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Thermoeconomics of seasonal latent heat storage system

Yasar Demirel'*" and H. Hiiseyin Oztiirk?

" Department of Chemical Engineering, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, U.S.A.
2 Department of Agricultural Machinery, Faculty of Agriculture, Cukurova University, Adana 01330, Turkey

SUMMARY

A simple thermoeconomic analysis is performed for a seasonal latent heat storage system for heating a
greenhouse. The system consists of three units that are a set of 18 packed-bed solar air heaters, a latent heat
storage tank with 6000 kg of technical grade paraffin wax as phase-changing material, and a greenhouse of
180 m?. The cost rate balance for the output of a unit is used to estimate the specific cost of exergy for a
yearly operation. Based on the cost rate of exergy, fixed capital investment, operating cost, and economic
data, approximate cash-flow diagrams have been prepared. The systems feasibility depends on the cost rate
of exergy, operating cost, internal interest rate, and rate of taxation strongly. A cash-flow diagram based
on exergy considerations may enhance the impact of thermoeconomic analysis in feasibility studies of
thermal systems. Copyright © 2006 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Latent heat storage (LHS) is a popular research area with industrial and domestic applications,
such as energy recovery of air conditioning (Go et al., 2004), under-floor electric heating
(Lin et al., 2005), and greenhouse heating and other applications (Demirel et al., 1993; Demirel
and Paksoy, 1993; Ramayya and Ramesh, 1998; Bascetincelik et al., 1999; Rosen and Dincer,
2003; Saman et al., 2005). LHS provides near-isothermal heat storage and recovery, and also,
exergy loss in a LHS system is smaller compared with that of sensible heat storage due to the
finite differences between fluid temperature and phase-changing material (PCM) under the
mechanical equilibrium (Rosen and Dincer, 2003). As solar energy storage system is primarily a
waste, clean energy management, it is environmentally friendly.

Thermoeconomic analysis accounts the true potential of energy when it combines the ther-
modynamic principles with engineering economics to estimate the cost of exergy (Szargut, 1990;
Tsataronis, 1993; Erlach ez al., 1999; Demirel, 2002; Sciubba, 2003). This study presents the simple
cost rate balances for estimating the cost rate of exergy and displays the discounted cash-flow
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1002 Y. DEMIREL AND H. H. OZTURK

diagrams (DCFD) based on approximate exergy costs, fixed capital costs, and operating costs for
a seasonal LHS system (Demirel e al., 1993; Bascetincelik et al., 1999; Ozturk, 2005). It shows the
impact of incorporation of a cash-flow diagram (CFD) in thermoeconomic analysis.

2. SEASONAL LATENT HEAT STORAGE BY PARAFFIN

The case study involves a seasonal solar LHS system using paraffin as PCM (Demirel et al.,
1993). Figure 2 shows the three basic units that are the solar air heaters, the LHS, and the
greenhouse, which are briefly described below.

2.1. System of packed-bed solar air heaters

The system has a total solar heat absorbing area of 27 m” consisting of 18 packed-bed solar air
heaters using an air-flow rate of 600m>h~" (Demirel and Kung, 1987). Each solar heater has
1.5-m” absorber area with a length of 1.9m and width of 0.9 m. Raschig ring type of packing
made of polyvinyl chloride with the characteristic diameter of 0.05 m is used within the air-flow
passage. The packing enhances the wall-to-fluid heat transfer mainly by increasing the radial
and axial mixing as well as reducing the wall heat-transfer resistance (Demirel, 1989; Ozturk and
Demirel, 2004).

2.2. Latent heat storage unit

The solar energy is stored in a horizontal steel tank, 1.7m long and 5.2m wide, containing
6000 kg of technical grade of paraffin wax as PCM. Paraffin wax consists of mainly straight-
chain hydrocarbons (> 75%) and very little amount of branching. Commercial waxes may have
a range of about 8—15 carbon-number with a volume contraction less than 12% during freezing.
The tank is insulated with 0.05 m of glass fibre wool. Inside the paraffin, there are two embedded
spiral coils made of perforated polyethylene pipes with a total length of 97 m and diameter of
0.1 m. The coils carry the warm air-flow pumped from solar air heaters as well as the cold air
from the greenhouse. Differential scanning calorimeter measurements show that the paraffin has
a melting temperature range of 48—60°C and approximately 190 kJ kg~' of latent heat of melt-
ing. Paraffin wax freeze without supercooling, and melt without segregation.

2.3. Greenhouse

The greenhouse with an area of 180m? and a height of 3m is covered by 0.35mm thick
polyethylene, and is aligned north-to-south. Heat storage unit connects the solar air heater
system to the greenhouse with appropriate fans, valves and piping. Whenever the temperature in
the greenhouse drops below a set point, a fan circulates the air from the greenhouse through the
PCM until the greenhouse temperature reaches an acceptable level.

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Energy Res. 2006; 30:1001-1012



THERMOECONOMICS OF SEASONAL LATENT HEAT STORAGE SYSTEM 1003

3. THERMOECONOMIC ANALYSIS OF THE LHS SYSTEM

Thermoeconomic analysis combines exergy analysis with economic analysis, and calculates the
efficiencies and costs based on exergy. The exergy and the cost analyses are briefly described
below.

3.1. Exergy analysis

Accessible work potential is called the exergy that is the maximum amount of work that may be
performed theoretically by bringing a resource into equilibrium with its surrounding through a
reversible process. Exergy is always lost by irreversibilities in a system. For an incompressible
gas initially at temperature 7; with constant heat capacity, the exergy is a simple function of
temperatures when the pressure change is negligible

o}

X =mC, [(n —To)— T, ln(%)] (1)

where C, is the specific heat and T, is the reference (dead state) temperature.
The exergy balance and the exergy loss is given by

> {m)m Q<1 T°> + WS} - > {m)u Q(l T°) + Ws] = Xioss  (2)
into system Ty out of system T

where W is the work rate. The terms in square parenthesis show the exergy accompanying mass,
heat, and work, respectively, while Xjos represents the exergy loss. If a system undergoes a
spontaneous change to the dead state without a device to perform work, then exergy is com-
pletely lost. Therefore, exergy is a function of both the physical properties of a resource and its
environment.

Figure 1 shows the temperature profiles in charging and discharging operations for the
countercurrent LHS with limited sensible heating and cooling of the paraffin. An optimum LHS
system stores and recovers exergy with as little as possible exergy losses. The warm air from the
solar air heater system heats the PCM, which may initially be at a temperature 7. lower than
the temperature at which the melting starts. After a while, the paraffin melts completely, and
may eventually reach to a temperature Ty, after sensible heating. Therefore, the paraffin un-
dergoes a temperature difference of Ty,— Ty, as shown in Figure 1.

Tei
—> .
Teo
Xpl, cp1 Xep, cep
Ts Tsh
_
—
Tse
T
. do e
Xdp. cdp Tai X3a, c3a
i

Figure 1. Typical temperature profiles of a LHS system for charging (c) and discharging (d) operations.

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Energy Res. 2006; 30:1001-1012



1004 Y. DEMIREL AND H. H. OZTURK

For a yearly operation, the solar heat recovered by the solar air heater system for charging the
paraffin would be

Qc = mccpc(Tai - Tao) (3)

where 7 is the charging fluid mass flow rate, T,; is the air inlet temperature, which is practically
equal to ambient air temperature, while T, is the temperature of the warm air leaving the solar
air heater system. A part of the solar energy recovered will be stored by the paraffin (Q;) with
sensible heating and sensible cooling effects

Os = my[Cps(Th — Tse) + AHy + Cor.(Toh — Th)] 4)

where AH,, is the heat of melting, T} and T}, are the lowest and highest melting points of the
paraffin, and C,g and C, are the specific heats of solid and liquid states of paraffin, respec-
tively. Equation (5) represents the seasonal heat storage starting with a subcooled solid tem-
perature of T, and finally ending with a superheated temperature of T, of liquid PCM. The
lost solar energy that is not stored would be

Qloss = Qc - Qs Q)
The rate of exergy stored by the paraffin is
. ) T,
Xs=0s(1—-—=
o(1-) 0

where T, is an average temperature of the paraffin, which may be approximated by
(Tsc + Tsh)/2~

Assuming that the air pressure changes are negligible, the net rate of exergy transfer to the
paraffin from the charging fluid is

AXC = (Xci - Xco) = mccpc |:(Tci - Tco) - T In (%)} (7)

The exergy efficiency of the LHS is the ratio of the stored exergy rate to the supplied exergy rate
by the solar air heater system

®)

where

T,
Xao :mccpc (Tao - To)f T, ln<7-a:0>:|

[}

It is assumed that the PCM is totally melted and heated to a temperature 7Ty, when dis-
charging fluid starts recovering heat estimated by (see Figure 1)

Q4 = mygCpa(Tai — Tao) )

The heat gained by the discharging fluid will be lost by the PCM, and the exergy change of the
discharging fluid would be

. . . Tai
AXq = (Xdi — Xao) = mgCpq |(Tai — Tao) — To 1H<Tj )} (10)

where mq is the mass flow rate of discharging fluid.

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Energy Res. 2006; 30:1001-1012
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3.2. Cost analysis

Flows leaving a unit that is a subsystem with control volume are considered as products. For
any unit or a subsystem, the specific cost of exergy ¢ for entering or exiting streams is

c=C/X (11)

where C and X are the cost rate and the rate of exergy transfer for a stream, respectively.
However, the total cost of a product and other exiting streams would include the fixed capital
investment C;p, and annual operating cost of equipment C;op for a unit i. Then the cost rate
balance for a single unit i is

(Z Cij) = (Z Cij> +Ci,F + Ci,OP + Ci,loss (12)
J out J

m

where ¢; is the specific cost of stream j in $kW year ', X; is the rate of exergy of stream j in
kW-year, C iloss 1S the loss due to heat-transfer interactions between a unit and its surroundings.

Figure 2 shows a structural diagram (Valero et al., 1994) of the complete seasonal LHS with
the three units. All the work interactions for fans, valves and pressure changes in ach unit are
assumed to be negligible. From Equation (12), we have the cost rate balance for the product of
warm air to be used in charging the paraffin

CpIXpl = CaXa + CseXse + Cif+ CI,OP + Cl,loss/\'/l,loss (13)

where ¢; is the specific cost, and X; is the rate of exergy. The subscripts pl and a are the product
1 and the air, respectively, while se is the solar energy. The terms C;r and Clﬂop are the fixed
capital cost and operating cost, respectively, of the solar air heater system. X Lloss 1s the total
exergy loss through the solar heater system. The operating cost is usually 20% of the fixed
capital cost. The specific costs of ambient air and solar energy are assumed to be zero. There-
fore, the specific cost of warm air as product 1 of unit 1 is

Cir + Crop <X11ms)
cpr = LETELOR (s (14)
P Xp] 0ss Xpl

where

T, . . T
Xp1 =mC, |:(Tpl - T,)— T, ln< 7?1>:| and X1joss = Olloss (1 O>

o Tls
Solar Solar
Energy . Energy
. Xep, Cep .
l Xse, Cse i T X3p. C3p

Alr Xpl, cpl .

. Solar Air | Latent Heat X3a, ¢ Greenhouse

Xa ca Heaters . Storage 5 | - ;

A
Xdp, cdp

Figure 2. Three units of the solar heat storage by phase-changing material of paraffin. (The exergy losses
of the units are accounted in the analysis.)

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Energy Res. 2006; 30:1001-1012



1006 Y. DEMIREL AND H. H. OZTURK

T\, is the surface temperature of the solar heater unit, and QUOSS is the solar energy loss from the
solar air heater system to the surroundings.
We can operate the LHS in charging and discharging modes. The cost rate balance for
charging is
cepXep = ep1Xp1 + Cor + Ca.0p + Catoss X 2 loss (15)

where Cg,op and C, f are the yearly operating cost and the fixed capital cost of the LHS system,
which includes the paraffin, the tank with the coils and the insulation. The total exergy loss for
the LHS X055 accounts for both the charging and discharging operations. For a yearly op-
eration, the total rate of exergy for charging is assumed to be equal to the rate of exergy stored
by the paraffin (X, = X;). Then the specific costs of air leaving the LHS (unit 2) as charging
product, cp is

Xpi Cor + Caop Xy
() 23 o ()
By using the exergy efficiency defined in Equation (8) 1 = X/X 1 in Equation (16), we have
1 Cor + Coop X2 loss
Cep = C - + _— + C SS ’ 17
p pl <’1> X, 2,10%%( X, > ( )

As <1, the specific cost of charging will be higher that the specific cost of exergy rate trans-
ferred from the solar air heater system, and is a function of exergy efficiency 7.
The cost rate balance for the discharging mode is

Cdedp = Cchcp + C3aX3a + C2,OP (18)

In Equation (18), only the operating cost involving the discharging is used, as the fixed capital
cost is already accounted for charging. Also, the exergy loss is not added as it is already
accounted within the charging cost analysis. For a yearly operation, the rate of exergy of
discharging air is equal to the total rate of exergy stored by the paraffin (Xgp = X5 = X¢p) by
assuming that all the exergy stored is recovered with negligible exergy losses. The specific cost of
air leaving the LHS (unit 2) as discharging product, dp is

X3, Caop Xy
Cdp = Cep + C3a (7:) + Xs + C2loss X:)SS (19)
where

g . T3a

X34 = m3,C, (T30 —T,)— Ty In T

o

The cost rate balance around the greenhouse shown in Figure 2 is

cp3Xp3 + C3aX3a = Cdedp + cseXse + CGyF + C3,OP + cS,lossX3,loss (20)

where C3op and Cs,p are the operating cost the fixed capital cost of the greenhouse. Assuming
that ¢,e = 0, we have the specific cost of air inside the greenhouse at a required temperature

1 . . . .
Cp3 = X_ (Cdes + C3,F + C3,OP — 32X 32 + C3,10$SX3,IOSS) (21)
p3

where

. T,
Xp3 = 13 Cy | (Tos — To) — T 1n< T"3>]

[}

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Energy Res. 2006; 30:1001-1012
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Inserting Equations (14), (17), and (19) into Equation (21), the specific cost of the air suitable
for conditioning the greenhouse becomes

1 3 3. 3. .
Cp3 = 5 (Z Cir+ Z Ciop + Z Ciloss + C20p (22)
p3 \ i=1 i=1 i=1

where C,-JOSS is the cost rate due to exergy loss of a unit 7.

4. RESULTS AND DISCUSSIONS

Thermoeconomic of the LHS system involves fixed capital investments, operational costs,
and exergy costs. It is difficult to estimate the fixed capital and operating costs precisely,
since the costs of fuel and equipment change with time. An engineering cost index (Turton
et al., 2003) is used to estimate the approximate costs of the solar air heater, and the steel tank
where the paraffin is placed. The cost of the greenhouse is approximated by using the
0.35mm thick polyethylene cover sheet and aluminium construction. The operating costs
are assumed to be 20% of the fixed capital costs for the solar air heating system and the
greenhouse. The relatively lower operating costs for the charging and discharging are assumed
as 10% of the fixed capital cost of the storage tank that are the cost of the steel tank, the paraffin
with the corrugated polyvinyl chloride coils inside, and the fibre glass wool insulation outside
the tank.

Yearly revenues and savings are calculated as the solar exergy gain through the solar air

heaters
T,
Xee=1(1—— 23
. ( TSS) 23)

where T is the surface temperature of the Sun and assumed to be 5800K, and 7 is the
solar radiation. Using an average sunshine period of 2624 hyear ™', and average solar radiation
intensity of 3.67kW hm 2 per day in Adana, Turkey, the average yearly rates of the transferred
and stored heat in the LHS unit are 236.5 and 179.3 kW, respectively (Ozturk, 2005). On the
other hand, the approximate yearly average exergy transferred and stored are 12.4 and 8.8 kW
(Ozturk, 2005). The average value of the stored exergy is used in the cost rate calculations in
Equations (19) and (21). The working capital is assumed to be approximately 10% of the total
fixed capital cost excluding the cost of land. Approximate cost data and other economic pa-
rameters are tabulated in Table I. It is assumed that the three basic units of the seasonal LHS
system (Figure 2) constructed after one year. Table II shows the accumulated discounted cash
data over a 12-year useful life of the LHS operation with depreciation applied for 8 years. The
investment column in Table II represents the cost of land, fixed capital cost as spent money. The
last line indicates the summation of the land, the salvage value, and the working capital re-
covered after the useful life of the LHS system. Figure 3 shows the DCFD. The revenue and
savings are based on the fuel value of the exergy gain by the solar air heater system. The
Depreciation (D) is obtained from the straight-line method

_FCC-S

D
k

24

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Energy Res. 2006; 30:1001-1012



1008 Y. DEMIREL AND H. H. OZTURK

Table I. A typical approximate local cost data used for discounted cash-flow diagram for seasonal heat
storage system. (a) i = 8.0%; (b) i = 5.0%; (¢) i = 2.5%.

Approximate local cost data

(a) (b) (©)
Solar air heater system
Fixed capital cost, Cy g, $6000 x 18 ($) 108 000 108 000 108 000
Operating cost, C;op = 0.20C; ¢ (3 year ') 21600 21600 21600
Total cost C; () 129 600 129 600 127440

Latent heat storage (LHS) system
Fixed capital cost, C, F, (steel tank + paraffin +insulation +coil)(§) 200000 200000 200000

Operating cost, 2C2,0p, 2(0.05C, ¢ )($ year ) 20000 20000 20000

Total cost, C5 ($) 220000 220000 218000
Greenhouse

Fixed capital cost, C3 ($) 95000 95000 95000

Operating cost, C3op, (0.20C5 p)($ year™ b 19000 19000 19000

Total cost, C3 ($) 114000 114000 112100
Total fixed capital cost, FCC (Cyf + Cor + C3r)(§) 403000 403000 403 000
Total operating cost, (Cyop + 2C20p + C3.0p)($ year") 60 600 60 600 54 540*
Yearly revenues or savings, R($year ') 95000 95000 95000
Working capital, WC, (0.1 x FCC)($) 40300 40300 40300
Land, L (§) 25000 25000 25000
Discount rate i (%) 8 5 2.5%
Taxation rate: ¢ (%) 30 25 20*
Salvage value S ($) 20000 20000 20000
Useful life n (years) 12 12 12
Number of years of depreciation, k (years) 8 8 8
Net present value, NPV (§) —159649.4 —110498.4 —4704.4

*Reduced operating cost by 10%, and incentives in discount rate and taxation rate.

where FCC is the total fixed capital cost, and # is the useful life assumed as 15 years. The book
value (BV) is the capital, which has not yet been depreciated, and estimated from

k
BV =FCC-> D (25)
=1

I
where the subscript & is the years subject to depreciation. Non-discounted cash flow after tax is
estimated as the net profit + depreciation

NDCF = (R — COP — Dy)(1 — 1) + Dx. (26)

where COP is the cost of operation, and ¢ is the tax rate.

The DCFD is based on the approximate local cost rates and the economic data in Table I,
and therefore it is sensitive to the costs of fuel, electricity, and exergy as well as the equipment
and operation. Annual cash flow is discounted to time zero to find discounted cash flows. The

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Energy Res. 2006; 30:1001-1012
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Table II. Discounted cash-flow estimations for a seasonal LHS system with low interest rate i = 2.5%, and
low tax rate ¢t = 20.0%. Economic data is in Table I(c).

Investment D BV R COP NDCF DCF CCF
n %) (Syear ') (Syear™) (Syear™') (Syear ') (Syear ') (Syear ') (Syear ')
0 —25000.0 0.0 403000.0 0.0 —25000.0 —25000.0 —25000.0
1 —403000.0 0.0 403000.0 0.0 —443300.0 —432487.8 —457487.8
2 0.0 47875.0 355125.0 95000.0 54540.0 41943.0 39922.0 —417565.9
3 0.0 47875.0 307250.0 95000.0 54540.0 41943.0 38948.2 —378617.6
4 0.0 47875.0 259375.0 95000.0 54540.0 41943.0 37998.3 —340619.3
5 0.0 47875.0 211500.0 95000.0 54540.0 41943.0 37071.5 —303547.8
6 0.0 47875.0 163625.0 95000.0 54540.0 41943.0 36167.3 —267380.5
7 0.0 47875.0 115750.0 95000.0 54540.0 41943.0 35285.2  —232095.3
8 0.0 47875.0 67875.0 95000.0 54540.0 41943.0 34424.6 —197670.7
9 0.0 47875.0 20000.0 95000.0 54540.0 41943.0 33584.9 —164085.8
10 0.0 0.0 20000.0 95000.0 54540.0 32368.0 25285.8 —138800.0
11 0.0 0.0 20000.0 95000.0 54540.0 32368.0 24669.1 —114130.9
12 0.0 0.0 20000.0 95000.0 54540.0 32368.0 24067.4 —-90063.4
13 85300.0* 0.0 20000.0 95000.0 54540.0 117668.0 85358.8 —4704.7

*$83 500 = land cost + salvage value + working capital.

D: depreciation: straight-line method: D = (FCC — S)/k.

BV: book value: BV = FCC — Y (D).

NDCEF: non-discounted cash flow: net profit + depreciation: (R — COP — Dy)(1 — ) + Dy.
R: revenue and saving.

COP: cost of production.

DCEF: discounted cash flow.

CCF: cumulative cash flow.

cumulative discounted cash flows yield a net present value (NPV). NPV shows the cumulative
discounted cash value at the end of useful life of a system. A NPV of —$159 649 is obtained at
end of 12 years of useful life operation of the LHS system when discount rate i = 8% and
tax rate 1 = 30% (Figure 3(a)), while the value of NPV is —$110498 for i = 5% and t = 25%
(Figure 3(b)). Similar CFDs can also be prepared for individual units.

Because, DCFDs display the cash flows over the years of operation based on the current
economic values, such as interest rates, taxation, and the cost rates of fuel, it may enhance the
impact of the thermoeconomic approach in design and operation of thermal systems. Beside
that, DCFDs based on exergy incorporate the true potential of energy. Consequently, DCFDs
may help evaluating the profitability of a design and operation. It may also help quantifying the
monetary gains of environmentally friendly systems and utilization of renewable exergy. The
profitability criteria may be obtained in terms of payback period (PBP) and NPV. PBP is the
time required, after the construction, to recover the fixed capital investment. Positive values of
NPV and shorter PBP are preferred (Turton et al., 2003) for a feasible design and operation.
Savings due to the use of solar exergy, the CFD maintains a positive slope. Provided that the
fixed capital cost is lowered, and with the monetary intensives due to environmental friendly
technologies, a profitable LHS system with positive NPV and an acceptable PBP can be
achieved (Frangopoulos and Caralis, 1997; Sciubba, 2003). For example, by lowering the op-
erating costs by 10% due to increased exergy efficiency, and assuming the low rates of i = 2.5%

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Energy Res. 2006; 30:1001-1012
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Figure 3. (a) Discounted cash-flow diagram for the LHS system: (a) i = 8.0%, and ¢ = 30.0%; (b) i = 5.0%,
and ¢ = 25.0%; and (c) i = 2.5%, and ¢ = 20.0% and Y C;op = $54 540 year—'.

and ¢t = 20% as incentives for using renewable energy, NPV becomes —$4704.4, as shown in
Figure 3(c). This level of NPV makes the LHS system feasible.
5. CONCLUSIONS

Thermoeconomic analysis accounts the cost of exergy within the economic analysis to obtain
feasible design and operating conditions. Exergy analysis takes into account the true potential of

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Energy Res. 2006; 30:1001-1012
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energy. The cost rate balance based on a product of a unit enables one to estimate the specific
cost of a product based on exergy or ratio of exergies. Discounted cash-flow diagrams incor-
porating the cost rate of exergy may enhance the impact of thermoeconomic analysis as it
displays the exergy and time value of the money, and help determining the feasibility of overall
design and operation of thermal systems.

NOMENCLATURE

¢ = specific cost (SW ")
C =cost ($year™ ')
C, =specific heat (kJkg 'K ")
CFD =cash-flow diagram
D =depreciation ($ year™)
DCFD =discounted cash-flow diagram
FCC =fixed capital cost ($)
H =melting enthalpy (kJ kg ")
i =rate of interest (%)
L =cost of land ($)
LHS =latent heat storage
m =mass flow rate (kgs™")
n = useful life (year)
PCM = phase-changing material
0 =heat flow (W)
R =revenue ($year ')
S =salvage value (%)
t =time, s; rate of taxation (%)
T = temperature (K)
T =lowest melting point (K)
Ty =highest melting point (K)
w =work (W)
X =rate of exergy (W)
n = efficiency
Subscripts

=air
c =charging
ci =charge in
co =charge out
cp =charging product
d =discharging
di =discharge in
do =discharge out
F =fixed capital
k =vyears for depreciation
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L =liquid

m =melting

0 =standard, reference (dead state conditions), out
opP = operating

pi =product i

s =storage, shaft work

S =solid

sC =subcooling in solid

se =solar energy

sh =superheating in liquid
3a =air used in discharging
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