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MULTIVARIANT MODELING AS A TOOL IN DESIGNING
ENERGY AND TECHNOLOGICAL SYSTEMS®

An idea of description of many system structure variants with a one mathematical model is
presented in the paper. This multivariant model is constructed on the basis of so called ,,super-
structure” which combines structures of all considered variants. Particular variants of the system
can be however judge separately with any accepted criterion as the multivariant model can be
automatically reduced to a model of any chosen system variant. A set of logical relations
defined for the superstructure and for the multivariant model itself is applied for these transfor-

mations. The presented method of modeling is discussed on an example of a steady state model
of an energy system.

INTRODUCTION

An energy system is to generate assumed quantity of products — energy
carriers of defined quality, in an assumed period of time. A designed system
must usually fulfil some additional, local limitations, e.g. on the system local-
ization or system supply conditions. Apart from this, it is possible to design
the system in different ways, considering a set of the system variants. These
variants can differ at least in:

— process structure and topological structure, i.e. kind, number, size and
arrangement of devices of equipment elements with their mutual relations;
energy systems can be combined with different heat sources, transmission
systems, heat transformations, and other components,

— operation parameters (pressures, rates of flows, specific enthalpies, temper-
atures, etc.).

*) A part of the paper was presented during the 2nd Session of American-Polish Summer
School for Young Investigators in Energy, LBL, Berkeley, June 1993.



1l UIC vardnts ndave airercnt structures or operation parameters, they have
different technical and economical characteristics — specific capital cost, spe-
cific operation and maintenance cost, thermodynamical efficiency, influence
on the surrounding natural environment etc. The basic task of pre-designing
a new energy system or modernizing an old one is the selection of its struc-
ture and determining nominal operation parameters for which the system is the
cheapest, or/and the less energy-consuming, the most environmentally sound,
the most reliable. So more than one criterion of the system quality estimation
is usually taken into account, and it is necessary to judge all considered sys-
tem variants separately. Mathematical modeling is an effective and the cheap
tool for a variant selection. Steady-state optimization models can be used to
select the system variant. This problem is discussed further on in the paper.
One cannot forget, however, that a dynamic behavior of the system should be
examined as well.

1. REMARKS ON THE STEADY-STATE MODELS

A mathematical model of an energy system is constructed on the basis of

a system structure. There are several conventions for graphical representation

of energy system structures. The structure can be depicted as a graph with

nodes (where all processes take place) that are connected with links of con-

stant parameter flows. The mathematical model of a system is a sum of sub-

-models of particular nodes. The steady-state models of energy systems can

consist of:

— equations derived from mass and energy conservation principles,

— equations characterizing type and quality of operation of devices, a plant’s
components which are the system elements,

— equations and inequalities describing imposed technical, economical, eco-
logical or other limitations,

— equations or inequalities describing qualitative relationships between ther-
modynamics parameters (pressures, temperatures, specific enthalpies, etc.),

— logical or Boolean relations,

— equations of thermodynamics parameters functions,

— criterion function,

— others — e.g. determining system reliability.

An energy system mathematical model is a set of equations and inequali-
ties characterizing the system structure nodes (devices hidden in the nodes).
Model variables are parameters of the links (mass or energy flows connecting
these devices) or parameters of the nodes themselves (surfaces of heat exchan-
gers, pipe diameters, boiler capacities, etc.). A characteristic feature of the



steady-state optimization model is that a great part of it is composed of alge-
braic linear constraints. Logical or Boolean relations have been applied in
mathematical modeling of energy systems for many years, e.g. [1-5]; they
play a special role in this model, which will be discussed further.

Model dimensions depend on a number of elements considered in the sys-
tem. This number is usually large. Therefore, preparation of an energy system
model is a laborious and time-consuming process. This disadvantage increases
when several models for particular variants of a system structure are created.

2. SUPERSTRUCTURE AND A CONCEPT OF MULTIVARIANT
MODEL

Structures of all considered system variants can be added. The resulting struc-
ture of an abstract multivariant system is called a superstructure [2] or a multi-
variant structure [6].

An example of a relatively simple superstructure is shown in Fig. 1. It is
a multivariant system for hot water generation. The heat source is a water
boiler, a steam boiler or a simplified heat and power generating plant. The
water-boiler house and the steam-boiler house can be located at a distance.
Hot water can be generated directly in water boilers, or heated in surface wa-
ter/water or steam/water heat exchangers, or heated in water-steam jet pumps.
Both water and steam can be used as a heat carrier.

One ,,multivariant mathematical model” can be constructed on the basis of
a given superstructure. Preparing such a model is much less labor-consuming
than modeling a dozen or so system variants apart from the fact that a mul-
tivariant model is much bigger than any model of particular variant. This is an
important feature of multivariant modeling. If the variants do not differ too
much, the multivariant model can be used in computations directly as in [2].
However, there are usually some limitations in using this model, which may
be huge and hard to control. In some cases it can contain equations (or in-
equalities) which are correct for particular variants but are mutually inconsis-
tent. This is because particular nodes can play different roles at different sys-
tem variants. Furthermore, as it was mentioned earlier, the variants of the sys-
tem design should be estimated individually. To take the advantage of the
positive feature of the multivariant modeling (reduction of time and labor for
model elaboration), it is necessary to convert the multivariant model to models
of particular variants in possibly the least labor-consuming way, so automati-
cally. Definite equations and inequalities of the multivariant model must be
removed or changed and definite variables which are not variables of the cho-

sen variant model must be eliminated. For this purpose, logical or Boolean
relations can be used.



jued uoneIouas Iejem 10y B Jo armonnsisdns v 1 81y

69 L i 2. - — dwnd 08 ¥y
28 %6 Y Bifens 88 M Bugemalio —>] ueid |
> s > > O'vl_ Gy 98 vonezieIauiLap 1z
19 8 L€ 0/ F»Em:mmm. ) or NN 9y 708 pLY an 4
£z $8o3 ] 1enog ’ e .
pA o 72 W8I | 1sjem €€ J mvow 2z
A 5 1ony B 0l Jaebueyoxs jeay
16 Vs v (€L a/nssaud ybiy
t1abueijoxa jeay < H4 Ve
Iojemusen 1 §2 84 = /\/mu
ge NS Gl
dwnd jef Jepuedxe 6 |11zL6t~ AvM
wies)s/iajemn
S L£ Jsbueyoxe jeay
%G AN aunssesd moj 1
% JaBueyaxe jeay e 8} 2L A
20 w LME\_\_\EMQW wm 6l [} x4
1 oy
duind jof | Ze, 44
weajsuajem 4 m/m
Nv> 99 aabuetoxe jeay
| lojem/uies)s
< A
— 4 8¢ 74
dwnd jof €€ 6] 82, 44
weejs/iojem TN > 5
€9 Sy 0E Jobueyoxa jeay Bmm\ .Mm
[of Jejemueals gl \nglzmv "
N.o/m oujoeld %m |_
dwnd jof P uoji ejs n
weas/alem $ 0c :o.aomﬂ Pm.t feny 68
be 159 ainss|aud
- . €2z c L

99




3. LOGICAL MODEL OF THE SYSTEM

The basic information for statement of the fact that a given variable or a given
equation (inequality) are elements of a model of a chosen system variant is
the fact of existence or non-existence of particular nodes and links of a super-
structure in a structure of the chosen and considered variant. The superstruc-
ture can be described by a set of logical relations which associate mutual
presence of links and nodes [6]. A logical variable [, can be assigned to each
superstructure link i, logical variable g; can be assigned to a superstructure
node j (which parameters are variables of the mathematical model), and
logical variables v, can be assigned to chosen equations of inequalities of the
multivariant model. The value of a logical variable indicates if a link, a node
or an equation (inequality), respectively, is an element of the structure or of
the model of the chosen and considered system variant.

For each node of the system structure at least one logical relation derived
from conservation principles can be defined. If any mass flow enters the node,
another mass flow which leaves the node must exist and vice versa. If any
energy (non-mass) flow enters the node, another mass or non-mass flow must

leave it. This fact can be written in a logical relation form called here a con-
servation relation.
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Fig. 2. Part of a superstructure — part of a regeneration system of a power unit: a — cold

water, b — warmed water, ¢ — main heating agent (steam), d — hot condensate from adjoin-

ing heat exchangers, e — cold condensate, f,g,h — condensate from other technological
subsystems

Figure 2 presents a set of three surface steam/water heat exchangers which
can be a part of a regeneration system at a steam power unit. For the second

(central) heat exchanger the two following conservation relations can be de-
fined:
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Mutual existence of flows depends as well on technological features of
modeled devices. This can be illustrated on the example of the water expand-
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Fig.3. Water expander: a — high-pressure water, b — low-pressure water, ¢ — steam

er, shown in Fig. 3, where outflow of steam ¢ exists only if outflow of ex-
panded water b exists. It is described in the relation (3) called here a techno-
logical relation

Lol AL ©)

A good example of another technological relation is
Ll AL 4

written for the node containing a steam turbine
(Fig. 4). The relation (4) states that if the turbine
is supplied with steam, some amount of steam
must outflow behind the last group of the stages
for cooling them.

Other logical relations which associate mutual
presence of links result from special features of
given superstructures. More precisely, these fea-
tures are a consequence of accepted mutual con-
nections of nodes. One such structural relation
can be defined for the part of superstructure
given in Fig. 2. Three points of a condensate
e input to the regeneration system (flows f, g, h)
Ei e are possible. Only one of these three solutions

ig.4. Steam turbine: ¢ — steam . . .
inlet, b, ¢, d — steam bleeding, €an be accepted in particular system variant. No
¢ — steam outlet, f — mechanical two of the flows f, g, k, can exists simultaneo-
energy usly. This statement is written in the form of the

Y,

logical structural relation
(lf A lg) \% (I ANL)V { A L) = false (5)

The above-listed relations stated the mutual existence of links (flows). The
existence of nodes or rather existence of particular devices in the nodes de-
pends on the existence of flows assigned to them. This can also be written in



the form of logical relations called here nodal relations. An example of a no-
dal relation for the central heat exchanger in Fig. 2 is

g <1, AN (6)

If steam and water do not supply the node simultaneously, the heat exchange
surface does not exist. The node converts to an ,empty node” in which no
processes occur.

The knowledge of existence of particular links and nodes in a given struc-
ture of a system variant is sufficient for removing needless variables from the
multivariant model. These variables, as it was mentioned, are parameters of
the flows represented by the links, or of devices hidden in the nodes. Remov-
ing a part of the variables transforms equations and inequalities of the multi-
variant model. Some of them disappear. However, this conversion is not al-
ways correct. Some equations or inequalities must be skipped besides the
variables removed [8]. It is also possible to determine the existence of particu-
lar equations or inequalities of the multivariant model in the model of the
chosen variant, using logical relations. These relations were called additional
relations. For typical nodes of energy system structures, it is easy to determine
for which equations (inequalities) additional relations should be defined.

For example, in the case of the water expander (Fig. 3) one of the model

equations determines the specific enthalpy of the out-flowing saturated water
as a function of pressure in the expander

i) h,-¥ (p,) = 0 )

where: h — specific enthalpy, p — pressure, index * — state of water satura-
tion. The equation (7) — marked as equation i) of the multivariant model —
can be false if the steam flow ¢ is neglected in the superstructure and the
water expander is replaced by an ,,empty node”. The water flow a enters the
node and flow b of the same parameters leaves it. The variables &, andp,
are actually variables of the chosen variant model as the link & (flow b)
exists in the structure of this variant but the water b need not be saturated.
Although h,, p, are not removed from the multivariant model, the equation
i) should be skipped. If a logical variable v, is assigned to the equation i),
the following simple additional relation determines its value

vV, =g (8a)
The additional relation has the equivalent form

v, ol (86)

The above-mentioned five categories of the logical relations create a kind
of a logical model of the multivariant system



conservation relations IC) «rC)
technological relations IT(l) « rT (1)

— structural relations IS =rS) 9
— nodal relations qg <= N
— additional relations veAl,q)

where IC, rC, IT, rT, IS, rS, N, A are sets of left or right sides of speci-
fied groups of logical relations, respectively.

Superstructure and multivariant model reduction

A structure of any system variant can be defined by neglecting a limited num-
ber of links of a superstructure
A 1 = false (10)
iely
where I, is a set of these neglected bonds.

Solution of a set of conservation, technological and structural relations with
the assumption (10) obtains a value of I — a full information about existence
or non-existence of any superstructure bond at the structure of the chosen
variant [6]. Solving a set of nodal relations with this value of I, one can de-
termine g — so the information about the existence or non-existence of partic-
ular nodes of the superstructure, at a considered variant. Finally, the solution
of additional relations with the earlier determined values of I and g provides
the necessary information for eliminating some equations (inequalities) from
the multivariant model.

Contrary to the multivariant model reduction, it is relatively easy to illus-
trate the superstructure reduction. In the case of the superstructure shown in
Fig. 1, if one neglects only three following flows of: turbine feeding steam 3,
water heated in surface heat exchangers 55, water-boiler feeding water 73, and
solves a set of appropriate conservation, technological, structural and nodal
relations, the structure of a system variant shown in Fig. 5 results. It is
a simplified scheme of a real system of technological water heating in Sulfur
Mine ,,Basznia” in the South-East Poland. In this system, a steam boiler house
is a heat source, and contaminated technological water is heated in a one-stage
water/steam jet pump.

The values of I, q and v, determined for the chosen variant of the sys-
temn, can be used for the multivariant model conversion to a model of the
considered variant. The conversion is a two step process. At first variables —
parameters of flows (links) or devices (nodes) for which I, = false org; = false
respectively, are removed from the multivariant model equations and inequal-
ities. Then model constraints (equation and inequalities besides an objective
function) are skipped if all of their variables were removed or the value of v;
assigned to the constraint is false. The automatic process of the multivariant

model conversion is relatively easy in the case of model consisting only of
linear or linearized constraints.
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nological water supplying system for a sulfur mine, with a nonlinear objective
function, presented in [7]. The model has been elaborated and successfully
used for testing and verification of the described method of a linearized multi-
variant model reduction. It consists of more than 1360 constraints with more

than 1120 variables. The accepted superstructure of the system has 213 nodes
and 443 links.

4. FINAL REMARKS

The implementation of multivariant modeling of energy system would make
»pre-designing” analyses quicker, cheaper and easier. Up to now, in frames of
research work, done in the Institute of Heat Engineering — Warsaw University
of Technology, several numerical programs were prepared for automatical
generation of some parts of a linearized multivariant model and a logical mod-
el of an energy system, for solving a logical model with assumptions such as
(10), and for the reduction of a multivariant optimization model with a linear
or linearized constraints, and linear or nonlinear objective function. These
programs were supplemented with appropriate optimization procedures. How-
ever, as optimization with linearized models is not efficient enough, if the
multivariant modeling with logical relations is to be implemented widely, it
seems that a method and numerical programs for reducing a multivariant mod-
el with nonlinear constraints (of defined forms) should be elaborated.
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MODELOWANIE WIELOWARIANTOWE JAKO NARZEDZIE
W PROJEKTOWANIU SYSTEMOW
ENERGO-TECHNOLOGICZNYCH

Streszczenie

W artykule przedstawiono koncepcje opisu wielu wariantéw systemu za pomoca jednego
modelu matematycznego. Ten wielowariantowy model jest tworzony na bazie tzw. ,,superstruk-
tury”, kiéra faczy w sobie struktury wszystkich rozwazanych odmian. Poszczegélne warianty
systemu moga by¢ jednak oceniane oddzielnie, wzgledem przyjetego kryterium, poniewaz
model wielowariantowy moze by¢ automatycznie redukowany do modelu dowolnego wybrane-
go wariantu. Do przeprowadzenia tej transformacji wykorzystywany jest zbiér relacji logicz-
nych opisujacych superstrukturg i sam model wielowariantowy. Prezentowana metoda modelo-
wania zostala oméwiona na przyktadzie modelu stanu ustalonego systemu energetycznego.

MHOT'OBAPUAHTHOE MOJJEIMPOBAHUE KAK UHCTPYMEHT
IMPOEKTUPOBAHHWS DHEPT'O-TEXHOJIOTHYECKUX CUCTEM

Kparkoe comepxamwue

B crarbe mpemcraBleHa KOHNENOWs ONMUCAHWS MHOXECTBA BapHAHTOB CTDYKTYD
CHCTEMbl OJHOHM MAaTEMAaTHIECKON MONENBI0. DTa MHOFOBADHAHTHAS MOJENs KOHCTDY-
mpyercs Ha 6ase T.H. ,CYNEPCTPYKTYPHi’, KOTOpas COGIHHSET B ce6e CTPYRTYDHI
BCEX DACCMAaTPHBAEMBIX Dpa3HOBHAHOCTEX. OTHENBHBIE BADHAHTHI MOTYT ONEHHBATHCS
OTHENBEHO, OTHOCHTEALHO IPHHSITOTO KDHTEDHS, TaK KAaK MIHOBEHHAS MOIETh MOXKET
aBTOMATHYECKH OIPAHMYHBATECA MOJENLIO NPOM3BONGHO BHIGDAHHOrO BapHamTa. s
OCYIIECTBIEHMS 3TOH TPaHCHOPMADHMK HMCHONBL3YETCH MHOXECTBO JOTHIESCKMX CBS3€H,
KOTOpble ONWCBIBAIOT CYHEPCTPYKTYPHI M CaMy MHOTOBAPHAETHYIO Mojenb. lIpencras-
JICHHBIM METOJ, OIMCAaH Ha NpWMepe MOAETH SHEPreTHYECKOM CHCTEMBI B CTAGHILHOM
COCTOSIHHH.



