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A B S T R A C T

Solar-assisted micro gas turbine (Solar-MGT) systems offer a promising solution for decentralised power generation by combining the reliability of gas turbines with 
the fuel-saving benefits of solar thermal input. This study presents a comprehensive techno-economic assessment of a Solar-MGT configuration using a detailed off- 
design model validated against both laboratory microturbine experiments and solar-assisted operation. A full-year simulation based on real meteorological data for 
Pretoria, South Africa captures the coupled effects of ambient conditions, receiver behaviour, Thermal Energy Storage (TES) operation, and component off-design 
performance within a unified framework. A refined component-level cost model is integrated into the analysis, enabling the influence of key subsystem characteristics 
on overall economic performance to be quantified.

An extensive parametric study evaluates the impact of turbine inlet temperature, dish area, TES mass and charging temperature, recuperator effectiveness, and 
system mass flow rate. When parameter variations are normalised to represent similar increases in capital expenditure, the resulting designs span fuel-to-electric 
efficiencies of about 14–30% and levelised costs of electricity in the range 0.4–0.8 €/kWh. Upgrades focused on turbomachinery efficiency or recuperator effec
tiveness deliver the lowest costs of electricity (down to ≈0.4–0.76 €/kWh), albeit with a modest reduction in solar share, whereas increases in dish area or operating 
temperature mainly raise the solar contribution with more limited economic benefit.

The findings demonstrate that optimal Solar-MGT performance arises from balanced combinations of design parameters rather than extreme values. The results 
highlight the importance of integrated, year-round techno-economic modelling for identifying realistic design pathways and guiding future Solar-MGT deployment.

Nomenclature

Symbol Description
A Area
C Cost factor
CRg Geometrical concentration ratio
Cmin Minimum heat capacity rate
Cmax Maximum heat capacity rate
Cr Ratio of heat capacity rates
E Thermal energy
L Length
Q Thermal energy transfer
Q̇ Thermal energy transfer rate
SC Solar energy contribution in energy system
T Temperature
W Mechanical/electrical energy
Ẇ Mechanical/electrical energy rate
T Temperature
U Overall heat transfer coefficient
p Pressure
h Enthalpy
cp Specific heat at constant pressure
ṁ Mass flow rate

(continued on next column)

(continued )

α Absorptivity
ε Effectiveness
η Efficiency
σ Stefan–Boltzmann constant
μ Viscosity
ρ Density
π Pressure ratio
Subscripts
0 Reference point
ambient Ambient condition
in Condition at inlet
C Heat exchanger's cold path/Compressor
cc Combustion chamber
d Design point
h Heat exchanger's hot path
in Condition at inlet
out Condition and exit
min Minimum value
max Maximum value
r Ratio
ref Reference point
T Turbine

(continued on next page)
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(continued )

Abbreviation
BC Boundary Condition
CAPEX Capital Expenditure
DNI Direct Normal Irradiation
DR Discount Rate
EGT Exhaust Gast Temperature
LCoE Levelised Cost of Electricity
MGT Micro Gas Turbine
NTU Number of Transfer Units
O&M Operation and Maintenance
SA South Africa
SAURAN Southern African Universities Radiometric Network
SC Solar energy contribution in energy system
TES Thermal Energy Storage
TIT Turbine Inlet Temperature

1. Introduction

The increasing global energy demand, coupled with concerns over 
climate change and fossil fuel availability, particularly given that proven 
fossil fuel reserves correspond to only several decades of production at 
current rates [1], has intensified the focus on renewable energy systems. 
Among these, solar-based power generation has emerged as a promising 
solution for decentralised applications, where grid connectivity is either 
unreliable or economically unfeasible. In this context, interest in 
solar-thermal technologies has grown considerably in recent years [2], 
accompanied by rapid expansion in global Concentrated Solar Power 
(CSP) deployment [3]. Installed capacity reached about 6.7 GW in 2023, 
and projections indicate that CSP could supply around 11.3% of global 
electricity demand by 2050, with solar power forming a major share of 
this contribution [4]. However, the intermittent nature of solar energy 
presents a fundamental challenge in ensuring continuous and stable 
power supply [5], [6], [7], [8].

Hybrid energy systems that integrate renewable sources with con
ventional power generation technologies offer a viable approach to 
overcoming these limitations. Among dish-based CSP technologies, solar 
dish/Stirling systems have been widely investigated as an established 
point-focus configuration, particularly in terms of concentrator design, 
optical performance and system applications [9], [10]. Solar-assisted 
Micro Gas Turbine (Solar-MGT) systems have gained attention for 
their ability to combine solar-to-electric efficiency with the operational 
reliability of gas turbines. These systems leverage solar thermal energy 
to reduce fossil fuel consumption, thereby improving sustainability 
while maintaining a stable power output generation [11]. Additionally, 
incorporating Thermal Energy Storage (TES) into such systems enables 
excess solar thermal energy to be stored and dispatched during periods 
of low solar availability, reducing reliance on supplementary fossil fuel 
firing and enhancing operational flexibility [12], [13].

Despite their potential, Solar-MGT systems remain underexplored in 
terms of holistic performance analysis, particularly in real-world, off- 
design conditions. The interaction between solar energy availability, 
TES operation, and gas turbine efficiency introduces complex scenarios 
that require further investigation specifically in off-design conditions 
[11], [14]. Additionally, cost-effectiveness remains a major concern, as 
the economic viability of these systems depends on optimising capital 
and operational expenditures. A detailed techno-economic assessment is 
therefore essential to determine optimal design configurations that 
balance efficiency, reliability, and cost-effectiveness [13], [15], [16], 
[17], [18], [19].

Solar-assisted micro gas turbine (Solar-MGT) systems have been 
introduced as a promising solution for decentralised power generation. 
Research has demonstrated their potential for high efficiency, fuel sav
ings, and hybrid operation flexibility [5], [6], [14], [20]. Two principal 
configurations exist: in pure-solar MGTs, the air receiver replaces the 
combustor [21]; in solar-assisted MGTs, the receiver preheats the com
pressed air upstream of the combustor, maintaining dispatchability with 
limited fuel use. European demonstration programmes such as 

SOLGATE (250 kWe) [22], SOLHYCO (100 kWe) [23] and SOLUGAS 
(4.6 MWe) [24] have verified the concept but also revealed enduring 
challenges, receiver durability, start-up control, and power-electronic 
limitations [25]. In a broader context, other initiatives such as the 
OMSOP (10 kWe) [26] investigated pure-solar MGT configurations 
without combustion chambers, and most recently POLYPHEM [27] 
explored solar-driven hybrid systems combining a micro gas turbine and 
a bottoming Organic Rankine Cycle with an integrated thermal storage 
device between the two cycles (40 kWe MGT + 20 kWe ORC).

Prior research on hybrid solar MGT systems has primarily emphas
ised solar components [28], [29], [30]. Relatively limited research 
attention has been directed toward gas turbine systems [24], [31], [32], 
[33]. Traditionally, the common strategy has been to utilise an existing 
micro gas turbine within the desired power range for integration with 
solar energy systems [33]. An alternative line of investigation has 
focused on developing solar micro gas turbine (MGT) systems using 
commercially available turbocharger components, as explored in several 
studies, [34], [19], [32], [33], and [25]. The use of turbocharger-based 
components offers a cost-effective and reliable solution for turboma
chinery; however, such systems tend to experience reduced performance 
under off-design operating conditions.

Off-design, transient and optimisation-based frameworks have 
increasingly replaced simple design-point analyses in the modelling of 
solar-assisted Brayton systems over the past decade. OMSoP project was 
one of the first comprehensive efforts but mainly for pure solar MGT 
systems. Iaria and Nipkey [35] presented a thermodynamic–economic 
model for a 7 kWe pure solar MGT, validated against experimental data 
from Rome. Lanchi and Al-Zaili [36] extended the simulation to a 
quasi-steady annual estimation calibrated on the OMSoP prototype, 
integrating component maps and inverter limits; their results showed 
that neglecting generator constraints can bias output power estimates by 
more than ten percent. The component off-design effect was highlighted 
by Hampel et al. [37]. They reviewed the off-design modelling of the 
micro gas turbine systems and reported the lack of simulations in the 
available literature. They summarised that part-load studies are limited 
to Ansaldo AE-100 (formerly Turbec T100) and Capstone MGTs systems 
at ISO conditions (15 ◦C, 101.3 kPa, and 60% relative humidity), and if 
non-ISO conditions were considered, the works commonly did not 
consider or model part-load operation simultaneously. For pure solar 
MGT systems, Ghavami [38] advanced the field further through 
multi-objective optimisation of dish–MGT systems, demonstrating that 
dispatch strategy can influence the Levelised Cost of Energy (LCoE) as 
much as hardware improvements. They cited detailed off-design eval
uations by Refs. [39], [40] which underlined the need to propagate 
component maps and pressure losses throughout the system model for 
similar pure solar arrangement. Similar off-design approaches applied 
by Refs. [36], [37] confirmed that simplified constant-efficiency as
sumptions tend to overpredict annual efficiency.

Thermal Energy Storage (TES) provides operational flexibility by 
decoupling solar input from power demand. Rodríguez-deArriba et al. 
[41] identified cost-effective designs that reduce total plant cost and 
levelised cost of electricity by 3.9% and 14.5% for different TES enabling 
cycle temperature at 550 ◦C and 700 ◦C, respectively, in a CO2-based 
Brayton cycle. Although based on a closed-cycle configuration, the 
study highlights the thermo-economic sensitivity of Brayton-type sys
tems to TES temperature selection, a principle equally relevant to 
solar-assisted micro gas turbines. Fadzlin et al. [42] reviewed 
molten-salt, particle, and gas-based storage pathways for 
high-temperature CSP systems, identifying challenges of containment 
and corrosion beyond 700 ◦C. The time-dependent interaction between 
TES and Brayton-cycle systems has also been examined in sCO2 con
figurations [43] and broader techno-economic assessments [44], rein
forcing the need for annual, off-design simulations in evaluating hybrid 
solar-Brayton architectures. Though these targeted larger tower systems 
and lack the details of the power cycles off-design. Research has been 
widely conducted for the details of the TES component, mainly in large 

V. Hosseini et al.                                                                                                                                                                                                                                Energy 361 (2026) 141811 

2 



sizes [45], [46], [47], but few research on small scale systems (typically 
below ~100 kW). For dish-based systems, compact latent-heat TES in
tegrated with the air circuit has been studied to buffer thermal transients 
and maintain combustor inlet temperature [28]. For latent-heat TES 
concepts, the operating temperature is governed by the phase-change 
(melting) temperature of the storage material; empirical cost data 
summarised in Refs. [48] and [49] show that specific storage cost rises 
sharply with increasing melting temperature, constraining economic 
feasibility above about 750 ◦C. For solar-assisted MGT applications, both 
molten-salt tanks [50] and packed-bed [51] storage concepts have been 
investigated in the literature, with feasibility depending on operating 
temperature, scale, and integration constraints. Overall, TES enhances 
system dispatchability but introduces cost and pressure-drop penalties 
that must be evaluated through full-year off-design models. In the pre
sent study, a compact receiver-integrated latent-heat TES is adopted, 
consistent with solar-dish Brayton configurations [28], providing 
short-term thermal buffering and temperature stabilisation suitable for 
dish-scale Solar-MGT systems.

Peak Direct Normal Irradiance (DNI) typically occurs during the 
hottest hours of the day, when the micro gas turbine (MGT) operates at 
reduced efficiency due to elevated ambient temperatures. This mismatch 
underscores the need for high-resolution temporal modelling. Addi
tional factors such as reciprocal shading between concentrators can 
further influence solar input and off-design operation. In solar-assisted 
micro gas turbine systems, however, the impact of shading on overall 
power output is mitigated by the ability to compensate reduced solar 
input with supplementary fuel firing. Hosseini et al. [52] showed that 
using hourly varying boundary conditions can alter annual 
fuel-consumption predictions by up to 7%, highlighting the importance 
of resolving short-term temperature and irradiance fluctuations. The 
requirement for temporal resolution becomes even more pronounced 
when a thermal energy storage (TES) unit is integrated into the loop, as 
storage charge–discharge depend strongly on transient solar and 
ambient conditions. Only a limited number of studies have performed 
annual analyses of solar–MGT systems while explicitly addressing 
off-design component behaviour. Existing work focuses mainly on 
solar-only configurations [36], [38], with a few examples in other 
solar-assisted systems ([2], [53], [54]). However, the literature has only 
partially explored how ambient temperature simultaneously affects 
MGT component performance and solar-receiver heat losses across the 
full operating range, and annual studies incorporating TES are still 
lacking.

Economic modelling of dish-based solar–MGT systems centres on 
three main components: solar field, MGT, and TES. The solar field and 
support structure constitute the dominant share of capital cost at small 
scale [15]. Detailed cost assessments by Gavagnin et al. [17] shows that 
the concentrator assembly, tracking mechanism, and installation logis
tics typically account for more than half of total system CAPEX. Their 
polynomial cost–area correlations capture the nonlinear growth in 
structural reinforcement and transport requirements as dish diameter 
increases. Second is the cost of MGT which there two approaches can be 
found in literature. The top-down approach which has been adopted by 
Refs. [17], [38] where the total micro gas turbine subsystem cost is 
expressed as a function of nominal capacity and technology level. These 
models are useful for system-level optimisation; however, they treat the 
MGT as a single aggregated cost block and therefore cannot resolve the 
influence of component-level performance metrics (e.g., compressor 
efficiency, recuperator effectiveness, pressure ratio) on subsystem 
CAPEX. As a result, valuable thermodynamic–economic interactions are 
lost, and the economic impact of component design choices cannot be 
quantified. The other approach, based on Massardo et al. works [55], 
[56], [57], [58], employs bottom-up cost functions for individual 
components (compressor, turbine, combustor, recuperator, generator) 
which has been widely adopted by many researchers [35], [59], [60], 
[61], [62]. These correlations explicitly link component cost to key 
design parameters and therefore enable a consistent 

thermodynamic–economic co-analysis. However, the original Massar
do's coefficients were derived primarily for large industrial gas turbine 
and adapted for medium-scale MGTs, and when directly applied to 
modern small-scale under 100 kW (specifically under 10 kW), the model 
produces unrealistic component-level costs and distorted cost distribu
tions. Weerakoon and Assadi [59], [60] report component costs for a 3 
kW MGT of €16 (compressor), €106 (turbine), €57 (combustor), €53 
(generator), and €4242 (recuperator), implying that the recuperator 
accounts for more than 90% of subsystem CAPEX. This distribution is 
inconsistent with aggregated cost breakdowns reported across small- 
and medium-scale MGT systems in recent review studies [63], [64], 
where the recuperator typically represents 26–30% of subsystem cost, 
and significant contributions arise from turbomachinery (14–25%), 
power conditioning and control (18–20%), and enclosure and 
balance-of-plant components (11–18%). While detailed, 
component-resolved TES cost modelling remains limited, empirical cost 
correlations such as [48] and [65] indicate that specific TES cost in
creases significantly with PCM melting temperature. This suggests that 
TES selection plays a non-negligible role in overall system economics, 
particularly in systems targeting high-temperature operation.

Although several studies have examined aspects of solar-assisted 
MGT systems, there is still no comprehensive annual analysis that 
simultaneously resolves component off-design behaviour, TES influence, 
and system-level techno-economic performance. Existing work typically 
isolates individual subsystems or evaluates short-term operation, leav
ing the combined impact of key design parameters under realistic, year- 
round conditions largely unexplored. A unified, experimentally vali
dated framework is therefore needed to quantify how design choices 
shape both performance and cost in Solar-MGT systems. Table 1 sum
marises the modelling scope of representative Solar–MGT studies dis
cussed above and highlights the remaining gap in annual, off-design, 
TES-integrated techno-economic assessment for solar-assisted 
configurations.

To address these gaps, this study aims to conduct a comprehensive 
parametric analysis of a Solar-MGT systems to investigate how key 
design parameters influence system performance and cost-effectiveness. 
Building on a detailed and experimentally validated off-design model, 
the work aims to quantify the effects of both MGT and solar system 
characteristics including Turbine Inlet Temperature (TIT), solar dish 
area, Thermal Energy Storage (TES) mass and temperature, and recu
perator effectiveness. The focus is not merely on evaluating system 
performance but on developing a deeper understanding of how design 
trade-offs shape the overall techno-economic behaviour of Solar-MGT 
systems under real operating conditions.

Beyond combining sub-models, the contribution of this work lies in 
resolving (i) the coupled interactions between component off-design 
behaviour, (ii) TES transient operation, and (iii) techno-economic per
formance over a full year under realistic meteorological conditions, 
supported by an (iv) updated component-wise cost representation. This 
is essential because the same external drivers (irradiance and ambient 
temperature) simultaneously influence receiver thermal losses, turbine/ 
compressor performance, and TES charge–discharge state, while eco
nomic outcomes depend on how design changes propagate to both fuel 
consumption and component-level capital cost.

To achieve this, a high-resolution annual simulation is performed 
using real meteorological data from Pretoria, South Africa, obtained 
from the publicly available SAURAN network [67], integrated with a 
techno-economic cost model, incorporating a component-wise cost 
representation. The simulation resolves hourly variations in ambient 
temperature and solar irradiance, enabling consistent representation of 
component off-design behaviour and TES charging–discharging dy
namics throughout the year. Unlike previous studies that examined 
either technical or economic aspects in isolation, this work presents a 
unified framework that captures the complex interdependencies be
tween thermal, solar, and economic subsystems. Moreover, the TES 
subsystem is treated as an active design variable, allowing assessment of 
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its role in improving system flexibility, efficiency, and economic 
viability.

To the authors’ knowledge, this research represents the first 
comprehensive parametric study of a Solar-MGT system conducted 
using a detailed, experimentally validated model. Previous studies, such 
as those by Refs. [25], [36], [38], have either analysed short-term per
formance, excluded TES, or neglected hybrid operation. In contrast, the 
present study combines a validated off-design performance model with 
full-year techno-economic evaluation, providing a more realistic and 
generalisable assessment of system behaviour. This integrated frame
work enables systematic evaluation of how key design parameters in
fluence both annual thermodynamic performance and levelised cost of 
energy, thereby providing quantitative insight into performance–cost 
sensitivities under realistic year-round operation.

The paper is structured as follows; Section 2 presents a detailed 
description of the system configuration, the parametric study setup, and 
the modelling approach, including both the performance and techno- 
economic frameworks. Section 3 outlines the simulation assumptions 
and discusses the verification of both models. Section 4 presents the 
results of the parametric analysis, explores techno-economic trade-offs, 
and discusses model validation. Finally, Section 5 concludes the study 
with key findings and recommendations for future research and system 
design.

2. Methodology

The current study employs a comprehensive parametric and techno- 
economic analysis of a Solar-MGT system, integrating off-design per
formance modelling and cost evaluation. The methodology is structured 
to systematically investigate the impact of key design variables on sys
tem efficiency and financial viability under real-world meteorological 
conditions. Given the complexity of the system, verification is conducted 
separately for the performance and economic models to ensure consis
tency with experimental data and validated literature.

2.1. System description

The Solar-MGT system considered in this study consists of a solar 
concentrator (dish), a recuperated Micro Gas Turbine (MGT), and an 
integrated Thermal Energy Storage (TES) unit, as schematically illus
trated in Fig. 1-a. The system is designed for hybrid operation, 
combining solar thermal input with supplementary fuel combustion 
(LPG in the present study). The solar dish concentrates direct normal 
irradiance onto a receiver, where compressed air upstream of the 
combustor is heated. The TES unit provides short-term thermal buff
ering, while the recuperator recovers turbine exhaust heat to enhance 
overall cycle efficiency. The illustrative T-s diagram and the principal 
thermodynamic states of the cycle are identified in Fig. 1-b. The corre
sponding design-point temperature, pressure, and mass flow rate, for an 
initial design of 3-5 kW system, are summarised in Table 2.

The MGT operates as a recuperated open Brayton cycle comprising a 
single-stage radial compressor and single-stage radial turbine, typical of 
small-scale microturbine architecture. Due to the relatively low-pressure 
ratio (below 5), turbine exhaust temperatures remain sufficiently high to 
justify heat recovery. The recuperator therefore preheats the com
pressed air prior to combustion, reducing fuel demand and improving 
cycle efficiency. Integration of solar heating and TES introduces an 
additional thermal input upstream of the combustor, enabling reduced 
fossil fuel consumption while maintaining dispatchable operation under 
varying solar and ambient conditions.

2.2. Parametric study setup

A structured parametric study is performed to assess the influence of 
key design parameters on system performance and economic viability. 
The one-at-a-time variation strategy adopted in this study is intention
ally used to isolate the impact of individual design parameters and to 
enable a direct comparison of their relative influence on system per
formance and levelised cost. However, the proposed modelling frame
work is not limited to single-parameter interrogation as it resolves 
component off-design behaviour, receiver heat losses, TES 

Table 1 
Summary of representative Solar–MGT studies discussed in this paper and their modelling scope.

Study System focus (as 
described)

Pure- 
solar/ 
Hybrid

TES 
integrated

Off-design 
with 
component 
maps

Ambient 
variability 
and part-load

Annual/ 
long-horizon 
simulation

Component 
level costing

Techno- 
economic 
metrics

Parametric, 
sensitivity 
analysis/ 
optimisation

Validation

[35] 7 kWe pure-solar MGT; 
thermo-economic 
model

pure 
solar

- ✓ ✓ - - ✓ - ✓

[25] Quasi-steady off-design 
estimation of solar 
tower + MGT

hybrid - ✓ ✓ - - - - -

[36] Quasi-steady annual 
estimation calibrated 
on OMSoP; includes 
inverter limits

pure 
solar

✓ ✓ ✓ ✓ - ✓ - limited

[38] Dish–MGT pure-solar; 
multi-objective 
optimisation; dispatch 
matters for LCoE

pure 
solar

- ✓ ✓ ✓ - ✓ ✓ limited

[52] Hourly boundary 
conditions; annual fuel 
predictions sensitive to 
weather resolution

hybrid - ✓ ✓ ✓ - - - ✓

[66] Experimental testing of 
solar dish MGT with a 
downstream TES, 
steady-state 
simulation, validation

hybrid ✓ - - - - - - ✓

[17] Dish–MGT pure-solar; 
updated MGT, dish, 
and receiver costs as 
aggregated block

pure 
solar

- ✓ ✓ ✓ - ✓ ✓ ✓
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charge–discharge dynamics, and techno-economic metrics within a 
single computational loop. The selected parameters and their signifi
cance are detailed as follows: 

• Turbine Inlet Temperature (TIT): Increasing TIT improves thermal 
efficiency by enhancing the enthalpy drop across the turbine. How
ever, higher TIT increases material stress, influencing component 
durability and maintenance costs. Variations in TIT naturally affect 
turbine exhaust temperature, which in turn influences recuperator 
inlet temperature and material requirements. Rather than con
straining exhaust temperature, the present study allows this coupling 
to occur, and its economic implications are reflected within the 
recuperator cost model.

• MGT Mass Flow Rate: The design-point mass flow rate defines the 
nominal size of the micro gas turbine and directly influences power 
output, solar-to-fuel ratio, and capital cost. Variations in mass flow 
modify the thermal balance of the system and affect both economy 
and performance.

• Solar Dish Area: A larger dish increases solar input, reducing the 
need for fuel combustion at similar turbine inlet temperature set
tings. However, increasing dish size also raises capital costs, and the 
higher intercepted flux tends to increase receiver temperature and/ 
or area, which in turn amplifies convective and radiative heat losses.

• TES Mass and Temperature: TES mass and operating temperature 
determine storage capacity and discharge capability under transient 
solar conditions, impacting the system's ability to maintain stable 
operation.

• Recuperator Effectiveness: Higher effectiveness improves heat re
covery, reducing fuel consumption. However, increased heat 
exchanger surface area raises both pressure drop and investment 
cost, which are explicitly accounted for in the techno-economic 
model.

There are other Brayton-cycle variables, such as compressor pressure 
ratio, that influence the micro gas turbine and the overall system per
formance. In the present work, however, the compressor pressure ratio 
behaviour is intentionally kept similar to that of the reference design in 
order to preserve the underlying core-engine architecture, to focus the 
analysis on integration-level and thermal-balance-sensitive parameters.

The baseline values and bounds in Table 3 were selected to remain 

within feasible dish-scale Solar-MGT design limits and to reflect typical 
ranges reported for micro gas turbines, recuperators, and receiver/TES 
integration in the Solar-MGT literature. Turbine inlet temperature and 
mass flow rate were limited by microturbine material and size consid
erations, while dish area and TES capacity were selected to represent 
realistic scales for decentralised and off-grid applications. The investi
gated ranges therefore span both conservative and advanced design 
options without departing from feasible system configurations.

2.3. Techno-economic model

The techno-economic model comprises two core components: the 
thermodynamic performance model and the cost model, both integrated 
to evaluate system efficiency and economic feasibility over an annual 
operational cycle.

2.3.1. Performance model
The thermodynamic performance of the Solar-MGT system is simu

lated using a component-based, off-design model developed in MATLAB. 
The modelling framework was introduced and validated in previous 
work [52] in steady-state condition, where both a recuperated MGT and 
a hybrid dish–MGT system were evaluated against experimental data. 
The present study builds on that validated framework and extends it to 
include a transient representation of the receiver-integrated TES 
operation.

The model considers. 

• A 0-D energy balance is applied to each component (compressor, 
combustor, turbine, recuperator, receiver and TES).

• The air mass flow rate follows from compressor and turbine off- 
design maps combined with correlation-based pressure losses in 
the combustor, recuperator, receiver and ducts.

• Solar input at the receiver is computed from dish aperture, optical 
efficiency and DNI, while convective and radiative heat losses are 
explicitly included; radiative losses are evaluated owing to the high 
receiver temperatures.

• The TES is modelled by a lumped transient energy balance that tracks 
the internal energy of the phase change material, with charge and 
discharge driven by the temperature difference between the air and 
the TES.

Fig. 1. Schematic arrangement of the integrated system of a parabolic solar dish and micro gas turbine equipped with thermal energy storage and recuperator.

Table 2 
Design-point thermodynamic properties at the numbered stream locations 
shown in Fig. 1, evaluated under ISO ambient conditions.

Point Location Temperature [K] Pressure [bar]

1 Compressor inlet 288.15 1.0132
2 Compressor outlet 438.39 3.0295
3 Recuperator cold-path outlet 886.35 2.9626
4 Receiver outlet 999.42 2.8441
5 Turbine inlet 1150.00 2.6559
6 Turbine exhaust 953.29 1.0412
7 Recuperator hot-path outlet 505.33 1.0133

Table 3 
Base point and range of variation for parameters in the parametric study.

Parameter Base Point Value Range of Variation Unit

TES Temperature 1000 950 - 1150 K
Turbine Inlet Temperature 1150 1050 -1250 K
Recuperator Effectiveness 0.9 0.75 - 0.95 -
Solar Dish Size 30 25 - 35 m2

Mass Flow Rate 80 60 - 100 g/s
Electric power output 2.5 1.0 to 5.0 kW
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• The recuperator is represented by its nominal effectiveness and 
pressure losses, and off-design outlet temperatures are obtained from 
an ε–NTU formulation.

Compressor and turbine performance are represented using off- 
design maps, so that flow rate, pressure ratio and efficiency are ob
tained consistently from corrected speed and corrected flow. This 
formulation allows variation of shaft rotational speed through com
pressor–turbine matching; however, in the parametric study presented 
in this paper the shaft speed is constrained to its design value in order to 
preserve the core-engine architecture and focus on integration-level 
parameters.

2.3.1.1. Governing equations. The transient performance of the Solar- 
MGT system was evaluated using a component-based energy model 
that applies the first law of thermodynamics to the system as a whole 
and to its subsystems. At every time step, the energy balance is con
structed around the total rate of thermal input (from solar and fuel 
sources) and output (as net mechanical power and losses), while also 
tracking energy accumulation within the TES.

The 0-D governing equations of the components are presented in a 
generic form. A system-level matching algorithm is implemented to 
enforce mass and energy balance across the complete loop, including 
pressure losses in the combustor and recuperator, as well as thermal 
input from the receiver and TES. Gas turbine components and the overall 
matching algorithm are based on [68] but modified for each case which 
is explained in this section. The iterative solution ensures global con
sistency of mass flow rate, pressure ratio, and shaft work balance be
tween compressor and turbine. The pressure and heat loss between the 
components are likewise modelled using a 0-D approach. The model is 
developed in MATLAB® [69]. The system of equations, including mass, 
energy, and heat transfer, is solved using a multi-dimensional New
ton-Raphson method.

The energy conservation principle is expressed as: 

Q̇Solar + Q̇fuel = Ẇnet + Q̇loss + Q̇Storage 1 

The net mechanical output of the system is the difference between 
turbine and compressor work, corrected by generator and mechanical 
losses: 

Ẇnet =
(
ẆTurbine − ẆCompressor

)
⋅ ηmechanical⋅ηGenerator 2 

The work produced by the turbine and consumed by the compressor 
are obtained from enthalpy differences across each component assuming 
each of them as a single stage: 

ẆCompressor = ṁair
(
hC,out − hC,in

)
3 

ẆTurbine = ṁgas
(
hT,in − hT,out

)
4 

The outlet temperature of the compressor and turbine can be 
calculated by the isentropic efficiencies: 

TC,out =TC,in

(
1+

((
pC,out

/
pC,in

)(γ− 1)/γ
− 1

)/
ηCompressor

)
5 

TT,out =TT,in

(
1 − ηTurbine

(
1 −

(
PT,in

/
PT,out

)(γ− 1)/γ
))

6 

where the subscribes C,in, C,out, T,in, and T,out refers to compressor inlet, 
compressor outlet, turbine inlet and turbine outlet, respectively. 
Compressor and turbine performance maps are generated using constant 
speed scaling of a reference map [52]. The scaling includes Reynolds 
number index correction to account for size-related efficiency variation 
[70]. The resulting maps are then used for off-design performance 
calculations.

At compressor, air is treated as a perfect gas with temperature- 
dependent specific heat capacity, using polynomial correlations 

reported by Ref. [68]. On the turbine side, the working fluid is modelled 
as a perfect gas mixture composed of the principal combustion species 
(N2, O2, CO2, H2O). The mixture specific heat is evaluated by 
mass-fraction-weighted averaging of species properties, each expressed 
as a temperature-dependent polynomial from Ref. [68].

The solar subsystem consists of a single parabolic dish directly 
coupled to the receiver. The solar energy that transfers to the working 
fluid Q̇Solar is a function of the DNI, optical efficiency of the solar dish, 
and the collector area. The net heat transferred to the receiver fluid is 
corrected by the thermal losses from the receiver cavity, which includes 
both convective and radiative mechanisms: 

Q̇Solar = ηSolarADishDNI 7 

ηSolar = ηDishαReceiver −
σεReceiver

(
TReceiver

4 − TSky
4)

CRgDNI
−

U(TReceiver − TAmbient)

CRgDNI
8 

where Adish, ηDish, αReceiver, εReceiver, and σ are the dish aperture area, dish 
reflection efficiency, absorptivity of the receiver, emissivity of the 
receiver, and the Stefan–Boltzmann constant, respectively, and ηSolar 
presents the overall solar efficiency. The effective sky temperature Tsky is 
assumed constant and equal to 275 K [38]. The geometric concentration 
ratio CRg is defined as the ratio of the dish aperture area to the receiver 
aperture area, CRg = Adish/Areceiver.

The fuel energy input Q̇fuel is derived from the internal energy deficit 
after solar and recuperative preheating, determined by the combustion 
chamber requirement to reach the prescribed TIT. The heat transferred 
from the recuperator is determined by its effectiveness (ε): 

Q̇recuperated = εRecuperator ×min(Ccold,Chot)×
(
Thot,in − Tcold,in

)
; C= ṁcp 9 

This increases the pre-combustion air temperature, thereby reducing 
the required fuel input. The fuel mass flow rate is then computed as: 

ṁfuel =
(
ṁgashcombustion,out − ṁairhcombustion,in

) / (
LHVfuel ⋅ ηcombustion

)
10 

where LHVfuel is the lower heating value of the fuel and ηcombustion is the 
combustion efficiency.

The TES term Q̇Storage can be evaluated using the energy balance for 
the storage considering the energy input from the solar system and the 
energy output by the working fluid (equation (11)). 

Q̇Storage = Q̇in − Q̇out 11 

The TES considered in this study is a receiver-integrated latent-heat 
storage based on solid–liquid phase change material (PCM). The storage 
is modelled as a lumped thermal mass, and its state is represented by the 
total internal energy Estate (Fig. 2). During charging, solar heat increases 
the PCM temperature to the melting point and subsequently drives the 
phase transition; during discharging, stored latent and sensible heat is 
transferred to the working fluid. The storage state is therefore 

Fig. 2. Schematic arrangement of the integrated system of a parabolic solar 
dish and micro gas turbine equipped with thermal energy storage and 
recuperator.

V. Hosseini et al.                                                                                                                                                                                                                                Energy 361 (2026) 141811 

6 



characterised by the liquid fraction of the PCM, which is determined 
from the stored energy level. Spatial temperature gradients and phase- 
front dynamics are not explicitly resolved.

The amount of stored energy in TES, Estate
n, is dependent on its 

charging state (the amount of energy that has already been stored, 
Estate

n− 1) which can be characterised by the amount of liquified material. 
The energy balance and the state of the energy storage is sequentially 
calculated by equation (12): 

Estate
n = Estate

n− 1 + Qin − Qout 12 

where Q represents the time-integrated heat transfer over the time step, 
calculated from the heat transfer rate (Q̇) as Q = Q̇Δt, and n represents 
the discrete simulation time-step, and Δt is the fixed temporal resolution 
of the annual simulation.

The energy losses account for all other energy escaping the system 
boundary, including piping losses, and inefficiencies in the recuperator 
and TES insulation. These losses increase with larger temperature dif
ferences between hot components and the ambient environment. Ther
mal losses from the receiver cavity are explicitly modelled through 
radiative and convective heat transfer. Heat losses from the TES are 
represented using a lumped round-trip efficiency assumption corre
sponding to 10% of the stored energy per 24-h period. Details of pressure 
loss calculations in each component are based on the calculations from 
Ref. [52].

2.3.1.2. Performance indicators. To evaluate the technical performance 
of the system, three primary indicators are used in this study. The fuel-to- 
electric efficiency is defined as the ratio of net electric power output to the 
energy input from the fuel, equation (13): 

ηfuel− power =
Ẇnet

Q̇in,fuel
13 

The solar fraction (solar share) represents the contribution of solar 
energy to the total thermal input and is defined as equation (14): 

SC=
Q̇in,Solar

Q̇in,Solar + Q̇in,fuel
14 

The overall thermal efficiency of the hybrid system is defined as the 
ratio of net electric output to the total thermal energy input from both 
fuel and solar sources, equation (15): 

ηthermal− power =
Ẇnet

Q̇in,fuel + Q̇in,Solar
15 

where Ẇnet, Q̇in,fuel, and Q̇in,Solar are the electrical power output, energy 
content of the consumed fuel, and incident solar heat on the solar dish, 
respectively. For annual performance assessment, these quantities are 
evaluated on a time-integrated basis over the simulation period.

2.3.2. Cost model
The techno-economic behaviour of the Solar-MGT system is assessed 

using a component-based cost model coupled to the annual performance 
simulation. Economic viability is quantified in terms of the Levelised 
Cost of Electricity (LCoE), which reflects the discounted cost of capital 
expenditure, fuel consumption, and Operation and Maintenance (O&M), 
relative to the net electrical output of the plant, thereby linking eco
nomic viability directly to the performance outputs [18], [38], [71]. The 
present work utilised the component-wise cost functions of the MGT 
presented in Ref. [55] and update it using available literature [17], [71], 
[72] to evaluate system cost through analytical functions derived from 
components’ design characteristics.

At each parametric configuration, the total annual cost of electricity 
generation is obtained as: 

LCoE=

∑n
t=1

It+Mt+Ft
(1+r)t

∑n
t=1

Et
(1+r)t

It =CCap ×
r(1 + r)n

(1 + r)n
− 1

Et =E0 ×

(

1 −
DR
100

)t

16 

where Mt , Ft, Et, E0, and It are Operations and Maintenance (O&M) 
expenditures, fuel cost, electricity generation, and investment cost, 
respectively in year t. E0, r, n, and DR are electricity produced in the first 
year of the installation, discount rate, expected lifetime of proposed 
power plant and degradation factor, which is assumed as 0.5% per year 
[18]. The main operational cost is the cost of the fuel. The remaining 
operation and maintenance costs have been estimated to be 5% of the 
total cost as suggested by Ref. [35].

The total system cost is expressed as the sum of all subsystem and 
installation costs as equation (17): 

CCap =
(
CMGT +CDish +CRecuperator +CReceiver +CTES +CBoP

)
× (1+ finst) 17 

where finst = 0.17 represents installation and infrastructure costs, 
consistent with [17] and [38].

Each subsystem cost is parameterised as a function of its character
istic size variable, derived from literature correlations and, similar to 
Refs. [17], [35], [49], [55], the Chemical Engineering Plant Cost Index 
(CEPCI) [73] was applied to updated costs to 2024 values using equation 
(15): 

Cn =Cref × CEPCIn
/
CEPCIref 18 

which estimate the escalation of costs over the years, from the year ref 
where the known or estimated cost is Cref and the index takes the value 
CEPCIref , to a year n where it is Cn and the index takes value CEPCIn.

2.3.2.1. Micro gas turbine cost. To develop an updated MGT cost model 
capable of capturing how component-level performance characteristics 
influence the overall economic behaviour of the Solar–MGT 
system—and given the limited availability of detailed, modern cost data 
for small recuperated microturbines—the present work formulates the 
MGT subsystem cost using three complementary elements. 

• The component-wise analytical expressions introduced by Galanti & 
Massardo [55].

• The engine cost data reported by Gavagnin et al. across twenty-four 
configurations, covering three mass-flow rates, two recuperator 
effectiveness levels, two turbine inlet temperatures, and both con
figurations with and without a combustion chamber [17], [74], [75].

• The subsystem cost fractions for small-scale recuperated MGTs re
ported in recent literature by Weerakoon et al. [64] and Abuhaiba 
et al. [63].

The analytical structure of equations (19)–(23) is retained to pre
serve the explicit dependence of compressor, turbine, combustor, 
generator, and recuperator costs on pressure ratio, efficiencies, mass 
flow rate, recuperator effectiveness.

For the cost of MGT, the approach used by Ref. [55] has been 
adopted and the cost of the MGT is evaluated based on the cost of each 
component by equations (20)–(23) and (23) for compressor, turbine, 
combustion chamber, generator and recuperator, respectively. To 
simplify the cost model, it has also been assumed that the mass flow rate 
of the working fluid is constant across the system and equal to the 
compressor inlet mass flow rate. 

CCompressor =
cC1

cC2 − ηC
× ln(PRC) × ṁ 19 

CTurbine =
cT1

cT2 − ηT
× ln(PRT)× ṁ × [1+ exp(0.005×TIT − 6.5)] 20 
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CCombustor =
cCC1

cCC2 −

(

1
/(

1 − ΔPCC
Pin

))× ṁ 21 

CGenerator = cG1 × ẆcG2 22 

CRecuperator =1.5× cR1 × f × ṁ×
(
Pin×ΔPRecuperator

)− 0.5
×

ε
1 − ε 23 

CPower Electronics = cPE1 × ẆcPE2 24 

In these equations PRC, PRT, ṁ, ηC, ηT, ΔPCC, Ẇ, ΔPRecuperator, and ε are 
the compressor and turbine pressure ratio, compressor mass flow rate, 
compressor isentropic efficiency, turbine isentropic efficiency, 
combustor pressure loss, system electric output power, combustor 
pressure loss (cold path), recuperator pressure loss (maximum of hot and 
cold sides) and recuperator effectiveness, respectively, which are 
defined in the previous section. The updated cx coefficients in these 
equations are presented in Table 4. Parameter f in recuperator cost 
function is the material cost factor which reflect the material that can be 
used in manufacturing of the recuperator that limits the maximum 
allowable temperature of the recuperator (Table 5).

A comparison between the recalibrated cost model and the MGT cost 
values reported by Ref. [17] is presented in Fig. 3-a. The results show 
that the updated coefficients accurately reproduce the reference costs 
across different configurations, covering variations in mass flow rate, 
TIT, and recuperator effectiveness. To examine the feasible internal 
allocation of costs among subsystems of the present model, Fig. 3-b 
shows the component costs from the recalibrated model (averaged over 
the 12 operating points used in Fig. 3-a) against the hardware cost 
fractions reported for small recuperated microturbines by Weerakoon & 
Assadi, 2024 [64]. Fig. 3-b therefore provides an external verification of 
the subsystem cost distribution, showing the relative contributions of 
turbomachinery, combustor, recuperator, and electrical components. 
Enclosure and balance-of-plant costs, which are treated separately at the 
system level in this work, were excluded for consistency with the liter
ature. The comparison demonstrates that the recalibrated cost model 
yields a component-level structure that is consistent with published data 
for small-scale MGTs, reinforcing the physical realism of the updated 
coefficients.

2.3.2.2. Solar dish and receiver. The cost of the solar dish makes up the 
largest portion of the overall plant cost [15], [38]. The dish cost is pri
marily determined by its surface area and the complexity of its tracking 
mechanism. For this study, the tracking mechanism has been assumed to 
be consistent across configurations. The cost of the solar dish is esti
mated using a common equation based on the works of [17], [34], [35] 
as shown in equation (25). 

CDish = cDish × ADish
n 25 

Iaria et al. [35] used a linear relationship between the dish cost and 
its area assuming a constant value for the cDish as 260 €/m2. Gavagnin 
et al. [74] evaluated the cost of collector dishes ranging from 50 to 210 
m2 using manufacture and adopted a quadratic polynomial to the cDish 

assuming n = 1 that shows specific cost of the dish decreases for 
increasing aperture area but, from a certain size on (about 100 m2), it 
increases again. Similar approach has been adopted to the current 
research, assuming n = 1 and cDish as equation (26): 

cDish = a2,Dish × ADish
2 + a1,Dish × ADish + a0,Dish 26 

where a2,Dish, a1,Dish and a0,Dish are updated for small production to 2024 
values as 0.0064, − 1.25 and 425, respectively. In the present imple
mentation, the dish cost and optical-efficiency assumptions are applied 
within the selected dish-area range of the parametric study. Application 
to substantially larger concentrators would require recalibration of both 
the dish cost correlation and the optical-performance sub-model.

The receiver cost is influenced by several factors, including its ca
pacity and its operating temperature. The latter impacts material and 
manufacturing expenses which is not considered in this model, for the 
sake of simplicity. To estimate the cost of the receiver based on its ca
pacity, the cost function was derived from a study by Gavagnin et al. 
[17] for a cavity receiver in the OMSoP project. This study accounted for 
direct labour, material, and manufacturing costs. Based on the results, 
an interpolation was performed, leading to equation (27), which ex
presses the receiver cost as a function of the absorbed heat. 

CReceiver = cReceiver × QReceiver
0.6 27 

where cReceiver is set as 124.0 €/kW of receiver thermal capacity.

2.3.2.3. Thermal energy storage. Phase change material type is consid
ered as thermal energy storage in this research. The cost of the energy 
storage is related to its capacity and material. A linear correlation is used 
in this study to calculate the cost of storage system based on its energy 
capacity (equation (28)). 

CTES = cTES × ETES 28 

where the ETES is the thermal energy capacity of the TES and the cTES is 
the specific cost per unit of energy. The specific cost itself varies for 
different materials. Table 6 lists the characteristics and specific cost of 
different phase change material with different melting temperature. An 
interpolation was performed over this data and a linear regression of 
equation (29) was defined to calculate the specific cost. 

cTES =0.20 × Tm[K] − 90 29 

In which Tm is the phase change temperature and cTES is the specific cost 
in €/kWh.

2.4. Simulation approach

The thermodynamic and economic models described above were 
integrated into an annual simulation framework implemented in MAT
LAB, enabling the coupled evaluation of system performance and cost 
across a full year of operation under realistic meteorological conditions. 
The simulation follows a quasi-steady time-marching structure, 
resolving the system response to hourly variations in ambient conditions 
and solar irradiance while maintaining internal mass- and energy- 
balance closure at each time step.

The DNI, ambient temperature, and pressure data for Pretoria, South 

Table 4 
Coefficients of the micro gas turbine and recuperator cost function based on [55] updated for 2024.

Cost coefficient cC1 cC2 cT1 cT2 cCC1 cCC2 cG1 cG2 cR1 cPE1 cPE2

Value 82.6 0.942 371.6 0.903 83.7 0.995 125.3 0.8 376 1100 0.2

Table 5 
Material cost factor and maximum allowable material for different recuperator 
materials [55].

Material Stainless 
steel

Super 
347

Inconel 
625

Haynes 
230

Haynes 
214

Maximum metal 
Temperature [K]

948 1023 1073 1123 1173

f 1.0 1.5 5.0 7.0 9.0
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Africa, were obtained from the Southern African Universities Radio
metric Network (SAURAN [67]). The input data set covers an entire 
calendar year and provides the environmental boundary conditions for 
the solar receiver, compressor inlet, and TES heat losses. Each simula
tion step evaluates the instantaneous thermal power input, component 
states, and resulting electrical output, which are then aggregated to 
produce the annual performance indicators.

At each time increment, the following sequence is executed. 

1. Meteorological update: Read DNI, Tamb, and Pamb for the current 
hour. Compute the corresponding solar power incident on the dish.

2. Receiver and TES interaction: Determine the portion of solar energy 
absorbed by the receiver and transferred to the TES according to 
equation (12). The TES operating mode (charging, discharging, or 
idle) is automatically identified from equation (11).

3. MGT off-design solver: Using the current TES outlet temperature and 
receiver input, the MGT thermodynamic solver computes component 
temperatures, pressures, and mass flow rates, adjusting turbine and 
compressor efficiencies from off-design maps. Off-design operation is 
implemented by maintaining a constant turbine inlet temperature 
(TIT); fuel flow is iterated until the target TIT is achieved. The 
resulting turbine outlet temperature and net electrical output are 
then determined.

4. Energy accounting: Net power output, recuperator heat exchange, 
system losses, and TES energy variation are calculated.

5. Economic accumulation: Hourly electrical output Et and fuel con
sumption ṁFuel are logged and accumulated to compute annual totals 
for use in the LCoE evaluation (equation (16)).

The process is repeated for each parametric configuration, defined by 
a unique combination of TIT, EGT, solar dish area, TES mass, and 
recuperator effectiveness, allowing direct quantification of how each 

variable affects both performance and cost metrics.
Convergence of the simulation is ensured through nested iteration: 

the inner loop balances compressor–turbine work and mass flow, while 
the outer loop matches thermal inputs and outputs over the entire sys
tem boundary.

The overall simulation workflow is summarised in Fig. 4, which il
lustrates the coupling between the thermodynamic solver, TES dy
namics, and cost post-processing modules.

2.5. Model verification and validation

Verification focused on ensuring numerical accuracy, thermody
namic consistency, and proper implementation of the governing equa
tions. Due to the lack of modern, fully documented Solar–MGT cost 
breakdowns including TES and high-speed power electronics, the veri
fication of the cost model was presented at the microturbine level in the 
previous section, while system-level validation is focused on thermo
dynamic performance.

Model validation was performed in two stages to assess the accuracy 
and robustness of the developed simulation platform. In the first stage, 
experimental data from a recuperated MGT operating under multiple 
full- and part-load conditions were employed to tune (based on test data 
at 15 ◦C and 150 kRPM) the MGT component and verify the model 
across a broad range of operating points. In the second stage, limited 
experimental data from one of the configurations tested at the University 
of Pretoria (South Africa) were used to validate the integrated solar- 
assisted configuration within the framework of the Solar Turbo CHP 
project using the data published in Ref. [66].

A schematic of the experimental test cell and measurement setup is 
shown in Fig. 5. The MGT is integrated with a costume-build recuperator 
with UA = 125 W/K. Details of the experimental set-up can be found in 
Ref. [52]. Off-design simulations were conducted to evaluate perfor
mance under varying ambient conditions.

Fig. 6 presents the model predictions and experimental measure
ments for (a) output power and (b) the recuperator air-side outlet 
temperature. The experimental temperature range during testing was 
11–19 ◦C. The simulated trends closely follow the expected thermody
namic behaviour of micro gas turbines. The maximum deviation in 
power output was below 3% at 11 ◦C. Slightly higher discrepancies at 
lower ambient temperatures were attributed to increased heat losses in 
the recuperator and associated piping. This is reflected in turbine outlet 
temperature differences of up to 4 ◦C and air outlet temperature de
viations below 6 ◦C, (see Table 7). The model's accuracy was further 
assessed by analysing the effect of shaft speed on power output and fuel 

Fig. 3. Verification of the recalibrated MGT cost model; (a) Comparison with engine-only cost values reported by Ref. [17] across multiple operating conditions; (b) 
subsystem cost-share comparison with [72], excluding enclosure/BoP.

Table 6 
Specific costs of thermal energy storages with different phase-change materials 
based on [48] and [49], updated for 2024.

Phase-change 
material

Melting 
temperature [K]

Latent heat, Lf 

[kJ/kg]
Cost per kWh of stored 
thermal energy (€/kWh)

H425 698 220 38
Zinc 692 112 34
Solar salt 495 100 5
Cu-Si (83-17) 1075 267 122
Al-Cu-Si (2- 

83-15)
1036 258 125
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consumption, as illustrated in Fig. 7. With a constant turbine inlet 
temperature, the simulation accurately reproduces the experimental 
trends. The maximum deviations were 18% for power output and 20% 
for fuel consumption, confirming the model's capability to predict per
formance variations with speed.

For the solar-assisted configuration, experimental data from a dish- 
integrated micro gas turbine (MGT) system were used for model vali
dation (Table 8). The experimental data were obtained from the solar 
dish–Brayton prototype developed within the Solar Turbo–CHP project 
at the University of Pretoria (Fig. 8-a), described in detail by Refs. [52], 
[66]. The system integrates a similar MGT introduced earlier, with a 
high effectiveness recuperator and a 24.75 m2 parabolic dish concen
trator. A fuel-supply line (LPG) provides supplementary combustion to 

maintain the desired turbine inlet temperature.
Fig. 8-b presents the measured temperatures and experimental re

sults. As reported in Swanepoel et al., 2024, the test started at 13:45, by 
focusing the solar dish reflectors to the receiver. The system went 
through initial checks and warm-up process to 15:00. The data indicate 
that after initial transients, the system approached a near steady-state 
condition between 16:46 to 16:48, marked in Fig. 8-b as the point of 
interest (POI). Fig. 9-a and –b show the comparison between the 
experimental measurement with the simulation output for the receiver 
inlet and receiver outlet, respectively. As the model does not include the 
thermal inertia and other dynamics of the system, there is a visible gap 
between the results during initial warm-up and DNI sudden changes. 
Apart from these, the results show good agreement, with deviations 

Fig. 4. Simulation workflow.

Fig. 5. Test arrangement of the recuperated micro gas turbine and associated sensor positions [52].

Fig. 6. Off-design comparison of model predictions and experiments: effect of ambient temperature on (a) power output, (b) air-path recuperator outlet temperature.
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below 50 K across a 1000 K temperature range. These differences fall 
within experimental uncertainty and confirm that the developed model 
accurately captures the solar system contribution.

3. Results and disscussion

The integrated thermodynamic and economic simulations were 
performed using the verified model under the climatic conditions of 
Pretoria, South Africa. The DNI and ambient-temperature data from 
SAURAN [67] were used to compute annual performance and cost 
metrics across the parametric space defined by TIT, EGT, solar dish area, 
TES mass and temperature, and recuperator effectiveness. Unless stated 
otherwise, the baseline configuration is assumed as values presented in 
Table 9.

While the analysis is conducted over a full-year dataset, selected 
representative daily profiles (Figs. 10–12) are presented only to illus
trate the transient behaviour and resolution of the model. All techno- 
economic indicators and performance metrics are derived from annual 
integrated results.

Table 7 
Off-design modelling assumptions for MGT validation.

Parameter Initial Design Point Test-cell Design Point (calibrated) Off-design point 1 Off-design point 2 Off-design point 2 Unit

Ambient temperature 288 288 284 288 292 K
Ambient pressure 1.0132 1.0132 1.022 1.022 1.022 bar
Rotational speed 150 150 137 137 137 kRPM
Air mass flow 0.100 0.100 0.079 0.078 0.077 kg/s
Compressor pressure ratio 2.99 2.88 2.71 2.68 2.65 –
Compressor efficiency 0.73 0.73 0.7 0.71 0.69 –
Recuperator effectiveness 87% 60.0% 60.1% 60.2% 60.4% –
Turbine inlet temperature 1150 1150 1150 1150 1150 K
Turbine pressure ratio 2.68 2.56 2.38 2.35 2.33 –
Turbine efficiency 0.7 0.63 0.64 0.63 0.63 –
Electric output power 5.307 3.001 2.255 2.165 2.027 kW

Fig. 7. Off-design validation comparing predicted and measured performance: (a) power output and (b) fuel flow at different shaft speeds.

Table 8 
Experimental conditions used for model validation, extracted from [66].

Parameter Value Unit

Recuperator effectiveness 80% –
Solar dish area 25 m2

Intercept factor 0.67 kg/s
Receiver emissivity 0.72 m2

Receiver outer area (sides) 4 × 0.293 –
Receiver outer area (top) 0.169 m2

Receiver outer area (back) 0.106 m2

LHV of LPG 95790 kJ/kg

Fig. 8. Solar MGT demonstration arrangement of the project “Solar Turbo CHP”, Pretoria, SA: (a) demonstration prototype [52], (b) experimental test result of the 
dish MGT system, reprinted from [66], with permission from Elsevier.
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3.1. System operation overview

The baseline simulation was first analysed to understand the inte
grated behaviour of the hybrid system over representative days and full 
year. As shown in Fig. 10, the system provides continuous electrical 
power through hybrid operation. During daylight hours, the dish
–receiver combination supplies most of the thermal input, with TES 
absorbing excess heat during peak DNI. When solar input decreases, 
stored heat is discharged to preheat the compressed air, reducing the 
need for fuel. This integration of TES mitigates transients associated 
with cloud fluctuations and reduces the load changes on combustion 
chamber.

The annual fuel-to-electric efficiency reaches 16–17%, with a solar 
contribution of about 18% of the total energy input. The TES discharge 

Fig. 9. Comparison of measured and simulated receiver temperatures: (a) inlet temperature, (b) outlet temperature.

Table 9 
Main design specifications of the base-case system.

Item Value Unit

Turbine Inlet Temperature 1150 K
Exhaust Has Temperature 1000 K
Compressor mass flow rate 0.080 kg/s
Solar dish area 30 m2

TES mass 400 kg
TES material melting temperature 1000 K
Recuperator UA 0.272 kW/K

Fig. 10. Heat balance of the receiver and energy content of the TES at the base point (1000 K): (a) Low DNI day (June 21), (b) High DNI day (December 21).

Fig. 11. Heat balance of the receiver and energy content of the TES at 950 K: (a) Low DNI day (June 21), (b) High DNI day (December 21).
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assist the system operation about 1400 h of the year, increasing the 
average daily operation time of solar-assisted mode by approximately 
3.8 h. These results demonstrate the capability of the TES to maintain 
stable output and extend solar utilisation during off-peak hours.

3.2. Effect of TES working temperature

TES parameters have the most pronounced combined impact on both 
technical and economic performance. Incorporating a low temperature 
TES indeed increases the amount of stored thermal energy. The heat 
transfer balance is illustrated for lower and higher TES temperatures in 
Figs. 11 and 12, respectively. Using a material with a lower melting 
point reduces the heat transfer capacity between the TES and the 
incoming working fluid (outlet of the recuperator cold path). Conse
quently, the TES remains charged by the end of the day on both low and 
high DNI days, as seen in Fig. 11. Conversely, increasing the TES tem
perature enhances the heat transferred to the working fluid but also 
results in greater heat losses due to radiation and convection. As 
depicted in Fig. 12, with a TES melting temperature of 1050 K, the TES 
cannot fully compensate for early fluctuations in solar input and be
comes fully discharged on both representative days.

With low-temperature storage, excess solar energy can be stored 
during high DNI days and used on low DNI days. However, this strategy 
of storage requires storage capacity exceeds 3–4 times the base-case 
daily storage demand, corresponding to a PCM mass on the order of 
103 kg for typical latent heat values, making it impractical for small- 
scale systems. Therefore, a thermal capacity limit of 1.6× 105kJ is set 
for the TES. This value corresponds to the storage energy required to 
compensate for the thermal deficit on a representative low-DNI day at 
the base TES operating temperature and is used as a practical upper 
bound for annual performance evaluation. Fig. 13 shows the annual fuel- 
to-electric efficiency of the based on different values of the TES tem
perature. It is observed that as the TES temperature increases from 950 K 
to around 1050 K, the fuel-to-electric efficiency improves, peaking at a 
temperature close to TIT, 1045 K for the base point (TIT = 1150 K). 
However, the marginal benefit declines beyond this range due to addi
tional storage loss of the high temperature material during its idle pe
riods. It reaches 17% at 1150 K for the base design and indicates that 
there is an optimal TES temperature range where the system achieves 
the highest fuel-to-electric efficiency. This temperature is related to the 
size of the sub-system and the inlet temperature of the TES (recuperator 
outlet temperature at cold path) and TIT set point.

Utilising a TES with higher temperature requires more expensive 
materials, which increase the equipment cost, Fig. 14-a. It is, however, 
makes it possible to use less amount of PCM material for storage, which 
reflected to the reduction of the cost after a certain temperature (1075 K 
for the base design). The Levelised Cost of Electricity, which combines 
both performances and cost is plotted in Fig. 14-b showing an oscillating 

behaviour. The relative variation, (maximum value – minimum value)/ 
average value, increases from 4.7% to 13.4% for TIT = 1050 K to TIT =
1250 K, respectively. While the absolute values of LCoE are subject to 
modelling uncertainty, the observed trend and relative variation with 
TES temperature remain consistent. In all cases the TES material should 
be chosen to have a melting temperature close to the target TIT to 
achieve the lowest LCoE. These results confirm that the TES design 
should target moderate temperature to maximise system-level cost- 
effectiveness. Using the component-based techno-economic model can 
simulate the combined effect to find the optimum design for each set-up.

The TES working temperature governs annual performance through 
a coupled thermodynamic–utilisation mechanism. Low discharge tem
perature reduces the effective heat-transfer driving potential to the 
recuperator outlet stream, limiting how much stored energy can be 
converted into useful preheating and therefore limiting annual fuel 
displacement under the constant-TIT control strategy. As TES tempera
ture increases toward the TIT set point, the discharge becomes more 
effective and the annual fuel-to-electric efficiency increases, reaching a 
maximum when TES temperature is close to the effective preheat 
requirement (e.g., ~1045 K for the base point, Fig. 13). Beyond this 
range, the marginal benefit declines because higher-temperature storage 
experiences greater standing losses during idle periods and because 
specific PCM cost rises sharply with melting temperature (Table 6), 
which dominates the LCoE response (Fig. 14). The combined outcome is 
that TES temperature has an identifiable techno-economic optimum: it 
must be high enough to deliver useful preheat at the chosen TIT, but not 
so high that loss exposure and material cost outweigh incremental fuel 
savings.

Fig. 12. Heat balance of the receiver and energy content of the TES at 1050 K: (a) Low DNI day (June 21), (b) High DNI day (December 21).

Fig. 13. The effect of TES working temperature on system overall performance: 
annual efficiency with different TIT set points.
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3.3. Effect of recuperator characteristics

Recuperator effectiveness significantly influences both system effi
ciency and cost. Increasing effectiveness reduces fuel consumption by 
enhancing exhaust heat recovery, but at the expense of higher capital 
cost.

Fig. 15-a shows the effect of recuperator effectiveness on changes on 
annual fuel consumption and energy generation. With higher effec
tiveness, more energy is recovered from the turbine exhaust which re
sults in less fuel consumption. However, a higher effectiveness requires 
large heat transfer area, which increases capital cost of the recuperator, 
and leads to higher pressure loss, resulting in lower net power output. 
Combining these two effects, Fig. 15-b illustrates the relationship be
tween design-point effectiveness and Fuel-to-Electric Efficiency of a 
system. Since the effect of the reduction in fuel consumption is consid
erably greater that reduction of energy generated for higher effective
ness values (Fig. 15-a), the graph shows a positive near linear trend in 
improvement of the fuel-to-electric efficiency. Pressure loss is not the 
only penalty of a recuperator with a higher effectiveness value. As can be 
seen in Fig. 16, expectedly, increases the cost of the recuperator and the 
system. However, accompanying with higher system efficiency (less 
O&M cost due to less fuel consumption), it enhances the overall LCoE 
from 0.90 €/kWh at effectiveness of 77% to 0.81 €/kWh at 91%, which 
translates to 10% improvement. The figure shows that this non-linear 
effect is not monotonous and as total generated electricity of the sys
tem is decreasing sharply with high pressure loss values accommodated 
with high effectiveness values (Fig. 15-a).

Recuperator effectiveness affects LCoE through two competing 
channels that act on different denominators of the LCoE expression: it 
reduces annual fuel consumption by increasing preheat temperature 
(lowering required combustor heat addition to maintain TIT), but it 
simultaneously penalises net electricity generation through increased 
pressure losses and raises CAPEX through larger heat-transfer surface 
area (Figs. 15 and 16). The results show that, over most of the investi
gated range, the fuel-saving benefit dominates the electricity-loss pen
alty, producing a near-linear improvement in fuel-to-electric efficiency 
(Fig. 15-b). The slight non-monotonic behaviour at high effectiveness is 

physically consistent with pressure-loss amplification: once pressure 
losses drive a sharp reduction in annual energy output (Fig. 15-a), the 
reduced denominator in LCoE limits further economic improvement 
even if fuel continues to fall. This explains why maximising effectiveness 
is not automatically optimal as it is the fuel-saving-to-power-loss ratio, 
weighted by component cost, that governs the economic outcome.

3.4. Effect of solar dish area

Increasing the solar dish area proportionally increases the absorbed 
solar thermal input, thereby reducing the required fuel flow. This effect 
is more pronounced at lower TIT values, where the baseline fuel demand 
is smaller and the solar contribution represents a larger fraction of the 
total thermal input. At higher TIT, the increased receiver temperature 
results in higher radiative losses, which partially offset the additional 
solar input. Therefore, the effect on fuel-to-electric efficiency is more 
pronounced at lower TIT values, Fig. 17. For a specific TES arrangement 
(Fig. 17-a), increased solar input is stored or diminish as a heat loss in 
receiver and TES. Consequently, the efficiency improvement becomes 
marginal for TIT>1150 K.

As it was discussed on Fig. 13, for any specific arrangement of solar 
dish and TIT, there is an optimum temperature for the TES in which the 
Fuel-to-Electric efficiency reaches its maximum value. Using this TES 
arrangement for each TIT case results in a near-liner increase in effi
ciency in all Tit cases (Fig. 17-b). The MGT-TES combination has a 
limited capacity to utilise the input heat which limits the performance 
improvement from TIT = 1200 K to TIT = 1250 K as shown approxi
mately overlapping results in Fig. 17-b.

The solar dish has been identified as the primary cost component in 
dish-MGT systems ([17], [38], [71]), and any increase in its cost 

Fig. 14. The effect of TES working temperature on the overall cost metrics of the system: (a) total equipment cost, (b) LCoE.

Fig. 15. The effect of recuperator effectiveness on the annual performance of 
the system: (a) consumed fuel and generated electricity, (b) fuel-to- 
electric efficiency.

Fig. 16. The effect of recuperator effectiveness on the total equipment cost 
and LCoE.
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substantially raises the total equipment expenditure (Fig. 18-a). In the 
base design configuration, enlarging the dish area from 25 to 35 m2 

reduces fuel consumption and increases the solar energy contribution to 
overall power generation by up to 40% over a full annual cycle (24 h ×
365 days). This escalation in capital expenditure leads to a reduction in 
the LCoE only when an appropriately sized TES system is selected; 
however, the resulting LCoE reduction remains modest under current 
fuel and electricity pricing conditions in SA (Fig. 18-b).

Dish area influences annual LCoE predominantly through a CAPEX- 
dominated fuel-displacement pathway. Technically, larger area in
creases absorbed solar heat, reducing fuel required to hold TIT, but the 
marginal efficiency gain decreases at higher TIT because elevated 
receiver temperatures increase radiative loss and because additional 
solar heat increasingly shifts into storage/thermal losses rather than 
incremental fuel displacement (Fig. 17-a), making efficiency improve
ment marginal for TIT ≳ 1150 K in the base TES arrangement. When TES 
temperature is tuned to the efficiency-optimal value for each TIT case, 
the efficiency trend becomes closer to linear (Fig. 17-b), but the results 
still indicate a utilisation ceiling where the MGT–TES path cannot 
convert additional thermal input into proportional annual efficiency 
gain. Economically, dish cost dominates small dish-MGT CAPEX 
(Fig. 18-a), so increasing area produces a substantial cost increase while 
the fuel savings saturate; hence LCoE reductions remain modest under 
the assumed South African price structure, even though solar contri
bution can rise markedly.

The smooth trends observed over the investigated dish-area range 
therefore describe the local behaviour of the present small-scale Solar- 
MGT configuration. For substantially larger concentrators, the useful 
solar input does not scale only with aperture area, since the effective 
dish optical efficiency can also become size-dependent. Recent optical- 
mechanical studies of large dish/Stirling systems have shown that self- 
weight deformation and wind loading can influence mirror slope 

error, receiver flux distribution and optical efficiency [76], [77]. 
Extending the present dish-area trends to large-aperture systems would 
require recalibration of the optical-performance and cost models, 
together with redesign of the receiver, storage and MGT subsystems.

3.5. Effect of MGT mass flow

The mass flow rate reflects the overall size and capacity of the MGT 
and has a significant influence on system performance, including power 
output, fuel consumption, and sensitivity to variations in solar input. 
Turbomachinery performance maps are scaled as described in Section 
2.3.1, which captures size-related efficiency variation within the same 
technology family. Increasing the mass flow rate generally enhances the 
power output but may also raise fuel consumption, potentially offsetting 
the benefits of higher solar contribution. As shown in Fig. 19, the fuel-to- 
electric efficiency decreases with increasing mass flow rate, since a fixed 
solar input results in a smaller temperature rise in the solar receiver. 
Consequently, additional fuel is required in the combustion chamber to 
achieve the target TIT, thereby reducing efficiency beyond the optimal 
mass flow range. The observed decline in fuel-to-electric efficiency 
across various configurations, as shown in Fig. 19, confirms the validity 
of the developed model over a wide range of operating conditions. For a 
given dish area, the temperature rise in the receiver increases with lower 
mass flow rates, which leads to greater thermal losses. Additionally, the 
heat transfer rate to the thermal energy storage (TES) unit rises, 
resulting in increased energy losses within the TES. Consequently, the 
fraction of solar heat effectively transferred to air does not increase 
proportionally with mass flow rate (Fig. 20-a). As a result, the overall 
fuel-to-electric efficiency is higher at lower mass flow rates. Further
more, with a fixed recuperator design, its effectiveness decreases as the 
mass flow rate increases (Fig. 20-b), further contributing to efficiency 
deterioration.

Fig. 17. The effect of dish area on the annual performance (Fuel-to-Electric Efficiency) system with different TIT: (a) base design TES temperature, (b) TES tem
perature at optimum performance (Fig. 13).

Fig. 18. The effect of dish area on the overall cost metrics of the system for the optimum TES temperature scenarios: (a) total equipment cost, (b) LCoE.
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Economically, higher mass flow also implies a larger nominal MGT 
(and therefore higher component CAPEX), but unless the additional 
electricity generation is accompanied by proportional fuel savings, the 
LCoE improvement is limited; Overall, it can be concluded that for each 
system configuration, there exists an optimal mass flow rate at which the 
thermal-power efficiency reaches its maximum value.

3.6. Summary of the parametric study

The effects of the major design parameters on the performance and 
cost of the Solar-MGT system have been discussed in detail in this sec
tion, providing both a demonstration of the modelling capability and a 
clear picture of individual parameter sensitivities.

MGT-side parameters influence annual LCoE through their sustained 
impact on Brayton-cycle thermal efficiency and specific fuel consump
tion across the full operating year. Increasing mass flow, increase the 
output power, and increasing TIT or recuperator effectiveness directly 
increases cycle efficiency, reducing fuel input not only during high-DNI 
operation but also during low-solar or TES-depleted periods. Because 
fuel cost contributes continuously to operating expenditure, efficiency- 
driven reductions translate into disproportionately strong annual eco
nomic leverage, even when associated component costs increase. This 
explains why turbine-side improvements tend to produce larger and 
more consistent LCoE reductions compared with solar-side changes 
under the same operating assumptions.

In contrast, the economic leverage of the solar-field and TES vari
ables is governed primarily by net annual fuel displacement per unit 
added CAPEX, i.e., how much of the additional solar heat becomes 
useable preheat under the TIT-controlled operating strategy. Increasing 
dish area raises absorbed solar input and therefore reduces fuel demand, 

but the annual efficiency benefit is progressively moderated by two 
coupled effects evident in the results: (i) receiver heat losses increase 
strongly with operating temperature, so the marginal conversion of 
additional solar input into useful cycle heat decreases at higher TIT, and 
(ii) the receiver–TES–MGT thermal pathway exhibits a utilisation ceil
ing, such that further solar input increasingly manifests as TES charging 
and loss exposure rather than proportional additional fuel displacement. 
But higher TES temperatures lead to diminishing or adverse economic 
returns because specific PCM cost rises sharply with melting tempera
ture and because higher-temperature storage experiences greater 
standing-loss exposure. Consequently, dish enlargement and TES up
grades tend to deliver their strongest benefit when they increase useable 
solar utilisation over the year, whereas their LCoE impact remains 
comparatively modest when additional solar input is limited by loss 
mechanisms and cost–temperature constraints.

The objective here is to identify which parameters offer the highest 
potential for improving overall system performance. Since different 
parameters influence system behaviour with different magnitudes, the 
variations were selected such that each scenario corresponds to a similar 
increase in system CAPEX relative to the base design.

Fig. 21 summarises the comparative results for five design- 
improvement scenarios: increased system capacity (increase air mass 
flow by 40%), improved turbomachinery efficiency (by 17% relative), 
improved recuperator effectiveness (by 15% relative), increased oper
ating temperature (both turbine and TES, by 150 K), and increased dish 
area (by 10%). As shown in Fig. 21-a, enhancements in turbomachinery 
efficiency and recuperator effectiveness provide the largest gains in fuel- 
to-electric efficiency, while solar share increases most when recuperator 
effectiveness or dish area is improved.

The techno-economic impact is presented in Fig. 21-b through a 
trade-off map between annual electricity generation and LCoE. 
Although all scenarios assume a comparable CAPEX increment, their 
LCoE response differs substantially. Improvements in turbomachinery 
and recuperator effectiveness deliver the largest reduction in LCoE, 
although only the former is accompanied by a substantial increase in 
annual electricity generation. Increasing system capacity and operating 
temperature improve annual output, but with more modest economic 
benefit, while increasing dish area has almost no effect on annual 
electricity generation and only a marginal influence on LCoE in this 
comparison. Overall, these results show that efficiency-driven upgrades 
yield the strongest combined performance and cost advantage, whereas 
solar-collection enhancements primarily improve solar utilisation. 
Crucially, the earlier parametric analysis demonstrated that these trends 
are mainly nonlinear; thus, different magnitudes of improvement could 
shift the balance between fuel-driven and solar-driven gains, potentially 
altering the relative benefit of each design pathway.

Fig. 19. The effect of mass flow rate on the annual performance (Fuel-to- 
Electric efficiency) of system with different dish sizes.

Fig. 20. The effect of mass flow rate on subsystem performances: (a) heat transfer to working fluid form solar source (b) average recuperator effectiveness and total 
recuperated heat.
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3.7. Applicability, and limitations

The proposed framework is intended for dish-scale solar-assisted 
micro gas turbine systems in which solar thermal input, storage 
behaviour, and gas-turbine off-design performance interact under time- 
varying ambient and irradiance boundary conditions. Its main practical 
use is early-stage design-space evaluation: quantifying annual perfor
mance and LCoE sensitivities to key turbine-side and solar/TES-side 
parameters, and highlighting where diminishing returns arise when 
solar input, storage state, and operating constraints are coupled over the 
year. Because the model resolves component off-design behaviour, 
receiver losses, and TES charge–discharge behaviour in a consistent 
annual simulation loop, it is suitable for comparative assessment of 
alternative design configurations.

Extending the framework to substantially larger systems or different 
architectures (e.g., multi-dish fields, alternative storage layouts, or 
different control schemes, or similar cycles) is feasible but would require 
refinement of several sub-models.

In particular, scaling beyond the present dish-scale configuration 
would benefit from more detailed optical/receiver modelling (e.g., 
performance variation with incidence angle and potential field effects), 
explicit treatment of site- and technology-dependent degradation/ 
maintenance, and re-calibration of cost correlations to reflect 
manufacturing scale and balance-of-plant contributions. Larger con
centrators exhibit size-dependent optical performance due to self-weight 
deformation, wind loading, tracking accuracy, mirror slope error and 
flux redistribution. Similarly, while the current component-map 
approach supports off-design evaluation, the quantified sensitivities 
may shift under alternative control strategies or actuator constraints, so 
design conclusions should be interpreted within the operating assump
tions adopted in this work.

From a cost perspective, the LCoE values obtained for this system are 
significantly higher than current benchmarks for utility-scale PV, which 
are in the range of approximately 40–50 USD/MWh for newly 
commissioned plants. For context, over the 2010–2024 period the global 
weighted-average LCoE of utility-scale solar PV fell from 0.417 USD/ 
kWh in 2010 to 0.043 USD/kWh in 2024 [78]. The LCoE values reported 
here are instead consistent with the small scale of the system and with 
other small-scale solar-thermal concepts in the literature [79] and [38]. 
The present cost model also does not include mass-production or 
learning-curve effects: component costs are evaluated as if the system 
were manufactured in low volumes. Previous techno-economic studies 
on dish–micro gas turbine systems have shown that economies of scale 
can substantially reduce specific costs, by up to about 40% at high 
production rates [17]. Consequently, the LCoE figures presented in this 
work should be interpreted primarily as relative indicators for 
comparing trends and trade-offs between different design strategies 
within the proposed solar–MGT concept, rather than as fully optimised, 

market-ready benchmarks. A future, well-optimised system manufac
tured at high production volumes would be expected to achieve signif
icantly lower LCoE, closer to those of more mature renewable 
technologies. The main value proposition of the solar–MGT–TES system, 
however, lies not in outperforming PV on pure LCoE, but in providing 
dispatchable electricity and high-temperature heat with integrated 
storage and fuel-based backup at decentralised scale, which is particu
larly relevant for remote, high-DNI sites and combined heat-and-power 
applications.

That said, the present results should be interpreted in the context of 
several modelling assumptions adopted to maintain tractability for 
annual parametric evaluation. 

• The TES is represented as a lumped latent-heat storage whose state is 
tracked via stored internal energy and liquid fraction; therefore, 
spatial temperature gradients, phase-front dynamics, and detailed 
heat-transfer limitations within the PCM are not resolved. TES heat 
losses are treated using a simplified round-trip loss assumption, 
which captures the first-order impact of idle losses but does not 
represent insulation design or temperature-dependent loss mecha
nisms explicitly.

• The model is constructed in a quasi-steady manner at each time step; 
therefore, it does not resolve transients associated with shaft inertial 
dynamics, detailed component thermal inertia and heat-transfer 
dynamics, or solar-field tracking and control dynamics. These ef
fects may be important for start-up/shut-down behaviour and short- 
timescale operation and should be addressed in future fully dynamic 
simulations.

• The solar receiver model uses a fixed optical/sky representation and 
does not include site-specific optical degradation, soiling, or detailed 
field effects such as shading; these factors could influence annual 
solar utilisation and should be examined in future refinements. The 
techno-economic evaluation relies on cost correlations and fixed 
financial assumptions, and the PCM-specific cost is derived via 
interpolation/regression from available literature data; these as
sumptions introduce uncertainty in absolute LCoE values, although 
the comparative trends across design variations remain valid and 
informative.

4. Conclusion

This work presented a detailed techno-economic investigation of a 
solar-assisted micro gas turbine system, supported by an experimentally 
validated off-design model and a full-year simulation using real mete
orological data. Validation against controlled laboratory measurements 
and solar-assisted operation showed good agreement in receiver outlet 
temperatures and fuel flow rates, confirming the model's capability to 
capture both turbine behaviour and solar-thermal integration under 

Fig. 21. Techno-economic impact of improving different aspects of the Solar-MGT system, with all scenarios adjusted to reflect similar CAPEX increases: (a) annual 
fuel-to-electric efficiency and solar share; (b) LCoE versus relative annual electricity generation.

V. Hosseini et al.                                                                                                                                                                                                                                Energy 361 (2026) 141811 

17 



varying operating conditions.
The main contributions of this study are. 

• An experimentally validated, component-resolved off-design Solar- 
MGT performance model integrated with receiver and TES 
operation.

• A full-year simulation framework that propagates ambient/irradi
ance variability through turbine, receiver, and TES 
charge–discharge.

• An updated component-wise cost model and integrated techno- 
economic assessment that quantifies annual performance–cost sen
sitivities and reveals distinct cost–performance trajectories for 
turbine-side versus solar/TES-side design changes.

The parametric analysis revealed clear and quantifiable trade-offs 
between performance, flexibility, and cost. Turbine inlet temperature 
remains the dominant driver of system efficiency, but its economic 
benefit is constrained by diminishing LCoE reductions once recuperator 
and structural limits are approached. Dish area strongly increases solar 
fraction but exhibits nonlinear cost scaling, indicating an optimal range 
where gains in solar contribution balance increases in capital cost. 
Thermal energy storage improves dispatchability and reduces fuel use, 
though its marginal economic benefit depends on both mass and 
charging temperature; excessive storage capacity or very high melting 
temperatures do not yield proportional improvements in annual per
formance. Recuperator effectiveness enhances fuel efficiency but im
poses a penalty through increased pressure losses and component cost, 
underscoring the need for balanced sizing rather than maximisation of 
any single parameter.

Overall, the results demonstrate that the most favourable techno- 
economic configurations emerge not from extreme parameter values 
but from combinations that balance solar input, thermal recuperation, 
and manageable TES operation. These findings have broader relevance 
for decentralised and off-grid applications, where reliable solar power 
provision must be achieved within tight cost constraints and variable 
environmental conditions. The identified performance–cost trade-offs 
and parameter sensitivities provide a structured basis for future multi- 
objective thermo-economic optimisation studies.

Future work should extend this framework to improved TES designs, 
alternative system configurations, and operational strategies that 
enhance part-load behaviour. Integrating power electronics, control 
architectures, and battery storage would enable a more realistic repre
sentation of field deployment. The modelling approach developed here 
is also transferrable to other high-temperature and hybrid energy sys
tems, including closed-cycle CO2 Brayton cycles, solar-assisted hydrogen 
generation, and multi-source renewable microgrids where similar 
parametric thermo-economic trade-offs between heat input, recupera
tion, and storage must be considered. Finally, applying the methodology 
across diverse geographic locations would clarify how regional solar 
availability and ambient conditions influence techno-economic perfor
mance and help identify the most favourable settings for Solar-MGT 
deployment.
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