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1. Resumen

Con la preocupacion creciente por el problema del consumo de energia fésil y la contaminacion am-
biental, la energia solar se considera la mejor alternativa potencial. Esta tesis se basa en el proyecto de
cooperacion internacional “Investigacion conjunto sobre tecnologias clave para producir electricidad me-
diante la utilizacidon en cascada de la energia solar térmica”. El objetivo es investigar sistemas de generacién
eléctrica termosolar para proponer, desarrollar y optimizar un sistema de energia solar térmica en cascada
segun la ventajas y desventajas de las tecnologias de generacién eléctrica termosolar y explorar una nueva
tecnologia viable generacién a gran escala. Los contenidos y conclusiones principales de la tesis son los

siguientes.

Se han propuesto multiples y novedosas estructuras topoldgicas con colectores y utilizacién en casca-
da de la energia termosolar. En estos sistemas se usan diferentes tipos de colectores y diferentes ciclos
termodinamicos. La investigacion de cada propuesta tecnolédgica de un sistema en cascada se utiliza para
seleccionar topologias tipicas de generacidén eléctrica termosolar en cascada.

Se establecen modelos mecanicistas para los componentes del sistema de generacién solar, usando
herramientas informaticas de cdlculo matematico y desarrollo de sistemas. El proceso de modelado usa
una aproximacién orientada al objeto, para asegurar la independencia y relevancia de cada componente. El
modelo del sistema tiene la ventaja de una organizacién pertinente, una estructura clara y facil capacidad
de mejora.

Para el modelado del motor Stirling, se consideran varias irreversibilidades y pérdidas, lo que permite
verificar una prediccion mas precisa que la del modelo clasico. Se ha estudiado el efecto de diferentes dis-
posiciones de motores Stirling sobre el rendimiento del sistema en cascada. De acuerdo a las caracteristicas
de funcionamiento del motor, se proponen 5 disposiciones basicas de una matriz de motores Stirling y se
implementan los correspondientes modelos de simulacidn. Se analizan las diferencias de funcionamiento
entre los distintos conjuntos para diferentes temperaturas y capacidades térmicas de fluido de entrada y
diferentes pardmetros del motor Stirling. Se concluye que la conexidn en serie es la mejor disposicion en
términos de robustez y rendimiento de la matriz de motores Stirling.
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Se propone un sistema de calentamiento multietapa que puede reducir efectivamente la pérdida de
exergia del proceso de generacidon de vapor de agua. Durante el proceso completo de intercambio de calor
en un generador de vapor de agua convencional, no hay cambio de fase en el fluido calefactor y si en el
fluido calefactado. En los intercambiadores de calor, existen amplias diferencias de temperaturas entre
ambos, lo que amplia la pérdida de exergia durante el proceso. En esta tesis, se propone un método de
calentamiento por etapas, en el que los caudales masicos del fluido calefactor en diferentes intercambiado-
res se controlan para reducir la diferencia de temperatura y las pérdidas de exergia. Este método puede
incrementar efectivamente el rendimiento térmico de campos solares.

Se propone un método para evaluar el funcionamiento de sistemas de generacién eléctrica termosolar
en cascada. Se escogen para comparacién los sistemas independientes que componen la cascada y se esta-
blecen los modelos de evaluacion de su funcionamiento. Los resultados de la simulacién y su anélisis reve-
lan que el sistema en cascada tiene un rendimiento de conversidn solar-eléctrico mayor para altas irradia-

ciones solares si se compara con los correspondientes sistemas independientes.

Se ha construido una plataforma de ensayo de generacidn eléctrica termosolar y se han efectuado en-
sayos experimentales con los colectores. Los experimentos determinan la influencia de la irradiacidn solar
normal directa, caudal y temperatura de entrada del fluido de transferencia de calor. Los resultados expe-
rimentales validan lo establecido mediante los modelos de los colectores y de los discos.

Palabras clave: Ciclo Rankine. Ciclo Stirling. Matriz de motores Stirling. Sistema de generacion de vapor
de agua.

2. Conclusiones

1) Se han introducido sistematicamente varias consideraciones sobre el disefio de sistemas termosola-
res en cascada. Estas incluyen el tipo de fluido del ciclo Rankine, la chimenea solar, la conexién de colecto-
res en serie, los intercambiadores de calor entre diferentes circuitos y la recuperacion de calor entre dife-
rentes ciclos. Los efectos se han validado cuidadosamente para el sistema en cascada bajo estudio.

Se introducen dos topologias tipicas adecuadas para el despliegue de sistemas en cascada de demos-
tracion. Estas tienen las siguientes caracteristicas:

¢ Se usan varios tipos de colectores.

¢ Se usan distintas clases de ciclos termodinamicos.

¢ Se usa un intercambiador de calor agua-aire para aumentar el rendimiento del ciclo Rankine.
¢ El condensado sirve para refrigerar los motores Stirling y recuperar el calor rechazado.

Hay que notar que algunas de las consideraciones sobre el disefio de la topologia merecen mas inves-
tigacion futura. Por ejemplo, una torre solar combinada con colectores cilindrico parabdlicos y placas pla-
nas, como se muestra en la figura 2-29, utiliza muy efectivamente las caracteristicas de los colectores.

2) Se ha presentado un método de modelado del sistema en cascada y se ha introducido en detalle el
modelo de algunos componentes clave y subsistemas. Los modelos de los componentes se han desarrolla-
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do en MATLAB usando programacién orientada a objeto. Para el desarrollo de modelos del sistema, se ha
seguido un procedimiento de abajo a arriba (bottom-up).

Los modelos de los componentes de un sistema se han desarrollado en primer lugar atendiendo a las
caracteristicas de sus mecanismos, y el modelo del sistema se establece mediante la unién de esos mode-
los. Una clase Stream de MATLAB creada para la conexiéon de componentes se ha usado como ejemplo para
introducir el proceso del modelado de sistema. Las entradas y salidas a los componentes se usan como las
entrecaras de la conexidn. Dos entrecaras se conectan entre si al ser asignadas a la misma corriente. Tam-
bién se ha introducido brevemente el proceso de calculo de diversos componentes.

Debido al encapsulamiento, composicion y polimorfismo del lenguaje informatico orientado a objeto,
el modelo del sistema presenta algunas ventajas como la facilidad de formulacién, la conveniencia del re-
emplazo de componentes, y la facil y clara comprobacidn del funcionamiento de componentes especificos.

Los modelos de componentes clave del sistema en cascada se pueden validar experimentalmente o
compararse con modelos cldsicos. La validacién del modelo del motor Stirling muestra que el modelo pro-
puesto coincide mucho mejor con los resultados experimentales que los modelos cldsicos previos, para
varias velocidades de rotacion y presiones medias efectivas.

3) El tipo de conexidn de los motores cambia los caudales y temperaturas de los fluidos. Como resulta-
do, el funcionamiento de la Matriz de Motores Stirling (MMS) sera diferente dependiendo de los esquemas

de conexion

Con objeto de comparar el funcionamiento de diferentes MMS, 5 tipos basicos de conexidn se clasifi-
can de acuerdo al tipo y orden de los flujos. Se han desarrollado modelos de las diferentes conexiones de
MMS para investigar el funcionamiento bajo diferentes valores de los parametros. Se ha encontrado que

a) Reducir la temperatura de entrada del fluido caliente (Tin) 6 la capacidad calorifica del fluido calien-
te (mcp) empeora el funcionamiento de la MMS para todos los tipos de conexiones. Esto es obvio porque
menores valores de Tin 6 mc, conducen a reducir la distribucidn de temperaturas en el cilindro caliente de
los motores Stirling. Menores diferencias de temperaturas entre los cilindros caliente y frio causan menor
eficiencia.

b) Cuando Tix es menor que cierto valor critico, algunos motores de la MMS se detienen. Reducir el
numero de motores en funcionamiento puede ayudar a incrementar la potencia total de salida.

c) Diferentes formas de conexidn de la MMS poseen diferente capacidad de adaptacion a un valor bajo
de Tih. Eltipo 2 posee la mejor. Cuando T, LI 730 K, todos los motores estan en funcionamiento.

d) MMS en disposicion en serie (tipo 3) presentan el mejor funcionamiento y capacidad de adaptacion
bajo diferentes pardmetros. Para unos fluidos de calentamiento y refrigeracidon dados, la disposicion en
serie es la mejor opcién para configurar la MMS.

4) Se ha propuesto un innovador sistema de reduccion de las pérdidas de exergia multietapa para re-
ducir la gran pérdida en plantas de potencia tradicionales de colector cilindrico parabdlico. En estas, el
campo solar se divide en tres partes para calentar el economizador, evaporador y sobrecalentador. Diferen-
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tes caudales en los tres campos solares proveen la capacidad de reducir la diferencia de temperatura para
la transferencia de calor. Menores diferencias de temperatura provocan menores temperaturas del aceite
térmico y por tanto mayor eficiencia térmica del campo solar. Ademas, los distintos rangos de temperatura
de los diferentes campos solares permiten la aplicacién conveniente de diferentes tipos de colectores.

Se desarrolla un modelo analitico del sistema de generacién de vapor. Con base a él, se deriva una es-
trategia de control de caudal de fluido de transferencia de calor. Se analiza el rendimiento energético y
exergético del Sistema Multietapa de Reduccién de la Pérdida de Exergia (SMRPE) y se compara con el Sub-
Sistema de Generacién de Vapor (SSGV) de una planta tradicional de colector cilindrico parabdlico. Los re-
sultados muestran que el SMRPE puede reducir efectivamente la perdida de exergia en el proceso de calen-
tamiento, mejorando el funcionamiento de la planta. La pérdida exergética puede reducirse desde un
14.3% hasta un 76.7% para los tres SMRPE tipicos. El rendimiento térmico global de los campos solares
puede mejorarse entre desde un 0.9% hasta un 3.6 %.

5) Se ha escogido un sistema en cascada propuesto en el capitulo 2 para evaluacién. Este utiliza dos ti-
pos diferentes de colectores y dos sistemas de generacidn de potencia diferentes. Se utiliza el ciclo Rankine
de vapor de agua, que es comun en aplicaciones de potencia. Se seleccionan valores razonables de los pa-
rdmetros y se desarrolla el modelo del sistema. Se seleccionan dos sistemas independientes para compara-
cion y evaluacién del nuevo sistema. Estos usan los mismos colectores de disco y cilindrico parabdlicos que
el sistema en cascada. Se han ejecutado sus simulaciones y se han comparado los resultados con los de los
sistemas independientes correspondientes.

Los resultados muestran que la radiacidn solar directa (I;) es el factor clave para determinar si el siste-
ma en cascada debe ser utilizado en una determinada localizacion. Comparado con los sistemas indepen-
dientes correspondientes, el sistema en cascada puede alcanzar una eficiencia mayor con alta irradiacién
solar (Ir > 550 W/m2). Se consideran también las directrices para incrementar esta diferencia de rendimien-
to. Para disefiar un sistema en cascada incluyendo matrices de motores Stirling, el tipo de fluidos para ca-

lentamiento y refrigeracidon también debe tenerse en cuenta.

6) La plataforma de potencia termosolar representa un buen punto de partida para el sistema termo-
solar en cascada. Se han presentado los componentes y los circuitos de la plataforma. De acuerdo a las
caracteristicas de la irradiacion solar, se han disefiado casos experimentales especiales para investigar la
repercusion de diferentes factores en el funcionamiento del sistema. El disefio de experimentos se ha lle-
vado a cavo con cuidado. Se han llevado a cabo pruebas con los colectores cilindrico parabélico y de disco y
se han recopilado los resultados experimentales para andlisis.

Se ha investigado la influencia de irradiacién solar, caudal y temperatura de entrada sobre el funcio-
namiento del modelo de colector.
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Figura 7-12 Influencia de la temperatura de entrada sobre el rendimiento térmico.

Los modelos establecidos de los colectores cilindrico parabdlico y de disco se han validado con datos
experimentales. El analisis de los datos experimentales y de los resultados de las simulaciones muestra que

a) El rendimiento térmico de los colectores cilindrico parabdlicos esta entre 60.1% and 62.8% y el de
los colectores de disco entre 39.7% and 63.3% bajo las condiciones experimentales de los experimentos.

b) Con respecto al efecto de los factores considerados en el funcionamiento de los colectores, los da-
tos experimentales y los resultados de las simulaciones muestran las mismas tendencias. Mayores caudales
de fluido de trabajo conducen a mayor eficiencia térmica, mientras que mayores temperaturas de entrada
causan una eficiencia térmica menor.

c) Para un receptor de disco determinado, existe una Irradiacién Directa Normal (IDN) para la que se
obtiene la mayor eficiencia térmica.

d) La discrepancia de los datos experimentales y los resultados de simulacién del colector cilindrico pa-
rabdlico indica que el coeficiente de pérdidas de calor usado en el modelo no es adecuado y debe revisarse
en el futuro.

e) La discrepancia de los datos experimentales y los resultados de simulacion del colector de disco in-
dica que su aislamiento térmico debe ser inspeccionado y mejorado.
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Abstract

With the increasing awareness of the problem of fossil energy consumption and envi-
ronmental pollution, solar energy is regarded as the best potential alternative of fossil energy.
This research is based on the international cooperation project “Collaborative research on key
technologies to produce electricity by cascade utilization solar thermal energy”. The objec-
tive of this project is to conduct research on the equipment of solar thermal power generation
system, to propose, develop and optimize a solar thermal cascade system depending on the
advantages and disadvantages of solar thermal power generation technologies, and to explore
a new feasible technology for large-scale solar thermal power generation. The main contents

and conclusions of this thesis are as follows:

Multiple novel topological structures with cascade collection and cascade utilization of
the cascade systems were proposed. In these systems, different types of collectors were used
for cascade collection and different types of thermodynamic cycles were used for cascade
utilization. The investigation of each technical proposal of cascade system contributed to

select representative typical cascade solar thermal power generation system topologies.

Mechanism models were established for the components of solar thermal power gen-
eration system by using mathematical calculation tool and system development tool. The
modeling process uses an object-oriented approach to ensure independence and relevance
of each component. The system model has the advantages of convenient organization, clear
structure and handy improvement. For component modeling, the Stirling engine modeling
process, considering various irreversibilities and losses, developed a more accurate Stirling
model with verification analysis. The results show that the accuracy of the newly developed
Stirling model is better than that of classical Stirling engine models.

The effect of different arrangements of Stirling engines on the efficiency of the cas-
cade system was studied. According to the working features of Stirling engine, five basic
arrangements of Stirling engine array were proposed, and corresponding simulation models
were established. Performance differences of different arrangements of Stirling engine array
were analyzed with different inlet fluid temperature, fluid heat capacity and Stirling engine
numbers. It was found that series connection is the best arrangement in term of robustness

and efficiency for the Stirling engines.

A multistage heating system was proposed, which can effectively reduce the exergy
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loss of steam generating process. During the entire heat exchange process of a conventional
steam generating system, no phase change exists in the heating fluid and a phase change
exists in the heated fluid. Large temperature differences exist between the two fluids in the
heat exchangers, which enlarges exergy loss during the heat exchange process. In this thesis,
a method of heating in stages was proposed, in which the flow rates of the heating fluid in
different heat exchangers are controlled to reduce the temperature difference and the exergy
losses. It can effectively increase thermal efficiency of solar fields.

A performance evaluation method of solar cascade thermal power generation system
was proposed. In this thesis, corresponding stand-alone systems of the cascade system were
chosen for comparison, and the system performance evaluation models were established. The
simulation and result analysis of the systems revealed that the cascade system has a higher
overall solar-to-electric conversion efficiency under high solar irradiance compared to its
corresponding independent systems.

A solar thermal power generation test platform was established, and the experimental
work of collectors was carried out. In different conditions, the experiments investigated the
influences of solar direct normal irradiance, flow rate and inlet temperature of heat transfer
fluid. The experiment results also validated the established trough collector model and dish

collector model.

Key words: Rankine cycle Stirling cycle Stirling engine array steam generating system

cascade solar thermal power

1Y%



Contents

Abstract I
List of Figures XI
List of Tables X1V
1 Introduction 1
1.1 Research background and significance . . . . .. ... ... ... ..... 1
1.2 Stateoftheart. . . . . . . .. . ... .. 3
1.3 Literature SUmMmary . . . . . . . . . o . it e e e e e e 18
1.4 Researchcontent . . . . . .. ... ... ... ... 19
2 System topology 22
2.1 System topology based on Rankinecycle. . . . . .. ... ... ...... 24
2.2 System structure of trough-Rankine integrated with solar chimney . . . . . 28
2.3 Multiply types of collectors . . . . . . . ... ... ... 29
2.4 Rankine cycle and Stirling cycle integrated system . . . . . . . . ... ... 31
2.5 Selected systemtopology . . . . . .. ... Lo 35
2.6 Conclusion . .. ... ... . 37
3 Modeling 38
3.1 Componentmodeling . . . . . .. ... .. ... .. 38
3.2 Rankine power generation subsystem . . . . . .. ... ... oL 55
3.3 Steam generating system modeling . . . . . ... ... ... L. 60
34 Systemmodeling . . ... ... ... 62
35 Conclusion . . . . ... 63
4 Optimization of Stirling engine array 64
4.1 Connectiontypesof SEA . . . . . . ... ... o L 64
42 Modelingofthe SEAs . . . . . . . ... . ... ... 66



4.3 Resultanalysis . . . ... ... .. 67

4.4 Conclusion . . . . .. .. 74
5 Optimization of steam generating system 76
5.1 Steam generating subsystem . . . . . .. .. ... 76
5.2 Multistage exergy loss reduction system . . . . . . ... ... ... ... 78
5.3 Comparison . . . . . . .. e e e e 80
54 Conclusion . . . .. ... 84
6 Cascade system performance evaluation 85
6.1 System evaluationmethod . . . . .. ... ... ... ... ... .. 87
6.2 System evaluationmethod . . . . . . .. ... ... L oL, 88
6.3 System parameters . . . . . ... ... e e e e e 89
6.4 Stand-alone system selection . . . . . ... ... ... ... ... 91
6.5 Comparison with stand-alone system . . . . . . ... ... ... .. .... 93
6.6 Conclusion . . . ... ... . 98
7 Experiment research on solar thermal power platform 99
7.1 Platform introduction . . . . . .. .. ... oL L o 99
7.2 Experiments . . . . . . .. ... e e e e 104
7.3 Resultanalysis . . . ... .. ... .. ... 109
7.4 Conclusion . . . ... .. 116
8 Summaries and outlooks 119
8.1 Summaries . . . . . . ... 119
8.2 Innovations . . . . . . .. . 122
83 Outlooks . . . . . . . e 123
Acknowledge 124
Bibliography 126
Appendix A Heat transfer under constant temperature 134
Appendix B Thermal gradient under constant heat flux 136

VI



Appendix C MATLAB code of class Stream 138
Appendix D Publication 140

VII



Ase,l

Ase,Q

Cr

< =

Nomenclature

Heat transfer area, m?

Heat transfer area of dish receiver

between tube and air, m?

Heat transfer area of Stirling en-

gine at air side, m?

Heat transfer area of Stirling en-

gine at water side, m?

Specific heat at constant pressure,
Jkg LK1

Heat transfer correction factor of

coiled tube of volumetric receiver

Specific heat at constant volume,
Jkg LK1

Diameter, m

Inner diameter of trough receiver,

m
Regenerator effectiveness

Focal length, m

Annular gap cylinder displacer, m
Dead volume factor

Specific heat ratio (c,/c,), thermal

conductivity, W-m~1.K~!

ni

No

nse

Re

VIII

Mass of working fluid in Stirling
engine, kg

Number of collectors

Number of columns of the Stirling

engine array

Number of rows of the Stirling en-

gine array

Amount of working gas in each

Stirling engine, mol

Number of Stirling engines in the

Stirling engine array
Nusselt number

Power of Stirling engine, W
Pressure, Pa

Extraction pressure of the steam

turbine, Pa

Prandtl number
Absorbed heat, J

Heat flux, W-m—2

Gas constant, J-kg—1-K~!

Reynolds number



Sse Speed of Stirling engine, Hz

Ty Working fluid temperature in the
hot space, K
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Chapter 1 Introduction

1.1 Research background and significance

Renewables are now established around the world as mainstream sources of energy.
Rapid growth, particularly in the power sector, is driven by several factors, including the
improving cost-competitiveness of renewable technologies, dedicated policy initiatives, bet-
ter access to financing, energy security and environmental concerns, growing demand for
energy in developing and emerging economies, and the need for access to modern energy.

Solar energy, which has the advantages of widely distribution, huge amount, inex-
haustible and no pollution, has received much attention by many countries and been regarded
as the best potential candidate of the fossil energy. The International Energy Agency pro-
jected in 2014 that under its “high renewables” scenario, by 2050, solar photovoltaics and
concentrating solar thermal power would contribute about 16 and 11 percent, respectively,
of the worldwide electricity consumption, and solar would be the world’s largest source of
electricity.!!

Concentrating solar thermal power generation is another form of power generation tech-
nology except solar photovoltaic power generation. Concentrating Solar Power (CSP) system
uses mirrors to converge sunlight onto a receiver that absorbs the solar energy and transfer it
to a heat transfer fluid (HTF) such as a synthetic oil, molten salt or air. The HTF then directly
or indirectly used as the heat source in a power cycle. Compared to solar photovoltaic, solar
thermal power is gaining more attention for its advantages as higher energy density, smooth
power generation, good grid compatibility, easy to integrate with existing fossil power plant.

Concentrating solar power technologies use different mirror configurations to concen-
trate the sun’s light energy onto a receiver and convert it into heat. The heat is collected
for power generation or used as industrial process heat. There are three types of CSP tech-
nologies being commercially applied: parabolic trough, parabolic dish and power tower.
Figure 1-1 shows examples of the three types of CSP technologies.

A parabolic trough is a type of solar thermal collector whose mirror type is straight in
one dimension and curved as a parabola in the other two. The reflector follows the sun during

the daylight hours by tracking along a single axis. The energy of sunlight is reflected by the
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Parabolic dish Power tower
Figure 1-1 Examples of the three types of CSP technologies

mirror and focused on the pipe positioned at the focal line. HTF (e.g. synthetic oil) runs
through the pipe to absorb the heat generated by the focused sunlight, then used as the heat

source for power generation or heating process.

A parabolic dish is a type of solar thermal collector whose mirror type is part of a
circular paraboloid, which can converge the incoming sunlight traveling along the axis to the
focus. Two-axis tracking system keeps it always directly towards the sun without cosine loss.
It can obtain high concentration ratio and hence high temperature. Typically, a receiver or a

Stirling engine is put at the focal point to absorb the converged energy.

Solar power tower is a type of solar furnace using a tower to receive the focused sunlight.
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It uses an array of flat, movable mirrors (called heliostats) to focus the sun’s rays upon a
collector tower. The heliostats track the sun on two axes (east to west and up and down). The
receiver absorbs concentrated solar radiation and converts the solar energy into heat. The
heat is then transferred to an HTF that carries the heat to a thermodynamic cycle for power

generation.

Among the three solar thermal power technologies, parabolic trough is the most ma-
ture and commercially deployed technology. However, it has a low concentration ratio,
the receiver’s temperature is relatively low, the solar-to-electric efficiency is relatively low.
Parabolic dish can obtain high temperature thermal energy, its solar-to-electric efficiency is
higher than parabolic trough. Besides, one advantage of parabolic dish is that it requires
much less water for power generation. However, solar parabolic dish is not a large-scale ap-
plication, it’s mainly applied for distributed power generation for its compact structure and
easy installation. Solar power tower has a very high concentration ratio when more heliostats
are used, the receiver’s temperature can be very high and it can be applied for large-scale ap-
plication. However, it has some disadvantages such as high investment and high system

complexity. It is currently in rapid development stage.

It is very important to find out a way to utilize the advantages of existing solar ther-
mal power technologies and overcome their disadvantages. In other words, to find out a new
technology with higher efficiency and lower cost is urgent. This research is trying to achieve
this by proposing a cascade system that uses different solar collectors and different thermo-
dynamic cycles, which may be a new and feasible technology to realize large-scale, higher

efficiency and lower cost solar thermal power generation.

1.2 State of the art

Solar thermal power technologies are getting more and more attention. Many researchers
have done lots of work to research and investigate it to increase its performance or reduce its

cost.

1.2.1 Parabolic trough

Parabolic trough solar technology is the most proven and lowest cost large-scale solar

power technology available.?!



Many of these works have concentrated on experimental work aimed at testing the me-
chanical and thermal performance of parabolic trough collectors. Dudley et al.*! tested the
collector efficiency and thermal losses of the LS-2 type trough collector. Burkholder and
Kutscher!* tested the heat losses of Solel’s UVAC3 and Schott’s 2008 PTR70 parabolic
trough collectors. A correlation to estimate the thermal efficiency of the collectors as a
function of the absorber temperature was developed. Reddy et al.”®! developed and investi-
gated six different receiver configurations of trough collectors for performance comparison.
Experimental tests were carried out for a 15 m? collector according to ASHRAE 93-1986
test procedure. Li et al.[®! carried out experiments to verify the feasibility of proposed end
loss compensation methods. A fan-shaped plane mirror was put at one end of the trough
collectors to compensate the end loss effect. Results prove that the compensation methods
are feasible and effective. It is well known that experimental studies are the most accurate
and convincing method for parabolic trough collector research. However, this method is not
only investment required and also time consuming. In order to reduce the R&D cost and

time, parabolic trough collectors are usually modeled.

Some researchers investigated the optical model of the parabolic trough solar collectors.
Wang et al.!”! proposed a mathematical model for optical efficiency of the trough collector
and selected three typical regions of solar thermal utilization in China for the model. The
model is validated by comparing the test results in parabolic trough power plant, with relative
error range of 1% to about 5%. Zou et al.!8! investigated the influences of sunshape and inci-
dent angle on the optical performance of the trough collectors. It is found that the sunshape
has significant effect on the optical efficiency and should be token into consideration in prac-
tice. Larger aperture with smaller absorber diameter leads to more end loss caused by inci-
dent angle. It is also found that optimal focal length exists for the optical efficiency. Liipfert
et al.®! introduced the specific techniques to analyze the geometry and optical properties
of trough collectors and summarized results in collector shape measurement, flux measure-
ment, ray tracing, and thermal performance analysis for parabolic troughs. It is shown that
the measurement methods and the parameter analysis give consistent results, which can pro-
vide references for the next generation trough collector relevant improvements. Xu et al. "]
analyzed the optical efficiency of a PTC with horizontal north-south axis and proposed a

method to compensate the end loss effect of the PTC. The calculation formula of the opti-

cal end loss rate and the increased optical efficiency for the system using the compensation
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method were derived. A five-meter experimental system was built to verify the feasibility of
the compensation method proposed. The increased thermal efficiency of the experimental
system was measured, and it was proved that the proposed compensation method is feasi-
ble. Huang et al.'"'!! proposed an analytical model for optical performance which employed
a modified integration algorithm to simulate the performance of trough collectors. The ana-
lytical equation of the optical efficiency of each point of the reflector was deduced to obtain

the optical efficiency of the system by integration algorithm.

Some researchers investigated the exergy performance of the parabolic trough collec-
tors. Padilla et al.''?! performed a comprehensive exergy balance of a parabolic trough col-
lector based on the previous heat transfer model!'?!. The results shown that inlet temperature
of heat transfer fluid, solar irradiance, and vacuum in annulus have a significant effect on the
thermal and exergetic performance, but the effect of wind speed and mass flow rate of heat
transfer fluid is negligible. It was obtained that inlet temperature of heat transfer fluid cannot
be optimized to achieve simultaneously maximum thermal and exergetic efficiency because
they exhibit opposite trends. Finally, it was found that the highest exergy destruction is due
to the heat transfer between the sun and the absorber while for exergy losses is due to optical
error. Guo et al.!'* investigated the energy efficiency and exergy efficiency of the parabolic
trough collector. The result shown that there exists an optimal mass flow rate of working
fluid for exergy efliciency, and the thermal efficiency and exergy efficiency have opposite

changing tendencies under some conditions.

Some researchers are dedicated to developing more accurate models using new meth-
ods. Behar et al.'"! developed and validated a novel parabolic trough solar collector model.
The model has been compared with models made by Lab. SNL and NREL. The proposed
model has a better accuracy of thermal performance prediction. Padilla et al.!'3! performed a
detailed one dimensional numerical heat transfer analysis of a PTC (Parabolic Trough Col-
lector). To solve the mathematical model of heat transfer of the PTC model, the partial
differential equations were discretized and the nonlinear algebraic equations were solved
simultaneously. The numerical results was validated to the data from Sandia National Lab-
oratory (SNL). Hachicha et al.!'% presented a detailed numerical heat transfer model based
on the finite volume method for the parabolic trough collector. This model is based on finite
volume method and ray trace techniques and takes into account the size of the Sun. The

model is thoroughly validated with results from the literature and it shows a good agreement

5



with experimental and analytical results. Guo and Huai!'”! implemented a multi-parameter
optimization of parabolic trough solar receiver based on genetic algorithm where Exergy and
thermal efficiencies were employed as objective function. Boukelia et al.!!®! investigated the
feed-forward back-propagation learning algorithm with three different variants; Levenberge
Marguardt (LM), Scaled Conjugate Gradient (SCG), and Pola-Ribiere Conjugate Gradient
(PCG), used in artificial neural network (ANN) to find the best approach for prediction and
techno-economic optimization of parabolic trough solar thermal power plant integrated with
fuel backup system and thermal energy storage. Liu et al.l"”! developed a mathematical
model of PTC using the least squares support vector machine (LSSVM) method. Numeri-
cal simulations were implemented to evaluate the feasibility and efficiency of the LSSVM
method, where the sample data derived from the experiment and the simulation results of
two solar collector systems with 30 m? and 600 m? solar fields, and the complicated re-
lationship between the solar collector efficiency and the solar flux, the flow rate and the
inlet temperature of the heat transfer fluid (HTF) is extracted. Lobon et al.!*”! introduced a
computational fluid dynamic simulation approach to predict the behavior of a solar steam
generating system, which is located at the Plataforma Solar de Almeria, Spain. The CFD
package STAR-CCM+ code has been used to implement an efficient multiphase model ca-
pable of simulating the dynamics of the multiphase fluid in parabolic-trough solar collectors.
Numerical and experimental data are compared in a wide range of working conditions. To
understand the thermal performance of the collector and identify the heat losses, Mohamad
et al.!?!! analyzed the temperature variation of the working fluid, tube and glass along the
collector. It is found that using double glazing cover enhances the thermal efficiency of the
collector operating at high temperature. However, when the collector length is 10 m or less,
it is more economical to use a single glass cover for the collector than a double glazing cover.
Also, it is clearly shown that increasing the diameter of absorbing tube enhances the rate of
heat transfer losses, consequently decreasing the thermal efficiency of the collector. Guo et
al.??! developed a nonlinear distribution parameter model to model the dynamic behaviors
of direct steam generation parabolic trough collector loops under either full or partial solar

irradiance disturbance.

Some researchers have proposed some new types of solar trough systems. Ashouri
et al.!?3! coupled a small scale parabolic trough collector and a thermal storage tank along

with an auxiliary heater to a Kalina cycle to study the performance of the system throughout
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the year, both thermodynamically and economically. Bader et al.’>*! developed a numerical
model of a tubular vavity-receiver that uses air as the heat transfer fluid. Four different re-
ceiver configurations are considered, with smooth or V-corrugated absorber tube and single-
or double-glazed aperture window. The different types of energy loss by the collector have
been quantified, and the temperature distribution inside the receiver has been studied. The
pumping power required to pump the HTF through the receiver has been determined for
a 200 m long collector row. Good et al.!*! proposed solar trough concentrators using air
as heat transfer fluid at operating temperatures exceeding 600°C. It consists of an array of
helically coiled absorber tubes contained side-by-side within an insulated groove having a
rectangular windowed opening. Secondary concentrating optics are incorporated to boost
the geometric concentration ratio to 97 x. Kaloudis et al.!*®! investigated a PTC system with
nanofluid as the HTF in terms of Computational Fluid Dynamics (CFD). Syltherm 800 liquid
oil was used as the HTF, and Al,O3 nanoparticles with the concentrations ranges from 0% to
4% was investigated. A boost up to 10% on the collector efficiency was reported for Al,O3

concentration of 4%. Al-Sulaiman et al.[?”!

proposed a novel system based on PTC and ORC
for combined cooling, heating and power (CCHP). Performance assessment, including effi-
ciency, net electrical power, and electrical to heating and cooling ratios, of the system shown
that when CCHP is used, the efficiency increases significantly. This study reveals that the
maximum electrical efficiency for the solar mode is 15%, for the solar and storage mode is
7%, and for the storage mode is 6.5%. The maximum CCHP efficiency for the solar mode is

94%, for the solar and storage mode is 47%, and for the storage mode is 42%.

1.2.2 Parabolic dish

The solar parabolic dish system is known for its highest efficiency of all solar technolo-
gies (around 30%). It is suitable for distributed power generation for its compact structure

and easy installation.

Many researchers conducted experiments to investigate the solar parabolic dish system
or to validate proposed models. To investigate the heat loss of semi-spherical cavity receiver
applied for solar parabolic dish system, Tan et al.[?®! conducted experiments with differ-
ent fluid inlet temperatures, receiver inclination angles and aperture sizes. Correlations of
Nusselt number as a function of Grashof number were developed by the experiment results.

Chaudhary et al.!*! investigated a solar cooker based on dish collector with phase change
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thermal (PCM) storage unit. Three cases have been considered for the investigation: ordi-
nary solar cooker, solar cooker with outer surface painted black, and solar cooker with outer
surface painted black along with glazing. It was observed that the last case shows the best per-
formance, which can store 32.3% and 26.8% more heat for the PCM compared with the first

and second cases respectively. Mawire and Taole!*"!

investigated the thermal performance
of a cylindrical cavity receiver for an SK-14 parabolic dish concentrator. The receiver ex-
ergy rates and efficiencies are found to be appreciably smaller than the receiver energy rates
and efficiencies. The exergy factor is found to be high under conditions of high solar radi-
ation and high operating temperatures. An optical efficiency of around 52% for parabolic
dish system is determined under high solar radiation conditions. Zhu et al.*!! conducted an
experimental investigation of a coil type solar dish receiver. The solar irradiance is about
650 W /m?, while the concentrated solar flux at the aperture is approximately 1000 kW /m?.
The energy and exergy performance of the receiver was analyzed and the experimental re-
sults show that, at steady state, the energy efficiency is maintained around 80%, and the
exergy efficiency is around 28%. CRTEn developed a solar dish system using four types of
absorbers: flat plat, disk, water calorimeter and solar heat exchanger.*?! For the different
types of absorbers, experiments were conducted to obtain the mean concentration ratio and
both energy and exergy efficiency. Results shown that thermal energy efficiency of the sys-
tem varies from 40% to 77%, the concentrating system reaches an average exergy efficiency
of 50% and a concentration factor around 178. Thirunavukkarasu et al.’**! carried out an
experimental study to investigate the thermal performance of a cavity receiver for a dish con-
centrator. The overall system efficiency of the solar collector is 69.47%. The average exergy
efficiency of the receiver is found to be 5.88% with a peak value of 10.35%. Pavlovic et al.**
performed the experimental study of a solar dish system. In this system, different working
fluids (water, thermal oil and air) were used to validate the numerical models developed in
EES (Engineering Equation Solver). It was found that water is the most appropriate work-
ing fluid for low-temperature applications, while thermal oil is the most appropriate working

fluid for higher-temperature applications.

Some researchers focused on the dish concentrator, many proposed different shapes
of concentrators. The perfect concentrator has a parabolic shape, but for some considera-
tions (better production, safer transportation, lest cost and so on), some solar concentrators

are composed of multiple spherically shaped mirrors. A large dish solar concentrator, SG3,
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which is about 400 m?, was designed and demonstrated in Australian National University in
1994 as shown in Figure 1-2.1 It successfully proved the technical viability of a concen-

trator that is approximately three times bigger than any other produced. Berumen et al.3®

Figure 1-2 The SG3 400 m? dish in Australian National University

developed a refector consists of 12 facets made of fiberglass with a reflecting surface made of
aluminum sheet with reflectance of 86%. Pavlovic et al.*”! presented a procedure to design
a square facet concentrator for laboratory-scale research on medium-temperature thermal
processes. A parabolic collector made up of individual square mirror panels (facets) were
investigated. These facets can deliver up to 13.604 kW radiative power over a 250 mm radius
dish receiver with average concentrating ratio exceeding 1200. Hijazi et al.[*8 designed a
low cost parabolic solar dish concentrator with small-to moderate size for direct electricity
generation and special attention is given to the selection of the appropriate dimensions of the
reflecting surfaces. Ma et al.**! designed a solar dish concentrator based on triangular mem-
brane facets. A 600-facet concentrator with focal-diameter ratio of 1.1 will achieve 83.63%
of radiative collection efficiency over a 15 cm radius disk located in the focal plane, with a
mean solar concentration ratio exceeding 300. A 3.6-meter diameter stretched-membrane
optical facet for a parabolic dish has been successfully designed and demonstrated under

contract with Sandia National Laboratories. *°! Twelve facets identical to them will be used



to make the lightweight reflector of the dish. The project goal of 2.5 mrad surface accuracy
was met with each of the two full-sized prototypes, and accuracies of as low as 1.1 mrad were

achieved.

Many researches investigated the flux distribution and thermal performance of the so-
lar dish receiver. Shuai et al.*!! developed a flux distribution measurement system for dish
concentrators. A charge coupled device camera was applied to obtain the contours of the
flux distribution for target placements with different location. Further, the measured flux
distributions are compared with a Monte Carlo-predicted distribution. The results can be a
valuable reference for the design and assemblage of the solar collector system. Mao et al.[4?!
simulated the flux distribution of a dish receiver using MCRT method. The impacts of inci-
dent solar irradiation, aspect ratio (the ratio of the receiver height to the receiver diameter),
and system error on the radiation flux of the receiver are investigated. Li et al.'**! used the
Monte-Carlo ray-tracing method for the radiation flux distribution of the solar dish receiver
system. The result was validated by experiment and used as the boundary conditions of a
CFD receiver model. The fluid flow and conjugate heat transfer in the receiver was numer-
ically simulated and validated by experiments. Wang and Laumert!** used the ray-tracing
methodology to investigate the effects of cavity surface materials on the flux distribution for
an impinging receiver. Five cavity surface materials and their combinations have been stud-
ied. The results show that the flux distribution and the total optical efficiency are much more
sensitive to the absorptivity on the cylindrical surface than on the bottom. Blazquez et al.[*!
studied the optimization of the concentrator and receiver cavity geometry of parabolic dish
system. Ray-tracing analysis has been performed with the open source software Tonatiuh, a
ray-tracing tool specifically oriented to the modeling of solar concentrators. Reddy et al. >4
performed the theoretical thermal performance analysis of a fuzzy focal solar parabolic dish
concentrator with modified cavity receiver. Total heat loss from the modified cavity receiver
was estimated considering the effects of wind conditions, operating temperature, emissivity
of cavity cover and thickness of insulation. Time constant test was carried out to determine
the influence of sudden change in solar radiation at steady state conditions. The daily per-
formance tests were conducted for different flow rates. Vikram and Reddy*”! used a three-
dimensional numerical model to investigate the total heat losses of three modified cavity
with three configurations for parabolic dish receiver. The effects of cavity diameter ratio,

tilt angle, operating temperature, insulation thickness and emissivity on the heat loss of the
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modified cavity receiver were studied. Based on artificial neural network (ANN) modeling,
an improved Nusselt number correlation was proposed for convection, radiation and total

heat loss calculation.

Some researchers focused on the solar tracking system. Patil et al.[*8! described the
development of automatic dual axis solar tracking system for solar parabolic dish. Five light
dependent resistors were used to sense the sunlight and two permanent magnet DC motors
are used to move the solar dish. A controller software were developed to control the motors
using the data sensed by the resistors. Raturi et al.[*”! proposed a solar tracking system based
on gravity which does not require any external source of power. The prototype test results
and analysis show that the system can run successfully. Kuang and Zhang>”! developed new
design and implementation of tracking system to improve tracking accuracy for dish solar
based on embedded system that mixes active and passive tracking. Jin et al.’!! described
a two-axis sun tracking system with PLC (programmable logic controller) controlled and
a combinative tracking method combined active and passive tracking methods for higher

accuracy. Shanmugam and Christraj!>?

presented a method of intermittent tracking of the
sun in the north-south direction with no tracking in the east-west direction for less energy
yield and the frequency of tracking in the north-south direction determined by variations in

solar altitude angle and size of the absorber in paraboloidal dish concentrator.

1.2.3 Power tower

Solar power tower technology is gaining more and more interest for its large scale, high
concentration ratio and high operating temperature. It is widely regarded as the most promis-
ing solar thermal power technology.

Advances in the power tower technology are mainly the component update as well as
system improvement. Some researchers focused on the choice of HTF that used in the power
tower. One already standardized commercial plant cycle is the solar tower with conventional
steam cycle. 3 Steam is used as both HTF and working fluid in the Rankine cycle. Steam is

directly generated in the receiver and flows into the steam turbine for power generation. 48!

Many researchers concerned about using other fluids (molten salt, air) as HTF. Toto et al. >
proposed an idea of a hybrid power tower using air as the working fluid of a topping Brayton
cycle and HTF of a bottoming Rankine cycle. Rold!®”! proposed an idea of using supercritical

CO, as HTF. A simplified CFD model has been built to analyze the feasibility of supercritical
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CO, as HTF in solar towers. It was found that it is a promising alternative for both better
operating conditions and lower maintenance cost. Joshi et al.[*!! used the dynamic simulation

technology to evaluate a molten salt central receiver design and control strategies.

Many researchers concerned about the heliostats to reach high tracking accuracies un-
der wind loads and thermal stress situations. On the other hand, trade-off between higher
land utilization and lower block ratio is also a hot spot. Thalange et al.[?! presented the
protocol and results of systematic structural analysis of tripod heliostats to reduce the cost
and enhance the mechanical behavior. Besarati and Yogi!®*! developed a new and simple
method to improve the calculation speed and accuracy for shading and blocking computation
of the heliostat field. The Sassi method!®* is used for the shading and blocking efficiency. A
50 MWth heliostat field in Dagget, California, USA was used as a case study for the proposed
method. Wei et al.!%! proposed a new method for the design of the heliostat field layout for
solar tower power plant. Based on the new method, a new code for heliostat field layout
design (HFLD) has been developed and a new heliostat field layout for the PS10 plant at the
PS10 location has been designed using the new code. Compared with current PS10 layout,

the new designed heliostats has the same optical efficiency but with a faster response speed.

Some researchers concerned about the performance of central receiver of power tower.
Kim et al.[®! investigated the heat loss of solar central receiver. Numerical simulations us-
ing CFD (Computational Fluid Dynamics) with the consideration of four different receiver
shapes were carried out to get the influence on convection and radiation heat losses. Different
opening ratio between cavity aperture area and receiver aperture area, receiver temperatures,
wind velocities and wind directions (head-on and side-on) were considered for the simu-
lations. Results were used to get a simplified correlation model which gets the fraction of
convection heat loss. The correlation obtained shows good agreements with the simulation
results. The correlation was also validated with experimental data from three central receiver
systems (Martin Marietta, Solar One and Solar Two). Lara et al.!®”! presented a novel mod-
eling tool for calculation of central receiver concentrated flux distributions. The modeling
tool is based on a drift model that includes different geometrical error sources in a rigor-
ous manner and on a simple analytic approximation for the individual flux distribution of a
heliostat.

Some researchers devoted on the simulation of power tower plants. Franchini et al. !

developed a computing procedure for solar tower system under both nominal and part load
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conditions. A Siemens gas turbine product, SGT-800, was applied for the Integrated Solar
Combined Cycle (ISCC) as a study case for the solar tower system. The turbine has a dual
pressure heat recovery steam generator, which can be used for the Integrated Solar Combined
ISCC plant. A model of Solar Rankine Cycle (SRC) driven by power tower was also devel-
oped for comparison. A highest solar-to-electric efficiency of 21.8% can be achieved by the
designed ISCC plant. And in all conditions, the global solar energy conversion efficiency
of the ISCC is higher than that of the SRC. Xu et al.[®*"% created a model of the 1 MW
Dahan solar thermal power tower plant using the modular modeling method. The dynamic
and static characteristics of the power plant are analyzed based on these models. Response
curves of the system state parameters are given for different solar irradiance disturbances.
Conclusions in this paper are good references for the design of solar thermal power tower
plant. Benammar et al.’!! developed a mathematical model based on energy analysis for
solar tower power plants. A general nonlinear mathematical model of the studied system
has been presented and solved using numerical optimization methods. The analysis of these
results shows the existence of an optimal receiver efficiency value for each steam mass flow,

receiver surface temperature and receiver surface area.

1.2.4 Cascade solar system

To fully utilize the features of components of solar thermal power system, cascade solar
systems are researched by many researchers. There are mainly two directions of the research

of cascade solar systems. One is cascade collection, the other is cascade utilization.

1.2.4.1 Cascade collection

Some researchers have investigated the combination of different types of collectors for
CSP to achieve cascade solar collection. Suzukil”?! analyzed the solar thermal systems with
two different types of collectors connected in series. A value of the collectors, the product
of the collector efficiency factor and the optical efficiency, was revealed to be the key factor
to determine whether a cascade system is better than either one of the collectors alone. If the
value of the lower concentration ratio collector is lager than that of the higher concentration
ratio, the cascade system is more effective. Furthermore, it was found that to obtain the
maximum energy gain, there exists the optimum operating conditions.

Kribus et al.!”?! proposed an idea of using separate aperture stages for different irradi-
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ance distribution. The working fluid is gradually heated when it flow through the receiver
elements with increasing irradiance levels. A two-stage system was set up to demonstrate this
principle at the Weizmann Institute’s Solar Tower. Air was used as the HTF to obtain 750°C
after the low-temperature stage and 1000°C after the high-temperature stage. Figure 1-3

shows the two-stage receiver system.
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Figure 1-3 Two-stage receiver system

Gordon and Saltiel " presented an analytic method for predicting the long-term perfor-
mance of solar energy systems with more than one collector brand (“multistage” systems).
This procedure enables the designer to determine the most cost-effective method of com-
bining different collector brands for a given load. The analytic method is illustrated by a
solved example which shows that significant savings can be realized by combining different
collector brands for a given application (multi-staging).

Oshida and Suzukil™! presented the idea of optical cascade heat collection of solar
energy. Two absorbers, one warm and the other hot, are used in the cascade system. The
warm absorber is heated by the Fresnel lenses and the hot absorber is heated by CPC. HTF
flows into the warm absorber firstly and then flows into the hot absorber. The temperature of
HTF can increase more effectively by the cascade heating design.

Desai et al.[’® presented an integrated CSP plant configuration with the combination
of both PTC and LFC. Thermo-economic comparisons between PTC-based, LFC-based and
integrated CSP plant configurations, without hybridization and storage, were analyzed. Fig-
ure 1-4 shows a simplified schematic of a proposed integrated CSP plant configuration. It is

demonstrated that the cost of energy of an integrated CSP plant is 9.6% cheaper than PTC-
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based CSP plant and 13.5% cheaper than LFC-based CSP plant.

Coco et al.l"” developed four different line-focusing solar power plant configurations
integrated both direct steam generation and Brayton power cycle. In these configurations,
collectors are divided into different solar fields to supply different heat demands. This pro-
vides the ability to use different types of collectors (parabolic trough and linear Fresnel) in

the systems.
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Figure 1-4 Simplified schematic of a proposed integrated CSP plant configuration

1.2.4.2 Cascade utilization

Many researchers have done the work on the combination of different thermodynamic
cycles for CSP. Lots of the work focused on integrated solar combined cycle (ISCC) with
parabolic trough, where Rankine cycle is used as the bottom cycle.

Li and Yang!™®

proposed a novel two-stage ISCC system that could reach up to 30% of
the net solar-to-electricity efficiency as shown in Figure 1-5. In their research, the impact on
the system overall efficiencies of how and where solar energy is input into ISCC system was
investigated.

Giilen!™! used the exergy concept of the second law of thermodynamics to simplify
the optimization process of ISCCS. After the exergy analysis, physics-based, user-friendly
guidelines were provided for ISCC designs.

Shaaban ®! introduced a novel ISCC with steam and organic Rankine cycles. The ORC

was used in order to intercool the compressed air and produce a net power from the received
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Figure 1-5 The proposed ISCC scheme

thermal energy. The proposed cycle performance was studied and optimized with different

ORC working fluids. Figure 1-6 shows the schematic of the proposed ISCC.

Algahtani and Dalia®!! quantified the economic and environmental benefits of an ISCC
power plant relative to a stand-alone CSP with energy storage, and a natural gas-fired com-
bined cycle plant. Results show that integrating the CSP into an ISCC reduces the LCOE of
solar-generated electricity by 35-40% relative to a stand-alone CSP plant, and provides the
additional benefit of dispatch ability.

Manente #?! developed a 390 MWe three pressure level natural gas combined cycle to
evaluate different integration schemes of ISCC. Both power boosting and fuel saving opera-
tion strategies were analyzed in the search for the highest annual efficiency and solar share.
Result shown that, compared to power boosting, the fuel saving strategy shows lower thermal
efficiencies of the integrated solar combined cycle due to the efficiency drop of gas turbine

at reduced loads.

Turchi et al.’®®! represented two new conceptual hybrid designs for ISCC with parabolic
trough. In the first design, gas turbine waste heat is supplied for both heat transfer fluid
heating and feed water preheating. In the second design, gas turbine waste heat is supplied

for a thermal energy storage system.

Mukhopadhyay and Ghosh!®¥ presented a conceptual configuration of a solar power
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Figure 1-6 Schematic of the proposed ISCC with two bottoming cycles

integration with the solar Brayton cycle.

condensation is used to drive the organic Rankine cycle.
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tower combined heat and power plant with a topping air Brayton cycle. The conventional gas
turbine combustion chamber is replaced with a solar receiver. A simple downstream Rankine

cycle with a heat recovery steam generator and a process heater have been considered for

Li et al.®! presented a novel cascade system using both steam Rankine cycle and or-
ganic Rankine cycle. Screw expander is employed in the steam Rankine cycle for its good

applicability in power conversion with steam-liquid mixture. The heat released by steam

Al-Sulaiman® compared the produced power of an SRC-ORC combined cycle with
traditional SRC cycle. The SRC is driven by parabolic trough solar collectors, and the ORC




cycle is driven by the condensation heat of the SRC.

Dunham and Lipi®”! proposed a single Brayton and a combined Brayton-Rankine power
cycle for distributed solar power generation and compared its theoretical efficiency to a single
Brayton cycle. Different working fluids were examined as working fluids in the bottoming
Rankine cycle. It is found that the combination of the Brayton topping cycle using carbon
dioxide and the Rankine bottoming cycle using R-245fa gives the highest combined cycle
efficiency of 21.06%, while a single Brayton cycle is found to reach a peak cycle efficiency

of 15.31% with carbon dioxide at the same design point conditions.

Bahrami et al.’®® proposed a combined ORC power cycle. An ORC was used as the
cold-side heat rejector of a Stirling engine. The operating temperatures of the ORC are
between 80°C and 140°C and the combined system can achieve 4% to 8% higher efficiency

compared with a standard Stirling cycle.

Thierry et al.’®*! proposed a nonlinear optimization formulation of multistage Rankine
cycle with two types of configurations. Both cascade style and series style of the ORC are
considered. The results show that for some cases the multistage configurations can achieve

higher efficiency at low temperature.

Babhari et al.[®"

considered the optimization of an integrated system using organic Rank-
ine cycle to utilize the heat released by the Stirling cycle. However, the integrated system is

a primitive design and it takes no consideration of the application in CSP.

1.3 Literature summary

Reviewing the former literatures concerning solar thermal power it can be found that
most of the research works have focused on specific solar thermal power technologies to

increase efficiency or reduce costs.

A small number of researchers have also studied the cascade collection or cascade uti-

lization of solar energy.

There is no literature on the combination of cascade collection and cascade utilization
in one cascade solar thermal power system. No systematically analysis of the cascade system

has been found.
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1.4 Research content

In view of the characteristics of existing CSP technologies and the deficiency of the
researches, this research is based on the international cooperation project ”Collaborative re-
search on key technologies to produce electricity by cascade utilization solar thermal energy”
as the background. The objective of this project is to research the equipment of solar thermal
power generation system, to propose, develop and optimize a solar thermal cascade system
depending on the advantages and disadvantages of the solar thermal power generation sys-
tems, and to explore a new feasible technology for large-scale solar thermal power generation.

The main research contents of this thesis are as follows:

(1) State of the art of solar thermal power technologies, corresponding to Chapter 1.

After briefly introducing the research background and significance of solar thermal
power generation technology, this paper reviews in detail the major researches in the fields
of solar thermal power generation technology, energy cascade collection and cascade utiliza-

tion. The research deficiencies of current status quo are briefly summarized.

(2) System topology design analysis, corresponding to Chapter 2.

In view of the importance of the cascade system topology and the diversity of struc-
ture selection, reasonable topologies for cascade solar thermal power generation systems are
selected. According to the thermodynamic characteristics and operating behaviors of com-
ponents in thermal power generation systems, reasonable topologies are selected. These
topologies embody the benefits of cascade systems and help to improve the performance of

solar thermal power system.

(3) Mechanism modeling method research, corresponding to Chapter 3.

In view of the physical mechanism and operating characteristics of the key components
in the solar thermal power generation system, this thesis investigates the modeling meth-
ods of the key components. Mathematical calculation tool and system development tool are
used for component and system development. Object-oriented features are applied to create
component models easy to combine, extend, and replace. At last, a software to design so-
lar thermal power generation system with computer software copyright is developed for the

system investigation.

(4) Optimization research of Stirling engine array arrangement, corresponding to Chap-
ter 4.
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Considering the influence of different arrangements on the performance of Stirling en-
gine array, five basic arrangements are proposed. The simulation models of Stirling engine
arrays with different arrangement are established using the developed solar thermal design
software. The performances of the models under different parameters are compared and the

optimum arrangement is found.

(5) The steam generation system optimization research, corresponding to Chapter 5.

Aiming at the large exergy loss of traditional steam generating system in the process
of steam generating, a new staged heating system is proposed to reduce the heat exchange
temperature difference. The solar field is divided into three independent parts. Each part
supplies heat for its corresponding heat exchanger. Adjusting flow rate of HTF in each part

can reduce the temperature difference and improve the thermal efficiency of the solar field.

(6) Cascade system evaluation analysis, corresponding to Chapter 6.

The performance evaluation index, the overall solar-to-electric conversion efficiency, of
the cascade system is given. Appropriate stand-alone systems are chosen for comparative
analysis of the cascade systems. Analysis of the influences of various parameters on the
efficiency difference between cascade system and its corresponding stand-alone systems is

conducted.

(7) Experimental research of solar thermal power generation system, corresponding to
Chapter 7.

A solar thermal power generation test platform is built to carry out experimental works
for solar thermal power generation. Special experiment cases considering the features of so-
lar irradiance need to be designed to investigate the impact of different factors on the system
performance. Influences of different factors on the performance of components will be in-
vestigated. Thermal performances of trough collectors and dish collectors will be analyzed,

and the simulation models will be validated.

The structure of this thesis is shown in Figure 1-7.
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Chapter 2 System topology

After the analysis of Chapter 1, this thesis determines the research goal and the research
content. The selection of cascade system topology is a prerequisite directly related to whether
the cascade system can operate safely and efficiently. A cascade system with an unreasonable
topology does not even work. Based on the existing mature CSP technology, this chapter
analysis and excludes various technical schemes and related components for cascade system.
Through reasonable layout, effective Solar cascade thermal power generation topologies are
chosen.

Three solar thermal power generation technologies are commercially proven — parabolic
trough, parabolic dish and solar tower. Considering the future deployment of solar cascade
demo system, two solar thermal technologies, parabolic trough and parabolic dish, are chosen
as the basic systems for the design of cascade solar thermal power system. For the cascade
utilization of the high temperature heat obtained from the parabolic dish receiver, air (or
nitrogen) is used as the HTF to transfer the heat collected. Figure 2-1 shows the schematic
diagrams of a parabolic trough system and a parabolic dish system. To make the system
structure diagrams in this thesis more clearly and consistent, legends of the components that

may appear in solar power systems are listed in Figure 2-2.
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Parabolic trough system Parabolic dish system

Figure 2-1 Schematic diagrams of a parabolic trough system and a parabolic dish system

Based on the two basic systems, different system topologies can be applied to achieve
energy cascade collection and cascade utilization. As the cascade system topology needs to

consider a variety of options, such as the selection of Rankine cycle structure, with the inte-
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gration of solar chimney technology, different types of collector integration, Rankine cycle
and Stirling cycle integration. The number of combined topologies is very large. In order to
obtain the most suitable cascade system topology, these factors need to be carefully analyzed
one by one in terms of feasibility and economy. It should be noted that the study conducted
in this thesis did not consider heat storage system due to: (1) This thesis focuses on the the-
oretical analysis of energy cascade collection and cascade utilization. It mainly considers
to use different collectors to achieve energy cascade collection and use different thermody-

namic cycles to achieve energy cascade utilization. It takes no consideration of the influence
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of the heat storage system. (2) The existence of heat storage system will change matching
between heat collection temperature and heating temperature, which brings additional work
for system analysis. (3) This test platform is only used for experimental research. It does not
consider the connection with state grid. The apply of heat storage system will add the cost.
(4) The heat storage system can be added in the future research work without affecting the

research content and conclusion of this thesis.

2.1 System topology based on Rankine cycle

The system structure of Rankine cycle is mainly affected by Rankine cycle fluid, typical
structure diagrams of SRC solar thermal system and ORC solar thermal system are shown

in Figure 2-3a and Figure 2-3b respectively. This section mainly focuses on the selection of

Rankine cycle fluid.
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Figure 2-3 Schematic diagrams of two types of Rankine cycle solar system

2.1.1 Ideal Rankine cycle fluid

Different working fluids for Rankine cycle would have the temperature-entropy curves
given in Figure 2-4. It should be noted that each curve in the figure is only used to represent
the saturation curve shape of different working fluids. The entropy and temperature value
corresponding to the curve do not represent the true entropy and temperature value, nor
can they be used for comparison between different working fluids. Among them, the ideal

working fluid has the following characteristics°!:
* The heat capacity of saturated liquid should be small. This makes the curve 22’ in

24



Ideal fluid
. ....' l'-': \

2’ Y .I \\ 3/

AT Water

AN {

X o <\

b3 M <

e ;o

= S

Toluene

R134a

~
~
~

- ~

>
s

Figure 2-4 Temperature-entropy diagram of an ideal working fluid

Figure 2-4 almost vertical.

The critical point should be above the highest operating temperature to allow all heat

to be added at that temperature.

The vapor pressure at the highest operating temperature should be moderate for safety

reasons and to reduce the cost of the equipment.

The vapor pressure at the condensing temperature should be above atmospheric pres-

sure to prevent air leakage into the system.

The specific volume of the vapor at state 4 should be small to avoid large-diameter

turbine wheels, casings, and heat exchangers.

The saturated vapor curve 3-4 in Figure 2-4 should be vertical to avoid expansion into
the wet vapor region (negative ds/dT") or expansion into the superheat region (positive
ds/dT).

For low-power turbine applications, the fluid should have a high molecular weight to
minimize the rotational speed and/or the number of turbine stages and to allow for

reasonable mass flow rates and turbine nozzle areas.

The fluid should be liquid at atmospheric pressure and temperature for ease of handling

and containment.
The freezing point should be lower than the lowest ambient operating temperature.

The fluid should have good heat-transfer properties, be inexpensive, thermally stable
at the highest operating temperature, nonflammable, noncorrosive, nontoxic, and so

on.
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2.1.2 SRC and ORC

Water is the most commonly used fluid for Rankine cycle, it is more mature to design
Rankine cycle components for steam systems than any other liquid. It is inexpensive to use
(although boiler-grade water must be highly distilled and thus costs more than tap water),
sealing of the high-pressure portions of a Rankine cycle using steam is not critical. Non-
flammability and ready availability of steam are additional advantages. Because it has a
critical temperature and pressure of 374°C and 22.1 MPa, it can be used for systems operating
at fairly high temperatures with most of the heat addition (at constant temperature) and at
moderate pressure. Figure 2-3a shows the schematic diagram of a typical steam Rankine
cycle solar system.

There are some disadvantages for steam as the Rankine cycle fluid. The low temperature
characteristics of steam are not ideal because the steam has a low vapor pressure and a very
low density at ambient temperature (see Table 2-1). Therefore, sealing air from low pressure

components is a major design problem.

Table 2-1 Saturated steam pressure and density at the corresponding temperature

T'(K) 373.15 363.15 353.15 343.15 333.15 323.15 313.15 303.15 293.15

p(Pa) 101322 70117 47373 31176 19932 12344 7381 4246 2339
pkg/m®) 05982 0.4239 0.2937 0.1984 0.1304 0.0831 0.0512 0.0304 0.0173

The organic Rankine cycle can be used in the solar parabolic trough technology in place
of the usual steam Rankine cycle. The ORC allows power generation at lower capacities
and with a lower collector temperature, and hence the possibility for low-cost, small scale
decentralized CSP units. Most organic fluids used in organic Rankine cycle are drying fluids.
The vapor leaving the expander still contains heat that can be transferred to the compressed
liquid stream because the turbine outlet temperature is above the condenser temperature. A
vapor-to-liquid heat exchanger in Figure 2-3b, known as a regenerator, is typically used for
this purpose.

Compared with steam for the Rankine cycle, it has the following advantages:

* Small turbine head allows for moderate shaft speed and a single- or two-stage design.

* Low volume ratio facilitates the flow path design.
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* High volume flow and low velocity of sound results in reasonable flow areas.
* Low temperature drop during expansion reduces thermal stress problems.
* Dry expansion avoids blade erosion caused by vapor wetness.

* Low system pressure facilitates housing design.

2.1.3 Selection of Rankine cycle fluid

There are two important aspects to consider when selecting the working fluid of the

Rankine cycle solar power system:

(1) Select the working fluid that is conducive to the optimization of the cycle efficiency.
For a Rankine cycle solar system, the collector efficiency reduces with operating temperature,
and the Rankine cycle efficiency increases with operating temperature, there exists an optimal
operating temperature as illustrated in Figure 2-5. The working fluid should be conducive to

achieve the optimal operating temperature.

(2) The working fluid state matches the heat transfer fluid state, if heat transfer fluid is
used. On the one hand, the operating temperature of the working fluid should be lower than
the collecting temperature of the HTF. On the other hand, the operating temperature of the
working fluid should not be much lower than the collecting temperature of the HTF to avoid

large exergy loss during the heat exchange process.
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Figure 2-5 Efficiency variation with operating temperature

Based on the advantages and disadvantages of water and organic fluid as the working

fluid of Rankine cycle, it is clear that, for low operating temperature and small capacity dis-
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tribution power generation, organic fluid will be a better choice, otherwise water is the better
one. Bao and Zhao!®? presented a comprehensive review of working fluid selection (includ-
ing pure fluids and mixtures). In this review, many factors such as operating conditions,
working fluid characteristics, equipment structures and environmental safety considerations

were considered.

2.2 System structure of trough-Rankine integrated with so-
lar chimney

Solar chimney, also known as solar updraft tower, directly (without concentration) uses
the sun’s heat to generate power. It uses solar radiation to increase the internal air temper-
ature to form a flow to the chimney located at the middle of the roof. Figure 2-6 shows the
schematic diagram of a typical solar chimney power plant. In this plant, air is heated by the
green house effect under the translucent roof. As the roof is open at its periphery, air flows
into the plant due to different density distribution. Hot air flows into the chimney because of
buoyancy. An electricity-generating turbine is set in the path of the air current to convert the

kinetic energy of the air flow into electricity.

S

Hot air

tH

Turbine

Roof )N

p——

—» AN w-—
e - T =

Ground

Figure 2-6 Schematic diagram of a solar chimney power plant

The solar chimney can use the low temperature (low grade energy) for power gener-
ation. So the combination of parabolic trough system and solar chimney is considered an
effective way for energy cascade utilization. In the combined system, the condenser in the

Rankine cycle is air cooled. The fan blows the hot air that has cooled the condenser into the
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solar chimney power plant from its periphery. The hot air stream converges at the bottom of
chimney, flows upward with the action of buoyancy and drives the turbine in the chimney.
Energy of the hot air can be utilized by the solar chimney. Figure 2-7 shows an example of

the combined system.

Figure 2-7 Schematic diagram of a combined solar trough and chimney power system

However, the efficiency of current solar chimney system is very low. Primary design
data of solar chimney power plants with different location, different chimney height and col-
lector height are shown in Table 2-2[°3!. The preliminary design parameters are selected and
determined for a nominal solar irradiation intensity of 1000 W/m? and the nominal plant
power of 5SMW. From the table, it can be found that the chimney efficiency and total effi-
ciency are very low and the technology is still in the developing stage.

Besides, a solar chimney is costly and requires vast land, which is adverse to the future
deployment of solar cascade demo system. With these considerations, the solar chimney

plans are not adopted for the cascade system.

2.3 Multiply types of collectors

Considering different heat collecting temperatures of different types of collectors, se-
ries connection of different types of collectors can be a feasible choice for solar cascade
collection. Trough collectors and Fresnel collectors have better performance and lower cost
for lower temperature heat collection. Dish collectors and solar towers are more suitable
for higher temperature heat collection. Serial connection utilize the advantages of different
types of collectors. Figure 2-8 shows an example of a cascade system using collector series

connection. In this system, air, the HTF, is preheated by parabolic collectors before it flows
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Table 2-2 Parameters and results of solar chimney models

Ottawa Winnipeg Edmonton Schlaich

Collector diameter (m) 1110 1110 1110 1110
Collector area (m?) 950000 950000 950000 950000
Chimney height (m) 123 60 35 547
Collector height (m) 848 975 1024 -

Chimney diameter (m) 54 54 54 54

Temperature rise in collector (°C) 25.9 25.9 25.9 25.9

Updraft velocity (m/s) 9.1 9.1 9.1 9.1

Total pressure head (Pa) 518.3 518.3 518.3 383.3

Average efficiency

Collector (%) 56.00 56.00 56.00 56.24
Chimney (%) 1.82 1.82 1.82 1.45
Turbine (%) 77.0 77.0 77.0 77.0
Whole system (%) 0.79 0.79 0.79 0.63

into the parabolic dish collectors.
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Figure 2-8 Schematic diagram of a cascade system using collector series connection

In this configuration, air is heated in the trough collectors and dish receivers conse-
quently. After providing heat for the Stirling engines, the hot air flows into the heat ex-

changer to provide heat for the Rankine cycle. In this topology, air is used as the HTF for
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the solar trough, this idea is only numerically and experimentally studied, >>** no commer-
cial applications can be found up to now. This technology is mainly constrained by the low
conductivity and low heat capacity of air, which leads to low system efficiency. For this
consideration, this topology is not adopted due to the air parabolic trough technology.

It can be a good choice to apply flat plate solar collectors and parabolic trough collectors
in traditional solar power tower plant that uses water as the HTF (such as Solar One). As
demonstrated in Figure 2-9, condensed water is heated by the flat plate solar collectors and
feedwater is heated by the parabolic trough collectors. Flat plate collectors and parabolic
trough collectors have much lower unit thermal cost compared to solar power tower. The
addition of flat plate collectors and parabolic trough collectors can effectively reduce the
cost of the system. Although this scheme is promising and deserves further research, the
cascade system in this thesis will not consider it for the requirement of solar power tower is

adverse to the deployment of cascade demo system.

Solar tower

Parabolic trough Flat plate

Figure 2-9  Schematic diagram of a solar power tower using collector series connection

2.4 Rankine cycle and Stirling cycle integrated system

2.4.1 Heat exchange between circuits

Heat transfer between different circuits can be applied for cascade utilization of the heat
collected. Depending on the two basic solar system as shown in Figure 2-1, there are two
types of heat exchangers that can be applied in the cascade solar system.

Two types of heat exchangers may be applied in the solar thermal cascade system — the

air-oil heat exchanger (see in Figure 2-10) and the air-water heat exchanger (see in Figure 2-
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Figure 2-10 Schematic diagram of a solar system using air-oil heat exchanger
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Figure 2-11 Schematic diagrams of two kinds of solar systems using air-water heat exchanger

For the first type, air provides heat for oil. It is not economic for several reasons. First,
The temperature of the heat transfer oil can not be further increased. The temperature of the
oil is not limited by the parabolic trough collectors. The temperature of the oil is constrained
by the oil properties and heat collecting temperature of the trough collectors can exceed
this value. In high temperature conditions, oil may deterioration, evaporation, decompose,
which has a negative impact on the stable and safe operation of the system. Second, using
dish to provide heat for the oil is not suitable since the dish is designed for higher temperature

collections and it’s less cost-effective compared with parabolic trough.
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For the second type, air provides heat for water. Two kinds of solar systems using air-
water heat exchanger can be found in Figure 2-11. Figure 2-11a shows the scheme that air
after the Stirling engine is used to overheat the steam. It’s feasible since the air can increase
the average temperature of the endothermic process of the water to increase the efficiency
of Rankine cycle. On the other hand, in a conventional solar trough system, the main steam
temperature is limited by the oil, which is not conductive to Rankine cycle efficiency. In this
proposed cascade system, the main steam temperature of the Rankine cycle can be raised to
be higher than 400°C to eliminate the negative effect of the oil. This is the scheme that will be
discussed in detail in the next few chapters. Figure 2-11b shows the scheme that air after the
Stirling engine is used to preheat the feed water. It is not a good choice since the temperature
difference of the heat transfer process is large and it provides no benefits to increase the inlet

temperature of the steam turbine.

2.4.2 Heat recovery between cycles

According to the second law of thermodynamics, it is impossible for any device that
operates on a cycle to receive heat from a single reservoir and produces a net amount of
work. For a heat engine, it requires both a hot source and a cold sink to convert heat energy
to mechanical energy. Figure 2-12 shows the thermodynamic conversion diagram of a typical
heat engine. In a thermodynamic cycle, heat is absorbed from the hot source, only part of
it can be converted into mechanical work by the engine. The conversion ratio related to the

temperatures of hot source and cold sink is fundamentally limited by Carnot’s theorem.

Only those engines suitable for external heating are usually considered for solar appli-
cations. Unlike an internal combustion engine that generates heat within the working fluid,
an externally heated engine needs external heat to be added to the working fluid by a heat
exchanger.

Three types of engines are designed to accept external heat and have been used for solar
heat sources: the Rankine, the Stirling, and the Brayton cycles®. The Rankine and Brayton
cycles are both suitable for constant-pressure heat-addition. The original Brayton engine uses
piston compressors and piston expanders, but more modern gas turbines and airbreathing jet
engines also follow the Brayton cycle. Although the cycle is usually an open system, in order
to carry out thermodynamic analysis, usually it is assumed that exhaust gases are reused as the

intake so that the whole process can be analyzed as a closed cycle. The Stirling machine uses
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Hot source (T',)

Cold sink (T o

Figure 2-12 Diagram of a typical heat engine

a reciprocating piston design that allows external heating to be combined into its constant-
temperature heat-addition process. In a Rankine cycle, the pressurized liquid enters a heat

exchanger where it is heated at constant pressure by an external heat source to become vapor.

These three kinds of cycles work at different optimum operating temperatures. Rankine
cycle works with the lowest hot source temperature and Brayton works with the highest.
Figure 2-13 shows the diagram of the three cycles used in solar energy. The heat released by

these cycles may be recovered by another cycle (as a bottom cycle).

TA
Stirling Cycle
ORC
SRC
>

Figure 2-13 Diagram of three cycles used in solar energy
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Different thermodynamic cycles work at different optimum working temperatures. Since
each thermodynamic cycle has endothermic and exothermic processes, a bottoming cycle

may use the released heat of a topping cycle.
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Figure 2-14 Two configurations with heat recovery between thermodynamic cycles

In our basic systems (see Figure 2-1), Rankine cycle and Stirling cycle can be coupled
for cascade usage. Figure 2-14 shows two configurations of the cascade systems with heat re-
covery between cycles. For a traditional Stirling engine, to enhance the performance, cooling
water is used to absorb the heat released by the engine. The absorbed heat is wasted without
reuse. In Figure 2-14a, condensate of the Rankine cycle is used to cool the Stirling engine.
Rejected heat of the Stirling cycle can be recycled by Rankine cycle. For organic Rankine
cycles, different working fluids determine the working temperature zones. It is feasible to
reuse the condensation heat of an organic Rankine cycle by another organic Rankine cycle.
In Figure 2-14b, two organic Rankine are coupled together for power generation. The bot-
toming cycle uses the condensation heat of the topping cycle for preheating, evaporation and

superheating.

2.5 Selected system topology

Considered all the conditions in the above sections, two system topologies are chosen
for this research as shown in Figure 2-15.

In Figure 2-15a, the cascade system has the following features:

* Multiple types of collectors. Trough collectors are applied for lower temperature heat

collection and dish collectors are applied for higher temperature heat collection. This

35



PP
~

(a) (b)

Figure 2-15 Two selected typical cascade systems

helps to reduce the cost and improve the efficiency.

* Multiple types of thermodynamic cycles. Rankine cycle is applied for lower tempera-

ture heat utilization. Stirling cycle is applied for higher temperature heat utilization.

» Air-water heat exchanger. An extra air-water heat exchanger is applied to increase the
temperature of the main steam, which helps to improve the efficiency of Rankine cycle.
On the other hand, it can overcome the disadvantage of low limit temperature of heat
transfer oil in conventional solar trough systems, which helps to achieve higher main

steam parameters than traditional solar trough systems.

» Condensate for Stirling engine cooling. Condensate of the Rankine cycle is used to
cool the Stirling engine. Rejected heat of the Stirling cycle can be reused by Rankine

cycle, which helps to improve the overall system efficiency.

In Figure 2-15b, the cascade system also has the features mentioned above. Besides, it
uses different kinds of organic fluid as the working fluid, which adapts more general working
temperature for solar energy systems. Figure 2-16 shows a calculation example of the cascade

system.

Both cascade systems will be modeled for investigation. However, considering the more
extensive application of steam Rankine cycle, the system described in Figure 2-15a will be

used as the main research content in the following chapters.
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Figure 2-16 A calculation example of cascade system shown in Figure 2-15b

2.6 Conclusion

This chapter systematically introduces a number of considerations in cascade solar ther-
mal system design. These considerations include Rankine cycle fluid type, solar chimney,
collector series connection, heat exchanger between circuits and heat recovery between cy-
cles.

These considerations are carefully checked for the cascade system study. Combining
with the research direction, two typical system topologies suitable for the deployment of cas-
cade demo system are put forward. These two typical system topologies have the following

features:

» Multiple types of collectors are applied.

Multiple kinds of thermodynamic cycles are applied.
» Air-water heat exchanger is applied to increase the Rankine cycle efficiency.

» Condensate for Stirling engine cooling to recover the heat rejected by the engine.

It is worthy noting that some of the considerations of the system topology design de-
serves more concern in the future. For example, a solar power tower combined with parabolic
trough collectors and flat plates as shown in Figure 2-9 effectively utilizes the characteristics

of the collectors.
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Chapter 3 Modeling

To investigate the performance of the proposed cascade systems, mechanism models
of the systems are developed with EES (Engineering Equation Solver) and MATLAB (Ma-
trix Laboratory). Bottom-up design method is used for the system modeling. Firstly, the
mechanism models developed in EES are used to validate the theoretical relationships of the
models. Secondly, the component models are developed in MATLAB using object-oriented
method. It makes full use of inheritance and polymorphism to ensure both the independence
and the relevance of the components. Three circuits, air circuit, water circuit and oil circuit,
are developed with some specific state parameters in some key components. Energy-based
models of these key components are created on the basis of their thermodynamic behavior,
heat transfer and the second law.

The following part introduce models of some key components.

3.1 Component modeling

3.1.1 Parabolic trough collector

Parabolic trough collector consists of a reflector and a receiver. The reflector (mirror)
reflects direct normal radiation and concentrates it onto a receiver tube located at the focal
line of the parabola. The receiver is typically a metal absorber tube with high absorption
rate coating. An outer glass tube is used outside the absorber tube to reduce thermal losses
and the space between the absorber tube and the glass tube is usually drawn into a vacuum
to further reduce thermal losses.

Optical loss exists in the reflection process due to optical efficiency terms. The reflection

terms can be listed as bellow?!:

* Shadowing factor
* Tracking error
* Geometry error

¢ Clean mirror reflectance
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¢ Dirt on mirrors

¢ Unaccounted errors

Another term, incident angle modifier K (6), should be concerned when the solar irra-
diation is not normal to the collector aperture. It is a function of the solar incidence angle to
the normal of the collector aperture ().

K(0) is expressed by the following equation concluded from trough collector testing
conducted at SNL. !

K () = cos 6 + 0.0008846 — 0.000053696° 3-1)

The optical losses are associated with five parameters (see Figure 3-1):

(1) Reflectivity, p: only a fraction of the incident radiation is reflected towards the
receiver. The fraction is determined by the reflector type and dirt condition. Reflectivity of

commercial parabolic trough mirrors can be assumed to be 0.9 for washed mirrors.

(2) Intercept factor, ~y: a fraction of the direct solar radiation reflected by the mirrors
does not reach the glass cover of the absorber tube due to either microscopic imperfections
of the reflectors or macroscopic shape errors in the parabolic trough concentrators (e.g.,
imprecision during assembly). These errors cause reflection of some rays at wrong angles,
and therefore they do not intercept the absorber tube. These losses are quantified by an
optical parameter called the intercept factor, -y, that is typically 0.95 for a collector properly

assembled.

(3) Transmissivity of the glass tube, 7: only a fraction of the direct solar radiation
reaching the glass cover of the absorber pipe is able to pass through it. The ratio between the
radiation passing through the glass tube and the total incident radiation on it, gives transmis-

sivity 7, which is typically 0.93.

(4) Absorptivity of the absorber selective coating, ay;s: this parameter quantifies the
amount of energy absorbed by the steel absorber pipe, compared with the total radiation
reaching the outer wall of the steel pipe. This parameter is typically 0.95 for receiver pipes
with a cermet coating, whereas it is slightly lower for pipes coated with black nickel or

chrome.
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(5) Soiling factor, F.: the dirt on reflectors will reduce the reflectivity, it needs to con-
cern the soiling factor. The soiling factor F, takes into account the progressive soiling of

mirrors and glass tubes after washing.

/ Direct solar radiation

Glass cover
(with a transmissivity 7)

A

Steel absorber pipe
(with absorptivity a., )

Parabolic trough reflector
(with reflectivity p)

Figure 3-1 Some of the optical parameters of a parabolic trough
The energy passes through the glass tube to the receiver can be expressed by

P = ]rwtCLtcp’yTFeK(8> (3'2)

The solar energy absorbed by the absorber occurs very close to the outer surface, to

simplify the absorption process, it is treated as a uniform heat flux ¢”.

= P _ LwpyTF.K(0)
Ty Ly nd,
Assume overall heat transfer coefficient U(T;) is uniform for whole length of the col-

(3-3)

lector, and the heat transfer correlation in Appendix B can be applied. Figure 3-2 shows the

schematic diagram of the thermal analysis of the absorber pipe.

q
To - Tamb = Ty N
U(Typs U(T,ps)md, Ly
(q//b ) - exp(— ( l;ﬂ)c i ) (3'4)
T; - Tamb - P
U(Tabs)

Since the Nusselt number N in the pipe is very large (about 1 x 10%), small temperature
difference exists between absorber and oil. So the average fluid temperature (7; + T,)/2
can be used as the average value of T}, and U(7,;) can be expressed by the a second-
order polynomial function given by Romero and Zarza®!. The length L, to get the required

number of trough collectors in a row can be obtained from Equation 3-4.
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Figure 3-2 Schematic diagram of the absorber pipe

The energy projected perpendicularly to the aperture of the trough collectors is
Qrotal = Iy Lycwye (3-5)
The energy absorbed by the heat transfer fluid is
Quse = 1cy(T, — T;) (3-6)

The thermal efficiency of the trough collectors

_ Quse _ IrLtcwtc

= = 3-7
Qtotal mcp (To - ,I‘z) ( )

U

3.1.2 Parabolic dish collector

Parabolic dish collector consists of a reflector and a receiver. The reflector tracks the sun
to reflect direct solar radiation and concentrates it onto a receiver located at the focal point of
the reflector. Two axes tracking system needs to be applied for the reflector to continuously
follow the daily path of the sun.

Two different methods are applied for the sun tracking systems: 7]

» Azimuth elevation tracking by an orientation sensor or by calculated coordinates of

the sun performed by the local control.

» Polar tracking, where the concentrator rotates about an axis parallel to the earth’s axis

rotation.

In a traditional dish-Stirling system, a Stirling engine is located at the focal point. The
Stirling engine has a receiver to absorb the thermal energy from the concentrated sunlights.
The receiver consists of an aperture and an absorber. The aperture in a Stirling receiver is

located at the focal point of the reflector to reduce the radiation and convection losses. The
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absorber absorbs the solar radiation and transfers the thermal energy to the working gas of the
Stirling engine. An electrical generator, directly connected to the crankshaft of the engine,

converts the mechanical energy into electricity.

In a proposed cascade system, a volumetric receiver is located at the focal point. A spiral
tube is located in the receiver to absorb the concentrated solar energy. Air (or nitrogen, is
used as the heat transfer fluid) flows trough the tube to transfer the absorbed energy as the

heat source of Stirling engine(s).

The reflector is a key element of the systems. The curved reflective surface can be
manufactured by attached segments, by individual facets or by a stretched membranes shaped
by a continuous plenum. In all cases, the curved surface should be coated or covered by

aluminum or silver reflectors.
A dish reflector product of SES (Stirling Energy System) is used in this cascade system,

and its key parameters can be found in Table 3-1. The structure of the receiver is shown in

Figure 3-3.

Figure 3-3 The structure of the dish receiver

The dish receiver model concerns the losses include: collector losses due to mirror
reflectivity, receiver intercept losses, losses due to shading, and thermal losses. Thermal
losses take the largest portion of all those losses, which are due to conduction, convection
and radiation. Figure 3-4 shows the thermal network of dish receiver, which concerns the

losses:
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Table 3-1 Key parameters of the dish collector

Parameter Value Parameter  Value  Parameter Value
dean 0.46 m €insu 0.6 04 45°
Oinsu 0.075m Aleaw 0.87 0% 0.97

depeay 0.23m Oa 0.005m  7Nshading 0.95
dap 0.184m di1 0.07m P 0.91

Ainsu ~ 0.06 W/(m - K) Age 87.7 m?

9cond,conv |:>

9cond,tot |:>

Tinxu 9cond,rad
|:> 9eon v free
TI i Tcav Tamb

9eonv forc
4, (D )

9 Yrad ref

|:> 9rad,emit

Figure 3-4 Thermal network of dish receiver
» Radiation losses reflected off of the receiver cavity surfaces and out of the receiver
through the aperture. (¢,qd,ref)
* Conductive losses through the receiver insulating layer. (gcond,tot)
* Free convection from the cavity in the absence of wind. (¢conw, free)
* Forced convection in the presence of wind. (gconv, fore)
* Emission losses due to thermal radiation emitted from the receiver aperture. (¢,qd,emit)

To solve the thermal network in Figure 3-4, correlations and relationships of the heat

fluxes should be clear.

(1) Inlet energy from the reflector, q;
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To simplify the model, influences made by receiver blocking and imperfection track are
ignored.

q; = [rAch?shadmgp (3-8)

In Equation 3-8, + is the intercept factor, 7pqqing is the shading factor between different

collectors, p is the reflectivity of the reflector.

(2) Heat exchange between the HTF and the dish absorber, qq,1
The heat transfer process between the HTF and the dish absorber is simplified to a heat

exchange process of a flow in a uniform temperature heat pipe. So ¢4,,1 can be written as

qdr1 = hdr,lAdr,lAT’ln,dr,l (3'9)

where
hdr,l = Nutube)\dnl/di,l (3_10)
Nuggpe = ¢ Nt} (3-11)

For helical spiral pipe, multiplier ¢, based on curvature ratio can be expressed as!*®!

d;i1

> =1+3.5 3-12
‘ i dcav - di,l - 26(1 ( )
Nu,,. is the Nusselt number of straight circular tube, which can be expressed by !
Nu:‘,ube - 0'027R6?ﬁ%eprtl1{§e(Ntube//ﬁtube,w)o.u (3—13)
and the logarithmic mean temperature difference A7}, 4.1 can be written as
o (Tca'u — Tdc,i) — (Tcav — Tdc,o)
AT’ln,dr,l - Tcav — Tdci (3-14)
In——
chw - Tdc,o
(3) Radiation losses reflected off the receiver, ¢yqd.ref
Qrad,ref = (]— - aeff)qi (3_15)
where a. ¢ is the effective absorptivity of the receiver.
C]{Ca,’l)
Qeff = (3—16)

Au
ACGU

Qieqyp 18 the absorptivity of the cavity, A.,, is the cavity area, A,, is the aperture area.

Aeqy + (1 - acav)
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(4) Conductive losses through the receiver insulating layer, qcond,tot

Tczw - ﬂnsu
11’1(1 + Qéinsu/dcav)
where T.,, is the temperature of the cavity wall, 7},, is outside temperature of the

Qcond,tot = 27T)\insudepcav (3'17)

insulation wall.

(5) Convection losses from the receiver insulating layer, qcond,conv

kinsuNuinsuAinsu (Ensu - Tamb)

4cond,conv = hinsuAinsu(Ensu - Tamb) = dcau T 25insu (3'18)
where N1, can be obtained from the correlation for flow over a circular cylinder.!'%!
(6) Radiation losses from the receiver insulating layer, qcond rad
qcond,rad = EinsuAinsuO-(Tﬁzsu - T;Lmb) (3-19)

(7) Free convection from the cavity in the absence of wind, qcony, free

Mal!®ll conducted tests to determine the free convection losses from the receiver for
alternative setups, and the data were consistent with Stine and McDonald’s free convection
correlation. It is assumed that forced convection is independent of free convection in the
receiver, so the total convection losses can be represented as the total of the free and forced

convection losses as shown in Figure 3-4.

Geonv, free = hfreeAcav (Tcav - Tamb) (3_20)

where hfree = Kfitm NUfree/deav, deaw 1S the effective diameter of the cavity, deqy = deay —
2d; — 46,.

(8) Force convection from the cavity in the presence of wind, qcony, fore

Geonv, fore = hforcAcav(Tcav - Tamb) (3'21)

Wu et al.['%! present a comprehensive review and systematic summarization of con-
vection heat loss from cavity receiver in parabolic dish solar thermal power system. And we
choose the correlation presented by Leibfried and Ortjohann!'%!. This correlation gives an
extended model of Koenig and Marvin!'®! and Stine and Diver!'%! with better results.

For forced convection loss, side-on wind convection loss model given by Mal'l which

is independent of the aperture orientation, is used

Bfore = 0.1967v .54 (3-22)

wind
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(9) Emission losses due to thermal radiation emitted from the receiver aperture, Grqd.emit

The emissivity is set equal to the effective absorptivity of the cavity (gray body),

€cav = Qeff (3'23)

Qrad,emit = 6(30,1114(1170-(,-T4 - T4 ) (3'24)

cav amb

From Figure 3-4, it can be found that

Geff = 4i — Qrad,ref (3'25)
Geff = qdr1 + Gcond,tot + Geonv, free + Geonv, fore + Grad,emit (3'26)
Gcond,tot = Ycond,conv + Geond,rad (3'27)

So the temperature nodes in the thermal network can be solved by these equations.

qdr,1 can be obtained from Equation 3-9, and efficiency of the dish receiver

_ Gar

Nar (3-28)
4;
Efficiency of the dish collector
Qdr,1
c = 3'29
Nde = 774 - (3-29)

3.1.3 Stirling engine

3.1.3.1 Theoretical Stirling cycle

In a Stirling cycle, there are two isothermal processes that exchange heat with heating
and cooling fluids, two isochoric processes that exchange heat with regenerator. Figure 3-5
shows the T'-s diagram of a typical Stirling cycle. The heat absorbed by regenerator in process

4-1 is reused in process 2-3, but only able to heat the working gas from 2 to 3’ due to the
Tr =11

Ty — T
where T} is the temperature in the hot space, 77, is the temperature in the cold space, T is

imperfect regeneration. e is defined as the regenerator effectiveness!!%¢1971 ¢ =

the effective working fluid temperature in the regenerator.

In order to obtain a simplified analytical model, several simplifications are made:
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Figure 3-5 T'-s diagram of a Stirling cycle

* The working gas in Stirling engines obeys the idea gas law.

No heat loss to the environment for Stirling engines.
¢ QOverall heat transfer coefficients of the fluids are constant.

* A symmetrical regenerator behavior is assumed so that a simple effectiveness can be
obtain by T = L =15 os.ion

To consider internal irreversibilities in a Stirling cycle made by dead volumes, total
dead volume V, can be divided into heater dead volume V5, regenerator dead volume Vp
and cooler dead volume Vp.['% There exists a factor K to describe the dead volumes
under different temperatures. K is relevant with temperatures in the process and regenerator
effectiveness.

Vou | Vbr | Vpo

K = -
Th + Tn + T, (3-30)

For the isothermal compression process 1-2, the output work

Ve Ve + Vo + KTy,
Wiy = / dV = —mRTy, In -2 (3-31)
12 VotV P12 L Ve + KT,
For the isothermal expansion process 3-4, the output work
Vetve Ve + Ve + KTy
Wy = / dV = mRTy In = (3-32)
34 v P34 H Ve + KTh
Ve+ Ve + KT Ve+ Ve + KT
Define vy = E‘—/; f[—i(_TH H, and vy, = E;E f;(_TL L Ina cycle, the theoretical
output work
Wth = W12 + W34 = mR(TH In YH — TL In ")/L) (3-33)
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For the isochoric heating process 3’-3, the absorbed heat

1—e

1o — T —T -
Qy 5 = ncy(Th R) E— 1

mR(Ty — 1) (3-35)
For the the isothermal expansion process 3-4, the absorbed heat
Q34 = W3y = mRTy Inyy (3-36)

In a cycle, the theoretical absorbed heat

1
k

—e
Qin = Qg3+ Q34 = — 1mR(TH —T1) + mRTy Inyy (3-37)

3.1.3.2 Irrevisibilities and losses

(1) Non-ideal heat transfer effect
Because of non-ideal heater and cooler, the working fluid temperature (74/17) in these
two heat exchangers is less/higher than the wall temperature (7},,,/1.,,), respectively. Ty and

T7, can be corrected by the wall temperatures as follows:

(Sse
Ty = Ty — 3-38
o= e = 2 (3-38)
(Q B W)Sse
T, =T, + — 3-39
L + hoA ( )
The heat transfer coefficient can be obtained using the following correlation!'%':
:ucpre
[ 3-40
" 2Dy Py (3-40)
where fr. is a Reynolds friction factor defined as:
fre = 0.0791Rep? (3-41)

Rey, ¢, Pry . and D), . are Reynolds number, Prandtl number and hydraulic diameter of

the heater/cooler exchanger.

(2) Effect of pressure drop

Pressure drops in the heat exchangers cause power losses of the Stirling engine. The

pressure drops can be expressed by: 1%

. QfRe,uuV

Ap=——rp7

(3-42)
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where v is the working gas speed, V' is volume, A is flow cross-section area.

The net power loss of the Stirling engine due to pressure drop of the heat exchangers
can be evaluated by:

Wia = f ‘Z <Am%)d9 (3-43)
i=E,C

(3) Effect of finite speed of piston and mechanical friction

Due to the finite speed of piston, the pressure on the piston surface is different from the
pressure of expansion and compression spaces. It has been demonstrated that the pressure
on the piston surface in the expansion process is less than the mean pressure in the expansion
space. Similarly, the pressure on the piston surface in the compression process is greater
than the mean pressure in the compression space. This means the output work is less than
the theoretical value. Besides, The output work also reduces due to mechanical friction. The
output work loss due to finite speed of piston and mechanical friction can be obtained as
g [109]

follow

A
Wy, = jf p(i“—:” n %)dv (3-44)

where the sign (4) is used in the compression space, and the sign (—) is used in the
expansion space. p is the mean pressure in the compression/expansion space, u,, is velocity of
the piston, cis the average speed of molecules and Apy is the pressure loss due to mechanical

friction. Apy, a and ¢ can be expressed by:!!'!]

Apy = 0.97 + 0.009s,, (3-45)
a=V3k (3-46)
c=V3RT (3-47)

(4) Energy losses due to internal conduction
The temperature differs from the heater and cooler, heat losses from heater to cooler ex-
ists due to internal conduction through the walls of regenerator.!!'?! The internal conduction

loss in a cycle can be expressed by follows:

kA,

Qia = s

(Thw — Tcw) (3'48)
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where, k., A, and L, denote the regenerator matrix conductivity, regenerator length,

and regenerator conductive area respectively.

(5) Energy losses due to shuttle conduction
The displacer shuttles between the expansion and compression space. It absorbs heat
during the hot end of its stroke and releases it during the cold end of its stroke. This heat loss
can be estimated as!!3!: kD
Qse = 0.4K”S:(TH ) (3-49)
where, Z, k,, D,, J and L, denote the displacer stroke, piston thermal conductivity,
displacer diameter, gap between the displacer and the cylinder, and length of the displacer

respectively.

So, in a Stirling engine, the total absorbed heat in a cycle

Q = ch + Qid + Qsc (3-50)
the output work
W =Wy, — Wpa — Wi, (3-51)
Power of the Stirling engine
P =Ws,e (3-52)

Efficiency of the Stirling engine
n=w/Q (3-53)

3.1.3.3 Model validation

Evaluation of the developed thermal model is performed by considering the GPU-3 Stir-
ling engine as a case study. Design specifications of the GPU-3 Stirling engine are indicated
in Table 3-2119%114 The thermal efficiency and power of the proposed Stirling engine model
are compared with previous thermal models and experimental data as shown in Table 3-3
and Table 3-4.

It can be found that the proposed model has much better agreement with the experi-
mental results than previous thermal models at various rotation speeds and mean effective
pressures. It is required to mention that in all thermal models both power W and input heat ()

are determined by the thermal process of heat transfer between the wall and working gas. In
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Table 3-2 Design specifications of the GPU-3 Stirling engine

Parameter Value

Engine type B

Working gas Helium

Mass of the working gas 1.136 g
Heater

Number of tubes 40

Tube external diameter 4.83x1073m
Tube internal diameter 3.02x1073m
Tube length (cylinder side) 0.1164m
Tube length (regenerator side) 0.1289m
Cooler

Number of tubes 312

Tube external diameter 1.59x1073m
Tube internal diameter 1.09x1073m
Average tube length 4.61x1072m
Regenerator

Number of regenerator 8
Regenerator internal diameter 2.26x1072m
Regenerator length 2.26x1072m
Diameter of regenerator tube 4x10™°m

Material

Volume

Stainless steel

120.82/114.13 cm?
30.52/28.68 cm?
70.28/13.18/50.55 cm?

Swept Vol. (expansion/compression)
Clearance Vol. (expansion/compression)

Dead Vol. (heater/cooler/regenerator)

the proposed model, W and () are obtained from Equation 3-38 and Equation 3-39. There-
fore all the three parameters W, () and 7 are determined by the thermal model and input

parameters to the model. These input parameters includes heater, cooler, mean effective
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Table 3-3 Thermal efficiency of the models and experimental data (at Tj,,, =922 K and T,, =288 K)

Mean The simple analysis The adiabatic analysis The proposed Stirling Experimental
) ] ] ) efficiency 1%
Rotation effective (variable Pr!1107) (simple I11112]) engine model
speed pressure
A A A Actual
(Hz) (MPa) Value Error verage Value  Error verage Value Error verage oHcm
error error error value
Y % % % % I
@ ) g ) () @0
16.67 38.72  18.22 3248 11.98 28.16  7.66 20.50
25.00 36.16 15.46 31.21 10.51 2775  17.05 20.70
33.33 576 33.79 15.79 17.0 29.45 11.45 12.85 2743 943 12.10 18.00
41.67 ' 31.48 16.28 ' 2745 12.25 ' 2717 11.97 ' 15.20
50.00 29.12  17.32 25.21 1341 2694 15.14 11.80
58.33 29.74 2434 22.89 17.49 26.74 21.34 5.40
25.00 35.65 10.85 3229 749 2729 249 24.80
33.33 33,52 9.62 3040 6.50 2694  3.04 23.90
41.67 4.14 31.48 10.18 11.46 28.39  7.09 8.28 26.65 5.35 6.65 21.30
50.00 2945 11.25 2633 8.13 2639 8.19 18.20
58.33 27.40 15.40 2421 12.21 26.17 14.17 12.00
41.67 31.20 8.70 28.59  6.09 2624 374 22.50
50.00 5.52 29.33  10.53 10.82 26.62 7.82 8.11 2597  7.17 7.48 18.80
58.33 2744 13.24 24.62 10.42 25.73 1153 14.20
50.00 29.07 10.37 26.61 7091 25.62 692 18.70
6.90 11.73 9.19 9.05

58.33 27.29 13.09 24.67 10.47 25.37 11.17 14.20
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pressure, type of working gas and geometrical specification of the engine.

Table 3-3 and Table 3-4 indicate that when mean effective pressure of the engine in-
creases from 2.76 MPa to 6.90 MPa, best performance (efficiency and power) prediction of
the proposed model exists. When rotation speed increases from 16.67 Hz to 58.33 Hz, error
in prediction of performance of the proposed model increases. The proposed model may
have the best performance prediction at a low rotation speed, with mean effective pressure
between 4.14 MPa and 5.52 MPa.

However, there is still some discrepancy between the the simulation results of proposed
model and the experimental data. In the future researches, more accurate models of Stirling
engine may be developed by considering other irreversibilities such as heat loss to the en-
vironment, gas spring hysteresis, and etc. It is worth pointing that there are more accurate
Stirling engine models. For example, polytropic simulation models of Stirling engine show
higher accuracy than our proposed model!!*-!'5] However, the model needs more costly

calculations and the polytropic indexes are engine-specific.

3.1.3.4 Heat transfer between the engine and the fluids

For a Stirling engine thermal process, the wall temperatures of the heater and cooler are
considered to be uniform and constant. The heat transferred between the wall and the fluids

after a contact area of dA is

(T, — TYUdA = 1he,dT (3-54)

dT UdA
= — 3'55
T T, mep (5-35)

With T(0) = T, T(A) = T,

T,-T, UA
T =) (3-56)

me,

For a Stirling engine, T}, or T, can be used to substitute 7;, to get the relationships

between T} ,, T, 5, and T}, or T; ., T, . and T, respectively.

To h — Thw UhAh

—oh MY exp(—- (3-57)
Ti,h — Thw p( thp,h)

To,c - Tcw UcAc

7—11',0 - Tcw - exp( 7/hccp,c) (3-58)
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Heat transferred from heating fluid to Stirling engine in a cycle
mhcp,hCTi,h - To,h)/sse = Q (3'59)
Heat transferred from Stirling engine to cooling fluid in a cycle

1eCpe(Toe = Tie)[85e = Q =W (3-60)

3.2 Rankine power generation subsystem

Based on different working fluids, there are two different kinds of Rankine power gen-
eration systems, steam Rankine power generation system and organic Rankine power gener-

ation.

3.2.1 Steam Rankine cycle

For steam Rankine cycle, a deaerator is used to remove the oxygen and other non-
condensable gases in the feedwater of steam generating system. Dissolved oxygen in feedwa-
ter will cause serious corrosion damage in steam generating system by forming oxides (rust)
of the metal pipes. Dissolved carbon dioxide combines with water to form carbonic acid
will cause further corrosion. The accumulation of the non-condensable gases will increase
the heat transfer resistance, which is harmful for the heat exchangers. The extraction of the
steam turbine provides heat for the deaerator.

Figure 3-6a shows the 7'-s diagram of the water circuit in the cascade system in Figure 3-
9. Process 2a-2c-2b shows the heat process in the steam turbine (see Figure 3-6b). State
point 2b and ¢, 20 have the same pressure, state point 2¢ and ¢, 2c have the same pressure.
To simplify the inner process 2a-2c¢-2b of the turbine, same isentropic efficiency of steam

turbine with different loads and in different stages is assumed, which means

Nith = <h2a - h2b)/(h2a - hz’,2b> = (hQa - h2c)/(h2a - hi,Qc) (3-61)

where h; o, is determined by s, and p,; h; o is determined by sy, and p..

The output power of the steam turbine

Py = (1 = y) 1z (hag — hay) + y1ira (haa — hac) (3-62)
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Figure 3-6 T-s diagram of the water circuit and h-s diagram of the process 2a-2b

Process 20-2d shows the heat process in the condenser. The outlet water in the condenser
is saturated water. The outlet temperature 75, and outlet enthalpy h, are determined by the

exhaust pressure of the turbine p.. The released heat of the condenser

Qcd = (1 —y)mng(hay — hag) (3-63)

State points 2¢, 2 f and 2g have the same pressure (p., 1 MPa). The water at the outlet of the

deaerator is saturated fluid, its enthalpy is determined.
Yhoe + (1 — y)hoy = hay (3-64)
The total power of the pumps
Py, = (1 —y) g (hoe — hag) + 1o (hon — hag) (3-65)

where ho, can be obtained from 7, = (h;2. — haq)/(h2e — haa), hop can be obtained from
Npuw = (hion — hag)/(han — hag). hige is determined by soq and pe, h; 25, is determined by sy,
and p;.

The outlet water of the deaerator is saturated water (x = 0), so the outlet temperature 75,
and outlet enthalpy ho, of the heated fluid is determined by pressure p,,. For the deaerator,

the outlet pressure equals to any of the inlet pressure.
P2g = P2c (3-66)

56



Heat injected in the water circuit

Q2 = (1 — y) ma (hay — hae) + 1g (hoq — hop) (3-67)

The efficiency of Rankine cycle can be expressed as
e = (P — Ppu/Nge) Q2 (3-68)

3.2.2 Organic Rankine cycle

Compared with steam Rankine cycle, ORC has the following features:

(1) Organic fluid has lower boiling point, and higher evaporation pressure. It is suitable
for the recovery of low temperature waste heat. Besides, it has small density and specific
heat capacity, the required size of turbine, pipes and heat transfer areas are small, which is

beneficial for cost saving.

(2) The exhaust fluid of the turbine is dry. So without overheat, the saturated gas can
be used as the main gas for the turbine. The corrosion situation caused by the impact of the

droplets to the high-speed rotating blades will not happen with ORC.

(3) Organic fluid has lower sound speed than vapor, the turbine can achieve favorable

aerodynamic performance with lower wheel speed.

(4) Organic fluid has higher condensing pressure than water. It can condense under
the pressure higher than the atmosphere. The system pressure can be maintained above the
atmosphere pressure to prevent air leak into the system. This means a deaerator is no more

necessary.

(5) Organic fluid has low freezing point, no anti-freezing treatment is required even in

the cold area.

The shapes of curves in the 7'-s diagram of different fluids are different. According
to the saturated vapor curve d7'/ds in the T-s diagram, the working fluid can be divided
into three types: dT'/ds > 0 means dry fluid (moisture does not form when high-pressure
saturated vapor expanded reversibly from a high pressure) , most of the organic fluid are
dry fluids; d7'/ds < 0 means wet fluid (moisture forms when high-pressure saturated vapor

expanded reversibly from a high pressure), such as water; d1'/ds — +oo means isentropic
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fluid, such as R134a. For the high temperature high pressure dry fluid and isentropic fluid,
since there is no droplets after work in the expansion turbine, no superheater is required.
On the other hand, since the purpose of the ORC focuses on the recovery of low grade heat
power, a superheated approach like the traditional Rankine cycle is not appropriate.

Figure 3-7 shows the 7T'-s diagram of steam Rankine cycle and ORC cycle. Figure 3-8
shows the schematic diagram of the ORC system. For a dry fluid, the cycle can be improved
by the use of a regenerator: since the fluid has not reached the two-phase state at the end of
the expansion, its temperature at this point is higher than the condensing temperature. This
higher temperature fluid can be used to preheat the liquid before it enters the evaporator. A
counter-current heat exchanger is thus installed between the expander outlet and the evapo-
rator inlet. The power required from the heat source is therefore reduced and the efficiency

is increased.

T A
2a
2k
2c
2 2} /
o/ 29 2h
 2d2e 2b
'S

Figure 3-7 T'-s diagram of water and a typical organic fluid in Rankine cycles

The isentropic efficiency of the turbine
Nitb = (h4a - h4b)/(h4a - hi,4b) (3-69)

where h; 4, is determined by s4, and p..

58



1 S -
T 4b
3b '4h, P

1 E 2
| 3c .
l @ 3d| | 4f 40

Figure 3-8 The schematic diagram of an ORC system with regenerator

The output power of the turbine
Py = 1y (haa — Pap) (3-70)

Process 4c-4d shows the heat process in the condenser. The outlet fluid of the condenser
is saturated liquid. The outlet temperature 74 and outlet enthalpy 544 are determined by the

exhaust pressure of the turbine p..
For the regenerator,

hay = haec = hay — hae (3-71)

The released heat of the condenser
Qea = M4(hye — hya) (3-72)

The power of the pump
Ppu = m4(h4e - h4d) (3_73)

where hy. can be obtained from 7, = (h;4c — haa)/(hae — haa). hi e is determined by
S4q and ps.

Heat injected in the circuit
Qs = ma(hsg — hay) (3-74)

The efficiency of Rankine cycle can be expressed as

o Ptb — Ppu/ﬁge
Tk = 7 1

= 3-75
1y (hag — hay) -75)
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3.3 Steam generating system modeling

The steam generating system can be divided into preheater, evaporator and superheater,
they are collectively referred to as PES. They are all heat exchangers. It is assumed that,
in these heat exchangers, the pressure of the fluid does not change significantly. It can be
assumed that the water pressure in the steam generating system equals to the pressure of
the inlet pressure of the turbine. Besides, these heat exchangers do not exchange heat with
the environment. To clearly understand the modeling process of these heat exchangers, an
example of steam generating system as shown in Figure 3-9 is used for explanation. Figure 3-
10 shows the T-() diagram of the heat transfer process. State points of different fluids are
marked on the sketch. The number indicates the type of the fluid, the letter indicates the state
point of the fluid. A state point with solid circle indicates saturated liquid state (z = 0), and

with dotted circle indicates saturated gas state (x = 1).

DAL, 2a

= I~ /
vl '@

O Saturated liqud state

'\\, Saturated gas state

R e,

COC
N H AN

Figure 3-9 An example of steam generating system in a cascade system

The modeling process of PES is the process of solving the unknown states of the state
points. Notice that, the pressure of the fluids keeps constant in the heat transfer process.
For an unsaturated state, known the temperature or enthalpy, the state is determined. This

means, the temperature can be obtained from the enthalpy, and vice versa. For a saturated
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Figure 3-10 The steam generating process

state, known the dryness (x) of the fluid, the state is determined.
For a typical PES modeling process as shown in Figure 3-9, 1., state 2h and state 2k are
determined by the parameters of the turbine. State 3a is determined by the design parameters.

State 2¢ and state 2j are determined by their dryness values.

(1) Preheater
The outlet of the heated fluid is saturated liquid (x = 0), so the outlet temperature 75,

and outlet enthalpy ho; of the heated fluid are determined by the main pressure of the turbine,

Ds.
mg(hse — hsa) = ma(he — hap) (3-76)

(2) Evaporator
The outlet of the heated fluid is saturated gas (x = 1), so the outlet temperature 75; and

outlet enthalpy /5, of the heated fluid are determined by the main pressure of the turbine, p;.

ms(hgy — hse) = ma(hoj — hy) (3-77)

It has to be mentioned that, state 3¢ is determined by T5., which equals to T5; + AT,n.
(T3c - T2z' + Ajjmzn)

(3) Superheater

For the energy balance,
1m3(haa — hap) = g (hay, — haj) (3-78)
By solving the Equation 3-76 to Equation 3-78, 3, state 3D and 3d can be obtained.
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3.4 System modeling

Different components are connected to form a system by their interfaces (inlets and
outlets). These interfaces are interacted with each other by “streams”. For example, the
steam turbine in Figure 3-9 is connected with the deaerator by a steam stream. This steam
stream has its own properties such as fluid type, mass flow rate, temperature, pressure and
so on. ’Steams” are defined as objects in the modeling language — MATLAB. Appendix C
shows the source code of the definition of the class — Stream.

Some properties, T, q_m and p, of Stream are also objects. They belong to the classes
Temperature, Massflow and Pressure separately.

Given the inherent properties of a Stream, its dependent properties, mass specific en-
thalpy (h), mass specific entropy (s) and pressure (p), can be obtained.

If the stream is a single phase stream, its dryness does not exist. Its dependent properties
(h, s, c,) can be obtained from its temperature (1') and pressure (p) by calling the open source
MATALB wrapper CoolProp. If the stream is a two-phase stream, 0 < x < 1. Its dependent
properties (h, s, c¢,) can be obtained from its pressure (p) and dryness (x). The reason of
choosing pressure (p) instead of temperature (') as the input value is that it is easier to be
determined.

A stream can be used to record a state point since it contains all the information for a
state point. Streams are defined in a system for component connection and system calculation.
Different components are connected by streams to form a system. The Streams are passed as
parameters to the components, completing the calculation of the methods in the components.

Components are connected each other by streams. Their inlets and outlets are used as
interfaces for connection. Two interfaces are connected together by being assigned the same
stream.

Systems are initialized by given parameters (design parameters). These parameters are
assigned to corresponding properties of the streams and thus affect the state of the related
components.

For system calculation, it has to be mentioned that, some parameters of a component
are related with other components. In such situations, guess values are used for the calcu-
lation methods in the components. The guess values are set to be the properties of some
streams. Each of these streams is assigned to two components (evaporator and superheater,

e.g.). These streams are assigned to corresponding components to accomplish the calculation
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methods in the components. These calculation methods will return solutions for the stream
parameters. Then the parameters will be compared with the guess values for verification. If
the differences between guess values and the calculated parameters are within permissible
error, the guess values are accepted; otherwise, the guess values will be iteratively readjusted
according to the Runge-Kutta method until accepted.

For example, the mass flow rate of oil of the evaporator (ri23) is related with the super-
heater in a system as described in Figure 2-15a. A guess value of 13, 13 4, is required to
determine it. 13 4 is assigned to the evaporator oil stream. This stream is assigned to both
evaporator and superheater. In evaporator, the method get_T_3b will change the tempera-
ture of the stream (73;) from the default value. In superheater, the method get_q_m_3 will
return a solution of i3, 1 s, for verification. If |73 , — 13 | is less than permissible error
(10™%), then 773 4 is accepted as the value of 7723; otherwise, 13 , will be iteratively readjusted

according to the Runge-Kutta method until |3 , — 13 5| < 1074

3.5 Conclusion

This chapter presents the modeling method of the cascade system and introduces the
modeling of some key components and subsystems in detail. The component models are
developed in MATLAB using object-oriented method. Bottom-up design method is applied
for system development. Models of the components of a system are developed first according
to their mechanism characteristics, and the system model is established by these component
models. A MATLAB class Stream created for component connection is used as an example
to introduce the system modeling process. The components’ inlets and outlets are used as
interfaces for connection. Two interfaces are connected together by being assigned the same
stream. The calculation process related with different components is also briefly introduced
in this chapter.

Due to the encapsulation, composition and polymorphism of the object-oriented lan-
guage, the system model has some advantages such as easy to establish, convenient to replace
a component and clearly check the performance of specific components.

The key component models in the cascade system can be validated experimentally or
be compared with the classic models. The validation of Stirling engine model shows that
the proposed model has much better agreement with the experimental results than previous

classic thermal models at various rotation speeds and mean effective pressures.
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Chapter 4 Optimization of Stirling engine array

4.1 Connection types of SEA

For a single Stirling engine, the heat transfer processes between fluids and engine are
independent and irrelevant with the directions of the flows, which means the efficiency and
power are not affected by the direction of fluids. However, for an SEA, the connection type
will affect the temperature profiles through the array and the specific work production, both
of which will determine the efficiency and power of the SEA. It is practically significant to
investigate the influence of connection type of an SEA on its performance. Using parallel
flow, on the one hand, will reduce the flow rate of the fluid, which will reduce the power
of each engine; however, on the other hand, will take the advantage of higher inlet heating
fluid temperature (or lower inlet cooling fluid temperature), which may increase the power of
each engine. Using serial flow, on the one hand, will increase the flow rate of the fluid, which
will increase the power of each engine; however, on the other hand, the inlet heating fluid
temperature reduces with the flow direction (or the inlet cooling fluid temperature increases
with the flow direction), which leads to lower engine power along the flow direction. Using
the same order will lead to largest fluid temperature difference (temperature difference of
the heating and cooling fluids) at the first engines and smallest fluid temperature difference
at the last engines. Using the reverse order will lead to more averaged fluid temperature
differences of each engine. For a heat exchanger, the reverse order (counterflow), which
leads to a smaller fluid temperature difference, has a better heat transfer effect for its lower
exergy loss. However, for a Stirling engine, the smaller fluid temperature difference leads
to lower performance due to the lower temperature difference of the working gas in the hot
space and cold space. To find out the influence of connection types on the performance of
SEA, it is essential to classify the connection types.

Five basic connection types of SEA are summarized according to the direction-irrelevant
feature of Stirling engine, as shown in Figure 4-1. Type 1 is parallel flow, Type 2 is serial
flows in the same order, Type 3 is serial flows in the reverse order, Type 4 is heating fluid
in serial flow and cooling fluid in parallel flow and Type 5 is heating fluid in parallel flow

and cooling fluid in serial flow. All other connection types are the combination of these five
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basic connection types. For instance, an SEA in Figure 4-2 is the combination of Type 2 and

Type 4.

——> Heating fluid

—> Cooling fluid Y

(a) Type 1

SE

(b) Type 2 (c) Type 3

_SEL_SEl_ || |
| | SEll LISE

(d) Type 4 (e) Type 5

Figure 4-1 Five basic connection types of SEA

SE SE SE

v

L
—

Figure 4-2  An instance of connection type of an SEA
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4.2 Modeling of the SEAs

As mentioned in Section 4.1, there are five basic connection types for an SEA. All
other connection types are the combination of these five basic connection types. This thesis

investigates the five basic connection types.

To determine the performance of an SEA, models of all the Stirling engines need to be
built depending on their thermodynamic characteristic. Stirling engines are chosen to have
the same parameters including the same speed s,.. This is a reasonable assumption when
using SEA for power generation, where the output power frequency should be constant. The
speed of Stirling engine can be calibrated by speed controller system!!'%!. To eliminate inter-
ference of other factors, heating and cooling fluids are chosen to have same parameters for
different connection types of SEAs. To clearly find out the performance differences of dif-
ferent SEAs, large temperature differences of the heating/cooling fluids after heat exchange
with the engines are preferred. Air is chosen as the cooling fluid instead of commonly used
water to avoid small temperature rise and evaporation in the cooling process. Design param-
eters of Stirling engines are the same as shown in Table 3-2. Other parameters of Stirling
engines and heating/cooling fluids in SEAs are shown in Table 4-1. Rotation speed of the
engines and mean effective pressure are chosen to be 25 Hz and 5 MPa respectively to get the

best Stirling engine model for performance prediction, as pointed in Sub-subsection 3.1.3.3.

Table 4-1 Parameters of SEA models

Parameter Value Parameter Value
Heating fluid Air mp 0.4 kg/s
Cooling fluid Air Tin 1000K

Nge 6 Di,h 5% 105 Pa

Sse 25Hz Me 0.4kg/s

Dse 5MPa T 300K
UnAp, 180 W/K Dic 5x10° Pa

U:A. 180 W/K

In an SEA, there are 2 flows as shown in Figure 4-1. In a serial flow, each engine’s mass
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flow rate is m, and from the flow’s direction, for 2 < z < ng,,
Tip =161 (4-1)
In a parallel flow, each engine’s mass flow is 1 /1., for 2 < o < ng,
Tio =T (4-2)

According to the equations (Equation 3-57~Equation 4-2) , there are 6n,. — 2 equations
for 6n,. parameters for ng. engines. Other parameters of an SEA can be calculated by the
given inlet temperature of the heating and cooling fluids. The efficiency and power of each
engine can be obtained from Equation 3-53 and Equation 3-52. The total efficiency and

power of SEA can be obtained from powers of engines and outlet properties of the fluids.

Nse

Psea = Z Pse,x (4'3)
r=1
Psea
Nsea = (4'4)

1 (hio — hag

MATLAB is used as the programming to(ol to build) the models of SEAs, and CoolProp
is used to provide fluid properties for MATLAB program. Five basic SEA models composed
of the aforementioned Stirling engines and fluids are built. To compare SEA connection
types under various conditions, several parameters are investigated to find out their effects
on SEA performance.

Figure 4-3 shows the solution algorithm of the SEA model. Flowchart (a) shows the
algorithm to solve a Stirling engine known inlet parameters of the fluids. Flowchart (b)
shows the algorithm to solve a Stirling engine known inlet parameters of heating fluid and
outlet parameters of cooling fluid. Flowchart (c) shows the algorithm to solve the SEA model
iteratively depending on different connection types. The levenberg-marquardt algorithm is

applied to numerically solve the non-linear equations in the flowcharts.

4.3 Result analysis

SEA models with specified parameters in Table 4-1 are built and calculated. Results of
the performances of the SEAs are shown in Table 4-2, it can be found that under specified
parameters Type 3 has the highest efficiency and output power, while Type 1 has the lowest

efficiency and output power.
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Figure 4-3 Flowcharts of the SEA model for performance analysis of the SEAs
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Table 4-2 Results of SEA models under specified parameters

Parameter Value Parameter Value

m 0.2215 Py 8022 W
72 0.2273 P 8483 W

03 0.2277 Ps 8512 W
on 0.2227 Py 811I6W
5 0.2263 Ps 8399 W
4.3.1 Effectsof T},
U PW)
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0.15 T T T T T 1 T T T T T 1
700 800 900 1000 1100 1200 700 800 900 1000 1100 1200

7, (K) 7, (K)

Figure 4-4  Influence of T; , on efficiency and power of SEA

According to Carnot cycle efficiency formula, the temperature of heating fluid deter-
mines the efficiency of Stirling engine array. For a Stirling engine, lower temperature heating
fluid leads to a lower efficiency. The efficiency and output power may drop to O due to its
insufficient heating fluid temperature to drive the engine.

Curves of performance of SEAs and 7; j, are shown in Figure 4-4. As it is shown, with
the increase of 7; ;, both 1 and P increase for all SEAs. For some types of SEA, when
T; 1, is lower than a critical temperature, some of the engines in the SEA will not work. In
such situations, reduce the number of operating engines is a way to increase the total output
power of the SEA. This strategy is used in the situation in Figure 4-4 when 7 ;, is low. Turning
points on the n-T; ,, P-T; j, curves shows the use of this strategy. The data points in the figure

record the performance of the SEA with maximum output power under given conditions. For
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example, in SEA of Type 1, when T; ;, is 820 K, if no engines is removed from the SEA, all
the engines will stop due to the low inlet fluid temperature. Remove one engine out of the
system will reduce the operating number of the engines from 6 to 5, and it will increase
the inlet flow rate for each engine. This will make the remaining 5 engines work again and
achieve the maximum output power under the condition of 7; ;, = 820 K. 820K is a critical
temperature for Type 1, and a turning point at 820 K can be found on the n-T; 5, P-T; j, curves
of Type 1 in Figure 4-4.

From the curves in Figure 4-4, it can be concluded that Type 2 and Type 3 have the best
performance, and Type 2 has the best adaptability for lower 7; j,. All engines in Type 2 work
from 730 K.

4.3.2 Effects of mc,

According to Equation 3-59, Equation 3-60, ¢, (both 7,c, 5 and m.c, ) will affect
the heat transfer process, which is one of the vital factor for the performance of SEA.

Curves of performance of SEAs of different 71,¢,, ;, are shown in Figure 4-5. For a large
mucpn (> 800 W/K), Type 2, Type 3 and Type 5 have similar performance, which can be
interpreted as the cooling fluid has the same properties for the two types of SEAs, and for a
large 1,y 1, the heating fluid has similar effect after diverged. Similar performance of Type
1 and Type 4 can be also interpreted for the same reason.

Curves of performance of SEAs of different rn.c, . are shown in Figure 4-6. For a
connection type of SEA, the performance improves with the increase of ri.c, .. For a large
mecpy . (> 800 W/K), Type 2 and Type 3 have similar performance, which means the flow
order doesn’t affect the performance of SEA with a large r.c,, .. There exists an intersection
point (at 830 W/K) of curves of Type 4 and Type 5. For a larger m.c, ., Type 4 has a better
performance, and vice versa. This can be interpreted that larger 7.c,, . weaken the drawback
of larger temperature rise of parallel flow, while for the heating fluid, temperature drop of

serial flow is smaller than parallel flow.

4.3.3 Effects of n,,

By varying the number of engines in SEA, the performance levels changed accordingly.
nse may affect both the flow rates and temperatures of fluids of each engine. Figure 4-7 shows

curves of performance of SEAs with different n,.. As it is shown, with an increase of n.

70



0.234
0.232 I
0.230 ]
0.228
0.226
0.224
0.222
0.220
0.218
0.216
0.214 —=— Type 1
0.212 —o— Type 2
0.210 —A—Type 3
0.208 -} —v—Type 4
0.206 -} —<—Type5
0.204

2
Y 3
»
»
»

T T T T T T T T T T T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800 2000

POW) e, , (WIK)

1 1 T 1 T T T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800 2000

me, . (WIK)

Figure 4-5 Influence of riv,c, j, on efficiency and power of SEA
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leads to a reduction of 7 for all SEAs due to smaller heating and cooling average temperature
difference for more engines. For some types of SEA, when ng, is larger than a critical value,
some of the engines in the SEA will not work and the curves will dive. E.g. for SEA of Type
1, when ng, is larger than 9, all the engines stop working, turning points at 9 can be found

on the n-ng., P-ng curves in Figure 4-7.
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Figure 4-7 Influence of ng on efficiency and power of SEA

For a certain connection type, increase n . will reduce the efficiency of SEA. For some
connection types, increase ng will reduce the output power P due to inoperative engines

and smaller output power engines. It is important to choose the number of engines for some
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connection types of SEA.

For Type 1, when ng, > 10, all engines stop working for given heating and cooling fluids
due to small 7c,. For Type 2 and Type 3, every engine in the SEAs works. 7 reduces with
increasing ng. due to smaller temperature difference of the fluids, and P increases due to more
operating engines. For Type 4, by checking results, it can be found that when n,. = 13, the
last engine doesn’t work; when ng. = 14, only the first 10 engines will work; when ny, = 15,
the working engine number drops to 9. For Type 5, by checking results, it can be found that
when n,. = 12, the last 2 engines stop working; when n,. = 13, only the first 8 engines will
work; when n, = 14, the working engine number drops to 6; when n,. = 15, the working
engine number drops to 4. The aforementioned strategy is applied to achieve maximum total
output power. For Type 4, when n,. > 13, the number of the operating engines is changed
to be 12 to achieve maximum output power. For Type 5, when n,. > 12, the number of the
operating engines is changed to be 11 to achieve maximum output power. Horizontal lines

in Figure 4-7 shows the application results of the strategy.

4.4 Conclusion

Connection type of the engines changes the flow rates and temperatures of the fluids, as
a result the performance of the SEA will be different depending on the connection schemes.
In order to compare performance of SEAs with different arrangements, five basic connection
types of SEA are classified according to flow type and flow order.

Models of different connections of SEAs are developed to investigate the performance
under different parameters and the impacts of 7; ;, mcp, . TeCp . and ng with different

connection types. It is found that

(1) Reduce T; ), or mmc, will weaken the performance of SEA of all connection types.
This is obvious since lower 7T} ;, or ric, leads to lower temperature distribution of the hot
chamber of the Stirling engines. Lower temperature difference of the hot chamber and cold

chamber leads to lower efficiency.

(2) When inlet temperature of hot fluid (7 ) is lower than a critical value, some engines
in the SEAs will stop working. Reduce the number of operating engines may help for the

total output power.
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(3) Different connection types of SEAs show different adaptability for low 7; . Type
2 shows the best adaptability for low 7; ;. when T; , > 730K, all the 6 engines are running.

(4) SEA of serial flows (Type 3) has the best performance and adaptability under dif-
ferent parameters. Given heating and cooling fluids, using serial flow is the best choice for

the connection type of an SEA.
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Chapter S Optimization of steam generating system

5.1 Steam generating subsystem

In a solar parabolic trough power plant in which intermediate heat-transfer fluid (take
oil for instance) is used, heat addition to the working fluid (take water for instance) takes
place in three counterflow heat exchangers (steam generator subsystem, SGSS) as shown in
Figure 5-1. The SGSS consists of preheater, evaporator and superheater. The flow rates of
both oil and water remain the same in the three heat exchangers. The water has phase change
in the three heat exchangers, from liquid to vapor in the evaporator, however, oil remains
liquid. The heat capacity of water in each heat exchanger differs significantly. The heat
capacity of oil has no significant difference since no phase change. The heat transfer process
is illustrated on Figure 5-2. Large temperature differences exist at the inlets and outlets of

the heat exchangers, which leads to large entropy production during the entire heat exchange

4 2a
3a ‘ (~)
|

S 2c

process.

3b 2i 2b
1 E

3c 2h
1 P

3d| |29
| 1D 2a 22X T

o/

Figure 5-1 A typical solar parabolic trough system

The HTF at 3a represents the solar field outlet temperature and at 3d, the field inlet
temperature. The difference between the two can be reduced by increasing the flow rate of
HTF through the field.

Since the heat exchangers must always stay a positive temperature difference for heat
transfer, the temperature of oil must always be higher than the temperature of water. On the
other hand, the temperature of oil should not be much higher than that of the water. Higher oil

temperature leads to more heat losses in the solar field hence lower efficiency, more entropy
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Figure 5-2 The steam generating process in counterflow heat exchangers

production generated in the heat exchange process. Besides, higher oil temperature brings
greater operational risks for the solar system. Setting the appropriate temperature difference
between the oil and water is particularly important. The oil temperature must always higher

(but not too much higher) than that of the water.

To find out the inlet and outlet temperatures of oil at the solar field, the lowest tempera-
ture difference of oil and water is defined as the pinch temperature AT;,,;,,. The temperatures
of state points 2h and 27 are determined by the main pressure of the steam turbine in Fig-
ure 5-1, and 73y, is larger than 75.. So state points 3c and 2h, called the pinch points, are
set to satisfy the pinch temperature, T3, — 15, = AT,,:,. The pinch temperature AT,,;, is
usually set to be 10~20 K. It has to be mentioned that the temperature differences 13, — 75,

and T3, — T, worth attention to be larger than AT,,;,.

However, even with the chosen pinch temperature AT,;,, the temperature difference
during the heat exchange process in SGSS is still large due to the phase change of water.
Large temperature differences always exist at the inlet/outlet of the exchangers. As shown
in Figure 5-3, it is a tradeoff to choose a mass flow rate of oil (r3). 3 affects the slope
of curve 3a-30-3c-3d. A smaller i3 leads to a steeper curve, hence a larger 75, — T5;. A
larger rivz leads to a more gentle curve, hence a larger T3, —715,. The heat transfer processes in
SGSS always produce large entropy and exergy losses. In this regard, a new steam generating

system to reduce exergy loss is put forward.
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Figure 5-3 The tradeoft to choose 3

5.2 Multistage exergy loss reduction system

The reason of large temperature differences of the two curves in Figure 5-2 is that,
the slope of oil curve changes slightly in different heat exchangers (preheater, evaporator
and superheater), while the water curve changes dramatically due to large heat capacity c,

differences.

AQ = AT (5-1)

The slope of the curves are determined by c,r, 72 can be altered to adjust the slope of
the curves despite ¢, is unalterable. All the water needs to be heated from supercooled water
to superheated steam, which means 77, remains the same in the three heat exchangers. The

last way is to change 73 in the heat exchangers.

TA
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Figure 5-4 Change 3 in the heat exchangers to reduce the temperature difference
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As shown in Figure 5-4, the oil curve can be changed to the dashed curve. The temper-
ature difference between the water curve and oil curve reduces significantly. Water is heated
in three stages and the exergy loss reduces. The corresponding steam generating system is so
called Multistage Exergy Loss Reduction System (MELRS). Figure 5-5 shows the schematic
diagram of the MELRS for comparison with typical solar parabolic trough system in Fig-
ure 5-1. The solar field in Figure 5-1 has been divided into three independent sectors. Each
sector becomes the heat source of a range for the steam heating process: the first corresponds
to overheating, the second to evaporation, and the third to preheating. It has to be mentioned
that the collectors in the schematic diagram are only used for explanation. The arrangement

of these collectors can be in series, in parallel or combination of both.

s —
s ©
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Figure 5-5 The schematic diagram of the MELRS

To optimize the MELRS, considering the constrain of pinch temperature, temperatures

of the oil at the inlet/outlet of the heat exchangers can be set according to following rules:
T30 — Tog = AT
Taep = Tsee = Te
Tse — Top = ATy
Tape = Ty = Tt
T30 — Toa = AT in

A large flow rate of oil in the evaporator 13 . can be applied to reduce the temperature

T3y, hence the temperature differences of the oil and water. However, a large 3 . requires
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more pump power consumption for the oil circuits. Besides, 713 . is limited for the limitation
of oil velocity in the pipes.
The enthalpy of each state point can be determined by its temperature and pressure.

The optimum oil average temperature in the solar field corresponds to the preheater is
Ts, = (Tog + Ton) /2 + AT i, (5-2)

The optimum oil flow rate in the solar field corresponds to the preheater is
g, = Ma(hon, — hay)/(hse — hsa) (5-3)

The optimum oil average temperature in the solar field corresponds to the evaporator is

Tse = (Tsp + Tsc) /2 (5-4)

The optimum oil flow rate in the solar field corresponds to the evaporator is
mg e = Mma(ho; — han)/(hay — hse) (5-5)

The optimum oil average temperature in the solar field corresponds to the superheater
is

TS,S = (TSb + TQa + ATwmm)/2 (5'6)

The optimum oil flow rate in the solar field corresponds to the superheater is

mg,s = Ma(haq — ho;)/(hsa — hap) (5-7)

5.3 Comparison

To find out the effect of MELRS, models of traditional SGSS and proposed MELRS are
developed based on the models of the components created in Chapter 3. To clearly find out
the influence of oil temperature on the performance of the trough collectors, Equation 3-7 in
Subsection 3.1.1 is used.

The exergy loss caused by a heat exchange process per unit time
j - Tamb(z moso - Z mzsz) (5'8)
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Table 5-1 Main parameters used for SGSS and MELRS

Parameter Value Parameter Value
I 700 W /m? T 613.15K
Pye 6x10°W Ds 2.35x 105 Pa
i tb 0.711 Pe 1.5x10% Pa
Nge 0.975 Dde 1x10% Pa
AT in 15K

) T3b
L7 (2h 2i | I
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Figure 5-6 T3y in the T-() diagram of the heat transfer processes
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The turbine and deaerator are the same for the two systems (SGSS and MELRS), so
that the corresponding state points of water are the same. The main parameters are listed in
Table 5-1.

As discussed in Section 5.2, T3, is an undetermined value. Figure 5-6 shows the mini-
mum and maximum value of it. 73y, ,,,;, means the limit situation of unlimited flow rate of oil
in the evaporator, 13 min = T5c. T3y mas has the traditional effect of temperature differences
in the evaporator and superheater, 713 . = 13 . In our research, T3, is set to be the average

value of the two limitations, T3, = (136 min + T36,maz)/2-

T3b,ma:c - TSC _ Téb - T3c (5_9)
T3a - TSC Té - T3c

where T3, and Ty, are the inlet oil temperature of superheater and evaporator in SGSS
respectively.

Simulation results of the four system models are listed in Table 5-2. It can be found that
MELRS can effectively reduce the exergy loss of the steam generating process. The exergy
loss can be reduced from 14.3% up to 76.7% for the three MELRS. The overall thermal
efficiency of the solar fields can be improved from 0.9% up to 3.6%.

It is worthy pointing that, for the situation 73, = T5p i, When s, = oo, the Equa-
tion 5-8 is not applicable. The new correlation listed below is applied for the isothermal heat

transfer process

g . Q _ QTamb(TBC - T2h)
T2h TSC T2hT3c
where, () is the heat transferred per unit time in the evaporator.

Toq, T, Ton, To4 and T3, are the same for SGSS and different MELRSSs for the same

water side processes. The different mass flow rates of the oil lead to different oil temperatures

I = Ti( (5-10)

in the heat exchangers, and hence different exergy loss. It can be found that the exergy losses
in preheaters of MELRSs (2.58 x 10* W) are smaller than that of SGSS (4.80 x 10* W).
The exergy losses in evaporators of different MELRSs vary greatly, from 9.68 x 10°W to
2.41 x 10° W for oil flow rate from 58.6 kg /s to infinity. Exergy loss in the evaporator takes
the largest portion of the steam generating process, which takes about 82.8%, 85.2%, 83.8%
and 78.0% for SGSS and MELRSs separately. Increasing flow rate of the heating fluid in
the steam generating process can effectively reduce the exergy loss. The exergy losses in
superheaters of MELRSs (1.42 x 10° W, 9.19 x 10* W and 4.24 x 10* W) are much smaller
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Table 5-2 Simulation results of SGSS and MELRS

MELRS
SGSS
T3b,maz T3b T3b,min
Taq 613.15K
Ty 493.83K
Ton 493.83 K
iy 45328 K
T3 508.83 K

T34 653.15K 628.15K 628.15K 628.15K
Tsp 634.11 K 612.41 K 560.62 K 508.83K
T3q 495.43K 468.28 K 468.28 K 468.28 K
map 47.8kg/s 16.1kg/s 16.1kg/s 16.1kg/s
mM3e 47.8kg/s 58.6kg/s 120.8kg/s 00

m3s 47.8kg/s 59.4kg/s 14.3kg/s 8.3kg/s
I,  480x10*W 258x10*W 2.58x10*W 2.58x10*W
I, L.1I0x10°W  9.68x10°W  6.24x10°W 2.41x10° W
I, 1.81x10°W  1.42x10°W  9.19x10*W  4.24x10*W
Liotar 1.33x10°W  1.14x105W  7.44x10°W  3.10x10° W

N 0.699 0.703 0.703 0.703
Te 0.673 0.678 0.689 0.697
Ns 0.633 0.648 0.662 0.675
Noverall 0.670 0.676 0.686 0.695
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than that of SGSS (1.81 x 10°W) due to large temperature differences in the traditional
superheaters.

It can be found that MELRS can effectively reduce exergy loss hence improve the system
efficiency compared to traditional SGSS. The thermal efficiency for the corresponding solar
field for the preheater (7,), evaporator (7.) and superheater (7)) of MELRSs are higher than
that of SGSS (virtual solar fields). The overall thermal efficiency (7,yerqi) Of the solar field

can be improved effectively.

5.4 Conclusion

In this chapter, a novel multistage exergy loss reduction system is proposed to reduce
the large exergy loss in traditional solar parabolic trough power plants. Traditional solar
field is divided into three solar fields to provide heat for the preheater, evaporator, and super-
heater, respectively. Different flow rates in the three solar fields provide the ability to reduce
temperature difference for the heat exchange processes.

Smaller temperature difference leads to lower oil temperature and therefore higher solar
field thermal efficiency. Besides, the different temperature ranges of different solar fields
provide the convenience of the application of different types of collectors.

The analytical model of the steam generating system is developed. A flow control strat-
egy of HTF depending on the analytical system model is derived. Energy and exergy effi-
ciency of the MELRS is analyzed and compared with the SGSS of traditional solar parabolic
trough power plant. Result shows that MELRS can effectively reduce the exergy loss in the
heating process, and the performance of the plant can be improved. The exergy loss can
be reduced from 14.3% up to 76.7% for the three typical MELRSs. The overall thermal
efficiency of the solar fields can be improved from 0.9% up to 3.6%.
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Chapter 6 Cascade system performance evaluation

Two typical cascade system topologies are selected in Chapter 2. Both systems take
advantage of the different types of heat collectors and different thermal cycles to achieve
cascade collection of energy and cascade utilization. However, this chapter focuses on the
first model because it is more widely used and more suitable for large-scale applications.
Figure 6-1 shows the scheme sketch of the cascade system. In this system, dish collectors
are used to provide heat for Stirling engines and air-to-water heat exchanger. Trough col-
lectors are used to provide heat for steam generating processes (preheating, evaporating and
superheating) in the Rankine cycle. Hot air is produced by the dish collectors. High temper-
ature (1073 K) air is used to provide heat to Stirling cycle to get higher conversion efficiency,
then the air is used to provide heat for air-to-water heat exchanger to use the lower temper-
ature energy in Rankine cycle effectively. Besides, feed water of Rankine cycle is used to
cool the Stirling engines to recycle the heat wasted conventionally. The Stirling engines are

connected in series for better performance.
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Figure 6-1 Sketch of the cascade system
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Figure 6-2a shows the 7'-s diagram of the water circuit in the cascade system. In this
Rankine cycle, the heat provided in process 2e-2f comes from the Stirling engines, which

increases the power of Rankine cycle. Figure 6-2b shows the heat transfer diagram of this

Process.
T
900 4
800 | Temperature series of compression T
L space of Stirling engines : |
700
« 600
= L
500 —— 2.35E6 Pa
L (26- 25— 1000000 Pa -
400 bf
300 [ / 262 15000 Pa T
200 L L L L L ;
0 2500 5000 7500 10000 0
s, J/kg-K
(a) T'-s diagram of the water circuit (b) Diagram of process 2e-2 f

Figure 6-2 Diagrams of water circuit and 2e-2 f process

It is obvious that MELRS has better energy and exergy performance than SGSS. How-
ever, the MELRS is not applied in this chapter for investigation. There are several reasons.
First, in order to clearly find out the advantages of cascade collection and cascade utilization
of the cascade systems, it is not applied in the cascade system in this chapter. Second, com-
pared with traditional SGSS, MELRS only changes the solar field, which has no influence on
the cascade utilization of the cascade system. It can be easily applied in the cascade system
analyzed in this chapter in the future without influence of existing calculations. Third, the
MELRS proposed in Chapter 5 needs further research in the future. Different kinds of solar
collector technologies can be applied in different solar fields. For example, linear Fresnel
reflectors or flat collectors can be applied for preheating solar field to reduce costs; molten
salt can be used as heat transfer fluid in the superheating solar field to increase the main steam

temperature of the Rankine cycle.
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6.1 System evaluation method

An important aspect of the cascade system evaluation is to compare with existing solar

thermal power technologies. Several comparison methods can be used.

(1) Compare with parabolic trough.
When compared with parabolic trough system, a higher efficiency of the cascade sys-
tem may be explained as the usage of solar dish collector. It is difficult to tell if the higher

efficiency is due to the usage of cascade system or the usage of dish collector.

(2) Compare with parabolic dish.
When compared with parabolic dish system, a lower cost of the cascade system may be
explained as the usage of solar trough collector. It is difficult to tell if the lower cost is due

to the usage of cascade system or the usage of trough collector.

(3) Compare with stand-alone systems.

It is important to choose good stand-alone systems. An intuitive idea is to use both
parabolic trough and parabolic dish for comparison. To compare two systems, contrast con-
ditions needs to be set.

If the same output power was selected as the contrast condition, different amount of
trough collectors and dish collectors will be used in the cascade system and stand-alone
systems. It is complicated for cost comparison due to different prices of trough collectors
and dish collectors.

A better way is to select the same collectors as the contrast condition. Since the output is
electricity, it is much more convenient for both efficiency comparison and cost comparison.

This thesis chooses the third comparison method. Figure 6-3 shows the structure of the
stand-alone systems. In order to complete the comparison and analysis of the cascade system,
the system modeling method was used to model the two stand-alone systems separately.

To build the cascade system model, several simplifying assumptions are made:

* Steady state at nominal load of the system is analyzed.

* Pressure drop due to flow is negligible.

* The leak of working fluid in the pipes is neglected.

» Same isentropic efficiency of steam turbine with different loads and in different stages.

* Heat loss that occurs from the tube to the atmosphere is not considered.
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* There is no heat loss to the environment for Stirling engines.

* Simple models are used of some processes and equipment.

* A symmetrical regenerator behavior is assumed so that a single effectiveness can be
defined as ¢ = (T — T})/(Ty — T},).1106:107]

* A linear temperature profile across the regenerator exists, the mean effective tempera-
ture T = (T — 1)/ In(Ty /Ty). 171181

6.2 System evaluation method

6.2.1 System performance

The cascade system uses different types of collectors and different kinds of thermody-
namic cycles. They are closely linked together. It is unable to indicate the output power of
one specific kind of collector. A common approach is to define the overall efficiency of the
system. The overall solar-to-electric efficiency equals to the total output power divided by

the total input solar energy.

o Pcs o Prk+Psea
Mles = IrAcs B [rAtc + [rAdc

where P, is the output power of the Rankine cycle, and P, is the total output power of the

(6-1)

Stirling engines.

P = Py — Pypu/Nge (6-2)
Py = (1 —y) 1y (hoa — hay) + yrivg (haq — hac) (6-3)
Py = (1 —y) g (hae — hag) + 1mhg (hap — hag) (6-4)
Pyea = ma(hiin — Pron,) — ma(hoon, — hoin) (6-5)

Prk

As mentioned above, does not indicate the efficiency of solar trough collectors
r<itc

Sea

d
. ]r Adc

does not indicate the efficiency of solar dish collectors.
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6.2.2 System comparison

The other one is to compare with existing solar thermal power technologies. This re-

quires more consideration.

6.3 System parameters

In order to study the efficiency of the system and its influencing factors, a model of the
cascade system is required. Chapter 3 introduces the system modeling process in detail. After
the system modeling process, another important task is to determine the system parameters.

The system mainly consists of the following components:

6.3.1 Environment

Typical environmental parameter values of Wuhan are used for the cascade system de-
sign.
I, = 700 W/m?, Ty = 293K, parmp = 1 X 10° Pa, vgpmp = 1 m/s.

6.3.2 Steam Turbine

A steam turbine product, N-6 2.35, of Qingdao Jieneng Power Station Engineering Co.,
Ltd is used for calculation. Its nominal parameters are: P = 6 MW, py; = 2.35 MPa, T, =
390°C, . = 32.09t/h, p. = 0.015 MPa, s, = 3000 rpm.

Known the main steam parameters, its enthalpy and entropy can be obtained by using
CoolProp, hs = 3.2203 x 10°J /kg, ss = 7.0149 x 10*J/(kg - K).

Exhaust enthalpy of the turbine h. = hy, — — = 2.5472 x 10°J /kg.

Known exhaust pressure and s; . = s, isentrrgpic exhaust enthalpy of the turbine can be

obtained by using CoolProp, h; . = 2.2737 x 10°J/kg.

hs — he
—— =0.71.
h/s - hi,c
Taking into account of the application in solar trough system, the designed parameters

So the isentropic efficiency of the turbine can be obtained from 7, 4, =

of the steam turbine are shown in Table 6-2.

6.3.3 Trough collector

LUZ solar collector LS-3 is used as the trough collector for its known test data. Its main

characters are listed in Table 6-1.[119]
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Table 6-1 Main parameters of LS-3

Parameter Value Parameter  Value Parameter  Value

Ape 570.2 m? Wie 5.76 m Lae 99 m
f 1.71m d; 0.066 m do 0.07m

daps,i 0.113m daps,o 0.115m Rim angle 80°
€ 0.15 Npeak 0.77 p 0.94
T 0.95 @ 0.96 Fe 0.97

6.3.4 Dish collector

A dish reflector product of SES (Stirling Energy System) is used as the reflector, the

receiver is self-designed. The key parameters of the dish collector are listed in Table 3-1.

6.3.5 Stirling engines

The Stirling engines used in the cascade system are the same with the one analyzed in

Subsection 3.1.3. It is a GPU-3 type Stirling engine, Table 3-2 shows its parameters.

6.3.6 Preheater

Water is heated to saturated water in the preheater by the oil. For outlet stream of water,
x = (. Besides, considering the minimum temperature difference required between oil and

water, Tgc — TQZ' = AT3,2,min' AT3,2,mz’n is set to be 15 K.

6.3.7 Evaporator

Water is heated from saturated liquid water to saturated steam in the evaporator. For

outlet stream of water, x = 1.

6.3.8 Superheater

The inlet temperature of oil is limited by the oil properties. In the cascade system,
Therminol VP-1 Synthetic oil is used as the heat transfer fluid. Its properties can be obtained
from both EES and CoolProp. The inlet temperature of the oil of superheater is set as T3, =
623 K.
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6.3.9 Deaerator

The deaerator has two inlet streams and one outlet stream. They have the same pressure,

pse = 1 x 105 Pa. The outlet stream of the deaerator is saturated water.

6.3.10 Air-water heat exchanger

The inlet temperature is set as 7T}, = 673 K.

6.3.11 Main design parameters summary

The main design parameters of the cascade system can be concluded in Table 6-2.

Table 6-2 Basic design parameters of the cascade system

Parameter Value Parameter Value Parameter Value
I, 700 W /m? Tie,o 1073K Nse 100
T 293 K Dde 5 x 10° Pa T, 613K
Damb 1x 10°Pa  AT32min 15K Ds 2.35 x 10% Pa
Vamb 1m/s Tie.o 623 K Pe 1.5 x 10*Pa
Pye 6 x 105W Dte 2 x 106 Pa Tsa 663K
Tici 623 K T 673K Dde 1 x 10% Pa

)

6.4 Stand-alone system selection

Figure 6-3 shows the sketch of the stand-alone systems. These two stand-alone systems
are developed for comparison. They use the same dish collectors and trough collectors with

the same thermal efficiencies of the cascade system.

6.4.1 Stand-alone trough-Rankine system

Steam turbine has the same main parameters and isentropic efficiency with that of the

cascade system. Working pressure of deaerator is the same of the cascade system. So pa-
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Figure 6-3  Sketch of the stand-alone systems

rameters of state 2b, s and 2c, s in Figure 6-3 of the steam turbine can be expressed by

Nith = (hQa,s - h2b,s)/(h2a,s - hi,2b,s) - (h2a,s - h2c,s)/(h2a,s - hi,2c,s) (6'6)

The output power of steam turbine

Ptb,s = (1 - ys) m?,s (hZa,s - h2b,s) + ysm2,s (h2a,s - hZC,s) (6_7)

The output power of generator

Pge,s = Ptb,snge (6'8)
The total power of pumps
Ppu,s = (1 - ys) mZ,s (h26,s - h?d,s) + mZ,s (h29,s - h2f,s) (6_9)
Heat injected in the water circuit
QQ s — m2,s (hZa,s h2g,s) (6'10)



The generator efficiency is the same of that in the cascade system, and the efficiency of

Rankine cycle can be expressed as

Mrk,s = (Ptb,s - Ppu,s/nge)/QZs (6'1 1)

6.4.2 Stand-alone dish-Stirling system

In the stand-alone dish-Stirling system, Stirling engines with the same number of dish
collectors are directly put on the focuses of the dish collectors. Water is used for cooling the
Stirling engines. Ty 5 is chosen to be equal to outlet temperature of air in dish receiver. 77,
is chosen to be 310 K, the default expansion temperature in Fraser’s dissertation!!?! for the
calculation of 4-95 NKII engine. k and ~y are chosen the same value as that of the Stirling

engines in the cascade system.

Tye—Tr s

Mscass = He D (6-12)
’ T + 1— €s TH,s - TL,S
s T 1 Invy

THS_TLS TRS—TLS

h Thy=—">+——""ande, = ———",

e s (T Tre) " Ty — Trs

The total power of Stirling engines

Psea,s - nchchrT]dcnsea,s (6'13)

6.5 Comparison with stand-alone system

The results presented in Table 6-3 are issued using design parameters with counterflow
of two fluids in Stirling engine array as the default flow type. It is shown that the cascade
system with design parameters can achieve higher efficiency compared to corresponding
stand-alone systems. Although the efficiency of the Stirling engine array is lower, the ef-
ficiency of the Rankine cycle is higher. The overall output power of the cascade system is
3.83 x 10* W higher.

6.5.1 Effectsof /,

It is found that /. can affect the efficiency difference of cascade system and stand-

alone systems 74;s. Figure 6-4 shows curve fits of efficiency differences 74y versus I,
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Table 6-3 Some important results using design parameters

Parameter Value Parameter Value Parameter Value
Nes 0.1974  7Nseas 0.3786 Pye.s 5.826 x 10°W
Ns 0.1962 Nrk 0.2660 Pseu 3.552 x 10°W
Ndif 0.0062 Mk 0.2678 Pseas 4909 x 105 W

Nsea  0.3407 Py 6 x10°W  Pysr  3.830 x 10'W

with a series of different Stirling engine array power ratios. As it can be seen, for a high
I. (I, > 550 W/m?), n4;y > 0, the cascade system can achieve a higher efficiency than cor-
responding stand-alone systems. For a low I, (I, < 550 W/m?), 74;; may be negative. At
this situation, the cascade system achieves a lower efficiency than corresponding stand-alone
systems. This may be explained that instead of cooling water in the stand-alone dish-Stirling
system, condensed water of Rankine cycle is used to cool the Stirling engines, which jeop-
ardizes the heat dissipation and leads to a lower power of the Stirling engines. For a low .,
the increased power of steam turbine due to absorbed heat by the condensed water is lower
than the power loss of the Stirling engines. It can also be found that higher I, can achieve
higher 74, ¢, which can be interpreted as the heat absorbed by the condensed water increases
with 7,.. So a higher /, location is always more suitable for cascade system. This means /,.

is a key factor to determine whether cascade system should be applied in a certain location.

0.03; - B=0.05
=0.09

0.02] +B=0.13
B=0.17

= (3=0.21
0011 | 3-025

Naitf

0

—0.01 1

—0.02+

-0.03

400 500 600 700 800 900 1,000
I, , W/m?2

Figure 6-4  Curve fits of efficiency difference 74; s versus I,
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6.5.2 Effects of 5

As it can be seen in Table 6-3, the 74;; is very small with the design parameters given
above. A reason 74 ¢ to be so small is that 3, the ratio of power of Stirling engines to the total
power, is very small, the heat released by the Stirling engine array is a small portion of the
heat absorbed in the Rankine cycle. So increase 5 may achieve higher 7, ¢. The relationship
between 74y and 3 under a series of I, is shown in Figure 6-5. It can be found that, for a
high I,, increase 3 may achieve a higher 7,7, but there is a limit. For I, = 900W/m?, the
maximum 745 = 0.0228 appears at 3 = 0.23. For a low I, 14, is negative, increase 3 will

reduce 74;¢. This can be explained as the same reason in Subsection 6.5.1.

0.03,
0.02 W
0.011 W

—e— ;= 400 W/m?
-0.01{ /=500 Wm?

Naditf
o

I = 600 W/m?
- [,=700 W/m
-0.02 I = 800 W/m?
—~1=900 Wim?
-0.03 r=1000 W/m® . , .
0.05 01 0.15 02 025

B

Figure 6-5 Curve fits of efficiency difference 74; s versus 3

6.5.3 Effects of flow type

Flow type between heating and cooling streams can affect the efficiency of Stirling en-
gine array. Parallel flow, compared to counterflow, leads to higher Stirling engine efficiency
in the first columns of the array for lower cooling temperature, while lower Stirling engine

efficiency in the last columns for higher cooling temperature.

Table 6-4 shows the different results of the two flow types. The fit curves of temperature
series of the heating and cooling fluids and the efficiency of Stirling engines in different

columns are shown in Figure 6-6 and Figure 6-7.
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Table 6-4 Results of Stirling engine array with two different flow types

Parallel flow Counterflow

v Th To;  Psea  7Msea Iy T Psea  7Nsea
K K % - K K W -
1 1073.15 327.17 5000 0.3648 1073.15 348.09 4867 0.3601
2 102238 329.80 4630 0.3599 1023.25 34548 4541 0.3562
3 97435 33229 4280 0.3544 975.82 343.00 4230 0.3520
4 92890 334.65 3949 0.3485 930.75 340.65 3934 0.3474
5 88591 336.88 3635 0.3419 887.94 338.42 3654 0.3424
6 845.26 339.00 3338 0.3347 847.28 336.29 3387 0.3370
7 806.82 341.00 3057 0.3269 808.69 334.28 3134 0.3312
8 77049 34291 2792 03184 772.06 332.37 2894 (.3248
9 736.16 34471 2541 03090 73731 330.55 2666 0.3180
10 703.75 34643 2304 0.2989 704.37 328.82 2450 0.3106

1,100 I3 -0.37

: 5—0.36

;—0.35
034 "
033 g\
;—0.32&

5—0.31

;—0.3

300 ] = : : - - i : : 0.29

1 2 3 4 5 6 7 8 9 10

Figure 6-6 Parallel flow: Temperature series of two fluids and efficiency of Stirling engines in col-

umn r
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Figure 6-7 Counterflow: Temperature series of two fluids and efficiency of Stirling engines in col-

umn xr

It can be concluded that the temperature increment of cooling fluid is much smaller than
the temperature decrement of heating fluid due to their large difference of c,m, which leads

to a small difference of overall efficiency of Stirling engine array between the two flow types.

To find out a clear difference of the two flow types, a simple model of Stirling engine ar-
ray is developed with air as the heating fluid and water as the cooling fluid. 71 ;, T o, T2, ¢1.m
are fixed and chosen the same values as in the cascade system. Change the value of ¢ ,,,, and
the corresponding Stirling engine array efficiency of the two flow types (7, and 7.) can be
obtained. Figure 6-8 shows the efficiency of Stirling engine array with different g ,,, in two
flow types. It can be found that counterflow has a higher efficiency than parallel flow, and

with lower g ,,, comes with higher efficiency difference.

For a system with large difference of c,m of two fluids, that means one fluid can only
achieve a small temperature rise (drop) compared to the other fluid, will lead to a small
difference of two flow types. For a system with similar difference of c,1n, use the counterflow

can achieve a higher efficiency.
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Figure 6-8 Efficiency of Stirling engine array with different g2 ,,

6.6 Conclusion

In this chapter, an effective typical cascade system proposed in Chapter 2 is chosen for
evaluation. This cascade system uses two different types of collectors and two different power
generation methods. Steam Rankine cycle is applied for this system for its widely applied
applications. Reasonable parameters are selected and the system model is developed. Two
stand-alone systems are chosen as the comparison systems for system evaluation. They use
the same dish collectors and trough collectors of the cascade system. Simulations of the
cascade system are carried out and results are compared with corresponding stand-alone
systems.

Results show that 7, is the key factor to determine whether cascade system should be
applied in a certain location. Compared to corresponding stand-alone systems, the cascade
system can achieve a higher efficiency with high solar irradiance (I, > 550 W/m?). The
directions to increase the efficiency difference between cascade system and corresponding
stand-alone systems are also considered. To design a cascade system including Stirling en-
gine array, flow type of fluids for heating and cooling Stirling engine array is also required

to be considered.
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Chapter 7 Experiment research on solar thermal power

platform

In Chapter 3, MATLAB is used as the simulation tool to develop the models of the key
components of solar thermal systems. Based on these component models, the cascade system
model is developed. The mechanism of trough collector is studied. Under the condition of
assumption of uniform overall heat transfer coefficient, the correlations between temperature
rise, mass flow of the HTF, solar direct normal irradiance, ambient temperature and other
factors were derived. The theoretical formula of the efficiency of trough collector is obtained.
The heat losses of dish collector were analyzed in detail. A thermal network model of the
dish receiver is established. Using classical heat transfer correlations, each temperature node

of the heat network is solved and the thermal efficiency of the dish collector is obtained.

To understand the solar thermal power generation system more deeply and to validate
the applicable range and error of the proposed component models, a platform includes trough
concentrating collector, dish concentrating collector and ORC system was built in Wuhan.
The construction of this solar thermal platform provides a good foundation for future cascade

solar power generation system.

7.1 Platform introduction

Figure 7-1 shows the schematic structure of the solar thermal power platform. Three
circuits, the air circuit, oil circuit and organic fluid circuit, are created by different fluids. In
the air circuit, air in the environment is first compressed in the compressor, and warmed by a
heater, then heated in dish receiver, then flows into the air-oil heat exchanger to provide heat
for Rankine cycle and finally through the water cooling system back to the environment. In
the oil circuit, the oil is first heated in the trough collector and then flows into the air-oil heat
exchanger to obtain the heat provided by the air. The heated oil flows into the evaporator
of the ORC system to provide heat for the ORC system, then through the pump back to the
trough collector. In the organic fluid circuit, the organic fluid first absorbs the heat provided

by the oil in the evaporator, then flows into the ORC turbine for expansion. After expansion,

99



Figure 7-1 Schematic structure of the platform

the organic fluid flows into the regenerator to recover part of the overheating heat, then into
the condenser, and back to the regenerator to reuse the rejected heat, then through the pump
back to the evaporator.

The following describes key components of the platform.

7.1.1 Trough collector

The trough collector is east-west oriented due to land constrains. It is made of parabolic
reflector, receiver and bracket. Figure 7-2 shows the photo of the trough collector. The re-
flector is 20 m long, and 2.55 m wide. The receiver is an SEIDO-I type product of Sunda-
Solar Company. It consists of a glass tube and a metal black pipe, vacuum is maintained
between the two to reduce heat loss. The external diameter of the glass tube is 0.11 m, and
the internal diameter is 0.106 m. The external diameter of the metal tube is 0.038 m, and

the internal diameter is 0.035 m. The bracket is applied to support the reflector and receiver.
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Its structure is safe enough to resist common windy, stormy and snowy weather conditions.
The mechanical structures for rotation, positioning and connection are simple and reliable,
easy for mounting, dismounting and transportation, and convenient for operation and main-
tenance. Single-axis tracking system is applied for the trough collector system. The program
algorithm is used for real-time automatic tracking with small tracking error. Manual mode
is also an optional choice. The buttons in the control cabinet make it convenient to adjust
the collector to a desired direction. In addition, it provides automatic protection and manual
operation protection in case of emergency.

SINOPEC L-QD350 synthetic thermal oil is applied as the HTF of the trough collector

system. Its typical physical parameters are provided from the seller.

Figure 7-2 Trough collector of the platform

7.1.2 Dish collector

Figure 7-3 shows the photo of the dish collector. The reflector is made of multiple curved
mirrors. When the aperture is facing to the sun, each of the mirrors reflects the sunlight to
the focal point. A self-designed receiver is mounted at the focal point of the dish reflector, as
shown at top of the photo in Figure 7-3. The key parameters of the dish collector are listed
in Table 7-1.

The YYGN-GR-1A automatic two-axis tracking control system is used for the dish col-

lector system. Both algorithm tracking method and sensor tracking method are applied for
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Figure 7-3  Dish collector of the platform

the tracking system. Usually, at the beginning of the focusing process, manual mode is ap-
plied to roughly rotate the collector towards the sun. Then switch to the automatic mode to
precisely face to the sun. And the algorithm tracking method will take over and keep track-
ing the sun. This provides a more reliable tracking system with tracking error of less than
0.2° without cumulative error. The control cabinet of the dish collector provides mechani-
cal, electrical and other optional controls. It also monitors the wind speed and provides the
function of set maximum wind speed for safety. When the wind is too strong, it will rotate

the collector to a safe angle (facing the zenith).
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Table 7-1 Key parameters of the designed dish collector

Parameter Value Parameter  Value  Parameter Value
dean 0.45m €insu 0.6 04 20°
Oinsu 0.11m Alean 0.87 ¥ 0.97

depeay 0.45m o 0.002m  7Nshading 1
dap 0.25m din 0.07m ) 0.91

Ainsu ~ 0.06 W/(m - K) Ade 23.3m?

7.1.3 ORC system

Hot oil (heated by the trough collector and/or the heater) is supplied to the ORC system.
In the hot loop, input temperature of the supplied oil is 180°C, and output temperature is
160°C. Flow rate of 0.44 kg/s is required to reach the nominal output gross power 1.5 kW.

In the cold loop, input temperature of tap water is 30°C, and output temperature is 37°C. The

water flow rate is about 0.83 kg/s.
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Figure 7-4 ORC system of the platform

Figure 7-4 shows photos of the ORC system. It is made of evaporator, high speed ORC

turbine, generator, regenerator, condenser, organic working medium pump, electrical control

cabinet and the connection pipes.
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The control cabinet provide a touch screen to control the ORC system. Both automatic
mode and manual mode are provided. In automatic mode, all the start up work and shut down
work will be completed by procedure automatically. In manual mode, you can manually set
the parameters such as the speed of the organic fluid pump to provide precise control of the

system.

Figure 7-5 Control screen of the ORC system

7.1.4 Piping system

Piping system provides the basis for fluid flow and heat exchange. Plus, it provides
thermal insulation for hot fluids. Meters, pumps, valves, tanks and heaters are arranged in

the piping system to maintain the normal and orderly operation.

Two heaters are used in the platform to increase the temperatures of the fluids (air and
oil) to reach the experiment requirements when the solar irradiance is not enough. Both
heaters have temperature sensors to maintain the temperatures of the outlet fluids by changing

the power.

7.2 Experiments

In order to test the performance of the platform and validate the proposed models, rel-

evant experiments were carried out.
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7.2.1 Trough collector experiment

7.2.1.1 Experiment purpose

The purpose of the experiment is to study the effects of solar irradiance, flow rate, inlet
temperature of the working fluid on the thermal performance of the collector, and to validate

the trough collector model established in Subsection 3.1.1.

7.2.1.2 Experiment steps

The operation steps are as follows,

(1) Complete the preparation work. Ensure that the devices and components are all
properly connected and can work normally.

(2) Initialize the solar radiometer. Adjust the direction of the solar radiometer to get
the normal irradiation value, make sure the light spot passing through the tube falls in the

designed position.
(3) Open the valves in the oil circuit, then turn on the oil pump.

(4) Turn on the motor of the trough collector tracking system. Synchronize the time of
the tracking system, and turn on the automatic mode to make the trough system tracking the

sun automatically.

(5) Adjust the parameters to meet the designed conditions. When the data is stable,

record and save the data collected by the data acquisition system.
(6) Finish the experiment when all the design conditions have been tested.

(7) Rotate the trough collector to face towards the horizontal position on the control

panel. Turn off the motor when the trough collector is ready in place.

(8) Turn off the oil pump.

7.2.1.3 Experiment cases

Considering the uncontrollability and continuity of the direct normal irradiance (DNI)
in a clear day, when DNI is a control variable, solar irradiance values can not be controlled
as design values and should be measured values. When DNI is required to be a constant,

total experiment time should be limited to reduce the impact of DNI variation.
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Table 7-2 Designed cases of the solar trough system

Case DNI(W/m?) Flow rate (kg/s) Inlet temperature (K)

1-10  Live values 0.2 433.2
11 Live value 0.1 433.2
12 Live value 0.2 433.2
13 Live value 0.3 433.2
14 Live value 0.4 433.2
15 Live value 0.5 433.2
16 Live value 0.2 413.2
17 Live value 0.2 423.2
18 Live value 0.2 433.2
19 Live value 0.2 443.2
20 Live value 0.2 453.2

In Table 7-2, Case 1 to Case 10 are completed at different times of a day or in different
days. Case 11 to Case 15 are required to be completed within half an hour. It is worth noting
that, only 5 cases (Case 16 to Case 20) are designed with small temperature increment for
the inlet temperature investigation due to the slow heating process of the oil heater. And the

5 cases are required to be completed within an hour.

7.2.1.4 Data processing method

The specific heat of the oil is given as: when T' = 373.15°C, ¢, = 2.44 x 10*J/ (kg - K);
when T' = 473.15°C, ¢, = 2.88 x 103J/(kg - K). Linear interpolation method is applied,
¢, = aT + b, where a = 4.4J/(kg - K?), b = 798.147J/ (kg - K).

T=T,

The absorbed heat of the 0il Qups = |1_1

1
eidT = Za(TZ —T?)rin + b(T, — To)ih.

The thermal efficiency of the trough collector

_ Qabs
e Ir wtthc

(7-1)

To validate the simulation model, Equation 3-4 is required to be checked. In the simu-
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lation model,

— q” U<Tabs)7TdOL q”
To = Tam - .= ﬂ - Tam -
’ * U(Tabs) i exp( )< ’ U(Tabs)

mcp
where T, is replaced by (7; + T,)/2 (T; and T, are the measured values of inlet tem-

) (7-2)

perature and outlet temperature), ¢, is the average specific heat obtained from (T; + T,)/2,
U(T,s) is obtained from*®

U(Tups) = 0.687257 + 0.001941(Tips — Tomp) + 0.000026( Ty — Tharms)? (7-3)

= LwgepyTF K (0)

wd, 7

K (0) = cos § + 0.0008846 — 0.000053696> (7-5)

So 7. from the simulation results can be obtained for comparison with the one in Equa-

tion 7-1 obtained from experiment.

_ me(T,—T)

Nte = (7-6)

[rwtthc
7.2.2 Dish collector experiment

7.2.2.1 Experiment purpose

The purpose of the experiment is to study the effects of solar irradiance, flow rate, inlet
temperature of the working fluid on the thermal performance of the collector, and to validate

the dish receiver model established in Subsection 3.1.2.

7.2.2.2 Experiment steps

The operation steps are as follows,

(1) Complete the preparation work. Ensure that the devices and components are all

properly connected and can work normally.

(2) Initialize the solar radiometer. Adjust the direction of the solar radiometer to get
the normal irradiation value, make sure the light spot passing through the tube falls in the

designed position.
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(3) Turn on the water cooling system.

(4) Open the valves of the inlet and outlet of the air circuit, then turn on the air com-

pressor.

(5) Use manual mode to rotate the collector toward the sun. Then switch to the au-

tomative mode.

(6) Adjust the parameters to meet the designed conditions. When the data is stable,

record and save the data collected by the data acquisition system.
(7) Finish the experiment when all the designed conditions have been tested.

(8) Rotate the collector to the up most position (facing the zenith). Turn off the com-

pressor, turn off the outlet and inlet valves, turn off the water cooling system.

7.2.2.3 Experiment cases

Table 7-3 Designed cases of the solar dish system

Case DNI(W/m?) Flow rate (kg/s) Inlet temperature (K)

1-10  Live values 0.03 423.2
11 Live value 0.01 423.2
12 Live value 0.02 423.2
13 Live value 0.03 423.2
14 Live value 0.04 423.2
15 Live value 0.05 423.2
16 Live value 0.03 383.2
17 Live value 0.03 403.2
18 Live value 0.03 423.2
19 Live value 0.03 443.2
20 Live value 0.03 463.2

In Table 7-3, Case 1 to Case 10 are completed at different times of a day or in different
days. Case 11 to Case 15 are required to be completed within half an hour. Case 16 to Case

20 are required to be completed within an hour.
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7.2.2.4 Data processing method

Known the pressure (p = 4 x 10° Pa) and the measured temperature, the inlet enthalpy

(h;) and outlet enthalpy (h,) of the air can be obtained.
The absorbed heat of the air Qs = m(h, — h;).

The thermal efficiency of the dish collector 14, =

I r Adc .
To validate the simulation model in Subsection 3.1.2, the thermal network of dish re-

ceiver (see Figure 3-4) are solved from the equations in Subsection 3.1.2.

er,l

The simulation efficiency of the dish collector 7, = A
r4idc

7.3 Result analysis

7.3.1 Trough collector experiment result analysis

Influences of solar irradiance, flow rate and inlet temperature of the working fluid on

the collector thermal performance are concerned.

7.3.1.1 Influence of I,

Table 7-4 Experiment results of Case 1 to Case 10 of the trough collector

Case DNI(W/m?) i (kg/s) Ti(K) T, (K) Tump(K)

1 353 0.2 4332 4529 2717.8
2 408 0.2 4332 456.2 278.0
3 464 0.2 4332 4594 278.2
4 476 0.2 433.2  460.2 278.4
5 497 0.2 4332 4613 278.4
6 508 0.2 4332 462.0 278.6
7 553 0.2 4332 464.6 278.6
8 610 0.2 4332 4679 278.8
9 637 0.2 4332 4693 278.8
10 652 0.2 4332 470.2 278.9
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Tested results of Case 1 to Case 10 are listed in Table 7-4. It is noteworthy that due
to the uncontrollability and variability of solar radiation intensity, the measured values of
solar irradiance are not evenly distributed. Figure 7-6 shows the influence of solar irradiance
on the thermal efficiency of the trough collector. Simulation results are also included. The

simulation parameters are set to be the same as the experiment.

0.625 —
0.620 " =
| |
_ m
0.615 -
S 0.610 1
0.605 m  Experimental data
® Simulation results
-,/ ffffffff GaussFit of Experimental data
0.600 - —— GaussFit of Simulation results
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350 400 450 500 550 600 650 700
Solar irradiance (W/m?)

Figure 7-6  Influence of solar irradiance on the thermal efficiency

It can be found that both the experimental data and simulation results show the same
trend of thermal efficiency and solar irradiance. The thermal efficiency increases with DNI.
There exists small deviations between the experimental data and simulation results, between
0% to 1%.

7.3.1.2 Influence of

Tested results of Case 11 to Case 15 are listed in Table 7-5. Figure 7-7 shows the
influence of inlet flow rate on the thermal efficiency of the trough collector. The data points

on the figure are collected within a short time, so the irradiance can be regarded as unchanged.

It can be found that higher flow rate leads to higher efficiency. This is obvious for

higher flow rate takes more heat away from the receiver, leads to lower receiver temperature
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Table 7-5 Experiment results of Case 11 to Case 15 of the trough collector

Case DNI(W/m?) s (kg/s) Ti(K) T, (K) Tump (K)
11 612 0.1 433.2  501.0 286.3
12 615 0.2 4332  468.2 286.4
13 615 0.3 4332 456.7 286.6
14 614 04 4332 4512 286.7
15 612 0.5 4332 447.6 286.7

0.628—- —.m

4 U

0.626 B

J -l

0.624

0.622 -

0.620 +

0.618

= 06164 W
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1 —— GaussFit of Simulation results
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Figure 7-7 Influence of inlet flow rate on the thermal efficiency

distribution and hence less thermal losses. The experimental data and simulation result are
in good agreement. Small deviations also exist between the experimental data and simula-
tion results, between 0.4% to 0.9%. The simulation efficiency is lower than corresponding
experimental efficiency. This may be interpreted that, the correlation of thermal loss coef-
ficient U and T, (see Equation 7-3) is for LS-3 type collector, which is not ideal for the

trough collector product used in the platform. Future tests will provide more data for a more

accurate correlation for the SEIDO6-I product.
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7.3.1.3 Influence of 7;

Table 7-6  Experiment results of Case 16 to Case 20 of the trough collector

Case DNI(W/m?) riv(kg/s) T;(K) Tp(K) Tamp (K)

16 616 0.2 413.2 4497 289.5
17 614 0.2 4232  458.8 288.3
18 610 0.2 4332 4679 288.7
19 618 0.2 4432 4777 288.9
20 615 0.2 4532  486.8 286.3

Tested results of Case 16 to Case 20 are listed in Table 7-6. Figure 7-8 shows the

influence of inlet fluid temperature on the thermal efficiency of the trough collector.
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Inlet temperature (K)

Figure 7-8 Influence of inlet temperature on the thermal efficiency

Both the experimental data and simulation results show that, higher inlet temperature
leads to lower efficiency. This is obvious for higher inlet temperature leads to higher receiver
temperature distribution and hence more thermal losses. Small deviations also exist between

the experimental data and simulation results, between 0.7% to 1.5%. The simulation effi-
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ciency is lower than corresponding experimental efficiency. This can be interpreted as the

same reason of inaccurate thermal loss coefficient U.

7.3.2 Dish collector experiment result analysis

Influences of solar irradiance, flow rate and inlet temperature of the working fluid on

the collector thermal performance are concerned.

7.3.2.1 Influence of I,

Table 7-7 Experiment results of Case 1 to Case 10 of the dish collector

Case  DNI(W/m?) i (kg/s) T;(K) T, (K) Tump (K)

1 303 0.03 4232 5521 282.1
2 358 0.03 4232 5764 282.5
3 414 0.03 4232 6023 283.2
4 426 0.03 4232 6075 283.4
5 512 0.03 4232 646.0 285.0
6 596 0.03 4232  682.7 287.4
7 620 0.03 4232 6924 289.2
8 641 0.03 4232 701.5 289.5
9 658 0.03 4232 708.7 289.4
10 683 0.03 4232 7194 289.5

Tested results of Case 1 to Case 10 are listed in Table 7-7. It is noteworthy that the
measured values of solar irradiance are not evenly distributed due to the uncontrollability
and variability of solar radiation intensity. Figure 7-9 shows the influence of solar irradiance
on the thermal efficiency of the dish collector. Simulation results are also included. The
simulation parameters are set to be the same as the experiment.

It can be found that the thermal efficiency increases with solar irradiance when DNI is
less than 600 W/m?. When DNI is larger than 600 W /m?, higher irradiance leads to higher
wall temperature and hence more radiation loss, which jeopardizes the thermal efficiency

when solar irradiance increases. The discrepancy of the experimental data and simulation
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Figure 7-9 Influence of solar irradiance on the thermal efficiency

data may be interpreted for the insulation condition. The out wall temperature of the insu-
lation layer is higher than expected, which proves that the isolation condition is not good
enough.

To clearly show the influence of higher DNI, a simulation of the dish collector model
was carried out. The inlet air temperature is set to be 423.2 K, and the flow rate is set to
be 0.03 kg/s. The environment temperature was set to be 283.2 K and the wind speed is set
to be 0.4 m/s. The simulation results are shown in Figure 7-10. It can be found that there
exists an optimum DNI for a specific receiver to achieve the highest thermal efficiency. For

the receiver used in the platform, the optimum DNI is about 600 W /m?.

7.3.2.2 Influence of m

Tested results of Case 11 to Case 15 are listed in Table 7-8. Figure 7-11 shows the
influence of inlet flow rate on the thermal efficiency of the dish collector. The data points on
the figure are collected within a short time, so the irradiance can be regarded as unchanged.

It can be found that higher flow rate leads to higher efficiency. This is obvious for
higher flow rate takes more heat away from the receiver, leads to lower temperature distribu-

tion and hence less thermal losses. The experimental data and simulation result are in good
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Figure 7-10 Simulation results of influence of solar irradiance on the thermal efficiency

Table 7-8 Experiment results of Case 11 to Case 15 of the dish collector

Case  DNI(W/m?) i (kg/s) T;(K) T, (K)  Tomp (K)

11 613 0.01 4232  950.7 286.3
12 615 0.02 4232 7839 286.4
13 616 0.03 4232 691.8 286.6
14 614 0.04 4232 6349 286.7
15 613 0.05 4232 597.8 286.7

agreement.

7.3.2.3 Influence of 7;

Tested results of Case 16 to Case 20 are listed in Table 7-9. Figure 7-12 shows the

influence of inlet flow rate on the thermal efficiency of the dish collector.

It can be found that higher inlet temperature leads to lower efficiency, This is obvious
for higher inlet temperature leads to higher temperature distribution and hence more thermal

losses. The experimental data and simulation result are in good agreement.
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Figure 7-11 Influence of inlet flow rate on the thermal efficiency

Table 7-9 Experiment results of Case 16 to Case 20 of the dish collector

Case DNI(W/m?) 1(kg/s) T;(K) Ty (K) Tomp (K)

16 616 0.03 383.2 6619 289.0
17 615 0.03 403.2 6764 288.8
18 612 0.03 423.2  690.6 288.8
19 617 0.03 4432 707.8 288.9
20 615 0.03 4632 7222 288.9

7.4 Conclusion

The solar thermal power platform is a good start for the cascade solar thermal system.
This chapter introduces the components and the circuits of the platform. According to the
features of solar irradiance, special experiment cases are designed to investigate the impact of
different factors on the system performance. Experiment steps are carefully arranged. Tests
of the trough collector and the dish collector are carried out and the experimental results are
collected for analysis.

The influence of solar irradiance, flow rate and inlet temperature of the working fluid
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Figure 7-12 Influence of inlet temperature on the thermal efficiency

on the performance of the collector model is investigated. The established trough collector

model and dish collector model are validated by the experimental data.

The analysis of experimental data and simulation results shows that

(1) The thermal efficiency of trough collectors is between 60.1% and 62.8% and the
thermal efficiency of dish collectors is between 39.7% and 63.3% under the experimental

conditions.

(2) With regard to the effect of the considered factors on the performance of the collec-
tors, the experimental data and the simulation results have the same trend. Higher working
fluid flow rate leads to higher thermal efficiency, while higher working fluid inlet temperature

leads to lower thermal efficiency.

(3) For a specific dish receiver, there exists an optimum DNI to obtain the highest ther-

mal efficiency.

(4) The discrepancy of the experimental data and simulation results of the trough col-
lector indicates that the thermal loss coefficient used in the modeling process is not ideal for

the trough product used in the platform. It needs to be revised in the future.
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(5) The discrepancy of the experimental data and simulation results of the dish col-
lector indicates that the thermal insulation of the dish collector needs to be inspected and

strengthened.
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Chapter 8 Summaries and outlooks

8.1 Summaries

This chapter is needed to conclude the overall goals of our research. Considering the
advantages and disadvantages of the existing solar thermal power generation technologies,
a novel idea of energy cascade collection and energy cascade utilization for solar thermal
power generation was put forward. Different types of collectors and thermodynamic cycles
were used in the cascade system. The research of the cascade system was carried out with
the selection of the system topology, the construction of the system model, the optimization
of the system model and parameters, and the comparison with the stand-alone system. The

main works are concluded as follow:

(1) Topological structures of cascade solar thermal power generation systems were pro-
posed. According to the analysis of thermodynamic characteristics and the operating behav-
ior of each component in the system, reasonable arranged topological structures of cascade
systems were proposed. These systems use different thermodynamic cycles to harness the
energy of different temperature zones. A reasonable cascade generation system can make
full use of the mechanism models of power generation system to provide a basis for a more
efficient cascade solar thermal generation system. In this thesis, several schemes of feasible
topological structures of solar thermal cascade system were set up according to the mecha-
nism model of each component. After system evaluation, parameter selection, preliminary
calculation and scheme comparison, two representative typical schemes were determined.
In one scheme, both steam Rankine cycle and Stirling cycle are used for power generation.
Condensation water of the Rankine cycle is used to cool the hot end of the Stirling engines to
recover the released heat. In the other scheme, multiple organic Rankine cycles are used for
power generation. Condensation heat of upper cycle is absorbed by lower cycle for energy

cascade utilization.

(2) Mechanism models were established for the components of solar thermal power
generation system. The mechanism mathematical models were developed according to the

physical equations and operation features of the target object. The key components in the
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system, such as collectors, steam generating system, steam turbine and Stirling engine, have
been analyzed for detailed modeling. The mathematical model of each component is a model
verified by classical theory or a large number of experimental data, which is the basic of a
cascade solar thermal power generation system model. Heat loss models were established for
the receivers of trough collector and dish collector. For Stirling engine, based on reasonable
simplification and hypothesis, a model of the Stirling machine considered various losses and
irrevisibilities was developed. The component models using object-oriented method were
developed in MATLAB. It makes full use of inheritance and polymorphism to ensure both

independence and relevance of the components.

(3) A solar thermal power generation system design software was designed and the
cascade solar thermal generation system models were developed. System models of the se-
lected cascade solar thermal thermal generation systems were established based on the model
of each component in the systems. The object-oriented features of inheritance, combination
and polymorphism were used for the model development. The variation rules and perfor-
mance indexes of main parameters under the coupling of external and internal factors were
studied. The change mechanism was studied and the calculation method of its performance
characteristics was established. After component layout, parameter setting and environment
selection, the thesis completed the system development of each system scheme, and finally
developed the simulation system of cascade solar thermal generation based on MATLAB
with the copyright of independent computer software. The system components are relatively
independent, easy to replace or improve the component model; calculation results of the sys-
tem model exist in all objects of the system, so that the key parameters of each component

can be clearly and conveniently viewed.

(4) Simulation and optimization of cascade solar thermal power generation system
model were carried out. Based on the research of performance characteristics of cascade
solar thermal power generation system, the system was optimized and the structure was re-
built. In particular, by analyzing the steam generating system of the system, a staged heating
method was proposed, which can reduce the temperature difference in the steam generating
system during steam generation by changing the mass flow rate of the heat transfer oil and
effectively reduce exergy loss during the process. It helps to improve the efficiency of the
whole system. Considering the features of the Stirling engines in the cascade system, five

basic arrangements of Stirling engine array were summarized, and the differences of Stir-
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ling engine array efficiency and output power under various layouts were analyzed. The best
arrangement of Stirling units was given under the condition of given fluid of cold and heat

sources.

(5) Operating parameters of cascade solar thermal power generation system were opti-
mized. According to the specific structure of the program and operation mode, the appropri-
ate stand-alone systems for comparative analysis was selected for performance comparison.
Analysis of the influence of various parameters on the efficiency difference between cascade
system and its corresponding stand-alone systems was conducted. The results show that cas-
cade solar thermal power generation system has higher overall solar-to-electric conversion
efficiency under certain parameter conditions than its corresponding independent system.
Under the condition of direct normal irradiance of 700 W/m? and dish collector outlet air
temperature of 800°C, the proposed cascade solar thermal power generation system is 5.2%

more efficient than its corresponding stand-alone system.

(6) A solar thermal power generation test platform was built, and the relevant exper-
imental work was carried out. Special experiment cases considering the features of solar
irradiance were designed to investigate the impact of different factors on the system perfor-
mance. The influences of solar irradiance, flow rate and inlet temperature of the working
fluid on the performance of the collectors were investigated. The analysis of experimental
data and simulation results shows that, under the relevant test conditions, the thermal effi-
ciency of trough collectors is between 58% and 64%, and that of trough collectors is between
63% and 68%. The experiment also validated the established trough collector and dish col-

lector models.
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8.2 Innovations

» Usage of different types of collectors and different thermodynamic cycles in one cas-
cade system is proposed in this research. In this way, the working characteristics of
different types of solar collectors and thermal cycles can be effectively utilized to over-
come the drawbacks of traditional solar thermal power systems. This may provide a
new feasible technology for lower cost, higher efficiency, large-scale solar thermal

power generation.

* An air-water heat exchanger is applied in the cascade system to increase the tempera-
ture of the main steam temperature of the Rankine cycle. This provides a new way to
overcome the shortcoming of the upper temperature limit of heat transfer oil in tradi-

tional solar trough systems, which helps to achieve higher Rankine cycle efficiency.

* Condensate of Rankine cycle is used to cool the Stirling engine. Rejected heat of
the Stirling cycle can be reused by Rankine cycle, which helps to improve the overall

system efliciency.

* Multistage exergy lose reduction system is applied to reduce the temperature differ-
ence between oil and water in the steam generating system. The solar field can be
divided into three independent parts according to different states (vapor, vapor-liquid
two phase, liquid) of water in the steam generating system. This also provides a new
space for different types of solar collector technologies applied in different solar fields.
For example, linear Fresnel reflectors or flat collectors can be applied for the preheat-
ing solar field to reduce costs; molten salt can be used as heat transfer fluid in the

superheating solar field to increase the main steam temperature of the Rankine cycle.

* Influence of the arrangement of Stirling engine array in the cascade system is analyzed.
In order to investigate the influence of connection types on SEA performance, five
basic connection types of SEA were summarized according to the direction-irrelevant
feature of Stirling engine. After analyzing different factors on the performance of SEA,
it is found that given heating and cooling fluids, using serial flow is the best choice for

the connection type of an SEA.
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8.3 Outlooks

In this research, effective topologies of the proposed cascade system were designed,
models of the systems developed based on the detailed component models, simulation of the
cascade system and corresponding stand alone systems were carried out and the results were

analyzed. However, there are many points valuable for further research.
* Muti-stage exergy loss reduction system deserves more attention for its application of
different kinds of collectors.

* Series connection of different collectors, such as flat plate and parabolic trough col-

lectors, needs to be further studied to reduce the cost of solar power system.

* Economical analysis of the cascade system is required for the implement of the tech-

nology.

* Stirling engines are required for the platform to investigate the cascade utilization of

solar energy.

123



Acknowledge

In 2004, I came to Huazhong University of Science and Technology as an undergraduate
student. Now, I am over 30. The completion of the doctoral dissertation indicates that my
student life here is coming to an end. Although I had discouraged days in the unforgivable
life, when I staggering to leave the land that accomplished my grown up years, I am grateful
for all the hardships and joys I have experienced. The full harvest of both academic and life
will change my life journey.

You miss a place because you miss the people there. Special thanks for professor Huang
Shuhong, I learned a lot during those years being with you. I have been deeply infected by
your academic attitude, working spirit and personal charisma. Your unique academic insight
and acute academic ideas always inspired me.

After he past away, I dreamed about my tutor several times, especially when I was de-
pressed. Recalling your teachings and encouragements, I always re-establish my confidence
to overcome the difficulties. Face to face learning is a collection of my memory. Professor’
s firm academic enthusiasm will continue to guide me.

Many thanks to the teachers who provide guidances and helps in these years. I offer
my thanks to Professor Gao Wei, his elegant temperament and broad mind set up a good
example for personal relationship and learning approaches. I would like to thank Associate
Professor Zhang Yanping for urging me to study and write from time to time, paying close
attention to the progress of the papers, and giving many timely wit directions. Special thanks
for professor Inmaculada Arauzo, I am lucky enough to follow you to University of Zaragoza
to open a new academic perspective. Your easy-going temper, warm attitude make my life
in Spain warm and fulfilling. Your rigorous spirit and deep insight influenced me a lot. I
also show my thanks to Teacher He and Yang, they concerned about me and helped me.
The completion of my study comes with the generous guidance and encouragement of the
teachers.

In the academic team, I was fortunate to meet Lv Fangming, Wang Jizhou, Zou Chongzhe.
We learned a lot from each other and created precious memories. In the days with Rahul and
Daniel, I improved my English communication ability and writing skills.

Finally, I thank my family for their understanding and support. I am grateful to my
parents for their hard work and strong support. Thank you, my wife, after our daughter

124



Tongtong was born, you carried the burden of taking care of this little life. Thank you,
Tongtong, your cleverness and cuteness are the flavors of my life and they always make me
full of power.

Time to say goodbye. This will be a new starting point for my life. I will stay true to

my mission, follow my heart, and manage a new life with gratitude and expectations.

Zhang Cheng
December 14, 2017

125



(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Bibliography

International Energy Agency (2014). http://www.iea.org/publications/
freepublications/publication/TechnologyRoadmapSolarPhotovoltaicEnergy_
2014edition.pdf. Accessed: 2017-05-04.

Price H, Lupfert E, Kearney D, et al. Advances in Parabolic Trough Solar Power Technology.
Journal of Solar Energy Engineering, 2002, 124(2):109—-125.

Dudley V E, Kolb G J, Mahoney A R, et al. Test results: SEGS LS-2 solar collector. Nasa
Sti/recon Technical Report N, 1994, 96(4):2506-2514.

Burkholder F, Kutscher C. Heat Loss Testing of Schott’s 2008 PTR70 Parabolic Trough Re-
ceiver. May, 2009.

Reddy K, Kumar K R, Ajay C. Experimental investigation of porous disc enhanced receiver
for solar parabolic trough collector. Renewable Energy, 2015, 77(Supplement C):308 — 319.
LiM, Xu C, Ji X, et al. A new study on the end loss effect for parabolic trough solar collectors.
Energy, 2015, 82(Supplement C):382 — 394.

Wang J, Wang J, Bi X, et al. Performance Simulation Comparison for Parabolic Trough Solar
Collectors in China. International Journal of Photoenergy, 2016, 2016(18):1-16.

Zou B, Yang H, Yao Y, et al. A detailed study on the effects of sunshape and incident angle on
the optical performance of parabolic trough solar collectors. Applied Thermal Engineering,
2017, 126(Supplement C):81 — 91.

Liipfert E, Pottler K, Ulmer S, et al. Parabolic Trough Optical Performance Analysis Tech-
niques. Journal of Solar Energy Engineering, 2006, 129(2):147-152.

Xu C, Chen Z, Li M, et al. Research on the compensation of the end loss effect for parabolic
trough solar collectors. Applied Energy, 2014, 115:128 — 1309.

Huang W, Hu P, Chen Z. Performance simulation of a parabolic trough solar collector. Solar
Energy, 2012, 86(2):746 — 755.

Padilla R V, Fontalvo A, Demirkaya G, et al. Exergy analysis of parabolic trough solar receiver.
Applied Thermal Engineering, 2014, 67(1-2):579 — 586.

Padilla R V, Demirkaya G, Goswami D Y, et al. Heat transfer analysis of parabolic trough solar
receiver. Applied Energy, 2011, 88(12):5097 — 5110.

Guo J, Huai X, Liu Z. Performance investigation of parabolic trough solar receiver. Applied
Thermal Engineering, 2016, 95:357 — 364.

Behar O, Khellaf A, Mohammedi K. A novel parabolic trough solar collector model — Vali-
dation with experimental data and comparison to Engineering Equation Solver (EES). Energy
Conversion and Management, 2015, 106(Supplement C):268 — 281.

Hachicha A, Rodriguez I, Capdevila R, et al. Heat transfer analysis and numerical simulation
of a parabolic trough solar collector. Applied Energy, 2013, 111:581 — 592.

126


http://www.iea.org/publications/freepublications/publication/TechnologyRoadmapSolarPhotovoltaicEnergy_2014edition.pdf
http://www.iea.org/publications/freepublications/publication/TechnologyRoadmapSolarPhotovoltaicEnergy_2014edition.pdf
http://www.iea.org/publications/freepublications/publication/TechnologyRoadmapSolarPhotovoltaicEnergy_2014edition.pdf

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Guo J, Huai X. Multi-parameter optimization design of parabolic trough solar receiver. Applied
Thermal Engineering, 2016, 98:73 — 79.

Boukelia T, Arslan O, Mecibah M. ANN-based optimization of a parabolic trough solar thermal
power plant. Applied Thermal Engineering, 2016, 107:1210 — 1218.

Liu Q, Yang M, Lei J, et al. Modeling and optimizing parabolic trough solar collector systems
using the least squares support vector machine method. Solar Energy, 2012, 86(7):1973 —
1980.

Lobon D H, Valenzuela L, Baglietto E. Modeling the dynamics of the multiphase fluid in the
parabolic-trough solar steam generating systems. Energy Conversion and Management, 2014,
78:393 — 404.

Mohamad A, Orfi J, Alansary H. Heat losses from parabolic trough solar collectors. Interna-
tional Journal of Energy Research, 2014, 38(1):20-28.

Guo S, Liu D, Chu Y, et al. Real-time dynamic analysis for complete loop of direct steam
generation solar trough collector. Energy Conversion and Management, 2016, 126:573 — 580.
Ashouri M, Vandani A M K, Mehrpooya M, et al. Techno-economic assessment of a Kalina

cycle driven by a parabolic Trough solar collector. Energy Conversion and Management, 2015,
105:1328 — 1339.

Bader R, Pedretti A, Barbato M, et al. An air-based corrugated cavity-receiver for solar
parabolic trough concentrators. Applied Energy, 2015, 138:337 — 345.

Good P, Ambrosetti G, Pedretti A, et al. An array of coiled absorber tubes for solar trough
concentrators operating with air at 600°C and above. Solar Energy, 2015, 111:378 — 395.

Kaloudis E, Papanicolaou E, Belessiotis V. Numerical simulations of a parabolic trough solar
collector with nanofluid using a two-phase model. Renewable Energy, 2016, 97:218 — 229.

Al-Sulaiman F A, Hamdullahpur F, Dincer I. Performance assessment of a novel system us-
ing parabolic trough solar collectors for combined cooling, heating, and power production.
Renewable Energy, 2012, 48:161 — 172.

Tan Y, Zhao L, Bao J, et al. Experimental investigation on heat loss of semi-spherical cavity
receiver. Energy Conversion and Management, 2014, 87(Supplement C):576 — 583.

Chaudhary A, Kumar A, Yadav A. Experimental investigation of a solar cooker based on
parabolic dish collector with phase change thermal storage unit in Indian climatic conditions.
Journal of Renewable and Sustainable Energy, 2013, 5(2):023107.

Mawire A, Taole S H. Experimental energy and exergy performance of a solar receiver for a
domestic parabolic dish concentrator for teaching purposes. Energy for Sustainable Develop-
ment, 2014, 19:162 — 169.

Zhu J, Wang K, Wu H, et al. Experimental investigation on the energy and exergy performance
of a coiled tube solar receiver. Applied Energy, 2015, 156:519 — 527.

Skouri S, Bouadila S, Salah M B, et al. Comparative study of different means of concentrated
solar flux measurement of solar parabolic dish. Energy Conversion and Management, 2013,
76:1043 — 1052.

Thirunavukkarasu V, Sornanathan M, Cheralathan M. An experimental study on energy and

127



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

exergy performance of a cavity receiver for solar parabolic dish concentrator. International
Journal of Exergy, 2017, 23(2):129.

Pavlovic S, Bellos E, Roux W G L, et al. Experimental investigation and parametric analysis
of a solar thermal dish collector with spiral absorber. Applied Thermal Engineering, 2017,
121(Supplement C):126 — 135.

Lovegrove K, Burgess G, Pye J. A new 500m?2 paraboloidal dish solar concentrator. Solar
Energy, 2011, 85(4):620 — 626. SolarPACES 2009.

Berumen C R, Benitez R R, Mendoza J L, et al. Design and Construction of a Parabolic Dish
in Mexico. in: Proceedings of ASME 2004 International Solar Energy Conference, 2004,
653-657.

Pavlovi¢ S R, SPavlovi¢ S R, Stefanovi¢ V P, et al. Optical modeling of a solar dish thermal
concentrator based on square flat facets. Thermal Science, 2014, 18(3):989 — 998.

Hijazi H, Mokhiamar O, Elsamni O. Mechanical design of a low cost parabolic solar dish
concentrator. Alexandria Engineering Journal, 2016, 55(1):1 — 11.

Ma H, Jin G, Xing Z, et al. Optical Design of a Solar Dish Concentrator Based on Triangular
Membrane Facets. International Journal of Photoenergy, 2012, 2012(2012):3109-3109.

Schertz P T, Brown D C, Konnerth I. Facet development for a faceted stretched-membrane
dish by Solar Kinetics, Inc. Parabolic Dish Collectors, 1991, 91.

Shuai Y, Xia X, Tan H. Numerical simulation and experiment research of radiation perfor-
mance in a dish solar collector system. Frontiers of Energy & Power Engineering in China,
2010, 4(4):488-495.

Qianjun M, Ming X, Yong S, et al. Study on solar photo-thermal conversion efficiency of a
solar parabolic dish system. Environmental Progress & Sustainable Energy, 2014, 33(4):1438—
1444.

Li Z, Tang D, Du J, et al. Study on the radiation flux and temperature distributions of the
concentrator—receiver system in a solar dish/Stirling power facility. Applied Thermal Engi-
neering, 2011, 31(10):1780 — 1789.

Wang W, Laumert B. Effect of cavity surface material on the concentrated solar flux distribu-
tion for an impinging receiver. Solar Energy Materials and Solar Cells, 2017, 161(Supplement
O):177 — 182.

Blazquez R, Carballo J, Silva M. Optical design and optimization of parabolic dish solar
concentrator with a cavity hybrid receiver. AIP Conference Proceedings, 2016, 1734(1).
Reddy K, Vikram T S, Veershetty G. Solar Energy.

Vikram T S, Reddy K. Investigation of convective and radiative heat losses from modified
cavity based solar dish steam generator using ANN. International Journal of Thermal Sciences,
2015, 87:19 - 30.

Patil P N, Khandekar M A, Patil S N. Automatic dual-axis solar tracking system for parabolic
dish. in: Proceedings of 2016 2nd International Conference on Advances in Electrical, Elec-
tronics, Information, Communication and Bio-Informatics (AEEICB), Feb, 2016, 699-703.

Raturi M P, Deolal M H, Grover J, et al. Parabolic Dish Type Solar Cooking System with

128



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

Gravity Based Solar Tracking System. 2014, 11(3):34-36.

Kuang J, Zhang W. Design and Implementation of Tracking System for Dish Solar Thermal
Energy Based on Embedded System. Berlin, Heidelberg: Springer Berlin Heidelberg, 2012.

Jin X, Xu G, Zhou R, et al. A Sun Tracking System Design for a Large Dish Solar Concentrator.
International Journal of Clean Coal & Energy, 2013, 02(2):16-20.

Shanmugam S, Christraj W. The Tracking of the Sun for Solar Paraboloidal Dish Concentrators.
Journal of Solar Energy Engineering, 2005, 127(1):156-160.

Alexopoulos S, Hoffschmidt B. Advances in solar tower technology. Wiley Interdisciplinary
Reviews: Energy and Environment, 2017, 6(1):e217-n/a. E217.

Montes M, Abdnades A, Martinez-Val J. Performance of a direct steam generation solar ther-
mal power plant for electricity production as a function of the solar multiple. Solar Energy,
2009, 83(5):679 — 689.

Feldhoft J F, Schmitz K, Eck M, et al. Comparative system analysis of direct steam generation
and synthetic oil parabolic trough power plants with integrated thermal storage. Solar Energy,
2012, 86(1):520 — 530.

Steinmann W D, Eck M. Buffer storage for direct steam generation. Solar Energy, 2006,
80(10):1277 — 1282. Solar Power and Chemical Energy Systems (SolarPACES’04).

Yu Q, Wang Z, Zhu L. Analysis and improvement of the cavity structure of steam receiver of
1MWe solar tower power plant. in: Proceedings of Solarpaces: International Conference on
Concentrating Solar Power & Chemical Energy Systems, 2017, 164-174.

Gonzélez-Roubaud E, Pérez-Osorio D, Prieto C. Review of commercial thermal energy storage
in concentrated solar power plants: Steam vs. molten salts. Renewable and Sustainable Energy
Reviews, 2017, 80(Supplement C):133 — 148.

Toro C, Rocco M V, Colombo E. Exergy and Thermoeconomic Analyses of Central Receiver
Concentrated Solar Plants Using Air as Heat Transfer Fluid. Energies, 2016, 9(11).

Rolddn M I, Ferndndezreche J. CFD analysis of supercritical CO2 used as HTF in a solar
tower receiver. in: Proceedings of Solarpaces: International Conference on Concentrating
Solar Power & Chemical Energy Systems, 2016, 2293-2305.

Joshi A, Wang C, Akinjiola O, et al. Transient analysis of a molten salt central receiver (MSCR)
in a solar power plant. in: Proceedings of American Institute of Physics Conference Series,
2016, 578-592.

Thalange V C, Dalvi V H, Mahajani S M, et al. Design, optimization and optical performance
study of tripod heliostat for solar power tower plant. Energy, 2017, 135(Supplement C):610 —
624.

Besarati S M, Yogi Goswami D. A computationally efficient method for the design of the
heliostat field for solar power tower plant. Renewable Energy, 2014, 69:226-232.

Sassi G. Some notes on shadow and blockage effects. Solar Energy, 1983, 31(3):331 — 333.
Wei X, Lu Z, Wang Z, et al. A new method for the design of the heliostat field layout for solar
tower power plant. Renewable Energy, 2010, 35(9):1970-1975.

129



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Kim J, Kim J S, Stein W. Simplified heat loss model for central tower solar receiver. Solar
Energy, 2015, 116:314 — 322.

Lara-Cerecedo L O, Moreno-Cruz I, Pitalda-Diaz N, et al. Modeling of Drift Effects on Solar
Tower Concentrated Flux Distributions. International Journal of Photoenergy, 2016, 2016:1-9.

Franchini G, Perdichizzi A, Ravelli S, et al. A comparative study between parabolic trough and
solar tower technologies in Solar Rankine Cycle and Integrated Solar Combined Cycle plants.
Solar Energy, 2013, 98, Part C:302 — 314.

Xu E, Yu Q, Wang Z, et al. Modeling and simulation of 1 MW DAHAN solar thermal power
tower plant. Renewable Energy, 2011, 36(2):848-857.

Xu E, Wang Z, Wei G, et al. Dynamic simulation of thermal energy storage system of Badaling
1 MW solar power tower plant. Renewable Energy, 2012, 39(1):455-462.

Benammar S, Khellaf A, Mohammedi K. Contribution to the modeling and simulation of
solar power tower plants using energy analysis. Energy Conversion and Management, 2014,
78(Supplement C):923 — 930.

Suzuki A. Cascade connection of solar collectors for effective energy gain. Journal of Solar
Energy Engineering Transactions of the Asme, 1986, 108(3):172-177.

Kribus A, Doron P, Rubin R, et al. A Multistage Solar Receiver:: The Route To High Temper-
ature. Solar Energy, 1999, 67(1-3):3 - 11.

Gordon J M, Saltiel C. Analysis and Optimization of a Multi-Stage Solar Collector System.
Journal of Solar Energy Engineering, 1986, 108(3):192-198.

Oshida I, Suzuki A. Optical Cascade Heat-Collection for Effective Solar Energy Gain. Journal
of Solar Energy Engineering, 1987, 109(4):298-302.

Desai N B, Bandyopadhyay S. Integration of parabolic trough and linear Fresnel collectors for

optimum design of concentrating solar thermal power plant. Clean Technologies and Environ-
mental Policy, 2015, 17(7):1945-1961.

Coco-Enriquez L, Mufioz-Antén J, Martinez-Val J. Integration between direct steam genera-
tion in linear solar collectors and supercritical carbon dioxide Brayton power cycles. Interna-
tional Journal of Hydrogen Energy, 2015, 40(44):15284 — 15300. The 4th International Con-
ference on Nuclear and Renewable Energy Resources (NURER2014), 26-29 October 2014,
Antalya, Turkey.

Li Y, Yang Y. Thermodynamic analysis of a novel integrated solar combined cycle. Applied
Energy, 2014, 122:133 — 142.

Giilen S C. Second Law Analysis of Integrated Solar Combined Cycle Power Plants. Journal
of Engineering for Gas Turbines and Power, 2015, 137(5):51701.

Shaaban S. Analysis of an integrated solar combined cycle with steam and organic Rankine
cycles as bottoming cycles. Energy Conversion and Management, 2016, 126:1003—-1012.
Algahtani B J, Patifio-Echeverri D. Integrated Solar Combined Cycle Power Plants: Paving
the way for thermal solar. Applied Energy, 2016, 169:927 — 936.

Manente G. High performance integrated solar combined cycles with minimum modifications
to the combined cycle power plant design. Energy Conversion and Management, 2016, 111:186

130



[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

- 197.

Turchi C S, Ma Z. Co-located gas turbine/solar thermal hybrid designs for power production.
Renewable Energy, 2014, 64:172 — 179.

Mukhopadhyay S, Ghosh S. Solar tower combined cycle plant with thermal storage: energy
and exergy analyses. Advances in Energy Research, 2016, 4(1):29-45.

LiJ, Li P, Pei G, et al. Analysis of a novel solar electricity generation system using cascade
Rankine cycle and steam screw expander. Applied Energy, 2016, 165:627-638.
Al-Sulaiman F A. Exergy analysis of parabolic trough solar collectors integrated with com-

bined steam and organic Rankine cycles. Energy Conversion and Management, 2014, 77:441
—449.

Dunham M T, Lipifiski W. Thermodynamic Analyses of Single Brayton and Combined
Brayton—Rankine Cycles for Distributed Solar Thermal Power Generation. Journal of Solar
Energy Engineering, 2013, 135(3):031008—-031008-8.

Bahrami M, Hamidi A A, Porkhial S. Investigation of the effect of organic working fluids on

thermodynamic performance of combined cycle Stirling-ORC. International Journal of Energy
and Environmental Engineering, 2013, 4(1):12.

Thierry D M, Flores-Tlacuahuac A, Grossmann I E. Simultaneous optimal design of multi-
stage organic Rankine cycles and working fluid mixtures for low-temperature heat sources.
Computers & Chemical Engineering, 2016, 89:106 — 126.

Bahari S S, Sameti M, Ahmadi M H, et al. Optimisation of a combined Stirling cycle—organic
Rankine cycle using a genetic algorithm. International Journal of Ambient Energy, 2016,
37(4):398-402.

Abbin J, Leuenberger W. Program CYCLE: a Rankine cycle analysis routine. [For solar—
thermal electricity production for Sandia’s Solar Community study]. Oct, 1977.

Bao J, Zhao L. A review of working fluid and expander selections for organic Rankine cycle.
Renewable and Sustainable Energy Reviews, 2013, 24:325 — 342.

Bilgen E, Rheault J. Solar chimney power plants for high latitudes. Solar Energy, 2005,
79(5):449 — 458.

Good P, Ambrosetti G, Pedretti A, et al. A 1.2MWth solar parabolic trough system based on
air as heat transfer fluid at 500 °C — Engineering design, modelling, construction, and testing.
Solar Energy, 2016, 139(Supplement C):398 —411.

Roschke E J, Wen L, Steele H, et al. A preliminary assessment of small steam Rankine and
Brayton point-focusing solar modules. Nasa Sti/recon Technical Report N, 1979, 79.
Romero-Alvarez M, Zarza E. Concentrating solar thermal power. Efficiency and Renewable
Energy, 2007.

Adkins D R. Control strategies and hardware used in solar thermal applications. Nasa Sti/recon
Technical Report N, 1987, 88.

Coronel P, Sandeep K. Heat transfer coefficient in helical heat exchangers under turbulent flow
conditions. International Journal of Food Engineering, 2008, 4(1).

131



[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]
[111]

[112]

[113]

[114]

[115]

[116]

[117]

Serth R W. Process heat transfer principles and applications. Amsterdam; London: Elsevier
Academic Press, 2007.

Churchill S W, Bernstein M. A Correlating Equation for Forced Convection From Gases and
Liquids to a Circular Cylinder in Crossflow. Journal of Heat Transfer, 1977, 99(2):300-306.
Ma R Y. Wind Effects on Convective Heat Loss From a Cavity Receiver for a Parabolic Con-
centrating Solar Collector. Sandia National Laboratory, 1993, SAND92-7293(September).
Wu S, Xiao L, Cao Y, et al. Convection heat loss from cavity receiver in parabolic dish solar
thermal power system: A review. Solar Energy, 2010, 84(8):1342 — 1355.

Leibfried U, Ortjohann J. Convective Heat Loss from Upward and Downward-Facing Cavity
Solar Receivers: Measurements and Calculations. Journal of Solar Energy Engineering, 1995,
117(2):75-84.

Koenig A, Marvin M. Convection heat loss sensitivity in open cavity solar receivers. Technical
report, Department of Energy, USA, 1981.

Stine W B, Diver R B. A compendium of solar dish/Stirling technology. Technical report,
DTIC Document, 1994.

Formosa F, Despesse G. Analytical model for Stirling cycle machine design. Energy Conver-
sion and Management, 2010, 51(10):1855-1863.

Juhasz A. A mass computation model for lightweight brayton cycle regenerator heat exchang-
ers. in: Proceedings of 8th Annual International Energy Conversion Engineering Conference,
2010.

Duan C, Wang X, Shu S, et al. Thermodynamic design of Stirling engine using multi-objective
particle swarm optimization algorithm. Energy Conversion & Management, 2014, 84:88-96.

Babaelahi M, Sayyaadi H. A new thermal model based on polytropic numerical simulation of
Stirling engines. Applied Energy, 2015, 141:143 — 159.

Urieli I, Berchowitz D M. Stirling cycle engine analysis. Bristol: A. Hilger, 1984.

Heywood, JohnB. Internal combustion engine fundamentals. Amsterdam; London: McGraw-
Hill, 1988.

Strauss J M, Dobson R T. Evaluation of a second order simulation for Sterling engine design
and optimisation. Journal of Energy in Southern Africa, 2010, 21(2):17-29.

Timoumi Y, Tlili I, Nasrallah S B. Design and performance optimization of GPU-3 Stirling
engines. Energy, 2008, 33(7):1100 — 1114.

MARTINI W R. Stirling engine design manual, 2nd edition. Technical report, Martini Engi-
neering, Richland, WA (USA), 1983.

Hosseinzade H, Sayyaadi H, Babaelahi M. A new closed-form analytical thermal model for
simulating Stirling engines based on polytropic-finite speed thermodynamics. Energy Conver-
sion and Management, 2015, 90:395 — 408.

Hooshang M, Moghadam R A, AlizadehNia S. Dynamic response simulation and experiment
for gamma-type Stirling engine. Renewable Energy, 2016, 86:192 — 205.

Der Minassians A. Stirling Engines for Low-temperature Solar-thermal-electric Power Gen-

132



[118]

[119]

[120]

eration: [PhD Dissertation]. Berkeley: EECS Department, University of California, Berkeley,
December 20, 2007.

Cavazzuti M. Optimization Methods: From Theory to Design Scientific and Technological
Aspects in Mechanics. Berlin Heidelberg: Springer, 2012.

Ferndndez-Garcia A, Zarza E, Valenzuela L, et al. Parabolic-trough solar collectors and their
applications. Renewable and Sustainable Energy Reviews, 2010, 14(7):1695 — 1721.

Fraser P, Klein P S a. Stirling Dish System Performance Prediction Model. Mechanical Engi-
neering, 2008, Master of:203.

133



Appendix A Heat transfer under constant temperature

Assuming U, T, m, c, to be constant, for given T},

TA
Ti

To

|
|
Tec ;

0 A > X

Figure A-1 Diagram of heat transfer under constant temperature

Set z as the area involved in the transfer heat process, when x from 0 to A, T'(x) from
T; to T,

mepdT (z) = (T, — T(x))Udx (A-1)

SO
dgﬁz—inM—n> (A-2)
Ty(x) = Tp(x) + Th(x) (A-3)

where T, (z) is the general solution, 7},(x) is the particular solution, 7},(z) is the homoge-

neous solution.

———(T(2) =T) = 0 (A-4)

T,(z) =T, (A-5)
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Appendix B Thermal gradient under constant heat flux

Assuming U, T, m, ¢,, ¢" to be constant, for given 7},

T A

)

q

Ti
Tc

- OIITT LTI

0

A x

Figure B-1 Diagram of heat transfer with one constant temperature heat source and constant heat

flux

Set z as the area involved in the transfer heat process, when x from 0 to A, T'(x) from

T; to T,,

SO

me,dT (z) = (T, — T(x))Udx + ¢"dz (B-1)
dT@) _ _UPpy CPHUPT (B-2)

dx me, mep
Ty(z) = Tp(x) + Th(z) (B-3)

where T, (z) is the general solution, 7},(x) is the particular solution, 7}, (z) is the homoge-

neous solution.

U qJ" +UT,
)+ — =

me, mep

0 (B-4)
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It is the same as Equation A-6, so we have
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Appendix C MATLAB code of class Stream

classdef Stream < handle
AStream This class describes a flutd stream that has tinherent
Aproperties and dependent properties

properties
fluid; [/ Flutd type
dot_m; / Mass flow rate, kg/s
T; 4 Temperature, K
P; / Pressure, Pa
X; 4 Quality, [0, 1] for two phase stream; NaN for single
4 phase stream
end
properties (Dependent)
h; % Mass specific enthalpy, J.kg
S; 4 Mass specific entropy, J/kg-K
cp; 4 Specific heat under constant pressure, J/kg-K
end
methods
function obj = Stream
obj.T = Temperature;
obj.dot_m = Massflow;
obj.p = Pressure;
end

function flowTo(obj, st)
st.fluid = obj.fluid;
st.dot_m = obj.dot_m;
end
function st2 = mix(obj, stl)
4 Get the properties of a stream mized by two streams
4 The two streams must have the same fluid type and pressure

if obj.fluid == stl.fluid
if obj.p.v == stl.p.v
obj.p = stl.p;
st2.fluid = obj.fluid;
st2.p = obj.p;

st2.dot_m.v = obj.dot_m.v + stl.dot_m.v;
h = (obj.dot_m.v .* obj.h + stl.dot_m.v .* stl.h)...
./ (obj.dot_m.v + stl.dot_m.v);

st2.T.v = CoolProp.PropsSI('T', 'H', h, 'P',st2.p.v);
else

error ('The two streams have different pressures!');
end

else
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error ('The two streams have different fluid types!');

end

end

function convergeTo(obj, st, y)

A
A
A
A

st.
st.
st.
st.
st.

end
end
methods

/A The

Get another stream converged (or diverged)
from the original stream state.

If y < 1, the original stream s
If y > 1, the original stream s
fluid = obj.fluid;

obj.T;
obj.p;
obj.x;
dot_m.v =

diverged
converged

obj.dot_m.v .* y;

dependent properties can be obtained from the

A properties

inherent

4 If z is Nal,

A by T and P;

then the dependent properties are determined
otherwise, they are determined by P and =

function value = get.h(obj)
if isempty(obj.x)

value = CoolProp.PropsSI('H', 'T', obj.T.v,
'P', obj.p.v, obj.fluid);
else
value = CoolProp.PropsSI('H', 'P' obj.p.v, 'Q',
obj.x, obj.fluid);
end
end
function value = get.s(obj)
if isempty(obj.x)
value = CoolProp.PropsSI('S', 'T', obj.T.v,
'P', obj.p.v, obj.fluid);
else
value = CoolProp.PropsSI('S', 'P' obj.p.v, 'Q',
obj.x, obj.fluid);
end
end
function value = get.cp(obj)
if isempty(obj.x)
value = CoolProp.PropsSI('C', 'T', obj.T.v,

'P', obj.p.v, obj.fluid);
else
value = inf;
end
end
end

end
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