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A B S T R A C T   

The Solar Turbo Combined Heat and Power (ST-CHP) project developed a novel solar-gas hybrid prototype for 
combined heat and power generation in Pretoria, South Africa. A vacuum-membrane faceted parabolic dish with 
a large-pipe open-cavity receiver was coupled to a counterflow recuperator, a combustion chamber, a micro gas 
turbine with air bearings and a phase change thermal energy storage unit containing solar salts. This study aimed 
to validate the electrical output of the full-scale dish-Brayton prototype, addressing the literature gap on micro- 
scale dish-Brayton plants’ in-field power generation. Solar hybridization of micro gas turbine technology can 
significantly reduce combustion fuel consumption. A performance analysis under relevant conditions revealed a 
late afternoon micro gas turbine output intermittently peaking at 0.4 kWe and subsequently stabilizing to a 
steady state of 0.145 kWe at 130 krpm. A SimuPact numerical model and an analytical model supplemented the 
telemetry data to reduce interference in the experimental setup and fully characterize the ST-CHP prototype 
performance, estimating a steady-state turbine isentropic efficiency of 57%, a compressor efficiency of 71% and a 
collector efficiency of 17% due to the late afternoon steady-state point. Analytical case studies revealed that fuel 
savings of between 12% and 33% at the combustion chamber were achievable from the solarized preheating. A 
subsequent test of the micro gas turbine without solar hybridization or a recuperator resulted in 1.05 kWe being 
generated. The study confirms the dish-Brayton prototype’s viability for combined heat and power generation, 
producing an initial full-scale performance characterisation during in-field testing, and highlighting the impact of 
solar hybridization on turbine electrical output. Optical efficiency, insulation effectiveness, pressure losses, and 
turbine operating conditions were identified as critical areas requiring optimization to improve electrical output. 
The lessons learned, and the calibrated numerical model may be used to optimize the performance of the dish- 
Brayton plant in future work. The successful in-field full-scale power generation of the ST-CHP prototype adds to 
the available literature on dish-Brayton technology and brings the technology closer to a commercial product.   

1. Introduction 

1.1. Background and motivation 

The world has seen a steady increase in the utilisation of renewable 
energy power generation resources with roughly 300 GW of global 
renewable energy added in 2022, however, this is still far from the 

annual target of 1000 GW [1]. The use of concentrated solar power 
(CSP) as a renewable energy source constitutes concentrating and 
capturing the solar radiation emitted by the sun and transforming it into 
electricity and useful process heat. The heat is transformed into an 
electrical output using turbine or Stirling technology and electrical 
generator units [2]. A global combined annual capacity of 17622 GWh 
was estimated to be generated by the operational CSP plants in the form 
of electricity in 2023 [3], and a key interest that is being established in 
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Nomenclature 

Symbols 
A Area, (m2) 
Ā Coefficient, (-) 
B̄ Coefficient, (-) 
c Critical heat capacity ratio, (-) 
C Heat capacity, (W/K) 
Cp Pressure coefficient, (-) 
D Diameter, (m) 
Ė Electrical output, (W) 
h Specific enthalpy, (J/kg) 
ĥ Convection heat transfer coefficient, (W/m2K) 
I Irradiance, (W/m2) 
k Conductivity, (W/mK) 
L Length, (m) 
ṁ Mass flow rate, (kg/s) 
N Number of items, (-) 
Nu Nusselt number, (-) 
p Perimeter, (m) 
P Pressure, (Pa) 
Q̇ Heat transfer, (W) 
R Thermal resistance, (K/W) 
Re Reynolds number, (-) 
t Thickness, (m) 
T Temperature, (K) 
U Heat transfer coefficient, (W/m2K) 
V Velocity, (m/s) 
V̇ Volumetric flow rate, (m3/s) 
Ẇ Mechanical work, (W) 

Subscripts 
1–13 Station number (Fig. 1) 
air Air 
amb Ambient 
ap Aperture 
b Bulk fluid temperature 
cap Captured 
cav Cavity 
channel Channel 
coil Receiver coil 
col Collector 
cold Cold side 
comb Combustion chamber / combustion 
cond Conduction 
conv Convection 
eff Effective 
f Fuel 
flange Pipe flange 
forced Forced convection 
h Hydraulic diameter 
i Increment / Inner 
inner Inner 
ins Insulation 
int Intercepted 
loss Heat loss 
mchannel Micro-channel 
min Minimum 

natural Natural convection 
net Net 
o Outer 
OD Flange outer diameter / flange lip 
outer Outer 
output Output 
pr Propane 
rad Radiation 
r Receiver 
recup Recuperator 
ref Reflector 
s Surface / heat transfer area 
shaft MGT shaft work 
side Recuperator hot or cold side 
slpm Standard litres per minute 
STP at STP conditions 
sun Sun 
th Thermal 
th-el, MGT MGT thermal to electrical 
tot Total 
tube Exposed tubing surface 
T Turbine 

Greek 
γ Intercept factor 
Δ Change 
ε Emissivity 
ε̌ Effectiveness 
η Efficiency 
μ Viscosity, (Pa.s) 
ρ Density, (kg/m3) 
ρ̄ Reflectivity, (-) 
Π Dimensionless group 
ω MGT speed, (krpm) 
σ Stefan Boltzmann constant, (W/m2K4) 

Acronyms 
CAD Computer Aided Design 
CHP Combined Heat and Power 
CSP Concentrated Solar Power 
DAQ Data Acquisition system 
DNI Direct Normal Irradiance 
EUF Energy Utilization Factor 
HMI Human Machine Interface 
LHV Lower heating value 
LPG Liquified Petroleum Gas 
MGT Micro-Gas Turbine 
NREL National Renewable Energy Laboratory 
NTU Number of Transfer Units 
PID Proportional-Integral-Derivative 
POI Point of Interest 
PSU Power Supply Unit 
PV Photovoltaic 
QTP Quick Time Performance 
SAURAN South African Universities Radiometric Network 
ST-CHP Solar Turbo-Combined Heat and Power 
STP Standard Temperature and Pressure 
TES Thermal Energy Storage  
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the concentrated solar thermal industry is the use of concentrated solar 
heat for the use of industrial thermal manufacturing processes [4–6]. 

Based on 2022 research data collected by Thonig et al. [3] and 
SolarPACES [7], large-scale parabolic trough collectors and solar power 
towers were the prominent CSP plant configurations operating on 
Rankine or organic Rankine cycles of the 114 plants in operation glob
ally to provide bulk electricity supply. Small-scale cogeneration CSP 
solutions are growing in interest due their compact design resulting in a 
solution for dispatchable heat and power to remote locations [8–10]. 
Mills [11] argued that there will be a growing interest in smaller, 
modular CSP systems which will be incorporated into existing CHP so
lutions near city centres. Fresnel reflectors, parabolic troughs and 
parabolic dishes were listed as the ideal solutions [11]. Coventry and 
Andraka [12] and Aichmayer et al. [13] stated that dish CSP is ideal for 
integrating with MGT technology because of its high concentration ra
tios, allowing for efficient heat transfer at high temperature and efficient 
integration with micro gas turbine technology. An open dish-Brayton 
cycle with air as the working fluid is beneficial at small-scale due to 
the simplicity of the design (with the exception of the MGT), and the 
collector’s ability to reach higher process temperatures for process heat 
applications [14]. Dish CSP also provides power at a smaller scale than 
heliostat CSP which has benefits in commercial scalability in meeting 
the needs of distributed power generation as well as large scale mass- 
manufactured projects [15]. Recuperated dish-Brayton plant solar-to- 
mechanical efficiencies of between 10 % and 20 % where theoretically 
estimated, and increased up to 21 % when high-temperature phase 
change thermal storage was incorporated into the receiver cavity 
[15,16]. Solar Brayton cycles have typically realized competitive power 
generation efficiencies at larger scale power outputs and successful 
demonstration plants have been operated at this scale using heliostat 
field solar concentration technology [17–19], however there is a lack in 
publicized work on successful demonstrations (regarding an electrical 
output) of dish-Brayton plants. 

From the literature available, only two full-scale demonstrations of 
dish-Brayton plants have been published [12]. The first (and only) 
successful, full-scale demonstration achieving an electrical output was 
conducted in the 1980′s by Sanders Associates and Garret AiResearch 
[20–22]. An electrical output of between 0.4 kWe and 2.9 kWe was 
achieved using a 44 m2 to 49 m2 dish for sun-only and a hybrid 
configuration fuelled by methane. The second full-scale sun-only 
demonstration of a dish-Brayton plant was conducted at the end of the 
OmSOP project in 2017, but the plant failed to produce an electrical 
output [13,23–31]. Temperature limits on the oil bearings used in the 
OmSOP MGT caused the plant to only produce a decoupled shaft work of 
between 0.5 kW and 0.9 kW. Following the closure of the OmSOP 
project in 2017, publications were produced regarding the performance 
prediction and optimization of the OmSOP plant [32–34]. Other notable 
attempts of full-scale power production have been made such as the 
SolarCAT project carried out by Brayton and Southwest Solar Technol
ogies 2011 [35], but the available published work shows that the project 
did not proceed beyond modular experimental testing of subassemblies. 
Further detail on solar thermal Brayton cycle full-scale testing is sum
marised in Table 1 and Table 2. 

Studies conducted at the University of Pretoria between 2013 and 
2014 designed a small-scale open-cavity solar receiver to be used in a 
solar-dish Brayton cycle through a holistic plant entropy generation 
minimization technique [14,16,36]. A relatively large inner tube 
diameter of 0.0833 m for the receiver coil was shown to benefit the 
entire dish-Brayton cycle due to the lower pressure drop, benefiting the 
performance of the downstream MGT. In-cavity, high-thermal-conduc
tivity, phase-change thermal storage receiver configurations were 
explored [15], and multiple studies have been conducted to analytically 
and experimentally characterise heat loss from the receiver cavity 
[16,37,38]. Additionally, a novel low-cost vacuum membrane facetted 
dish reflector was developed at the University of Pretoria with a target 
intercept factor of 90 % at a geometric concentration ratio of 396 
[39–41]. 

According to the literature, only two full-scale demonstrations of 
power generation using a dish-Brayton cycle have been published, 
namely, the experimental study by Sanders Associates & Garret AiR
esearch in the 1980′s [20–22] and the OMSoP project in 2017 
[13,23–31]. The lack of literature available regarding full-scale dish- 
Brayton on-sun testing shows the need for further experimental research 
in this field. A recuperated solar-dish Brayton prototype was designed 
and built at a demonstration level to conduct full-scale, on-sun, 

Table 1 
Summary of solar Brayton full-scale testing.  

ID Company / 
Project 

Type Recuperated Period Ref. 

1 Sanders 
Associates 

Dish- 
Brayton 

Yes 1982–1984 [20–22] 

2 Capstone 
Microturbine 

Heliostat 
Brayton 

– 2010 [17] 

3 Solugas Heliostat 
Brayton 

No 2012–2013 [18,19] 

4 OMSoP Dish- 
Brayton 

Yes 2013–2017 [13,23–31]  

Table 2 
Summary of full-scale testing results of solar Brayton power projects.  

ID (refer to Table 1): 1a 1b 2 3 4 

Hybrid/Sun-only Hybrid Sun- 
only 

Sun- 
only 

Hybrid Sun- 
only 

Direct Normal 
Irradiance, Isun (W/ 
m2) 

805 950 825 949–1020 >800 

Wind speed, (km/h) – – – 3.4–24.2 – 
Reflective area, Aref 

(m2) 
43.8 49.3 – – 96.14 

Air mass flow rate, ṁair 

(g/s) 
87 77 41 5600–5700 – 

Fuel mass flow rate, ṁf 

(g/s) 
0.74 0 0 – 0 

Fuel type methane N/A N/A methane N/A 
Receiver inlet 

temperature, Tr,in 

(◦C) 

650.3 550 542 – – 

Receiver outlet 
temperature, Tr,out 

(◦C) 

796.0 779 871 602–801 – 

Average cavity 
temperature, Tcav 

(◦C) 

875.0 843 – – – 

Turbine inlet 
temperature, TT,in 

(◦C) 

870.2 683 – – 100–270 

Turbine outlet 
temperature, TT,out 

(◦C) 

711.7 601 – – – 

Reflected heat, Q̇ref 

(kW) 
30.1 38.74 173.83 – >76.91 

Receiver heat 
captured, Q̇cap (kW) 

14.5 19.9 155.14 1751–4006 – 

Combustion heat, 
Q̇comb (kW) 

36.3 0 – – – 

MGT shaft work, Ẇshaft 

(kW) 
4.4 – – – 0.5–0.9 

MGT electrical output, 
Ėout (kWe) 

2.9 0.41 24.04 1855–3561 – 

Collector thermal 
efficiency,ηth,col 

0.35 – 0.11 – – 

Receiver thermal 
efficiency,ηth,r 

0.57 0.66 0.89 0.68–0.78 – 

MGT thermal to 
electrical 
efficiency,ηth− el,MGT 

0.06 – 0.16 – –  
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naturalistic, testing at the University of Pretoria, South Africa (at an 
elevation of about 1380 m). The Brayton cycle contained a solar col
lector with a helically-coiled open-cavity tubular solar receiver, an LPG 
combustion chamber, a micro gas turbine, a recuperator, and a solar salt 
thermal energy storage unit. The MGT was manufactured by Samad 
Power Ltd and operated on an air bearing design to minimize frictional 
losses. A multi-faceted, vacuum membrane dish solar collector was used 
to preheat the air reducing fuel consumption in the LPG-fuelled com
bustion chamber. The electrical output was directed to an island-style 
micro-grid that allowed for accurate monitoring of charge and 
discharge of the power cycle. The primary purpose of the experimental 
study was to demonstrate a proof of concept with the dish-Brayton 
prototype successfully generating electricity during field testing. Solar 
hybridization of micro gas turbine technology has the potential to 
significantly reduce combustion fuel at the combustion chamber. 
Naturalistic field testing exposes the dish-Brayton prototype to a tran
sient environment that does not coincide with lab-controlled tests and is 
a key milestone in developing the technology readiness level towards a 
commercialised product. Secondary objectives were to characterise 
performance of the sub-assemblies within the dish-Brayton prototype in 
relation to one another and make recommendations to progress the 
technology. A SimuPact numerical investigation was conducted to 
supplement the telemetry data and fully characterise the performance of 
the dish Brayton prototype. 

1.2. Novelty and contributions 

The novelty of this work is based on the following contributions:  

• The distinct combination of sub-assembly technologies (as listed 
below) integrated into the dish-Brayton prototype, and the successful 
full-scale demonstration of power generation during on-sun field 
tests:  
o Multi-faceted vacuum membrane parabolic dish reflector  
o Helically-coiled, large-tube, open-cavity receiver  
o Micro gas turbine operating on air bearings at a 1 kWe scale  
o LPG-fuelled combustion chamber  
o Counterflow recuperator  
o Phase change thermal energy storage using solar salts  
o Island-style microgrid 

• Full-scale, in-field experimental analysis producing a realistic per
formance characterisation between sub-assemblies and a perfor
mance characterisation of the entire dish-Brayton prototype exposed 
to naturalistic environmental conditions. 

2. Experimental setup 

The process flow diagram and a SolidWorks model of the ST-CHP 
prototype is presented in Fig. 1. The labels highlighted in green are 
the sections of the thermodynamic cycle with thermocouple measure
ment data. The process flow diagram provides detail on the flow path of 
the working fluid (air) within the ST-CHP power cycle. Air states are 
numbered before and after each component for reference purposes when 
presenting the mathematical model. Air is first pressurised in the 
compressor (C) and then the pressurised air passes into the cold side of 
the recuperator through a rubber hose. The cold side of the recuperator 
preheats the air before it is passed into the solar receiver. The receiver 
then heats the air further using solar radiation before it is passed into the 
combustion chamber. Liquid Petroleum Gas (LPG) is then used to heat 
the air in the combustion chamber (Comb) to the operation point of the 
turbine inlet before being expanded through the turbine (T). The 
exhaust heat from the turbine is then primarily recovered by passing the 
air through the recuperator. The subsequent low-temperature exhaust 
heat from the recuperator is captured by passing the air through a 
thermal energy storage unit before being released back into the 
atmosphere. 

2.1. Solar tracker 

The solar tracker comprising a dual-axis elevation-azimuth actuation 
system and steel support frame was designed by the University of Pre
toria and constructed on the roof of Engineering Building 2 at the Uni
versity of Pretoria, South Africa. A novel stow drive (linear actuator) 
allowed the dish to fold inwards towards the receiver arm to protect the 
reflector from winds and storms [42]. A second linear actuator actuated 
the setup in the elevation axis and allowed for a 0◦ to 90◦ elevation range 
of motion (0◦ elevation defines the tracker facing the horizon while 90◦

elevation defines the tracker facing vertically upward). A slew drive 
rotated the frame along the azimuth axis allowing for a full 360◦ range of 
motion relative to the north. A leap-frogging, fuzzy logic control system 

Fig. 1. ST-CHP prototype process flow diagram using air as the working fluid (green labels signify the points where process temperature was measured).  
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with rotary encoder feedback and NREL’s Solar Position Algorithm 
provided automatic tracking of the sun throughout the test day with a 
tracking error of < 0.5◦ in both elevation and azimuth axes [43]. Fig. 2 
presents the constructed collector at the test site. 

2.2. Reflector 

The reflector comprised a steel space frame onto which 46 elliptical 
reflector facets were mounted resulting in a 24.75 m2 projected reflec
tive area. The University of Pretoria developed the reflector facets 
[39–41]. The facets consisted of a sealed, concave base with an elliptical 
rim and a Sundog Solar Technology [44] polymer reflective membrane 
that was stretched and sealed over the elliptical rim of the base. When a 
vacuum is pulled in the space between the base and the membrane, the 
pressure causes the reflective membrane to take on a high specularity, 
elliptic paraboloid approximated shape that can concentrate sunlight 
into the solar receiver aperture. 

2.3. Receiver 

The coiled-tube open-cavity receiver was designed and manufac
tured at the University of Pretoria. The stainless-steel 316 receiver coil 
comprised just over 6 coil turns and had a square helical shape with an 
outer tube diameter of 88.9 mm and a tube thickness of 3 mm. 100-mm- 
thick ceramic fibre insulation was placed around the outer cavity. The 
receiver had a 39.5◦ wind skirt (formed by the insulation) with a 250 
mm square aperture (see Fig. 3). Fig. 4 shows the insulated tubular 
cavity solar receiver with and without an aluminium cover. 

Two types of thermocouples were used to capture the temperature 
readings within the solar receiver. The TC-40, type-K thermocouples 
were welded onto the surface of the receiver coil (see Fig. 5) and inserted 
into the coil at the inlet and outlet of the coil (recording the temperature 
of the air). The locations of the surface coil thermocouples welded onto 
the coil tube are illustrated in Fig. 5. Surface thermocouple 6 on the third 
coil turn was located on the inside of the receiver cavity (at the same coil 
length as surface thermocouple 5), while the rest of the receiver coil 
surface thermocouples were located on the outside of the receiver cavity 
(sandwiched between the coil tube and the cavity insulation). Surface 
thermocouple 6 was used to estimate the inner cavity temperature of the 
receiver. 

The locations of inlet thermocouples are shown in Fig. 6, where the 
numbering system introduced ‘(2)’ to each number to ensure that these 

thermocouple readings were not confused with the surface thermo
couple readings. Thermocouples 2(2) to 5(2) were used to determine the 
average measured inlet air temperature and thermocouples 6(2) to 8(2) 
were used to determine the average measured outlet air temperature. 
Additionally, type-T thermocouples were placed at the outer surface of 
the insulation (5 mm into the insulation) which surrounded the receiver 
coil. These thermocouple types were directly in line with the coil surface 
thermocouples and were used to infer the outer insulation temperatures 
based on a 1-D conduction heat transfer assumption. 

During the experimental procedure, receiver and ambient wind 
measurements were recorded to determine the heat losses from the solar 
receiver, whilst operating at elevated temperatures. Wind data were 

Fig. 2. ST-CHP solar collector (a) SolidWorks CAD assembly model, (b) prototype in operation.  

Fig. 3. Schematic drawing of receiver cavity (dimensions in mm).  
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Fig. 4. Insulated tubular cavity solar receiver (a) in operation with cover and (b) during installation without cover.  

Fig. 5. Receiver coil surface-thermocouple locations (type-K).  

Fig. 6. Insertion thermocouple locations (a) at the receiver inlet using thermocouples ‘2(2)’ to ‘5(2)’ and (b) at the receiver outlet using thermocouples ‘6(2)’ to 
‘8(2)’. 
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captured 10 m from the test site using a Navis wireless wind speed and 
direction sensor and transferred to an anemometer wireless receiver 
[45]. The azimuth coordinates of the wind direction were given in terms 
of a wind vane coordinate system defining the direction that the wind 
was coming from (North = 0◦ or 360◦, East = 90◦, South = 180◦ and 
West = 270◦). The schematic of the experimental layout and apparatus, 
used to capture the data, is represented in Fig. 7. 

2.4. Micro gas turbine and combustion chamber 

The micro gas turbine (see Fig. 8) was developed and manufactured 
by Samad Power [46]. Air bearings minimized friction of the rotor 
system and allowed the micro gas turbine to achieve the high rotational 
speeds required for efficient power generation at the given scale of the 
dish Brayton prototype. A custom power electronic unit designed and 
manufactured by Samad Power monitored and controlled the speed of 
the electrical motor/generator and diverted the generated electricity 
back to the grid. A LabView virtual interface coupled to the power 
electronics and DAQ unit formed the MGT control system which was 
used as the human–machine interface. The human–machine interface 
allowed for input/output control of the MGT speed, turbine inlet tem
perature, fuel flow rate and net power transfer to and from the MGT. 

The combustion chamber was designed by Liu et al. [47] and man
ufactured by Samad Power. Combustion efficiencies were reported to 
reach up to 99 % using LPG and natural gas as fuel candidates [47]. A 
radial swirler promoted air–fuel mixing within the primary chamber 
before combustion. Jet holes provided diffusion of the air–fuel mixture 
into the secondary chamber which reduced flow speeds and promoted 
stable combustion. LPG was used as the combustion fuel. Four 48 kg gas 
canisters containing LPG at 10 bar were connected to the combustion 
chamber using a gas line spanning from the canisters located on the 
ground to the combustion chamber located at the end of the receiver 
arm. A Cole Parmer 32907–77 precision gas flow controller, interfacing 
with the control system, measured and controlled the LPG flow rate into 
the combustion chamber while an insertion thermocouple placed at the 
outlet of the combustion chamber measured the turbine inlet air tem
perature which allowed direct control of the micro gas turbine. 

2.5. Recuperator 

A counterflow, plate-style recuperator (see Table 3) was used to 

recuperate the exhaust air of the micro gas turbine. Fins of 0.2 mm 
thickness divided the high-temperature and cold-temperature channels 
into respective rectangular and triangular cross-section micro-channels. 
Fig. 9 presents the subassembly locations within the power-block of the 
ST-CHP dish-Brayton prototype. 

2.6. Thermal energy storage (TES) 

A TES unit was fixed to the base of the solar collector and connected 
to the outlet of the turbine with the intent to capture the off-gas process 

Fig. 7. Experimental layout and schematic for capturing wind data and receiver temperature data.  

Fig. 8. ST-CHP micro gas turbine [46].  
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heat. A phase-change solar salt medium was selected from an initial 
design study conducted by Humbert et al. [48]. 151 kg solar salt was 
stored in the TES unit with a stainless-steel coiled heat exchanger 
identical to the solar receiver coil. The solar salt had a theoretical 
melting temperature of 221.85 ◦C (495 K) and a 10 h charging time at a 
550 K inlet air temperature (at a mass flow rate of 0.07 kg/s) to the TES 
unit [48]. Type-K thermocouples were welded along the coil length and 
additional thermocouples were placed into the bulk portion of the solar 
salt to measure bulk temperature. 

2.7. Solar resource 

The solar irradiance was measured and recorded by a SOLYS 2 
weather station mounted 50 m from the testing location on the roof of 
Engineering Building 1 at the University of Pretoria. The roof of Engi
neering Building 1 is approximately eleven stories taller than the test site 
location. The solar data was actively captured for every minute of the 
day and was openly available to the public as part of the SAURAN 
initiative [49]. 

3. Methodology 

A SimuPact numerical model as well as an analytical model were 
incorporated in the study to reduce interference (heat loss and pressure 
drop) from invasive telemetry, validate the numerical model, enrich the 
experimental data, and prompt follow-up parametric numerical studies 
for design optimization. The MGT was a prototype, with initial lab 

testing conducted in a non-hybridized configuration (simple cycle) to 
produce basic turbine and compressor maps at the manufacturer’s fa
cilities in the United Kingdom. The hybridization of the MGT with solar 
components as well as the addition of a recuperator meant that the MGT 
would be operating at an off-design condition compared to the turbine 
and compressor maps generated in the United Kingdom. Numerical 
supplementation benefited the analysis in predicting the MGT perfor
mance without requiring extra invasive telemetry at the MGT. Addi
tionally, pressure drop values (per subassembly) were determined in a 
separate experiment at ambient temperature and then scaled to model 
the operational temperatures using a dimensional analysis (see Appen
dix A). 

3.1. Numerical model 

A model of the power plant was developed using SimuPact [50] 
simulation software to predict performance characteristics of the entire 
ST-CHP prototype. The numerical model allowed for an off-design per
formance prediction of the MGT since the MGT was operating at higher 
elevation, and with an added pressure drop than for which it was 
initially designed. Fundamental design information such as micro 
compressor and turbine performance and efficiency maps and solar 
receiver performance information comprised the initial model [51]. 

The combustor comprised a PID controller with heat and a small 
amount of air (representing LPG) added to the working fluid. The fuel 
added to the combustor was assumed to burn completely. A pressure 
drop through the combustor was modelled from ambient pressure test 
data (see Appendix A). The solar receiver was modelled by imple
menting a receiver-to-working fluid heat transfer coefficient and a 
receiver-to-ambient heat transfer coefficient. The heat transfer co
efficients were adjusted to meet the outlet temperature measurements 
recorded during testing. The recuperator was simply modelled as a 
counter-flow heat exchanger, where the heat transfer coefficient be
tween the cold and hot side was adjusted to fit design or experimental 
temperatures. 

Constant boundary conditions were imposed to analyse steady-state 
conditions. The following boundary conditions were implemented:  

• Measured ambient data  
• Experimental temperature measurements  
• Experimental MGT measurements (speed, fuel flow rate, electrical 

load, and estimated mechanical losses from designers)  
• Solar heat input  
• Analytical pressure drop values 

The following assumptions were made:  

• If analytical pressure drop values were not given, quadratic pressure 
loss for through-piping and valves was assumed, scaling for density 
changes with respect to the measured condition.  

• Piping was assumed to be adiabatic, except for specific heat losses in 
the receiver and recuperator.  

• Ambient temperature was assumed to be the same as compressor 
inlet temperature.  

• The recuperator heat loss was estimated based on an overall heat 
transfer coefficient and the metal temperature of the recuperator 
versus the ambient temperature. 

Using experimental steady-state measurements of temperatures, a 
working fluid mass flow rate (coinciding with analytical calculations) 
was iteratively determined by adjusting heat transfer coefficients, and 
fine-tuning MGT pressure ratios and efficiencies. 

3.2. Analytical model 

A mathematical model was developed to analyse the performance of 

Table 3 
Dimensional properties of the recuperator.  

Description High Pressure / Cold 
Side 

Low Pressure / 
Hot Side 

Number of channels (-) 58 56 
Channel divider thickness (mm) 0.5 0.5 
Channel height (mm) 2.85 4 
Width (mm) 159 159 
Fin division / micro channel shape Triangular Rectangular 
Fin thickness (mm) 0.2 0.2 
Micro channel dimensions Core Divider  
Length (mm) 100 80 180 
Number of fins 20 52 100 
Distance between each fin (mm) 15 6 1.38 
Hydraulic diameter (mm) 2.81 2.65 2.05  

Fig. 9. Power-block of the dish-Brayton prototype containing the receiver, 
recuperator, combustion chamber and micro gas turbine. 
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the thermodynamic cycle and to validate the numerical model. 

3.2.1. Mass flow rate of air 
The air mass flow rate, ṁair, was determined from the heat of com

bustion of the LPG combustion chamber presented in Equation 1. The 
lower heating value/net caloric value (LHV) for LPG was 45.8 MJ/kg 
and the density of LPG at 15 ◦C and 1 atm was 2.1 kg/m3 [52]. The fuel 
volume flow rate, V̇f ,slpm, was measured in standard litres per minute of 
propane gas by the Cole Parmer gas flow controller. Using the ideal gas 
law, the density of LPG was adjusted to the flow meter’s STP conditions 
(25 ◦C and 1 atm) resulting in a value of ρf ,STP = 2.03 kg/m3. The 
discrepancy in viscosity between propane (μpr,STP) and LPG (μf ,STP) was 
accounted for as shown in Equation 2. The viscosities of propane and 
LPG were determined to be 8.15× 10− 6 Pa.s and 7.84 × 10− 6 Pa.s 
respectively, at STP conditions, using CoolProp [53]. 

ṁair(h8 − h7)+ Q̇loss,comb = ṁf LHV (1)  

ṁf =
V̇f ,slpm

1000 × 60
× ρf , STP ×

μf , STP

μpr, STP
(2)  

3.2.2. Receiver 
The total solar potential incident on the solar collector was defined 

according to Equation 3. The total amount of concentrated solar energy 
that was intercepted by the receiver through the aperture was a function 
of the reflectivity of the reflector facets and the intercept factor of the 
solar collector as shown in Equation 4. 

Q̇sun = IsunAref (3)  

Q̇int = ρ̄γQ̇sun (4) 

The net heat gained by the receiver was a function of the intercepted 
solar radiation and the heat losses as shown in Equation 5, and was also 
determined experimentally from the enthalpy change at the receiver 
(see Equation 6 and see Fig. 1). 

Q̇net = Q̇int − Q̇cond − Q̇rad − Q̇conv (5)  

Q̇net = ṁair(h6 − h5) (6) 

The thermal efficiency of the receiver was determined by taking the 
net heat gain of the receiver over the intercepted solar energy at the 
receiver as shown in Equation 7. The thermal efficiency of the solar 
collector was determined according to Equation 8. 

ηth,r =
Q̇net

Q̇int
(7)  

ηth,col =
Q̇net

Q̇sun
(8) 

Receiver conduction heat transfer losses through the surrounding 
ceramic fibre insulation boards were determined using Equation 9. 
Temperatures on the walls of the inner cavity insulation were assumed 
to equate to the average outer-cavity (outer-coil) temperatures (per 
side). The average outer cavity temperatures were measured using the 
coil surface thermocouples in Fig. 5 which directly interfaced with the 
inner-cavity insulation. Temperatures on the outer-insulation faces were 
measured as mentioned in Section 2.3. Craig et al. [38] showed that the 
100-mm-thick insulation in the corners had a minimal effect on the 
conduction heat losses. As a result, only the relevant cross-sectional area 
of the inner insulation faces (per side) where considered. 

The inner insulation within the receiver cavity was 0.713 m high and 
0.411 m wide. The lateral (front, back, left and right) walls of the inner 
insulation had a conductive area of Afront = Aback = Aleft = Aright = 0.293  
m2, the top insulation wall had a conductive area of Atop = 0.169 m2, 

while the bottom insulation wall located around the aperture had a 
conductive area of Abottom = 0.106 m2. The insulation board had a 
thickness of t = 0.095 m on all six walls respectively since the outer 
surface insulation thermocouples were placed 5 mm into the insulation 
boards. The thermal conductivity, k, was 0.067 W/m.K, 0.136 W/m.K, 
and 0.190 W/m.K at 400 ◦C, 800 ◦C, and 1200 ◦C respectively [54]. 
Equation 9 was used to determine the conduction heat losses through all 
six sides of the solar receiver. 

Q̇cond =
∑

i=front,back,

left,right,

top,bottom

kiAi

(
Tins inner,i − Tins outer,i

)

t
(9) 

The radiation heat loss through the receiver aperture was determined 
using Equation 10 as suggested by Le Roux et al. [14]. Aap was the 
aperture area which was determined to be 0.0625 m2, and the effective 
emissivity (εeff ) of the stainless-steel coil was calculated using the cor
relation developed by Jilte et al. [55]. The cavity emissivity was taken as 
for 316 stainless-steel oxidized at a temperature above 1100 K (0.69 at 
400 K and 0.73 at 1000 K) [56,57], and the geometric surface area of the 
inner-cavity was 0.731 m2. 

Q̇rad = σεeff Aap
(
T4

cav inner − T4
amb

)
(10) 

Multiple factors play a role in the dynamics associated with the 
convection heat transfer mechanism from the receiver cavity, namely: 
ambient temperature, cavity temperature, cavity geometry, wind ve
locity, and wind incidence angle. Convection heat loss from the receiver 
was determined from the average natural convection of the correlations 
of Abbasi-Shavazi et al. [58] and Wu et al. [59], superimposed with the 
forced convection correlation of Ma [60] as it was found to predict the 
free-forced convection heat loss from the receiver with reasonable ac
curacy [61]. 

Surface thermocouple 5 and surface thermocouple 6 located on the 
third coil turn of the receiver were used to estimate the average inner 
cavity temperature. This was achieved by assuming that the temperature 
ratio between surface thermocouples 5 and 6 equated to the temperature 
ratio of average inner and outer cavity temperatures. 

3.2.3. Micro gas turbine 
The micro gas turbine and compressor maps were not modelled in 

the analytical study. To compare analytical results with the SimuPact 
model, the outlet temperature of the compressor was estimated in the 
analytical model as a function of MGT speed (in krpm) from MGT 
experimental data, captured by Samad Power in Equation 11. 

T2 = 1.2921ω − 29.912 (11)  

3.2.4. Recuperator 
The analysis of the recuperator was carried out to validate the 

recuperator effectiveness determined from state temperatures of the 
SimuPact model using the NTU-effectiveness method [62,63]. An initial 
iteration determined the recuperator effectiveness from the perspective 
of state temperatures followed by a second iteration based on the 
recuperator geometry (see Table 3). Cold side inlet and outlet temper
atures were indirectly measured. An iterative approach was taken to
wards the hot side inlet and outlet state temperatures until convergence 
was reached in recuperator effectiveness. Further detail is provided in 
Appendix D. 

3.2.5. Pressure drop 
A dimensional analysis was performed to estimate pressure drop 

values during operating conditions. The pressure drop of each compo
nent was non-dimensionalised to a pressure coefficient term that was a 
function of the Reynolds number of the process air moving through the 
component. The pressure drop through each component was defined 
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according to Equation 12. Detail on the analysis and resulting pressure 
coefficient relations are given in Appendix A. 

ΔP = Cp ×
ρV2

2
(12)  

3.2.6. Heat loss from process piping 
Heat loss from the connecting process pipes between subassemblies 

was analytically modelled as a series of conduction, convection, and 
radiation modes until it was dissipated into the ambient. A thermal 
resistance network was constructed for both the process pipe as well as 
the connecting flanges. Insulation blanket covered the process pipe but 
most of the flanges were left exposed to the ambient. A detailed heat loss 
model is presented in Appendix C. 

3.3. Experimental procedure 

Testing took place at the University of Pretoria, South Africa. Before 
the testing procedure was initiated, the facets were initially aligned 
using a laser pointer fixed to a self-levelling gyroscope while the dish 
faced vertically upwards (90◦ elevation angle). This method proved to 
be inaccurate, with large flux spillage at the receiver aperture being 
apparent during automatic tracking and resulted in a subsequent visual 
alignment of the facets being performed during the initial stages of 
automatic tracking while the dish faced the sun. Facet membrane depths 
were also set and refined during this initial period of visual inspection. 

The tracker was initially in full-stow position, the power supply was 
off, and the dish was folded over on the receiver arm for protection. 
Power was switched on to the control system, solar tracker, and the 
micro gas turbine. The operator set a turbine speed on the HMI which 
caused the generator/motor to spin the turbine, pushing air through the 
process piping. The combustion chamber was ignited to provide the 
micro gas turbine with a 1200 K inlet temperature setpoint. The micro 
gas turbine speed was selected by the operator which determined the net 
power at the turbine. The dish folded open into an active tracking po
sition and the solar tracker was moved to face the sun after which the 
active tracking sequence was initiated. 

The active tracking sequence controlled the tracker to follow the sun 
as it moved across the sky and the solar radiation was concentrated into 
the receiver which heated up the receiver coils. The receiver coils 

eventually reached a positive temperature difference between the inner 
coil surface and the process air moving through the coils which resulted 
in a net heat gain in the solar receiver. The MGT operator selected a 
speed that promoted a net electrical output from the turbine, and steady 
state was attempted with periodic adjustment of the MGT speed and 
turbine inlet temperature. Sensor data were collected throughout the 
testing period. 

4. Results 

4.1. Transient test results 

Full-scale on-sun testing of the ST-CHP experimental setup took 
place on the 30th of March 2022. The temperature sensor data and MGT 
sensor data that were captured during testing are presented as a function 
of time (see Fig. 10 and Fig. 11). An experimental log of the test period is 
presented in Table 4 detailing the ignition and tracking sequence, noting 
periods of cloud cover. Detail on the measurement and combined un
certainties of the test results is presented in Appendix B. 

Fig. 10 presents the temperature sensor data during the test period. 
From the point of ignition of the combustion chamber at 13:50, it took 
approximately 22 min for active tracking to occur and 35 min for a net 
heat gain to occur from the receiver. Cloud cover interrupted the testing 
before steady state could be reached at 14:54 and flame out occurred 
between 15:10 and 16:26 due to technical difficulties. The combustion 
chamber was reignited at 16:26 and the solar receiver and MGT 
(excluding TES) reached steady-state temperature conditions within 19 
min at 16:46. The MGT sensor data presented in Fig. 11 show how power 
was generated between 16:26 and 16:52. A maximum electrical power 
output of about 400 W was generated intermittently before the MGT 
reached a steady-state speed of 130 krpm at 16:36 to 16:50. During this 
time the outlet temperature from the receiver increased from 665 ◦C to a 
maximum of 696 ◦C, and the fuel mass flow rate reduced from 0.52 g/s 
to 0.43 g/s. MGT electrical power generation decreased from a value of 
between 215 W and 288 W to between 136 W and 155 W. It is important 
to note that the micro gas turbine was successfully operated at different 
elevation angles during the test period which was a concern given the 
prototype air bearing design. 

Fig. 10. Temperature sensor data for the testing conducted on 30 March 2022.  
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4.2. Steady-state analysis 

A steady-state period was defined between 16:46 and 16:48 during 
the testing on 30 March 2022 to characterise the performance of the 
solar thermal plant. The period was chosen for steady-state analysis as 
this period was characterised by the least amount of change in mea
surement data. It should be noted however that steady state could never 
truly be reached. Ambient conditions were constantly fluctuating, 
receiver inlet and outlet temperatures were still increasing slightly and 
insulation temperatures in the receiver were still increasing slightly. The 
effects of these dynamics are however assumed to be negligible. A 
summary of the steady-state ambient conditions is given in Table 5. Due 
to the time of day at which the point of interest was selected, the direct 
normal irradiance was relatively low, but an appropriate analysis could 
still be conducted. The variation column defines the minimum and 
maximum variation around the mean value provided in the measured 
value column. 

The simulation mass flow rate and temperature results are compared 
with the measured values for the point of interest in Table 6. MGT, 

receiver, recuperator, and combustion chamber performance are sum
marized in Table 7. The simulation model meets all the target temper
ature values of the experimentally-measured data within 1 % error 
(except for the TES inlet and outlet temperatures). When comparing the 
numerical simulation to the analytical model, the system pressures are 
comparable within 3.5 % difference, the compressor outlet pressure 
deviates by 2.3 % and the turbine outlet pressure deviates by 0.6 %. 
From the simulation results it may be observed that the dominating 
pressure drop is found in the combustion chamber and in the recuper
ator cold side (besides the pressure drop over the turbine). The pressure 
drop values from the SimuPact model varied slightly from the analytical 
values since the simulation model incorporated quadratic extrapolation 
on an earlier set of analytical pressure drop values and no pressure drop 
was assumed in the connecting process piping. The numerical model 
focused on modelling the entire plant above the TES unit so there was a 
discrepancy regarding the inlet and outlet process temperatures to the 
TES unit between the numerical model results and the experimental 
results. The air mass flow rate determined by the SimuPact numerical 
model was found to meet the target air mass flow rate determined by the 
analytical model summarized in Table 6. A detailed analysis of the 
recuperator is presented in Appendix C. 

The SimuPact numerical model results show that the dish-Brayton 
plant was able to produce 144.46 W of electricity and 19.24 kW of 
process heat from a net heat input of 2.53 kW from the receiver and 
17.99 kW from the combustion chamber during the two-minute steady- 

Fig. 11. MGT sensor data for testing conducted on 30 March 2022.  

Table 4 
Testing log from 30 March 2022.  

Time Stamp Comment 

13:40 Start-up sequence initiated 
13:50 Combustion chamber on 
14:12 Active tracking sequence initiated 
14:25 Net heat gain from the receiver 
14:54 Cloud cover 1 started 
15:03 Cloud cover 1 ended 
15:10 Combustion chamber off 
16:26 Combustion chamber on 
16:45 Steady state temperature conditions reached 
16:52 Shut down initiated   

• Tracker moved off sun  
• Combustion chamber off  
• Tracker placed in full-stow position 

19:20 MGT off 
19:39 MGT on 
19:41 MGT off 
19:45 Test end  

Table 5 
Measured ambient data and tracking data for point of interest at 16:46 – 16:48 
(30 March 2022).  

Description Measured Value Variation 

Ambient Data   
Ambient temperature (K)  297.91 +0.03/-0.03 
Ambient pressure (kPa)  86.21 +0.004/-0.004 
Ambient wind speed (m/s)  1.13 +0.97/-0.50 
Wind vane direction (degrees from North)  22.45 +79.08/-131.93 
Direct normal irradiance (W/m2)  610.85 +0.75/-0.75 
Tracker Orientation   
Elevation angle (degrees)  17.49 +0.10/-0.11 
Azimuth angle (degrees from North)  283.36 +0.06/-0.07  
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state period. Based on an analytical enthalpy change between the TES 
inlet and TES outlet, 5.94 kW (31 %) of the 19.24 kW off-gassed process 
heat was captured. Based on the enthalpy change between the recu
perator hot side outlet (state 11) and the TES inlet (state 12), it is esti
mated that approximately 7 kW of process heat was lost from the process 
piping before entering the TES unit. This is more than the heat that was 
captured by the TES unit. More stringent insulation techniques along the 
connecting process piping are advised for future work to mitigate this 
heat loss to the ambient. 

4.2.1. Combustion chamber 
Equation 1 and Equation 2 were used to analytically determine the 

air mass flow rate from the fuel flow rate measurement and the enthalpy 
change through the combustion chamber (see Table 8). The SimuPact 
numerical model determined the air mass flow rate primarily through 
modelling and analysing the micro gas turbine, based on design per
formance curves (pressure ratio and efficiency versus corrected mass 
flow supplied by Samad Power [46]). An iterative approach between 
simulation and analytical methods was conducted until close agreement 
was achieved within 1 % difference (see Table 6). Obtaining an agree
ment of the air mass flow rate values was a fundamental principal from 
which the rest of the numerical and analytical study was conducted. 
Based on the analytical results, the net heat gain of the combustion 
chamber was 18.68 kW from an available 19.49 kW suggesting a ther
mal efficiency of 96 %. 

Heat loss was analytically determined for the process connection 

between the receiver outlet and the combustion chamber inlet. A value 
of 0.58 kW was determined, reducing the air temperature of 966 K from 
the receiver outlet to 959 K at the combustion chamber inlet. A pipe 
length of 1 m with an inner diameter of 83 mm, a pipe thickness of 3 mm 
and an insulation thickness of 100 mm was used as inputs to the heat loss 
model. The majority of the heat loss occurred at the exposed flange 
connections. A second conservative heat loss of 0.81 kW was analytically 
determined to occur from the combustion chamber itself by considering 
the average surface temperature of the outside of the combustion 
chamber to be 1566 K. This value was estimated by determining the 
average between the inlet air temperature to the combustion chamber 
(959 K) and the maximum flame temperature of the combustion fuel 
(2173 K [52]). The length of the combustion chamber was 300 mm and 
had an outer diameter of 87 mm and an insulation thickness of 50 mm. 
Enthalpy values before and after the combustion chamber were deter
mined from temperature values using CoolProp [53]. 

4.2.2. Collector and receiver 
The average coil surface temperature is plotted in Fig. 12 as a 

function of coil length with inlet and outlet air temperatures. Surface 
thermocouple 6 located on the inner surface of the receiver coil 

Table 6 
SimuPact simulation results for point of interest at 16:46 – 16:48 (30 March 
2022).  

Description Experimental 
Results 

SimuPact 
Simulation 

Analytical 
Model 

Mass flow rates    
Fuel flow rate (slpm) 13.10 – 13.10* 
Air mass flow rate (g/s) – 72.8** 72.2 
Temperatures and Pressures    
Compressor inlet temperature, T1 

(K) 
298 298* 298* 

Compressor inlet pressure, P1 (kPa) 86.21 86.20* 86.21* 
Compressor outlet temperature, T2 

(K) 
– 409 411 

Compressor outlet pressure, P2 

(kPa) 
– 195.93 200.45 

Recuperator (cold) inlet 
temperature, T3 (K) 

– 409 408 

Recuperator (cold) outlet 
temperature, T4 (K) 

– 935 940 

Receiver inlet temperature, T5 (K) 935 935* 935* 
Receiver outlet temperature, T6 (K) 966 966* 966* 
Combustion chamber inlet 

temperature, T7 (K) 
– 966 959 

Turbine inlet temperature, T8 (K) 1184 1184* 1184* 
Turbine inlet pressure, P8 (kPa) – 174.56 175.35 
Turbine outlet temperature, T9 (K) – 1068 1072 
Turbine outlet pressure, P9 (kPa) – 90.31 90.85 
Recuperator (hot) inlet 

temperature, T10 (K) 
– 1068 1072 

Recuperator (hot) outlet 
temperature, T11 (K) 

– 555 556 

TES inlet temperature, T12 (K) 465 555 465* 
TES outlet temperature, T13 (K) 385 337 385* 
TES outlet pressure, P13 (K) 86.21 86.20* 86.21* 
Pressure drop    
Recuperator (cold) pressure drop, 

dP3-4 (kPa) 
– 5.52** 4.51 

Receiver pressure drop, dP5-6 (kPa) – 1.33** 1.09 
Combustion chamber pressure 

drop, dP7-8 (kPa) 
– 13.43** 15.23 

Recuperator (hot) pressure drop, 
dP10-11 (kPa) 

– 1.87** 1.91 

* Experimental result used as input or target value 
** Analytical model used as input or target value 

Table 7 
Summary of receiver, combustion chamber, MGT, and recuperator performance 
for point of interest at 16:46 – 16:48 (30 March 2022).  

Description Experimental 
Results 

SimuPact 
Simulation 

Analytical 
Model 

Solar receiver    
Available solar energy (kW) 15.06 – 15.06* 
Net heat captured in receiver 

(kW) 
2.54 2.53* 2.54* 

Micro-gas turbine    
Heat of combustion (kW) 19.49 – 19.49* 
Net heat of combustion (kW) – 17.99** 18.68 
MGT speed (krpm) 130 130* 130* 
Compressor pressure ratio (-) – 2.27 2.33 
Compressor work (kW) – 8.17 – 
Compressor efficiency (-) – 0.71 – 
Turbine expansion ratio (-) – 1.93 1.93*** 
Turbine work (kW) – 8.64 – 
Turbine efficiency (-) – 0.57 – 
MGT mechanical loss (W) – 319.2 – 
MGT mechanical shaft work 

(W) 
– 157.07 – 

MGT electrical output (W) 144.46 144.50* – 
Recuperator    
Effectiveness (-) – 0.80 0.80 
Heat recuperated (kW) – 40.91 41.12 
Heat of off-gas (kW) – 19.24 18.98 
Thermal energy storage unit 

(TES)    
Heat captured by TES (kW) 5.94 – – 

* Experimental result used as input or target value 
** Analytical model used as input or target value 
*** SimuPact model used as input or target value 

Table 8 
Air mass flow rate calculation for point of interest at 16:46 – 16:48 (30 March 
2022).  

Description Analytical 
Model 

Density of LPG @ STP (kg/m3) 2.03 
LHV of LPG (kJ/m3) [52] 92,954 
Propane to LPG viscosity correction factor 0.96 
Fuel flow rate (kg/s) 4.26E-04 
Heat loss from combustion chamber (kW) 0.81 
Enthalpy before combustion chamber (kJ/kg) 1126 
Enthalpy after combustion chamber (kJ/kg) 1385 
Air mass flow rate (kg/s) 0.0722  
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measured a surface temperature 2 % higher (in degrees Celsius) than 
that of surface thermocouple 5 located on the outside of the receiver 
coil. The average inner-cavity surface temperature of the receiver was 
estimated by multiplying the average outer-cavity surface temperature 
by 1.02 (in degrees Celsius). The overall performance of the solar 
receiver was evaluated in terms of the net rate of heat gain, heat loss 
(conduction, radiation, and convection), available solar energy, inter
cept factor, and the receiver’s solar and thermal efficiency. These results 
have been summarised in Table 9 for the steady-state point of interest. 

The distribution of heat loss from the receiver, on average, was 10 %, 
51 % and 39 % in terms of conduction, convection, and radiation heat 
loss, respectively. The conduction heat loss rate experienced during this 
steady-state point of interest was relatively low, illustrating the effec
tiveness of the ceramic insulation boards surrounding the solar receiver. 
The solar receiver was positioned at an elevation angle of between 17.4◦

– 17.6◦ which is expected to result in an elevated convection heat loss 
according to the study performed by Craig et al. [38] and Swanepoel 
et al. [61]. The total heat losses in the receiver were estimated to be 6.10 
kW. The intercept factor was found to be 64 % owing to the spillage at 
the receiver from inadequate aiming and calibration of the parabolic 
reflective facets. The membrane depth also varied as a function of 
ambient conditions [64]. The intercept factor can be improved by 
implementing more stringent aiming and reflector calibration practices 
such as moonlight calibration using lunar flux mapping [39,41]. Alter
native options for improving reflector facet optical performance would 
be to consider active membrane depth control or solid facet options 
[65–67]. The solar receiver was found to have a thermal efficiency of 29 
% as well as a collector efficiency of 17 %. The receiver thermal effi
ciency was low during this steady-state point of interest due to the low 
availability of solar DNI present due to the time of day when the sun was 
setting and the low elevation angle. 

5. Discussion 

5.1. Potential performance of the receiver 

Since a steady-state period of interest was only able to be captured in 
the late afternoon, the performance of the receiver and collector were 
subsequently low. To provide more detail on the holistic performance of 
the receiver, average conditions for a full day of operation and condi
tions at peak operation were analysed. To estimate the potential per
formance of the solar receiver and collector for the day of 30 March 
2022, two case studies were considered using an analytical approach: 
the average operating conditions case (06:00 – 18:00) and the peak 
operating conditions case (11:00 – 14:00). 

The following assumptions were made:  

• The heat transfer coefficient for the captured heat between the 
receiver coil and the process air was determined for the steady-state 
point of interest in Section 4.2 (using Equation 13), and was assumed 

Fig. 12. Average coil surface temperature with inlet and outlet process air temperatures as a function of coil length for point of interest at 16:46 – 16:48 (30 
March 2022). 

Table 9 
Summary of receiver performance for point of interest at 16:46 – 16:48 (30 
March 2022).  

Description Experimental 
Results 

SimuPact 
Simulation 

Analytical 
Model 

Direct normal irradiance (W/m2) 610.85 – 610.85* 
Average receiver outer-cavity 

temperature (K) 
965 – 965* 

Average receiver inner-cavity 
temperature (K) 

979 – 979* 

Available solar energy (kW) 15.06 – 15.06* 
Solar energy reflected (kW) – – 13.55 
Net receiver heat captured (kW) 2.54 2.53* 2.54* 
Receiver conduction heat loss (kW) 0.61 – 0.61* 
Receiver radiation heat loss (kW) 3.12 – 3.12* 
Receiver convection heat loss (kW) – – 2.37 
Total receiver heat loss (kW) – – 6.10 
Collector intercept factor (-) – – 0.64 
Receiver thermal efficiency (-) – – 0.29 
Collector thermal efficiency (-) – – 0.17 

* Experimental result used as input or target value 
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to be constant for both operating conditions. This is a major 
simplification made for the purposes of making a crude estimation of 
the performance impact on the receiver.  

• The inlet process air temperature and mass flow rate to the receiver 
was assumed to be constant at the conditions measured in Section 4.2 
(935 K and 0.072 kg/s respectively). The combustion chamber, MGT 
and recuperator operating conditions were, therefore, assumed to be 
constant.  

• The process air pressure was assumed to be constant at 1 bar for 
simplicity.  

• Conduction, convection, and radiation heat loss was determined 
based on Section 3.2.2. The outer insulation temperature was 
assumed constant, and the ambient temperature was averaged over 
the period considered in the case.  

• The intercept factor for the collector was assumed constant at an 
average value of 0.64, based on the value determined in Section 4.2. 

ĥair =
Q̇net

Acoil
(
Tcav inner − Tb,air

) (13) 

Table 10 summarizes the receiver and collector performance pre
dictions for both average and peak performance scenarios considered. 
The average collector elevation angle was determined to be 35◦ and 
56.04◦ for the average operating conditions and peak operating condi
tions, respectively. The average available solar energy increased by 17 % 
and 54 % respectively, leading to an increase in the receiver average 
inner-cavity temperature of between 4 % and 9 % (in Kelvin), respec
tively. Due to the elevation angle increasing and despite the increased 
inner-cavity temperature, the average total heat loss from the receiver 
cavity changed by − 1 % and +1 % for the average and peak operating 
conditions, respectively. From this analysis, the average receiver ther
mal efficiency is expected to be 40 % and the average collector efficiency 
is 23 % for the average operation operating conditions case, producing a 
net captured heat of 4.10 kW on average (a 61 % improvement in net 
heat captured, compared to the experimental steady-state point of in
terest). For the peak performance case, the average receiver thermal 
efficiency was determined to be 53 % and the average collector effi
ciency was 31 %, producing a net captured heat of 7.10 kW (a 179 % 
improvement in net heat captured, compared to the experimental 
steady-state point of interest). 

The predicted performance of the receiver compares well with the 
previous successful field test carried out by Sanders Associates & Garret 
AiResearch in the 1980′s [20–22] which obtained a receiver efficiency of 
57 % and a collector efficiency of 48 %. The collector thermal efficiency 
did not compare well due to the low intercept factor determined in the 
current study. The performance improvement predicted for the receiver 
in the above case studies does not necessarily mean that there will be an 
improved performance of the entire ST-CHP prototype. The increase in 
process temperature at the outlet of the receiver is expected to affect the 
pressure drop at the subsequent process connections, specifically before 
the turbine, which would affect the MGT performance, and this would 
affect the operating conditions in the rest of the power cycle. A better 
approach to this analysis, would be to analyse the impact of the case 
studies on the performance of the entire prototype, which is recom
mended for future work. 

From the thermodynamic perspective of process heat generation, 
fuel savings (see Equation 14) becomes an important parameter. The ST- 
CHP prototype allowed for a predicted fuel savings of between 12 % at 
experimental conditions and 33 % at peak operating conditions 
compared to fuel-only operation. Peak operation fuel savings may be 
further increased to an estimated 52 % if the intercept factor could be 
improved from the experimentally determined 64 %, to the design target 
of 90 %. 

fuel savings =
Q̇net

Q̇net + ṁf LHV
(14)  

5.2. Pressure drop breakdown 

It is evident that the added pressure drop from the auxiliary com
ponents (such as the receiver, recuperator, and connective piping) 
negatively impacted the performance of the micro gas turbine. When 
considering the analytical percentage pressure drop for each component 
in the cycle during the steady-state point of interest (relative to inlet 
pressure) it becomes clear that certain components have more of an 
impact compared to others, as indicated in Table 11. On the high- 
pressure side between the compressor and the turbine, the combustion 
chamber can be shown to have the largest pressure drop of 8 % (15.2 
kPa), the pressure drop through the recuperator cold side and through 
the pipe connection between the receiver and combustion chamber then 
follow with both pressure drop values being 2.2 % (4.5 kPa and 4.3 kPa 
respectively). The pressure drop of the combustion chamber in a simple 
cycle (no solar hybridization, non-recuperated, see Fig. 13) is roughly 3 
% according to Samad Power. The higher combustion chamber pressure 
drop in the ST-CHP prototype is mainly related to higher inlet air tem
perature (~950 K) to the combustion chamber compared to a simple 
cycle (~410 K). The pressure drop through the process pipe connecting 
the receiver to the combustion chamber is believed to be primarily due 
to the 3 inch to 2 inch reduction nozzle at the end of the pipe, which 
allowed for a direct flange connection to the combustion chamber. The 
added pressure drop from the solar receiver is only 0.6 % which barely 

Table 10 
Predicted performance of the solar receiver for 30 March 2022.  

Description Analytical 
Model 

Average 
Conditions 

Peak 
Conditions 

Conditional parameters    
Time 16:46–16:48 6:00–18.00 10:00–14:00 
Ambient temperature (K) 298 296 297 
Solar DNI (W/m2) 610.85 716.92 939.10 
Elevation angle (degrees) 17.49 34.93 56.04 
Collector performance    
Intercept factor (-) 0.64 0.64 0.64 
Available solar energy (kW) 15.06* 17.67 23.15 
Solar energy reflected (kW) 13.55 15.91 20.83 
Average receiver inner-cavity 

temperature (K) 
979* 1005 1056 

Average receiver outer-cavity 
temperature (K) 

965* 991 1041 

Receiver conduction heat loss 
(kW) 

0.61* 0.66 0.75 

Receiver radiation heat loss 
(kW) 

3.12* 3.48 4.25 

Receiver convection heat loss 
(kW) 

2.37 1.91 1.19 

Total receiver heat loss (kW) 6.10 6.04 6.18 
Net receiver heat captured 

(kW) 
2.54* 4.10 7.10 

Receiver thermal efficiency (-) 0.29 0.40 0.53 
Collector thermal efficiency (-) 0.17 0.23 0.31 

* Experimental result used as input or target value 

Table 11 
Breakdown of pressure drop values in the ST-CHP prototype for the point of 
interest 16:46 – 16:48 (30 March 2022).  

Component Inlet pressure 
(kPa) 

Pressure 
drop 
(-) 

Recuperator cold side (3–4)  200.5  2.2 % 
Solar receiver (5–6)  196.0  0.6 % 
Pipe between receiver to combustion 

chamber (6–7)  
195.0  2.2 % 

Combustion chamber (7–8)  190.6  8.0 % 
Recuperator hot side (10–11)  90.9  2.1 % 
Piping to TES (11–12)  88.9  2.9 % 
TES (12–13)  86.3  0.2 %  
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compares to that of the previously mentioned components. It is also 
important to note the 2.9 % (2.6 kPa) pressure drop through the process 
3-inch piping connecting the recuperator hot outlet to the TES inlet. 
Much of this pressure drop occurs through the valve located at the inlet 
of the TES unit (1.1 kPa). The added pressure drop from the components 
after the turbine outlet would negatively impact the MGT performance 
as well. Reducing the length of pipe used or increasing the diameter in 
this connection and incorporating more pressure-friendly valves would 
improve performance. 

To improve the performance of the micro gas turbine in the solar 
hybrid configuration, the hybridized sub-assemblies must be optimized 
against this pressure loss. Optimizing recuperators to minimize pressure 
loss while maintain recuperation effectiveness at the given recuperator 
size is challenging. The obvious solution would be to increase micro- 
channel and channel dimensions while maintaining heat transfer sur
face area which would increase the overall recuperator dimensions. 

When considering the reduction nozzle in the process piping, the 
reduction nozzle was only required due to the reduced inlet diameter of 
the combustion chamber. It is recommended that the combustion 
chamber design be modified to decrease pressure drop by mitigating the 
reduction nozzle at the inlet of the combustion chamber as well as a 
holistic dimensional optimisation to decrease pressure drop in the 
combustion chamber itself. Reducing the combustion chamber pressure 
drop is a challenge that may require an active geometry control to allow 
for a successful cold start (ignition) and to continuously operate at 

steady state. Additionally, mitigating the pressure drop through the 
combustion chamber is often challenging since the pressure drop is 
required for adequate mixing of the fuel and air to enhance combustion 
and reduce emissions. 

5.3. Potential MGT performance 

The micro gas turbine was configured in a simple Brayton cycle for a 
secondary set of testing on the 31st of March 2022. This was done to 
confirm power generating potential without the effects of pressure drop 
from auxiliary units such as the receiver, recuperator, downstream 
piping and TES unit. A flow diagram is presented in Fig. 13. The test 
results are presented in Fig. 14. 

A maximum steady-state power generation was found between 
15:21:15 and 15:21:45, with a value of 1050 W at a MGT speed of 137 
krpm and a fuel flow rate of 40 slpm. This is an increase in electrical 
output of 627 % with an estimated decrease in pressure drop of 39 % 
based on the current steady state data in Section 4.2. When observing 
the power generation at 130 krpm between 15:20:01 and 15:20:48, the 
power generation was within a range of 870 W and 989 W at a fuel flow 
rate of between 35.8 slpm and 37 slpm. Compared to the steady-state 
point in Table 6 and Table 7, this is an increase of between 502 % and 
585 % in electrical power generation. The fuel consumption, however, 
also increases by between 173 % and 182 % for the simple cycle. 

The power generation normalised by the fuel flow rate allows for the 
determination of whether the auxiliary components are in fact benefit
ting the electrical generation. On average the simple cycle produces a 
value of 0.026 kWe/slpm while the ST-CHP prototype produced a value 
of 0.011 kWe/slpm showing that the ST-CHP prototype was not bene
ficial in terms of electrical production from the plant at the current point 
of interest that was analysed. When considering the predicted average 
operating performance and the peak operating performance of the ST- 
CHP collector presented in Section 5.1, the normalised electrical pro
duction from the ST-CHP prototype increases to 0.012 kWe/slpm and 
0.015 kWe/slpm, respectively. It is evident that the performance of the 
micro gas turbine (electrical output) is negatively impacted by the 
pressure drop of the hybridizing components (the receiver, recuperator, 
TES unit and connective process piping) and the combustion chamber 
operating at a higher inlet temperature. No information regarding the 
recuperated Brayton cycle performance (without solar hybridization) is 
available, therefore the effect of the pressure drop through the 

Fig. 13. MGT simple cycle flow diagram.  

Fig. 14. MGT simple cycle test measurements for 31 March 2022.  
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recuperator is also considered to negatively impact performance. 

5.4. Prospects 

The ST-CHP plant is a prototype and there is significant room for 
improvement in both performance and manufacturing cost. The per
formance of the ST-CHP prototype may be characterised and compared 
with solar PV in terms of an energy utilisation factor (EUF). Commer
cially available solar PV units operate with a single electrical output at 
an EUF of between 15 % and 20 % during daytime operation [68,69]. 
Since the ST-CHP prototype has a CHP output from a solar and com
bustion fuel source, the EUF may be determined using Equation 15. The 
ST-CHP prototype has an EUF of between 17 % at the experimental 
steady state, and 16 % at estimated peak operating conditions (assuming 
outputs remain constant, and the solar input affects the required com
bustion heat input). The EUF of the ST-CHP prototype has a large po
tential for improvement [70]. An improvement of the intercept factor 
from the experimentally determined 64 % to the design point of 90 % 
(see Ref. [40]) would improve the EUF at peak operating conditions 
from 16 % to 18 %. The use of a combustion chamber in the ST-CHP 
prototype also allows for 24 h operation which provides a competitive 
edge over solar PV. 

EUF =
Ėoutput + Q̇TES

Q̇sun + ṁf LHV
(15)  

6. Conclusion and recommendations 

Initial on-sun solar tests were conducted on the Solar Turbo Com
bined Heat and Power prototype to serve as a proof of concept for power 
generation during field operation and identify improvements for future 
work. Solar hybridization of a novel recuperated micro gas turbine 
Brayton power cycle was investigated to determine the potential of solar 
preheating to reduce or replace consumption of combustion fuel to 
generate a combined heat and power output. The Solar Turbo Combined 
Heat and Power prototype with preheating from a faceted dish solar 
collector was tested during on-sun conditions. Liquified petroleum gas 
was used as the combustion fuel to reach inlet condition for the micro 
gas turbine. A self-sustained electrical power output was successfully 
generated ranging between 0.4 kWe and 0.1 kWe at a fuel flow rate 
between 20 slpm and 10 slpm while the solar direct normal irradiance 
was decreasing from 855 W/m2 to 611 W/m2. 

A steady-state point of interest was identified and analysed to char
acterise the performance of the Solar Turbo Combined Heat and Power 
prototype. The experimental results were supplemented by a SimuPact 
numerical model as well as an analytical model to reduce interference 
from invasive telemetry, validate the numerical model, and prompt 
follow-up parametric numerical studies for design optimization. The 
micro gas turbine generated a steady-state electrical output of 
0.145 kWe at a fuel flow rate of 13.1 slpm. Based on the numerical 
simulation, the turbine ran at an isentropic efficiency of 57 % and a 
compressor isentropic efficiency of 71 % at an air mass flow rate of 72.8 
g/s. The recuperator had a thermodynamic effectiveness of 80 % which 
was validated by analytical calculations. A secondary simple Brayton 
cycle test was also performed on the micro gas turbine to determine the 
effect of auxiliary pressure drop on the electrical performance of the 
micro gas turbine. Without the added pressure drop of the solar receiver, 
recuperator, downstream components, and combustion chamber oper
ating at a higher inlet temperature, the micro gas turbine electrical 
output increased to 0.93 kWe on average at an average fuel flow rate of 
36.4 slpm. The solar collector was analysed, showing an average inter
cept factor of 64 %, an average receiver thermal efficiency of 29 % and 
collector efficiency of 17 %. Based on the performance of the power 
cycle at the steady-state point of interest, the receiver and collector ef
ficiencies are estimated to increase by up to 37 % during average 
operating conditions and by up to 82 % during peak operating 

conditions in summer. Fuel savings of between 12 % and 33 % were 
determined for an equivalent amount of process heat generated in fuel- 
only conditions. Fuel savings are predicted to increase up to 52 % if the 
intercept factor of the reflector is improved to the design target of 90 %. 
Additional improvements such as increasing the reflector size or 
reducing the micro-gas turbine were also noted to improve fuel savings. 

The test was successful as a proof of concept, however three primary 
challenges were identified. Firstly, the added pressure drop of the 
auxiliary components and combustion chamber operating at higher inlet 
temperature around the micro gas turbine negatively impacted the 
micro gas turbine’s performance to such an extent that the added solar 
energy and recuperation was not beneficial for electrical production per 
slpm of fuel when compared to a simple open Brayton cycle. Secondly, 
the late start of the test meant that steady state was achieved during the 
late afternoon where a sub-optimal direct normal irradiance was pre
sent, and the elevation angle was low which negatively impacted the 
solar collector efficiency. Thirdly, the inadequate calibration of the 
reflector led to a relatively low collector intercept factor further 
impacting the collector performance. 

Based on the initial study of the Solar Turbo Combined Heat and 
Power prototype some important recommendations can be made:  

• Longer micro gas turbine run time is required to ensure integrity of 
the operation at different elevation angles during solar tracking. The 
turbine and compressor should be designed to operate at the higher 
elevation of Pretoria, South Africa (with lower inlet air pressure to 
the compressor) than in the United Kingdom (closer to sea-level).  

• Heat loss should be minimised by incorporating more stringent 
insulating methods around the hot surfaces of the power cycle. The 
temperature is estimated to have dropped from 556 K at the outlet of 
the hot recuperator to 465 K measured at the inlet of the thermal 
energy storage unit. An estimated 7 kW of heat loss from the avail
able 19 kW of process air was off-gassed (37 % of the off-gassed heat 
from the recuperator hot outlet). The direct impact of the heat loss is 
certainly present between the receiver outlet and the combustion 
chamber inlet with an estimated 580 W lost to the ambient (23 % of 
the net heat captured by the receiver).  

• Pressure drop through auxiliary components added to the micro gas 
turbine should be minimized to improve the plant’s performance in a 
holistic sense. Larger cross-sectional areas should be used at valve 
connections, the combustion chamber inlet, as well as in the recu
perator. The combustion chamber design should also be improved to 
minimize pressure drop while maintaining thermal performance.  

• The optical performance of the faceted solar reflector can be 
improved by performing more stringent optical calibration methods 
such as moonlight testing (or an alternative day time calibration 
method). This should be done in addition to actively controlling the 
facets’ membrane depths throughout the day by adjusting the vac
uum pressure within the plenum space of each facet. Alternatively, 
solid reflector facets should be investigated that mitigate the need for 
active vacuum control.  

• A second-law analysis was not conducted in the current study since 
the results came from an initial test phase that spanned a single day 
with the thermal energy storage unit not reaching melting temper
ature during operation. It is recommended that a second-law analysis 
can be incorporated into a future study where the design lessons 
learned from this initial testing phase have been addressed.  

• An experimental analysis of the Solar Turbo Combined Heat and 
Power prototype in solar-only mode, fuel-only mode and solar- 
hybrid operation would provide a broader perspective on the per
formance of the solar hybridized Solar Turbo Combined Heat and 
Power prototype. Since only solar-hybrid operation was tested dur
ing the initial study, it is recommended that the other two opera
tional modes be included in follow-up experimental studies.  

• A performance comparison between the Solar Turbo Combined Heat 
and Power prototype and a simple-cycle micro gas turbine was 
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conducted in Section 5.3. A more appropriate comparison would be 
achieved by investigating and comparing the Solar Turbo Combined 
Heat and Power prototype performance with that of a (non-hybrid
ized) recuperated Brayton cycle and should be considered in future 
studies.  

• A SimuPact numerical model has been calibrated based on the steady 
state numerical data and can be used for predicting transient 
behaviour of the Solar Turbo Combined Heat and Power prototype in 
future work. 
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Appendix A. Pressure drop 

The pressures within the power plant were estimated by means of a dimensional analysis. Pressure drop values through the process piping and 
components were experimentally measured at ambient conditions at a range of mass flow rates (Reynolds numbers) and a dimensional analysis was 
applied by means of the Buckingham Pi Theorem [71]. The pressure drop values may then be compounded to form a total head loss between different 
points. The process resulted in three dimensionless groups that were required to equate between the ambient tests and the on-sun tests to achieve 
dynamic similarity. The three dimensionless groups are presented in Equation A–1, Equation A–2 and Equation A–3. 

Π1 =
L
Dh

(A-1)  

Π2 =
ρVDh

μ = Re (A-2)  

Π3 =
ΔP

1
2 ρV2 = CP (A-3) 

The resulting pressure coefficients were modelled as a function of Reynolds number according to an exponential relationship in Equation A–4. The 
pressure drop during operational testing conditions were then determined by multiplying the pressure coefficient by the dynamic pressure as pre
sented in Equation 12. Air properties were determined from the bulk fluid temperature and inlet pressure through the component. The coefficients Ā 
and B̄ were determined through least mean squared method and are summarised in Table A–1. The inner diameter of the component was used as the 
characteristic length in calculating the Reynolds number. The results of this analysis were used in the analytical model for the steady-state analysis 
when estimating the pressure conditions in the system at operational points of interest. 

CP = ĀReB̄ (A-4)  

Table A-1 
Modelling coefficients for pressure coefficients of power cycle components.  

State Component Inner diameter (mm) Ā B̄ 

(3–4) Recuperator cold 50 1.87E + 5 − 9.35E-1 
(4–6) Tube 1 + receiver 83 7.48E + 5 − 1.12 
(6–7) Tube 2 83 5.01E + 6 − 1.17 
(7–8) Combustion chamber 50 5.62E + 1 − 1.71E-1 

(continued on next page) 
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Table A-1 (continued ) 

State Component Inner diameter (mm) Ā B̄ 

(10–11) Recuperator hot 50 3.75E + 1 − 3.27E-1 
(11–11.25) Tube 3 83 1.07E + 2 − 3.30E-1 
(11.25–11.5) Flexible hose 83 9.49E + 1 − 3.31E-1 
(11.5–11.75) Tube 4 83 1.57E + 2 − 3.33E-1 
(11.75–12) QTP valve 50 4.75E + 1 − 3.36E-1 
(12–13) TES 83 4.05E + 1 − 3.40E-1  

Appendix B. Uncertainty analysis 

The ISO 98–3:2008 [72] standard was used in determining and presenting uncertainties for the experimental results. Expanded uncertainties 
conform to a normal distribution and fall within a 95 % confidence interval or two standard deviations from the mean (k-factor of 2). Relative un
certainties are determined by taking the expanded uncertainty over the reference value. The steady-state measurement results were used as reference 
values for the analysis. The measurement uncertainty is summarised in Table B–1. The combined uncertainties of the system process pressures are 
summarised in Table B–2. The combined uncertainties of the combustion chamber heat loss and subsequent air mass flow rate are determined in Table 
B–3. The combined uncertainty of the receiver and collector performance characteristics are determined in Table B–4.  

Table B-1 
Measurement uncertainty for point of interest at 16:46 – 16:48 (30 March 2022).  

Description Value Standard 
Uncertainty 

Expanded 
Uncertainty 

Relative 
Uncertainty 

Ambient     
Ambient temperature, Tamb (K) 297.91  1.10  2.19  0.74 % 
Ambient pressure, Pamb (kPa) 86.21  0.17  0.33  0.39 % 
Direct normal irradiance, DNI (W/m2) 610.85  4.09  4.09  0.67 % 
Thermocouples     
Temperature receiver inlet, T5 (K) 935.37  0.76  1.53  0.16 % 
Temperature receiver outlet, T6 (K) 966.49  0.92  1.85  0.19 % 
Temperature turbine inlet, T8 (K) 1183.68  2.10  4.21  0.36 % 
Temperature TES inlet, T12 (K) 465.04  0.87  1.73  0.37 % 
Temperature TES outlet, T13 (K) 385.03  0.87  1.73  0.37 % 
MGT sensors     
Fuel flow rate, V̇f (slpm) 13.10  0.35  0.70  5.33 % 
MGT speed (krpm) 130  3.75  7.51  5.77 % 
MGT electrical output (W) 144.46  4.17  8.34  5.77 %   

Table B-2 
Combined uncertainty of estimated pressures for point of interest at 16:46 – 16:48 (30 March 2022).  

Description Value Standard 
Uncertainty 

Expanded 
Uncertainty 

Relative 
Uncertainty 

Pressure coefficient from ambient pressure tests – – –  27.15 % 
Compressor outlet, P2 (kPa) 200.45 3.16 6.33  3.16 % 
Recuperator cold inlet, P3 (kPa) 200.45 3.16 6.33  3.16 % 
Recuperator cold outlet, P4 (kPa) 195.94 3.05 6.09  3.11 % 
Receiver inlet, P5 (kPa) 195.94 3.05 6.09  3.11 % 
Receiver outlet, P6 (kPa) 194.86 3.04 6.08  3.12 % 
Combustion inlet, P7 (kPa) 190.58 2.93 5.86  3.07 % 
Turbine inlet, P8 (kPa) 175.34 0.48 0.97  0.55 % 
Turbine outlet, P9 (kPa) 90.85 0.48 0.97  1.06 % 
Recuperator hot inlet, P10 (kPa) 90.85 0.48 0.97  1.06 % 
Recuperator hot outlet, P11 (kPa) 88.94 0.32 0.64  0.72 % 
TES inlet, P12 (kPa) 86.34 0.17 0.34  0.39 % 
TES outlet, P13 (kPa) 86.21 0.17 0.33  0.39 %   

Table B-3 
Combined uncertainty of combustion chamber and air mass flow rate for point of interest 16:46 – 16:48 (30 March 2022).  

Description Value Standard 
Uncertainty 

Expanded 
Uncertainty 

Relative 
Uncertainty 

Combustion chamber heat loss     
Estimated temperature of combustion chamber outer surface, Tcomb,2 (K)  1566.31  350.36  700.72  44.74 % 
Insulation inner diameter, Dins,i (m)  0.0870  0.0006  0.0012  1.33 % 
Insulation outer diameter, Dins,o (m)  0.1870  0.0058  0.0115  6.17 % 
Insulation length, Lins (m)  0.3000  0.0058  0.0115  3.85 % 
Insulation outer area, As,o (m2)  0.1762  0.0064  0.0128  7.28 % 

(continued on next page) 
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Table B-3 (continued ) 

Description Value Standard 
Uncertainty 

Expanded 
Uncertainty 

Relative 
Uncertainty 

Outer combustion chamber conduction resistance, Rcond (K/W)  2.84  0.13  0.26  9.11 % 
Outer combustion chamber convection resistance, Rconv (K/W)  0.66  0.02  0.05  7.28 % 
Outer combustion chamber radiation resistance, Rrad (K/W)  0.58  0.02  0.04  7.28 % 
Combustion chamber total thermal resistance, Rcomb (K/W)  3.15  0.13  0.26  8.23 % 
Combustion chamber heat loss, Q̇loss,comb (W)  403.17  112.60  225.19  55.86 % 
Air mass flow rate     
Density of LPG @ STP (kg/m3)  2.03  0.0012  0.0023  0.12 % 
Propane viscosity @ STP (Pa.s)  8.15E-6  2.35E-7  4.70E-7  5.77 % 
LPG viscosity STP (Pa.s)  7.84E-6  2.26E-7  4.53E-7  5.77 % 
LPG fuel flow rate (kg/s)  4.26E-4  2.08E-5  4.16E-5  9.78 % 
Heat of combustion (kW)  19.49  0.95  1.91  9.78 % 
Heat loss from combustion chamber + flanges (kW)  0.81  0.11  0.23  27.80 % 
Net heat of combustion (kW)  18.68  0.96  1.92  10.27 % 
Air mass flow rate (kg/s)  0.0722  0.0048  0.010  13.22 %   

Table B-4 
Combined uncertainty of collector and receiver for point of interest 16:46 – 16:48 (30 March 2022).  

Description Value Standard 
Uncertainty 

Expanded 
Uncertainty 

Relative 
Uncertainty 

Receiver     
Enthalpy before receiver, h5 (J/kg) 1,099,229 6410 12,819 1.17 % 
Enthalpy after receiver, h6 (J/kg) 1,134,439 6639 13,278 1.17 % 
Net heat gain from receiver (kW) 2.54 0.69 1.37 54.06 % 
Convection heat loss (kW) 2.70 0.29 0.58 21.34 % 
Receiver total heat loss (kW) 6.53 0.29 0.58 8.84 % 
Intercepted heat (kW) 9.07 0.75 1.49 16.43 % 
Collector     
Solar heat available (kW) 15.06 0.10 0.20 1.34 % 
Reflected heat (kW) 13.55 0.09 0.18 1.34 % 
Intercept factor 67 % 5.52 % 11.04 % 16 % 
Receiver efficiency 28 % 7.92 % 15.83 % 56 % 
Collector efficiency 17 % 4.57 % 9.13 % 54 %  

Appendix C. Detailed heat loss analytical model 

Process piping heat loss was determined from Equation C-1 to Equation C-4 [73]. The thermal conductivity of the stainless-steel tubing was 
determined as a linear function of temperature according to the data tables in Çengel and Ghajar [73]. The thermal conductivity of the insulation 
blanket used to insulate the combustion chamber and process piping was provided as a function of temperature according to Refraline (Pty) Ltd [74]. 

The internal forced convection heat transfer coefficient for fully developed turbulent flow was determined through the correlation of Gnielinski 
[75]. The friction factor for internal flow was determined iteratively through the Colebrook equation [76]. Air properties were determined at bulk 
fluid temperature throughout the entire length of the tube sections. Surface roughness of the rubber hose between state 2 and state 3 was assumed to be 
0.05 mm [77]. The roughness of the 316 stainless-steel tubing was assumed to be 0.045 mm [73]. 

External convection heat loss from the outer insulation surfaces were determined as a combination of natural and forced convection according to 
Equation C-3 [73]. Natural convection was determined by assuming all piping as being horizontal [78]. Air properties were determined at film 
temperature for all external convection calculations. External forced convection from the piping was determined according to Churchill and Bernstein 
[79]. Radiation heat loss from the insulation surfaces was determined using a thermal emissivity of 0.9 [80]. 

The 316 stainless-steel flange connections, connecting the piping to all the primary components were 60 mm long (each flange was roughly 25 mm 
thick with a 10 mm gasket), had an inner diameter of 83 mm and an outer diameter of 190 mm. No insulation covered these connections, and their heat 
loss was considered according to Equation C-4 [73]. Convection heat loss to the ambient environment was analysed by taking the convective surface to 
be the exposed outer surface area of the two-flange connections (including faces and outer diameters). The radiation surface area was taken as the 
exposed outer diameter surface area of the two connecting flanges and the thermal emissivity was taken to be that of an “as-received” 316 stainless 
steel surface (0.25 at 400 K and 0.37 at 1000 K) [81]. The internal convection resistance of the flange was determined based on Gnielinski [75] and the 
Colebrook [73] equations. Air properties for internal forced convection were determined at the process state of each connection (see Fig. 1). The 
external convection resistance at the flange outer diameter surface area was determined using Equation C-4. The forced convection resistance at the 
faces of the flange connections were determined using the correlation given in Cengel and Ghajar [73] and the natural convection resistance of the flat 
surfaces were determined using the correlation of Churchill and Chu [82]. 

Q̇loss,i|i+1 =
Tair − Tamb

Rtot
(C-1)  
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Appendix D. Recuperator detailed analysis 

The recuperator cold side inlet temperature was estimated using Equation 11 and considering the process piping heat loss between state 2 and state 
3 (see Fig. 1). The recuperator cold side outlet temperature was estimated using the measured inlet temperature of the receiver and considering the 
process piping heat loss between state 4 and state 5. The recuperated heat (Q̇recup) was then determined from the enthalpy change across the cold side 
of the recuperator. The hot side outlet temperature was initially estimated, and the recuperated heat (and recuperator heat loss) was then used to 
determine the inlet temperature of the recuperator hot side. All air properties were determined at bulk fluid temperature. 

The recuperator NTU and subsequent effectiveness were then determined from the perspective of recuperator geometry (see Equation D–1 to 
Equation D–6 and Table D–1). The micro-channel Nusselt number was determined from a table detailing fully developed, laminar flow in tubes (see 
Table 8-1 in Çengel and Ghajar [73]) for a rectangular cross-section and triangular cross-section (hot side and cold side respectively). The hydraulic 
diameter was determined by considering the micro-channel’s cross-sectional area and perimeter using Equation D–1. An iterative process was fol
lowed to find the correct outlet temperature for the recuperator hot side which resulted in the effectiveness values reaching agreement between the 
temperature states and the recuperator geometry. 

The recuperator used in the cycle was a stainless-steel flat plate counterflow heat exchanger. The properties of the recuperator are summarized in 
Table 3. The geometric properties of the recuperator may be used to validate the recuperator effectiveness found in the SimuPact simulation results 
through the NTU-effectiveness method in Table D–1. Air properties are determined from the bulk fluid temperature and average pressure per side. 

Dh,mchannel =
4Ac,mchannel

pmchannel
(D-1)  

(UAs)mchannel =
Numchannelkmchannel

Dh,mchannel
As,mchannel (D-2)  

(UAs)channel = Nmchannel × (UAs)mchannel (D-3)  

(UAs)side = Nchannel × (UAs)channel (D-4)  

NTU =
(UAs)side

Cmin
(D-5)  

ε̌ =
1 − e− NTU(1− c)

1 − ce− NTU(1− c) (D-6) 

It is evident that both the recuperator effectiveness found by the geometry analysis and the effectiveness found by the SimuPact simulation are 
comparable within 0.5 % difference. The thermal resistance of the cold side is 305 % larger than that of the hot side restricting the heat transfer rate 
through the recuperator. This may be due to the selection of micro-channel and fin geometry which resulted in a hot channel heat transfer area 62 % 
larger than that of the cold side and a hot channel heat transfer coefficient 163 % larger than that of the cold side. However, the heat exchanger design 
had to also limit the pressure drop through the channel while maximizing heat transfer.  

Table D-1 
Summary of heat exchanger analysis using NTU-effectiveness method for point of interest at 16:46 – 16:48 (30 March 2022).  

Description High Pressure / Cold Side Low Pressure / Hot Side 

Mass flow rate 
Side mass flow rate (kg/s) 7.22E-2 7.22E-2 
Channel mass flow rate (kg/s) 1.24E-3 1.29E-3 

(continued on next page) 
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Table D-1 (continued ) 

Description High Pressure / Cold Side Low Pressure / Hot Side 

Micro channel analysis Core Divider  
Micro channel heat transfer area (m2) 3.1E-3 1.14E-3 1.94E-3 
Micro channel cross sectional area (m2) 2.14E-5 8.55E-6 5.5E-6 
Micro channel perimeter (m) 3.04E-2 1.29E-2 1.08E-2 
Micro channel hydraulic diameter (m) 2.81E-3 2.65E-3 2.05E-3 
Micro channel mass flow rate (kg/s) 1.38E-4 5.31E-5 1.28E-5 
Micro channel Reynolds number (-) 545.00 494.16 125.63 
Micro channel characteristic dimension * 138.39◦ 92.94◦ 2.91 
Micro channel Nusselt number (-) * 2.68 2.98 4.79 
Heat transfer factor (W/K) 0.15 0.06 0.26 
Channel analysis 
Heat transfer area (m2) 0.12 0.20 
Heat transfer factor (W/K) 6.33 26.52 
Side analysis 
Heat transfer area (m2) 6.99 10.83 
Heat transfer factor (W/K) 367.10 1485.04 
Thermal resistance (K/W) 0.0027 0.0007 
Overall analysis 
Total heat transfer area (m2) 10.83 
Total thermal resistance (K/W) 0.0034 
Overall heat transfer coefficient (W/m2K) 27.17 
NTU (-) 3.81 
Effectiveness 80.15 % 
Effectiveness from SimuPact simulation 79.83 % 
* Table 8-1, Çengel and Ghajar [73]  
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