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ARTICLE INFO ABSTRACT

Keywords: Gas turbines are the main means for generating power in offshore installations. To increase energy efficiency,
Combined cycle and thus reduce CO, emissions, a steam bottoming cycle can be added to produce additional power by
Once-through steam-generator recovering surplus heat from the gas turbine exhaust. Due to space constraints, this solution is not widespread
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Decentralized control
Nonlinear feedforward
Efficiency

CO, intensity

for offshore power generation. To enable deployment, the system must be compact and be able to provide
varying power demands. In this paper, we analyze the operation and control problem for such compact
combined cycles, consisting of two gas turbines and one steam bottoming cycle. We analyze the steady-state
performance of the combined cycle with respect to efficiency and CO, emissions for two control strategies
for coordinating the power setpoint of the two gas turbines. Equal load allocation of the gas turbines showed
a higher thermal efficiency and lower emissions compared to keeping one gas turbine close to nominal and
letting the second one handle load variations. The main controlled variables for the steam bottoming cycle
are the superheated steam pressure and temperature. We implement decentralized control strategies based
on standard PID-controllers and nonlinear feedforward. Due to reduced throttle losses, sliding pressure shows
higher efficiency and lower CO, emissions compared to keeping a constant steam pressure, which conversely
provides a better temperature dynamic response and may be necessary with highly varying power demand.

1. Introduction In most offshore installations, gas turbines operate in an open cycle
configuration, i.e., simple gas turbines, with a design thermal (LHV)
Gas turbines are the main source for generating electric and me- efficiency of ~35%-40% [3,4]. Thermal efficiencies are highest at full-
chanical power, as well as heat, in offshore oil and gas installations. load and are reduced at part-load operation. Despite this, most offshore
Offshore gas turbines use readily available natural gas as fuel, and they units operate part-load in a load-share scheme to assure reliability and
are the largest greenhouse gas (GHG) emission source for offshore oil stability in the island power system [5].
and gas activities. For example, in 2020 gas turbines had a share of If there is heat demand in the topside operations, e.g., for oil and
85% of the CO, o, emissions on the Norwegian Continental Shelf (NCS), gas separation, the heat in the gas turbine exhaust gas is recovered
where there is a long history of measures to reduce emissions from using a waste heat recovery unit (WHRU). The potential to make use of

offshore activities, to some extent due to a carbon tax, which is levied
on all combustion of gas, oil and diesel in petroleum operations on
the NCS and on releases of CO, and natural gas. Despite recent efforts
to further reduce the emissions from gas turbines, such as supplying
power with low CO, footprint from shore or from floating offshore wind
farms, in 2022 gas turbines still accounted for 80.73% of the CO, .,
emissions in the NCS [1]. This is in part because gas turbines offer
several operational and design advantages compared to other potential
power generation technologies. Among others, high power to weight
ratio and the capability of changing the load fast to balance supply and
demand of electric power, which is a requirement in offshore power
generation systems, as they are typically not connected to a grid and
operate in island mode [2].

this heat strongly depends on the process heat demand of the specific
site [2,3,6]. The heat in the gas turbine exhaust gas can also be used to
produce steam in a heat recovery steam generator (HRSG). This steam
can drive a steam turbine, producing additional electricity in a steam
bottoming cycle. The bottoming cycle increases the thermal efficiency
with respect to an open cycle, with a combined cycle (CCGT) efficiency
of ~45-50% [2-4,7]. Moreover, the bottoming cycle dampens the de-
crease in efficiency for part-load operation [8,9]. With an increased
efficiency, the consumption of fuel gas and the emissions of CO, and
NO, are decreased by ~25% with combined cycles [2-4]. Additional
total emission reductions can be achieved if the number of gas turbines
operating in an installation is reduced. This can be the case if the power
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Nomenclature

Abbreviations

1D One dimensional

C; Operational constraint i

COy g CO, equivalent, kg or t

COy i CO, intensity, kgMJ~!

COy 1ot CO, total, kg or t

CCGT Combined cycle gas turbine

Ccv Controlled variable

DAE Differential-algebraic equation

DV Disturbance variable

FMI Functional mock-up interface

FPSO Floating production storage and offloading
GHG Greenhouse gas

GT Gas turbine

HRSG Heat recovery steam generator

IAE Integral absolute error

LHV Lower heating value

MPC Model predictive control

MV Manipulated variable

NASA National Aeronautics and Space Administration
NCS Norwegian Continental Shelf

OTSG Once-through steam generator

PID Proportional-integral-derivative (controller)
PI Proportional-integral (controller)

SIMC Simplified internal model control (PID tuning rules)
SISO Single-input single-output (controller)

ST Steam turbine

VGV Variable guide vane

WHRU Waste heat recovery unit

Symbols

n Efficiency, %

Density, kgm™3

Closed loop time constant, s
Integral time constant, s

Valve opening, %

Specific heat capacity, kJkg™' K~!
Disturbance

Specific enthalpy, kJkg™!
Controller gain

Flowrate, kgs~!

Pressure, bar

Temperature, °C or K

Input

Transformed input

Power, MW,

Additional measured or estimated states
Output (vector)

Transformed output

N‘<S§c=~]’w3ﬁ>§m&‘p%;ﬁ;\‘b

produced by one gas turbine is instead provided by (i) a steam turbine
in a bottoming cycle, and (ii) by increasing the load, and efficiency, of
the remaining gas turbines [6,10-12].

Despite large combined cycles are standard for onshore power
generation, it is important to highlight that the installation of compact
combined cycles offshore is not a widespread practice [3] and there are
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few examples of installed cycles. In the NCS there are bottoming cycles
installed and in operation in Oseberg (since 1999) [4,13], Eldfisk in the
Ekofisk area (since 1999) [4,13,14], and Snorre B (since 2000) [4,13].
More recently, a combined cycle power plant was installed in the Ap-
pomattox production platform in the Gulf of Mexico [15]. The floating
production storage and offloading (FPSO) vessel for the Bacalhau field
offshore Brazil will use a combined cycle heat and power cogeneration
system [16]. These recent installations are driven by the need to reduce
emissions from offshore operations [3,17]. However, with a limited
deployment, challenges and optimization opportunities still remain
with respect to design and efficient operation of compact combined
cycles offshore [10-13,18].

The most important aspects limiting a widespread deployment of
steam bottoming cycles in offshore installations are weight and space
availability, especially for retrofitting cases. A strategy to minimize
weight and volume is to install one-pressure-level bottoming cycles,
with compact once-through stream generators (OTSG) with small tube
diameter as HRSG [11,12,19,20]. Some aspects of control of onshore
combined cycles may be translated to offshore cycles. However, com-
pact combined cycles require dedicated analysis because the dynamic
response and operation of the compact bottoming cycle is largely deter-
mined by the response of the compact OTSG, a single heat exchanger
for all three phase regimes. To the authors’ knowledge, there are few
studies focused on control of compact offshore combined cycles with
steam bottoming cycles. Nord and Bolland [21] studied the off-design
performance of different configurations of offshore combined cycles
and the effect of steam pressure. More recently, Montafés et al. [10]
analyzed the dynamic response of compact OTSGs, while Nord and
Montaiiés [13] and Zoticé et al. [22] compared control alternatives for
compact bottoming cycles. Feedback control alone is sometimes not
sufficient to achieve satisfactory disturbance rejection with changing
power demand and feedforward control is required [10,13,22]. More-
over, the OTSG behaves nonlinearly. Zotica et al. [22] proposed a
systematic approach using nonlinear input and output transformations
for feedforward disturbance rejection for compact steam bottoming
cycles.

This paper is built from and expands the scope of previous work [10,
13,22], where the focus was on controlling the superheated steam
temperature and comparing two operation modes for pressure control,
i.e. constant and sliding pressure, and different control approaches.
Before, the gas turbine exhaust had been considered as a boundary
condition for the bottoming cycle, and the energy in the gas turbine
exhaust was the main disturbance to the bottoming cycle. Here, we ex-
tend the system to include the gas turbines and analyze the control and
operation of the compact combined cycle, still considering a compact
steam bottoming cycle optimally designed with respect to weight while
satisfying thermodynamic and process constraints, using the approach
described by Skaugen et al. [20] and Montaiiés et al. [10].

This contribution examines the performance, operation, and control
problem for an optimally designed compact combined cycle for offshore
operation producing power only. This contribution is twofold and it
concerns i) the effect of gas turbines’ load allocation on the steady-
state performance of the compact combined cycle, and (ii) a dynamic
performance analysis of the combined cycle to large and sudden power
demand changes.

The remaining of the paper is structured as follows. Section 2
describes the combined cycle process and model. Section 3 presents
the operation problem of the combined cycle, and describes the control
structures for gas turbines’ load allocation and for steam temperature
and pressure control which are then applied in a numerical case study
in Section 4. Finally, Section 5 concludes the paper by pinpointing the
contributions and potential impact of the work.
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Fig. 1. Simplified process flowsheet of a compact combined cycle with a steam bottoming cycle recovering heat from two gas turbines to produce superheated steam in two
once-though steam generators (OTSG), which is then expanded in a condensing steam turbine to produce power.

2. Offshore combined cycle: process and model description
2.1. Process description

Fig. 1 shows a simplified process flowsheet of the system considered
in this work. This is a “standard” configuration in offshore installations,
with two gas turbines and one steam turbine. For each of the gas
tubines, there is an OTSG producing superheated steam that is fed to a
common steam turbine [10,12,23,24].

Natural gas is burned with compressed air in a predefined ratio
producing high-pressure and high-temperature gases which are then ex-
panded. The exhaust heat from each gas turbine is recovered in a com-
pact OTSG by generating superheated steam. High-pressure feedwater
enters each OTSG, where it is heated, evaporated, and superheated
in a single heat exchanger with small tube diameter, significantly
reducing the size of the system compared with typical onshore steam
cycles [19,24]. The superheated steam from both OTSGs is mixed and
fed to a common steam turbine, where the steam is expanded driving a
generator to produce electricity. The low-pressure steam is condensed
using seawater as utility. The condensed and slightly subcooled feed-
water is split between two variable speed pumps that boost the pressure
and return the feedwater to the compact OTSGs. In this work, we do
not consider an exhaust gas bypass stack to further reduce the system’s
weight and volume footprint.

2.1.1. Design characteristics of the analyzed process

Table 1 shows the main characteristics of the gas turbines at the
design point [25], while Table 2 summarizes the nominal operating
conditions for the steam cycle [22], which is designed for the case when
both gas turbines operate at their design point, i.e., 90% load. With
this, at the nominal point the combined cycle power plant will provide
a total power output of ca. 92 MW, i.e., ca. 36 MW, from each gas
turbine and 20 MW, from the steam turbine.

Table 1
Design point characteristics of the Siemens SGT-750 gas turbines considered in this
work [25,26]. The ambient ISO conditions are 15 °C, 1 bar and 60% relative humidity.

Variable Unit Value

Power output MW, 39.8 (35.8 @ 90% load)
Fuel Natural gas
Frequency Hz 50/60
Gross efficiency % 40.3
Heat rate KIkW™'h 8.922
Turbine shaft speed rpm 6100
Pressure ratio - 24.3:1
Exhaust mass flow kgs™! 115.4 (112.6 @ 90% load)
Exhaust temperature °C 468 (443.3 @ 90% load)
NO, emissions ppmv <9

Table 2

Nominal operating conditions for the compact steam bottoming cycle [22].
Variable Unit Value
Steam turbine power output MW, 20
Superheated steam pressure bar 23
Superheated steam temperature °C 353
Exhaust gas inlet temperature °C 443
Exhaust gas outlet temperature °C 169
Cooling water temperature °C 12
Feedwater inlet temperature °C 27
Feedwater mass flowrate kgs™! 21.9
Exhaust gas mass flowrate kgs™! 225.5
Turbine valve opening % 90

There are several aspects of operational flexibility from a power
plant operation perspective. In the long term, power plants offshore
need to operate flexibly to cover a wide range of total combined cycle
power output demand. The operating window is normally defined as
a range between maximum power load, and minimum compliant load.
The SGT-750 turbine manufacturer guarantees low emissions down to
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Fig. 2. Simulation tools and methods used for the dynamic model of the compact combined cycle.

20% gas turbine load (ca. 8 MW,,) for this turbine in single cycle mode.
When a power plant needs to operate on a wide range of loads over
the course of weeks or lifetime, the steady-state operational efficiency
at different loads becomes crucial to save fuel and reduce specific
CO, emissions. This is simulated and analyzed in Section 4.1. Specific
emissions normally increase at part load in thermal power plants, and
drastically in aeroderivative gas turbines. In the shorter time scale
perspective, the power plant should be able to change load on demand,
as well as provide reserve capacity to accommodate variability in power
demand, both for planned and unplanned load setpoint changes. These
simulations are presented and studied in Section 4.2.

2.2. Dynamic model of the combined cycle

We implement the dynamic model of the combined cycle in the
Modelica language and Dymola simulation environment [27], using
component models from the Thermal Power Library [28] as basis
for process model development. The main subsystems models of the
combined cycle system are the gas turbines, the OTSGs, steam turbine
and generator, feedwater pumps, condenser and valves, as shown in
Fig. 1. We parameterize and initialize the models based on the equip-
ment geometry, material, and thermodynamic states from the process
design optimization. In addition, we implement both a regulatory and
supervisory control, using continuous, discrete, logical, functions and
table blocks. Fig. 2 provides an overview of the tools and methods used
for developing the dynamic model used in this contribution.

2.2.1. Gas turbine model

The gas turbines are SGT-750 twin-shaft gas turbines with the de-
sign characteristics in Table 1. A proprietary validated dynamic model
developed in Modelica was provided by the turbine developer, Siemens
Energy, through the LowEmission Research Centre [29]. The model
includes the core engine, the generator, the control system, and follows
the principles presented by Raddum [25]. The model, as received from
the turbine provider, is a functional mock-up interface (FMI), which is,
in essence, a validated dynamic black-box model.

Due to the time-scale separation between the gas turbine and the
bottoming cycle dynamics, the dynamic response of the gas turbine is
approximated with a surrogate quasi-static model. The power response
is instantaneous, while the exhaust gas temperature, flowrate and
composition have a first-order response with a time-constant of 5s. The
gas turbine model implementation in this work is a look-up table, and
the outputs capture the steady-state off-design part-load performance
of the gas turbine in a range of 5% load to 100% load, including fuel
requirements and therefore, emissions.

2.2.2. Steam bottoming cycle model

To model the fluid thermodynamic properties, we assume non-
ideal behavior for water and steam, modeled using the IF97 stan-
dard [30], and ideal gas behavior for the exhaust gas, modeled using
the NASA Glenn representation, with a 6 order polynomial for indi-
vidual species [31]. The detailed dynamic model of the compact OTSG
and the design optimization method and its validation are described in
detail in previous work by Montaiiés et al. [10]. The model is based on
a one-dimensional (1D) approach for dynamic modeling and simulation
of heat recovery steam generators as suggested by Dechamps [32].

For the steam turbine expansion we model the turbine section, not
the individual stages. The model includes mechanical shaft efficiency,
flow characteristics and constant isentropic efficiency with an efficiency
degradation due to the steam turbine outlet vapor containing water
droplets. Stodola’s law of cones is used for the flow characteristics [33],
based on nominal design point values for the coefficient. The model
equations are the ones presented by Jonshagen and Genrup [34]. We
disregard shaft inertia and it is a static model with no energy or mass
storage.

The condenser model is a cylindrical condenser, assuming thermo-
dynamic vapor-liquid equilibrium. Cooling water and steam/
condensate are separated by a dynamic wall model. It is a 1-dimension
model of a metal wall where the heat capacity is lumped at the center
of the wall. The properties that mostly affect the transient are density
— a higher value of the density increases the heat capacity and thereby
the wall dynamics time constant — and thermal conductivity — a higher
value of the thermal conductivity decreases the thermal resistance and
thereby the wall dynamics time constant. The heat transfer equation
on the steam side is a correlation for condensation over tube bundles
suitable for system studies, while on the cooling media side it is a corre-
lation that uses the logarithmic average of the cooling inlet and cooling
outlet temperature as the driving force temperature. The condenser
hotwell serves as a water reservoir for the bottoming cycle. During
normal full load operation with nominal hotwell levels, the main
condenser provides minutes of active condensate storage volume [35].
Based on this, we assume a residence time in the condenser hotwell of
S5 min.

The inputs, outputs and operational constraints of the model which
are relevant for process control are described in Section 3.

2.2.3. Model validity
The dynamic model of the SGT-750 gas turbine was provided by the
gas turbine vendor and is verified with proprietary data, as described
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by Raddum [25]. The surrogate quasi-static model of the gas turbine
developed in this work simulates the same steady-state part load per-
formance as the gas turbine dynamic model for the operating window
of interest.

The steam bottoming cycle design used in this work represents a
compact system that has not been put in operation and for which there
is no operational data available for direct comparison or validation. In
this work, we parameterize the dynamic process models with process
and equipment geometry data from a reference cycle designed by
means of an in-house tool for process design optimization of offshore
compact bottoming cycles. We use data from the design tool to calibrate
the dynamic model and verify the model performance. The underlying
design models and the optimization routines are described by Montafiés
et al. [10],Montanés et al. [11],Mazzetti et al. [12]. The underlying
OTSG design model is most thoroughly presented in [10] (refer to sup-
plementary material of [10]), where it was validated against industrial
boiler data from Dumont and Heyen [36]. The rest of the dynamic
component models of the combined cycle build from a Modelon AB
[28] component library, thoroughly validated in the literature with
steady-state and dynamic data [13,37-39].

In addition, the underlying dynamic process models of the steam
bottoming cycle were previously validated by Nord and Montafiés [13]
using as reference an existing offshore combined cycle and with data
from the installations at the Oseberg Field Center with OTSGs installed
in 2011-2012. The results from Nord and Montafiés [13] show the
capabilities of the dynamic process model to capture the steady-state
performance of the process at close to the design point, and for several
steady-state off-design gas turbine loads describing the whole operating
window of the process (100% down to 20% gas turbine load). The off-
design steady-state validation work consisted of software-to-software
validation against the commercial software Thermoflow.

Based on the model implementation and verification in this work
the dynamic models are suitable for simulation studies at the plant
scale, including dynamic process simulations to analyze the plant tran-
sient behavior, and for control tuning and advanced control layer
design, including control structure studies. It should be noted that
unknown dynamics and plant-model mismatch (i.e., the difference of
dynamics between the model built for the design and that of the current
plant [40]) as well as unmeasured disturbances can be dealt with
effectively using a well-tuned PI feedback controller [41,42]. Here, we
use the SIMC tuning rules, which assure robustness [43,44]. Therefore,
the insights of this work regarding system behavior would still be valid
for systems with the same topology, even if they are not the same
system analyzed in Section 4.

3. Operation and control of the combined cycle

In this work, we decompose the control problem of the combined
cycle into its two main components or subsystems, that is, the gas
turbines and steam bottoming cycle.

3.1. Operational objective of the combined cycle

The control objective of the gas turbines is to produce the required
load. This can either be mechanical power (for example if the gas
turbine directly drives a compressor or pump), or electrical power
at the desired frequency and voltage. Here, the focus is on power
production and frequency stabilization. In other words, the load control
should reduce the variation in shaft speed over the full range of shaft
power.

The control objective of the steam bottoming cycle is to process a
given amount of exhaust gas from the gas turbines while satisfying the
operational constraints. The steam bottoming cycle has no steady-state
degrees of freedom available that can be used to increase its power
produced with a given steam temperature and pressure. Therefore,
while increasing overall power production and efficiency, it acts as
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a load disturbance to the gas turbines, which may be handled with
feedforward control, as discussed in Section 3.4.

The operational objective of the combined cycle is to provide the
required energy. This translates to power and, in some cases, heat using
steam extraction. In this work we consider a cycle generating power
only. Here, the total power output is the sum of the power produce by
the two gas turbines and the steam turbine. This is further analyzed in
Section 3.4.1.

3.2. Controlled variables, available manipulated variables, and main dis-
turbances

The gas turbine control system is responsible for maintaining de-
sired operation of the gas turbine through manipulating fuel and air
flow [25]. The control system needs to measure and adjust tempera-
tures and speed in order to deliver the required power but also reduce
the wear of specific equipment parts. The control system of a gas
turbine consists of several sensors, controllers and actuators in order to
achieve optimal operation. The main sensor inputs are temperatures,
pressures throughout different locations of the gas turbine and turbine
shaft rotational speed [25]. The signals are compared to reference
signals (setpoints) and the result is fed through a low signal selector
and the actuators (MVs) controlling fuel valves and variable guide
vanes (VGV). As we are using a validated proprietary model, we do
not modify the internal controls of the gas turbine, and we use the
gas turbine load setpoint as manipulated variable. Therefore, the gas
turbine model has only one input, and therefore degree of freedom for
operation, which is the load setpoint, uS".

The outputs of the gas turbine model are:

»§" : fuel mass flow rate [kg s

ygT : exhaust gas mass flowrate [kgs™!]

ygT : exhaust gas temperature [°C]

yg" : exhaust gas mass concentrations of CO,, H,0, N, and O,

ygT : power output [MW]

Table 3 identifies the manipulated variables (MV), controlled vari-
ables (CV) and main disturbances (DV) used in this work for the
combined cycle. Note that from a system perspective, the gas turbine
exhaust flowrate and temperature (DV2 and DV3) are not external
disturbances because they are dependent on the fuel usage, and thus are
internal states (variables) which affect the steam bottoming cycle. Also
note that to maximize the produced power, the steam turbine bypass
(MV4) is optimally closed and only used transiently to avoid too high
pressure (C3 in Section 3.3), while the cooling water flowrate (MV5)
is optimally completely open (C5 in Section 3.3). In this work, we
consider constant ambient air conditions. In practice, air temperature,
air pressure, or air humidity could be considered as disturbances that
affect gas turbine performance.

3.3. Operational constraints (steady-state)

The operational constraints (C;) for the steam bottoming cycle
are systematically identified following a plantwide control approach
described by Zotica et al. [45]. The identified CVs are a subset of the
operational constraints of a drum-based heat-to-power cycle identified
in [45].

C1. T;““‘ < T, < T™: keep the superheated steam temperature, CV2
= T,, at a given value to maximize the power extracted in the
turbine, but within minimum and maximum allowed limits to
prevent larger thermal gradients and stresses on the mechanical
components or trigger steam turbine trips.

C2. pMin < p: keep the superheated steam pressure, CV3 = p,, above
minimum allowed limit to avoid steam turbine trip.
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Table 3
Manipulated variables (MV), controlled variables (CV) and main disturbances (DV) for the combined cycle.
Subsystem MV Ccv DV
Gas turbine (model) MV1=Power setpoint (u‘f’T =Wi) CV1=Total power (W) DV1=Power demand
MV2 = Feedwater flowrate (m,,) CV2 = steam temperature (7}) DV2 = gas turbine exhaust flowrate (m,)
Steam cycle MV3 = steam turbine valve opening (z;) CV3 = steam pressure (p,) DV3 = gas turbine exhaust temperature (7,)
4 MV4 = Turbine bypass opening (z;,) CV4 = condenser pressure (p,) DV4 = cooling water temperature (7,,)

MV5 = Cooling water flowrate (m,,,)

below maximum limit to avoid high mechanical stresses on the
mechanical components.

C4. p?ﬂ“ < p.: keep condenser pressure, CV4 = p., above minimum
limit to avoid liquid droplets at the steam turbine outlet .

C5. F,, = F"™™: keep the cooling water flowrate, MV5 = F,,, at
maximum to maximize the pressure ratio over the steam turbine
and maximize produced power.

C6. n=50 (60) Hz: keep the turbine speed at the setpoint. This is
taken care of by the safety control layer, and it is therefore not
included further in the supervisory or regulatory control system
design in this work.

C3. p, < p"*: keep the superheated steam pressure, CV3 = p,

Furthermore, there are operational constraints on the gas turbine
side, e.g., speed and inlet gas temperature. However, these are already
handled by a lower control layer present in the gas turbine model
supplied by Siemens and implicitly in the surrogate quasi-static model
used in this work.

3.4. Analyzed control structures

We first describe the proposed control structures for load alloca-
tion and then summarize the control structures used for the steam
bottoming cycle, which are described in detail by Zotica et al. [22].

3.4.1. Control structures for gas turbine load allocation

From a control point of view, the combined cycle is a system with
one output, which is the total power (y = W'"). The total power is the
sum of the load of the two gas turbines (inputs u; = ugy and u, = ugr,)
and the power produced by the steam turbine (w = WST). The power
produced by the steam turbine is not an independent degree of freedom,
at least not at steady-state and with constant temperature and pressure
setpoints.

With two degrees of freedom, u; and u,, the system in Eq. (1) is
under-determined and we need to decide a-priori how to allocate the
load between the two gas turbines.

y=u tu+w (@D)]

In this work, we propose two control strategies for gas turbine load
allocation:

1. Feedforward control, developed in the framework of the input
transformation method [18] (Fig. 3(a)).

2. Feedback control, using one I-controller and one P-controller
(Fig. 3(b)).

Feedforward, shown in Fig. 3(a). allocates the load equally between
the two gas turbines because for this system, the two gas turbines are
identical, see Eq. (2). For a general system, the load can be allocated
proportionally to their rated (design) power output. Solving Eq. (1) for
equal inputs u; = u, with given measured steam turbine output w and
total power output y yields

_y-w

u1=u2—T 2)

There is a potential issue of internal instability when using a mea-
surement dependent on the input u if the system has zero-dynamic
(corresponding to right-half plane zeros or inverse response in the

linear case). However, this is not the case in this system, where the
response corresponds to an overshoot (left-half plane zeros in the
linear case). Industrial control solutions often make use of nonlinear
calculation blocks derived from steady-state model and applied to
dynamic problems [46-48]. Guzman and Héagglund [48], Hast and
Hagglund [49] and Skogestad [46] give insights for alternatives for
implementation of feedforward controllers under different scenarios.
Here, we have a model and no risk of saturation, and feedforward as
in Eq. (2) and Fig. 3(a) is sufficient.

Feedback, shown in Fig. 3(b). does not allocate the load equally between
the two gas turbines. Both gas turbines participate dynamically to
changes in load and allocation depends on the (dynamic) error between
the total load, W', and the load setpoint, W*. At steady-state, the
P-controller drives the corresponding gas turbine towards its nominal
load, while the I-controller drives the second gas turbine to a new load.
Also note that by using a P-controller with a desired setpoint for one
gas turbine, Eq. (1) becomes determined. The integral action of the
I-controller assures that there is no steady-state error and the overall
energy balance in Eq. (1) is closed.

In summary, option 1 drives both gas turbines to the same load and
efficiency, while option 2 keeps one gas turbine close to its nominal
load, thus at maximum efficiency, and the second gas turbine produces
lower power, thus is at a lower efficiency. It is not straightforward
to determine which option is best with respect to overall efficiency
and load variations. In this paper we analyze the steady state effect
of implementing these simple strategies. An alternative would be to
implement a more sophisticated optimization algorithm that takes into
account the turbine efficiency at different loads.

3.4.2. Control structures for the steam bottoming cycle

To control steam temperature and pressure, we use the decentral-
ized control strategies based on standard PID-controllers and nonlinear
feedforward described by Zotici et al. [22]. The main control loops for
the steam bottoming cycle are shown in Fig. 4.

We analyze two operational strategies for the superheated steam
pressure, CV3 = p_:

1. it can be left sliding, i.e., varying with the heat input, thus
minimizing throttle losses [22,45], or

2. keep it at a constant setpoint, p{, using the turbine valve, MV3
= zp.

For constant pressure, we use a pure I-controller, because the pres-
sure dynamics have a very small time constant (z — 0). Using the SIMC
tuning rules [43] and selecting a closed loop time constant 7, = 5 s,
gives an integral gain K; = —0.08.

To control the steam temperature, T, we use the feedwater flowrate,
m,,. In all cases, we implement feedback control and a type of model-
based nonlinear feedforward control, which uses input and output
transformations [18,50,51]. This implementation is shown in Fig. 5,
which corresponds to the input transformation block in Fig. 4. The
advantage of this approach is that it transforms a nonlinear system,
i.e., the OTSG, into a linear system (from v to y = T;) that is decoupled
and that also has feedforward disturbance rejection because it considers
the disturbances, d, to the OTSG, i.e., inlet exhaust gas temperature, Tgf s
and mass flowrate, m,.



R.M. Montafiés et al.

Energy 290 (2024) 130315

U .
1/2 GTl y — Wtot
———
Process
w = W*sT
U
1/2 GT2

Combined cycle

(a) Feedforward control: Equal load allocation between the two gas turbines.

controller

P ®

controller

UGT1

u%n =90%

UGT?2

)
y — Wtut
Process
w = WS*T
>
-
Combined cycle
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controller participates dynamically, but at steady-state operates at nominal

setpoint (u%p, = 90%). GT1 manipulated by an I-controller operates at a

different load at steady-state after a load change.

Fig. 3. Block diagrams for two options for allocating the load (ug;) between the two gas turbines: equal (a) and (b) not equal at steady-state. The Process block represents the

combined cycle in Fig. 4.

In Fig. 5, the states are the water specific enthalpy and exhaust gas
outlet temperature, w = [H,, T;], and we assume that they can be
measured or estimated. The steam enthalpy is a transformed output, z =
H,, and it can be estimated from measured pressure and temperature.
The setpoint for H, is computed similarly. Note that we use the pressure
setpoint, p}, for constant pressure operation and the measured pressure
for floating pressure.

Zotica et al. [22] derived the inverted energy balance on Fig. 5 from

the steady-state energy balance for the OTSG:
mgcpg(T£ -T) =m, (H,~H,) 3)

The right hand side of Eq. (3) represents the phase change on the
water/steam side of the OTSG and the left-hand side assumes constant
specific heat for the gas, Cp, -

The inverted energy balance in Fig. 5 is given by:

m,c, (T —T°)
m, = _Sh g & )
vy—H,
— —
foi ww.d)

We use an inner loop flow controller that manipulates the feedwater
pump speed to keep the flow at its setpoint. This is a pure I-controller
with a integral gain K; = 11.11, tuned with a closed loop time constant
7, =5 s, and is not shown in Figs. 4 and 5. To allow for the time scale
separation, for the outer (slow) controller, C,, depicted in Fig. 5, we use
a closed-loop time constant z, = 60 s. Using the SIMC tuning rules [43]
the Pl-controller has a gain K- = 5.7 and an integral time constant
7, =280s.

It should be noted that for both OTSGs, the temperature setpoint,
T? is the same at all loads and equal to the design value in Ta-
ble 2. However, each of the OTSGs has an individual feedwater pump
and transformation block (Fig. 5) for controlling the (outlet) steam
temperature of the corresponding OTSG.

4. Simulation results and discussion

As previously described in Fig. 2, we first analyze the steady-state
effect of load allocation and then we analyze the transient behavior
with load setpoint changes.

4.1. Effect of gas turbines load allocation on steady-state performance

We compare the steady-state performance for the two control struc-
tures for allocating the load between the two gas turbines. These are
equal load allocation using feedforward (Fig. 3(a)) and not equal load
allocation using one pure I-controller for GT1 and one P-controller with
a setpoint at 90% for GT2 (Fig. 3(b)). In addition, the superheated
steam in the bottoming cycle can be controlled for either constant or
sliding pressure.

To assess the steady-state performance of the two control structures
for gas turbine load allocation for constant superheated steam and slid-
ing pressure operation modes, we compare the steady-state efficiency
(Fig. 6(a)) and CO, specific intensity at different loads (Fig. 6(b)).
The results in (Fig. 6(a)) show and confirm that the combined cy-
cle efficiency drops at part load, regardless of the control structure
implemented.

For both load allocation schemes, sliding pressure for live steam
control leads to higher combined cycle efficiency. This can be observed
in the whole operational window of the combined cycle, but is more
evident at lower loads (combined cycle loads between 56 MW to ca.
75 MW).

Here, running one of the gas turbines at low load using a pure
I-controller and the second one at 90,% load using a P-controller
(not equal load, Fig. 3(b)), gives a lower combined cycle efficiency
compared to operating both gas turbines at equal load. In this case
study, at lower loads (combined cycle loads between 56 MW to ca.
75 MW), the combined cycle efficiency reduction with respect to the
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Fig. 4. Process flowsheet of the combined cycle (Process block in Fig. 3) showing the main control loops for the steam bottoming cycle. The input transformation block is shown
in Fig. 5.
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Fig. 5. Implementation of transformed inputs and outputs for steam temperature control.
efficiency at 90% load is significantly larger when the loads are not constant and sliding superheated steam pressure. The results show that
equal. the gas turbines combined provide ca. 80% of the total combined cycle
Fuel use and CO, specific intensity are related to the combined power. There is also a small increase in the share of the load from the

cycle efficiency, and lower specific emissions are achieved when se-
lecting control structures that lead to higher efficiency. The results in
(Fig. 6(b)) are in agreement with Fig. 6(a) and show that CO, specific
intensity increases at lower loads. Accordingly, sliding pressure results
in lower CO, specific intensity, both for equal load and non-equal load

steam turbine at lower combined cycle loads.

Figs. 7(a) and 7(c) show that if the pressure is left uncontrolled
(sliding pressure), the contribution of the steam turbine is larger, the
reason being a reduction in throttling losses over the steam turbine.

allocation of gas turbines load setpoint. Moreover, the sharper combined cycle efficiency reduction at lower
Fig. 7 illustrates the load allocation between the two gas turbines loads for not equal load distribution observed in Fig. 6(a), can be
and the steam turbine for the operation strategy for both equal load explained by observing the sharp load reduction of GT1 in Figs. 7(c)

(Fig. 3(a)) and not equal load allocation (Fig. 3(b)) and for both and 7(d) and the fact that the largest change in gas turbine efficiency
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Fig. 7. Steady-state load allocation for the two gas turbines and steam turbine at different loads of the combined cycle for the four different control structures: equal gas turbine
load in Fig. 3(a) and not equal gas turbine load in Fig. 3(b), with constant and sliding steam pressure.

is at low loads, while at higher loads, the change in efficiency flattens
out.

To better understand the physics of the OTSG for operating under
the two control structures for load allocation, in Fig. 8 we show the
distribution of the water/steam phases (i.e. liquid, two-phase, and
superheated steam) for the two OTSGs. The distribution is expressed as
the estimated accumulated percentage of OTSG tube length having the
specified phase. For all operation modes and loads, at steady-state all
three phases are present and the outlet fluid is superheated steam, thus
not imposing additional limitations on the steam turbine operation. The
superheated region is the one with smaller total size, less than 20%
in all control modes and loads. The results in Fig. 8 suggest that the
superheated region size increases at part load, which is on the safe side
to avoid droplet carry over to the inlet of the steam turbine.

Finally, Fig. 9 compares the steady-state steam sliding pressure val-
ues at different loads of the gas turbines for the two control structures
for allocating the load. Except for the nominal operating point at 92
MW power output, the pressure is lower for equal load allocation. This
reduces the throttling losses in the valve before the steam turbine,
which increases the efficiency of the combined cycle.

It should be noted that, as described in Section 3.4.2, in all cases, the
feedwater flowrate to each of the OTSGs is controlled to maintain the
superheated steam temperature at the design value. For the constant
pressure cases, the superheated steam pressure is also unchanged for
all load demands. A possibility to improve the system performance
could be to implement an upper supervisory control layer providing
optimal setpoints, i.e., advanced control structures with self-optimizing
controlled variables [52-54] or MPC, such as the one proposed by Qiu
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Fig. 8. Steady-state distribution of phase regimes in the two OTSGs at different loads of the combined cycle for the four different control structures: equal gas turbine load in
Fig. 3(a) and not equal gas turbine load in Fig. 3(b). Liquid water in blue, two-phase in yellow, and superheated steam (vapor) in red. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

et al. [55] for offshore combined cycles. This is however out of the
scope of this contribution.

4.2. Dynamic responses to load setpoint changes

Here we analyze transient scenarios for load change in total com-
bined cycle load. When considering load change scenarios, there are
always trade-offs, such as the one between input usage and fast load
setpoint tracking. Reducing load fast might save fuel (as you reach a
lower steady-state operational point faster), while in principle the oppo-
site applies when ramping up. Also, in future offshore energy systems,
e.g. including wind turbine parks, it might be relevant to enable fast
load changes to balance the non-dispatchable power generation profiles
of renewables [55], but this would also be at the expense of a higher
input usage of the gas turbines.

In this work, we compare the dynamic response of sliding and
constant steam pressure operation. For both cases, we consider equal
load allocation of the gas turbines (Fig. 3(a)), which showed a higher
combined cycle thermal efficiency in Section 4.1.

Under normal operation, thermal power plant operators commonly
vary load implementing a ramp setpoint change for the total combined
cycle power output. Operational eventualities, such as a trip in direct
drive electrical motors, might lead to a sudden and automatic change
in combined cycle load setpoint, which is represented as a step change
in the combined cycle load setpoint. To analyze both scenarios, we
simulate step changes and 5 MW /min ramp changes in the combined
cycle load setpoint, both for load reduction and load increase. We
consider two main magnitudes for load change, both for step and ramp
setpoint changes on combined cycle power output setpoint:

1. A change from the nominal 92 MW, to 77 MW, (i.e. 15 MW)).
This represents an unplanned trip of large direct drive electrical
motors.

10

=@— Equal load

Not equal load

221

= [N} [N}
e S —

Pressure [bar]

—_
oo

174

16+ : .
60 70
Load [MW]

80 90

Fig. 9. Steady-state steam pressure for different combined cycle load with sliding
pressure control implementation.

2. A change from the nominal 92 MW, to 46 MW, (i.e. 46 MW,,)).
We do this to explore the transient response of the system to

larger load changes to the offshore energy system.
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Fig. 11. Fuel and power responses to step changes in the load from 92MW to 77 MW at time 50 min, back to 92MW at time 100 min, to 46 MW at time 150 min and finally back

to 92MW at time 200 min.

4.2.1. Dynamic response to step changes in load setpoint

Fig. 10 shows the combined cycle total power output setpoint
and response to step changes, while Fig. 11 shows the dynamic fuel
response for the two gas turbines, and the power output for the three
turbines respectively. The results in Fig. 10 show a perfect power output
response dynamically because we use feedforward to allocate the load
with perfect plant model knowledge (see Section 3.4.1). Moreover,
there are negligible dynamics from the fuel input to the gas turbine
power output, and the response becomes a pure static response, as
shown in Fig. 11.

Fig. 12 shows the dynamic response for the feedwater flow rate and
superheated steam temperature for both OTSGs. As mentioned earlier,
each OTSG has an independent feedwater control, but both have the
same temperature setpoint. Fig. 13 shows the dynamic response for
the steam valve and pressure for both constant and sliding pressure
operation modes. For sliding pressure (green line), the steam valve is
kept open at 90% to reduce throttling loses. For constant pressure, the
steam valve reaches saturation at about 100 min and 200 min, and we
momentarily loose control of pressure. However, the deviation from the

11

setpoint is not significant and control is regained fast. The controller
has antiwind-up implemented using the back-calculation method which
tracks the plant inputs (i.e., saturated valve) [56]. Keeping the pressure
at constant setpoint results in faster power and temperature response
to disturbance rejection. The reason is that the steam valve used to
control the pressure has a direct effect on the steam turbine power
output, corresponding to a left-hand plane zero. Moreover, this has a
linearizing effect by reducing the deviations from the nominal point
of the superheated steam enthalpy, which is a nonlinear function
of temperature and pressure. In Fig. 12(b), it can be seen that this
controller implementation could be sufficient to satisfy operational
constraint C1 during transients. This is, to keep the superheated steam,
T,, within minimum and maximum allowed limits to prevent larger
thermal gradients and stresses on the mechanical components or trigger
steam turbine trips, as described in Section 3.3.

4.2.2. Dynamic response to ramp changes in load setpoint
Figs. 14-17 show similar response to a ramp load change with
a rate of 5MW/min compared to step changes. A perfect combined
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Fig. 13. Steam valve and pressure responses to a step change in the load to step changes

46 MW at time 150 min and finally back to 92MW at time 200 min.

cycle power output response dynamically is observed in Fig. 14. The
main difference, compared to step changes, is observed in the live
steam temperature and pressure trajectories as shown in Fig. 16 and
Fig. 17(b). When the gas turbine load is changed slowly in a ramp,
the oscillations in live steam temperature are significantly reduced. The
oscillations around setpoint in live steam temperature become similar
in amplitude for sliding pressure and constant pressure control. This
may be because with a smaller rate of change in gas turbine load the
OTSG live steam temperature can follow more closely the trajectory
of the gas turbine exhaust temperature. Therefore, the steam valve
pressure controller follows the variations in feedwater flow rate input
setpoint of the non-linear feedforward controller, and the resulting
steam flow rate. This is, the plant (gas turbine and bottoming cycle)
becomes more interactive as the rate of change of gas turbine load (and
exhaust gas conditions) gets closer to the closed-loop time constant of
the OTSG. This is consistent with the behavior observed in the work
by Montafiés et al. [10].

4.3. Evaluation of CO, specific intensity

We use the CO, specific intensity (CO,;,), Eq. (5), of the gener-
ated power to compare the effect on GHG emissions of the control
alternatives analyzed in this work.

OZ,lot

C
COyj = [kg/MJ] 5)

tot

12
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(b) Pressure response to a step change in the
load.

in the load from 92MW to 77 MW at time 50 min, back to 92MW at time 100 min, to

Table 4
Cumulative CO, specific intensity for step and ramp load changes for constant and
sliding steam pressure operation and equal load allocation.

Load change Pressure control ’/0250 (€O ) dt
Ram, Constant 90.75
P Sliding 90.52
Ste Constant 90.79
P Sliding 90.55

Here, W,,, is the total power produced by the combined cycle. CO, ,,,
is the total CO, direct emissions from the combustion process, and it is
an output of the gas turbine model.

To compare the performance to load changes of the proposed con-
trol structures with equal load allocation for the two gas turbines, we
use the integral of the CO,;,. Table 4 shows the results for ramp and
step changes for constant and sliding steam pressure control of the
simulations in Section 4.2, from ¢ = 0 min to ¢t = 250 min.

Consistently with the higher combined cycle efficiency for sliding
pressure control observed in Section 4.1, this control approach results
in lower accumulated emissions, fo' (€O, ) dt. However, for the same
pressure operation mode, the differences between step and ramp load
changes are very small and are within the error for the numerical
integration using the trapezoidal method.
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4.4. Summary and discussion of results

Here we highlight some findings of the steady-state and dynamic
analysis. With respect to steady-state performance, allocating the load
equally between the two gas turbines using pure feedforward (Fig. 3(a))
has higher efficiency as well as lower fuel consumption and CO, emis-
sions compared to keeping one gas turbine close to nominal operation
at 90%, and letting the second gas turbine to handle the load variation
(Fig. 3(b)). As noted in Section 4.1, the reason is that gas turbines
have an important reduction in efficiency at low load, and the gas
turbine handling load variations is operating at a very low load when
the combined cycle load decreases (Figs. 7(c) and 7(d)). However, here
we have only analyzed these two extreme situations, and have not
performed an optimization to investigate if there is an optimal load
allocation that maximizes combined cycle efficiency. While this may
be worthwhile to investigate, it is beyond the scope of this work.

The results shown in Fig. 6(a) confirm that sliding steam pressure
control has a higher thermodynamic combined cycle efficiency com-
pared to constant pressure operation, which is consistent with previous
observations for steam bottoming cycles [22]. In Fig. 6(a), we also
observe that the efficiency difference between sliding and constant
pressure increases at low loads. When the load and exhaust heat from
the gas turbines decreases, the steam turbine valve must reduce its
opening, increasing throttling losses (Figs. 13(a) and 17(a)), to keep
the steam pressure at the setpoint (Figs. 13(b) and 17(b)).

However, as seen in Figs. 12(b) and 16(b), the temperature response
to sudden load changes is significantly improved when the pressure is
controlled at a constant setpoint, especially for step changes. An inter-
pretation of Fig. 8 can be that controlling the live steam temperature at
the outlet of the OTSG contributes to keeping the temperature profile
and phase regime inside the OTSG under a safe and operational region
phase distribution, thus avoiding water droplets at the steam turbine
inlet. During transients, keeping both temperature, with a model based
non-linear transformation and feedback, and steam pressure controlled,
can contribute to avoid entering into an unsafe OTSG operating mode
where superheated steam is not being produced. This could happen
with a relatively large feedwater mass flow rate in comparison to the
gas turbine exhaust gas total enthalpy at the inlet of the OTSG.

Therefore, implementing pressure control might be required for
rejecting unexpected setpoint changes for the combined cycle power
load. In this work, this is exemplified as a trip in direct drive electrical
motors in the offshore energy system, resulting in a sudden 15 MW
combined cycle load reduction, as simulated at + = 50 min in Fig. 10.
In practice, a compromise or a more advanced control structure that
considers active constraint switches [52,57] may be implemented.
For example, the load can be changed at a lower rate, as shown in
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Fig. 16(b), or logic can be used to activate the pressure controller
when there are large load changes or sudden trips. For normal and
continuous operation, one could recommend changing load setpoint
using slow ramp changes, with the more efficient sliding pressure
control structure for the bottoming cycle, which also results in lower
specific CO, emissions.

Since the results in Table 4 suggest that emissions are not signif-
icantly affected by rate of change in load (ramp or step), one should
prioritize steady-state operation when selecting a control structure,
as long as disturbance rejection requirements are satisfied. Note that
in some future offshore oil and gas energy system scenarios, such as
systems integrating offshore wind, combined cycle power setpoint loads
will probably be continuously changing. In that case, the transient
conditions might be the normal operating condition, and the suitable
control philosophy selection might depend on the typical trajectory and
amplitude of the setpoint.

It also should be noted that despite the values in Table 4 would
vary with different natural gas compositions or with a different set of
setpoint changes, the trends and conclusions regarding efficiency and
CO, emissions would remain the same. Moreover, if future offshore
compact combined cycles are operated using carbon-free fuels such as
hydrogen or ammonia instead of natural gas [2], the learnings from this
contribution would still be highly relevant, as fuel efficiency would still
be important.

5. Conclusions

In this work we analyze the operation and control problem for a
compact combined cycle producing power on an offshore processing
installation. The system is composed of two gas turbines and a bot-
toming steam cycle recovering waste heat in two compact OTSGs and
converting it to power, thus increasing the thermodynamic efficiency
and reducing the specific CO, emissions of the process. We present
a steady-state performance evaluation of load allocation between the
two gas turbines. We also present dynamic performance analysis of
the combined cycle to power setpoint changes using different control
approaches.

To allocate the load to the gas turbines, we compare two control
structures. The first and more efficient approach implements feedfor-
ward such that the load is distributed equally and both gas turbines
have the same setpoint (Fig. 3(a)). The second alternative implements
one P-controller to use one gas turbine dynamically, but to keep it close
to its nominal operation of 90% at steady-state, and one I-controller
that manipulates the setpoint to the second gas turbine to satisfy the
variable demand of power (Fig. 3(b)).
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The main controlled variables for the bottoming cycle are the su-
perheated steam temperature and pressure, with the main manipulated
variables being the feedwater flowrate and steam turbine valve respec-
tively. We implement systematically derived nonlinear model-based
feedforward to control the temperature [22], and we compare sliding
and constant pressure operation mode. Operating at sliding pressure
increases the system’s efficiency (Fig. 6(a)) because of a reduction
in throttling losses, while operating at constant pressure (Fig. 12(b))
improves the temperature response to large and/or fast load changes.
The outcome of this work can be used to analyze the operation and con-
trol of an integrated system with non-dispatchable renewable energy
sources, where the compact combined cycle will be the only available
manipulated variable for balancing demand and supply. Further, this
work can be expanded to include the operation and control prob-
lem for offshore compact combined cycles producing both power and
heat. Moreover, a more advanced upper control layer such as model
predictive control may be implemented to optimally allocate the gas
turbines loads, as well as the steam temperature and pressure setpoints
subject to balancing demand and supply and satisfying the operational
constraints.
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