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ARTICLE INFO ABSTRACT

Keywords: Automotive turbochargers can be used to develop gas turbine cycles; however, turbochargers operate at low
Brayton cycle pressure ratios where cycle performance is sensitive to the addition of pressure-drop components. Parallel-flow
Turbocharger

Brayton cycles have been proposed to reduce the effect of pressure losses on cycle performance. This analytical
study therefore compares various parallel-flow Brayton cycle configurations to their single-shaft counterparts,
considering combustion, recuperation, as well as a concentrated solar power input via a solar dish and an open-
cavity tubular receiver to identify where parallel-flow cycles are advantageous. Results show that the main shaft
turbocharger choice greatly influences whether a single-shaft or a parallel-flow cycle is more beneficial. In
recuperated solar cycles with a 6 % combustion chamber pressure loss, the parallel-flow low-temperature-turbine
configuration with the solar receiver before the power turbine (in parallel with the main shaft) can achieve a
peak thermal efficiency of 23.5 %, with 3 kW of power output, at a pressure ratio of 1.6. This can be compared
with a peak thermal efficiency of 21.8 % at a pressure ratio of 1.75 for its single-shaft counterpart. In recuperated
parallel-flow cycles and recuperated solar parallel-flow cycles, thermal efficiency performance improves under
increased combustion chamber pressure losses, from 6 % up to 11 %, in contrast to the declining performance of
single-shaft cycles. More specifically, at a pressure ratio of 1.8, results show that the parallel-flow low-temper-
ature-turbine configuration can outperform its single-shaft counterpart when combustion chamber pressure
losses exceed 8.7 %. The study highlights the potential of parallel-flow Brayton cycles for recuperation and
concentrated solar power integration, particularly in low-pressure-ratio systems, offering practical guidance for
turbocharger and cycle configuration selection.

Concentrating solar power
Recuperation

Single-shaft

Parallel-flow

pressure losses [7]. In further extension of improving the sustainability
of a gas turbine cycle, some of the required combustion heat in a gas
turbine cycle can be supplemented through recuperating the high tem-
perature exhaust gas from the cycle [8]. This allows for greater cycle
thermal efficiency and lower gas emissions due to a lower utilisation of
fuel in the combustion process [9]. However, this process is achieved
through the use of an added pressure loss component in the form of a
recuperator, which subsequently results in more cycle pressure losses
[10].

Commercial automotive turbochargers can be used as the
compressor and turbine in gas turbine cycles, as was done in the
development of the commercial 3 kW combined heat and power plant by
Visser et al. [11]. This has also been considered in the studies by Le Roux
[12], Le Roux & Sciacovelli [13], Butt et al. [14], De Beer et al. [15], and
Van Der Merwe et al. [16]. Radial automotive turbochargers can be
beneficial to represent the microturbine in a gas turbine cycle due to the
radial flow structure of radial turbomachinery allowing for enough

1. Introduction

Global environmental sustainability is threatened by pollution
caused by high energy consumption [1]. The efficient use of renewable
energy sources, such as solar energy, forms a viable power generation
alternative to traditional power generation methods, while reducing the
reliance on fossil fuel energy production [2]. The utilisation of solar
energy is a valuable consideration as solar energy is available as a low-
cost and abundant source of energy with wide global availability [3].
Many commercial power generation systems are constructed based on
open-air Brayton cycles, also known as gas turbine cycles [4]. These gas
turbine cycles are advantageous in terms of being lightweight and
compact for small-scale implementation [5].

Gas turbine cycles can be constructed with added cogeneration and
solar hybridisation components, to both improve the system and meet
global sustainability goals [6], but this comes at the expense of greater
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Nomenclature

Symbols

A Area [m?]

a Recuperator channel width [m]
b Recuperator channel height [m]
d Tube diameter [m]

F View factor

f Friction factor

H Height [m]

h Specific enthalpy [J/kg]

K Loss coefficient

k Thermal conductivity [W/mK]
L Length [m]

m Mass flow rate [kg/s]

N Number of tube sections

P Pressure [Pa]

Q Heat transfer rate [W]

T Temperature [K]

t Thickness [m]

w Rate of work [W]

Greek symbols

€ Emissivity

n Efficiency

A Heat transfer coefficient [W/m?K]
c Stefan-Boltzmann constant [W/m?K]
Subscripts

0 Ambient

1-9 States 1-9

CC Combustion chamber

comp Compressor

cond Conduction

conv Convection

gt Gas turbine

in Inlet

ins Insulation

loss Loss

LPG Liquified Petroleum Gas
n Tube section number
net Net amount

o Outer

out Outlet

pt Power turbine

rad Radiation

rec Recuperator

recv Receiver

s Surface

th Thermal

y Elbow number
Superscripts

* Solar

Abbreviations

(SR-CC) Solar receiver placement 1 (before the CC)

(SR-PT) Solar receiver placement 2 (before the PT)
AR Aspect Ratio

cc Combustion Chamber

CSP Concentrating Solar Power

EUF Energy Utilisation Factor

G Generator

GT Gasifier Turbine

HTT High-Temperature Turbine

ITT Intermediate-Temperature Turbine

ITT(S) Intermediate-Temperature Turbine (Solarised)
LPG Liquefied Petroleum Gas

LTT Low-Temperature Turbine

NTU Number of Transfer Units

PT Power Turbine

SR Solar Receiver

SS Single-Shaft

TIAC Turbine Inlet Air Cooling

space for the addition of other components [7] for recuperation, solar
hybridisation, and further cogeneration use [17]. However, the use of
these off-the-shelf turbochargers only allows for operation at low pres-
sure ratios. At low pressure ratios pressure losses have a greater influ-
ence on the cycle results in single-shaft configurations due to enforcing a
greater proportional reduction in the pressure ratio through the cycle
turbine [16]. Additionally, these low pressure ratios are too low for the
operation of a twin-shaft cycle due to the pressure ratios through both
the gasifier and power turbine being too low for feasibility when auto-
motive turbochargers are used [16]. For example, the initial novel
experimental single-shaft solar-dish gas turbine cycle study by Swane-
poel et al. [18] showed feasibility for a solar-dish Brayton cycle, but the
added components for the application of recuperation, thermal energy
storage, and additional piping in the cycle did not offer feasible power
generation results in comparison to a simple solar gas turbine cycle
configuration. However, concentrating solar power (CSP) and recuper-
ation should form viable cycle additions when it comes to improving
thermal efficiency and reducing the environmental impact of cycle
operation [19].

Parallel-flow cycles [16] form a solution to the detrimental perfor-
mance results that pressure losses add to a single-shaft or a twin-shaft
gas turbine cycle [20]. This is done through a minimised pressure loss
effect on the pressure ratio through the power turbine, while main-
taining the operational flexibility and independent turbine shaft speeds
of a twin-shaft cycle [21]. This minimised pressure loss effect is as a

result of separating the cycle flow rates into two individual streams so
that the cycle components, consisting of the combustion chamber,
recuperator, and solar receiver, in the current study, can be placed along
different flow streams. These two individual flow stream options allow
for the pressure losses caused by pressure loss components to be better
distributed. This ascertains that the pressure ratios through one or both
of the turbines can be maximised.

Various simple and recuperated parallel-flow Brayton cycles devel-
oped from turbochargers have been introduced and investigated by Van
der Merwe et al. [16]. This concept has further been expanded into an
analysis of turbine inlet air cooling by Cockcroft & Le Roux [22], into an
analysis of recuperation on parallel-flow cycle setups by Cockcroft & Le
Roux [23], and into an analysis on the effect of solar receiver placement
in simple and recuperated parallel-flow Brayton cycle configurations by
Cockcroft & Le Roux [19]. These studies introduced various parallel-
flow cycles with the configuration being dependent on the placement
of the parallel-flow split-off point and the placement of the solar receiver
in the various solar cycles. The split-off point and solar receiver place-
ments have been shown to greatly influence the results that are obtained
in the operation of the cycles. These configurations consisted of the low-
temperature turbine (LTT), intermediate-temperature turbine (ITT),
intermediate-temperature turbine (solarised) (ITT(S)), and high-
temperature turbine (HTT) configurations — depending on the place-
ment of the cycle split-off point. Additionally, the solar receiver was
placed either before the combustion chamber or before the power
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Fig. 1. Simple cycle parallel-flow and single-shaft configurations, adapted from Ref. [22].

turbine.
1.1. Novelty and contribution

Although the configurations introduced by Cockcroft & Le Roux
[19,23] have been extensively investigated, these cycles have not been
compared to their various single-shaft counterparts. Thus, the current
study forms its novelty through comparing the various parallel-flow and
single-shaft cycle configurations developed from turbochargers through
analysing the responses of the various cycle configurations to added
cycle pressure losses. To the authors’ knowledge, a comparison of this
nature, through comparing various single-shaft and parallel-flow cycles
to one another on a per pressure ratio and on a pressure loss percentage
basis, has not been done before. These comparisons are necessary to
determine the best-case cycle configuration, in a single-shaft or parallel-
flow setup, to maximise thermal efficiency. A higher efficiency indicates
that more power output is obtained from the fuel input. Thus, this is an
important consideration to be made regarding whether a parallel-flow
cycle is capable of outperforming a single-shaft cycle, when consid-
ering different cycle types.

2. Methodology

For an analytical investigation regarding the various parallel-flow
and single-shaft Brayton cycle configurations, the cycle layouts and
cycle components for analysing the air-operated gas turbine cycles are
presented. Each cycle is solved through its own Python algorithm
through the consideration of different pressure ratios. For the simple,
recuperated, and recuperated solar cycles, the pressure ratios are
simulated based on a Python array, [1.4, 1.5, 1.6, 1.8, 2.0, 2.25, 2.5], as
done in the study by Cockcroft & Le Roux [19].

When a recuperator is considered in a cycle setup, a flat-plate recu-
perator is used (as defined in the recuperator analysis below). This flat-
plate recuperator makes use of n channels in a single-direction, with n
being subjected to a Python array of [15, 22.5, 30, 37.5, 45]. The
channel height options for the flat-plate recuperator are inputted into
Python as an array ([1.50, 2.25, 3.00, 3.75, 4.50]) of channel height
options in millimetres. The remaining recuperator geometry is detailed
in the recuperator section to follow.

Considering the above input arrays and the component analysis re-
quirements to be introduced in section 2.2, each cycle configuration in

this study is solved for iteratively with the solution being obtained when
the required tolerance is satisfied. This procedure stems from the
manner in which Van der Merwe et al. [16] have solved for similar
cycles, with a verification procedure having been done in the study by
Cockcroft & Le Roux [22].

2.1. Cycle layouts

Different simple, recuperated, simple solar, and recuperated solar
parallel-flow and single-shaft configurations are considered in this
study. The simple and recuperated parallel-flow cycles have already
been analysed by Van der Merwe et al. [16] and Cockcroft & Le Roux
[23], while the simple solar and recuperated solar cycles have already
been analysed by Cockecroft & Le Roux [19]. Thus, these cycles are not
fully detailed and investigated in the current study, but their various
configurations are still included and detailed for reference and com-
parison to their single-shaft counterparts.

Prior to a discussion of the various cycle types, the naming conven-
tions used in the parallel-flow cycles need to be detailed. The names
associated with the parallel-flow cycles are determined from the loca-
tion of their parallel-flow split-off point, as detailed in the studies by
Cockcroft & Le Roux [19,23]. A low-temperature turbine (LTT) config-
uration is formed when the split-off point occurs directly after the
compressor. An intermediate-temperature turbine (ITT) cycle has a
parallel-flow split-off point directly after the recuperator cold-side
outlet. An intermediate-temperature turbine (solarised) cycle — ITT(S)
cycle — has a parallel-flow split-off point directly after the solar receiver
outlet. A high-temperature turbine (HTT) configuration is formed when
the split-off point occurs directly after the combustion chamber. Various
solar receiver placements are investigated for the parallel-flow solar
cycles, as in the study by Cockcroft & Le Roux [19], with the first
receiver placement occurring in the main cycle section and being indi-
cated as (SR-CC) in the cycle naming convention. The alternative
receiver placement occurs between the split-off point and the power
turbine and is indicated as (SR-PT) in the cycle naming convention.
These plant scheme configurations are further detailed in the sub-
sections to follow. Note that in the plant scheme figures in the sub-
sections to follow, a dashed line indicates that the flow is unique to
the indicated cycle type, while solid lines indicate that the flow lines are
active in each configuration of the cycle type.



C.C. Cockcroft and W.G. Le Roux

Exhaust

Energy Conversion and Management 335 (2025) 119837

— Air
—— Hot gas
— Air/ gas

Powerout | LTT

gas Rec.

Fuel —

Oil / water

Comp.

Housing

5

Air intake

Single-shaft configuration for comparison:

Exhaust

Oil / water

Power

I
I
| gas
I

out

Fig. 2. Recuperated cycle parallel-flow and single-shaft configurations, adapted from Ref. [23].

2.1.1. Simple layouts

The first cycle type to be discussed is the simple cycle. In the simple
cycle, there are two possible parallel-flow cycles, an LTT cycle and an
HTT cycle, as detailed by Van der Merwe et al. [16]. Both of these cycles
make use of a power turbine that is completely excluded from the single-
shaft configuration, as indicated via Fig. 1. In the single-shaft configu-
ration, the power output is obtained from the gasifier turbine, but the
gasifier turbine also powers the coupled compressor, so the power
output is obtained from the difference between the power generated in
the gasifier turbine and the power required to operate the compressor. In
contrast to this, the parallel-flow gasifier turbine is fully responsible for
powering the compressor with the power output only being obtained
from the power generated in the power turbine.

2.1.2. Recuperated cycle layouts

When a recuperated cycle configuration is used, there are three
possible parallel-flow configurations, as detailed in the study by Cock-
croft & Le Roux [23]. These parallel-flow configurations consist of a
recuperated LTT cycle, an ITT cycle, and a recuperated HTT cycle, as
shown in Fig. 2. This figure illustrates the possible cycle split-off points
when a recuperator is incorporated into the setup and shows the single-
shaft counterpart for reference. These configurations are explained in

more detail in the study by Cockcroft & Le Roux [23]. As in the simple
single-shaft layout, the recuperated single-shaft layout does not have a
power turbine for operation, but the remaining main cycle section is the
same as in the parallel-flow recuperated cycles, except the gasifier tur-
bine is responsible for powering the compressor and producing the net
power output in the single-shaft configuration.

2.1.3. Simple solar cycle layouts

The simple solar parallel-flow cycles utilise a solar receiver and have
alternative solar receiver placements as analysed in the study by Cock-
croft & Le Roux [19]. These alternative receiver placements are
visualised as in Fig. 3 and Fig. 4, with Fig. 3 showing that when the
receiver is placed prior to the combustion chamber inlet, there are three
possible parallel-flow configurations, and one single-shaft configura-
tion. This figure illustrates the possible cycle split-off points when a solar
receiver is incorporated into the setup prior to the combustion chamber
inlet and shows the single-shaft counterpart for reference. The parallel-
flow cycles that make use of the first receiver placement are the LTT (SR-
CQC), the ITT(S) (SR-CC), and the HTT (SR-CC) cycles. For the alternative
receiver placement in Fig. 4, there are two possible parallel-flow cycles,
the LTT (SR-PT) cycle and the HTT (SR-PT) cycle. This figure illustrates
the possible cycle split-off points when a solar receiver is incorporated
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Fig. 3. Simple solar cycle parallel-flow and single-shaft configurations (SR-CC), adapted from Ref. [19].

into the setup prior to the power inlet and shows the single-shaft
counterpart for reference. The same concepts as in the simple and the
recuperated cycle layouts apply to the single-shaft layout in Fig. 3, with
the power output being based on the difference between the gasifier
turbine generated power and the power required to operate the
compressor. The various simple solar cycle configurations are explained
in more detail in the study by Cockcroft & Le Roux [19].

2.1.4. Recuperated solar cycle layouts

For the recuperated solar cycle layouts, there are two possible solar
receiver placements in the various parallel-flow configurations as
detailed in the study by Cockcroft & Le Roux [19]. These alternative
placements are shown in Fig. 5 and in Fig. 6. Fig. 5 shows that when the
first receiver placement is used, with the solar receiver being placed
between the cold-side outlet of the recuperator and the combustion
chamber inlet, there are four possible parallel-flow layouts that can be
compared to the single-shaft configuration. These parallel-flow layouts

consist of the recuperated solar LTT (SR-CC), the recuperated solar ITT
(SR-CCQ), the recuperated solar ITT(S) (SR-CC), and the recuperated solar
HTT (SR-CC) configurations. For the second receiver placement, with
the solar receiver placed between the cycle split-off point and the power
turbine inlet, there are three possible parallel-flow configurations, the
recuperated solar LTT (SR-PT), the recuperated solar ITT (SR-PT), and
the recuperated solar HTT (SR-PT) configurations. The single-shaft
power output is again determined as the difference between the power
generated in the gasifier turbine and the power required to operate the
compressor.

2.2. Component analysis

The components that make up the various cycle configurations in the
current study are defined in the same manner as in the studies by
Cockcroft & Le Roux [19,22,23], with a consideration of pressure losses
on a per component basis. The cycles utilise an intake of air at state 1,
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with this air being the same as the ambient air in Pretoria, South Africa,
and having a subsequent ambient pressure of 86.6 kPa and an ambient
temperature of 300 K [24]. The cycles all exhaust to the ambient pres-
sure. In this study, note that the alternative application of the turbo-
chargers results in various operating points within the turbomachinery
flow maps. This means that the results from the turbomachinery flow
maps are obtained via determining the off-design operating points of the
turbocharger components. Thus, the impact of off-design conditions is
considered regarding their influence on machine efficiency, as done in
the study by Cockcroft & Le Roux [22].

The power output of the parallel-flow cycles is determined as per
Equation (1), with the single-shaft cycle power outputs being deter-
mined as per Equation (2). For both the parallel-flow and the single-shaft
cycles, the thermal efficiency is determined as per Equation (3), through
considering the heat transfer that occurs in the combustion chamber.
Note that for the solar cycles, the thermal efficiency would typically
include the solar heat added to the cycles in the denominator of Equa-
tion (3). However, this would not give a clear indication of the power
output obtained with reference to the fuel added to the cycle. Thus, for
the solar cycles, the thermal efficiency determined via Equation (3) is
actually the fuel-based thermal efficiency as detailed in the study by
Cockcroft & Le Roux [19]. For the purpose of the current study, all
thermal efficiencies are determined using Equation (3) for simplicity.

Housing GT
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2.2.1. Compressor and turbines

Commercially available automotive turbochargers are used to
represent the compressor and gasifier turbine as a coupled pair in the
parallel-flow and single-shaft layouts. This characterisation is thus done
using the compressor and exhaust flow maps of the commercially
available turbomachinery to extract values for further mathematical use
when it comes to determining the isentropic efficiencies and mass flow
rates of the compressor and turbines in this study. Thus, the performance
of the compressors and turbines in the various cycles is directly deter-
mined by their turbomachinery flow maps and differs for each design
point.

Due to the existence of the additional power turbine in the parallel-
flow configurations, a separate turbocharger is used to model the power
turbine [16]. To represent these turbomachinery components, two
different Garret Motion [25] turbochargers are used for the coupled main
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Fig. 5. Recuperated solar cycle parallel-flow and single-shaft configurations (SR-CC), adapted from Ref. [19].

shaft compressor and gasifier turbine, namely the G25-550 (AR = 0.92)
and the GTX4088R (AR = 1.19) turbochargers. The power turbine in the
parallel-flow configurations are simulated based on the Garret Motion
[25] GBC14-200 and GBC17-250 turbochargers as power turbine op-
tions for both main shaft turbochargers. These turbochargers and
turbocharger combinations are selected based on numerous simulations
with other turbochargers and combinations, with the mentioned tur-
bochargers offering the best compatibility results for a wide range of
configurations and cycle types. Moreover, the exact simulation and
calculation procedures for the turbomachinery in this study follows the
in-depth contour mapping and Webplotdigitizer [26] digitisation pro-
cedures as detailed in the studies by Cockcroft & Le Roux [19,22,23].
Lastly, when using Garrett Motion turbochargers, the turbine inlet
temperature may not exceed 950 °C due to manufacturer limitations
[27]. The current study considers this temperature as 1200 K (927 °C)
for a conservative simplification and this limit is used to model the inlet

temperatures to the single-shaft gasifier turbine in the various single-
shaft cycles, as done by Le Roux & Meyer [28]. This is considered for
the gasifier turbine inlet temperatures associated with each cycle
configuration type and is also considered for the power turbine inlet.

2.2.2. Combustion chamber

To model the combustion chamber in the current study, the chemical
reaction equation for the combustion between injected liquified petro-
leum gas (LPG) and air is used. The standard formulation of 60 % pro-
pane and 40 % butane is used to represent the LPG formulation, as per
standard LPG formulation in South Africa [29]. The molar relations
between the reactants and the products in the chemical reaction equa-
tion are solved for via interpolation and a consideration of the mass
added to the cycle in the combustion process and the adiabatic flame
temperature required to balance the gasifier turbine and compressor
work rates, for the various parallel-flow cycles, as detailed in-depth in
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the study by Cockcroft & Le Roux [22]. For the single-shaft cycles, the
gasifier turbine inlet temperature is restricted to 1200 K and thus is not
solved for iteratively as in the parallel-flow cycles, but the solution setup
for the single-shaft combustion solution procedure remains the same as
in the parallel-flow analysis. Note that a control system would be
required to either maintain the gasifier turbine inlet temperature at
1200 K in a single-shaft cycle or to ascertain that the gasifier turbine
inlet temperature is equal to the required value to allow for the gasifier
and compressor power amounts to equate to one another in the instance
of a parallel-flow cycle. This is required to optimise the system
performance.

Lastly, according to Lefebvre & Ballal [30], the pressure loss in an
annular combustion chamber equates to approximately 6 % of the
pressure entering the combustion chamber. However, in the

experimental analysis by Swanepoel et al. [18], this pressure loss was
found to be as high as 10.2 % when considering the combustion chamber
(in a recuperated cycle) and the piping connections between the various
components and the combustion chamber. Thus, the current study
considers combustion pressure losses of between 6 % and 11 % for the
various cycles consisting of the G25-550 (AR = 0.92) as the main shaft
turbocharger to ascertain the performance of each parallel-flow and
single-shaft cycle under greater amounts of combustion chamber pres-
sure loss.

2.2.3. Recuperator

When a recuperator is used in a cycle configuration, the recuperator
is defined as per the flat-plate recuperator model detailed by Le Roux &
Sciacovelli [13], and per the model defined by Nellis & Pfotenhauer [31]
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Fig. 7. Thermal efficiency as a function of pressure ratio in a simple cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the G25-550 (AR
= 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as the GT and

GBC17-250 as the PT.

— using the effectiveness-NTU heat exchanger solving method that in-
cludes heat loss to the environment. For reference regarding the recu-
perator dimensions, a is the recuperator width, b is the recuperator
channel height, n is the number of channels in a single-direction, and Ly,
is the length of the recuperator, as in the studies by Cockcroft & Le Roux
[19,23]. The recuperator has a plate thickness, t, of 0.5 mm, and the
length and width of the recuperator are kept constant at 1.5 m and
0.225 m, respectively. This has been detailed in Ref. [23]. Note that the
input recuperator dimensions influence the pressure loss through the
recuperation process. This pressure loss is determined as in the study by
Le Roux & Sciacovelli [13].

2.2.4. Solar receiver

An open-cavity tubular solar receiver is used as detailed in Ref. [19].
This receiver utilises solar heat that is reflected into the receiver via a
solar dish with a diameter of 4.8 m (with a dish area of 18 mz), a
reflectivity of 85 % and an optical error of 10 mrad, while assuming a
direct normal irradiance of 1000 W/m? [32]. The specified geometry of
the solar receiver is used to determine the pressure loss through the
receiver with a consideration of the mass flow rate through the receiver
as per the study by Le Roux et al. [32]. The solar rays that are reflected
from the dish are traced using SolTrace [33], based on techniques for
solar flux mapping [32]. Due to the material design restrictions of the

solar receiver, the surface temperature of the tubes is not allowed to be
greater than 1200 K [18]. This is analysed in the results pertaining to the
solar cases. Under the consideration of conduction, convection, and
radiation heat losses and gains, the resulting equation for determining
the heat transfer that the solar receiver adds to the cycle is as per
Equation (4). This equation is solved for via Gaussian elimination in
Python, as done in the study by Le Roux et al. [32]. Moreover, the ef-
ficiency of the solar receiver is determined as per Equation (5) [32].

. L x N
Quetn =Q, — Anzjlen,j (e,,aT:n — ejaT‘fJ) —A,F,_o (e,,aT:n — ejaTg)

An(Tsn — T
- ﬂrecv.nAn (Ts.n - TO) - w
%0 T i
4
Nsg = Q.nft ()
Q
3. Results

The various parallel-flow and single-shaft cycle results are presented
and analysed in this section. The results of each cycle type consist of an



C.C. Cockcroft and W.G. Le Roux

N LIT N HIT Wl Ss
1400
1300 1
3 1200
2 ®
J:‘ Y
1] Y
g Y
2, 11001 N Epme— 8
g8 -
&
1000 A
900 B«
Beg
14 1.6 1.8 2.0 22 24
Pressure Ratio [-]
—6— NoPT -8~ PT=GBCl14-200
(a)
BN LTT BN HIT I sS
1500 1
1400 1
2 |8
2 13004
£ =
S ~
2. 1200 “e—
5 RN
= B SN g 8
1100 R 8
o
1000 1 B — 13
\E’_____B_ _____ £
1.4 16 18 20 22 24

Pressure Ratio [-]

—6— No PT =8-- PT=GBC14-200

(c)

Energy Conversion and Management 335 (2025) 119837

N LTT N HTT |l Ss
1400 {5
\
\
B
1300 o
~eol __--O
— gl
=
5 1200
2
&
2 11001
z
1000
BJ
"D-—.E_____D
900
14 16 18 20 22 24
Pressure Ratio [-]
—e— NoPT =-8&- PT=GBCl7-250
N LTT N HTT [N ss
¥
1500 4
\
\
\
1400 8
— N
=) s
2 1300 LN
é \& _ ”,E
) 1 =S _ -8
% 1200 &=
2 .
1100 .
Seel S -
1000 Bom—m =TT
14 16 18 20 22 24

Pressure Ratio [-]

—e— No PT =8-- PT=GBC17-250

(d)

Fig. 8. GT inlet temperature as a function of pressure ratio in a simple cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the G25-550
(AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as the GT

and GBC17-250 as the PT.

analysis of the power outputs (shown in Appendix B for reference and
discussions), thermal efficiencies, and temperature limitations. Thermal
efficiency is of primary importance in this study and is greatly influ-
enced by the cycle components. Thus, the recuperator effectiveness and
solar receiver efficiency values are paramount when it comes to detail-
ing the reasons as to why the thermal efficiency values deviate across the
cycles. Appendices C and D can be referred to for the influence that these
parameters have on the cycle results.

Two power turbine options with the G25-550 (AR = 0.92) and
GTX4088R (AR = 1.19) main shaft turbocharger options are considered
at different pressure ratios and at a combustion chamber pressure loss of
6 % for a cycle pressure ratio analysis. Note that for the main analysis,
the thermal efficiency results of the various cycles are discussed to
determine where the highest feasible thermal efficiency is obtained with
reference to the various cycle temperatures that have been constrained
to 1200 K.

For the G25-550 (AR = 0.92) main shaft turbocharger, additional
investigations are done considering pressure losses from 6 % to 11 % for
an analysis into the effect of increased combustion chamber pressure
losses. The pressure loss analysis is based on the mid-range pressure
ratio of 1.8 for the various cycles. This pressure ratio is considered for
this analysis due to low gasifier turbine inlet temperatures, as observed
by Cockcroft & Le Roux [19]. This is important because in the parallel-
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flow analyses by Van der Merwe et al. [16] and Cockcroft & Le Roux
[22], it has been shown that an increase in pressure loss results in higher
gasifier turbine inlet temperatures. Thus, it is better to operate at a
pressure ratio with a lower turbine inlet temperature to remain within
the limit of 1200 K.

Note that the various parallel-flow cycles have already been
compared in the studies by Cockcroft & Le Roux [19,22,23] for the G25-
550 (AR = 0.92) as the main shaft turbocharger. The relationships be-
tween the various parallel-flow cycles when the GTX4088R (AR = 1.19)
is used as the main shaft turbocharger follow a similar relationship
response to that of the G25-550 (AR = 0.92) main shaft turbocharger,
unless different recuperator geometry (shown in Appendix A) is required
to reduce the gasifier turbine inlet temperatures. Thus, this study pri-
marily focusses on whether a parallel-flow cycle can outperform a
single-shaft cycle, with a specific focus on thermal efficiency, and the
conditions in which a parallel-flow cycle offers better results, with some
minor modifications to the coding procedure by Cockcroft & Le Roux
[19,22,23] for improved accuracy.

3.1. Simple cycle results

When the G25-550 (AR = 0.92) is used as the main shaft turbo-
charger, Fig. 7 shows that none of the parallel-flow cycles are able to
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provide higher thermal efficiencies than the single-shaft cycle for either
power turbine options. Additionally, the compressor pressure ratio
range of the parallel-flow cycles is much shorter than in the operation of
the single-shaft cycle, with the single-shaft cycle being able to produce
much higher thermal efficiencies than the various parallel-flow cycles
due to being able to operate up to a pressure ratio of 2.5. Moreover, the
gasifier turbine inlet temperatures are too high at low pressure ratios for
the LTT cycle with the GBC17-250 as the power turbine, as shown in
Fig. 8(b).

Via Fig. 7, it is shown that, when the GTX4088R (AR = 1.19) is used
as the main shaft turbocharger, the thermal efficiency results between
the various configurations show that the GBC14-200 power turbine
mostly does not provide better thermal efficiencies than the single-shaft
cycle, except at pressure ratios of 1.5 — 1.6 and 2.5 when the HTT
configuration is used. The HTT configuration with the GBC17-250 pro-
vides the highest thermal efficiencies out of all the plotted configura-
tions for the entire pressure ratio range. This results in a maximum
thermal efficiency of 4.49 % when using the HTT configuration with the
GBC17-250 as the power turbine at a pressure ratio of 2.5. Fig. 8 also

shows that this HTT cycle requires gasifier turbine inlet temperatures
within the required limit of 1200 K for the entire pressure ratio range,
and thus the HTT cycle is feasible for operating within the temperature
limitations.

3.1.1. Effect of pressure drop on the simple cycle results

In terms of a pressure loss analysis, when the G25-550 (AR = 0.92) is
used as the main shaft turbocharger, it is shown via Fig. 9 that even
though the single-shaft cycle shows the greatest decline in thermal ef-
ficiency, none of the parallel-flow cycles are able to obtain higher
thermal efficiencies than the single-shaft cycle at a pressure ratio of 1.8.
Fig. 10(a) and Fig. 10(b) show that the HTT cycle has gasifier turbine
inlet temperatures that are sufficiently within the required gasifier tur-
bine inlet temperature at high pressure loss percentages. Thus, under
even higher pressure losses, it is not expected that the temperature limit
will be exceeded for the HTT cycle. This is not observed for the LTT
cycle, as shown in Fig. 10(a) and Fig. 10(b), with the LTT cycle with the
GBC14-200 power turbine exceeding the gasifier turbine inlet temper-
ature limit at pressure losses above 9.6 %, and with the LTT cycle with
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the GBC17-250 power turbine exceeding the temperature limit for all
considered pressure losses.

3.2. Recuperated cycle results

In terms of thermal efficiency, for the G25-550 (AR = 0.92) as the
main shaft turbocharger, Fig. 11 shows that none of the parallel-flow
cycles are able to provide higher thermal efficiencies than the single
shaft cycle, which obtains its maximum thermal efficiency of 45.44 % at
a pressure ratio of 1.4. This thermal efficiency decreases with an in-
crease in pressure ratio with the lowest single-shaft thermal efficiency of
22.97 % at a pressure ratio of 2.5. Thus, the single-shaft cycle fully
outperforms the parallel-flow cycles in a recuperated setup, with the
highest parallel-flow thermal efficiency of 15.65 % occurring at a
pressure ratio of 1.5 for the LTT cycle with the GBC14-200 power
turbine.

For the GTX4088R (AR = 1.19) as the main shaft turbocharger, it is
shown via Fig. 11 that the LTT cycles have the highest thermal effi-
ciencies at pressure ratios of 1.5, with the GBC14-200 power turbine
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option having a thermal efficiency of 8.24 % and the GBC14-200 power
turbine option having a thermal efficiency of 8.02 %. However, Fig. 12
shows that at the pressure ratios where the LTT cycles have the highest
thermal efficiencies, the gasifier turbine inlet temperatures are too high.
Thus, the LTT cycle, for both the GBC14-200 and the GBC17-250 power
turbine options, is not feasible for obtaining high thermal efficiencies
within the maximum allowable gasifier turbine inlet temperature. Thus,
the highest feasible thermal efficiency, of 8.35 %, is obtained for the
single-shaft cycle, at a pressure ratio of 2, as shown in Fig. 11.

Via Fig. 12, it is shown, for the G25-550 (AR = 0.92) main shaft
turbocharger, that all the discussed parallel-flow cycles, with the
exception of the LTT cycle with the GBC17-250 power turbine, require
gasifier turbine inlet temperatures within the limit of 1200 K. Thus, this
gasifier turbine inlet temperature consideration does not deem most of
the discussed parallel-flow results, with the exception of the LTT cycle
with the GBC17-250 power turbine, as infeasible for implementation.

3.2.1. Effect of pressure drop on the recuperated cycle results
When considering higher pressure losses in the cycle, the single-
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shaft, LTT, and HTT cycle thermal efficiencies respond in the same
manner as in the simple cycle analysis, excluding the influence of
recuperator dimensions (Appendix A), as shown in Fig. 13. The thermal
efficiency of the ITT cycle increases with an increase in pressure loss.
The gasifier turbine inlet temperatures of the parallel-flow cycles in-
crease with an increase in pressure loss, which limits the LTT cycle, as
shown in Fig. 14(a), with the gasifier turbine inlet temperature being too
high for this cycle at pressure losses exceeding 9 %. Under these pressure
loss considerations, the single-shaft cycle still performs the best with the
thermal efficiency declining from 25.8 % at a pressure loss of 6 % to
21.8 % at a pressure loss of 11 % (with declining power outputs from 6.2
kW to 4 kW as per Fig. B4).

3.3. Simple solar cycle results

For the G25-550 (AR = 0.92) main shaft turbocharger in a simple
solar cycle, Fig. 15 shows that none of the parallel-flow cycles offer
better thermal efficiency than the single-shaft cycle. Thus, the best
performance is obtained for in the single-shaft cycle, with a maximum
power output of 20.7 kW (see Fig. B5) and a maximum thermal effi-
ciency of 11.03 %, at a compressor pressure ratio of 3. At a compressor
pressure ratio of 2.5, as the maximum simulated compressor pressure
ratio for the other cycles, the simple solar single-shaft cycle generates
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14.75 kW (see Fig. B5) of power with a thermal efficiency of 9.34 %.
Note that the missing data observed in Fig. 15, particularly for the HTT
(SR-CC) cycle, is as a result of incompatibility between the Garrett Mo-
tion turbocharger pairs. These incompatibilities are due to operational
requirements beyond the bounds of either the main compressor map or
the power turbine compressor map, as detailed by Van der Merwe et al.
[16].

All the cycle configurations, with the G25-550 (AR = 0.92) as the
main shaft turbocharger, with the exception of the LTT (SR-CC) cycle
with the GBC14-250 as the power turbine at pressure ratios of less than
1.45, have gasifier turbine inlet temperatures, power turbine inlet
temperatures, and solar receiver surface temperatures within the limit of
1200 K for the entire pressure ratio range. The LTT (SR-CC) and ITT(S)
(SR-CC) cycles with the GBC17-250 as the power turbine, experience
high gasifier turbine inlet temperatures throughout the operational
pressure ratio range, as shown in Fig. 16.

When the GTX4088R (AR = 1.19) is used as the main shaft turbo-
charger, Fig. 15 shows that the LTT (SR-PT) cycle has the best thermal
efficiency at low pressure ratios. However, when this cycle operates at
low pressure ratios with the GBC17-250 power turbine, Fig. 16 shows
that the gasifier turbine inlet temperature limit of 1200 K is exceeded.
This is only an issue for the LTT (SR-PT) cycle with the GBC14-200
power turbine at pressure ratios less than 1.41.
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For the GTX4088R (AR = 1.19) main shaft turbocharger, the HTT
(SR-CC) cycle with the GBC17-250 power turbine produces the overall
greatest thermal efficiency of all the cycles, as shown in Fig. 15(d), at
high pressure ratios. This maximum performance obtains a power
output of 15.3 kW (see Fig. B5) and a thermal efficiency of 4.49 % at a
pressure ratio of 2.75, due to exceeding the gasifier turbine inlet tem-
perature limit at pressure ratios greater than 2.75. The single-shaft cycle
has a power output of 11.3 kW (see Fig. B5) and a thermal efficiency of
4.05 % at a pressure ratio of 3. At a pressure ratio of 2.5, the HTT (SR-
CC) cycle with the GBC17-250 power turbine has a power output of 12.3
kW (shown in Fig. B5) and a thermal efficiency of 4.01 % (shown in
Fig. 15(d)), with the single-shaft cycle obtaining a power output of 8.9
kW (see Fig. B5) and a thermal efficiency of 3.69 % at the same pressure
ratio. Fig. 16 shows that gasifier turbine inlet temperatures that exceed
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1200 K are only limiting for the LTT (SR-PT) and HTT (SR-CC) cycles
with the GBC17-250 as the power turbine at low pressure ratios, and for
the LTT (SR-CC) and ITT(S) (SR-CC) cycles for both power turbine op-
tions. The remaining temperature limitations, consisting of the power
turbine inlet temperatures and the maximum solar receiver surface
temperatures are within the allowable limit for all the cycles. Addi-
tionally, the HTT (SR-CC) cycle with the GBC17-250 power turbine has
slightly too high gasifier and power turbine inlet temperatures at pres-
sure ratios less than 1.75, as shown in Fig. 16 with the gasifier turbine
and power turbine inlet temperatures being the same for the HTT (SR-
CC) configuration. This is however not in the operational region where
this cycle obtains the best performance and thus is not of major concern.
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3.3.1. Effect of pressure drop on the simple solar cycle results

When it comes to increased cycle pressure losses, Fig. 17 shows that
the thermal efficiency response of the LTT (SR-CC) and LTT (SR-PT)
cycles is the same as that of the simple LTT cycle, the response of the
HTT (SR-CC) cycle is the same as that of the simple HTT cycle, and
response of the simple solar single-shaft cycle is the same the simple
single-shaft cycle.

In terms of comparative performance, the LTT (SR-PT) cycle with the
GBC17-250 as the power turbine gets close to the thermal efficiency of
the single-shaft cycle at a pressure loss of 11 %. However, at this high
pressure loss percentage the gasifier turbine inlet temperature is too
high and is expected to increase under even greater pressure losses, as
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shown in Fig. 18. High gasifier turbine inlet temperatures are also of
concern for the LTT (SR-CC) and ITT(S) (SR-CC) cycles, for both power
turbine options, as shown in Fig. 18. The power turbine inlet tempera-
tures and the maximum solar receiver surface temperatures were all
found to be within the limit of 1200 K, for each cycle configuration. For
simplicity, these results are not included in this section. Considering the
discussions in this section, none of the parallel-flow cycles offer a per-
formance advantage over the single-shaft cycle in a simple solar cycle
when the G25-550 (AR = 0.92) is used as the main shaft turbocharger,
even under greater pressure loss considerations.
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Fig. 16. GT inlet temperature as a function of pressure ratio in a simple solar cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the G25-
550 (AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as the

GT and GBC17-250 as the PT (adapted from Cockcroft & Le Roux [19]).
3.4. Recuperated solar cycle results

When comparing thermal efficiencies, for the G25-550 (AR = 0.92)
main shaft turbocharger, Fig. 19(a) shows that when the GBC14-200 is
used as the power turbine, the LTT (SR-PT) cycle has its highest thermal
efficiency, of 17.68 %, at a pressure ratio of 1.5, while remaining within
all the temperature limitations for its entire operational range (as shown
in Fig. 20(a), Fig. 21(a), Fig. 22(a)). Due to high solar receiver surface
temperatures, as shown in Fig. 22, the single-shaft cycle is only operable
at pressure ratios greater than 1.75, with a thermal efficiency of 21.8 %
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at this pressure ratio, and the LTT (SR-CC) cycle with the GBC14-200
power turbine is only operable at pressure ratios greater than 1.9,
with a thermal efficiency of 15.4 % at this pressure ratio. When the
GBC17-250 is used as the power turbine at a pressure ratio of 1.6, the
LTT (SR-PT) cycle obtains a thermal efficiency of 23.51 %, as shown in
Fig. 19(b), with a power output of 3 kW (shown in Fig. B7(b)), while
remaining within all the temperature limitations (as shown in Fig. 20(b),
Fig. 21(b), Fig. 22(b)). This configuration and combination is however
not recommended for operation at pressure ratios of greater than 1.95
due to exceeding the maximum allowable gasifier turbine inlet
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Fig. 18. GT inlet temperature as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a simple solar cycle at a compressor pressure ratio of 1.8 with

(a) the GBC14-200 as the PT and (b) the GBC17-250 as the PT.

temperature of 1200 K (as shown in Fig. 20(b)).

When the GTX4088R (AR = 1.19) acts as the main shaft turbocharger
in a recuperated solar cycle, Fig. 19 shows that the overall best thermal
efficiency is obtained in the operation of the LTT (SR-PT) cycle, when
both the GBC14-200 and the GBC17-250 are considered as power tur-
bine options. Both of these cycles fully outperform the single-shaft cycle,
with all of the parallel-flow cycles utilising the ‘SR-PT’ receiver place-
ment allowing for better thermal efficiency performance than the single-
shaft cycle. However, Fig. 20 shows that at this pressure ratio, the
gasifier turbine inlet temperature is too high for this configuration with
the GBC17-250 power turbine, with the cycle only being feasible for
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operation pressure ratios between 1.84 and 2.3 with thermal efficiencies
from 8.19 % to 7.63 %, respectively, as per Fig. 19(d), and power out-
puts between 4.5 kW and 7.6 kW (see Fig. B7). For the GTX4088R (AR =
1.19) main shaft turbocharger, when the LTT (SR-PT) configuration is
used with the GBC14-200 as the power turbine, none of the temperature
limits are exceeded (as shown in Fig. 20(c), Fig. 21(c), Fig. 22(c)) and
thus the cycle is feasible for operation throughout the simulated pressure
ratio range. This, LTT (SR-PT) configuration with the GBC14-200 power
turbine, has an overall maximum thermal efficiency of 9.09 % with a
power output of 2.6 kW (see Fig. B7), at a pressure ratio of 1.5. This is
the highest feasible thermal efficiency when the GTX4088R (AR = 1.19)
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Fig. 19. Thermal efficiency as a function of pressure ratio in a recuperated solar cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the
G25-550 (AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as

the GT and GBC17-250 as the PT (adapted from Cockcroft & Le Roux [19]).

is used as the main shaft turbocharger for the considered configurations
and combinations.

3.4.1. Effect of pressure drop on the recuperated solar cycle results

For greater pressure loss percentages, Fig. 23 shows that the LTT (SR-
PT) cycle with the GBC14-200 as the power turbine is the only viable
cycle for achieving a greater thermal efficiency than the single-shaft
cycle at pressure losses exceeding 8.7 %, with increasing thermal effi-
ciency values between 13.5 % and 19.9 % for pressure losses between 6
% and 11 %, for a constant power output of approximately 3.6 kW (see
Fig. B8) for all the pressure losses, at a pressure ratio of 1.8. This is
achievable while remaining within the maximum allowable solar
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receiver surface temperature, as shown in Fig. 25 (a). The thermal ef-
ficiency of the single-shaft cycle declines from 21.8 % to 12.7 % at a
pressure ratio of 1.8. Thus, for high combustion chamber pressure losses,
LTT (SR-PT) cycle with the GBC14-200 as the power turbine is the best
cycle configuration. The LTT (SR-PT) configuration with the GBC17-250
as the power turbine has high gasifier turbine inlet temperatures at
higher pressure losses, as shown in Fig. 24. These high gasifier turbine
inlet temperatures result in poorer performing geometry selections (as
per Appendix A) to remain within, or as close as possible to, the
allowable maximum gasifier turbine inlet temperature of 1200 K. The
power turbine inlet temperatures were found to be within range (below
1200 K) for all the considered cycles.
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Fig. 20. GT inlet temperature as a function of pressure ratio in a recuperated solar cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the
G25-550 (AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as

the GT and GBC17-250 as the PT (adapted from Cockcroft & Le Roux [19]).
3.5. Summary of results

The thermal efficiency of the various cycles is important when it
comes to addressing the output that is obtainable with reference to the
fuel added to the cycle, with a higher thermal efficiency indicating a
better proportional usage of the cycle fuel input. The results for
obtaining the maximum thermal efficiency for each of the different main
shaft turbochargers in each cycle type, are shown in Table 1 (for a
combustion pressure loss of 6 % only). This table shows that the cycles
consisting of the larger GTX4088R (AR = 1.19) main shaft turbocharger
always offer better thermal efficiency than the G25-550 (AR = 0.92)
when a parallel-flow cycle is identified as the best configuration, except
in a recuperated solar cycle. Furthermore, the table shows the effect of
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pressure loss on a single-shaft cycle, where the feasibility of a parallel-
flow cycle increases when more pressure loss components are used.
Overall, the best cycle for achieving the highest thermal efficiency,
when the combustion chamber pressure loss is 6 % of the incoming
combustion pressure, is the recuperated single-shaft cycle with the G25-
550 (AR = 0.92) as the main shaft turbocharger. This cycle does how-
ever experience greater performance reductions than other cycles when
cycle pressure losses increase. The second-best cycle, when the com-
bustion chamber pressure loss is 6 % of the incoming combustion
pressure, is the recuperated solar LTT (SR-PT) cycle with the G25-550
(AR = 0.92) as the main shaft turbocharger and the GBC17-250 as the
power turbine. However, when greater pressure losses, of up to 11 %, are
considered, as expected for an experimentally implemented cycle, the
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Fig. 21. PT inlet temperature as a function of pressure ratio in a recuperated solar cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the
G25-550 (AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as

the GT and GBC17-250 as the PT (adapted from Cockcroft & Le Roux [19]).

GBC14-200 needs to be used as the power turbine to allow for good
thermal efficiency and power output performance, while not exceeding
the maximum allowable gasifier turbine inlet temperature. This allows
for thermal efficiencies of between 13.5 % and 19.9 % (see Fig. 23), with
a constant power output of approximately 3.6 kW (see Fig. B8), for
pressure loss percentages of between 6 % and 11 % at a pressure ratio of
1.8. In addition to an increase in thermal efficiency with an increase in
pressure loss, the recuperated solar LTT (SR-PT) cycle with the GBC14-
200 as the power turbine fully outperforms the thermal efficiency of its
single-shaft counterpart, at a pressure ratio of 1.8, for combustion
chamber pressure loss percentages exceeding 8.7 %. This means that this
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cycle — the recuperated solar LTT (SR-PT) cycle with the G25-550 (AR =
0.92) as the main shaft turbocharger and the GBC14-200 as the power
turbine - is expected to outperform the single-shaft cycle at the exper-
imental pressure loss percentage of 10.2 % as determined by Swanepoel
etal. [18].

4. Conclusion
In this study, various parallel-flow Brayton cycle configurations,

developed from turbochargers, were compared to their single-shaft
counterparts. The effects of adding pressure-drop components
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Fig. 22. Maximum solar receiver surface temperature as a function of pressure ratio in a recuperated solar cycle for (a) the G25-550 (AR = 0.92) as the GT and
GBC14-200 as the PT, (b) the G25-550 (AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d)
the GTX4088R (AR = 1.19) as the GT and GBC17-250 as the PT (adapted from Cockcroft & Le Roux [19]).

(combustion chamber, recuperator and solar receiver) were considered.
The solar receiver dimensions were fixed while the recuperator di-
mensions were variables that were optimised. Combustion chamber
pressure losses were investigated from 6 % to 11 %. Furthermore, tur-
bine inlet temperatures and solar receiver surface temperatures were
constrained to 1200 K. The larger GTX4088R (AR = 1.19) main shaft
turbocharger almost always offered the best cycle performance when a
parallel-flow cycle was identified as the most efficient. When assuming a
combustion chamber pressure loss of 6 %, the high-temperature turbine
(HTT) cycle was identified as the best simple cycle, the single-shaft cycle
was the best recuperated cycle, and the HTT (with the solar receiver
before the combustion chamber) was the best simple solar cycle. How-
ever, when the G25-550 (AR = 0.92) was used as the main shaft
turbocharger, the single-shaft cycle offered the best thermal efficiency
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for the simple, recuperated, and simple solar cycles. The overall highest
thermal efficiency, when assuming a combustion chamber pressure loss
of 6 %, was obtained for the G25-550 (AR = 0.92) turbocharger in a
recuperated single-shaft cycle. However, the thermal efficiencies of
single-shaft cycles showed a significant decline with an increase in cycle
pressure losses.

For a recuperated solar cycle, the best cycle configuration for
obtaining the maximum cycle thermal efficiency was the parallel-flow
LTT cycle with the solar receiver before the power turbine (SR-PT).
When the GTX4088R (AR = 1.19) was used as the main shaft turbo-
charger, the mentioned configuration with the GBC14-200 as the power
turbine offered a best-case thermal efficiency of 9.1 % (with 2.6 kW of
power output) at a pressure ratio of 1.5. When the G25-550 (AR = 0.92)
was used as the main shaft turbocharger, the same configuration with



C.C. Cockcroft and W.G. Le Roux

. LrT
. ITT

ITT(S) M SS

N HTT

Thermal Efficiency [%]

Pressure Loss [%]

—— NoPT --- PT=GBCl14-200
O SR Placement 1 (Before CC)
O SR Placement 2 (Before PT)

(a)

Energy Conversion and Management 335 (2025) 119837

. LTT
. ITT

ITT(S) M SS

N HTT

Thermal Efficiency [%]
=

Pressure Loss [%]

No PT --- PT=GBC17-250
O SR Placement 1 (Before CC)
O SR Placement 2 (Before PT)

(b)

Fig. 23. Thermal efficiency as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a recuperated solar cycle at a compressor pressure ratio of 1.8 with
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Fig. 24. GT inlet temperature as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a recuperated solar cycle at a compressor pressure ratio of 1.8

with (a) the GBC14-200 as the PT and (b) the GBC17-250 as the PT.

the GBC17-250 as the power turbine offered a best-case thermal effi-
ciency of 23.5 % (with 3 kW of power output) at a pressure ratio of 1.6.

Under greater combustion pressure loss considerations, for the G25-
550 (AR = 0.92) as the main shaft turbocharger, results showed that the
recuperated solar LTT (SR-PT) cycle would still offer the highest recu-
perated solar cycle thermal efficiencies. However, the GBC14-200
should be selected over the GBC17-250 as the power turbine to pre-
vent gasifier turbine inlet temperatures that exceed 1200 K. The recu-
perated solar LTT (SR-PT) cycle with the GBC14-200 as the power
turbine offers the highest thermal efficiency range at pressure losses of
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between 6 % and 11 % with increasing thermal efficiencies of 13.5 % to
19.9 % and a constant power output of 3.6 kW at a pressure ratio of 1.8.
At this pressure ratio, the recuperated solar LTT (SR-PT) cycle with the
GBC14-200 as the power turbine outperforms the single-shaft cycle at
combustion chamber pressure loss percentages greater than 8.7 %.

4.1. Recommendations

It is recommended that for the implementation of a parallel-flow
experimental solar Brayton cycle, the recuperated solar LTT (SR-PT)
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Fig. 25. Maximum solar receiver surface temperature as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a recuperated solar cycle at a
compressor pressure ratio of 1.8 with (a) the GBC14-200 as the PT and (b) the GBC17-250 as the PT.

Table 1

Summary of the best configuration and combination for each cycle type to obtain the maximum thermal efficiency for a combustion pressure loss of 6%.

Cycle Type Gasifier Turbocharger Best Configuration Best Power Turbine Pressure Ratio for Maximum 7, [-] Maximum 7, [%]

Simple G25-550 SS - 2.5 8.8
(AR = 0.92)
GTX4088R HTT GBC17-250 2.5 4.5
(AR =1.19)

Recuperated G25-550 SS - 1.5 45.4
(AR = 0.92)
GTX4088R SS — 2.0 8.4
(AR =1.19)

Simple Solar G25-550 SS - 3.0 11.0
(AR = 0.92)
GTX4088R HTT (SR-CC) GBC17-250 2.75 4.5
(AR = 1.19)

Recuperated Solar G25-550 LTT (SR-PT) GBC17-250 1.6 23.5
(AR = 0.92)
GTX4088R LTT (SR-PT) GBC14-200 1.5 9.1
(AR = 1.19)

cycle with the G25-550 (AR = 0.92) main shaft turbocharger and the
GBC14-200 power turbine should be used due to its high thermal effi-
ciencies and constant power output under greater pressure loss consid-
erations. This cycle is expected to operate well at various pressure ratios
and pressure losses while not exceeding the cycle temperature limita-
tions. Additionally, this cycle operates best at low pressure ratios, which
allows for an extended turbomachinery operational lifespan (due to the
low pressure ratio application) and lower cycle running costs as a result
of the higher thermal efficiency (and subsequent lower reliance on the
combustion of LPG). However, for a simpler non-solar cycle, the recu-
perated single-shaft cycle with the G25-550 (AR = 0.92) main shaft
turbocharger can offer better thermal efficiency performance when
combustion chamber pressure losses are low, and can therefore also be
used for implementation.

To further investigate the application of the recuperated solar LTT
(SR-PT) cycle it is recommended to implement an experimental study to
ascertain the viability of the cycle for reducing energy consumption.
This study can also be used to validate the analytical results of the
current study. Moreover, an analytical study can be done to investigate
the influence of utilising two solar receivers for the various cycle

23

configurations, to make use of both the ‘SR-CC’ dish placement and the
‘SR-PT’ dish placement to further ascertain the extent of cycle perfor-
mance improvement that can be obtained with the utilisation of both
receiver placements.
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Appendix A. Best recuperator dimensions for each recuperated configuration

The recuperator dimensions used to generate the results for each cycle configuration that uses a recuperator is summarised in this section. This
recuperator is illustrated in Fig. Al.

Fig. Al. Recuperator structure and dimensions as adapted from Cockcroft & Le Roux [19,23].

Table A1 shows the best recuperator geometry over the entire pressure ratio range for each recuperated and recuperated solar cycle with the G25-
550 (AR = 0.92) as the main shaft turbocharger. Table A2 shows the best recuperator geometry over the entire pressure ratio range for each recu-
perated cycle with the GTX4088R (AR = 1.19) as the main shaft turbocharger. The geometry selections in Tables A1 and A2 are made as a result of
these recuperator geometries ensuring a maximum cycle thermal efficiency, under the consideration of the entire pressure ratio range, while not
exceeding the maximum allowable gasifier turbine inlet temperature of 1200 K. Tables A3 and A4 are generated in a similar manner, but for different
combustion chamber pressure losses for the recuperated and recuperated solar cycles, respectively, for the G25-550 (AR = 0.92) main shaft turbo-
charger. However, for the generation of Tables A3 and A4, the best-case geometry at each pressure loss percentage is selected for each configuration,
instead of considering the entire pressure loss range. This is why some of the pressure loss profiles in the results section have abrupt behavioural
characteristics, as the recuperator geometry changes to accommodate the maximum thermal efficiency, under the consideration of the various
temperature limitations (including the receiver surface temperature limitation. For many of the single-shaft cycles, no results are obtained when
higher amounts of recuperator channels are used. This is why the single-shaft results often make use of fewer channels.

Table Al
Recuperator dimensions used for each recuperated and recuperated solar configuration for different PT options with the G25-550 (AR = 0.92) as the GT considering the
entire pressure ratio range.

Power Turbine Cycle Type Cycle Configuration Number of Channels [-] Channel Height [mm]
GBC14-200 Recuperated SS 45.0 3.00
LTT 45.0 1.50
ITT 45.0 2.25
HTT 45.0 1.50
Recuperated Solar SS 30.0 4.50
LTT (SR-CC) 45.0 2.25
LTT (SR-PT) 45.0 1.50
ITT (SR-CC) 45.0 3.75
ITT (SR-PT) 45.0 3.00
ITT(S) (SR-CC) 45.0 3.00
HTT (SR-CC) 45.0 2.25
HTT (SR-PT) 45.0 3.75
GBC17-250 Recuperated SS 45.0 3.00
LTT 22,5 4.50
ITT 45.0 1.50
HTT 45.0 3.75
Recuperated Solar SS 30.0 4.50
LTT (SR-CC) 15.0 4.50
LTT (SR-PT) 45.0 1.50
ITT (SR-CC) 45.0 2.25
ITT (SR-PT) 45.0 3.00
ITT(S) (SR-CC) 45.0 3.00
HTT (SR-CC) 45.0 3.00
HTT (SR-PT) 45.0 3.75
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Table A2
Recuperator dimensions used for each recuperated and recuperated solar configuration for different PT options with the GTX4088R (AR = 1.19) as the GT considering
the entire pressure ratio range.

Power Turbine Cycle Type Cycle Configuration Number of Channels [-] Channel Height [mm]
GBC14-200 Recuperated SS 45.0 4.50
LTT 45.0 2.25
ITT 45.0 4.50
HTT 45.0 4.50
Recuperated Solar SS 37.5 4.50
LTT (SR-CC) 15.0 4.50
LTT (SR-PT) 45.0 3.00
ITT (SR-CC) 30.0 4.50
ITT (SR-PT) 45.0 3.00
ITT(S) (SR-CC) 22.5 4.50
HTT (SR-CC) 15.0 4.50
HTT (SR-PT) 45.0 4.50
GBC17-250 Recuperated SS 45.0 4.50
LTT 37.5 4.50
ITT 45.0 3.00
HTT 45.0 3.75
Recuperated Solar SS 37.5 4.50
LTT (SR-CC) 15.0 4.50
LTT (SR-PT) 45.0 3.75
ITT (SR-CC) 30.0 4.50
ITT (SR-PT) 45.0 3.00
ITT(S) (SR-CC) 22.5 4.50
HTT (SR-CC) 15.0 4.50
HTT (SR-PT) 45.0 4.50
Table A3

Recuperator dimensions used for each recuperated configuration for different PT options with the G25-550 (AR = 0.92) as the GT considering different combustion
chamber pressure losses.

Power Turbine Cycle Combustion Chamber Pressure Loss [%]
6 % 7% 8% 9% 10 % 11 %

Channel Height [mm]

- SS 3.00 3.00 3.00 3.00 3.00 3.00

GBC14-200 LTT 2.25 1.50 1.50 3.00 4.50 4.50
ITT 3.00 3.00 1.50 1.50 1.50 1.50
HTT 3.00 3.00 3.75 3.00 2.25 2.25

GBC17-250 LTT 4.50 4.50 4.50 4.50 4.50 —
ITT 1.50 1.50 1.50 1.50 1.50 2.25
HTT 4.50 2.25 3.00 2.25 1.50 3.00

Number of Channels [-]

- SS 45.0 45.0 45.0 45.0 45.0 45.0

GBC14-200 LTT 45.0 45.0 45.0 45.0 30.0 30.0
ITT 45.0 45.0 45.0 45.0 45.0 45.0
HTT 45.0 45.0 45.0 45.0 45.0 45.0

GBC17-250 LTT 15.0 22,5 15.0 22.5 22.5 -
ITT 45.0 45.0 45.0 45.0 45.0 45.0
HTT 45.0 45.0 45.0 45.0 45.0 45.0
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Table A4
Recuperator dimensions used for each recuperated solar configuration for different PT options with the G25-550 (AR = 0.92) as the GT considering different com-
bustion chamber pressure losses.

Power Turbine Cycle Combustion Chamber Pressure Loss [%]
6 % 7 % 8 % 9% 10 % 11%

Channel Height [mm]

- SsS 3.75 3.75 4.50 4.50 4.50 4.50

GBC14-200 LTT (SR-CC) 4.50 4.50 4.50 - - -
LTT (SR-PT) 1.50 1.50 1.50 1.50 1.50 1.50
ITT (SR-CC) 2.25 4.50 2.25 2.25 - -
ITT (SR-PT) 1.50 2.25 2.25 2.25 2.25 3.00
ITT(S) (SR-CC) 3.75 2.25 3.00 3.00 3.00 -
HTT (SR-CC) 2.25 2.25 3.00 3.00 2.25 -
HTT (SR-PT) 3.00 3.75 3.00 3.00 3.00 3.00

GBC17-250 LTT (SR-CC) 4.50 4.50 - - - -
LTT (SR-PT) 1.50 2.25 4.50 4.50 4.50 4.50
ITT (SR-CC) 2.25 3.00 2.25 - - -
ITT (SR-PT) 3.00 3.00 3.00 2.25 2.25 3.75
ITT(S) (SR-CC) 2.25 3.00 3.75 3.75 - -
HTT (SR-CC) 3.00 1.50 3.00 2.25 2.25 -
HTT (SR-PT) 3.00 3.75 3.00 3.75 3.00 3.00

Number of Channels [-]

- SS 30.0 30.0 30.0 22.5 225 22.5

GBC14-200 LTT (SR-CC) 37.5 15.0 15.0 - - -
LTT (SR-PT) 45.0 45.0 45.0 45.0 45.0 45.0
ITT (SR-CC) 45.0 45.0 45.0 45.0 - -
ITT (SR-PT) 45.0 45.0 45.0 45.0 45.0 37.5
ITT(S) (SR-CC) 45.0 45.0 45.0 45.0 45.0 -
HTT (SR-CC) 45.0 45.0 45.0 45.0 45.0 -
HTT (SR-PT) 45.0 45.0 45.0 45.0 45.0 45.0

GBC17-250 LTT (SR-CC) 15.0 15.0 - - - -
LTT (SR-PT) 45.0 45.0 37.5 22.5 22.5 22.5
ITT (SR-CC) 45.0 45.0 45.0 - - -
ITT (SR-PT) 45.0 45.0 45.0 45.0 45.0 45.0
ITT(S) (SR-CC) 45.0 45.0 45.0 45.0 - -
HTT (SR-CC) 45.0 45.0 45.0 45.0 45.0 -
HTT (SR-PT) 45.0 45.0 45.0 45.0 45.0 45.0
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Appendix B. Power output results of the various configurations

B.1. Simple cycle results
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Fig. B1. Power output as a function of pressure ratio in a simple cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the G25-550 (AR =
0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as the GT and

GBC17-250 as the PT.
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Fig. B2. Power output as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a simple cycle at a compressor pressure ratio of 1.8 with (a) the GBC14-
200 as the PT and (b) the GBC17-250 as the PT.
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B.2. Recuperated cycle results.
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Fig. B3. Power output as a function of pressure ratio in a recuperated cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the G25-550 (AR
= 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as the GT and

GBC17-250 as the PT.
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Fig. B4. Power output as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a recuperated cycle at a compressor pressure ratio of 1.8 with (a) the
GBC14-200 as the PT and (b) the GBC17-250 as the PT.
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B.3. Simple solar cycle results.
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Fig. B5. Power output as a function of pressure ratio in a simple solar cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the G25-550
(AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as the GT
and GBC17-250 as the PT (adapted from Cockcroft & Le Roux [19]).
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Fig. B6. Power output as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a simple solar cycle at a compressor pressure ratio of 1.8 with (a) the
GBC14-200 as the PT and (b) the GBC17-250 as the PT.

32



C.C. Cockcroft and W.G. Le Roux Energy Conversion and Management 335 (2025) 119837

B.4. Recuperated solar cycle results.
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Fig. B7. Power output as a function of pressure ratio in a recuperated solar cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the G25-
550 (AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as the
GT and GBC17-250 as the PT (adapted from Cockcroft & Le Roux [19]).
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Fig. B8. Power output as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a recuperated solar cycle at a compressor pressure ratio of 1.8 with (a)
the GBC14-200 as the PT and (b) the GBC17-250 as the PT.

Appendix C. Recuperator effectiveness results for the various recuperated and recuperated solar cycles

The recuperator effectiveness results of the various cycles are shown in the sub-sections to follow. These results are important to mention as a
higher recuperator effectiveness enables better heat transfer in the recuperator and allows for a greater reduction in the required fuel input.

C.1. Recuperated cycle

When comparing the recuperator effectiveness results in Fig. C1 to the thermal efficiency results in Fig. 11, it is apparent that a higher recuperator
effectiveness results in higher thermal efficiencies. It is for this reason that in most instances, the single-shaft recuperator effectiveness is the highest, as
these results produce the best thermal efficiency in Fig. 11. The same observation is made for a comparison between Fig. C2 and Fig. 13 when
considering increased pressure loss percentages. The higher recuperator effectiveness values directly result from the selected recuperator geometries
in Appendix A and the higher hot-side recuperator mass flow rates in the respective cycles. These parameters influence the inlet temperature to the
gasifier turbine, thus allowing for greater gasifier turbine outlet temperatures. This creates a greater difference in the cold- and hot-side inlet tem-
peratures of the recuperator, which allows for higher recuperator effectiveness values.

The recuperator effectiveness increases with an increase in pressure loss. This is because a direct result of an increase in pressure loss is higher
gasifier turbine inlet temperatures for the parallel-flow cycles, as shown in Fig. 14, which results in increased gasifier turbine exhaust temperatures
due to lower gasifier turbine pressure ratios. These higher gasifier turbine exhaust temperatures entail that a higher temperature is entering the hot-
side of the recuperator, which increase the temperature difference between the hot-side and the cold-side inlets of the recuperator. This increased
temperature difference results in an increase in recuperator effectiveness with an increase in combustion pressure loss, as shown in Fig. C2.
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Fig. C1. Recuperator effectiveness as a function of pressure ratio in a recuperated cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the
G25-550 (AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as

the GT and GBC17-250 as the PT.
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Fig. C2. Recuperator effectiveness as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a recuperated cycle at a compressor pressure ratio of 1.8
with (a) the GBC14-200 as the PT and (b) the GBC17-250 as the PT.

C.2. Recuperated solar cycle

The recuperator effectiveness values of the recuperated solar cycles, shown in Figs. C3 and C4, allow a similar trend to that of the recuperated
cycles, except for regarding the relationship between the recuperator effectiveness and the thermal efficiency values of the single-shaft cycles with the
G25-550 (AR = 0.92) main shaft turbocharger. This difference is as a result of a poorer performing recuperator geometry, as shown in Appendix A.
This poorer performing single-shaft recuperator geometry allows for lower recuperator effectiveness values. However, this single-shaft cycle still has
comparatively higher power output results, as shown in Appendix B.4, thus resulting in higher thermal efficiency values.
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Appendix D. Solar receiver efficiency results for the various recuperated and recuperated solar cycles

The solar receiver efficiency indicates how efficiently each cycle’s solar receiver utilises the incoming reflected solar rays and converts the rays into
heat for use in the cycle, under a consideration of the mass flow rate of the fluid flowing through the solar receiver. It can be observed from Le Roux
et al. [32] that a higher mass flow rate through the solar receiver results in higher receiver efficiencies and that a higher inlet temperature to the solar
receiver results in lower solar receiver efficiencies. Thus, a parallel-flow split-off point position and the placement of the solar receiver greatly in-
fluences the efficiency of the solar receiver. For split-off points prior to the solar receiver, when the ‘SR-CC’ receiver placement is used, a lower mass
flow rate flows through the solar receiver due to flow split occurring prior to the solar receiver inlet. For the ‘SR-PT’ placement, there is also an
expected lower mass flow rate through the solar receiver due to the parallel-flow cycles operating with a smaller power turbine in comparison to the
gasifier turbocharger. Additionally, a split-off point that occurs further along the main flow path, in a ‘SR-PT’ configuration, will have a higher solar
receiver inlet temperature and a subsequent lower solar receiver efficiency.

D.1. Simple solar cycle

The analysis of the influence that the solar receiver efficiency has on the results of the various cycles deviates from that of the influence of the
recuperator effectiveness (Appendix C) on the cycles, as a result of the solar receiver placement influencing the results as well. This is as a result of
turbines generally performing better with higher turbine inlet temperatures, which increases the power output of the ‘SR-PT’ placement. Thus, even
though the simple solar LTT (SR-PT) cycle has the lowest solar receiver efficiencies in each sub-plot in Figs. D1 and D2, the higher power turbine power
output initiated by a higher inlet temperature, as in Appendix B.3, results in better thermal efficiencies for these cycles. It is for the same reason that
even though the single-shaft cycles do not have the highest solar receiver efficiencies, these cycles are still able to outperform the higher solar receiver
efficiency parallel-flow cycles, even though the single-shaft solar receiver efficiencies may be lower. The power output of the single-shaft cycle with
the G25-550 (AR = 0.92) main shaft turbocharger is greater than that of the parallel-flow cycles throughout most of the results in Appendix B.3.
However, these single-shaft power output values are lower when the GTX4088R (AR = 1.19) is used as the main shaft turbocharger. This is what
causes the higher thermal efficiencies for the G25-550 (AR = 0.92) main shaft turbocharger and the lower thermal efficiencies for the GTX4088R (AR
= 1.19) main shaft turbocharger.
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Fig. D1. Solar receiver efficiency as a function of pressure ratio in a simple solar cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b) the
G25-550 (AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19) as
the GT and GBC17-250 as the PT (adapted from Cockcroft & Le Roux [19]).
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Fig. D2. Solar receiver efficiency as a function of pressure loss for the G25-550 (AR = 0.92) as the GT in a simple solar cycle at a compressor pressure ratio of 1.8
with (a) the GBC14-200 as the PT and (b) the GBC17-250 as the PT.

D.2. Recuperated solar cycle

As in the simple solar cycles, the mass flow rates and solar receiver inlet temperatures influence the efficiency of the solar receiver in a recuperated
solar cycle. The recuperated cold-side is placed before the solar receiver in ‘SR-CC’ and in single-shaft configurations, thus greatly reducing the ef-
ficiencies of the solar receivers in these configurations. This is why the LTT (SR-PT) cycles allow for the highest solar receiver efficiencies observed in

Figs. D3 and D4. This, along with the observed high recuperator effectiveness values (Appendix C.2.) for these LTT (SR-PT) cycles, allows for the
comparatively better thermal efficiencies values in the LTT (SR-PT) configuration.

40



C.C. Cockcroft and W.G. Le Roux Energy Conversion and Management 335 (2025) 119837

BN LTT P ITT(S) NN SS BN LTT P ITT(S) M SS

. ITT I HIT . ITT N HIT
S I R . sk F===r= ea 901 Fo===f===sfe====t H===s== 2
o
80 —e=f=—ccfE====rB===s==8 80 e}
— --9 > Sty hytysly dp 2 mlyabynbys yelyely 3
- q—;’g':/,” - O/;;;_—__,___gf;:zg: ----- B===3=x 8
£ 70 e s Sl =
> > /
2 2
3 3
= 2
[84] o
14 16 18 20 22 24 14 16 18 20 22 24
Pressure Ratio [-] Pressure Ratio [-]
—— NoPT === PT=GBC14-200 —— NoPT === PT=GBC17-250
O SR Placement 1 (Before CC) O SR Placement 1 (Before CC)
O SR Placement 2 (Before PT) O SR Placement 2 (Before PT)
(@ (b)
BN ITT P ITT(S) N sS BN ITT W ITT(S) I SS
. ITT I HTT N ITT A HTT
901 90 e - e B===x= -0
P 5]
80 1 80 B, S
e - s
7’ B Ry e = g
= 701 <= 701 Py e o
£, &,
2 601 2 60
[} (o)
k) 'S
1= 501 = 50
53] 8] ’
401 40 B Bl i LS
e
30 1 304 ,/Er
14 16 18 20 22 24 14 16 18 20 22 24
Pressure Ratio [-] Pressure Ratio [-]
—— NoPT === PT=GBCl14-200 —— NoPT === PT=GBC17-250
O SR Placement 1 (Before CC) O SR Placement 1 (Before CC)
O SR Placement 2 (Before PT) O SR Placement 2 (Before PT)

© (d
Fig. D3. Solar receiver efficiency as a function of pressure ratio in a recuperated solar cycle for (a) the G25-550 (AR = 0.92) as the GT and GBC14-200 as the PT, (b)

the G25-550 (AR = 0.92) as the GT and GBC17-250 as the PT, (c) the GTX4088R (AR = 1.19) as the GT and GBC14-200 as the PT, and (d) the GTX4088R (AR = 1.19)
as the GT and GBC17-250 as the PT (adapted from Cockcroft & Le Roux [19]).
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Data availability
Data will be made available on request.
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