting the gas-cooler is
230-280 °C, according to historical data for this specific plant. Note that the flue gas
is at a significantly higher temperature. The Carnot thermal efficiency indicates that higher
efficiencies can be achieved in the power generation cycle if the heat source temperature is
increased. A higher temperature for the water exiting the gas-cooler can theoretically be
achieved by reducing the flow rate.

However, the maximum pressure is achievable within the cooling cycle in combination
with water, as the cooling fluid does not allow for higher temperature. Higher temperatures
would lead to phase changes within the gas-cooler, significantly impacting the heat transfer
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achieved. The loss of cooling in localised areas of the gas-cooler can have potentially
severe consequences.

The potential increase in thermal efficiencies, as a result of higher temperatures enter-
ing the power generation cycle, can therefore not be pursued. It also follows that the mass
flow of the cooling water should not be reduced in order to increase the temperature.

The gas-cooler design and the process parameters are used to determine the oper-
ational temperature envelope for the cooling water entering the gas-cooler. The upper
threshold value of 220 °C would, according to design calculations and flow rates, result in
water exiting the gas-cooler below the upper temperature limit. For this system and this
specific process, a lower threshold limit of 180 °C will prevent acid-dew point corrosion
on the gas-cooler walls. With the objective of maximum waste heat utilisation, the target
temperature is set as low as possible within the operational temperature envelope.

The individual components also have their own sets of limitations and operational ranges.

The PGEN process converts the heat to electrical power with varying thermal efficiency.
The thermal efficiency is the ratio of net power generation to the total heat supplied.
The efficiency can be influenced by various parameters, one of which is the heat source
temperature, as shown in Figure 2.
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Figure 2. Thermal efficiency of converting waste heat to electrical power as a function of heat source
temperature [24] for a fixed mass flow of cooling water.

The PGEN cycle in this system is similar to that used in [24], with pentane as the
selected working fluid. A thermal efficiency curve similar to that in [24] is, therefore, used
to determine the power generated within the cooling process, as shown in Figure 2.

The thermal efficiency curve in Figure 2 is for a fixed mass flow of the heat source.
However, since the heat source has a fluctuating temperature and flow rate profile, a
varying mass flow rate is also considered in this study.

The operational limits of the PGEN system are supplied in Table 2. The maximum
heat that can be assigned to the PGEN system is 100 MW. In combination with the thermal
efficiency curve, the PGEN has a maximum power generation of 18 MW. According to [25],
a PGEN cycle similar to the one used in this study can operate at partial load of 10%. This
results in a minimum assigned heat transfer of 10 MW, which results in 1.8 MW of power
generation at maximum thermal efficiency.

The pinch point (PP) is the minimum temperature difference between the hot and
the cold stream of a heat exchanger. The minimum pinch point achievable in both the
evaporator and the condenser of the PGEN is 5 °C, as used in [24].

Note that the power generation can only adjust to the heat supplied at 2% /min, in
line with the study in [26]. This is only a restriction on the power generated and not on the
heat transferred by PGEN, since this restriction is based on controlled turbine adjustments
rather than heat exchanger limitations.
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Table 2. Design limitations of PGEN.
Parameter Unit PGEN
Assigned Heat Transfer MW 10 < Qpgen < 100
Thermal Efficiency - 7 < 0.18
Power Generation ! MW 1.8 < Ppgen < 18
Evaporator PP °C Tppe > 5
Condenser PP °C Tppe > 5
Power Generation Adjust % /min Plfgé N <2

I Power generation limits assigned at maximum efficiency for heat source temperature.

When the flow to the PGEN is such that the PGEN cannot operate within this set of
limitations, a trip will occur to limit potential damage to critical process equipment, such
as turbines and pumps. A trip refers to any event where the PGEN does not transfer any
heat from the cooling water and, therefore, also does not generate any power.

A trip occurrence is harmful to PGEN components such as the turbine [27]. To avoid
frequent trips, a time delay is typically introduced. This delay is to ensure that sufficient
heat is available for a certain period of time before restarting the PGEN.

The design limits for the ACHX system are displayed in Table 3. The term ACHX
refers to a network of air-cooled heat exchangers. The collective capability of the ACHX
can transfer all the available heat at 100 MW.

Table 3. Design and operational limitations of ACHX.

Parameter Unit ACHX
Assigned Heat Transfer MW 0 < Qacux <100
. . adj
Adjustment Rate MW /min Quepx <4

The thermal inertia in the heat exchanger tubes and the use of ambient air in the ACHX
results in a delay for the ACHX to transfer the required heat from the distributed flow. In
addition, the production plant also has a fixed rate at which the fan speed on the ACHX can
be increased. This is due to an extreme scenario where the plant and the national power
utility entered into an agreement regarding power demand. The failure to comply with the
agreement can lead to financial penalties. As a result, the fixed rate of increasing the fan
speed at the ACHX enables the plant to reduce the power demand in other processes.

Should the power demand of the production plant not be at critical levels, the only
limitation on the performance adjustment is the transient response of the ACHX.

To ensure that the control formulation works as required at all times, a scenario where
the production plant power consumption is at critical levels is used in this study.

In this scenario, the adjustment rate of the ACHX is constrained at 4 MW /min.

2.3. The Dataset for the Case Study

In this section, the historical dataset used to demonstrate the control philosophy
is discussed.

A South African smelting plant provided a historical dataset for this study, under
the condition that the values would be reworked and scaled to ensure anonymity. The
gas-cooling systems in this study are applicable to various smelting operations, albeit under
a different name.

In Figure 3a, a representative waste heat profile is illustrated, consisting of 83 days of
entries at 5 min intervals. From this plot, significant fluctuations over time can be observed.
A demonstrative dataset ranging 60 min is used for illustrative purposes, as shown in
Figure 3b. This dataset enables the demonstration of the adjustments to the flow and heat
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Figure 3. (a) Representative dataset of available heat that can be transferred from the cooling fluid
over 83 days. (b) Demonstrative dataset used in the demonstration.

The evaluation of power production and other performance parameters were still
performed on the representative waste-heat profile in Figure 3a.

The modelling was completed within Microsoft Excel 2016 and Python 3.8, where
several modules, such as NumPy 1.26.2 and Pandas 2.1.3, were used. The provided
algorithms can be reproduced either within Pandas or other suitable codes.

3. The Formulation of the Control Philosophy

This section demonstrates the formulation of a control philosophy that aims to max-
imise power generation while ensuring that the temperature entering the gas-cooler is
maintained within a suitable range when the production process is in operation.

The purpose of the control philosophy is to maximise power generation while ad-
hering to all constraints. Unplanned stoppages of the PGEN can be used to evaluate the
behaviour and the performance of the control philosophy adapting to the change in heat
transfer capability. An unplanned stoppage is an unforeseen and sudden halt in the normal
operation of a process that causes disruptions and potential production delays. For PGEN,
this results in a loss in heat transfer capacity and power generation.

An unplanned stoppage is introduced in the use of both datasets in Figure 3. The
average mean time between failures (MBTF) for the PGEN used in this study indicates
that no more than one unplanned event can be introduced for both profiles. This is in
agreement with the literature of [28]. Trips due to low heat availability are also included, as
is discussed in the formulations below.

The importance of the heat rejection process in the main production process has been
described in detail in previous sections. The flue gas leaving the gas-cooler needs to
be within the safe operational temperature envelope. This is achieved by controlling the
temperature of the cooling water entering the gas-cooler, referred to as T;. A loss in the heat
rejection capacity of the cooling system can potentially cause the cooling water temperature
to move outside the operational envelope. This increases the risk of disruptions to the
production process.

The gas-cooler operation adjusts the mass flow rate of the water depending on the
temperature entering the gas cooler to ensure that a sufficient heat transfer is maintained.
The mass flow of the cooling water, therefore, inherently considers the current gas-cooler
heat transfer efficiency. The mass flow and temperature of the cooling water can thus be
used alongside a target temperature to determine the available waste heat.
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3.1. A Typical Works Philosophy

A typical works philosophy is proposed as a baseline. In this philosophy, the heat and
flow distributions are fixed between all heat exchangers.

The control philosophy is described using binary operators and condition statements.
Therefore, this section first describes all relevant parameters and the writing conventions
and symbols used for each.

The conservation equation for energy, reproduced from [6], is:

Qres = Qin - Qout (1)

where Qs is the change in energy for the control volume, while Q;, and Q, are the
energy flowing into and out the control volume. Since heat is either transferred out of the
control volume through the PGEN or the ACHX, Equation (2) can be rewritten as:

Qf = QP + Q" — QB + Ques 2)

where QT is the total available heat and QF, Q4, and QB" are the heat in MW distributed
to the PGEN, ACHX, and bypass, respectively. Failing to remove QT between the PGEN
and ACHX components will result in residual heat, where Q.5 > 0. This heat term is an
indication of the difference between the temperature exiting the heat rejection cycle, T, [°C],
and the target temperature set out in Table 1. The exit temperature can be calculated as:

Qres = mTot’Cp’(TL - Tset) (3)

where rm,; and C,, are the mass flow rate and specific heat of the cooling water. It follows
that, in a scenario where sufficient heat transfer is performed, Qs = 0, and, therefore,
Ty, = Tset.

The time index for the formulation is given by T = {1,2, ..., |T|}. The cooling water
enters the heat rejection cycle at a temperature of T, [°C] and a mass flow rate of niry;
[kg/s]. At time t, a process model uses the desired temperature of the cooling water
entering the gas-cooler, Ts.; [°C], to determine the heat to be transferred, QT IMW].

A binary parameter, 6, is introduced, where a non-zero value indicates that the power
generation process is operational and available to transfer heat. A value of zero indicates
that the power generation cycle is not available.

To prevent frequent trips to the PGEN in low heat conditions, a time delay is intro-
duced for a PGEN currently offline. This ensures that the PGEN does not start until n
periods have passed, where sufficient heat is available. Other reasons for a stoppage will
externally force the value of 6” to be zero until rectified.

The heat assigned to the PGEN, QPF, must be more than the lower limit, Lp [MW],
of the power-generating process. The process control within PGEN will adjust working
pressures and the mass flow rates of the refrigerant to transfer the required heat, within the
constraints of the PGEN design. The PGEN component converts Q” to electrical power at a
heat source temperature-dependent thermal efficiency, as shown in Figure 2.

It follows that a higher value for QP results in a higher power generation. It can also
be argued from (3) that a higher Qs value results in a higher T, for the cooling water
entering the gas-cooler. The formulations to follow, therefore, attempt to minimise Qs
while also attempting to maximise Q.

Any heat not transferred by the PGEN needs to be assigned to the ACHX. The heat
distributed to ACHX is Q4 [MW]. Due to the use of a fan and ambient air to transfer heat,
the heat transfer rate increase is limited at Q7. Note that ACHX can consist of multiple
air-cooled heat exchanger units. The distribution of heat and mass flows between the
individual units does not fall within the scope of this study. Therefore, the ACHX is treated
as a single system with a relatively wide operational range.
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For the typical works philosophy, a parameter, ¢p [-], is introduced that represents
the share of heat distributed to the PGEN. This parameter is predetermined and fixed,
independent of heat source parameters.

The heat distributions to the ACHX, PGEN, and BP at time f are determined through
the algorithm illustrated in Figure 4.

Initialise:
=0

Evaluate if there was sufficient heat for
past n time periods

Sufficient
heat for
PGEN?

True

Qf -¢p>Lp
True

PGEN

Continue operational
operation False
Qli-¢p>LpAi<n
T
e False
Y Sufficient
time
passed?
False i=n
P
D6 =0
i=1
Restart
False
A A Y Vv L Do not
‘ 5? =1 ’ [ 5P -0 } operate/restart
t t —
P T P
Qt = Qz “¢p- 5g
False
False
Y
A A A A T P
QF =Qf,+Q7 Qtth'(1_¢P'¢P‘5g)

Figure 4. Block diagram for Algorithm 1 (WPLC).
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To demonstrate the behaviour of the control formulations, the plant parameters set out
in Tables 2 and 3 will be used, with additional parameters being supplied where required.
The setpoint temperature Ts.; = 180 °C, as in Table 1. The PGEN has a lower heat limit of
Lp = 10 MW. The heat of Q" is converted to power according to the curve in Figure 2. The
ACHX can only increase its heat transfer capability by 4 MW /min. The time period of the
sufficient heat required before a restart is 15 min; n = 3. The formulation will be applied to
the demonstrative dataset in Figure 3b.

3.1.1. The Results of WPLC on the Demonstrative Dataset

In Figure 5a, the heat distribution between the components based on the demonstrative
dataset (Figure 3b) is illustrated.

—e—(Q —+— PGEN ACHX BP - - - PGEN {Power} L. L.
————— Upper Limit -===-Lower Limit e T [0.5]
100 20 —— T L[0.25] T_L[0.75]
5 - - 5
s 80 15 E. 250
3 . 3 5
2 60 = T 230
£ 10 g 5 SRy 5. SO
z g £
g 40 e & 5 210
t S~ = = 3 E‘
- 5
3 20 3 2 &
3 \\ - 3 8 190
p—_———— = W —
”
0 —a—oF 0 170
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Time [min] Time [min]
(a) (b)

Figure 5. (a) Heat distribution between the PGEN, ACHX, and BP over time for WPLC. An overlay
of the available heat (Q) is included. (b) Illustration of temperature entering the gas-cooler over time
for WPLC, with ¢pgen = 0.5 as well as ¢pgeny = 0.25 and 0.75.

The fixed ratio of heat distribution between components are notable, with both com-
ponents following the curve of the waste heat, with the exception of 35-45 min, where
the PGEN was unavailable due to an unplanned event. It is also noted that during time
periods where PGEN was unavailable, the ACHX attempted to transfer as much of the
waste heat as possible within its adjustment constraint. Note that the power generation
after the PGEN restarted was at the lower limit and only increased by the 2 % /min, while
the heat transferred by the PGEN did not follow this restriction.

The value of T} over the same time span is shown in Figure 5b. The unplanned
unavailability of the PGEN results in the ACHX needing to transfer all the required heat.
However, since the ACHX can only realistically increase the heat transfer by 4 MW /min,
the required heat transfer cannot be instantaneously satisfied by the ACHX. It follows that
this scenario will result in Qs > 0, and from (3), it follows that T}, > Tg;.

The results in the demonstrative dataset indicate clearly that the conservation princi-
ples given in Equation (2) are adhered to, with temperature increases noted where Qs > 0.

The value of ¢p can be adjusted in an attempt to maximise power generation. The
value of T, remains within the temperature envelope even with the unplanned availability
of the PGEN, as shown in Figure 5b. The ACHX is able to adjust quickly enough to transfer
the heat that would have been distributed to the PGEN.

This can indicate that the fixed ratio is too conservative and that more heat can be
distributed to the PGEN to increase the power generated by the system. Using the same
formulation, the value of ¢p is adjusted to a more aggressive approach, where ¢p = 0.75.

The temperature curve for Ty with this approach indicates that the temperature moved
outside the operational envelope. This was due to the ACHX receiving only 25% of the
heat before needing to adjust to transfer 100% of the heat. This approach can, therefore, be
seen as too aggressive, given the supplied demonstrative dataset.
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The opposite can also be shown for the more conservative approach, where ¢p = 0.25
results in only a small increase in T; when the PGEN becomes unavailable. This is due to
the ACHX initially receiving 75% of the heat before having to adjust to transfer 100% of
the heat.

It is concluded that a conservative value for ¢p will not result in maximum power
generation but will have reduced risk, whereas an aggressive value will deliver more power
generation but with increased risk of breaching the temperature envelope.

The above results are only for a demonstrative dataset to illustrate the effect of changes
made to parameters. In the next section, the formulation will be applied to the historical
dataset shown in Figure 3a.

3.1.2. The Results of WPLC on the Historical Dataset

The WPLC is applied to the larger dataset for four different ¢p values. The value of
¢pGEN is changed from 0.1 to 0.9 to determine the ideal ratio for the specific heat profile
shown in Figure 3a. An unplanned stoppage is also forced on three different time periods
to evaluate the influence of heat source properties on the preferred value of ¢p.

It has been indicated in the previous section that a higher value for ¢p will resultin a
higher heat distribution to the PGEN. This indicates that more power will be generated.
The value of ¢p is, therefore, varied between 0.5 and 0.8 to determine the highest value that
is still conservative enough to ensure adequate cooling in the event of an unplanned trip.
Unplanned events 1, 2, and 3 take place at 8.5, 24.75 and 32.6 days into the timeline of the
historical dataset.

Since the objective of this study is to maximise power generation whilst keeping within
the operational temperature envelope, the maximum value for ¢p needs to be identified
where the Tj is still within the operational envelope.

This value is indicated with a shaded column in Table 4. A value of 0.7 for ¢p causes
the cooling water to move out of the operational temperature envelope for only one of the
unplanned events. This indicates that the impact that the distribution ratio has is dependent
on the heat source parameters at the time of the unplanned event.

Table 4. Results for heat rejection cycle for a range of ¢p and unplanned events.

¢p
0.5 0.6 0.7 0.8
Event 1 187.1 193.8 200.5 207.2
T [°Clat Event 2 207.1 213.8 220.8 272
unplanned events
Event 3 1913 197.9 2045 211.1

A value of 0.6 for ¢p is thus identified as the desired setting, which delivers adequate
cooling at all times, while also being conservative enough that the highest value for T}, after
an unplanned trip is inside the envelope at 213.8 °C.

The impact of ¢p = 0.6 on the power generation is supplied in Table 5 along with
more aggressive and conservative values. Evaluating the average power generation along
with the maximum temperatures indicates that the more conservative value for ¢p delivers
a lower temperature and lower power generation. This is due to a significant share of heat
being distributed to the ACHX to ensure that it can readily adjust to transfer Qr,; if the
PGEN were to become unavailable.
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Table 5. Results for heat rejection cycle for a ¢pgpn = 0.6 £ 0.1.
Typical Works Philosophy
¢P =0.5 (pp =0.6 (Pp =0.7

p [MW] Maximum 8.7 10.4 12.1

POEN Average 51 6.1 7.1
Maximum 207.1 213.8 220.8
T [°C] -
Minimum 180 180 180

The opposite is also true; the more aggressive value delivers a higher average power
generation as well as a value for T}, that breaches the temperature envelope. This is due to
the PGEN receiving a larger share of the heat, resulting in ACHX having to increase over a
longer time to meet the heat transfer requirement in case of an unplanned event.

This results section shows that a fixed value for the distribution ratio is not the desired
approach for a fluctuation in the heat source.

The results and discussions above conclude that the ratio of distribution should be
dependent on the parameters of the heat source at any given time. It follows that the ratio
of distribution needs to be continuously adjusted.

3.2. The Ongoing Readiness of the ACHX

The WPLC is a typical works philosophy where the heat is distributed at a fixed ratio
between the PGEN and the ACHX. The WPLC shows that a fixed ratio of heat distribution
between the PGEN and the ACHX is not ideal due to the potential of unplanned stoppages.

This section formulates a control algorithm that ensures an adequate heat transfer is
maintained at all times by continuously being ready for an unplanned stoppage. This will
be achieved by calculating and distributing a share of the heat to the ACHX that mitigates
any risk of temperatures outside the operational envelope for the gas-cooler.

For this purpose, a binary parameter, 5°F, is introduced. A value of one indicates
that the control philosophy must anticipate an unplanned stoppage every time period.
To determine the value of 6°%, a minimum heat transfer, Qf [MW], is firstly calculated.
Determining Q! is carried out through Equation (4) below:

Qft = max rro-Cp+ (Tiw = TH) 50) (4)

where TH is the upper temperature limit of the operational temperature envelope. Note
thatif T;;, < TE , the term will be negative, and that Q%C Hx is set to zero. In this scenario,
all the heat can be assigned to the PGEN for power generation without risk, since failing to
transfer any heat will only result in T;, = Tj, and thus T} < TLu .

The heat distribution between the PGEN and the ACHX is determined through the
algorithm illustrated in Figure 6.

To demonstrate the behaviour of the ORLC, the same plant parameters set out in
Section 3.1 are used. In addition, the upper temperature limit for the operational envelope,
TLu = 220 °C, is used, as noted in Table 1.
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Figure 6. Block diagram for Algorithm 2 (ORLC).

3.2.1. The Results of the Continuous Readiness of the ACHX on the Historical Dataset

The results of applying this formulation to the demonstrative dataset in Figure 3b is
shown in Figure 7a,b.

The first significant difference noted in Figure 7 is in the heat transferred by the
PGEN and the ACHX. Previously, these curves followed the same values, whereas, in this
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formulation, they differ. The fluctuation of T}, results in a varying value of Q% -,y This
is due to the difference between T;, and T being used in its calculation. Note that this
results in a constant value for Qpgrn- It can be argued that the heat transfer assigned to the
ACHX reduces the cooling water to the upper temperature limit, TH, whereas the PGEN
then transfers the residual heat contained between T'LJ and Tge;.

a PGEN ACHX BP - — - PGEN {Power} —T L ===-- UpperlLimit = = = Lower Limit
100 20 230
= = 220 mmmmmmmmmmmmmmmeeeaen
5 5 _
= ¥ 152 < 210
T w0 Ne| 3 :
= s ™ 3
K e L \ 10 g T 200
5 40 S 2
g o 2
£ . £ 190
= 5 o
§ 20 H =
E= P s 180
0 e 0 170
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Time [min] Time [min]
(a) (b)

Figure 7. (a) Heat distribution between the PGEN, ACHX, and BP over time for the formulation in
Section 3.2. An overlay of the available heat (Q) is included. (b) Illustration of temperature entering
the gas-cooler over time for the formulation in Section 3.2.

Through the comparison of Figures 5 and 7, the heat distributed to the PGEN clearly
has lower fluctuations for the ORLC compared to the WPLC. By comparing the resulting
power generation, as is done in Figure 8, it can be noted that the PGEN with the WPLC
observed higher power generation figures for only 10 min of the 60 min range. It is expected
that the ORLC will result in an increase in power generation on the demonstrative dataset.
This is dependent on the signature waste-heat profile and will need to be evaluated in the
historical dataset for an accurate conclusion.

—&—WPLC —+—ORLC

‘*‘—-—x——ﬁﬁ\
\
\ -
_g—/lk
0 10 20 30 40 50 60
Time [min]

Power Generation [MW]
O R N W A U O N ®

Figure 8. Power generation comparison between ORLC and WPLC.

3.2.2. The Results of the Continuous Readiness of the ACHX on the Historical Dataset

The control philosophy given above can be demonstrated on the historical set of data
illustrated in Figure 3a. The results are summarised in Table 6.
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It is noted that the power generation increased from an average of 6.11 MW to 6.41 MW
with this philosophy. The maximum power generation, however, reduced from 10.4 MW to
9.61 MW. The maximum temperature for T; reduced from 217.1 to 204.5 °C, which indicates
that the current formulation is a definite improvement of the typical works philosophy.

This formulation is definitely successful in its objective to adjust the distribution
between the ACHX and the PGEN to the extent that a sufficient heat transfer can be
guaranteed at all times.

Table 6. Results for heat rejection cycle for ORLC.

Control Philosophy
WP (¢pgen = 0.6) ORLC
p [MW] Maximum 10.4 9.61
PGEN Average 6.11 6.41
I rCl Maximum 213.8 204.5
k Minimum 180 180

3.3. Advanced Bypass Utilisation

In ORLC, it is noted that Ty did not exceed any of the temperature limits for any given
period. By ensuring that the heat transfer demand is always met, additions to the control
formulation can now be made in an attempt to maximise power generation.

To increase the observed power generation, a binary parameter, 657, is introduced.
A non-zero value indicates that the control philosophy will make use of the bypass line
to maintain a desirable value for T; while assigning as much heat transfer to the PGEN
process as possible. The conservation of energy and mass in (2) and (3) will still hold, with
the heat and mass flows assigned to the bypass compensating for the higher heat transfer
rate achieved in the PGEN.

When 68”7 = 1, the value of the minimum heat assigned to the ACHX, QA, is also
bypassed. If successful, it follows from Equation (1) that a larger Q' is observed in
comparison to the previous section.

The heat distribution to the ACHX, PGEN and BP streams are determined through the
algorithm illustrated in Figure 9.

3.3.1. The Results of the Advanced Use of Bypass on the Demonstrative Dataset

Figure 10 can be compared to Figures 5 and 7. A significant difference is the consistent
use and adjustment of flow in the BP. This allows the ACHX to maintain the minimum
required heat transfer while allowing the PGEN to operate at maximum capacity whenever
possible. This can be confirmed through the evaluation of the power generated being
significantly higher than for previous formulations.

The power generation performance between WPLC, ORLC, and ABLC are illustrated
in Figure 11. The control formulation in ABLC shows an increase in the heat distributed to
the PGEN and it is, therefore, expected that the ABLC will result in an increase in observed
power generation. Figures 10 and 11 shows that ABLC includes all operational constraints
and limitations as required.

The formulation of ABLC is, therefore, suitable to be tested on the historical dataset.
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Figure 10. (a) Heat distribution among PGEN, ACHX, and BP over time for the formulation described
in Section 3.3. Overlay of the available heat is included. (b) Illustration of temperature entering the
gas-cooler over time for the formulation in Section 3.3.
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Figure 11. Power generation comparison between ORLC, WPLC and ABLC (demonstrative data).

3.3.2. The Results of Advanced Use of Bypass on Historical Dataset

The formulation in Section 3.3 is now applied to the historical dataset in Figure 3a.
The results are summarised in Table 7.

Table 7. Results for heat rejection cycle for ABLC.

Control Philosophy
WPLC ORLC ABLC
P IMW] Maximum 10.40 9.61 17.31
POEN Average 6.11 6.41 10.12
Maximum 213.8 204.5 204.5
Ty [°C] .
Minimum 180 180 180

A significant increase in average and maximum power generation are noted. The
average power generation increased by 57.8% from 6.41 MW to 10.12 MW. This is achieved
without any increase in the value for T;, indicating that there is no added risk to this
formulation in terms of moving outside the operational temperature envelope.

From the above results, it is clear that the formulation of ABLC is successful in
significantly increasing the power generation by PGEN. This is achieved while still ensuring
that ACHX is always ready to transfer all the required heat at a rate fast enough that there
is no risk of moving outside the temperature envelope, even in case of an unplanned trip.
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3.4. The Use of Predictive Parameters

The ABLC was successful in significantly increasing the power produced whilst still
ensuring that 17 stayed within the desired temperature envelope at all times.

From historical plant data and process models, future heat transfer requirements can
be predicted with a level of certainty. This may allow adjustments to the heat distribution
to further improve on power generation without adding risk.

Plant operational models and historical datasets can be used to determine the feedfor-
ward parameters that indicate whether an increase in available heat can be expected in the
following n periods.

It is noted in Table 1 and discussed in Section 2 that the PGEN has a limit on how fast
the power generation can be adjusted. It is also noted that this constraint originates from
turbine control and not from the heat exchanger’s capability. From this, it can be argued
that increasing the heat transferred to the PGEN before a significant increase is observed
in QT can result in the PGEN increasing the power generation without adding significant
risk. By increasing the power generation earlier, the PGEN will have smaller adjustments
to make once a significant increase in Q is observed.

From historical datasets, certain process procedures can be identified that lead to a
required relative heat transfer increase in & in the next m time periods. A binary parameter,
OPP  is introduced, where a non-zero value indicates that « > 0. If an increase in heat
is expected, then the heat transfer required from the PGEN will either be the maximum
operational limit or a product of « with its previous value, QF ;.

Since the philosophy of ORLC is still present in this formulation, the value of & needs
to be limited to ensure that the ACHX can still meet the heat transfer requirements in case
the PGEN becomes unavailable.

This ensures that the operational limits of all components are adhered to, while
maintaining a safe value for T;.

Note that the ACHX minimum heat distribution, Qf, is still assigned. Therefore, this
philosophy can potentially lead to assigning more heat transfer requirements to the ACHX
and PGEN than is required at time ¢. It follows that the bypass must be used to maintain
the temperature T}, above the lower limit, according to Equation (1). Therefore, this control
philosophy only allows the use of predictive parameters to maximise power generation if
the value of dpp is also a non-zero value.

The heat distribution between the PGEN, ACHX, and BP are determined through the
algorithm illustrated in Figure 12.

3.4.1. The Results of Using Predictive Parameters on the Demonstrative Dataset

Figure 13 can be compared to Figures 5, 6 and 10. A minor increase in the heat
distributed to the PGEN is noted. To ensure Qy,s > 0, the BP is also increased slightly to
prevent breaching the temperature envelope on the lower limit. No changes are noted in
the heat distribution to the ACHX.

The power generation performances of WPLC, ORLC, ABLC, and PPLC are illustrated
in Figure 14. Note that the slight increase in heat distribution to PGEN has resulted in a
small increase in power generation compared to the previous formulation of ABLC.

Figures 12 and 13 show that PPLC includes all operational constraints and limitations
as required, and is working as required and expected.

The formulation of PPLC is therefore suitable to be tested on the historical dataset.
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Figure 13. (a) Heat distribution among PGEN, ACHX, and BP over time for the formulation described
in Section 3.4. Overlay of the available heat is included. (b) Illustration of temperature entering the
gas-cooler over time for the formulation in Section 3.4.
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Figure 14. Power generation comparison between WPLC, ORLC, ABLC and PPLC for the demonstra-
tive dataset.

3.4.2. The Results of Using Predictive Parameters on the Historical Dataset

The formulation is applied to the historical dataset of Figure 3a with the results
summarised in Table 8.

Table 8. Results for heat rejection cycle for PPLC.

Control Philosophy

WP ORLC ABLC PPLC
Maximum 10.40 9.61 1731 17
Froen IMW] Average 6.11 6.41 10.12 10.68
Maximum 213.8 204.5 204.5 204.5
R V7 e— 180 180 180 180

The average power generation increased by 5.5% from 10.12 MW to 10.68 MW. The
maximum values observed for T} indicate minimal added risk. The unplanned event is
triggered in a time period where 6”7 = 1. As noted in Section 3.4.1, the flow through the
bypass increased. However, no change in maximum temperature is noted. This is due to
the value of a”” being influenced by the adjustment capability of the ACHX every time.
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4. Conclusions

The formulation of a control philosophy for the heat rejection process was demon-
strated. The main priority of the control philosophy is to ensure that the heat rejection
process transfers sufficient heat from the cooling fluid to other components or processes.
This ensures that the temperature of the cooling fluid entering the gas-cooler remains
within the required range. A failure to do so can result in production interruptions that can
be associated with significant losses for the plant owner. In addition, the availability of a
power generation cycle also makes waste-heat recovery and power generation a priority.

Therefore, the control philosophy needs to calculate both the heat and mass flow
distributions between the ACHX, PGEN, and BP. The control algorithm also needs to adjust
to changes in the received flow from time t — 1 to ¢.

Note that all control formulations in this study consider a scenario where the power
consumption of the plant is at critical levels. As discussed, this results in the need to
constrain the ramp-up rate of the ACHX. The results of the control formulations shown
in this study are for the most extreme scenario to ensure that the control formulations
perform as required at all times. Should power consumption not be near critical levels, only
a transient response will constrain the heat transfer adjustment of the ACHX.

The formulation starts with a typical works control philosophy. In this formulation, the
distribution of heat between the ACHX and PGEN is fixed, independent of the fluctuating
heat source. Based on the historical data, a suitable ratio is selected that satisfies the heat
transfer requirement, even in the event of an unplanned trip of the PGEN. It is shown
that the ratio of distributions needs to adjust according to the heat source parameters
to ensure maximum power generation without any added risk of moving out of the
temperature envelope.

This is rectified with the next formulation, where the minimum heat is always assigned
to the ACHX with the residual heat then distributed to the PGEN. This resulted in the
temperature remaining within the operational limits, but with an improvement in power
generation. An average power generation of 6.41 MW was observed.

The advanced use of BP ensures that T} is maintained within the desired temperature
envelope while also allowing the PGEN to transfer significantly more heat than previously
allowed. This significantly improved the average power generation to 10.12 MW.

The addition of feedforward parameters to predict the increase in available heat in-
creased the average power generation by another 5.5%, resulting in an average of 10.68 MW.

Through the formulation process, the control algorithms are simulated on a demon-
strative dataset for evaluation to ensure the scientific soundness of the results once applied
to the larger historical dataset. All evaluations have shown that the WPLC, ORLC, ABLC,
and PPLC work as intended. The limitations of components are never breached, and
adjustments are always made within the capability of each component. The changes in for-
mulations also deliver the expected changes in heat distribution between the components.

The formulated control philosophy successfully maximised energy recovery while
ensuring that the temperature was maintained in the desired temperature envelope.

The novel contributions of this paper are the three control philosophies that consider
the stochastic effect of a fluctuating heat source. These formulations then successfully
distribute the waste heat between the ACHX, PGEN, and BP in such a way that maximises
energy recovery without any risk to the production process, even with a sudden loss in
heat transfer capabilities such as an unplanned trip event for the PGEN.

A potential future study could include the formulation of a control philosophy for an
ACHX that consists of multiple heat exchangers, where each individual heat exchanger
has different design parameters. The formulation can then attempt to ensure a maximum
heat transfer for a minimum power input to forced convection equipment. An additional
study could be carried out to increase the fidelity of the PGEN component. The internal
control of the PGEN can lead to an improved conversion ratio of the power generated to
the heat transfer.



Energies 2024, 17, 131 22 of 23

Author Contributions: Conceptualisation, J.P.B., M.V.E. and P.v.Z.V,; Formal analysis, J.P.B. and
Pv.Z.V,; Investigation, ].P.B.,, M.V.E. and P.v.Z.V.; Methodology, J.P.B., M.VE. and P.v.Z.V.; Validation,
J.P.B. and P.v.Z.V,; Visualisation, ].P.B. and P.v.Z.V.; Writing—original draft, ].P.B.; Writing—review
and editing, M.V.E. and Pv.Z.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data are contained within the article. Historical dataset not publicly
available due to NDA with data provider.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
Greek Letters
Cp Specific heat of Fluid, [kgiK] m Thermal efficiency
0 Density, [%]
T Temperature, [°C] 1% Expected relative increase in QT
m Mass flow rate [%} ¢ Fixed distribution ratio to PGEN
6BP Binary decision variable for ABLC
Heat Streams 0PP Binary decision variable for PPLC
QT Waste heat stream, [MW]| 6OR  Binary decision variable for ORLC
QP Heat distributed to PGEN,, [MW] 5P Binai1ry Fl'ecision variable for PGEN
availability
Qff  Minimum heat distributed to ACHX, [MW]  Subscripts
Q4 Heat distributed to ACHX, [MW] h Hot fluid
QBP  Heat distributed to Bypass, [MW] w Wall of heat exchanger
Limits/Setpoints out  Outlet
QA Heat Adjustment Limit for ACHX, [MW] c Cold fluid
TY  Upper temperature for envelope, [°C] in Inlet
Tr Setpoint temperature, [°C] max Maximum
Ly Lower operational limit of PGEN min  Minimum

res Residual
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