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Abstract 

The increasing interest in renewable microgrids have motivated the exploration of 

more sustainable alternatives to traditional energy supply. In this study, a novel hybrid 

renewable energy-based microgrid power system is proposed, designed and techno-

economically assessed. The system consists of a concentrated parabolic solar dish Stirling 

engine and a horizontal axis wind turbine integrated with a battery bank. The novelty of the 

study lies in replacing conventional hybrid systems, such as a typical photovoltaic/wind 

assembly, with a novel solar dish/wind turbine system that has the potential to achieve higher 

efficiencies and financial competitiveness. The solar dish Stirling engine serves as the primary 

source of electrical power generation while the horizontal axis wind turbine, in conjunction 

with a battery bank, supplies backup electricity when the primary source of power is 

unavailable. The system has been designed through advanced modelling in the MATLAB/ 

Simulink® environment that efficiently integrates the individual energy technologies. A 

technical sensitivity analysis has been performed for all the units in order to reduce the 

respective design limits and identify optimum operational windows. Further, the 

performance of the model has been tested at two locations in Jordan, and a thorough techno-

economic analysis of the integrated system has been conducted. The simulation results show 

that at the optimal design point the efficiency of the Stirling engine is 37% with a net output 

power of 1500 kWe. For the horizontal axis wind turbine, a module of 100 kWe with a power 

coefficient of 0.2-0.24 is suitable for operation in terms of cost, power, torque and farm size. 

Also, two economic indicators, namely, the levelised cost of electricity and hourly cost, have 

been calculated. The levelised cost of electricity lies between 0.13 and 0.15 $/kWh while the 

hourly cost is found to be around 4 $/h. Thus, the economic evaluation revealed that the 

proposed system is very competitive with other integrated renewable energy technologies. 

Keywords: Microgrids; Hybrid system; Horizontal axis wind turbine; Solar dish engine; Stirling 
engine 
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1. Introduction 

In this section, a general overview of the factors that drive hybrid renewable energy 

technologies are presented as well as some of the benefits and features that the 

implementation of concentrated parabolic solar dish Stirling engines (CPSD-SE) can offer. 

Further, a summary of published works related to the development of CPSD-SE and their 

integration into microgrids is investigated along with the research gaps that the current study 

aims to fill. Finally, the main objectives of the research are discussed. 

1.1 Background 

Due to the damaging effects on the environment from the worldwide consumption of 

conventional energy resources, it has become paramount to find renewable energy-based 

systems to mitigate greenhouse gas emissions and, at the same time, to provide cost-effective 

solutions to protect against any future inflation in energy prices [1]. Nevertheless, all 

renewable energy technological solutions bring with them certain disadvantages. In 

particular, the majority are stochastic, dispersive, and in general are not easily accessible, and 

they come with distinct regional variabilities [2]. For these reasons, hybrid renewable energy 

systems (HRES) have been proposed by experts to eliminate the intermittent output of 

individual systems and enhance their efficiency [3].  

Hybridisation by integrating various energy resources has many advantages, including 

the reduction of specific capital costs, an increase in the capacity of power generation, 

enhancement of reliability and overall efficiency as well as it provides more flexibility to the 

optimisation of the design [4]. The most common hybridisation configuration is combining 

solar and wind energies. Further, a microgrid system comprising of HRES is one of the most 

efficient energy alternatives that are expected to satisfy the energy demands of remote 

regions. In general terms, microgrids can be defined as clusters of electrical energy 

generators, energy storage and controllable loads in combination with a central control 

system to monitor their operation and distribute generation sources that operate in both grid-

connected and off-grid modes [5]. Moreover, the small-scale decentralised distributed 

generation systems are now becoming a promising alternative to the typical large-scale 

centralised power plants [6] at remote locations [7]. Most of the hybrid microgrids 

generations are accomplished by integrating photovoltaic (PV) arrays with wind turbines (WT) 
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[8]. Nassar et al. [9] applied techno-economic optimisation of a stand-alone hybrid PV/wind 

power system to electrify an urban community in Libya. Based on the cost analysis, the 

levelised cost of electricity (LCOE) was estimated to be 0.236 $/kWh. An alternative solution 

to PVs is the concentrated solar power (CSP) plants, especially dish concentrators that have 

higher electrical efficiency than PV plants of similar size. For example, the CPSD-SE has the 

highest conversion efficiency, ranging from 16% to 31%, among the CSP based technologies 

[10]. In comparison, the most efficient commercial solar PV has an efficiency that ranges 

between 13 and 20% [11]. Further, a CSP plant can harness direct normal solar irradiation 

(DNI) that is usually more than 2000 kWh/m2, (>5 kWh/m2/day [12]). Moreover, CSP plants 

typically possess lower environmental impacts than PV plants over their entire life cycle due 

to the less intensive assembling and decommissioning phases [13]. In summary, the CPSD-SE 

system has the potential to become an attractive solution due to its great potential in 

enhancing the microgrids performance as well as providing an eco-friendly energy conversion 

system. As a result, the scope of the present research is to assess a hybrid system based on 

the CPSD-SE technology. 

The Middle East and North Africa (MENA) countries have abundant solar and wind 

energy resources available and Jordan is considered to be a good typical example of such a 

region. Therefore, the MENA region has a great potential to integrate the most advanced CSP 

technologies [14]. Further, the German Aerospace Center (DLR) stated [15] that by 2025 the 

CSP technologies would play a leading role in the Mediterranean region that would promote 

a broad mix of renewable technologies. Consequently, CSP will have a considerable portion 

of the RES generation in the MENA countries. More specifically, Jordan has a relatively 

abundant annual DNI of 2700 kWh/m2, and in addition, the average number of sunny days 

per year is nearly 300 with 3311 hours per year. For the wind speed, Jordan has a high 

potential of annual average wind speed at some locations with higher than 7 m/s and with 

highs of 10 m/s [16]. Thus, Jordan has been selected as a suitable region to test the 

performance of the proposed microgrid but it should be also highlighted that the same design 

and modelling approaches can be implemented in many other locations in the world.  

1.2 Literature review 

It is apparent that there is a lack of studies that deal with the integration of HRES with 

solar thermal power cycles based on external combustion engines such as SE. Also, an 
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implementation of a hybrid CPSD-SE/HWT system in decentralised microgrids for power 

generation has not been previously studied in the literature. 

A small number of techno-economic studies exist in the literature regarding CPSD-SE 

systems. One of these studies was a theoretical analysis conducted by Wu et al. [17] by means 

of a parametric study to determine the overall performance of the CPSD-SE system. The 

performance evaluation results revealed that 18.54 kWe of electrical power could be 

generated with an overall thermal–electric efficiency of 20.6%. Another study, focusing on 

the techno-economic feasibility of the CPSD-SE system under varying conditions, was 

conducted by Poullikkas et al. [18] in a number of Mediterranean regions, but principally in 

Cyprus. The researchers conducted a parametric cost-benefit analysis using a special 

algorithm as a simulation tool. Further, a techno-economic viability of a 100 MWe CSP plant 

consisting of 4000 of 25 kWe CPSD-SE units in Algeria has been investigated by Abbas et al. 

[19]. The System Advisor Model (SAM) software, developed by The National Renewable 

Energy Laboratory (NREL), was implemented for a techno-economic assessment to estimate 

the monthly and yearly energy production.  

Ruelas et al. [20] conducted a theoretical examination to assess the technical 

feasibility of a Scheffler-type CPSD-SE using a new mathematical model. Ruelas’s model 

involves three parameters namely the geometric, optical and thermal models of the receptor. 

Reddy and Veershetty [21] conducted a techno-economic feasibility analysis of the 

autonomous power plant for a 5 MWe CPSD-SE collector at over 58 locations in India. To reach 

high values for the average annual power generation of 12.68 GWh, the parametric analysis 

included such factors as the land area required and energy yield. Based on the economic 

performance, the minimum LCOE for CPSD-SE power plant was 0.197 $/kWh, with a payback 

period of 10.63 years. Bakos and Antoniades [22] conducted a techno-economic study of a 

large scale CPSD-SE power plant in Greece, utilising the TRNSYS software. This simulation tool 

was utilised to simulate the performance as well as to assess the feasibility of the proposed 

installation of the solar power plant consisting of 1000 units CPSD-SE, each with a nominal 

power of 10 kWe. The results showed that the annual energy production of the proposed 

power plant could reach 11.19 GWh, and achieving a 16 years pay-back period.  

Al-Dafaie et al. [23] proposed a mathematical model of a CPSD-SE system based on the 

average hourly data across six different days measured from the Energy Center of the Jordan 

University of Science and Technology, Jordan. A techno-economic performance analysis has 
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been carried out to investigate the potential of utilising the rejected heat from the cold 

chamber in the solar Stirling engine (SE) for potable water production in the distillation 

process. Further, a mathematical model was utilised by Mendoza et al. [24] in order to identify 

the maximum geometric configuration parameters of the solar tracking system control that 

is designed to improve the solar system efficiency of a CSPD-SE system. The performance 

results indicated that a maximum thermal efficiency of 25% could be reached at a solar 

radiation of 1000 W/m2 and diameter at 10.5 m. Bataineh and Taamneh [25] simulated a 

stand-alone CPSD-SE with a battery bank using the SAM software tool. The results revealed 

an overall net system efficiency of approximately 21% and a lowest LCOE of about 0.102 

$/kWh. Zayed et al. [26] established and thermodynamically modelled a new commercial 

Solar Dish/Stirling system with a rated power of 25 kWe; the levelized energy cost of the 

system was found to be ~0.256 $/kWh. Buscemi et al. [27]  investigated and optimised the 

energy performance of a 32kWe CPSD-SE system. Shaikh et al. [28] investigated a 

performance model of a 25 kWe stand-alone CPSDS-SE system. The results indicate that the 

system could produce annual electricity of 38.6 MWh with a net efficiency of 23.39% and 

LCOE of 0.13 $/kWh. 

In the future, it is expected that more CPSD-SE applications will be commissioned due 

to the technology’s suitability for hybridisation [29]. Nevertheless, only a few studies have 

addressed the hybridisation of a CPSD-SE with other power generation systems in microgrids. 

Guo et al.  [30] established a new hybrid steam/air biomass gasification integrated with CPSD-

SE for combined cooling, heating and power (CCHP) system in China. The authors conclude 

that this novel hybrid system obtains an energy efficiency of 51.34%. Mastropasqua et al. [31] 

have studied the integration of CPSD-SE with a solid oxide electrolysis cell to produce 

electricity, thermal energy and hydrogen. It has been shown that the system can be operated 

at a nominal solar-to-hydrogen efficiency of above 30% and producing 30 kWe and 150 kg/d 

of hydrogen. 

For the hybridisation of CPSD-SE/HWT, Shariatpanah et al. [32] introduced a new grid-

connected hybrid power system coupled with a typical CPSD-SE and a WT. The results of the 

simulation indicated that a new hybrid on-grid CPSD-SE/WT could provide an acceptable 

performance. Rahman et al. [33] investigated the automatic generation control of a hybrid 

CPSD-SE and a WT by assessing the generation rate and speed governor dead band constraint. 

Kadri and Hadj Abdallah [34] conducted a technical performance analysis of a hybrid CPSD-
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SE/WT connected to the electricity distribution grid in a coastal area located in Tunisia. It is 

clear from the literature that the power range (10-50 kWe) of the CPSD-SE system is suitable 

and decentralised for the small and micro scales (residential and small commercial 

applications) of power generation.  

Based on the literature review, it is clear that there exists a lack in the literature of 

studies dealing with the modelling and the techno-economic design of the CPSD-SE/HWT 

integrated solution. The present study aims at filling this knowledge gap and adopts a 

comprehensive approach in assessing the feasibility of the proposed novel system. The new 

assembly configuration has a number of important features: (a) the generator position, 

usually placed in the receiver of each dish, helps to mitigate heat losses and provides flexible 

modular operation (typical sizes varying between 5 and 50 kWe) and hence it is ideal for 

distributed generation of various scales, (b) the CSPD-SE collectors do not require large 

cooling systems (e.g. cooling towers) and therefore electricity can be supplied in regions that 

water supply is restrained, (c) CSPD-SE has a low noise engine and simple structural design 

with fewer moving parts than other CSP systems, (d) CSPD-SE systems achieve high 

concentration ratios (more than 3000) and high efficiencies of about 30%. Due to these 

features, the CPSD-SE/HWT has the potential to be economically attractive and this is 

thoroughly investigated within this study.  

1.3 Objectives 

An innovative and user-friendly modelling approach has been applied that facilitates 

the interaction among the different assembly components, i.e. CPSD-SE, HWT and battery 

bank and this fosters the optimisation of the microgrid. The CPSD-SE is the prime mover in 

the absence of solar irradiation, the HWT and the battery bank operate to provide the 

required electricity. The design procedure and the assessment performance of the microgrid 

have been exemplified in two regions within Jordan, namely Madaba and Mafraq. The main 

objectives of this work are as follows: 

 Design of the proposed system through advanced modelling to integrate the 

decentralised microgrid system. Models have been developed in the 

MATLAB/Simulink® environment and have been used to evaluate the size and design 

of the system and to ensure that the electrical demand of the end-user is met. 
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 Construction of a sensitivity assessment on the developed system to investigate the 

effects of various design parameters on the system performance.  

 Implementation and in-depth testing of the system in two regions in Jordan.   

 A detailed techno-economic assessment of the proposed hybrid CPSD-SE/HWT system 

with energy storage for microgrid applications.   

2. Methods 

In this section, the methods, assumptions, and mathematical modelling are presented. 

It is also important to identify and analyse the geographical location of the case study. 

Accordingly, the meteorological characteristics of the examined locations are presented.  

A robust modelling tool using the MATLAB/Simulink® software that uses actual 

weather data obtained from SolargisTM has been developed. The model platform contains 

the following subsystems that are fully and well-integrated with each other: CPSD-SE, HWT, 

battery bank, meteorological model, cost unit and control unit. Most importantly, all 

mathematical model equations are solved simultaneously, unlike other software that solves 

each component separately. The proposed model is constructed based on a design approach, 

which is used to calculate and measure the system size and cost. The inlet system parameters, 

indicated in Tables 2, 3, and 4, are assigned by the user and then the entire design data (size 

and cost) is calculated. Effective control strategies have been implemented to manage the 

system operation and distribute the power load between the sub-systems. Moreover, the 

economic model gives a high resolution for the cost through calculating the hourly cost and 

LCOE. The current model provides the foundation of the microgrid design and, as future 

research, it could be optimised through multi-objective optimisation. 

2.1 System description 

The proposed system is suitable for power generation on a residential scale (100-1500 

kWe) and Figure 1 shows a schematic diagram of the proposed hybrid CPSD-SE/HWT stand-

alone microgrid power system for residential application. The system is mainly composed of 

three subsystems which are CPSD-SE, HWT and battery banks. The CPSD-SE is utilised as the 

primary source of electricity generation, whilst the HWT and battery bank will supply backup 

electricity when the primary source of power is unavailable. This strategy ensures the 
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continuity of power generation. The CPSD-SE system is designed with an assembly of 

parabolic dish collectors and a power conversion unit that includes a thermal receiver, a SE 

and an alternator. Furthermore, this work aims to study the design of the system over one 

year of operation in two locations in Jordan, i.e. Mafraq and Madaba. The assigned power 

and efficiencies are used to calculate the size and the cost. It is assumed the grid charges the 

batteries bank. However, in a future work, the performance model will be integrated in which 

the efficiency and the generated power of the existing system will be measured depending 

on the predesign analysis. The batteries bank in this case will be charged by the CPSD-SE and 

HWT. The main feature that distinguishes the CPSD-SE from other types of solar technologies, 

i.e. PV and CSP, is its ability to transform the solar radiation directly into electrical and thermal 

power. In principle, the CPSD-SE mirrors reflect the incident sunlight to a focal point on a 

thermal receiver (i.e. the hot chamber of the SE), thereby converting the concentrated 

radiation at the receiver into thermal energy to produce heat at a high temperature and it 

then transfers the absorbed heat into the SE working fluid. It is anticipated by the CPSD-SE to 

generate 25-30 kWe of nominal power per module. In the case of absence of sunlight, the 

required power is supplied by the HWT and when a low wind speed occurs from the batteries. 

A three-blade design is adopted in this work, and the HWT is expected to generate 50-100 

kWe of rated power. The control room unit is responsible for the load variation between the 

system units.  
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2.2 Meteorological data and site selection  

Jordan has substantial solar energy resources that are likely to be able to meet most 

of its electricity demand. In addition, Jordan is located in the earth-sun belt region with a 

relatively high range of daily solar irradiance, ranging from 3.8 to 8 kWh/m2 [35] and this 

implies a potential of 2700 kWh/m2 DNI per annum [36]. Furthermore, the average sunshine 

duration is approximately 300 days a year [37], with an average daily sunshine of 9.07 hours 

or 3311 hours per annum. Thus, due to the abundant availability of solar radiation, the 

extensive desert region (unsuitable for agriculture) within the country, the low rainfall and 

the overcast skies make the selection of Jordan as being one of the most suitable locations 

for implementing solar energy technologies. In addition, Jordan is windy, with an annual 

average wind speed in some parts of the country being more than 7.5 m/s (with highs of 11.5 

m/s) [38]. Currently, wind energy is mainly used for water pumping at a low to moderate rate 

while for power generation its usage is limited. Figure 2 shows the potential of solar and wind 

energies over Jordan [39], which can be considered as being substantial. Further, in order to 

Figure 1. Schematic diagram of the proposed new hybrid CPSD-SE/HWT 

system. 
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measure the solar radiation and the wind speed over Jordan, a large set of weather data 

inputs (>100,000 points (1999-2019)) have been obtained from SolargisTM [39]. 

In particular, two locations, Mafraq and Madaba, are selected to examine the techno-

economic competitiveness of a 1500 kWe CPSD-SE/HWT system. Mafraq is located in the 

north of Jordan (32.340 N, 36.210 E) and it is semi-desert: hot, dry weather in summer and cold 

weather in winter. Madaba is located in the central region of Jordan (31.720 N, 35.790 E) and 

has a Mediterranean climate: hot summers, rainy winters. Table 1 provides the 

meteorological parameters of the two selected regions [40]. 

Table 1. The meteorological information of the proposed locations. 

Region  Air temperature (oC) GHI (kWh/m2) DNI (kWh/m2) Wind speed@100 m (m/s) 

 Mean Max Min Mean Max Min Mean Max Min Mean Max Min 

Mafraq 18.6 20.4 16.8 5.8 6.01 5.75 6.9 7.29 6.54 6.0 7.5 4.6 

Madaba 21.8 24.8 18.8 5.7 5.93 5.44 6.1 6.94 5.31 5.3 6.0 4.6 
 

2.3 Mathematical modelling 

The mathematical models describing each technology of the proposed integrated 

energy system are based on the fundamental energy balance equations and the governing 

Figure 2. Solar and wind energies potential in Jordan. 

https://en.wikipedia.org/wiki/Hot-summer_Mediterranean_climate
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thermodynamic equations have been implemented and solved in the MATLAB/Simulink® 

environment. The model consists of several Simulink blocks, which are stored as icons in an 

intensive visual Simulink library to construct a complete thermodynamic model. This visual 

library allows the user to drag-and-drop icons to build distinct configurations. Accordingly, 

this feature facilitates the user to execute further calculations, such as sizing and economic 

calculations. Figure 3 shows the model browser of the proposed system. The developed 

thermodynamic model possesses the following assumptions: 

 All the processes and components are assumed to be in steady-state. 

 The changes in potential and kinetic energy are not considered to be significant. 

 All working fluid properties are acquired at their average temperature. 

 The pressure drops and heat losses system components are not considered in order 

to minimise the complexity of the developed numerical model. 

 The SE's hot chamber temperature is set to be the same as the receiver's temperature. 

 The power load is assigned as an input parameter in order to accomplish the design 

and sizing of the system units. It is fluctuated to simulate the real-time operation. It is 

assumed that the power range does not exceed 1500 kWe (suitable for small 

communities).  

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3. The developed model browser in the MATLAB/Simulink® toolbox environment. 
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2.3.1 The battery bank mathematical model 

Starting with the modelling of the battery bank, the technical specifications are taken 

from the manufacturer’s manual and the inputs of the design parameters for the battery are 

summarised in Table 2. Applying these parameters, the battery storage model is simulated 

and designed using MATLAB/Simulink®. The simulation results that have been estimated 

include: battery storage capacity, Eb, battery amp-hours, AH, load current, Il, and number of 

batteries, NOB. The equations (1)-(6) are representing the battery calculation model. 

Table 2: The input parameters to the battery storage system. 

Data  Symbol Unit Value 

Total Power of the battery 

Operating hours 

No. of cloudy days factor 

Battery efficiency 

Battery depth of discharge 

Ptot,b 

OH 

NOC 

ηb 

DOD 

kW 

hour 

day 

% 

% 

100 - 1500 

12 

2 

75 

80 

Load voltage Vl V 200 

Battery voltage Vb V 80 

Battery current Ib A 10 

 

The battery bank capacity (Wh) is calculated as follows [41]: 

𝐸𝑏 = 
𝑃𝑡𝑜𝑡,𝑏×𝑂𝐻×𝑁𝑂𝐶

𝜂𝑏×𝐷𝑂𝐷
                                                                                                                               (1)  

The required amp-hours of the batteries (Ah) [42]: 

𝐴𝐻 = 
𝐸𝑏

𝑉𝑙
                                                                                                                                                 (2) 

Load current (A): 

𝐼𝑙 = 
𝑃𝑡𝑜𝑡,𝑏

𝑉𝑙
                                                                                                                                               (3) 

Number of batteries can be calculated as follows [43]: 

𝑋𝑏 = 
𝑉𝑙

𝑉𝑏
        (4), 𝑌𝑏 = 

𝐼𝑙

𝐼𝑏
         (5), 𝑁𝑂𝐵 = 𝑋𝑏 × 𝑌𝑏        (6) 

2.3.2 The horizontal axis wind turbine mathematical model 

In a similar manner, the HWT model has been developed using the MATLAB/Simulink® 

toolbox and the input data employed in the simulation process are listed in Table 3. The 
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generated power load on the turbine unit is assigned in order to calculate the remaining 

design parameters such as hub height, Hh, air mass flow rate, Mair, rotor swept area, Ar, axial 

force, Fx, rotor torque, Tor, power coefficient, Cp, required wind power, Pw, No. of HWT, Nwt, 

spacing in wind direction, Xs, spacing cross the wind direction, Ys, and farm total area, Atot. 

Table 3: The input parameters to the HWT system. 

Data Symbol Unit Value 

Air pressure Pair bar 1.01 

Air temperature Tair oC 15-25 

HWT module power Pm kWe 10-500 

Total power of HWT  Ptot,t kWe 500-8000 

Average wind speed Vwr m/s 1.5 

Rated rotor speed RPMr rpm 28.5 

Rotor diameter Dr m 47 

Load factor LF - 0.9 

Generator efficiency  ηg - 0.97 

 

The proposed HWT model is assessed through the use of the equations (7)-(19). The 

main parameters that affect the module power are the air density, power coefficient, and 

turbine swept area. Hence, the hub height (m) is given as follows [44]: 

𝐻ℎ  = 1.25 × 𝐷𝑟                                                                                                                                     (7) 

Air mass flow rate (kg/s) is obtained as follows: 

𝑀𝑎𝑖𝑟 = 𝜌𝑎𝑖𝑟 × 𝐴𝑟 × 𝑉𝑤𝑟                                                                                                                      (8) 

where the air density (kg/m3) is calculated as follows: 

𝜌𝑎𝑖𝑟 = 
𝑃𝑎𝑖𝑟 × 100

0.287 × (𝑇𝑎𝑖𝑟 + 273.15)
                                                                                                      (9) 

Rotor swept area (m2) is given as: 

𝐴𝑟 =  𝜋 × (
𝐷𝑟

2
)
2

                                                                                                                                 (10) 

Axial force (kN) is given by [42]: 

𝐹𝑥 = 
4

9000
 × 𝜌𝑎𝑖𝑟 × 𝐴𝑟 × (𝑉𝑤𝑟

2)                                                                                                   (11) 

Rotor torque (N.m) is determined as [45]: 

𝑇𝑜𝑟 = 
(1000 × 𝑃𝑚)

𝜔
                                                                                                                            (12) 

where the rotor speed (rev/s) is calculated as: 
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𝜔 = 
(2 × 𝜋 × 𝑅𝑃𝑀𝑟)

60
                                                                                                                       (13) 

The required wind power is estimated as follows [46]: 

𝑃𝑤 = 
(
1
2 × 𝜌𝑎𝑖𝑟 × 𝐴𝑟 × (𝑉𝑤𝑟

3) × 𝐿𝐹 × 𝜂𝑔)

1000
                                                                             (14) 

The power coefficient is given as follows [47] : 

𝐶𝑃 =
𝑃𝑚

𝑃𝑤
                                                                                                                                                 (15) 

The number of wind turbines required can be calculated as follows: 

𝑁𝑤𝑡 = 
𝑃𝑡𝑜𝑡,𝑡

𝑃𝑚
                                                                                                                                         (16) 

Optimum spacing in a row is given by [44]: 

𝑋𝑠 = 12 × 𝐷𝑟                                                                                                                                        (17) 

Optimum spacing in the cross wind direction is given by [44]: 

𝑌𝑠 = 3 × 𝐷𝑟                                                                                                                                            (18) 

The total land area (Km2) is obtained through the following equation: 

𝐴𝑡𝑜𝑡,𝑡 = 2 × 𝑋𝑠 × 𝑌𝑠 × 𝑁𝑤𝑡                                                                                                                (19) 

2.3.3 The concentrated parabolic solar dish Stirling engine mathematical model 

In this section, the mathematical equations of the CPSD-SE are presented. Typically, 

these numerical equations include measures of the CPSD-SE components, namely, SE, dish 

concentrator, cavity receiver, and alternator as expressed in equations (20)-(45) [48]. The first 

sub-model is the opto-geometric model that evaluates the geometrical parameters and the 

configurations of the receiver and concentrator system by equations (20)-(25). The second 

model is the thermal analysis model that utilises the thermodynamic balance of the 

investigated system to calculate its performance using equations (26)-(45). For the thermal 

energy balance model, a rate of sunlight incidence on the dish mirrors is used for the 

electricity generation; it should be noted that the generated thermal power is not considered 

in this investigation. Consequently, the energy balance of the developed thermodynamic 

model has been achieved by considering the following assumptions:  

 The receiver heat losses by conduction are neglected since they are insignificant. 

 The optical heat loss is neglected.  

 The heat rejected from the SE is neglected. 
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 The generator, concentrator, and receiver efficiencies are given. 

Table 4 presents the inputs of the design parameters for the CPSD-SE and the 

simulation results of the proposed CPSD-SE are the dish concentration ratio, CRdish, dish area, 

Ac, receiver area, Ar, total plant area, Atot, number of solar dishes, Ndishes, focal length, f, Stirling 

engine efficiency, ηSE, total efficiency, ηo, engine compression ratio, CRSE, engine pressure 

ratio, RPSE, piston volume, Vp and piston stroke.  

Table 4: The input parameters of the CPSD-SE system. 

Data Symbol Unit Value 

Operating conditions  

Operating hours  OH hr 10 

Solar radiation  Is W/m2 1000 

Ambient temperature  Tamb oC 15-35 

Design limits  

Total plant power  Ptot kWe 25-1000 

Stirling engine parameters   

Working fluid type Helium (He), Air, Hydrogen (H2), Nitrogen (N2), Carbon dioxide (CO2) 

SE power  PSE kWe 15-30 

SE speed  �⃗� 𝑆𝐸  rpm 1800 

SE piston diameter Dp cm 5.5 

Number of SE cylinders  NOCSE - 4 

High cycle temperature  Th oC 400-800 

Lower cycle temperature  Tl oC 15-35 

Initial cycle pressure  Patm bar 1.023 

Dish concentrator parameters  

Rim angle  𝜓r degree 37 

Receiver efficiency  ηr % 70-80 

Generator efficiency  ηgen % 95 

Concentrator efficiency ηc % 97 
 

 

For the geometric model, the dish concentrator diameter is calculated as follows: 

𝐷𝑐 = (
𝐴𝑐

𝜋
4

)

1
2

                                                                                                                                       (20) 

The rim angle ratio, ƒ/Dc is given by [48]: 
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𝑅𝐴𝑅 = 1.003 × 𝑒
−(

𝜓𝑟−11.28
13.86

)
2

+ 2.186 × 𝑒
−(

𝜓𝑟+100.2
127.6

)
2

                                                            (21) 

The focal length can be written as follows [49]: 

ƒ = 𝑅𝐴𝑅 × 𝐷𝑐         or    ƒ =
𝐷𝑐

4×𝑡𝑎𝑛(
𝜓𝑟
2

)
                                                                                             (22) 

The dish height (m) is calculated from the following equation [50]: 

𝐻𝑑𝑖𝑠ℎ = 
𝐷𝑐

2

16 ×  ƒ
                                                                                                                                  (23) 

The receiver diameter: 

𝐷𝑟 = (
𝐴𝑟

𝜋
4

)

1
2

                                                                                                                                        (24) 

The maximum height of the focal point is obtained as follows [24]: 

𝐻𝑟 = ƒ − 𝑑ƒ                                                                                                                                            (25) 

For thermal analysis model, the SE efficiency is calculated as follows [51]: 

𝜂𝑆𝐸 = 0.5 × [1 − (
𝑇1 + 273

𝑇ℎ + 273
)]                                                                                                     (26) 

The concentrator efficiency is obtained as follows [10]: 

𝜂𝑐 = 𝜌𝑚 × 𝐹𝑠ℎ × 𝛤                                                                                                                              (27) 

Where: 𝜌𝑚 is the mirror reflectance, 𝐹𝑠ℎ is the U-shading factor, and 𝛤 is the intercept factor. 

The optical efficiency is obtained by the assigning receiver efficiency [52]: 

𝜂𝑜𝑝𝑡 = 𝜂𝑐 × 𝜂𝑟                                                                                                                                  (28) 

The total efficiency of the module can be written as [26]: 

𝜂𝑜 = 𝜂𝑆𝐸  ×  𝜂𝑔𝑒𝑛  ×  𝜂𝑜𝑝𝑡                                                                                                                (29) 

The dish concentration ratio, Ad/Ar is given as [48]: 

𝐶𝑅𝑑𝑖𝑠ℎ = 
𝜎

0.9 × 𝛼𝑟𝑒𝑐 × 𝐼𝑠 × 𝛹
  , 𝜎 = 5.669 × 10−8                                                                 (30) 

𝛹 = (
𝑇𝑎𝑚𝑏 + 273

𝑇ℎ + 273
) × (

1

5 × (𝑇ℎ + 273)4 − (𝑇𝑎𝑚𝑏 + 273)4 + 4 × (𝑇ℎ + 273)3
)             (31) 

The compression ratio of the SE, based on the efficiency, is determined as follows [53]: 

𝐶𝑅𝑆𝐸 = 𝑒
(
1 × 𝐶𝑣
𝑅 × 𝐶𝑠

)
                                                                                                                                  (32) 



17 
 

𝐶𝑠 = 

(
1 − 

1
𝜉

𝜂𝑆𝐸
) − 1

1 − (
1
𝜉
)

                                                                                                                            (33) 

𝜉 =  
𝑇ℎ + 273

𝑇𝑙 + 273
                                                                                                                                      (34) 

The high-pressure (kPa) can be obtained as follows [48]: 

𝑃ℎ = 100 × 𝑃𝑎𝑡𝑚 × 𝐶𝑅𝑆𝐸  ×  (
𝑇ℎ + 273

𝑇1 + 273
)                                                                                  (35) 

The SE pressure ratio is then calculated from the following equation: 

𝑅𝑃𝑆𝐸 = 
𝑃ℎ

𝑃𝑎𝑡𝑚 × 100
                                                                                                                          (36) 

The maximum and minimum specific volumes (m3/kg) are given as follows: 

𝑣𝑚𝑎𝑥 = 
𝑅 ×  (𝑇1 + 273)

100 × 𝑃𝑎𝑡𝑚
 , 𝑣𝑚𝑖𝑛 = 

𝑣𝑚𝑎𝑥

𝐶𝑅𝑆𝐸
                                                                                    (37) 

The mean effective pressure is estimated as [53]: 

𝑃𝑚𝑒𝑎𝑛 =
𝑃𝑎𝑡𝑚 × (𝐶𝑅𝑆𝐸 + 1) × (𝜏 + 1)

4
 , 𝜏 =

𝑇ℎ + 273

𝑇𝑙 + 273
                                                            (38) 

The piston volume can be obtained from the following equation [48]: 

𝑉𝑝 =
60 × 𝑃𝑆𝐸

4𝜋 × 𝑁𝑂𝐶𝑆𝐸 × 1000 × 𝑃𝑚𝑒𝑎𝑛 × �⃗� 𝑆𝐸 × 𝐹 ×
𝑇ℎ − 𝑇𝑙

𝑇ℎ + 𝑇𝑙

                                                         (39) 

Where F parameter is equal to 0.25–0.35.  

The piston stroke is defined as [54]: 

𝑆𝑡𝑟𝑜𝑘𝑒 =
𝑉𝑝

𝐴𝑝
 , 𝐴𝑝 =

𝜋

4
 × (𝐷𝑝)

2
                                                                                                      (40) 

The dish concentrator aperture area (projected area) is also determined as presented in Eq. 

(41) in [26]: 

𝐴𝑐 = 
1000 × 𝑃𝑆𝐸

𝐼𝑠  ×  𝜂𝑜
                                                                                                                             (41) 

The dish concentrator glass area (effective projected area or projected mirror area) is 

calculated by the following formula [10]: 

𝐴𝑔𝑙𝑎𝑠𝑠 =
10

11
× 𝐴𝑐                                                                                                                                  (42) 

The receiver aperture area is expressed as follows [55]: 
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𝐴𝑟 =
𝐴𝑐

𝐶𝑅𝑑𝑖𝑠ℎ
                                                                                                                                         (43) 

The total number of dishes can be obtained as follows: 

𝑁𝑑𝑖𝑠ℎ𝑒𝑠 = 
𝑃𝑡𝑜𝑡

𝑃𝑆𝐸
                                                                                                                                     (44) 

The total plant area is given as: 

𝐴𝑡𝑜𝑡,𝑑𝑖𝑠ℎ = 𝐴𝑐 × 𝑁𝑑𝑖𝑠ℎ𝑒𝑠                                                                                                                     (45) 

2.3.4 Cost analysis model 

The economic performance analysis of the hybrid system is calculated through 

estimating the LCOE and hourly cost using a set of equations developed in the 

MATLAB/Simulink® simulation tool. In this work, the batteries are assumed to be already fully 

charged from the grid. The general input includes the interest rate, plant lifetime, fixed charge 

rate, power cost or total installed cost per capacity and variable operating cost. Accordingly, 

the following assumptions have been made: plant lifetime is 25 years, the interest rate is 5%, 

the fixed charge rate is 0.098, variable operating cost for the turbine and the solar dish are 0 

and 0.06 $/kWh, respectively, battery lifetime is 5 years, battery cost is 100 $/unit, turbine 

power cost is 1628 $/kWe, dish cost is 300 $/m2, receiver cost is 185 $/kWe, engine cost is 

370 to 400 $/kWe, and site cost is 2.2 $/m2. Two economic indicators have been utilised to 

assess the economic performance of the system, namely the LCOE and the total hourly cost. 

Table 5 summarises the assumptions and methodologies related to the economic assessment.   

Table 5: Cost analysis for all the units that have been considered in this study. 

Economic parameters 

Interest rate, % 𝑖 = 5 

Battery lifetime, year 𝐿𝑇𝑏 = 5 

Amortization factor, 1/y [50] 𝐴𝑓 = 
𝑖 ×  (1 + 𝑖)𝐿𝑇𝑏

(1 + 𝑖)𝐿𝑇𝑏 − 1
 

Plant lifetime, year 𝐿𝑇𝑝 = 25 

Fixed charge rate 𝐹𝐶𝑅 = 0.098 

Batteries Bank 

Battery cost, $ 𝐶𝑏 = 100 

Variable operating cost of the batteries, $/kWh 𝑉𝑂𝐶𝑏 = 0.07 (Charging Electricity Price) 

Direct capital cost of the batteries bank, $ [42] 𝐶𝐶𝑏 = 5 × 𝐶𝑏  × 𝑁𝑂𝐵, where NOB is No. of batteries. 

Annual capital cost of the batteries bank, $/yr 𝐴𝐶𝐶𝑏 = 𝐶𝐶𝑏 × 𝐴ƒ 
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Fixed operating cost of the batteries bank, $/y 𝐹𝑂𝐶𝑏 = 0.05 × 𝐶𝐶𝑏 

Annual total cost of the batteries bank, $/yr 𝐴𝑇𝐶𝑏 = 𝐴𝐶𝐶𝑏 + 𝐹𝑂𝐶𝑏 

Hourly total cost of the batteries bank, $/hr 

 
𝐻𝑇𝐶𝑏 =

𝐴𝑇𝐶𝑏

365 × 24
 

Horizontal Axis Wind Turbine (HWT) 

Normalised capital cost, $/kWe 𝑃𝑂𝐶 = 1628 

Variable operating cost of the turbines, $/kWh 𝑉𝑂𝐶𝑡 = 0 

Direct capital cost of the turbines, $ [12] 𝐶𝐶𝑡 =  𝑃𝑂𝐶 × 𝑃𝑚 

Indirect capital costs of the turbines, $ [12]                   𝐼𝐶𝐶𝑡 = 𝑊𝑇𝐶 + 𝐶𝑇𝐶 + 𝑂𝐶𝐶 or  𝐼𝐶𝐶𝑡 = 0.86 × 𝐶𝐶𝑡 

where, the wind turbine cost share: 𝑊𝑇𝐶 = 0.65 × 𝐶𝐶𝑡, construction cost share (Civil works): 𝐶𝑇𝐶 = 0.16 × 𝐶𝐶𝑡, and other 

capital cost share: 𝑂𝐶𝐶 = 0.05 × 𝐶𝐶𝑡 

Total capital cost of the turbines, $                                                                                                                           𝑇𝐶𝐶𝑡 = 𝐶𝐶𝑡 + 𝐼𝐶𝐶𝑡 

Annual capital cost of the turbines, $/yr  𝐴𝐶𝐶𝑡 = 𝑇𝐶𝐶𝑡  ×  𝐴𝑓 

Fixed operating cost of the turbines, $/yr    𝐹𝑂𝐶𝑡 = 𝐹𝐶𝑅 × 𝐶𝐶𝑡 

Annual total cost of the turbines, $/yr 

 
     𝐴𝑇𝐶𝑡 = 𝐴𝐶𝐶𝑡 + 𝐹𝑂𝐶𝑡 

Hourly total cost of the turbines, $/hr 𝐻𝑇𝐶𝑡 = 
𝐴𝑇𝐶𝑡

24 × 365
 

Solar Dish Stirling Engine (CPSD-SE) 

SE cost, $/kWe [56] 𝐶𝑆𝐸 = 370 𝑡𝑜 400$/𝑘𝑊 

Receiver cost, $/kWe [56] 𝐶𝐶𝑅 = 185$/𝑘𝑊 

Dish concentrator cost, $/m2 [56] 𝐶𝐷𝐶 = 300$/𝑚2 

Site cost is 2.2$/m2 [56] 𝑆𝐼𝐶 = 2.2$/𝑚2 

Variable operating cost of the CPSD-SE, $/kWh 𝑉𝑂𝐶𝑑𝑖𝑠ℎ = 0.06 

Direct capital cost of the CPSD-SE, $ 
 𝐶𝐶𝑑𝑖𝑠ℎ = (𝐶𝑂𝑃 ×  𝑃𝑆𝐸) + ([𝐶𝐷𝐶 + 𝑆𝐼𝐶] × 𝐴𝑐) 

                    Where 𝐶𝑂𝑃 = 𝐶𝑆𝐸 + 𝐶𝐶𝑅 

Indirect capital costs of the CPSD-SE, $ 𝐼𝐶𝐶𝑑𝑖𝑠ℎ = 𝐶𝑃𝐸𝐶 +  𝐶𝐺𝐶 +  𝑂𝐶𝐶   

Where, the construction, procurement, and engineering cost share are calculated [11], [12]: 𝐶𝑃𝐸𝐶 = 0.16 × 𝐶𝐶𝑑𝑖𝑠ℎ, 

contingency cost share: 𝐶𝐺𝐶 = 0.10 × 𝐶𝐶𝑑𝑖𝑠ℎ, other capital cost share: 𝑂𝐶𝐶 = 0.03 × 𝐶𝐶𝑑𝑖𝑠ℎ 

Total capital cost of the CPSD-SE, $                                                                                                                          𝑇𝐶𝐶𝑑𝑖𝑠ℎ = 𝐶𝐶𝑑𝑖𝑠ℎ + 𝐼𝐶𝐶𝑑𝑖𝑠ℎ  

Annual capital cost of the CPSD-SE, $/yr        𝐴𝐶𝐶𝑑𝑖𝑠ℎ = 𝑇𝐶𝐶𝑑𝑖𝑠ℎ × 𝐴𝑓 

Fixed operating cost of the CPSD-SE, $/yr       𝐹𝑂𝐶𝑑𝑖𝑠ℎ = 𝐹𝐶𝑅 × 𝐶𝐶𝑑𝑖𝑠ℎ 

Annual total cost of the CPSD-SE, $/yr 

 
              𝐴𝑇𝐶𝑑𝑖𝑠ℎ = 𝐴𝐶𝐶𝑑𝑖𝑠ℎ + 𝐹𝑂𝐶𝑑𝑖𝑠ℎ  

Hourly total cost of the CPSD-SE, $/hr 𝐻𝑇𝐶𝑑𝑖𝑠ℎ = 
𝐴𝑇𝐶𝑑𝑖𝑠ℎ

24 × 365
 

Total Plant cost 

Total annual cost, $/y 𝐴𝑇𝐶𝑡𝑜𝑡 = 𝐴𝑇𝐶𝑏 + 𝐴𝑇𝐶𝑡 + 𝐴𝑇𝐶𝑑𝑖𝑠ℎ  
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Total hourly costs, $/h 

 
𝑇𝐻𝐶𝑡𝑜𝑡 =

𝐴𝑇𝐶𝑡𝑜𝑡

8760
  

Total variable operating costs, $/kWh 𝑉𝑂𝐶𝑡𝑜𝑡 = 𝑉𝑂𝐶𝑏 + 𝑉𝑂𝐶𝑡 + 𝑉𝑂𝐶𝑑𝑖𝑠ℎ  

Total Levelised cost of energy, $/kWh [57], 

[58] 

 

𝐿𝐶𝑂𝐸𝑡𝑜𝑡 =
𝑇𝐻𝐶

𝐿𝑜𝑎𝑑 𝑓𝑎𝑐𝑡𝑜𝑟× 𝑃𝑡𝑜𝑡
+ 𝑉𝑂𝐶𝑡𝑜𝑡   

 

3. Results and discussion  

This chapter addresses the most important parameters that measure the system cost 

behaviour such as the plant size and area as well as several design conditions. As mentioned 

earlier, the system contains CPSD-SE, HWT and a battery bank, and each of these units should 

operate under the best-operating conditions at the location of the operation. Moreover, the 

chapter covers a comprehensive sensitivity analyses of the design variables of the sub-

systems. Sensitivity analysis has been carried out (i) to determine how each system 

performance varies when small changes are applied to the selected design parameters and 

(ii) to deliver a better understanding of the impacts of different design criteria and the results 

from the technical analysis. Finally, the techno-economic performance of the system was 

tested in Jordan’s weather conditions. 

The developed model can inform real-life applications as it gives meaningful insights 

on the various design aspects of the incorporated individual components and how these 

parameters affect the size and the cost of the whole system. Therefore, the utilised methods 

and the developed model can serve as the basis to apply new designs in practical sites. As 

future research, the design model could be optimised to meet the constraints of real-life 

applications, such as targeted electricity demand. 

3.1 Mathematical model validation 

In this section, the obtained simulation results are compared with previous simulation 

studies and validated against experimental/manufacturer data. Due to lack of data for the 

integrated assembly, each component is validated individually and therefore it is reasonable 

to assume that the model for the integrated microgrid is reliable. 
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3.1.1 Wind turbine model validation 

The simulation results of the HWT system are validated against commercial data 

derived from the Hofa wind farm in Irbid, Jordan [59]. The specifications of the farm are 

presented in Table 6 and this data was introduced as input to the model to allow comparisons. 

As depicted in Table 7, the comparison reveals a very good agreement between the 

developed model and the selected wind farm. It is shown that the power coefficient of the 

HWT unit of the developed model has errors of approximately 1.27% compared to the Hofa 

wind farm. 

Table 6: Specifications of the selected models [59]. 

Description Parameters Hofa wind farm 

General data Country/zone Jordan/Irbid 

Manufacturer VESTAS 

Model V27/225 

Number of Turbines 5 

Total nominal power 1125 kW 

 

Operating data 

Rated power 225 kW 

Cut-in wind speed 3.5 m/s 

Rated wind speed 14 m/s 

Cut-out wind speed 25m/s 

 

Rotor 

Rotor diameter 27 m 

Swept area 573 m2 

Rotational speed 43 rpm 

Generator Generator efficiency 0.97 

load factor 0.95 

Tower Hub heights 33.5 m 

Power curve Wind speed 0-25 m/s 

Power coefficient 0.26 
 

 

Table 7: Data validation results of the HWT model. 

Description The developed model Hofa (Vestas V27/225) Error (%) 

Hub height  33.75 33.5 0.746 

Rotor swept area 572.56 573 0.077 

Power coefficient 0.2633 0.260 1.269 

No. turbines 5 5 0 
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3.1.2 Solar dish model validation 

The reliability of the CPSD-SE model was tested against findings from Buscemi et al. 

[27], under the same operating conditions. Table 8 lists the geometrical and operating 

parameters of the Ripasso dish-Stirling models used for validation [27]. The comparison shows 

that the developed model exhibits very good agreement with the experimental results of the 

Ripasso dish-Stirling, as indicated in Table 9. For example, the Stirling efficiency value has a 

deviation of approximately 9.34%.  Overall, it can be concluded that the developed model is 

a reliable tool for simulating the performance of several CPSD-SE commercial prototypes. 

 

Table 8: Design specifications of the 32 kWe Ripasso dish-Stirling system [27]. 

Specifications  Unit Quantity 

Ambient Temperature oC 25 

Solar radiation W/m2 960 

Stirling engine power  kWe 32 

Working fluid - H2 

Receiver gas temperature oC 720 

Engine speed  rpm 2300 

No. of cylinders - 4 

Rim angle degree 450 

Generator efficiency  % 92.4 

Receiver efficiency  % 94 
 

Table 9: Data validation results of the CPSD-SE model. 

Description The developed model Experimental published data, 

Ripasso dish-Stirling [27] 

Error (%) 

Stirling efficiency, % 34.99 32 9.344 

Aperture diameter, m 12.71 12 5.917 

Focal length, m 7.647 7.45 2.644 

Optical efficiency, % 79.94 85 5.953 

Number of solar dish/SE units 1 1 0 
 

 

3.2 Technical sensitivity analyses 

In general, sensitivity analysis is utilised to examine the system behaviour to changes 

to various uncertain parameters. Herein, the scope of this analysis is to investigate the effect 
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of varying several parameters on the performance of the system and to reduce the respective 

design limits as well as to identify optimum operational windows.  

3.2.1 Concentrated parabolic solar dish Stirling engine  

For the CPSD-SE, it is vital to study the effect of the design operating conditions of the 

system such as the area, dimensions and cost. These design aspects are considered based on 

real operating conditions that have been found in the literature [60]. The examined design 

parameters include the power delivered from the engine, working gases (He, Air, H2, N2, and 

CO2), engine speed and dimensions, and mirrors and receiver material type. Based on the 

above aspects, the following assumptions have been made: 

 Total power load range is in the range 25 kWe and 1 MWe. 

 Rim angle for the dish is fixed at 37 deg. 

 Top cycle temperature range is between 400 oC and 800 oC, while the ambient 

temperature (sink) range is between 15 oC and 35 oC. 

 Operating hours are fixed at 10 hours, and the number of epochs is 1000. 

 Dish power (one unit) ranges between 15 kWe and 30 kWe. 

 The number of engine cylinders is 4 while the piston diameter is 5.5 cm and the 

running speed is 1800 rpm. 

 The generator, receiver and mirror efficiencies are 95%, between 70 to 80% and 97%, 

respectively. 

Figure 4 a-d represent the main input effective operating condition that impacts on 

the Stirling dish design aspects. Figure 4-a shows the random variation of the ambient 

temperature along 1000 epochs. The variation of the ambient temperature (sink 

temperature) influences the engine efficiency, compression ratio, and pressure ratio. Figure 

4-b shows the incremental epochs of the top cycle temperature from 400 to 800 oC along 

1000 epochs and it is observed that the top cycle temperature has a substantial effect on the 

engine geometry. Figure 4-c, d shows the variation of the total plant power and Stirling engine 

power along 1000 epochs. For the total power, it is assumed in this work to vary randomly as 

shown in Figure 4-c. However, for the Stirling engine power, the variation of the power values 

are assumed to increase from 15 up to 30 kWe along 1000 epochs. 
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Figures 5 and 6 depict the technical results related to the solar dish Stirling component 

based on the input data variation that is shown in Figure 4. Figure 5 shows the results related 

to the dish concentration ratio (CRdish), dish area, receiver area, total plant area, number of 

solar dishes and focal length. As depicted in Figure 5-a, by increasing the total load power 

results in a substantial increase in the CRdish and also it affects the top cycle temperature (400-

800 oC). It is typical for the designers to optimise the CRdish point based on the total load 

power. A high CRdish indicates that the load power is significantly increased. To illustrate this 

phenomenon, at a 400 kWe of load power, the CRdish ranges between 480 and 550 and at a 

total load power of 600 kWe, the CRdish is in the range of 700 to 785. The predicted dish area 

is shown in Figure 5-b where the behaviour substantially increases and fluctuates based on 

the variation in the top and sink temperatures. For instance, at 500 kWe of power, the dish 

area ranged between 90 to 100 m2.  

Figure 4. Main input data variations for the Stirling engine along 1000 epochs. 
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Figure 5-c shows that the receiver area decreases when the total power increases as 

a result of the increase of the dish concentration ratio (CRdish=Ac/Ar). This decreases the 

receiver area, which leads to an expected decrease in the dish cost. The total plant area is 

shown in Figure 5-d and, as anticipated, the area increases with an increase in the power 

generation. Figure 5-e shows the number of dishes that should be employed in order to 

develop the required power for the load. For instance, at a 500 kWe load, the plant would use 

20 to 25 dishes for the power generation. Also, the effect of the power generation on the 

solar dish geometry is observed in Figure 5-f. The focal length increases from 6.5 m to 9 m in 

an approximately linear manner with the generated power.  

Figure 6 shows the effect of the top cycle temperature and the engine power on the 

dish geometries and, as anticipated, by increasing the engine power then the area design 

parameters, such as the dish and receiver areas, also increase. The purpose of the analysis 

that is presented in Figure 6 aims at recognising the reduction and/or the expansion of the 

design limits and eventually allow the designers to compare between the employment of a 

large dish area and a low engine volume. 

Figure 5. Design data results for the solar Stirling dish system based on the variation of load power, kWe. 
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Figure 6-a shows that increasing the Stirling power from 10 kWe to 30 kWe requires 

an increase to the dish area from 20 to 120 m2. The same trend is observed, as shown in Figure 

6-b, to the receiver area where increasing the top cycle temperature requires a decrease in 

the dish area. However, increasing the power load on the Stirling dish requires an increase in 

the receiver area, as shown in Figure 6-b. The receiver area may increase from 0.1 to 0.8 m2 

based on the load power. Thus, it is now clear that the designers should better recognise the 

area limitations and/or the ranges based on the power delivered from the Stirling dish engine. 

Figure 6-c shows the effect of the top cycle temperature and engine power on the focal 

length, where increasing the top cycle temperature requires a slight decrease in the focal 

length. However, increasing the load power requires an increase in the focal length in line 

with the expected increase in the diameter of the solar dish. For the range of power from 10 

kWe to 30 kWe, the focal length results in a range of 3.5 m to 8 m, respectively. Figure 6 shows 

that the obtained sensitivity results based on the top cycle temperature will assist the 

designer to optimise the selection between the engine power and the top engine 

temperature as a reflection on the dish area, receiver area and focal length. 

Figure 7 shows the performance parameters that may be affected by the power load 

variation such as the efficiency, compression and pressure ratios, and engine dimensions. 

Figure 7-a shows that the engine efficiency increases as the total load power increases, 

reaching the maximum efficiency at the highest rate of the power load.  

Figure 6. Stirling power and high cycle temperature effects on: (a) concentrator area, (b) Receiver area, 
and (c) Focal length. 
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Similarly, an increasing upward trend is also evident in Figure 7-b, where the maximum 

plant efficiency is achieved when the rate of the power load is the highest. Figure 7-c shows 

that CO2 achieves the highest compression ratio values, that range from 6 to 11, whereas He 

showed that the lowest compression ratio values lie between 2 and 3. For the diatomic gases, 

i.e. H2 and the N2, demonstrate similar compression ratios with air and these range from 4 to 

6. 

Generally, the use of CO2 increases the solar Stirling performance rates and is highly 

recommended for the Stirling dish as a working gas regardless of the possible safety issues 

[48]. Figure 7-d shows the results of the use of different gases based on the pressure ratio, 

where high rates of compression and pressure ratios are much more favourable in increasing 

engine performance. The same behaviour was observed in Figure 7-d, which again confirms 

that CO2 is extremely favourable for use as the working fluid once the pressure ratio values 

are in the range of 15 to 40 as the power load increases. As in the case for the engine 

compression in Figure 7-c, the diatomic gases are next with He showing the lowest values.  As 

a consequence, the engine dimensions are required to increase, as shown in Figures 7-e and 

7-f, which show the piston volume and stroke, respectively. As anticipated from the effect of 

the compression and pressure ratios, CO2 exhibits lower values among the other working 

gases and this leads to a small dimension for the engine cavity. The total required volume 

under the operation of CO2 ranged between 60 cm3 and 80 cm3 and the stroke was in the 

range of 2.5 cm up to 3 cm, which is quite small. In addition, diatomic gases, especially air, 

gave remarkable results in the range of 100 cm3 to 120 cm3 with respect to the volume and 4 

cm to 5 cm with respect to the stroke. 
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3.2.2 Horizontal axis wind turbine  

For a horizontal axis wind turbine (HWT), it is important to study the effect of various 

design operating conditions such as the total farm area, power coefficient of the turbine unit 

and total costs, $. 

According to the above aspects, the following assumptions have been made: 

 Total power load ranges between 500 kWe and 8000 kWe. 

 The ambient temperature ranges between 15 oC and 25 oC. 

 Operating hours are fixed at 10 hours and the number of epochs is 1000. 

 Turbine power (one unit) ranges between 10 kWe and 500 kWe. 

Figure 8-a shows the effect of the total farm power and the unit power on the power 

coefficient of the unit. Lower unit power (e.g., the 100 kWe) results in higher CP values that 

range between 0.2 and 0.24. At a high rate of the unit power, the CP decreases by almost 50% 

and therefore, it is evident that the use of 50 to 200 kWe module is preferred. Figure 8-b 

shows the result of the torque based on the power variation. As expected, increasing the 

power category increases the torque values. Figure 8-c shows the effect of the power (total 

and unit) on the farm area. For instance, at a total power of 8000 kWe and unit power 50-100 

kWe, the farm area was found to be too large and equal to 0.6-0.8 km2. For 8000 kWe 

Figure 7. Design &Performance data results for the Stirling engine based on the total power variation. 
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generation, the best option is to reduce the total farm area and to use module types with a 

range from 100 kWe up to 500 kWe. For power ranges below 2000 kWe, a module type of 

100 kWe to 300 kWe is of considerable interest.  

Figure 8-d shows the cost variation across various power ranges. Increasing the total 

farm power increases the total cost, as expected. For instance, at 8000 kWe of total power 

and a unit power of 1-50 kWe, the total cost was recorded as being extremely high (>2x107$). 

However, at 8000 kWe of total power and a unit power range of 100 kWe to 200 kWe, the 

total cost was recorded to be in the mid-range (<1x107$).  

Based on the analyses that have been extracted from Figure 8, it is highly 

recommended to use a category of unit power in the range of 100 kWe to 300 kWe, especially 

in the case of a high range of total power generation (4000 kWe up to 8000 kWe). To reduce 

the total farm area, a unit power with a range of 300 kWe to 500 kWe should be considered. 

However, the power coefficient should be kept in mind to ensure that it should not be below 

a value of 0.2-0.24. 

Figure 8. Data results for the HWT farm based on the total unit powers. 



30 
 

3.2.3 Battery bank 

For the battery bank, the total number of the batteries required will affect the total 

battery cost and therefore it is important to control the battery voltage in order to control 

the cost of the battery. Figure 9 shows the data results of the battery bank according to the 

variation in the load power and it shows that increasing the load power increases all the 

parameters. For a depth of discharge equal to 80%, the battery efficiency is 75% and the 

battery voltage varies from 12 V up to 80 V; the results show that the total power increases 

almost linearly with the amount of energy as indicated in the Figures 9-a and 9-b. In addition, 

the number of batteries required increases substantially at a high load of power. For example, 

at 1500 kWe, the total number of batteries were calculated to be between 1800 and 1900 

batteries. At the same time, the cost is increased significantly with respect to the increasing 

behaviour of the number of total batteries. Figure 9-d shows the increase in the total battery 

cost based on increasing the total power and this is related to the number of batteries. It is 

highly recommended that the designer selects the battery bank size based on cost 

considerations.  

Figure 9. The results of the number of batteries required according to the load variation. 
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3.2.4 Control unit 

The control unit is responsible for the load distribution between the system units. 

Figure 10 is the pseudo-algorithm that demonstrates the proposed control strategy for the 

operation management of the load distribution in the microgrid. Herein, the solar radiation 

and wind speed are the parameters that dictate the load distribution. Hence, the sub-system 

component operates according to the defined design limits of solar radiation and wind speed. 

The control unit makes a comparison between the input values and design limits of the 

meteorological variables. Solar radiation, Is, ambient temperature, Tamb, air pressure, Pair, and 

operating hours, OH, are the main input operating conditions to the system. The input design 

parameters of each sub-system are listed in Tables 2-4 and the model after receiving the 

inputs calculates the design specifications of the system, as depicted in Figure 10.  It is 

assumed that the solar radiation limit and wind speed are 500 W/m2 and 1.5 m/s, 

respectively, at a fluctuated load power range from 100 kWe to 1500 kWe. If the solar 

radiation goes above the solar radiation limit, Is >500 W/m2, the signal would assign the 

Stirling dish to enter into service without the aid from the wind turbines and/or the battery 

bank. The Stirling dish keeps working as long as this condition is met. If the solar radiation 

goes below this limit and the average wind speed exceeds the wind limit, i.e. 1.5 m/s, then 

the wind turbines will enter into service. In any other case, the battery bank will serve the 

electrical demand. 
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3.3 Implementation of the proposed system: A case study in Jordan 

This section presents the results and findings of implementing the proposed energy 

system in two regions in Jordan. The system is designed to cover a load range from 100 kWe 

to 1500 kWe in order to simulate the operations under different conditions. The assessment 

has been performed by implementing the algorithm described in Figure 10 and using the 

parameters presented in Tables 2, 3 and 4. The assumed design considerations for the Jordan 

case are as follows:  

 Time ranges: 

- 12 monthly epochs are considered as average measures throughout the year. 

A typical day in each month (21st day) is considered as a representative 

example for each of the 2 locations in Jordan. 

Figure 10. Flow chart of the control unit. 
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 Solar and wind data for Jordan (2 locations): 

- Solar and wind data are obtained from SolargisTM.  

- The locations are Madaba and Mafraq. 

 Power range: 

- The load power on the system fluctuates, as shown in Figure 11, and has the 

same values for the two regions in order to facilitate comparisons. The power 

load is set in random fluctuation mode to approximate real-time operation.  

 HWT system: 

- The 100 kWe module power category is selected.  

- The average ambient temperature is set at 25 oC for all locations.  

- The system operates at wind speeds greater than 1.5 m/s. 

 Solar Stirling system: 

- CO2 is the working gas. 

- Dish rim angle is 37 deg. 

- Top and low cycle temperature are 800 oC and 25 oC, respectively. 

- Dish power is 25 kWe. 

- Number of cylinders are 4. 

- The system operates at a solar flux greater than 500 W/m2. 

 Battery bank: 

- Depth of discharge is 0.8 and battery efficiency is 0.75. 

- Load voltage is 200 V and battery voltage is 80 V. 
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The amount of wind speed and solar irradiation are very important design parameters 

in order to size a CPSD-SE/HWT for a specific region. The main purpose is to calculate a proper 

configuration of the selected system, which is able to sufficiently generate the electricity 

continuously throughout the year. Figures 12-a to d present the annual wind speed and solar 

radiation data (on a monthly resolution) in Madaba and Mafraq. Figures 12-a and 12-c show 

the meteorological data results at the location of Madaba related to the wind speed and solar 

radiation variation. The speed is recorded as being significantly low since it is within the range 

of 1.4 m/s to 2 m/s. This indicates that there is much more use of solar energy, especially with 

the very good conditions of solar radiation, as shown in Figure 12-c which clearly shows that 

the average measured values of the direct normal irradiation are approximately 1055 W/m2. 

In addition, it is clear that throughout the summer season that the wind and solar energy 

simultaneously have their maximum values. Consequently, it is noted that, generally, the 

generated power is the highest in the summer season. Figures 12-b and 12-d present the 

findings for Mafraq. As shown in Figure 12-b, the wind speed is recorded as being very high 

during the summer and winter periods, i.e. in the range of 2.5 m/s to 5.5 m/s. The solar 

Figure 11. Power fluctuations per month as an example input. 
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radiation is also recorded as high in the summer and in winter periods and range between 

615 W/m2 to 830 W/m2 (see Figure 12-d). 

Figure 13 shows the generated power from each system component throughout one 

year for the investigated locations (Madaba & Mafraq). The behaviour of Figure 13 reflects 

the fluctuation in operating conditions (solar & wind) along 12 months. As shown in Figure 

13-a, most of the power generation throughout the year in Madaba is dominated by the solar 

dish where the empty epochs occur due to the solar radiation power absence. Similarly, as 

depicted in Figure 13-b (Mafraq), the power generation along the year would be mostly 

covered by solar dish and the lack of solar power should be compensated by the existence of 

wind and/or battery as shown in Figure 13-d and Figure 13-f. Figure 13-c (Madaba) depicts 

that the HWT contribution is relatively high along the whole year and mostly occurs during 

the summer months and thus the battery operation is almost not utilised due to the abundant 

harmonic coexistence of solar and wind energy (see Figure 13-e). On the other hand, in 

Mafraq the battery bank has a high rate of operational time, as shown in Figure 13-f mainly 

due to lack of sufficient wind energy available. It appears then that the weather conditions in 

Madaba are more suitable for the implementation of the proposed system since less battery 

energy is required.  

Figure 12. Wind speed and solar radiation profiles at selected locations throughout one year. 
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Additionally, a preliminary economic assessment has been conducted in order to give 

an initial estimation of the economic performance of the system. In a future work, detailed 

economic assessment along with the performance modelling will be carried out. Figure 14 

presents the cost results for both locations; Mafraq and Madaba. In general, the LCOE in 

Madaba lies between 0.1307 and 0.1361 $/kWh and the hourly costs are found to be in the 

range between 0.9245 and 4.274 $/h, while the LCOE in Mafraq lies between 0.1307 and 

0.1483 $/kWh and the hourly costs are found in the range between 0.9245 and 24.64 $/h. 

The average hourly costs across one year are 3.0373 $/h and 4.5070 $/h for Madaba and 

Mafraq, respectively. Madaba appears to have significantly lower hourly costs and this is due 

to its greater solar potential which eliminates the necessity for the use of batteries. The 

Mafraq location has a lower solar potential and frequent use of batteries is required, and 

consequently these results in the higher costs. 

Figure 13. Monthly data results at the Madaba and Mafraq locations based on the variation of the load, solar radiation, 
and wind speed. 
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Tables 10 and 11 present an LCOE comparison of the investigated system with 

different types of stand-alone, as well as hybrid, renewable energy technologies that have 

been found in the literature. In particular, Table 10 indicates a comparison of economic results 

related to stand-alone solar technologies and it shows that the CPSD-SE is the most cost-

effective solar system. The results reveal that the estimated LCOE of the CPSD-SE (0.0601 

$/kWh) is the lowest compared with other solar power plants that have been implemented 

in the MENA region.  

 

Table 10. LCOE comparison of the CPSD-SE and other solar power plants. 

Solar Technology Reference Location Software Rated power 

(MWe) 

LCOE 

($/kWh) 

CPSD-SE Present study Jordan MATLAB 1.5 0.0601 

Parabolic Trough [61] Kuwait SAM 50 0.1507 

Power Tower [62] Iran SAM 100 0.1130 

Liner Fresnel [63] Algeria SAM 50 0.1382 

PV [64] Oman HOMER 10 0.085 
 

 

Moreover, a comparison of the LCOE between the proposed hybrid system (the whole 

assembly) and other hybrid renewable assembles has been also conducted. As shown in Table 

Figure 14. Average monthly LCOE and hourly costs of the proposed system. 
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11, the CPSD-SE/HWT is highly competitive with other HRES. Even if the CPSD-SE/battery 

assembly [21] has a lower LCOE, the proposed CPSD-SE/HWT/battery possess higher reliability 

and hence it is more suitable for microgrid applications. To illustrate this point, on using the 

hybrid CPSD-SE/HWT/battery on a medium-power scale (>1 MWe) would mitigate the use of 

batteries and therefore, the LCOE would decrease. Moreover, the proposed system has a 

lower LCOE than the CPSD-SE/biomass. As a result, the CPSD-SE/HWT configuration is 

economically competitive and can provide a sustainable solution for microgrid applications. 

It can be, also, observed that the developed system is the most cost-effective solar and wind 

hybrid system. Most importantly, the LCOE of the present model is lower than the typical 

PV/wind system, as clearly shown in Table 11. It should be noted that in the LCOE calculation, 

previous studies might have considered different assumptions for the lifetime, discount rate 

and capacity factor and different methodologies for the capital expenses (CAPEX) and 

operating expenses (OPEX) calculations. This is in general a limitation that exists in any 

techno-economic assessment that is available in the literature and this hinders effective 

comparisons between the different technologies. Nevertheless, it is evident that the hybrid 

CPSD-SE/HWT/battery is a competitive and a cost-effective integrated option when compared 

with other renewables for implementation in arid/semi-arid regions. Overall, the LCOE 

provides a good indication to the policy makers and useful information in comparing the 

feasibilities of different renewable energy technologies. 

 

Table 11. Comparison between the proposed CPSD-SE/HWT system and other stand-

alone hybrid renewable technologies in terms of LCOE.  

Hybrid system Reference Location Software Rated 

power 

(kWe) 

LCOE 

($/kWh) 

CPSD-

SE/HWT/battery 

Present 

study 

Jordan MATLAB 1500 0.130 

CPSD-SE/battery [21] Jordan SAM 9.5 0.1150 

CPSD-SE/ biomass [30] China SAM 850 0.1617 

CPSD-SE/HWT Present 

study 

Jordan MATLAB 1500 0.13 

PV/WT [65] Iran HOMER and 

MATLAB 

6.6 0.167 
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PV/WT [66] Turkey RET-Screen 6 0.156 

CSP/WT [67] Morocco MATLAB 50,000 0.264 

CSP/PV/WT [67] Morocco MATLAB 50,000 0.183 
 

 

4. Conclusions  

A novel integrated solar and wind power generation system has been presented, 

investigated and analysed in terms of the design, size and cost aspects. The system comprises 

a solar dish Stirling engine and a horizontal axis wind turbine coupled with a battery bank that 

can generate electricity for medium-scale applications (e.g., residential buildings) in arid and 

semi-arid regions. A CPSD-SE has been used as the prime mover and during the periods of no 

or limited sunlight, a HWT and battery bank have been employed for back-up electricity 

procurement. Further, the techno-economic performance of a 1500 kWe CPSD-SE/HWT 

system was investigated in two locations in Jordan (Mafraq and Madaba). For the design 

aspects, a steady-state mathematical model has been developed to conduct a detailed 

techno-economic assessment. The proposed mathematical model has been validated against 

relevant experimental and manufacturer data separately for each system component and in 

general the model is in very good agreement with the actual data. The simulation process has 

been executed in the MATLAB/Simulink® software and the results show that: 

 The performance of the CPSD-SE at 1000 kWe is improved with the high-top cycle 

temperature at 800 oC, high dish concentration ratio of 1600, small receiver area of 0.1 

m, large dish diameter of 115 m2, large focal length of 8.9, high pressure and compression 

ratio of 40 and 11, respectively, low wind speed of 1.4 to 2 m/s and 2.5 to 5.5 m/s, and 

high DNI of 1055 W/m2 and 830 W/m2 at Madaba and Mafraq, respectively. 

 CO2, N2, H2, He and air were tested as SE working fluids, and compared to each other 

with respect to the efficiency, compression ratio, pressure ratio, and engine dimensions. 

Based on the findings, CO2 appears to be the most suitable working fluid for the SE and 

provides the highest output power load as it has the highest pressure and compression 

ratios, i.e. 40 and 11, respectively. Consequently, the engine efficiency can be as high as 

37%. 

 At 1500 kWe, a HWT module of 100 kWe is found to be more suitable for the operation 

in terms of cost, torque, and farm size. In addition, the power coefficient of the HWT is 
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in an acceptable range of 0.2 to 0.24 and the total number of batteries required to cover 

this load is between 1800 and 1900.  

For the operating conditions aspects, the techno-economic assessment revealed the 

following: 

 Solar and wind meteorological data at the selected locations have been included in 

the cost model. The solar radiation yields different results for both locations. The peak 

solar radiation at Mafraq has been recorded in August with about 830 W/m2, while the 

maximum DNI value at Madaba has been recorded in January with about 1055 W/m2. 

Mafraq recorded greater wind speed values than Madaba, i.e. 2.5 to 5.5 m/s and 1.4 to 

2 m/s, respectively and wind speed peaks are observed during the summer at both 

locations. 

 The preliminary economic evaluation revealed that the hybrid CPSD-SE/HWT is 

competitive, and the LCOE lies between 0.1307 $/kWh and 0.1361 $/kWh in Madaba and 

between 0.1307 $/kWh and 0.1483 $/kWh in Mafraq. Also, Madaba records moderately 

lower hourly costs due to its favourable solar and wind profiles compared to Mafraq and 

the resulting average hourly costs across one year are 4.507 $/h and 3.037 $/h for Mafraq 

and Madaba, respectively.  

 The peak power generated by the CPSD-SE/HWT is about 1500 kWe and it is observed 

during the summertime in both locations.  

From this investigation, it is clear that the HWT/CPSD-SE system design aspects (area, 

dimension, cost, etc.) are affected by the operating conditions and the working fluid selection. 

In general, the system can advantageously compete against concentrated solar power and/or 

photovoltaic systems in the case of medium scale distributed power generation systems. 
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Nomenclature 

A Cross-sectional area, m2 

ACC Annual capital cost, $/yr 

Adish Dish concentrator aperture area, m2 
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AHb Battery amp-hours, Ah 

Ar Receiver aperture area, m2 

Ar Rotor swept area, m2 

ATC Annual total cost, $/yr 

Atot Farm total area, km2 

Cb Battery cost, $ 

CC Capital cost, $  

CCR Cavity receiver cost, $/kWe 

CCt Capital cost of the turbines, $   

CDC Dish concentrator cost, $/m2 

COP Total direct cost per capacity, $/kWe 

CP Power coefficient  

CPEC Construction, procurement and engineering cost share, $ 

CPSD-SE Concentrated parabolic solar dish Stirling engine 

CRdish Dish concentration ratio, % 

CSE Stirling engine and alternator cost, $/kWe 

CTC Contingency cost share, $ 

Cv Specific heat capacity at constant volume, kJ/kg.oC 

D Diameter, m 

DOD Battery depth of discharge 

Eb Battery storage capacity, Wh 

f Focal length, m 

FCR Fixed charge rate 

Fx Axial force, kN 

HBATC Hourly total cost of the batteries, $/hr 

Hdish Dish height, m 

Hh Hub height, m  

HTC Hourly total cost, $/hr 

i Interest rate, % 

Ib Battery current, A 

ICC Indirect capital costs, $ 
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Il Load current, A 

Is Solar Radiation, W/m2 

LCOEb Levelised cost of energy, $/kWh 

LTb Battery lifetime, year 

LTp Plant life time, year 

m Mass flow rate, kg/s 

Mair Air mass flow rate, kg/s 

NOB Number of batteries 

NOC Number of cloudy days factor, day 

NOCSE Number of Stirling engine cylinders 

NOD Total number of dishes 

Nwt Number of HWT 

OCC Other capital cost share, $ 

OH Operating hours, hour 

P Pressure, bar 

Pmean Mean effective pressure, bar 

POC Normalised capital cost or total installed cost per capacity, $/kWe 

PSE Stirling engine power, kWe 

Ptot Total plant power, kWe 

Pw Required wind power, kWe 

R Specific gas constant, kJ/kgoC 

RAR Rim angle ratio 

RPSE Stirling pressure ratio 

SIC Site cost, $/m2. 

T Temperature, oC 

Tamb Ambient temperature 

TCC Total capital cost, $ 

Tor Rotor torque, N.m 

TPC Total plant costs, $ 

V Volume, cm3 

v Specific volume, m3/kg 
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Vb Battery voltage, V 

Vl Load voltage, V 

vmax Maximum specific volume, m3/kg 

�⃗� 𝑆𝐸 Stirling engine speed, rpm  

VOC Variable operating cost, $/kWh 

WTC Wind turbine cost share, $ 

Xs Spacing in wind direction, m 

Ys Spacing cross the wind direction, m 

ηc Concentrator efficiency, % 

ηgen Generator efficiency, % 

ηSE Stirling engine efficiency, % 

ρm Mirror reflectance 

𝜓r Rim angle, degrees 

Subscripts: 

a Actual  

amb Ambient 

atm Atmospheric  

b Battery 

c Dish concentrator 

dish Dish 

gen Generator 

h High  

i inlet 

l Low  

o Out  

opt Optical 

p Piston 

r Cavity receiver  

SE Stirling engine 

t Turbine 

tot Total 
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Greek: 

Γ Intercept factor 

ε Effective emissivity  

η Efficiency  

𝜓 Angle 
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