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Abstract: Power cycles on offshore oil and gas installations are expected to operate more at varied
load conditions, especially when rapid growth in renewable energies puts them in a load-following
operation. Part-load efficiency enhancement is advantageous since heat to power cycles suffer poor
efficiency at part loads. The overall purpose of this article is to improve part-load efficiency in
offshore combined cycles. Here, the organic Rankine bottoming cycle with a control strategy based
on variable geometry turbine technology is studied to boost part-load efficiency. The Variable Area
Nozzle turbine is selected to control cycle mass flow rate and pressure ratio independently. The
design and performance of the proposed working strategy are assessed by an in-house developed tool.
With the suggested solution, the part-load organic Rankine cycle efficiency is kept close to design
value outperforming the other control strategies with sliding pressure, partial admission turbine,
and throttling valve control operation. The combined cycle efficiency showed a clear improvement
compared to the other strategies, resulting in 2.5 kilotons of annual carbon dioxide emission reduction
per gas turbine unit. Compactness, autonomous operation, and acceptable technology readiness
level for variable area nozzle turbines facilitate their application in offshore oil and gas installations.

Keywords: process modelling and simulation; off-design operation; thermal efficiency; offshore heat;
CO; emission reduction; control strategy

1. Introduction

Decreasing the global warming rate is a necessity of time. It has been resulted in
setting targets to reduce carbon dioxide (CO;) emission in the oil and gas industry. An
offshore CO; tax is introduced in Norway to achieve this target [1]. About a quarter of
Norway’s total emission comes from the Norwegian continental shelf (NCS), where 85% of
this CO, emission is originated from gas turbines (GT) generating electricity or shaft power
on the platforms [2]. Lifetime efficiency improvement of turbine-based power generation
systems is a potential solution to reduce CO, emitted per MW and to reduce the fuel
consumption in offshore oil and gas installations. It will also reduce fuel consumption. It is
expected that future carbon-neutral fuels will be more costly to be supplied than today’s
fossil fuels. As an example, the average hydrogen production cost in 2030 is estimated to
be in the range of 2-5 USD/kg in Europe [3].

Organic Rankine cycle (ORC) is one of several options for gas turbine waste heat
recovery in offshore oil platforms [4]. Pierobon et al. conducted a case study in [5] on
an offshore platform in the North Sea to find the optimum bottoming cycle solution
based on yearly CO, emissions, weight, and economic revenue. It is observed in [5] that
organic Rankine cycle technology outperforms steam Rankine cycle and air bottoming cycle.
Bacci et al. showed in [6] that reduced plant footprint and the absence of a water treatment
system make ORC a competitive choice based on investment cost (capital expenditure
bottoming cycle price). Moreover, ORC is compact, can operate autonomously, and its
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design is not limited to a specific working fluid. This can provide design flexibility to cover
a wide range of needs in variable circumstances of offshore installations.

Offshore gas turbines operate mostly in part-load. Thus, lifetime performance has
been prioritized over on-design point performance. In many cases, the power load demand
from a gas turbine is typically 50% on the offshore platform and may fall to 20% in some
conditions [7,8]. The primary reason is to assure reliability in the power generation process.
The power supplied to the platform must not be cut in case of one gas turbine trip. The
other reason is the availability of renewable energies such as offshore wind parks and
carbon-neutral power from shore. Wind power or photovoltaic energy are not available all
the time. A wind turbine may spend up to 67% of its lifetime producing less than 50% of
the full power capacity [9]. Barnhart et al. showed in [10] that in a case study the average
capacity of a wind turbine during a month may be in the range of 35-60%. It is expected
that gas turbines and the bottoming cycle work in intermittent operation as a backup load.

ORCs show poor performance regarding thermal efficiency in part-load. With lower
power demand from the gas turbine, less heat is available to the bottoming cycle. It can,
for example, be 70% of on-design exhaust heat at 50% load for a gas turbine [11], or 50% of
on-design exhaust heat at 20% load for other gas turbine types [12]. The value depends on
the gas turbine type and how it is controlled, but it typically falls near mentioned values.
With less heat available from the gas turbine, ORC mass flow rate and evaporation pressure
must be reduced. As the cycle operates at lower pressures, poor ORC efficiency is seen in
part loads.

Due to the variation of gas turbine exhaust heat, finding an efficient control strategy
for the bottoming cycle is essential to avoid poor off-design performance [13]. Efforts
have been made by researchers to improve ORC part-load efficiency, but few studies
consider ORC as a bottoming cycle in offshore applications. Sliding pressure (SP) and
superheating are common solutions proposed in the literature [14]. However, controlling
the degree of superheating as a part-load strategy is not practical offshore as increased heat
transfer area is needed for the superheater. Sliding pressure leads to decreasing efficiency
at part-load. Fu et al. showed in [15] the significance of the efficiency drop with sliding
pressure during part-load operation with a hot water heat source. Casartelli et al. proposed
a partial admission turbine in [16] to adjust the turbine capacity in a solar heat-driven ORC
independent of suction pressure. However, it is not an efficient way to reduce turbine
capacity and it brings considerable pressure losses in the turbine throughflow passage.
Cao and Dai used variable area nozzle (VAN) turbine technology in [14] to keep turbine
inlet pressure constant and improved ORC part-load efficiency. However, a fixed pressure
strategy may not necessarily give the best efficiency possible with different gas turbine
off-design control logics. Mufioz De Escalona et al. designed a constant efficiency part-load
strategy in [17] by putting turbine suction temperature far away from its optimum value in
the design point. Acceptable part-load performance is achieved in their work while getting
a large on-design performance penalty. A considerable power generation potential is left
unused at full load and a higher exergy loss is detected in the design point. This logic is
helpful but ends up in an overdesigned, heavy system for the same power demand. It may
be beneficial onshore, but space is limited in the offshore installations, and therefore does
not suit offshore applications.

Very few works have considered gas turbines waste heat as the ORC heat source.
Cao et al. designed a GT-ORC coupled with recuperators to increase the design point
efficiency in [18]. Chacartegui et al. studied ORC application as a bottoming cycle to
low exhaust temperature heavy-duty gas turbines in [19]. Carcasci et al. conducted a
study in [20] on GT-ORC design with four different working fluids for the bottoming
cycle. They included an oil circuit for transferring the heat between the gas turbine and
the bottoming cycle. Khaljani et al. considered the design and optimization of GT-ORC
from a thermoeconomic point of view in [21]. However, all of the works in [18-21] have
considered the design and analysis of the GT-ORC combination at design point conditions.
Limited studies have focused on the part-load operation of the GT-ORC combination.
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For instance, Cao and Dai studied the off-design performance of a GT-ORC design with
constant pressure and sliding pressure control strategy for the bottoming cycle [14]. The
research cases available in the literature on GT-ORC off-design operation are based on a
single control scenario of the gas turbine. Furthermore, few works have considered offshore
requirements, such as, footprint. Thus, there is a knowledge gap in the development and
assessment of potential solutions for offshore GT-ORC part-load operation. It is not studied
in the literature how different gas turbine off-design control scenarios, such as constant
or decreasing gas turbine exhaust temperature can affect the optimal ORC control logic.
This paper proposes and evaluates an operational strategy based on Variable Area Nozzle
(VAN) turbine technology to improve the part-load efficiency of ORC in offshore o0il and
gas installations. The novelty of the work is that four ORC control logics are investigated
in two different gas turbine part-load strategies. VAN turbine as the proposed solution
here can keep the ORC thermal efficiency close to the design point value in a wide range of
power loads. It is compact, autonomous, and will help to reduce CO, emission as offshore
gas turbines are expected to spend most of their operational lifetime at part-load.

2. Mathematical Models and Method

The methodology to design the bottoming cycle and development of the control
strategy is described in this section. It is explained how the cycle performance is simulated
and how each component is modelled. The developed tool for design and analysis is
described in this section.

2.1. System Configuration Selection

A Cascade architecture is used in this work to harvest gas turbine exhaust heat
(Figure 1a). Nami et al. conducted a study in [22] on cascade and series configuration
layout in ORC bottoming cycles. it is concluded that changing heat demand while keeping
the heat source temperature constant does not affect the produced power in a cascade
configuration. This comes from the fact that heat absorption/rejection takes place in a
constant temperature process [22]. The process heat required to the platform is extracted at
gas turbine discharge and before entering a non-recuperated ORC. It is crucial to guarantee
process heat availability in an oil platform. Whit this, the requested amount of heat is
always available at all gas turbine loads. Heat transfer is carried out within an internal
loop to reduce the risk of fire in case of organic fluid leakage. A 15 °C pinch point limit
is considered for heat exchangers in this internal loop to assure effective heat transfer
between oil-air and oil-organic fluid. The ORC turbine is a fixed-speed radial inflow
expander. Turbine stators are pivoted to provide a variable area between vanes in the VAN
case. Cooling water is assumed to always be available from the sea at 30 °C or lower in
the condensation section. The bottoming cycle works with a variable-speed centrifugal
pump. Figure la illustrates the selected system configuration and some design point
thermodynamic states.

SGT800-47 gas turbine is selected as the topping cycle. A single shaft gas turbine
can operate with both constant and decreasing exhaust temperature at part loads. Two
gas turbine control logics are considered to cover different types of gas turbine off-design
scenarios. Case A is a non-IGV operation that has decreasing exhaust temperature at
part loads. Case B is an IGV-operated control logic that has an almost constant exhaust
temperature (Figure 1b).

A variable area nozzle radial inflow turbine is used to extract work in the VAN turbine
control strategy, while a conventional non-variable geometry radial inflow turbine is used
in the baseline plant. A turbine with partial arc admission is used as a third part-load
strategy. The only different component between sliding pressure and the VAN turbine
system is the radial turbine.
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Figure 1. System characteristics: (a) Cycle flow diagram; (b) Gas turbine part-load performance.

2.2. Component Modelling

The first step to develop a control strategy is selecting appropriate models for perfor-
mance simulation of the components. The models used for the analysis of the system are
presented here.

2.2.1. Gas Turbine

Gas turbine performance data is calculated with GT MASTER 29 commercial software
from Thermoflow Inc., Southborough, MA, USA [23]. The software can provide gas
turbine performance data in a wide range of design and off-design operation conditions.
The comprehensive database covers almost all gas turbines available in the market. Gas
turbines thermal efficiency, exhaust mass flow rate and exhaust temperature are calculated
in a range of power demands. The gas turbine is simulated in steady-state operation and
standard ISO conditions for the ambient air, i.e., 15 °C and 1.013 bar. Thermal efficiency
is considered in the lower heating value (LHV) format. As SGT-800 is a single shaft gas
turbine equipped with variable geometry compressor vanes, it can operate with either
constant or reduced exhaust temperature at part loads. Two operational strategies are
considered in this work, so that influence of different gas turbine control logic on the
efficiency of the presented ORC solution can be investigated. In case A, gas turbine exhaust
temperature decreases in part loads, while in case B gas turbine compressor vanes setting
is manipulated to keep the exhaust temperature close to design value. The Selection of gas
turbine part-load strategy depends on plant requirements.

2.2.2. Pump

The pump pressurizes the working fluid before entering the preheater and is a multi-
stage variable speed centrifugal pump. Hu, Li, et al. reported in [24] a correlation between
the head rise and efficiency with volume flow rate for a multistage centrifugal pump in
a power plant application. The model is used in this work as it is generalized by using
relative-to-design values. It calculates head rise and isentropic efficiency based on the flow
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Normalized Head Rise

rate in off-design conditions. The following equation can be used to calculate pump power
consumption in each working condition.

Ahg
Ns,pump

@

mef:mwm

In which, Wpump is power consumption in the pump, #p,mp is pump mass flow rate,
Ahs is pump isentropic head rise and #s,pump is the pump isentropic efficiency. Pump
speed is governed by the ORC controller. Mass flow rate and head rise of a variable
frequency drive (VFD) centrifugal pump at different speeds is calculated by the general
model presented by [25].

2
. . N N
Mpump = Mpump,ds (f&;) (Ndp>; Ahpymp = Ahpump,dp (I\]dp> 2)

Here, rip;mp is pump mass flow rate, dp denotes for design speed, p is the fluid density,
N is the pump rotational speed, and Ahpyp is pump head rise. A VFD pump performance
is illustrated in Figure 2a as a function of relative flow rate and rotational speed.
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Figure 2. Performance map: (a) VFD pump; (b) Radial inflow turbine; (¢) VAN turbine.

2.2.3. Radial Inflow Turbine

The selected ORC turbine is a radial inflow expander working at a fixed speed. The
pressure ratio across the turbine is calculated according to the corrected mass flow rate
passing the turbine in each working condition [26]. Turbine corrected mass flow rate is
defined in the following equation.

-1
. m T P
Mepel = | —— — 2 3)
Mgy ) \ Toap ) \ Poap

Equation (3) defines 1 ,,; which is the corrected mass flow rate relative to the design
value. Here dp denotes for design point values, Ty and Py are turbine inlet total temperature
and total pressure, respectively. It is a design choice where to locate the design point
in the turbine performance curve. It is seen by a simple mission analysis on the GT-
ORC combination that the design point should have maximum swallow capacity in the
operational range. The reason is that off-design operation is limited to part loads where
the capacity is lower than the design value. However, it should be noted that if the turbine
design point is in the choked region, then no control functionality could be retracted from
the turbine, i.e., ORC mass flow rate could not be manipulated at part loads. Therefore,
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Isentropic efficieny [Normalized]
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the turbine design point is located out of the choked region, but as close as possible to the
choking line (Figure 2b). This is very close to the turbine’s optimal efficiency and enables
the widest turbine operation range possible at part-load. Turbine efficiency is calculated in
off-design conditions by the model reported in [27]. In this method, turbine efficiency is
estimated based on the well-known velocity ratio parameter (Figure 3a). The velocity ratio
parameter is defined as:

e @
Co  2Ah;

where U is turbine impeller tip speed, C is turbine isentropic speed and Ak is isentropic
enthalpy drop in the turbine. As the calculations are relative to design values at this early
design stage, there is no need to know the exact number for the tip speed. Then velocity
ratio parameter for a fixed speed turbine is used in a relative form.

_1
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Figure 3. Turbine isentropic efficiency: (a) Fixed geometry; (b) VAN; (c) Partial admission.

Here U is turbine impeller tip speed, Cy is turbine isentropic speed, dp denotes for
design point, and A is isentropic enthalpy drop in the turbine.

2.2.4. Variable Area Nozzle Turbine

A reliable and accurate model for variable area nozzle turbine performance prediction
is necessary. The off-design performance of a radial inflow turbine is modelled in [26]
and is used here. Their model includes a wide range of throat openings in pivoted stator
VAN turbine (from 20% to 144% opening). It is inferred that the capacity of a radial inflow
turbine can be widened to 20-130% of the design point mass flow rate. Moreover, the
pressure ratio of a VAN turbine can be extended to 75-115% of the design value [26]. The
setting angle for turbine throat opening is calculated based on turbine mass flow rate and
expansion ratio at each working condition (Figure 2c). Knowing the turbine opening angle,
turbine efficiency is estimated based on turbine specific speed and according to Figure 3b
suggested in [26]. The specific speed is defined as:

1/2
Ns = NQ
AR

(6)

where Ns is specific speed, N is turbine rotational speed, Q is volumetric flow rate and
Ah; is isentropic enthalpy drop across the turbine. Since rotational speed is kept constant
through the off-design operation, specific speed in its normalized form can be calculated by

1/2 —-1/2 —3/4
Ns — ﬂ ! P ' Ahs ! )
Nsdp malp pdp Ahs,dp




Energies 2021, 14, 7916

7 of 18

Here N is specific speed, dp denotes for design point value, m is turbine mass flow
rate, p is the fluid density, and Ah; is isentropic enthalpy drop across the turbine.

2.2.5. Partial Admission Turbine

Partial admission (PA) turbine is a solution to regulate turbine swallowing capacity in
changing operating conditions. It lets the turbine operate in a wider range of swallowing
capacity than common full admission turbines. However, off-design turbine efficiency
degrades in partial admission operation. Turbine efficiency should be calculated in each
flow rate and pressure ratio. A most recent performance modelling of partial admission
turbine is carried out in [28]. Their results were in good agreement with more than ten
PA turbine models available in the literature. Normalized turbine efficiency is calculated
based on the admission ratio as presented in Figure 3c.

2.2.6. Heat Exchangers

Heat transfer takes place in a two-phase process within the evaporator while it under-
goes a single-phase process in the condenser, economizer, and oil heat exchangers. The
amount of heat transferred in each heat exchanger unit and pressure loss in the off-design
conditions is needed in the simulations. As few details are available in the early design
stage and system simulation phase, a generic counter-current heat exchanger performance
model developed for Rankine cycle analysis in [29] is used. A minimum amount of generic
input geometry data is needed to calculate the performance of the heat exchanger in this
model. Assuming mean constant fluid and flow parameters through the heat exchangers,
Equations (8) and (9) are employed to relate fluid temperature entering and discharging a

heat exchanger [30].
Tho—Tei { LIA( Ch>]
Tho = Tei _ o | - UA (1 _ G 8
Th,i —Teo P Ch Cc ( )

mh(hh,o - hh,i) = mC (hc,i - hC,O) (9)

where subscript i denotes for heat exchanger hot side, ¢ denotes for heat exchanger cold
side, i denotes for inlet, and o denotes for the outlet of the heat exchanger. T and # are the
temperature and the enthalpy of the fluid, respectively. A is heat exchanger effective area,
U is heat exchanger overall heat-transfer coefficient, m is the mass flow rate through the
heat exchanger, and C is heat capacity of the fluids. For a single-phase counter flow heat
exchanger, effectiveness and overall heat transfer coefficient are related as the following
equations [30].

Coni 1—e¢€
A= min_ 1
UA =R -1 n[l—eCR] (10)
C .
CR = 2 11
Cmax ( )

In these equations, A is heat exchanger effective area, U is heat exchanger overall
heat-transfer coefficient, CR is the heat capacity ratio of heat exchanger fluids, € is the heat
exchanger effectiveness, Cy;;, and Cy,x are the lower and higher value of heat capacity
between two cold and hot flow streams, respectively. For a two-phase heat exchanger -in
this case, the evaporator- equations could still be used by setting C;5x = o0, hence CR = 0.
It is suggested in [31] that the heat transfer coefficient can be calculated relative to the
design value in off-design conditions.

U 2BcBn
Udp Be + B

Nu k
()

(12)
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where U is heat exchanger overall heat-transfer coefficient, dp denotes for design point
value, and f is off-design heat transfer coefficient ratio, Nu is Nusselt number, k is fluid
conductivity, subscript i denotes for heat exchanger hot side, and ¢ denotes for heat
exchanger cold side. Hagen et al. suggested in [29] to use the empirical Equation (14) for
estimation of heat transfer coefficient in turbulent pipe flow for the parameter range of
2300 < Re < 5 x 10° and 0.5 < Pr < 2300.

(Rep — 1000) Pr
1.0 +12.7\/ 4 (Pr2/3 — 1)

Re, Pr, and Nu are well-known dimensionless numbers Reynolds number, Prandtl
number and Nusselt number, respectively. Subscript D shows that Reynolds number is
calculated based on the pipe diameter and ¢/ is the friction factor in the heat exchanger.
Pressure drop per unit length in a pipe flow is calculated by Equation (15). Then, heat
exchanger pressure loss change in part loads is estimated as in the Equation (16).

Nud:

(14)

dp v?
dx fzpD 15)

2 —1
AP fN [ [ e 16
AFgp <fdp><mdp> (Pdv> 1o
dP

7; is pressure drop per unit length, f is fanning friction factor, p is the fluid density, v

is fluid velocity averaged on the cross-section area, D is the hydraulic diameter, m is the

mass flow rate through the pipe, AP is the pressure drop across the heat exchanger pipe,

and dp denotes for design point condition. The following equation presented in [32] is used

here for estimating the Fanning friction factor required for both heat transfer and pressure
1 —1.8log,,

drop calculations.
e/D\'" 69
R + [
\/f 3.7 Rep

Here f is the fanning friction factor, €/D is relative surface roughness based on
pipe hydraulic diameter, and Rep is the Reynolds number calculated based on hydraulic
diameter. The change in pressure loss and heat transfer coefficient in the organic fluid side
of the evaporator is neglected as it usually is a kettle type boiler in ORC applications.

(17)

2.3. Cycle Design Point

The bottoming cycle design point is selected with a parametric study on evapora-
tion temperatures, condensing temperature and mass flow rate. In a Rankine cycle with
negligible superheating, selecting evaporating and condensing temperatures specifies all
pressure values in the cycle. Afterwards, the mass flow rate is selected such that heat
exchangers pinch point temperature differences are kept within the allowed range. Design
choices are made to attain best values for the key performance indicators (higher thermal
efficiency and higher specific power) while considering the constraints (cycle pressure ratio
and heat exchangers pinch point AT). These constraints come from the requirements in
offshore applications such as minimizing footprint and weight. Table 1 shows the input
to the design process of the bottoming cycle. A parametric study on design variables is
conducted to find the optimal set of design choices. An in-house tool is developed in
a MATLAB framework as a design tool and off-design simulator. Cycle performance is
simulated with a zero-dimensional approach in which thermodynamic properties at a
component exhaust is calculated based on inlet conditions and a generalized performance
correlation available in the open literature. Combined cycle efficiency (key performance
indicator) is defined as the ratio of net power output from the gas turbine and ORC to heat
energy added to the topping cycle. The thermodynamic properties library is established
by linking the CoolProp database to the developed tool. CoolProp is a thermodynamic
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calculator coupling with Python and is openly available [33]. Heat exchangers are designed
by assuming a maximum of 95% effectiveness for single-phase heat exchangers and 60%
effectiveness for the two-phase heat exchanger.

Table 1. Design point performance and conditions.

Gas Turbine Bottoming Cycle
power output [MW] 47.05 hex pinch point limit [°C] 10
thermal efficiency [%] 37.48 pump isentropic efficiency [%] 70
exhaust gas mass flow rate [kg/s] 132.8 turbine isentropic efficiency [%] 80
Exhaust gas temperature [°C] 452.7  condenser/economizer pressure loss [%] 5
process heat extraction [MW] 4 evaporator pressure loss [%] 1

2.4. Part-Load Strategy Development

A part-load control logic based on variable area nozzle turbine was designed and
assessed for offshore gas turbine bottoming cycle. The performance of the design strat-
egy is then compared with three other well-known control logics, sliding pressure (SP),
valve throttling (VT), and partial admission (PA) turbine. The improvement made by the
proposed VAN logic can be compared to them.

2.4.1. Sliding Pressure

The sliding pressure controller manipulates the speed of the ORC pump and cooling
water pump to control evaporation and condensing temperatures according to waste heat
available from the gas turbine (Figure 4a). The expander speed is controlled by the electrical
load imposed by the electrical generator. ORC pump speed governs evaporation pressure
in the cycle while condensing pressure is regulated by the water pump speed. In each
off-design condition, two matching criteria should be met in the cycle. (1) mass flow rate
through ORC turbine and ORC pump should be equal (18), (2) pressure ratio through
the cold path and hot path should be equal (19). Figure 4b illustrates the ORC matching
criteria graphically. An intersection point between the turbine operation line and the ORC
pump operation line is then a valid operation point for the cycle. A thorough search is
conducted through all possibilities (ORC pump speed) to find the one with maximum cycle
efficiency. Figure 5a illustrates the flow chart for search and selection of the best cycle in
sliding pressure part-load strategy. A simple plane search is used as the small opportunity
window does not necessitate an optimization method.

Heat Source

1.6
1
&

Economizer T Evaporator 14

1.2
3 =
=

ORC Cycle — _® E 1
2

_________ = 08

r 1 d
»p &
Condenser | 0.6 =—Pump
—Turbine QQ\
& Matched point
0.4
0.2 0.7 1.2
- Flow rate [Normalized]
Cooling Water
(a) (b)

Figure 4. ORC sliding pressure control logic: (a) Flow-control diagram; (b) Matching criteria.
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Figure 5. Selecting optimum cycle: (a) Sliding pressure; (b) VAN/PA turbine.
Miyrp. = Mpump (18)
P -1
IT= Fl = PRpumpPRecon.PRevap. = [PRturh.PRcond.} (19)

where 111y, and 111y, are the mass flow rate through turbine and pump, respectively.
ITis the cycle pressure ratio, P; and P; are the pressure upstream the pump and turbine,
respectively. PR stands for pressure ratio, the subscript econ., evap., and cond. denotes for
economizer, evaporator, and condenser, respectively.

2.4.2. Variable Geometry Turbine

In the VAN turbine control strategy, ORC pump speed, cooling water pump speed and
turbine vanes setting angle are manipulated to control cycle temperatures and to maximize
cycle efficiency. A VAN turbine adds a degree of freedom which enables the controller
to regulate cycle mass flow rate independent of evaporation pressure. While cooling
water pump speed is regulated to control the condensing pressure, a set of pairs (ORC
pump speed and VAN turbine setting angle) exist that can follow the off-design conditions
imposed by the gas turbine. A thorough search is conducted on all possible evaporation
pressure and mass flow rates to find the best efficiency point for each gas turbine load. One
should note that the optimum evaporation pressure in part-load is not necessarily equal to
the design value since turbine isentropic efficiency decays as vane setting angel changes
(Figure 3b). A simple plane search is used since a small search domain does not require
optimization methods. Figure 5b shows the flow chart for searching and selecting the best
cycle in VAN turbine part-load strategy. The methodology for developing control logic
with a PA turbine is the same as a VAN turbine. However, the turbine efficiency pattern
and operation range envelope are different and are modelled as explained in Section 2.2.5.

2.4.3. Valve Throttling

The throttle valve is treated as a constant enthalpy component. The throttle position is
manipulated to regulate mass flow rate through the turbine based on imposed working
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conditions by the gas turbine. Thus, the mass flow rate is reduced in part loads when less
heat is available from the gas turbine. Meanwhile, evaporation pressure is kept constant
equal to the design value to get higher efficiency from the cycle. Entropy generation in the
throttling valve is calculated by matching throttle inlet and outlet pressure to ORC pump
pressure rise and turbine pressure drop, respectively.

2.5. Method and Tool Verification

The reliability of the developed tool is assured by comparing the results against
available data in [17]. The rated and off-design performance of the ORC is considered
with a Solar Centaur 50 gas turbine as the topping cycle. The investigation includes two
working fluids for the bottoming cycle to check for the reliability of the tool handling
different organic fluids. However, no experimental results for the part-load operation
of a GT-ORC are used for the validation of the tool. Gas turbine performance data do
not require validation as they are extracted from the commercial software, GT MASTER.
The simulation results and the corresponding data published in [17] are shown in Table 2.
The relative errors for the ORC efficiency are below 1% in both full load and 50% gas
turbine load conditions. Thus, it could be concluded that the simulation results are in
good agreement with published reference data. It could be confirmed that the developed
in-house tool is capable of reliable performance simulation of GT-ORC systems in the range
of load demands from the gas turbine.

Table 2. Results from the tool verification.

Verification Cases

Parameters
Case 1 Case 2 Case 3
gas turbine load [%] 100 100 50
ORC working fluid MDM2 Toluene  Toluene
gas turbine exhaust gas temperature [°C] 520 520 358
gas turbine exhaust mass flow rate [kg/s] 19.2 19.2 19.2
gas turbine thermal efficiency [% LHV] 28.9 28.9 23.8
ORC thermal efficiency, reference value [%] 17.1 27.8 26.7
ORC thermal efficiency, simulation results [%] 17.2 27.9 27.0
relative error [%] 0.5 0.3 1.1

3. Results and Discussions

An organic Rankine cycle is designed as a bottoming cycle in two cases of gas turbine
topping cycle (cases A and B). Off-design performance of the ORC and combined cycle
are investigated with four control strategies: the proposed VAN turbine logic, sliding
pressure, partial admission turbine, and throttling valve logic. Improvement made through
the presented VAN turbine logic is then compared with other candidate strategies. The
effect of different gas turbine control logics on the proposed ORC part-load strategy is
studied to find out which gas turbine part-load strategy gives better performance with the
proposed solution.

3.1. Design Point

On-design characteristics of the gas turbine topping cycle were tabulated for the
selected gas turbine in Table 1. The bottoming cycle is designed according to require-
ments and practical limitations offshore. Figure 6 shows the results of the parametric
study conducted on condensing and evaporation temperatures to find the best possible
cycle efficiency while looking after design limitations. Larger evaporation to condensing
temperature ratio makes better efficiency for the cycle (Figure 6c), but it requires higher
pressure ratios across the turbine which increases turbine weight and size.
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Figure 6. Parametric study: (a) ORC power; (b) ORC pressure ratio; (c) Combined cycle efficiency.

Figure 6 shows that for a specific condensing temperature, net power output and
efficiency increases with evaporation temperature. However, the evaporation temperature
is limited to the working fluid thermal decomposition temperature in a Rankine cycle [34].
The turbine pressure ratio assigned to each design choice is depicted in Figure 6b. In
practice, a radial inflow turbine may be safely designed with a pressure ratio of 9 or 27 for
two or three stages, respectively. Although radial inflow turbines are suggested by many
authors for working with organic fluids in offshore applications, axial turbines can also
be used if chosen. One should note that too high pressures require heavier facilities and
reduce the safety level of the system. On the other hand, too low pressure-ratios give a
poor performance to the cycle. The pressure ratio between condensation and evaporation
should be practical so that it could be handled by the turbomachinery components.

Setting heat exchanger pinch point limit to 10 °C, the optimum ORC mass flow rate is
106 kg/s. Higher specific power (power per mass flow rate) means more compact designs
for a required power or more power available in a given area. So, the mass flow rate is
selected as low as possible for the specific power output. Mass flow rates that lead to
heat exchanger pinch point temperatures less than allowed heat exchanger pinch point are
omitted though.

Cyclopentane is selected as the bottoming cycle working fluid due to favourable
pressure values in the working temperature range, less hazardous level, and less environ-
mental impact. Cyclopentane properties are tabulated in Table 3. A 5 °C superheating
is applied to evaporator discharge assuring pure vapour phase entering the turbine. As
superheating occurs in a gas-gas heat exchanger and occupies a large space, a high degree
of superheating is not desired in offshore applications. The design point properties of the
designed cycle are presented in Table 4.

Table 3. Cyclopentane specifications as ORC working fluid (Reprinted with permission from [7]).

Properties Value Properties Value Properties Value
health/physical/fire hazard 2/3/1 T; [K] 511.7 Tauto ignition [K] 580
GWP100 * [kg (CO, EQ)/kg] 3 P. [kPa] 4515 Poc [mol/L] 70.13

* The global warming potential is calculated considering a time interval of 100 years.

3.2. Part-Load Operation

The part-load performance of the gas turbine is illustrated in Figure 1b for both gas
turbine cases. As shown, the exhaust temperature of SGT800 with IGV control is almost
constant in part loads while it decreases for the no-IGV control case. Constant part-load
exhaust temperature is a favourable characteristic for a gas turbine working with bottoming
cycles. Lower gas turbine exhaust temperature in part loads may limit the capacity or
efficiency of the bottoming cycle since it forces the ORC to work far from an optimum
operational point due to approach temperature limitation in the heat exchangers.
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Table 4. On-design properties of designed ORC.

Cycle Properties Value Cycle Properties Value
evaporation temperature [°C] 200 power output [MW] 11.1
condensing temperature [°C] 50 evaporator pinch point temperature [°C] 138

pump pressure ratio 27 mass flow rate [kg/s] 106

turbine pressure ratio 24.2 air exhaust temperature [°C] 58
superheating [°C] 5 economizer pinch point temperature [°C] 8

thermal efficiency [%] 18.1 combined-cycle efficiency [%] 46.9

Figure 7 illustrates the optimized ORC turbine inlet pressure in four off-design control
logic cases. The pressure is selected in each gas turbine load such that the maximum
possible cycle efficiency is achieved. Figure 8 illustrates how the control manipulating
parameters are adjusted in the four control logics. The manipulating parameter in the
VAN turbine case is the percentage of opening in the stator vane throat area. For the other
three strategies, the manipulating parameters are ORC pump speed, turbine arc admission
ratio, and throttling valve area ratio (or pressure ratio here) in the cases of sliding pressure,
partial admission turbine and throttling valve control logic, respectively.
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Figure 8. Control manipulating variables in different control strategies: (a) case A; (b) case B.

Off-design heat transfer coefficient and pressure loss are illustrated in Figure 9. As
lower mass flow rate and lowest Reynolds number are seen in part-load, the pressure loss
and heat transfer coefficient decrease in off-design conditions. Having a lower Reynolds
number in fully turbulent flows through the heat exchanger tubes degrades the mixing rate
in the flow. It is known that mixing and flow eddies are the main agents for heat transfer in
a turbulent pipe flow.
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Figures 10a and 11a show the organic Rankine cycle efficiency in part loads. While
efficiency drops to 86% of design value at 30% load with SP control strategy, it remains
above 96% of design efficiency with the suggested VAN turbine strategy until 30% load
(case A). This means a 12% compensation of bottoming cycle efficiency loss in 30% gas
turbine load. Reduced heat available from the gas turbine at loads lower than 50% requires
the cycle mass flow rate to be reduced in the bottoming cycle. Consequently, evaporation
pressure decays with a reduction of mass flow in the SP approach because of radial inflow
turbine characteristics. In contrast to this, the VAN turbine allows the reduction of mass
flow rate without considerable change in the turbine inlet pressure. Part-load pressures
and temperatures of the cycle remain close to design values, thus allowing for having an
almost constant cycle efficiency for the bottoming cycle at part loads (Figure 7).

[Normalized]

Torc

100 30 ) 50 60 70 80 % 100

Figure 10. Part-load performance case A: (a) ORC efficiency; (b) Combined cycle efficiency; (¢) ORC power output.

Figures 10b and 11b show plant efficiency in part loads with five cycle configurations:
simple cycle gas turbine, combined cycle with VAN turbine, sliding pressure, partial
admission turbine and throttling valve control ORC. The bottoming cycle has improved
plant efficiency at 50% load from 30% (simple cycle gas turbine) to 40% (SP controlled
combined cycle) or 41% (VAN turbine controlled combined cycle). The improvement in
design point full load is 11 efficiency points with the presented combined cycle. Assuming
250 g/kWh CO; emission, this means a 33-kiloton reduction of CO, emission yearly for
a single 47 MW gas turbine working at full load. Proposed VAN turbine logic improved
1.0 efficiency points for the combined cycle in comparison to the sliding pressure controller
at 50% gas turbine load. The outcome is a 2.6% relative reduction in CO, emission yearly in
a combined gas turbine cycle which is mostly working at loads equal to or lower than 50%.
The VAN turbine part-load strategy shows 10% relative higher bottoming cycle power
than SP in 30% load. (Figures 10c and 11c). The increment is almost the same for the both
control strategies.
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Figure 11. Part-load performance case B: (a) ORC efficiency; (b) Combined cycle efficiency; (¢) ORC power output.

Although bottoming cycle has the same design point efficiency value for both cases,
part-load efficiency decreases more for decreasing exhaust temperature gas turbine (case
A). The reason is that exhaust heat is delivered at lower temperatures to the bottoming
cycle. In such cases, a conventional SP controller limits evaporation temperature and put
the plant in a less efficient thermodynamic cycle.

4. Conclusions

An organic Rankine bottoming cycle was designed for harvesting gas turbine waste
heat and improving power generation efficiency in offshore oil platforms.

A VAN turbine control strategy for the ORC was proposed to enhance the part-load
efficiency. With the suggested VAN turbine logic, the bottoming cycle efficiency was kept
above 97% of design value in the range of 30% to 100% gas turbine load (case B). This was
achieved while it falls to 88% of design value with the SP control strategy. As offshore
gas turbines and combined cycles are expected to work mostly in 50% load or lower, this
part-load improvement can get more attention in the application.

Two gas turbine operation cases were studied in combination with four ORC control
logics. The gas turbine with constant exhaust temperature pattern showed better plant
efficiency in part loads than gas turbine with decreasing exhaust temperature pattern. For
the non-IGV gas turbine mode, combined cycle efficiency falls to 34% of design value in
30% gas turbine load. While for the IGV-operated mode, combined cycle efficiency falls to
35% of design value in 30% load. This suggests that gas turbines with constant part-load
exhaust temperature are a better choice for offshore ORC combined cycle applications in
the sense of part-load efficiencies.

The ORC bottoming cycle technology for offshore oil and gas installations is not
fully commercially available yet. Design and assessment of the presented control strategy
contribute to achieving an up to date understanding of ORC applicability based on the
latest requirements in the offshore oil and gas industry. The research results pointed out
for offshore ORC bottoming cycles the possibility of a 2.5% CO, emission reduction in low
load (30-50%) working conditions relative to state-of-the-art operational strategies. The
outcome got significance as many gas turbines are expected to work at low loads in offshore
applications. The outcome showed superiority of gas turbine constant exhaust temperature
control over decreasing temperature when they are used as the topping cycle to the ORCs
with the presented control strategy. The results can be used for further development
of part-load efficient ORC controllers in offshore applications. The suggested approach
could be applied to steam bottoming cycles as a part-load efficiency booster. Detailed
design development and study of the dynamic behaviour of the control logic are left for
future works.
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Nomenclature

A heat exchanger area (m?)

C heat capacity (J/K)

CR heat exchanger heat capacity ratio
Co turbine isentropic speed (m/s)
cr skin friction factor

D diameter (m)

f Fanning friction factor

h enthalpy (J/kg)

K thermal conductivity (W/mK)
m mass flow rate (kg/s)

N rotational speed (rad/s)

Nu Nusselt number

P pressure (Pa)

Pr Prandtl number

PR component pressure ratio

Q volume flow rate

Re Reynolds number

T temperature (K)

u impeller tip speed (m/s) or overall heat transfer coefficient (W /m?K)
x

length (m)
Ns turbine specific speed
v velocity (m/s)
W power (W)
Greek letters
o part-load turbine manipulating variable
B heat transfer coefficient ratio
7 efficiency
IT cycle pressure ratio
0 density (kg/m?)
€ surface roughness (pm)
Subscripts
0 Total
c heat exchanger cold side, or corrected
cond. related to condenser
D based on diameter
ds design point
econ. related to economizer
evap. related to evaporator
h heat exchanger hot side
i inlet
max maximum
min minimum
0 outlet
pump related to pump
rel relative
s isentropic

turb. related to turbine
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