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4, CONCLUSION

Between 1972 and 1977, there was a substantial decline in both primary a;c‘l Sicge,rgd?ﬁi
energy intensity in the service sector. Had 1977 energy technologoy been use c;:r en;_r
service sector would have used 23% less primary energy anq 12% lescsi secondary ne glj,;l
The major exceptions to this trend were in the medwfia:ll ;emcetﬁnd :r vlil;:tsl::t ;:cacm.auy

i i d energy efficiency, the s
spite of the overall trend toward increase . -
b;;came more electricity-intensive. Had 1977 cnergy 'te'(:hm;}ﬁﬁy bg;erell ;;Sti?cilt; i159;:2;110‘-:

i [ % more electricity. ou
service sector would have used about 9% : : ot
i i i i bstantial amount of primary energy.
efficient end-use fuel its generation requires a su ot ‘
service sector currently consumes about 25% of U.S. electricity Ol:ltpl.;lt afn;:l meeting an
increasing demand for electricity in this sector may pose problems in the future.
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Abstract—Thermo-economic functional analysis is a method for optimal design or improvement
of complex thermal systems. Thermodynamic concepts are combined with economic considerations
in a systems approach. Units are the basic elements of the system; each unit has a particular
quartified function (purpose or product). The distribution of functions establishes inter-relations
between units or betwezn the system and the environment and leads to a functional diagram of
the system. The optimization minimizes the total cost of owning and operating the system, subject
to constraints revealed by the functional diagram and analysis. The general formulation and a
numerical example are presented.

NOMENCLATURE
by cost coefficients (constants) Greek letters
2 C annual fixed charge rate t second-law efficiency
c, price of efectricity ($/kJ) Has = W/MAh) [or the turbine-generator

<y price of fuet (3/kJ) = MA®/W for the pump-motor

Cow  Specific heat of water IS vector of ail the Lagrange multipliers
g7 chemical essergy of fuel a number of units
Fim pump material factor (constant) T number of units and junctions
enthalpy per unit mass v specific volume
£, number of outputs from unit r Ih) maintenance factor ]
M mass @ number of units, junctions and branching
m, number of inputs to unit r points
N hours of operation per year .
ny  number of transfer units of condenser Subscripts . .
A, number of decision variables for unit r ! the ith decision variable
P pressure 0 reference state ) )
p parzmeter r the rth upit (r = 0 is for the environment)
R, overall heat transfer resistance of condenser w water
S entropy Overmarks
5 negentropy : per unit time
s entropy per unit mass - relerence quantity (constanr)
T temperature - fixed value of an otherwise variable quantity
v velocity :
W power ;
X vector of decision variables
Y contraint function )
y vector of all the inputs and outputs

Y1  the product of unit r
¥r&  the kth output from r
Y., the jth input to r

I. INTRODUCTION

Earlier work by Tribus, Evans and El-Sayed on thermo-economics!? led to the concept
of thermo-economic isolation (T1) introduced by Evans.? In order to approach thermo-
economic isolation, Tribus® and Evans et al* made use of the functions or purposes of
thermal system components, but the conditions for approaching TI remained to be derived.
The attempt to derive formally the complete set of conditions for TI has led us to the
development of a new and generally applicable method for optimal design or improvement
of complex thermal systems, which we call thermo-economic functional analysis (TFA).

2. FUNCTIONAL ANALYSIS
2.1 Concepts and definitions

A thermal system (thermal power plant, refrigeration plant, chemical plant, etc.) consists
of a set of inter-related units.® Each unit has one particular function (purpose or product).
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Functional aznalysis is “the formal, documented determination of the function of the
system”” as a whole and of each unit individually.}

2.2 The functional diagram of a system

The picture of a system will be composed of small geometrical figures representing the
unpits and a network of lines representing the distribution of the unit functions. This is the
functional diagram of the system. Junctions (where the functions of two or more units
merge) and branching points (where the function of a amit is distributed to more than one
unit) are considered to be fictitious units, unless they correspond to real components of
the plant.

3. THERMO-ECONOMIC FUNCTIOMAL OPTIMIZATION

The optimization objective is the minimization of the total cost of owning and operating
the system, with income included as a negative cost.

3.1 Total optimization

The system is considered to be operating at the stizady state with products of a specific
type, but not necessarily of predetermined quantity. The objective function is

_ o . fotma ,
minF =% Z + Z Lo (1)

r=1 k=1

where F = cost rate of owning and operating the whole system, Z, = amortized capital
cost rate of unit r including fixed charges and masntenance, Iy« = cost rate associated
with you. For 1 €k < 0,10 is positive and represents expenditure corresponding to
services purchased by the system from the eavironment penalties for environmental
poliution or other social hazards can be quantified and included. For
lo+ 1kl + Mg, "o, is negative and represenits profit from seiling products.

Costs are functions of decision variables and quantities purchased or sold as follows:

z.l' = Zr(xra yr.l) = er {23)
fo.k =ToYor} = Tous (2b)
F=Fxy=F. (2c)

Both sides of Egs. (2) are expressions for cost rate, but the left hand side (c.g. Z,) represents
the cost rate quantity itself, while the right hand side (¢.g. Z ) represents the mathematical
functional operation which generates its numerical wvalue.

In view of Egs. (2), the objective function takes the form

¢ gtmg
minF = %, Zxyed+ T Toulyor 3)
The equality constraints are
Y, =Y, ;.Y )=Y,, =021 0 j=L12.,m) (4)
Yo=Y,y =010, k=12.,7) (5

The constraints (4) give the inputs to the unit r as functions of the product y,, and the
decision variables x, of the unit. The constraints {5) represent interconnections between
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units Or betwee]] a unit aI]d tllB eﬂVl s} i 51
I [llllel‘lt, Whlch are l'eveaif:d h t]]e u Cti() & iag
f n n l dlaoram

y
I“equal]t constraints Would noi alte[ the baSIC pl] Cl [CS 0[ [hc "lethod bu[ the)‘ W]ll
n p ]

For the solution of the optimization problem, the method of Lagrange multipliers has

been chosen, which leads readil i
osen, y to the special cases of decomposition a -
economic isolation.” The Lagrangian is ’ nd thermeo

a Zg+mp

L= Z‘ Z"+ kzl rO.l-: + Z Z j‘r.j{}/r,j_yr.j)
r= = r=0j=1
w tr'
+ Z Z ;'r'.k(yr,j - yr'.k)' (6)
rFE0k=1

The necessary conditions for an extremum are

V. Lix,y,0) =0, (7a)
V,L(x,y,A) =0, {7b)
V,L(x,y,») = 0. (7c)

It is proved in Ref. 5 that the Lagrangian takes the convenient form

@ £, Zotmy
L= Z {r,— kzl Ao iYri) + kZ (Tox — AoxYou) (8)
r=1 = =1
where
rr = Z,, + 2 R'r.jy;,j' {9)
=1

The conditions (7c) lead to a restatement of the constrai i i
condisione (a bl o ints given in Eqs. (4) and (5). The

8(’21 r,)/ax,,. =0 (r=12..,0 i=L12..,n), (10)
Aow=0T04/0yox (k=1,2,...0y + my), (11)
lex =008y, (r=12,..,0 k=12,.7). (12)

. The concept.of internal economy introduced by El-Sayed and Evans? and the correspond-
ing 1nterpretgt10n of Lagrange multipliers as economic indicators of prices are maintained
he're. According to Egs. (11), (12), each Lagrange multiplier can be viewed as the marginal
pn’lc“:; of th; c.orrf-:spondiglg function (product) y.

e optimization problem is solved by using the followin :
values for the decision variables x; (b) solve Egs. (4}, (5) for %hirgzt;il;:ict;é?)vsail;aﬁlgss;'t (2§
determine the Lagrange multipliers from Egs. (11), (12). We stop when Eq. (10) is satishcd

to an acceptable approximation. Otherwise, we select a new set for x and repeat the
procedure.
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3.2 Fixed-product optimization

This case arises when the income functions [y (yo,.), £+ 1 <k < £y + mgy, are not
known, but the products are fixed and known quantities:

YOAi::yO.j (k={0+js j=172:""m0)1 (13)

The objective function in such a situation is

@ ‘o
I'I,"liynF = Z Zr(xrvyr.l.) + Z rG.k(YO.k)~ (14)
) | .

r=1 k=

Equation (6) is vaiid if the upper limit £, + m, of the summation over [y is replaced by
£y, while Eq. (8) takes the form

w £
L= Z (rr - kgl )'r.kyr.k>

r=1

2 m,
+ 3 Mok — AgaYod + '21 4o Y0, (15)
K= i=

The procedure to solve the optimization problem is similar to the one described in Sec.
3.1.

3.3 Main actions for TFA and O

In summary, the thermo-economic functional analysis and optimization of a thermal
system comnsists of the following actions: (1} identifying the functions of the system as a
whole and of each individual unit; (2) constructing the functional diagram of the system;
(3) formulating the optimization problem, ie. {a) selecting the decision variables, (b) deriving
the cost functions Z{x,,y, ,} and [q (v, ), {c) deriving the constraint functions Y, A%, ¥
(d) derivimg the explicit form of the optimization equations; {4) solving the system of
optimization equations. Parametric study and sensitivity analysis may follow.

4. APPLICATION OF TFA AND O TO A FOUR-UNIT THERMAL POWER PLANT

4.1. Description of the plant and main assumptions

The method will now be applied to a simplified thermal power plant. The system is
considered to be made up of four units: (1) boiler, (2) turbine-generator, (3) condenser and
condensing supply works (¢.g. cooling towers, cooling—water-circulating pumps etc.), and
(4) boiler feed pump (see Fig. 1),

A distinction must be drawn between a unit and a component. The cooling tower or
cooling-water-circulating pump are components. However, in this example, they are not
considered to be separate units but are instead combined with the condenser in a unit
having one function. The number of units in a system is not unique and depends on the
available information and desired results. The designer may select high (many units) or
low resolution (a few units), depending on the objectives.

It is assamed that the plant produces only electrical power at a specified rate W The
power required by the pump is supplied from outside the system. All of the components
are well insulated and losses through the pipes connecting the components are negligibly
small.

4.2. The functional diagram of the system

The function of each unit will be measured by means of essergy (as defined by Evans®)
and entropy. To identify the functions and their distribution, the following procedure is
used: a closed loop of an essergy-carrying stream is considered, Fig. 2. The units take from
this stream or from outside the system the amount of essergy required for their operation,
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Fue}

Ex.Gasas Alr

(al) (b}

Fig. 1. A four-unit thermal power plant (B = boiler, T = turbine, G = generator, C = condenser, P = pump)

and giye their product either back to the stream or to the environment. The operation of
the units creates entropy, which is rejected to the environment through the condenser. In
otlller words, the condenser is supplying the system with the negative of entropy (negentrc;

as introduced by Brillouin® and used by Smith*® to quantify the function of th’e condensfr))(,

A negentropy-carrying stream runs parallel to the essergy stream but
direction {see Fig. 2).

in the opposite

Ya.1
{ 1,1 l
11,2 1 1,3 ,
¥1.1 }

Y32

: System Boundary

¥9,2

Fig. 2. The power plant with essergy and negentropy strearns.
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|Y3.1
. ) :
R 3
' 73,1
¥3,2
Y5 2 \—SYE tem Boudary

Fig. 3. Functional diagram of a four-unit thermal power plant.

Essergy and negentropy balances along each stream lead to expressions for the vy, ;,
which are given in Appendix A. The concepts introduced in Sec. 2.2 and the procedure
described here lead to the functional diagram of the system (see Fig. 3).

An arrow pointing toward a unit does not necessarily represent a stream (of mass,
energy, essergy, etc.) entering the unit. For example, exhaust gases of a boiler form a stream
exiting the boiler; but, the service of getting rid of exhaust gases is provided to the boiler
by an other unit {not shown in Fig. 3, because of the resolution level selected). Similarly,
if the boiler is to be penalized for environmental pollution, then the corresponding
expenditure will depend on an appropriate measure of pollution, to be represented by an
arTow, say y; 4 pointing toward the unit.

4.3 Optimization of the system
Among the many quantities involved, the decision variables are selected to be

X =(T1?nl[1aTZs Tl‘:svw! r’ll4)' (16)

The remaining quantities are either dependent variables or parameters. The objective
function is given by Eq. (14) with 0 = 4 and ¢, = 3.

The procedure described at the end of Sec. 3.1 has been used to solve the optimization
problem for W= 20 MW. Figures 4 and 5 show the influence of fuel and electricity prices
on optimum values of decision variables. The effect of parameter uncertainties on the
optimum solution may be obtained by using sensitivity analysis. The change (uncertainty)
in the objective function due to a change (uncertainty) in a particular parameter may be
estimated from

AF = (3F/3p,)Ap,. (17)
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Fig. 4. Effect of fuet price on optimum values of decision variables.
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Fig. 5. Effect of electricity price on optimum values of decision variables.

The maximum possible uncertainty

in the objective function caused inties |
et of PSS by uncertainties in a

Apj, (18)

AF e = Z‘éF/apj
j
while the most probable uncertainty is

AFps = /S [(@F/ep g, 1. (19)

pa;:ls n?nt:?;ahmpleésensitilvity analysis results are presented in Table 1. Primarily economic
cters have been selected, because of the inherent upn inty i ivi icti
: certainty in deriving or pr
values of these parameters. Cost data found in the literat ; S o Predicting

30%. ure are only accurate to +25-
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1
Table 1. An example of sensitivity analysis
APPENDIX A

Parameter (p.) .
) P 3F apl*) ~ Expressions for the Functions of Fig. 2 and 3
’ Symbel; Neminal Units IRy P AF The essergy flows related to the environment are:
Value " .
: Yia= Ef" Yy = ’L!w“w[Pa - Pb)f‘lq.\lw-
’ 1| e, l2.ox107" | s/xa 7.7378%10" |2.0<1077 [1.5476<10" You=Wo= My —himuse ¥, = W=y Mih, — hy)
f M2 1 2)
2] e, |8.337107%| s/x 2.3541%10° 18.33¢107 |1.9610«10 " Other essergy flows are:
3 bll 740. ‘ sl{kw)O-a 3'79]‘2110-5 74. 2'8055110-3 y1.2=“‘}"4(P4“P1)a Yz =1\flf('§1’x =¥ Yau :M’(lﬁz"i’ﬂ
4| by, 0.8 - 2.89410107" 0.08 |2.3153%197° ' Yo =$W‘;‘b3)‘, Fi="y 4 you ~yi0= MO, - vy(P, — P,
- - Yig= ~Y =M — + —
5| by, |3000. s/ (k%7 | 7.2855¢10°° | 100. 2.1857.107" ) M - va P - Py
_ _ where # is the Aow esser i -
61 by 6.1 - 2.1645¢107" | 0.07 |1.5132<107° 87 per unit mass:
7 By | 217 §/m? 1.2885%107 7| 21.7 |2.7961x10"" U=h—ho—Tls—s) and ¥ = afy.
8 by | 577 $/(kg/s) | 5.7447¢10°°| 57.7  [3.3147x10”" The negentropy flows are: _
0.71 -7 -5 )
9| b, | 378. $/(kW) 6.4086%10 37.8  {2.42235x10 $30=8: =8 =y, | = M, — 5,
101 By, 0.71 - 1.1835x207"|  0.071 |8.4029x107° Yia=8 =8, 5y, = M5, - s,),
1| £ 1.06 - 5.3079x1077( 0.106 |5.6264x10"" y“=sz_s’_’y“:“fm“’”‘)’
. s s YA,;=$¢~SJ—’ydlz=M]’B(54_SJJ’
‘ 12| ¢ 18.2 % 3.0914%10 1.82 |5.6264x10
. where:
AF .. = 7.0940x107° AF L, op = 1.0813x10"" § = ~Msfi=1,2734)
The last forms of ¥ .
3.0¥1,3.¥2,2, and y,, are obtained by multiplyi
_ temperature 7, and changing the sign. This : Y piying negentropy flows by the reference
(*) for 4P /Pj_ =0,10 positive quantities in the same um'ts.g sonvemient procedure is used in order to obrain all functions as

APPENDIX B

The followi Cost Functions
¢ tollowing e ] i ; s .
14y g equations have been derived in Ref. 5 by using information from several sources (2.
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