Cascade system using both trough system and dish system for power generation
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Abstract. This paper represents a novel solar thermal cascade system using both trough and dish systems for power
generation. An effective structure using the condensed fluid of Rankine cycle to cool the Stirling engines to use the heat
released by Stirling engines was proposed. The cascade system model with different fluid circuits was developed. The
models of some important components of the system, such as dish collector, trough collector and Stirling engine array, are
presented with detail explanation in this paper. Corresponding stand-alone systems were also developed for comparison.
Simulations were conducted with the models to find out efficiency difference between cascade system and corresponding
stand-alone systems. The directions to increase the efficiency difference were also considered. Results show that the
cascade system can achieve a higher efficiency with a high solar irradiance (> 550 W/m?). The flow type of fluids between
heating and cooling Stirling engine array is also required to concern on designing a cascade system with Stirling engine
array.
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1. Introduction

Energy is the crucial part for the infrastructure and maintenance of society. With the increase amount of energy
consumption, our quality of life has been improved significantly. However, nowadays the world energy consumption
is highly dependent on fossil fuels, which supplied 81.2 % of the world's energy consumption in 2013 according to
the data of World Bank Group. [1] Using fossil fuels a lot is afflicting the environment, which is sacrificing our quality
of life. Environmental pollutions and global warming are becoming serious problems, and it is urgent to find clean
and renewable energy to substitute the fossil fuels.

Solar energy is a clean, sustainable, wide-distributed energy. However, solar energy has some disadvantages for
its low flux density and large fluctuation due to daily and seasonal variations exacerbated by variations owing to
weather. Concentrated solar power (CSP) technology has the ability to overcome these disadvantages and believed to
be the future power generation technology. [2] There are 3 common commercial forms of CSP technologies, parabolic
trough, dish Stirling and solar power tower, each with their advantages and disadvantages with different suitable
working temperature zones. Combination of different collectors and/or cycles with different technologies may provide

a new direction to achieve higher efficiency with lower cost for CSP.
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Soiling factor of the trough collector

Direct Normal Irradiance, W/m?
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Number of columns of the Stirling engine array
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engine array

Power, W

Exhaust pressure of turbine, Pa

Main steam pressure of turbine, Pa
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Heat flux, W/m?

Speed of Stirling engine, s*

Highest temperature of expansion space, K
Lowest temperature of compression space, K
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Main steam temperature of the turbine, K
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Ambient temperature, K

Designed mean steam temperature of turbine,
K

Overall heat transfer coefficient, W/(m?-K)
Ambient wind speed, m/s

Width, m

Dryness fraction

Extraction rate of steam turbine

Abbreviations

CSP Concentrated Solar Power

ISCC Integrated Solar Combined Cycle

LFC Linear Fresnel Collector

ORC  Organic Rankine Cycle

PTC Parabolic Trough Collector

SRC  Steam Rankine Cycle

Greek Symbols

p Ratio of power of Stirling engines to the total
output power of cascade system

0 Thickness, m

e Emissivity

7dift Efficiency difference of cascade system and
stand-alone systems, 1. — 1

nshading  Shading factor

y Intercept factor; compression ratio

A Thermal conductivity, W/(m-K)

) Incidence angle

p Reflectivity

Odc Dish aperture angle (0° is horizontal, 90° is
vertically down)

Subscripts

c Counterflow

cs Cascade system

dc Dish collector

de Deaerator

ge Generator




i Isentropic; inlet sea Stirling engine array

insu Insulating layer tc Trough collector

p Parallel flow X Stirling engine in column x
pu Pump 1 First fluid (Air)

S Stand-alone systems 2 Second fluid (Water)

se Stirling engine

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 [3] proposed a novel two-stage ISCC system that could reach up to 30 % of the net solar-
to-electricity efficiency. In their research, the impact on the system overall efficiencies of how and where solar energy
is input into ISCC system was investigated. Behar et al. [4] reviewed the R&D activities and published studies since
the introduction of such a concept in the 1990s. One of the conclusions is that the higher the solar radiation intensity
the better is the performance of the ISCCS than those of conventional CSP technologies. Giilen [5] used the exergy
concept of the second law of thermodynamics to distil the complex optimization of ISCCS to its bare essentials. After
the exergy analysis, physics-based, user-friendly guidelines were provided to help direct studies involving heavy use
of time consuming system models in a focused manner and evaluate the results critically to arrive at feasible ISCC
designs. Shaaban [6] 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 thermal energy. The proposed cycle
performance was studied and optimised with different ORC working fluids. Algahtani and Dalia [7] 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 combined 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 [8] developed a 390MWe three pressure level natural gas combined cycle to evaluate
different integration schemes of ISCC. Both power boosting and fuel saving operation strategies were analysed 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. Rovira et al. [9] compared the annual performance and economic feasibility of ISCC

using two solar concentrating technologies: parabolic trough collectors (PTC) and linear Fresnel collectors (LFC).



Different configurations were considered and results shown that only evaporative configuration is the most suitable
choice. Compared with traditional ISCC design, two new conceptual hybrid designs for ISCC with parabolic trough
were represented by Turchi et al. [10]. 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 [11] presented a conceptual configuration of a solar power 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 integration with the solar Brayton cycle. Li et al. [12] presented a novel cascade system using
both steam Rankine cycle (SRC) and organic Rankine cycle (ORC). 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
condensation is used to drive the ORC. Al-Sulaiman [13] 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. This combined cycle is a typical cascade utilisation of the solar energy, which
uses the condensation heat of the top Rankine cycle to drive a bottom Rankine cycle. Bahari et al. [14] considered the
optimisation of an integrated system using organic Rankine cycle to utilise the heat released by the Stirling cycle.
However, the integrated system is a primitive design and it takes no consideration of applications in CSP field.

However, very few researches have been done on the combination of different types of collectors for CSP. Desai
et al. [15] 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
hybridisation and storage, were analysed. It is demonstrated that the cost of energy of an integrated CSP plant is 9.6%
cheaper than PTC-based CSP plant and 13.5% cheaper than LFR-based CSP plant. Coco et al. [16] 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
provides the ability to use different types of collectors (parabolic trough and linear Fresnel) in the systems.

The literature review indicates that CSP configuration with combination of different types of collectors and
thermodynamic cycles has not been reported till now. In this paper, a cascade system using both Stirling cycle and
Rankine cycle, which integrates both parabolic trough and parabolic dish collectors, is proposed. Parabolic trough

collectors are used to collect lower temperature energy with lower cost and dish collectors are used to collect higher



temperature energy with higher efficiency. Rankine cycle is used to work in lower temperature zone and Stirling cycle
is used to work in higher temperature zone. Effective topological structures are considered to take full advantages of
thermodynamic characters of different components of the system. The Stirling engines are cooled by condensed fluid
of Rankine cycle to use the heat released by Stirling engines.

First, the idea of cascade system is presented and the feasibility analysis of the system is performed. A conceptual
sketch of the system is presented with some important state points. Second, based on this sketch, some components
are chosen and some key parameters of the system are given. Third, models of components are developed according
to their thermodynamic properties. Models of different circuits are developed with these component models and
efficiency can be obtained by the circuit data. Fourth, two stand-alone systems, dish-Stirling system and trough-
Rankine system, are developed for comparison. At last, the models of the systems are calculated and results are

analysed.

2. System description and specification

In the cascade system, dish collectors are used to provide heat for Stirling engines and air-to-water heat exchanger.
Trough collectors are used to provide heat for steam generating processes (preheating, evaporating and superheating)
in the Rankine cycle. Figure 1 shows the scheme sketch of the cascade system. In this system, hot air is produced by
the dish collectors. High temperature (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 temperature energy in
Rankine cycle effectively. Besides, feed water of Rankine cycle is used to cool the Stirling engines to recycle the heat

wasted conventionally.



Fig. 1. Sketch of the cascade system

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. State points with solid circle indicate saturated liquid states (x = 0), and with
dotted circle indicates saturated gas states (x = 1). Figure 2(a) shows the T — 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 2(b) shows the heat transfer diagram of this process.

(@) T — s diagram of the water circuit (b) Heat transfer diagram of process 2e-2f
Fig. 2. Diagrams of water circuit and 2e-2f process
To build the cascade system model, several simplifying assumptions are made:

e Steady state at nominal load of the system is analysed.

e  Pressure drop due to flow is negligible.



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

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

e Heat loss that occurs from the tube to the atmosphere is not considered.

e There is no heat loss to the environment for Stirling engines.

e Simple models are used of some processes and equipment.

e A symmetrical regenerator behaviour is assumed so that a single effectiveness can be defined as e = (Tk -
TO/(Tw - T [17, 18].

e A linear temperature profile across the regenerator exists, the mean effective temperature Tr = (Tn —
TO/(In(Tw/TL)) [19, 20].

Table 1 shows the basic design parameters of the cascade system.

Table 1 Basic design parameters of the cascade system
Parameter Value Parameter Value Parameter Value

Iy 700 W/m? Tdco 1073 K Nse 100
Tamb 293 K Pac 5x10° Pa Ts 613 K
Pamb 1x10°Pa  AT32min 15K Ps 2.35x10° Pa
Vamb 4m/s Tico 623 K Pe 1.5x10*Pa
Pge 6x10°W Prc 2 x 10°Pa Tsd 663 K
Tdci 623 K Tib 673 K Pde 1x10°Pa

3. System model

An EES (Engineering Equation Solver) model was developed to investigate the characteristics of the cascade
system. Three circuits, air circuit, water circuit and oil circuit, were developed with some specific state parameters in
some key components. Energy-based models of these key components were created on the basis of their
thermodynamic behaviour, heat transfer and the second law. The following parts introduce models of some key

components.

3.1. Dish collector
A dish reflector product of SES (Stirling Energy System) is used in this cascade system, and its key parameters

are listed in Table 2.

Table 2 Key parameters of the dish collector



Parameter Value Parameter  Value  Parameter Value

deav 0.46 m Einsu 0.6 BOdc 45°
Jinsu 0.075m Ocav 0.87 y 0.97
depeay 0.23m Oa 0.005m Hshading 0.95
dap 0.184m dia 0.07m p 0.91

Jin 0.0BWIMK)  Ad 87.7 m2

Fraser, in his dissertation [21], developed a performance prediction model of dish-Stirling system with detailed
description. The model is also used in the software SAM (System Advisor Model), which provides performance and
financial models for facilitate decision in the renewable energy industry. Based on this model, a dish receiver model
considered thermal losses is developed in this paper. Figure 3 shows the structure and thermal network of the dish
receiver. The thermal network of dish receiver concerns the losses:

e Radiation losses out of the receiver through the aperture. (Qrad,ref)

Conductive losses through the receiver insulating layer. (Qcond,tot)

Free convection from the cavity in the absence of wind. (Qconvfree)

Forced convection in the presence of wind. (Qconv,forc)

Emission losseLs due to thermal radiation emitted from the receiver aperture. (Qrad.emit)

(a) Structure (b) Thermal network

Fig. 3. Structure and thermal network of dish receiver



3.2. Trough collector

LUZ solar collector LS-3 is used as the trough collector. The heat flux to the outer surface of the receiver can be
obtained by q"" = L,wiNope oK (P)F, /P, where P = td,,, K(¢) is the incidence angle modifier, o0 = pYTQqps IS
peak optical efficiency (optical efficiency with an incidence angle of 0).

Assume overall heat transfer coefficient U(T,,) is uniform for whole length of the collector, and the heat transfer

correlation in Appendix A can be used.

qll
o  'amb
W) _ (- )L, (1)
q mc

p

i e U (Tabs)

Since the Nu number in the pipe is very large (about 1 x 10%), small temperature difference exists between the
absorber and oil. So (T; + T,)/2 can be used as the average value of Tays, and U(Tass) can be obtained by the a second-
order polynomial function given by Romero [22]. The length L required to get the required number of trough collectors

in a row can be obtained from Equation (1).

3.3. Stirling engine array
Stirling engine array is used in the cascade system, Fig. 4 shows the layout of the Stirling engine array. Each
Stirling engine in the Stirling engine array has the identical parameters: Use; = 30 W/(m?-K), Use 2 = 150 W/(m?-K),

Asey]_ = 6 mz, ASE,Z = 6 mz, kse = 1.4, Vse = 3.375, ng = 7.84>< 10-2 mOI, Sse = 10 S'l.



Fig. 4. Layout of Stirling engines

Depending on the direction of heating and cooling flows, there are two possible flow types: parallel flow and
counterflow. Figure 5 shows the heat transfer diagrams of the two flow types.

InFig. 4, Ty ;1 = Ty;, My, = my/n,. For x from 1 to ny— 1, where x is the column number of Stirling engines,
Tiix+1 = Tron Toix+1 = T20

Assume that the positive flow direction is to the right, for parallel flow, T,;, = T,;, 1h,, = 1, /n,; for
counterflow, Ty o, = Ty, Ty, = =My /1.

For a Stirling engine in column x, x from 1 to n;, according to Appendix B,

T -T. _ Tl,i,x _Tl,o,x
H,x = '1ix
x 7L U
1—eXp(— : se,lASe,l) (2)
ml,rcp,l,x
Tyix =T
TL =T2- _ 2,i,x 2,0,x
X X U
1_ exp(_ mse,ZAse,Z) (3)
2,GC,2,x
(a) Parallel flow (b) Counterflow

Fig. 5. Heat transfer diagram of parallel flow and counterflow



TH,x _TL

The efficiency of each Stirling engine in column x can be written as Moy = X , Where

1_ex ‘TH,x _TL,X

T,,+
k=1 Iny,
e —rx e [23,18] and T, IV [19, 20]
X 3 Rx — ’ .
TH,x _TL,x In(TH,X /TL,X)
For energy balance,
ml,r(hl,i,x - hl,o,x)(l_ nse,x) = mz,r(hz,o,x - hZ,i,x) (4)

And in each Stirling cycle, the heat absorbed by the working gas is

1l-e ;
ng R(TH,X Inyse +k—_])i(TH,x _TL,X)) = ml,r (hl,i,x - hl,o,x)/sse (5)

By solving above equations, efficiency of the Stirling engine array #sa can be obtained by

Neea :1—M' power of each Stirling engine in column X, Peyx =My (hiiy —No  Mge s and power of
ml(hl,i,l - hl,o,nl)
the Stirling engine array P, =7.,,m,(h;, —h,,,)-

The presented Stirling engine model is a simplified one. Although the simplified model of the Stirling engine
doesn’t affect the idea of solar thermal cascade system presented in this paper, more accurate Stirling engine model

can be applied to achieve higher accuracy in the future work.

3.4. Steam turbine

A steam turbine product, N-6 2.35, of Qingdao Jieneng Power Station Engineering Co., Ltd is used for calculation.
Its isentropic efficiency #iwn can be obtained by the given design parameters.

Using basic design parameters in Table 1, parameters of state 2b and 2c in Fig. 1 of the steam turbine can be
obtained by 77, . = (h,, — h,,) /(h,, = h; 5p) = (hy, = Ny ) I(h,, —hy )

The output power of steam turbine P, = (1 y)m,(h,, —h,,) + ym,(h,, —h,.).

The total power of pumps P = (1-y)m, (h,, —h,,)+m,(h,, —h,, ).

Heat injected in the water circuit Q, = (1— y)m, (h,, —h,,) +m,(h,, —h,,)-

The efficiency of Rankine cycle can be expressed as 7, = (P, —= P, /77,,)/Q,-



4. Stand-alone system models

(a) Stand-alone trough-Rankine system (b) Stand-alone dish-Stirling system

Fig. 6. Sketch of the stand-alone systems

Figure 6 shows the sketch of the stand-alone systems. These two stand-alone systems were developed for

comparison. They use the same dish collectors and trough collectors with the same thermal efficiencies.

4.1. Stand-alone trough-Rankine system

Steam turbine has the same main parameters and isentropic efficiency with that of the cascade system. Pressure of
deaerator are the same of the cascade system. So parameters of state 2b, s and 2c, s in Fig. 6 of the steam turbine can
be obtained by 7, \, = (h,, o — Ny, ) /(Nya s = Moy ) = (Mo s = Nye ) Ny o — o) -

The output power of steam turbine P, = (1—y )m, (h,, o —h,y )+ y,M, (hya o —hye o)

The output power of generator Pee.s = Po.sllge -
The total power of pumps P, - = (1 -y )m, (h,. . —h,y ) +m, (hyy o —hyp ).
Heat injected in the water circuit Q, . = m, (h,, —h,, )"

The generator efficiency is the same of that in the cascade system, and the efficiency of Rankine cycle can be

expressedas 7, - = (P — P /74.)/Q, -



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. Tws is chosen to be equal to outlet
temperature of air in dish receiver. T s is chosen to be 310 K, the default expansion temperature in Fraser’s dissertation
[21] 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.

The power of Stirling engines Pea.s = Nae Aue | M sea s -

5. Results analysis

The results presented in Table 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 efficiency of the Rankine cycle is higher. The overall output power of the cascade system is 3.83 x 10* W

higher.

Table 3 Some important results using design parameters

Parameter Value Parameter Value Parameter Value
Nes 0.1974 Tsea,s 0.3786 Pges 5.826 x 108 W
7s 0.1962 "k 0.2660 Psea 3.552 x 105 W
Hdift 0.0062 Nrks 0.2678 Pseas 4.909 x 10° W

Hsea 0.3407 Pge 6 x 105 W Paitt 3.830 x 10* W

5.1. Influence of I,

It is found that I, can affect the efficiency difference of cascade system and stand-alone systems #qirr. Figure 7
shows curve fits of efficiency differences #qirr versus I with a series of different Stirling engine array power ratios. As
it can be seen, for a higher I, (I, > 550 W/m?), 54 > 0, the cascade system can achieve a higher efficiency than
corresponding stand-alone systems. For a low I, (I, < 550 W/m?), n4ix may be negative. In 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 jeopardises the heat dissipation and leads to a lower power of the Stirling engines. For a low I, 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 #qix, which can be interpreted as the heat
absorbed by the condensed water increases with I.. So a higher I, is always more suitable for cascade system. This

means I, is a key factor to determine whether cascade system should be applied in a certain location.
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Fig. 7. Curve fits of efficiency difference 7, versus I,
5.2. Influence of 8
As it can be seen in Table 3, the st is very small with the design parameters given above. A reason gt 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. Increase f may achieve higher 7gir. The
relationship between #qit and # under a series of |, is shown in Fig. 8. It can be found that, for a high I, increase  may
achieve a higher #air, but there is a limit. For I, = 900 W/m?, the maximum #qir = 0.0228 appears at 8 = 0.23. For a

low Iy, 5qitt IS negative, increase B will reduce #qi. This can be explained for the same reason in section 5.1.
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5.3. Influence of flow type

Flow type between heating and cooling streams can influence the efficiency of Stirling engine 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 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 Fig. 9.

Table 4 Results of Stirling engine array with two different flow types

Parallel flow Counterflow
X T Tai Psea e Ty, Toi Psea sea
(K) K W (K) K W
1 1073.15 327.17 5000 0.3648 1073.15 348.09 4867 0.3601
2 1022.38 329.80 4630 0.3599 1023.25 345.48 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 0.3184 772.06 332.37 2894 0.3248
9 736.16 34471 2541 0.3090 737.31 330.55 2666 0.3180
10 703.75 346.43 2304 0.2989 704.37 328.82 2450 0.3106




(a) Parallel flow (b) Counterflow

Fig. 9. Temperature series of two fluids and efficiency of Stirling engines in column x

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,gm, 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 array was developed with
air as the heating fluid and water as the cooling fluid. Ty, T1,, T2, g1m are fixed and chosen the same values as in the
cascade system. Change the value of g2,m, and the corresponding Stirling engine array efficiency of the two flow types
(np and 7¢) can be obtained. Figure 10 shows the efficiency of Stirling engine array with different gom in two flow
types. It can be found that counterflow has a higher efficiency than parallel flow, and with lower qzm comes with
higher efficiency difference.

For a system with large difference of c,qm of two fluids, that means one fluid can only achieve a small AT compared
to the other fluid, will lead to a small difference of two flow types. For a system with similar difference of cyqm, use

the counterflow can achieve a higher efficiency.



Fig. 10. Efficiency of Stirling engine array with different gz m

5.4. Effect of the uncertainty of parameters on #uitt
Several parameters are carefully chosen for the uncertainty analysis by using the uncertainty propagation function
provided by the software EES. These parameters are critical for the efficiency of the systems. The estimated

uncertainty for these parameters are given in Table 5.

Table 5 Estimation of the uncertainty of concerned parameters and their influences

Design parameter  ATsomin  Tam Taeo User Use.2
Design value 15K 293K 1073K 30 W/(m?K) 150 W/(m?-K)
Uncertainty +1K  +10K #50K #7.5W/(m?-K) +37.5 W/(m?-K)
Influence percentage 0.0% 0.39% 79.43% 18.81% 1.37%

From the uncertainty results, it can be found that, using design parameters, Tdc,o is the most influenced parameter
to nqitr. The result is coherent with the fact that the highest uncertainty is bounded to the temperature at the receiver
outlet which affects to the Stirling engine performance.

Effect of the uncertainty of these parameters on it with different I and 4 can be found in Fig. 9 and Fig. 10. The
uncertainty of the concerned parameters does not affect the rules concluded in previous sections. Higher I, leads to
lower uncertainty of 74 may be interpreted as smaller portion of heat losses. Higher £ leads to higher uncertainty of
nairr Mmay be interpreted as the dish-Stirling assembly is more sensitive to the solar irradiation compared to the trough-

turbine assembly.
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6. Conclusion

The model of the proposed cascade system with two different types of collectors and two different power
generation methods has been developed, including different fluid circuits, with component models. Simulations were
carried out and results were compared with corresponding stand-alone systems. Results show that the cascade system
can achieve a higher efficiency under certain operating conditions. I, 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?). With a high I, higher  can be expected to

have better results, but also comes with more uncertainty. It will be advisable to build cascade systems with a small



number of Stirling engines to check the model and to get better results to advance in the knowledge of solar cascade
systems. To design a relative cascade system including Stirling engine array, flow type of fluids for heating and
cooling Stirling engine array is also required to be considered. Counterflow can achieve a higher efficiency than
parallel flow. The future work will be focused on the validation and accuracy analysis of the simulation results
depending on an experimental rig which is being built by our team in Wuhan, China. Besides, a cascade system with

a different g will affect the cost of the system, which is also worthy for further research.
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Appendix A. Thermal gradient under constant heat flux

Assuming U, T¢, m, Cp, g to be constant, for a given T,



Fig. A.11: Diagram of ambient loss of a flow under constant heat flux
For A(x) = Px, x from 0 to L, while T(x) from T; to T,

mc,dT (x) = (T, =T (x))UPdx + q"Pdx
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Appendix B. Stirling engine model

A simple Stirling engine model is used for the system. The cycle efficiency is given by [23]

(B.1)

where e = (Tr — TU)/(Tw — TL),Tr is the regenerator temperature, k = cy/c, for the working gas, yse = Vimax/Vmin is the
compression ratio.

The heat transfer diagram is shown in Fig. B.12. Flow 1 is used for heating the hot chamber of Stirling engine, Tj;
is the inlet temperature, T1, is the outlet temperature. Flow 2 is used for cooling the cold chamber of Stirling engine,
Tai is the inlet temperature, Ty is the outlet temperature. Ty is the highest temperature of expansion space, T, is the

lowest temperature of compression space.

Fig. B.12: Heat transfer diagram of Stirling engine

According to Equation (A.4),

T T U
22 A= exp(—.l—pﬁ) (B.2)
Tli _TH mlel

and
T, =T U
2 L= exp(—.Z—A?) (B.2)
T, -T, m,C,,

So known Tio, Taj, Us, A, 1114, Cp1, Tao, Tai, Uz, Az, 1y, Cp2, T and Ty can be calculated, and then 1 can be obtained

by using Equation (B.1).



