M entropy MBPY

Article
Thermo-Economic Optimization of an Idealized Solar
Tower Power Plant Combined with MED System

Yanjie Zheng, Yunsheng Zhao, Shen Liang and Hongfei Zheng *

School of Mechanical and Vehicular Engineering, Beijing Institute of Technology, Beijing 100081, China;
alyssazheng@126.com (Y.J.Z.); zhaoyunvictor@163.com (Y.S.Z.); liangshen09@163.com (S.L.)
* Correspondence: hongfeizh@bit.edu.cn; Tel.: +86-010-689-125-10

check for
Received: 11 August 2018; Accepted: 26 September 2018; Published: 26 October 2018 updates

Abstract: Based on the reversible heat engine model, theoretical analysis is carried out for economic
performance of a solar tower power plant (STPP) combined with multi-effect desalination (MED).
Taking total revenue of the output power and the fresh water yield per unit investment cost as
the economic objective function, the most economical working condition of the system is given by
analyzing the influence of the system investment composition, the receiver operating temperature,
the concentration ratio, the efficiency of the endoreversible heat engine, and the relative water price
on the economic parameters of the system. The variation curves of the economic objective function
are given out when the main parameter is changed. The results show that the ratio of water price to
electricity price, or relative price index, has a significant impact on system economy. When the water
price is relatively low, with the effect numbers of the desalination system increasing, and the economic
efficiency of the overall system worsens. Only when the price of fresh water rises to a certain value
does it make sense to increase the effect. Additionally, the threshold of the fresh water price to
the electricity price ratio is 0.22. Under the conditions of the current price index and the heliostat
(or reflector), the cost ratio and the system economy can be maximized by selecting the optimum
receiver temperature, the endoreversible heat engine efficiency, and the optimum concentration ratio.
Given the receiver surface temperature and the endoreversible heat engine efficiency, increasing the
system concentration ratio of the heliostat will be in favor of the system economy.

Keywords: thermo-economic optimization; solar tower power plant; endoreversible engine;
dual-purpose power plant

1. Introduction

The solar tower power plant (STPP) is considered one of the most promising solar power
generation technologies. There are already dozens of STPPs in operation or construction in the
world. The largest of them can reach up to 100 MW [1]. In 2050, the installed capacity of 120 GW,
405 GW, or even 1000 GW could be reached globally, in which the concentrated solar power (CSP)
will meet 13-15% of global electricity demand [2]. STPP technology offers the greatest potential for
high efficiency. However, at the current stage, it is not economically comparable to conventional
power plants. Further efforts should be made to increase the efficiency and reduce the cost [3].
Huge amounts of waste heat are released during STPP operation. Utilizing the waste heat to realize
seawater desalination is an effective method to enhance the system economy. As the power plant
itself also demands a large amount of fresh water, seawater desalination using its own waste heat can
address the issue of water. Therefore, it is of great significance to analyze the process and the economy
of the STPP combined with a multi-effect desalination (MED) system.

In general, solar collecting systems and heat engine power generation systems need to be well
matched to produce the best economic benefits. How to achieve the best match between the two
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has always been a problem for designers of solar power plants. To this end, many researchers
gave theoretical economic analyses for several kinds of solar power systems, and proposed
optimum operating conditions and construction parameters. For example, De Vos [4] proposed
an endoreversible thermoeconomics model for general practical engines. Sahin et al. [5] especially
gave an analysis for a solar-driven heat engine. Barranco et al. [6] proposed the thermoeconomic
optimum operation conditions of a solar-driven heat engine. Ust [7] combined heat transfer on the
thermoeconomic performance of irreversible solar-driven heat engines and gave the variation curves
of the thermoeconomic efficiency with the thermal resistance. Because construction investment of an
STPP is huge, any carelessness can greatly affect the economic benefits of the system. Thus, it is of
utmost importance to give economic analysis for an STPP system. For this reason, many researchers
have explored the economics of STPPs. For instance, Spelling et al. [8] analyzed and discussed
the thermoeconomic problem for a combined-cycle tower power system, focusing on the impact of
tower system energy storage on the economics of the system. Yang [9] and Behar [10] compared and
analyzed the economics of STPPs in actual operation and presented the optimum operating conditions
for specific power plants. Zheng et al. [11] proposed an ideal model for STPPs, and analyzed its
performance based on the endoreversible engine model, to give the optimum operating condition,
including the optimum receiver temperature and the optimum efficiency of an endoreversible heat
engine. Ye et al. [12] discussed the economics for a power plant based on an ideal STPP model,
to calculate the most economical operating condition.

On the other hand, the combination of STPPs and seawater desalination systems is a current
trend, because solar power plants themselves also demand large amounts of fresh water. Hence,
many scholars have conducted theoretical explorations in this area. Trieb et al. [13] first presented
a research work about the combination between desalination and CSP, explaining the option of CSP
for seawater desalination, either using electricity or steam, and proving with economic data the
potential of CSP+D (concentrated solar power with desalination) in the MENA (Middle East and
North Africa) region. Olwig et al. [14] further performed a techno-economic analysis of a seawater
desalination plant combined with a CSP. The economic indicators of the system operation under
specific conditions were given. Palenzuela [15] conducted a techno-economic analysis to different
kinds of large-scale solar desalination by combination with CSP and proposed several kinds of
solutions for solar power plants combined with seawater desalination. Ortega-Delgado [16] undertook
a thermo-economic comparison for a seawater desalination process in a concentrating solar power plant
of 5 MWe. Specifically, he analyzed the coupling performance between MED and RO (reverse osmosis)
units and PT-STPPs (Parabolic Trough-Solar Thermal Power Plants) with direct steam generation.
Frantz and Seifert [17] gave the thermal analysis of a multi-effect distillation plant powered by a solar
tower plant and simulated the relationship between electricity production and fresh water production.
All these studies provide a good basis for further analysis of the economic analysis on a solar power
plant combined with a seawater desalination system.

In this paper, the economics of a STPP combined with a MED system will be discussed from the
perspective of the combination of thermodynamics and economics. This paper will take the maximum
revenue of the sum of the power generation and fresh water production per unit investment cost as
the objective function, to find the optimal economic working conditions. In this paper, an optimized
economic model is proposed to obtain the relationship between the power generation and fresh
water production, and the important parameters, such as the optimal concentration ratio, the receiver
operating temperature, the component investment ratio, and the endoreversible heat engine efficiency.

2. Theoretical Model of Solar Power Tower Plant Combined with MED System

The composition and control of the STPP system are quite complicated. When the system is under
stable operating conditions, and accurately tracks the sun, a simplified system configuration and the
thermodynamic processes of the components is shown in Figure 1. From Figure 1, it can be seen that
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the system considers the convection and radiation losses of the receiving tower. In the thermodynamic
process, the heat transfer resistance between components is also taken into account.
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Figure 1. An idealized solar tower power plant combined with a multi-effect desalination
(MED) system.

In the system shown in Figure 1, it is assumed that the solar irradiance input to the heliostat
field of the STPP system is denoted by I;, the concentration ratio of the system is denoted by C,
the light entrance area of the receiver is Ag, the absorptivity of the receiver is ag, the surface operating
temperature of the receiver is T, the ambient temperature is Ty, and the radiation heat transfer from
the environment to the receiver surface is negligible. The useful heat that can be obtained by the
receiver can be written as [11]:

Q = A [Carls — he(Tg — To) — eroT] M

where € is emissivity of the receiver surface, /i is convective heat transfer coefficient between receiver
and environment, and ¢ is the Stefan-Boltzmann constant. Reference [11] gives a thermodynamic
analysis for an idealized solar tower power plant, and proposes a relation between power output and
system operating or structural parameters:

T,
W=0r=0(1- 5 L) @

where Q is the sum of heat gained by the system. 7 is the endoreversible heat engine efficiency. R is the
total thermal resistance of the system, R = Ry + Ry, where Ry is the total thermal resistance of the
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front end of the power system, and Ry is total thermal resistance of the rear end of the power system,
including the thermal resistance of the exchangers of the desalination system.

3. Thermo-Economic Optimization of Solar Tower Power Plant Combined with MED System

3.1. Thermo-Economic Model

Economic analysis is utilized to analyze input and output for a specific system. The input of the
system refers to the sum of the construction costs and the maintenance costs. The output refers to the
sum of the gains from the power output of the system and the gains from the fresh water production.
Therefore, the economic efficiency of the system can be described by the ratio of output to input.

Assuming that the total amount of electricity generated during the lifetime of the solar tower
thermal power plant is denoted by W, total amount of fresh water production is denoted by m,,
and overall investment of the system is denoted by M, then the investment benefit of the power plant
can be expressed as:

W-B +mey

R @)
where § is electricity price, RMB/kWh (RMB approximately equals 0.15 US dollars), -y is fresh water
price, RMB/kg. These prices have considered the operational cost of the system. The smaller the F,

F =

the worse the system economy. Thus, the maximum value of F should be pursued.

In Figure 1, the waste heat (without considering any other use value) released from the condenser
of the steam power system is denoted by Qr. In this paper, a set of low-temperature multi-effect
seawater desalination system is adopted to substitute the condenser to achieve the dual-purpose power
plant. Based on the endoreversible heat engine model in Reference [11], the heat released from the
system is calculated as:

Qu=Q(l-n) = <; - 1)~W- @

For an ideal low-temperature MED system, under ideal conditions, the heat obtained for
each effect is approximately equal, and the heat transfer area per effect is also nearly the same.
Assuming there are n effects, then, in the heat release process of the steam power cycle, that is,
the seawater desalination process, the total thermal resistance is:

1 1 1 n

R—e —— o+~ ... — )
AT an Tt A, T Al

©)

In Equation (5), A represents heat exchange area, and U represents heat transfer coefficient.
If the sensible heat consumption and the heat loss of seawater are not taken into account,
the relationship between water production and Qy is:

Me = Qu . 6)
hgg,r

Here, s, 1 is water latent heat of water vaporization at temperature T. Assuming that 100% of
the heat energy is used to evaporate seawater, substituting Equations (4) and (6) into Equation (3):

Qr
hfg,T w ny <1 )

F— = . ~—1)]. 7
M M lﬁﬂ%T y @)

On the other side, the system investment is directly proportional to the solar concentrator
(heliostat) area, receiver area, and heat exchanger area, and can be written as:

MOCPCAR+5(AR+AM+AH+HAL) 8)
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Here, p is the price of the receiver per unit area, Ay is the heat exchange area of the heat exchanger
1, Ap is the heat exchange area of the heat exchanger 2, and A is the heat exchange area of the first
effect seawater desalination. J is the price of the exchanger per unit area.

If we only analyze the relationship between investment benefits and system parameters,
substituting Equations (2) and (8) into Equation (7) yields the following relationship:

ny (1 )
——1)]. 9
+hfg,T<77 ] ()

Assuming that the heat exchangers have the same area and the same heat transfer coefficient, then

F= Q [1 To }
pCAR+5(AR+AM+AH+TlAL) Tr — QR

QU S SO O S S S S )
7AHUH ApUnm ArUg ALULi AR Ay Am Ar U7UAR.
Hence,
e (maw) [P ()
F= 1= ——=1])]. 11
pCAR+5AR(3+1’l) Tr — QR ‘B—’_hfg,T Ui )

Reference [18] gives the convection heat transfer coefficient of the tower power plant receiver to

the environment:
TR 5

Substituting the above equation into Equation (1), and substituting it into Equation (11) yields:

he

F

x {1—
pC+0(3+n) Tr — {C“Rls - (% + %) (Tr = To) — SR(TTf%] o

ny (1 )
+ ——1).
|:‘B h fg T (’7 :|
Since 7 is a function of Tg, Equation (12) can finally get the relationship between F and Tx.
On the other hand, it can be obtained from Equation (2) that

1 T,
QzR(TR—l_U) (13)

Substitute it into Equation (11), then

. U(TR_1T—077>X’7 ) [w ny <1_1>1. ”

(n+3)[pC+(3+n)] heer \ 11

Carls — (5 +3) (T — To) - eoT} T, }
(12)

Define the proportional parameter x of the solar concentrator (heliostat) cost relative to the total
investment costs:

X*ipc
 pC+6(3+n)

Then, Equation (14) can be written as:

Ux(TR— 17_17 )17
F= Ul X

(n+3)pC

ny (1 )
——1]]. 15
ﬁ+hfg,T<77 1 15
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Let 0 = ,Bhly be a relative price index of fresh water price versus electricity price, a new
f& T
dimensionless economic objective function f can be defined as:
Ty
x| TR —+—— |7
pCFE ( 1- '7) { (1 )}
= = 1+n0(-—-1)]. 16
f TL,Upg (n+3)Ty Ui (16)

Apparently, f can reflect economic benefit of the dual-purpose power plant system. The larger f is,
the better the system economic benefit is. Equation (16) also shows that there are multiple factors that
affect the system’s economic benefit. Hence, various parameters of the system should be reasonably
selected to maximize the total economic benefits of the system.

3.2. Impacts of Relative Price Index and MED Effect Numbers on Economic Objective Function

Obviously, the economic benefits of a solar tower power plant system strongly depend on the
price of water v, that is, it strongly depends on the relative price index 8. Meanwhile, the number
of MEDs has a strong influence on the economic objective function. To evaluate this effect, assume
x =0.5,Tr =900 K, Ty = 300 K, 7 = 0.4, and substitute them into Equation (16):

0.26667

f= 13 " (14 1.56n). (17)

This equation shows the effect of n and 6 on the economic objective function. Figure 2 shows the

three-dimensional surface calculated by this equation.
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Figure 2. Diagram of MED effect numbers and relative price index influencing the economic

objective function.

In order to see the influence of the price index on the economic objective function more intuitively,
the two-dimensional diagrams of the influence of n on the economic objective function when 6 is equal
to0 0.03, 0.22, and 0.3 is plotted, as shown in Figure 3. Here, 6 = 0.03 describes the situation when water
price is 10 RMB/ton and electricity price is 0.5 RMB/kWh, which is close to fresh water price and
electricity price in cities of China currently.

From Figures 2 and 3, it can be observed that when relative price index 0 is relatively small,
no matter how the number of effects n increases, economic efficiency of the system always decreases.
This shows that when the fresh water price is relatively low, or when the electricity price is relatively
high, the establishment of a dual-purpose power plant has no economic benefit. Only when 6 > 0.22,
adding a MED system will not hurt economic benefits of the total system, and be economically
meaningful. When 0 is larger, it is more economical to add the seawater desalination system.
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In water-scarce areas, the price of fresh water soars up, making dual-purpose power plants become
very meaningful. The larger 8, the more economic benefit we can get by adding a desalination system.
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0.00 | | | |
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Figure 3. Impact of MED effect number on the economic objective function when relative price index
is different.

3.3. The Impact of Endoreversible Heat Engine Efficiency on Economic Objective Function

Efficiency of the endoreversible heat engine, which can strongly affect economic objective
function, is an important parameter of the system. Assuming x = 0.4 (in practical system, the solar
concentrator cost relative to the total investment cost is in the range of 0.35 to 0.55), T = 900 K,
To=300K,n=3,5,7,0=0.03, 0.07, 0.14, and substituting in Equation (16), the efficiency of how
the endoreversible heat engine influences the objective function can be shown in Figure 4.

Based on Figure 4, when relative price index 6 is small, the maximum value of the objective
function decreases as number of effects of desalination system increases. But at this time, the objective
function always has a maximum with the change of the heat engine efficiency. However, when 6
becomes larger, objective function increases faster at less endoreversible heat engine efficiency.
In addition, objective function increases more slowly at a range of higher endoreversible heat engine
efficiency, causing the economic objective function to eventually change into a monotonic function
with the change of the endoreversible heat engine efficiency. There will no longer be a maximum value,
but the total economic benefits will still increase, as Figure 4 shows. However, it is critical to note that
choice of the number of MED effects, limited by T}, and T, cannot be increased without a limit.
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Figure 4. Under different engine efficiencies, impact of (a) different effect numbers and (b) different
relative price indexes on the objective function.
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3.4. Optimum Endoreversible Heat Engine Efficiency

From Figure 4, it can be seen that when the relative price index is small, the economic objective
function has a maximum with the change of heat engine efficiency. In order to obtain the maximum
value of the economic objective function and optimize the parameters, for Equation (16),

of _
5 =0

can obtain the equation with the optimum efficiency:

/ To

Apparently, the optimum efficiency is related to receiver temperature Ty, the relative price index
6, and number of effects n of the desalination system. When n is taken as 5, the variation of #7opt with
Tr and 6 is shown in Figure 5. It can be found that when Tg = 1500 K and 6 = 0.03, the optimum
efficiency is maximum, namely 77opt = 0.5149; when Tg = 500 K and 6 = 0.08, the optimum efficiency is
maximum, namely 7opt = 0. This means that there is neither the optimum engine efficiency for the
objective function nor the work output.
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Figure 5. The variation of the optimum efficiency #pt with Tg and 6 when n = 5.

Substituting Equation (18) into Equation (16), the maximum economic objective function can be
written as:

X

_ To(1—60n)
fmax— (11—|—3)T() —E—

Ta (19)

[TR — TRTo(l - 9?1):| 1-—-

Equation (19) shows that there are several parameters that could affect the maximum objective
function. When n, 6, x, and Ty are given, the effect of Tg on the maximum objective function can be
obtained. Letn = 3, 5, 7; 8 = 0.03; x = 0.5; Tp = 300 K, to gain the effect of Tr on the maximum

economic objective function, as shown in Figure 6. In this figure, maximum objective function increases
with the receiver temperature. However, it decreases as number of effects of the MED system increases.
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Therefore, choosing to operate at a higher receiver temperature will benefit the system economics.
The number of effects of the MED system should be reasonably selected. When the relative price index
is low, the number of effects should not be excessive.

e
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>
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Figure 6. Effect of receiver temperature on maximum objective function.

3.5. Effect of Receiver Temperature on the System Economy

Operating temperature of the receiver surface is also an important parameter that will have an
impact on the system economy. To figure out the effect of Tk on f, transform Equation (2) into

1= (1 lor) 20
Then, substitute Equation (20) into Equation (16):
f= LRQ [(1 —6n) (1 — To) + Qn] (21)
- (n+3)T, Tr — QR '
Additionally, substitute
R— 3+mn
- UAgR

Q = AR {CD&RIR — I’ZC(TR — TO) — SRU’Té}

into Equation (21). With h, = (z—g + %) , we can get:

f = L X |:CDCRIR — <TR + 5)(TR — To) —SR(TTI%:|

UT, 60 '3
. @)
x{ (1—6n)|1- 2 + On}.
3+n
TR — |:CDCRIR7 (%*I»%)(TR*To)*eRO'Tﬁ} U

Assuming ag = eg = 1, I = 1000 W/m?, U = 15,000 W/m? K, x = 0.5, Ty = 300 K, § = 0.03,
and n = 5, the effect of solar receiver temperature on the objective function is calculated and plotted
as shown in Figure 7 under different concentration ratio conditions. It can be seen from Figure 6 that
when 6 = 0.03, there is always an optimum receiver temperature that makes the objective function
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maximum under different concentration ratio conditions. It indicates that selecting the optimum
receiver temperature under different concentrating conditions is very important.

0.12

0.10 -

0.08 -

0.06 -

0.04

Objective function/f’

0.02

0.00

400 800 1200 1600 2000 2400
The temperature of the receiver 7,/K

Figure 7. Effect of receiver temperature on economic objective function under different
concentration ratios.

In addition, Figure 8 shows the effect of receiver temperature on economic objective function
when the concentration ratio is 1000, and number of effects of the MED system is 5. As can be seen
from Figure 8, when 0 is relatively small, f has a maximum value with the change of T. As 8 increases,
maximum value of f increases. However, the receiver temperature corresponding to it becomes lower,
resulting in f having no maximum when 6 increases to a certain value. Understanding this trend will
be of great significance to the design and implementation of a solar dual-purpose power plant.

0.30 \
|6=0.3 C=1000; n=5; x=0.5
0.25 |

0.20

0.15

0.10

Objective function/f

0.05

0.00
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The temperature of the receiver 7 /K

Figure 8. Effect of receiver temperature on economic objective function under different relative
price indexes.

3.6. Effect of Concentration Ratio on System Economics

It is important to select a concentration ratio for the system with a given operating temperature
of the receiver. According to Equation (22), assuming ag = eg = 1, T, = 300 K, Ix = 1000 W/ m2,
U=15000W/m2K, x = 05, Tx = 900, 1200 K and 1500 K, § = 0.03 and n = 5, the effect of
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a concentration ratio on system economics under different receiver temperatures is plotted in Figure 9.
It can be seen from Figure 8 that, under different receiver temperatures, there is always an optimum
concentration ratio that can maximize the economic objective function. For instance, when receiver
temperature is 1200 K, the optimum concentration ratio is about 1400. They are close to the current
working conditions of the actual system. To obtain the relationship between the optimum concentration
ratio and the receiver temperature, find % = 0, then get the relationship between Tr and C, which can
be shown in Figure 10. Figure 10 shows that the higher the receiver temperature, the greater the
optimum concentration ratio. However, the stronger the solar radiation is, the smaller the optimum
concentration ratio is.

As Figure 11 shows, when 6 is relatively small, objective function exists at a maximum along with
the concentration ratio variation. Additionally, the maximum objective function and the corresponding
optimum concentration ratio increases as 0 increases. When 6 increases above a certain value,
objective function becomes a monotonic function. Under this situation, a maximum value will not
appear. It implies that the system has better economic performance under the condition of a larger
concentration ratio.
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Figure 9. Effect of concentration ratio on economic objective function under different receiver temperatures.
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Figure 10. Effect of receiver operating temperature on optimum concentration ratio under different
solar radiations.
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Figure 11. Effect of concentration ratio on economic object function under different relative
price indexes.

4. Conclusions

After conducting comprehensive cost-benefit analysis of a STPP combined with a MED system,

the objective function of the system is given. Based on the objective function, the effect of operating
parameters of the system on the economic objective function is analyzed. The conclusions are
described below.

@

@)

®)

)

©)

When water-to-electricity relative price index is small, it is meaningless to add the number of
effects of the MED system. Increasing number of effects is meaningful only after water price
increases above the critical value, which is 6 = 0.22.

When the price index is relatively low, objective function can reach maximum as a function
of endoreversible heat engine efficiency. However, as the price index increases, within the
range of relatively low endoreversible heat engine efficiency, objective function increases faster;
within the range of relatively high endoreversible heat engine efficiency, objective function
increases more slowly. This makes economic objective function vary with endoreversible heat
engine efficiency as a monotonic function. It means the total economic benefit will keep growing,
without maximum value.

When the price index is relatively low, the maximum objective function increases with receiver
temperature, but decreases with the number of effects of the MED system.

When the price index is relatively low, objective function can reach maximum as a function of
receiver temperature. When the price index increases, maximum value of economic objective
function increases, but the corresponding receiver temperature is reduced until economic objective
function has no maximum value.

The curve of the effect of the concentration ratio on the economic objective function is different
when the relative price index is given different values. When the relative price index is small,
economic objective function always has a maximum value with the change of concentration
ratio. With the increase of the price index, economic objective function increases, and optimum
concentration ratio increases as well. When the relative price index increases above a certain
value, the economic objective function varies with concentration ratio as a monotonic increasing
function, without maximum value.
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Abbreviation

I solar irradiance input to the heliostat field of the solar tower
C concentration ratio

AR receiver area

TR the surface operating temperature of the receiver

Ty the ambient temperature

the sum of heat gained by the system

hc convective heat transfer coefficient between receiver and environment
w power output

R total thermal resistance of the system

Ry the total thermal resistance of the front end of the power system
Ry total thermal resistance of the rare end of the power system

U total heat transfer coefficient

F economic efficiency of the system

QL the waste heat released from the condenser

n the effect number of MED

her  water latent heat of water vaporization at Temperature T

Apm the heat exchange area of the heat exchanger 1

An the heat exchange area of the heat exchanger 2

Ar the heat exchange area of the first effect seawater desalination

X the solar concentrator (heliostat) cost relative to the total investment costs
Greek symbols

0 relative price index of fresh water price versus electricity price

f dimensionless economic objective function

Hopt optimum efficiency

&R the absorptivity of the receiver

ER emissivity of the receiver surface

log Stefan-Boltzmann constant

B electricity price

v fresh water price

) the price of exchanger unit area

Y the price of receiver unit area

Ui structural parameters

References

1.  Collado, FJ.; Guallar, J. A review of optimized design layouts for solar power tower plants with campo code.
Renew. Sustain. Energy Rev. 2013, 20, 142-154. [CrossRef]

2. Abu-Hamdeh, N.H.; Alnefaie, K.A. Design considerations and construction of an experimental prototype of
concentrating solar power tower system in Saudi Arabia. Energy Convers. Manag. 2016, 117, 63-73. [CrossRef]

3.  Wang, K;; He, Y.L. Thermodynamic analysis and optimization of a molten salt solar power tower integrated
with a recompression supercritical CO, Brayton cycle based on integrated modeling. Energy Convers. Manag.
2017, 135, 336-350. [CrossRef]

4.  Devos, A. Endoreversible thermoeconomics. Energy Convers. Manag. 1995, 36, 1-5. [CrossRef]

5. Sahin, B.; Ust, Y,; Yilmaz, T.; Akcay, LH. Thermoeconomic analysis of a solar driven heat engine. Renew. Energy
2006, 31, 1033-1042. [CrossRef]

6. Barranco-Jiménez, M.A.; Sanchez-Salas, N.; Rosales, M.A. Thermoeconomic optimum operation conditions
of a solar-driven heat engine model. Entropy 2009, 11, 443-453. [CrossRef]


http://dx.doi.org/10.1016/j.rser.2012.11.076
http://dx.doi.org/10.1016/j.enconman.2016.02.077
http://dx.doi.org/10.1016/j.enconman.2016.12.085
http://dx.doi.org/10.1016/0196-8904(94)00040-7
http://dx.doi.org/10.1016/j.renene.2005.06.001
http://dx.doi.org/10.3390/e11030443

Entropy 2018, 20, 822 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ust, Y. Effects of combined heat transfer on the thermo-economic performance of irreversible solar-driven
heat engines. Renew. Energy 2007, 32, 2085-2095. [CrossRef]

Spelling, J.; Favrat, D.; Martin, A.; Augsburger, G. Thermoeconomic optimization of a combined-cycle solar
tower power plant. Energy 2012, 41, 113-120. [CrossRef]

Yang, Q.; Chen, G.Q.; Zhao, Y.H.; Chen, B; Li, Z.; Wang, Z.F. Energy cost and greenhouse gas emissions of
a Chinese solar tower power plant. Procedia Environ. Sci. 2011, 5, 77-80. [CrossRef]

Behar, O.; Khellaf, A.; Mohammedi, K. A review of studies on central receiver solar thermal power plants.
Renew. Sustain. Energy Rev. 2013, 23, 12-39. [CrossRef]

Zheng, H.; Yu, X,; Su, Y,; Riffat, S.; Xiong, ]. Thermodynamic analysis of an idealised solar tower thermal
power plant. Appl. Therm. Eng. 2015, 81, 271-278. [CrossRef]

Ye, H.; Yu, X,; Feng, C.; Zheng, H.; Su, Y. Thermo-economic optimization of solar tower thermal power plant
with endoreversible engine. Acta Energ. Solaris Sin. 2014, 35, 641-647. (In Chinese)

Trieb, F.; Miiller-Steinhagen, H.; Kern, J.; Scharfe, J.; Kabariti, M.; Al Taher, A. Technologies for large scale
seawater desalination using concentrated solar radiation. Desalination 2009, 235, 33—43. [CrossRef]

Olwig, R.; Hirsch, T.; Sattler, C.; Glade, H.; Schmeken, L.; Will, S.; Messalem, R. Techno-economic
analysis of combined concentrating solar power and desalination plant configurations in Israel and Jordan.
Desalination Water Treat. 2012, 41, 9-25. [CrossRef]

Palenzuela, P.; Alarcon-Padilla, D.C.; Zaragoza, G. Large-scale solar desalination by combination with CSP:
Techno-economic analysis of different options for the Mediterranean Sea and the Arabian Gulf. Desalination
2015, 366, 130-138. [CrossRef]

Ortega-Delgado, B.; Garcia-Rodriguez, L.; Alarcén-Padilla, D.C. Thermoeconomic comparison of integrating
seawater desalination processes in a concentrating solar power plant of 5 MWe. Desalination 2016, 392,
102-117. [CrossRef]

Frantz, C.; Seifert, B. Thermal Analysis of a Multi Effect Distillation PlantPowered by a Solar Tower Plant.
Energy Procedia 2015, 69, 1928-1937. [CrossRef]

McGovern, RK.; Smith, W.J. Optimal concentration and temperatures of solar thermal power plants.
Energy Convers. Manag. 2012, 60, 226-232. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.renene.2006.11.007
http://dx.doi.org/10.1016/j.energy.2011.03.073
http://dx.doi.org/10.1016/j.proenv.2011.03.051
http://dx.doi.org/10.1016/j.rser.2013.02.017
http://dx.doi.org/10.1016/j.applthermaleng.2015.02.005
http://dx.doi.org/10.1016/j.desal.2007.04.098
http://dx.doi.org/10.1080/19443994.2012.664674
http://dx.doi.org/10.1016/j.desal.2014.12.037
http://dx.doi.org/10.1016/j.desal.2016.03.016
http://dx.doi.org/10.1016/j.egypro.2015.03.190
http://dx.doi.org/10.1016/j.enconman.2011.11.032
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical Model of Solar Power Tower Plant Combined with MED System 
	Thermo-Economic Optimization of Solar Tower Power Plant Combined with MED System 
	Thermo-Economic Model 
	Impacts of Relative Price Index and MED Effect Numbers on Economic Objective Function 
	The Impact of Endoreversible Heat Engine Efficiency on Economic Objective Function 
	Optimum Endoreversible Heat Engine Efficiency 
	Effect of Receiver Temperature on the System Economy 
	Effect of Concentration Ratio on System Economics 

	Conclusions 
	References

