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Abstract: In this paper, the economic analysis model ofrscfeamney power plant
combining seawater desalination and waste heat PB@B and wind supercharging
solar chimney power plant combining seawater destdin and waste heat
(WSCPPDW) was established. Based on net presenie villPV) method, the
economic performance of two systems and that of REIQW after optimization
were studied. It was found that the addition of dvBupercharging device increased
the net income (NET) and NPV by 42.8% and 102.%%pectively. With the increase
of time, the annual NET of two systems increased] the annual NPV firstly
increased and then decreased. The annual NET aWcoNWSCPPDW were always
larger than those of SCPPDW, which were negativbarfirst four years, but those of
WSCPPDW were only negative in the first year. Afseqquentially optimizing the
turbine rotational speed, nozzle length, chimnejlebuadius and mixing section
length, the power and freshwater output of WSCPPD¥&Ye improved by 455.8%
and 11.7%, respectively. And the total net inco&ET) and total net present value
(TNPV) were increased by 183.4% and 442.8%, res@bgzt The declining inflection
point of annual NPV was brought forward by 10 yeesspared to that of initial
WSCPPDW.

Keywords: Solar chimney power plant; Economic performancegrafeters

optimization; Waste heat recovery; Desalinationnt\Vsupercharging device

1 Introduction



1.1 Background

In order to deal with the energy crisis and fullpka use of solar energy, the
concept of solar chimney power plant (SCPP) wapgsed [1-3]. It has a lot of
outstanding advantages, such as single structmremaintenance cost, wide source
of construction material, reliable operation stated long-life cycle. A 50kW
prototype SCPP was constructed in Manzanares (Bpath connected to the grid,
and it operated for 7 years since 1982 at an aeevd@.9 hours per day under the
supervision of one person [4,5]. The power outputl gystem efficiency of the
prototype SCPP were tested under different enviesried conditions, which proved
the economical reliability and utilization potemtilowever, because of the limitation
of thermodynamic property, the air density differerbetween inside and outside the
SCPP system was not significant, which resultedowm solar energy conversion
efficiency. Besides, the multi-stage energy conwerprocess in SCPP system caused
large energy loss. Therefore, the economic perfoomaof prototype SCPP was
relatively poor, considering its enormous dimensigmeight of 194.6 m, heat
collector radius of 122 m) [2,6].

Because of the shortcomings, including low solargy conversion efficiency,
large size of structure and high investment co&t,dcommercial application of SCPP
technology is limited [7,8]. One the one hand, meesearchers attempted to optimize
the structural parameters of SCPP, including chintreght, heat collector radius and
chimney radius, to improve the energy conversiditiefcy [9,10]. One the other
hand, combing SCPP technology with other technekgisuch as seawater
desalination [11-20] , solar dryer [21], externeahsources [22—-31], flat mirrors [32]
and heat storage technology[33], is also a maieldement direction.

Combining solar desalination or external heat s®utas arouse many
researchers’ interests recently. Solar desalinasi@angood solution to deal with water
crisis. Disc-type solar distiller, a relatively me¢ technology, is one of the most

important solar desalination methods. Considerimg faact that both of SCPP and
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solar disc-type distiller occupy large land areamny integrated SCPP systems
combing desalination have been proposed to reatiaHi-object products output,
including freshwater, power and raw salt, whichaibeneficial way for improving
solar energy utilization efficiency [12,16]. Besg] one of the most important
challenges for SCPP application is the operatigeaitinuity at night and on rainy
days [34]. Because of the continues and relatigh lemperature of external source,
coupling SCPP system with external heat source gwsntial to overcome the
intermittency of electricity generation and realizbe continuous work with
considerable products output [17,35]. Both of camgbiSCPP system with
desalination and external heat source are benefwigpromote the feasibility for

developing SCPP technology.
1.2 Literaturereview of the economic performance of SCPP systems

The economic feasibility of SCPP system is crutaalts future development.
Considering the low energy utilization efficienaydahigh investment cost, the power
output will be considerable only when the sale heacmegawatt level with large
structural size, high construction difficulty antbensive construction cost [6]. Many
researchers have studied the economic feasibfli§GPP systems for contributing to
the development and application of SCPP technology.

Schlaich [4] and Bernardes et al. [@0pluated the cost of components in SCPP
system with different size parameters, forecadtedevelized electricity price (LEC)
of SCPP, and explored the LEC sensitivity to sompadrtant economic parameters.
However, they didn’t take the effect of carbon drédo consideration. Schlaich et al.
[37] studied the economic feasibility of SCPP systewith different power capacity
in Spain, and they concluded that with the improgetof power generation capacity,
the LEC decreased. And the power capacity and L&@ed from 5-200 MW and
0.21-0.74 €/kW, respectively. Nizetic et al. [38pk SCPP as an energy source of
residents and island countries in Mediterraneara.afe simplified model was

developed to calculate the power output, investnaest and power consumption. It
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was found that the power price of SCPP was highan tthat of other power
generation technologies. Zhou et al. [39] made sameertain assumptions,
considering interest rate, inflation rate, carbaedds, depreciation period, for
comparing the cash flow of a 100 MW floating sathimney power plant (FSCPP)
with reinforced concrete solar chimney power pl&ETSCPP) and solar photovoltaic
plant (SPVP). It was found that FSCPP had betten@mic feasibility than the other
two systems with the same power capacity. Baseith@SCPP proposed by Schlaich
[4] and Bernardes et al. [36], Fluri et al. [40] deyeld a more detailed novel model
to study the economic characteristics of SCPP.ré&kelts showed that the initial cost
of large scale SCPP and LEC may be underestimatesibg the previous models,
and the carbon credit was able to reduce the LEH®. & al. [41] took Lanzhou city
(China) as a hypothetic construction site. The enun performance of conventional
solar chimney power plant (CSCPP) and sloped sbiemney power plant (SSCPP)
were studied by comparatively analyzing their clistv within the lifetime. It was
found that the investment of SCPP was affectedidogtructure and material price,
and the SSCPP was more cost-effective. Compareld trétditional fossil fuel
combustion plants, the SCPP with large power cpaes more competitive. Li et al.
[42] analyzed the economic feasibility of a reimkd concrete SCPP in the northwest
of China, using fixed assets evaluation model aski-adjusted discount rate. The
total net present value (NPV) and the lowest poprezes in four operation stages
were studied. It was concluded that the economifopeance was superior between
the second stage and the fourth stage. The tat@resent value was very sensitive to
the change of solar electricity price and inflatiate, but the variations of carbon
credits price, income tax rate and loan interest head little effect on the total net
present value. Akhtar et al. [43] studied the eoaicdeasibility of a 200 WM SCPP
in India. They explored the effects of the intereste, inflation rate and operation
period on the LEC. Under the interest rate of 8%,tEC was sensitive to the change

of inflation rate. The LEC was reduced with the rdase of inflation rate and the
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increase of working time. Gholamalizadeh et al.] [dtroduced an optimization
methodology for obtaining the optimal configurati@ireat collector radius, chimney
height and chimney radius) of SCPP, using a tigblective function covering power
output, expenditure and total efficiency. Under ¢badition of optimal configuration,
it was found that the benefit from increment of gowoutput is higher than the
expenditure. Okoye et al. [45] studied the feamibibf installing SCPP in the
conditions of North Cyprus, and the most feasildst mption was determined by
changing different parameters. It was found thatitivestment cost, plant capacity
and chimney height were key parameters to evaliadeasibility of SCPP. Then,
Okoye et al. [46] conducted a feasibility study 8€PP system and proposed a novel
method to determine the optimum SCPP dimensionseaadomic feasibility. It was
found that the decreasing of discount rate andntyeasing of collector and turbine
efficiencies could improve NPV. Ali et al. [4pfoposed a method for optimizing
economic parameters of SCPP systems by comparmgadtual achieved simple
payback period and the minimum possible simple pelbperiod. And twelve
optimal models were established for studying SCi&Rems with different design
concepts, including reinforced concrete chimneypetl collector and floating
chimney, in the range of 5-200MW. It was found thater the same conditions of
solar radiation and electricity price, the simpéylpack period of the 200 WM SCPP
with sloped heat collector is similar to the 5 MMZFP with floating chimney. Based
on hourly meteorological data and soil heat stordgeo et al. [48] proposed an
unsteady theoretical model for studying the SCRRuialnpower output. They applied
the cost-benefit model to study the levelized ajstlectricity (LCOE) of a 10 MW
SCPP in Yinchuan (China). It was found that the [EO@as 0.4178 yuan/kWh, which
could compete with wind power and solar photovoltadwer considering Chinese
concessional loan. Asayesh et al. [IBlestigated a comprehensive SCPP system
combining desalination using particle swarm optetian (PSO) algorithm and

one-dimensional simulation code. The results showstt when the radius of
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desalination area was 85-125 m, the economic pedce of the integrated system
was optimal. Jamali et al. [49] presented a new liegomethod for the

semi-transparent photovoltaic system using a sotmney (STPV-SC), and the
comprehensive economic assessment was carriedlloetpayback period and unit
cost of power output were regarded as the mainauanindicators. The effects of
packing factor, chimney height and heat collectadius on power output and
economic performance were studied. It was found aaking factor could optimize

the economic performance. When the packing facts iw the range of 0.3-0.5, the
payback period was lowest. Zuo et al. [50] evaldiatee economic efficiency of a
wind supercharged solar chimney power plant (WSCPhe results showed that
the economic performance of WS-SCPP was alwayerbiian that of SCPP under
the same working conditions due to the superchgregifiect contributed by wind

supercharging device. The lowest electricity sgliprnice was greatly lower than that

of SCPP, with a decrease of 20.1%.
1.3 Objectives of this study

Wind supercharging solar chimney power plant comlsaawater desalination
and waste heat (WSCPPDW) is a multi-object systembining SCPP technology,
seawater desalination, wind supercharging deviak the recovery of waste heat
discharged from traditional thermal plant [17]. Aoding to previous studies, the
effects of wind supercharging device, working pagtars, structural dimensions and
environmental conditions on the heat transfer amodiycts output have been studied
by mathematical model and 3D numerical simulatibn,35]. It has been proved that
combining SCPP with the desalination and extereal Bource could greatly improve
the power output, freshwater yield and comprehensivergy utilization efficiency,
and the optimization of working and structural paeters of WSCPPDW contributed
to the improvement of working performance. TherefotWSCPPDW may have
potential to provide a possibility for future demeiment and application of SCPP

technology.



Because the size dimensions of WSCPPDW are extydargle, the investment
cost will be very huge resulting in low economi@giility and great commercial
application difficulty. However, the superiority #WSCPPDW performance were
only presented in the improvement of products dutpnd energy conversion
efficiency which could not directly reflect the ahtages of economic advantages of
WCPPDW. This research mainly focused on the bema@fit cost study of the solar
chimney power plant combing seawater desalinatiahwaaste heat (SCPPDW) and
WSCPPDW. Given various income sources (electricigybon credit, freshwater and
raw salt) and different kinds of costs (construttamst, interest, tax, insurance cost,
operation and maintenance cost), the economic sisaiyiodel was developed by
using NPV and risk adjusted discount rate methatis;h took working time and risk
value into account. Based on previous study, tle@nic analysis was carried out to
further investigate the superiority of the optimMSCPPDW. The influences of
adding additional wind supercharging device at cl@gnoutlet and the optimization
of different parameters, including turbine rotatbrspeed, nozzle length, chimney
outlet radius and mixing section length, on thenemoic performance of WSCPPDW
were explored.

This paper is organized as follow: the structureM@CPPDW is described in
Section 2; the mathematical models of income arst aoalyses are presented in
Section 3 and 4; the criterion of economic perfarogaassessment is presented in
Section 5; the economic benefit analyses afterradaind supercharging device and
optimizing working and structural parameters arcdssed in Section 6; finally, the

conclusions are included in Section 7.

2 Physical model

SCPPDW and WSCPPDW are two integrated systems wtochbine with
waste heat recovery technology, and they are thiendgd systems of the solar

chimney power plant combined with seawater des@ina(SCPPCSD) and wind
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supercharged solar chimney power plant combined wgitawater desalination
(WSSCPPCSD), respectively [17,35]. Because the difference between SCPPDW
and WSCPPDW is the wind supercharging device iiestat the chimney outlet, the
following focuses on the working principle of WSOPR.

Fig.1 is the structure and schematic diagram of WIBSOW [17] . As shown in
Fig.1, WSCPPDW mainly consists of 6 parts, inclgdspiral exhaust gas heating
channel (SGC), close-type seawater distillationktameat collector, air turbine,
common chimney of SCPP and thermal power plantyvand supercharging device.

The differences between WSCPPDW and WSSCPPCSChar8&C and common

chimney.
Wind supercharging
——( Sun = Upper wind— ey -
/ 7 & ventilator blade
Solar radiation €ommon
chimney
&1 vertical axis blade
Freshwater collector
Glass cover
Seawater laye
Annular distillation ~ Air turbine
shallow slot Close-type seawater
distillation tank
—1, Guid cone
Heat coll ector Purification device Freshwater outlet .
Seawater inlet
Cold air — — ) —_— — — _—
N .
Strong brine outlet
\ _ & e ARRRNNNARENNNNARARNANANG 9
I T _— ‘ Ground
Exhaust gas TT—SGH— Flue pipe

Fig.1 Structure and schematic diagram of WSCPPDW.

After being reheated by GGKgas-gas heaterof thermal power plant, the flue
gas enters the SGC arranged in spiral shape totleaeawater in distillation tank.
The seawater could store solar radiation energytlamenergy of flue gas waste heat
could ensure the continuous and stable operataia ef WSCPPDW. The waste heat
of flue gas greatly increases the seawater temperathe evaporation capacity of
seawater and the temperature of hot airflow in leefiector, which further improve

the freshwater output. The flue gas flows through $GC, and then enters the guide
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cone cavity. In order to prevent the flue gas fraorroding the inner wall of chimney
and turbine blades, the flue gas is purified by pueification device (wet dust
separator or other devices). The purified flueigasjected into the common chimney
by the nozzle at the outlet of guide cone. At tlsebof the common chimney, the
high-speed flue gas jet flow generates vacuum efi@d entrains its surrounding
airflow. The mixture of high temperature flue gamsldot airflow increases the mass
flow rate and temperature rise of airflow in WSCRRDTherefore, the turbine
pressure drop and power output of the integratstésyare both improved.

WSCPPDW utilizes different kinds of energy simuéaasly, including wind
energy, solar energy and flue gas waste heat enedggh improves the energy
comprehensive utilization efficiency. The recovefyflue gas waste heat makes the
system work continuously under the conditions ef kplar radiation and night and
improve the electricity output. The chimney in W3RV is common chimney of
SCPP and thermal power plant, that is, the highpegature flue gas from thermal
power plant is discharged through the solar chimmayich greatly reduces the
investment cost of construction.

Based on the dimension parameters of the prototg#P in Spanish
Manzanares [2,3], some key parameters of WSCPPRVghaown in Table 1.

Table 1 Main dimension parameters of WSCPPDW.

Parameters Values
Chimney height 194.6 m
Chimney radius 5.08 m
Collector radius 122 m
Collector height 1.85m
Gas inlet temperature 358.15 K
Gas mass flow 436.3 kg/s
Environment temperature 298.15K
Air inlet temperature 298.15 K
Environment wind velocity 2.5m/s

Solar irradiance 850 W/m



Maximum error for solving 0.1%

3 Mathematical model of income analysis

On the on hand, combining with SCPP technology soldr disc-type seawater
desalination technology, WSCPPDW economizes lange tesource and construction
cost. On the other hand, combining thermal powantpthimney and SCPP chimney
reduces the construction cost. Therefore, WSCPPDMfiates many technologies
which reduce the investment cost, realize the dugbumulti-object products, and
greatly improve the system income. This paper aeglythe economic income of
WSCPPDW. Its sources of profit consist of powerpatt carbon credit income,

freshwater production and raw salt output.

3.1 Electricity income

This paper focuses on studying the economic pedooa of SCPPDW and
WSCPPDW taking account of the influence of inflaticate on electricity price.
Because the power consumption of WSCPPDW itselbwts for a very low
proportion of its total power output, it is assunikdt all the power output generated
by WSCPPDW will be sold to electric power compahye economic performance is
predicted based on the operation time of 8.9 h[dhyThe electricity income of the

k-th year of WSCPPDW can be expressed as follows:

B, =E,P(1+6)" 1)
Ep=3248.?5ys (2)
O<ksm (3)

Where, E, is the annual power outpu®? is the electricity unit price;d is

the constant inflation ratan is the period of repaying the integrated systeanjo
m=30[42].
3.2 Carbon credit income

WSCPPDW combines the chimneys of thermal powertpan SCPP, which

saves the construction cost. Because WSCPPDW nexdive flue gas discharged
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from thermal power plant for power generation, ascarbon credit income. If the
difference between the flue gas discharged from ROV and thermal plant is
ignored, the carbon credit income of WSCPPDW inkittle year can be expressed as

follows:
B' =My, E,Ry (1+6) (4)
Where, M, is the carbon emission of traditional thermal poplant; R, is
the carbon credit price.

3.3 Freshwater income

WSCPPDW can realize the joint production of frestewand electricity, and its

freshwater income in the k-th year is as follows:
Bl =E,P,(1+8) " x10° (5)
E,=3248.M,, (6)
Where, P, is the unit price of industrial distilled water.

3.4 Raw salt income

WSCPPDW can produce raw salt while generating Wwesér. The income of

raw salt in the k-th year can be expressed aswsllo
B = E,R(1+6)" @)
E, =3248.5).E, x 18 (8)

Where, 1, is the output efficiency of raw salt},=3.5%; R is the unit price of

S

raw salt.

4 Mathematical model of cost analysis

4.1 Integrated system construction cost
The construction cost of WSCPPDW mainly comes ftbemcommon chimney,
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air turbine, heat collector, distillation tank, SGl@bor cost, material transportation
cost, and the anticorrosion cost (flue inner wdllS&sC, inner wall of common
chimney and turbine blades surface). Besides, WBGPRhimney is made of
high-performance concrete and rebar, and the hgistost of tall chimney accounts
for 20% of the cost of concrete and rebar, exclgdime transportation cost. The SGC
is located below the ground level which is also enaif concrete. Glass flake
anticorrosive coating is applied to the common ctagninner wall and gas flue wall.
The anticorrosive coating covers on the surfactidifine blades by plasma spraying
based on the anticorrosive technology. If the pansition cost of materials accounts
for 1.7% [42]of the material cost, the total cost and investnuast of WSCPPDW

can be expressed as follows:

Cy =1.01C (9)

nv

Cinv = CSGC + Cws + Canti (10)
Where, Cqy. is the cost of SGCC, is the construction cost of other parts

of WSCPPDW except SGCE,,; is the anticorrosion cost of different parts in
integrated system.

4.2 Interest cost

There are two common methods to repay the loan, i®rtee repayment of
interest method, the other is the equal principgyment method [39]. In order to
reduce the cost of interest, this paper adoptslatier method. According to the
working time of traditional thermal power plantethoan of building WSCPPDW
needs to be paid off within 30 years®30). The capital needed to be repaid in the

k-th year can be expressed as follows:

Ck — ot
o = (1)
The residual debt after repaying the capital amdititerest in the k-th year can

be respectively expressed as follows:
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Coon = G ~(K=-1)C, (12)

Ciri = TCly (13)

Where/ is the loan interest rate.

4.3 Tax cost

At the end of the working period of WSCPPDW, sonwmenponents can be
recycled, including support matrix, column struetuting stiffener and so on. The net
value of fixed assets and annual depreciation @ote integrated system in the k-th

year can be respectively expressed as follows:

Ci =Cic'(1-d) (14)
c' =C'd
depr T Mes (15)

Where, d (d=2/m) is the double declining balance depreciation. rate
According to Chinese tax law, the depreciation espeand the loan interest can
be excluded from the tax cost. The tax cost ofittegrated system in the k-th year

can be expressed as:
Cy =(B} -G, —Ci, )t (16)
Where, t is the income tax rate.
4.4 Operation and maintenance cost

The operating of WSCPPDW consumes labor cost, lamanaintenance of heat
collector, chimney, turbine and gas flue is alsedweal to be invested. In addition, the
operation and maintenance cost is influenced bhtioh rate. The operation and

maintenance cost of the integrated system in ttheylear can be expressed as:

Coam = Coam 1+ Eoep )™ a7
Where, C,,, is the operation and maintenance cost of the fiestr [41],
which is related to the power output of WSCPDPW¥Y,,, is the annual growth rate

of operation and maintenance cost , which is cameil to be equal to the inflation

rate [41].
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4.5 Insurance cost

The insurance cost of WSCPPDW includes the equipioses and premium rate
loss in the first year. It is assumed the totaklasst accounts for 0.8%6 total
investment [41]. The annual insurance cost is erfted by inflation rate. The

insurance cost of WSCPPDW in the k-th year candpeessed as follows:

Cines = Gl 1+ 6)™ (18)
Ci];\su = O'S(y&:tot (19)

Where, C._, is the insurance cost in the first year.

5 Economic perfor mance assessment

The total income and the total cost of WSCPPDW he k-th year can be

expressed as follows:
B, =B, +B,, +B,+B (20)
Ca =C +Go +Coun *C (21)

The annual net income (NET) and the total net ire¢MNET) of WSCPPDW in

the k-th year can be respectively expressed asisl|

NET* =Bk -Ck (22)

TNET = Z NETX (23)

k=1
In order to analyze the economic characteristV/&§CPPDW and SCPPDW, the
annual cash flow during the working period needbw studied. The economic
performance of the investment project depends erigcount rate to some extent. In
this paper, the risk adjusted discount rate meth@dlopted. The discount rate can be

expressed as follows:

X=pU+yz (24)
Where, i, y and z represent risk-free discount rate, rate of ristetdrn and

risk degree, respectively.
14



The NPV and the total net present value (TNPV) @OPPDW in the k-th year
can be expressed as follows:

_ (B4 -C%)
NPV = (25)
—_ . k
TNPV = kZ;‘ NPV (26)

Based on the working performance of WSCPPDW aftderty optimizing its
turbine rotation speed, nozzle length, chimneyetutidius and mixing section length
[17,35], the economic performance of the optimal @#8DW is studied. In the
process of four-level optimization, the growth rafe@nnual NET and NPV in the k-th

year relative to those of previous level can beessed as follows:

kK _ k
5~ NETL;QlETl:lETU 21 -

Where,u represents the optimization levei@<<4. For example,NET, is the

annual NET in the k-th year with the initial paraers; NET, is the annual NET in

the k-th year after four-level optimization.

The economic parameters evolved in the cost-bearétysis model are shown

in Table 2.

Table 2 Economic parameters evolved in the econamétysis model.

Parameters Symbol Value
Inflation rate 0 3%
Loan interest rate r 3%
Income tax t 13%
Annual growth rate & 3%
Discount rate X 11.52%
Risk adjusted discountrate 4 8%
Risked return rate y 8%
Risk degree z 0.44
Double declining balance

d 1/15

depreciation rate

15



6 Economic benefit analysis

6.1 Total income analysis

According to the references [17,51], the wind saparging device installed at
the chimney outlet could provide the negative pres®f 64.5 Pa. The power output
and hourly freshwater yield of SCPPDW are 159.3 &Wd 15.0 ton/h, respectively,
and those of WSCPPDW are 193.7 kW and 17.2 tomeépectively. As shown in
Fig.2 (a), under the effect of the wind superchaggilevice, the power output and
hourly freshwater yield of WSCPPDW are increased 2.6% and 14.7%,
respectively. Fig.2 (b) shows the comparison of TINET and TNPV in working
period. It can be observed that, after adding tledvsupercharging device at the
chimney outlet, the TNET and TNPV of WSCPPDW areroved by 42.8% and

102.5%, respectively.

[ power B ET
[ Freshwater o ol [ B

Power (kW)

TNET (x10° yuan)

Hourly freshwater yield (ton/h)
5 = 5
TNPV (%10° yuan)

SCP.PDW ..WS..C.‘?PDW : SCPPDW WSCPPDW
(a) Power generation and hourly freshwater yield (b) TNET and TNPV

Fig.2 Performance parameters comparison of SCPPRIVMECPPDW

6.2 Variation rules of economic performance

357
20 = SCPPDW
WSCPPDW

Lk

NET (x10° yuan)

Fig.3 Annual NET variation rules of SCPPDW and WBORV within the working period

Fig.3 shows the variation rule of the annual NETS@PPDW and WSCPPDW.
16



It can be seen from Fig.3 that with the increasihgorking years, the annual NET of
SCPPDW and WSCPPDW increases gradually, and theabNET of WSCPPDW is
always larger than that of SCPPDW. The annual NES@PPDW is negative in the
first four years and it is positive in the restwbrking time. The annual NET of
WSCPPDW is only negative in the first year.

This is because under the influence of inflatioteravith the increasing of
working time, all of the electricity incomecarbon credit income, freshwater income
and raw salt income of SCPPDW and WSCPPDW incrgeaeby year. In addition,
because the fixed loan expense needs to be paig ye@r, both of the remaining loan
and the annual loan interest decrease year by yéarefore, the annual NET of
SCPPDW and WSCPPDW increases year by year.

Fig.4 shows the NPV variation rules of SCPPDW an8GKPDW within the
working period. It can be seen from Fig. 4 thati®/ of SCPPDW increases first in
the first 15 years and then decreases. It is nagatithe first four years and positive
in the rest of operating time. The NPV of WSCPPDWfeéases in the first 11 years
and then decreases. It is only negative in thé year and it is always larger than the

NPV of SCPPDW.

NPV (x 10° yuan)

SCPPDW
WSCPPDW

P Vondgtmegen
Fig.4 NPV variation rules of SCPPDW and WSCPPDWrduthe service period
This is because the annual NPV is mainly influenbgdannual NET and
discount rate. It can be known from Eqg. (26) ané) (hat NPV has a positive
correlation with NET and has a negative correlatioth discount rate. It is known
from the above analysis that in the first 15 yehes;ause the annual NET increases

and the annual NET is the dominant factor affecthrychange of NPV, the NPV of
17



SCPPDW increases. After 15 years, as the influefickscount rate becomes more
significant, the NPV of SCPPDW decreases year kar.yBimilarly, the NPV of
WSCPPDW increases first and then decreases. As rshowFig.2, the power
generation of WSCPPDW is obviously larger than tbtSCPPDW. The annual
operation and maintenance cost of WSCPPDW is highan that of SCPPDW
because of the positive correlation between omeratnd maintenance cost and power
output. Because the annual operation and maintenewost is inversely proportional
to NPV, the inflection point of WSCPPDW where NPMrts to decrease is earlier
than that of SCPPDW. In addition, because the driidd of SCPPDW is negative
in the first four years, its NPV is also negativigecause the annual NET of
WSCPPDW is always larger than that of SCPPDW, tR¥ Nf WSCPPDW is larger
than that of SCPPDW.

6.3 Theinfluence of the optimization of different parameterson thetotal income
of integrated systems

: Power
[ Freshwater

1]

T —T T
Original  Afier optimizing Afier optimizi
WSCPPDW  rolational speed  nozzle length  chimn

B TNET
B TNPY

|
7N
|

V4

Power (kW)
TNET ("IAO(‘ yuan)

=

Hourly freshwater yield (ton/h)

Fig.5 power and hourly freshwater yield ig.6 TNET and TNPV

Table 3 The parameters growth rate of each levihgmation of WSCPPDW

Performance parameters

Optimization parameters

Power Freshwater TNET TNPV
Rotational speed 222.7% -28.6% 12.0% 25.9%
Nozzle length 2.8% 2.5% 6.5% 14.0%
Chimney outlet radius 33.9% 39.7% 87.5% 177.1%
Chimney mixing  section

25.1% 9.3% 26.8% 36.5%
length

Growth rate compared to the
. 455.8% 11.7% 183.4% 442.8%
unoptimized system
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According to our previous research results [358, dptimization of WSCPPDW
was divided into four levels, that is, the optintiaa parameters of WSCPPDW,
including the turbine rotational speed, nozzle tanghimney outlet radius and
chimney mixing section length, are orderly optingizeThe calculation of the
optimization object of the latter level is based tre precondition that the
optimization object of the former level has reacitedptimal value. Fig.5 shows the
power output and hourly freshwater yield of eackeleof sequential optimization of
WSCPPDW. Fig.6 shows the TNET and TNPV of WSCPPDWen each level of
sequential optimization. The optimization resultseach level, including the growth
rate of power output, growth rate of hourly freskevayield, and TNET and TNPV of
WSCPPDW, are shown in Table 3.

It can be seen from Table 3 that the power outigmifecantly increases, and the
hourly freshwater yield decreases after optimizing turbine rotational speed. The
optimization effect of nozzle length is not obvipuke power output and hourly
freshwater yield are just slightly increased. Tlpdirnizations of turbine rotational
speed and nozzle length both increase the TNETTaeNV of WSCPPDW. After
optimizing the chimney outlet radius and the chignmexing section length, all of the
power generation, the hourly freshwater productid™ET and TNPV are
significantly increased. After the four-level optration, compared with those of the
original system without any optimization, the poweneration and hourly freshwater
production are increased by 455.8% and 11.7%, céispy, and the TNET and
TNPV are increased by 183.4% and 442.8%, respégtive

6.4 Theinfluence of different optimization parameters on the annual change of
economic performance of WSCPPDW

Fig. 7 shows the annual NET and NPV change cunesr Yy year after
sequentially optimizing the turbine rotational spheaozzle length, chimney outlet
radius and mixing section length of WSCPPDW. Tabkhows the increase rate and

growth rate of annual NET and NPV after the segakaptimization.
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As shown in Fig.7 and Table 4, in the process ofusatial optimization of
turbine rotational speed, nozzle length, chimnejlebuadius and mixing section
length of WSCPPDW, both of the annual NET and NPR¥ @creased. After
optimizing the turbine rotational speed and nozetegth, the annual NET and NPV
are only increased slightly. After optimizing the@raney outlet radius and the mixing
section length, the annual NET and NPV are sigaifity increased. After optimizing
the chimney outlet radius, the growth of annual NE@ NPV is the largest, and the
average annual rises are 9.97 X §0an and 2.217 x ¥OQuan, respectively. After
four-level optimization, the annual NET and NPV WSCPPDW are averagely
increased by 2.4 x $Quan and 3.9 x foyuan, respectively. It can be seen from the
above that the optimization of different paramei@r$VSCPPDW improves power
output and hourly freshwater yield, which furthecreases the annual NET and NPV.
Because the power generation is obviously increasddhe freshwater production is
decreased, the annual NET and NPV of WSCPPDW amdyease slightly after

optimizing the turbine rotational speed.

—#— Original WSCPPDW
e

—&— Original WSCPPDW

. ; T T T T T T T
10 15 20 25 30 0 5 10 15 20 25 30
Working time (year) Working time (year)

(a) Annual NET (b) AralINPV
Fig.7 The annual NET and NPV change curves of WSIW®P
As shown in Fig. 7 (a) and (b), with the increasiofy working time of
WSCPPDVW, its annual NET increases year by year,th@cannual NPV increases
first and then decreases. In the process of fouatlgptimization, the inflection points
of NPV appear in the 14th, 13th, 7th and 4th yeaspectively. The declining

inflection point of annual NPV is brought forward/ L0 years after four-level
20



optimization.

It can be seen from the above that influenced figtian rate, the annual NET of
WSCPPDW increases year by year. Therefore, as tukinvg time gets longer, the
annual NPV increases year by year. With the furtherease of working time, the
influence of the discount rate on NPV becomes nam@ more significant, thus the
annual NPV decreases yearly. After each level apétion, the operation and
maintenance cost of WSCPPDW is significantly insegg and the declining
inflection point of annual NPV is much earlier digethe obvious increase of power
output.

It can be seen from Table 4 that with the increasihworking time, the growth
value of NET between two adjacent optimization Isvs improved continually, and
the growth value of NPV decreases between two $agecreases. The growth rate of
NET between adjacent optimization levels is eqoalhtat of NPV according to Eq.
(25) and (27). Before optimizing the chimney mixsertion length (the fourth level),
the growth rate increases first and then decred@sesb.it decreases continually after
optimizing the chimney mixing section length.

This is because the benefit from optimizing WSCPPpakameters is larger than
the paid cost, the NET growth value increases naatly. Under the effects of
discount rate, which effect becomes larger withitlteease of working time, the NPV
growth value decreases according to Eqg. (25). TR& Nf WSCPPDW with initial
design parameters is negative in the first fiverye@hen, after optimizing the turbine
rotational speed (the first level) and nozzle lanfthe second level), the NETs of
WSCPPDW are negative in the first four years ardfittst three years, respectively.
For the optimization results of the first threedksy as the working time gets longer,
their growth rates are improved to very large valugecause the denominator (the
NET of the previous optimization level) is appro@achto zero from a negative value,
the growth rate of NPV will become extremely largecording to Eq. (27). With the

further increasing of working time, the growth rateNPV decreases under the effects
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of inflation rate. For the optimization result d¢fet fourth level (the chimney mixing
section length), the growth rate reduces contiguakcause the annual NET in the

third level (the chimney outlet radius) is alwaysiive and increases continually.

Table 4 The growth of annual NET and NPV after segal optimization.

Optimize rotational speed Optimize nozzle length
) Growth  Growth Growth of Growth of
Working Growth rate Growth rate
. of NET  of NPV NET NPV
duration (year) - . (%) o . (%)
(million)  (million) (million) (million)

1 0.0497 0.0445 15.3150 0.0428 0.0384 15.5819
2 0.0533 0.0429 21.8971 0.0442 0.0355 23.2069
3 0.0571 0.0412 35.0638 0.0456 0.0329 43.0986
4 0.0609 0.0394 74.5082 0.0470 0.0304 225.6766
5 0.0648 0.0376 25759.4925  0.0485 0.0281 49.19

6 0.0687 0.0357 84.0759 0.0501 0.0260 33.2714
7 0.0727 0.0339 44.2656 0.0516 0.0241 21.7849
8 0.0768 0.0321 31.0312 0.0533 0.0223 16.4206
9 0.0810 0.0304 24.4254 0.0549 0.0206 13.3161
10 0.0853 0.0287 20.4686 0.0567 0.0190 11.2935
11 0.0896 0.0270 17.8357 0.0584 0.0176 9.8724
12 0.0940 0.0254 15.9590 0.0603 0.0163 8.8200
13 0.0986 0.0239 14.5549 0.0621 0.0151 8.0101
14 0.1032 0.0224 13.4658 0.0641 0.0139 7.3681
15 0.1080 0.0210 12.5971 0.0661 0.0129 6.8471
16 0.1128 0.0197 11.8887 0.0681 0.0119 6.4163
17 0.1178 0.0185 11.3006 0.0702 0.0110 6.0544
18 0.1228 0.0173 10.8050 0.0724 0.0102 5.7465
19 0.1281 0.0161 10.3821 0.0746 0.0094 5.4816
20 0.1334 0.0151 10.0173 0.0769 0.0087 5.2514
21 0.1388 0.0141 9.6998 0.0793 0.0080 5.0498
22 0.1444 0.0131 9.4211 0.0817 0.0074 4.8720
23 0.1502 0.0122 9.1749 0.0842 0.0069 4.7140
24 0.1561 0.0114 8.9560 0.0868 0.0063 45730
25 0.1621 0.0106 8.7603 0.0895 0.0059 4.4465
26 0.1683 0.0099 8.5845 0.0922 0.0054 4.3324
27 0.1747 0.0092 8.4259 0.0951 0.0050 4.2292
28 0.1812 0.0086 8.2823 0.0980 0.0046 4.1355
29 0.1879 0.0080 8.1517 0.1009 0.0043 4.0501
30 0.1947 0.0074 8.0326 0.1040 0.0039 3.9720

Average value 0.1146 0.0226 0.0693 0.0154
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Optimize chimney outlet radius Optimize chimney imgxsection length

Growth

i Growth Growth  Growth of

Working of NET Growth rate Growth rate

_ . of NPV of NET NPV
duration (year) (million . (%) . . (%)
) (million) (million)  (million)
1 0.6173 0.5535 266.3067 0.3491 0.3130 90.5667
2 0.6369 0.5121 435.8704 0.3607 0.2900 73.4937
3 0.6571 0.4738 1092.1335 0.3726 0.2686 62.417
4 0.6779 0.4383 2588.4973 0.3848 0.2488 574.656
5 0.6992 0.4054 618.5416 0.3974 0.2304 48.9214
6 0.7212 0.3749 359.6904 0.4103 0.2133 44.5140
7 0.7438 0.3467 257.6654 0.4236 0.1975 41.0240
8 0.7671 0.3207 203.1216 0.4372 0.1828 38.1945
9 0.7911 0.2965 169.1966 0.4513 0.1692 35.8562
10 0.8157 0.2742 146.0761 0.4657 0.1565 32.893
11 0.8411 0.2535 129.3217 0.4806 0.1448 32.223
12 0.8672 0.2344 116.6331 0.4959 0.1340 30.786
13 0.8941 0.2167 106.6992 0.5116 0.1240 22.539
14 0.9218 0.2003 98.7180 0.5278 0.1147 28.4464
15 0.9503 0.1852 92.1712 0.5445 0.1061 27.4822
16 0.9796 0.1712 86.7091 0.5616 0.0981 26.6260
17 1.0098 0.1582 82.0870 0.5793 0.0908 25.8614
18 1.0408 0.1462 78.1289 0.5974 0.0839 25.1751
19 1.0728 0.1352 74.7046 0.6161 0.0776 24.5562
20 1.1058 0.1249 71.7159 0.6353 0.0718 23.9959
21 1.1397 0.1154 69.0874 0.6551 0.0664 23.4867
22 1.1746 0.1067 66.7599 0.6755 0.0614 23.0225
23 1.2105 0.0986 64.6868 0.6965 0.0567 22.5980
24 1.2476 0.0911 62.8305 0.7180 0.0524 22.2086
25 1.2857 0.0842 61.1605 0.7403 0.0485 21.8507
26 1.3249 0.0778 59.6517 0.7631 0.0448 21.5209
27 1.3653 0.0719 58.2833 0.7867 0.0414 21.2163
28 1.4069 0.0664 57.0381 0.8109 0.0383 20.9346
29 1.4498 0.0614 55.9015 0.8359 0.0354 20.6735
30 1.4939 0.0567 54.8610 0.8616 0.0327 20.4311
Average Value 0.9970 0.2217 0.5715 0.1265

7 Conclusions

In this paper, in order to research the economitopeance of SCPPDW and

WSCPPDW, an economic analysis model is developade® on NPV method, the
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economic performance of SCPPDW and WSCPPDW andr tleeonomic
characteristics after sequentially optimizing watkiand geometric parameters are
studied. The main conclusions are as follows:

(1) After adding the wind supercharging devicehat ¢himney outlet, the TNET
and TNPV of WSCPPDW are increased by 42.8% ands¥2respectively. As the
working time gets longer, the annual NET of tweegrated systems shows increasing
trend. The annual NPV of SCPPDW and WSCPPDW inesedsgst and then
decreases and the maximum values appear in the 15th and yiddin respectively.
The annual NET and NPV of WSCPPDW are always latigen those of SCPPDW.
Those of SCPPDW are negative in the first four geand those of WSCPPDW are
only negative in the first year.

(2) The power output significantly increases, ahd hourly freshwater yield
decreases after optimizing the turbine rotationpkesl of WSCPPDW. The
optimization effect of nozzle length is not obviptise power generation and hourly
freshwater production are just slightly improvedheT optimizations of turbine
rotational speed and nozzle length both improve TINET and TNPV. After
optimizing the chimney outlet radius and the chignmaxing section length, all of the
power generation, hourly freshwater production, TNEhd TNPV are significantly
increased. After four-level optimization (turbinetational speed, nozzle length,
chimney outlet radius and mixing section lengthhmpared with the initial
WSCPPDW, the power output and the hourly freshwgtdd are increase by 455.8%
and 11.7%, respectively, and the TNET and TNPV iamgroved by 183.4% and
442.8%, respectively.

(3) In the process of four-level sequential optiation, the annual NET and NPV
both increase after optimizing each level pararsetéfter optimizing the turbine
rotational speed and nozzle length, the annual MBd NPV only are increased
slightly. After optimizing the chimney outlet radiand the mixing section length, the

annual NET and NPV are increased significantly.eAfiour-level optimization, the
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annual NET and NPV of WSCPPDW are averagely impidwe 2.4 x 18yuan and
3.9 x 10 yuan, respectively.

(4) As the working time of WSCPPDW gets longee #innual NET increases
and the annual NPV firstly increases and then @se® The inflection point of
annual NPV is brought forward by 10 years afterrtiodevel optimization. Before
optimizing the chimney mixing section length, thewth rates of annual NET and
NPV both increase and then decrease. After optimgitihe chimney mixing section

length, the growth rates of annual NET and NPV elase continually.

Symbol table
Letter
Benefit (yuan)
C Cost (yuan)
D Double declining balance depreciation rate (%)
E Annual output
k The k-th year
m Total years of working (year), m=30
M Freshwater output (ton)
NET Net income (yuan)
NPV Net present value (yuan)
p Power (kW)
r Loan rate (%)
TNET Total net income (yuan)
TNPV Total net present value (yuan)
\% Volume of construction material @n
X The discount rate
y The rate of risked return
z The risk degree
Subscripts
all Total income or total cost
anti Anticorrosion
cap Capital
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CO;
debt
depr
insu
int
inv
o&M

res

Sys

tax
tot
u

W

Greek symbol

Carbon emission

Debt

Annual depreciation expense
Insurance

Interest

Investment

Operation and maintenance cost
Unit price

Net value of fixed assets
Raw salt

System

Income tax rate

Tax

The integrated system

The u-th optimization
Freshwater

Inflation rate

Output efficiency of raw salt/7,.=3.5%
Annual growth rate

The risk-free discount rate

The growth rate of annual NET and NPV
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Highlights:
e The economic analysis model of WSCPPDW was devdlope

« The effect of wind supercharging device on economierformance of
WSCPPDW was studied.

 The influence of the optimization of different pareters on economic
performance was explored.

* The annual change regulations of economic perfocenaaf WSCPPDW were
researched.
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