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Chapter 1
Introduction

Combined heat and power forms the most effective means of reducing the con-
sumption of primary fuels and, thus, decreasing the emission of hazardous prod-
ucts of combustion into the environment [1-4, 6]. In particular, it would be
possible to considerably reduce the emission of greenhouse gases.

Schematic diagram of one of the existing thermal power stations with a capacity
of 1,200 MW is presented in Fig. 1.1.

The potential of heat and power cogeneration as a means of serving the pur-
poses of Primary Energy Saving (PES, Fig. 1.2) is insufficiently utilized in the EU
member states.

The promotion of cogeneration constitutes the priority of the EU, as described
in the preamble to directive 2004/8/EC of the European Parliament. This preamble
introduces the notion of high efficiency cogeneration and indicates that the relative
energy saving of PES of over 10% justifies the application of this term with regard
to electric heat and power generation in a combined process.

The effective application of energy resulting from cogeneration is likely to
increase the security of the energy supply across the EU. At present, the depen-
dence of the EU on imported primary fuel supplies currently accounting for 50%
of the requirements is projected to rise to 70% by 2030 if the current trends
continue. Thus, it is necessary to take adequate action to ensure better utilization of
the opportunities offered by cogeneration based on the demand of heat. The EU
member states have been obliged to conduct an analysis of the potential for the
application of combined heat and power production and analyze the framework for
the development of CHP.

An interesting and relevant opportunity in terms of energy and ecology as well
as for economic reasons is offered by the modernization of steam turbine power
stations to operate for purposes of cogeneration and heat generation Qfl besides
electric power production, (Fig. 1.3).

The modernization of power stations to combine heat and power will result in
an improvement of the overall energy efficiency. Concurrently, on the global scale

R. Bartnik and Z. Buryn, Conversion of Coal-Fired Power Plants to 1
Cogeneration and Combined-Cycle, DOI: 10.1007/978-0-85729-856-0_1,
© Springer-Verlag London Limited 2011



1 Introduction

PROCESS STEAM

130 175-0

@

I Q

e 10 1 10

im i i
%,g 5} ! BT a »: 7
= T | 9]
= - ai_h-ii}j %%_ 2
g —}}:ﬂ:‘_ P0G
% DISTRICT HEATING NET

Fig. 1.1 Schematic diagram of thermal power station

Conventional heat and power

generation

1028 Fuel

Electric
power
station

n=0.36

Electricity

259 Fuel

Heat
station

17=0.85

Heat

370

220

Combined heat and

power system

370
Combined heat
1056| | Fuel and power [~
station Electricity

7 =056 Heat |)220

—AE =1028+259-1056=231
PES =231/(1028+259)=0.18

Fig. 1.2 Comparison between separate and combined heat and power systems



1 Introduction 3

(a)

(N}
LL

COAL

HPR

COAL
e

1 {
IR ] COAL

STEAM
BOILER

9 Qe
—
8
@
cond
o—

Fig. 1.3 Schematic diagram: a conventional coal fired condensing power plant with steam
turbine; b steam turbine power plant adapted to cogeneration; ¢ steam turbine power plant
adapted to cogeneration and repowered by gas turbine in parallel system (SR steam reheating,
HPR high pressure regeneration, LPR low pressure regeneration)



4 1 Introduction

the process will lead to limiting the emission of pollutants into the natural envi-
ronment, and this particularly concerns CO, emission. In addition, the economic
parameters of the utilization of the power station will be considerably improved.
However, this will be determined by the relations between the market prices of
energy carriers, relation between the prices on heat and electrical energy, and the
level of charges imposed on the pollution of the environment, in particular posi-
tions on the allocation of CO, allowances.

Among the possible ways of adapting a power station to cogeneration it is
possible to distinguish the following alternatives:

(a) extraction of hot steam supplying a heater from (Fig. 1.3b):

e high pressure steam pipeline (point 1)
e cold reheat pipe or hot reheat pipe (point 2 or 3)
e turbine extractions or crossoverpipe (point u)

(b) removal of two, three final rows of blades from the low-pressure section of
the steam turbine to increase the pressure and concurrently the saturation
temperature in the condenser and application of the latter as a heater; for
lower ambient temperatures the thermal power for heating purposes would
have to be complemented from peak load water boilers

(c) modified power station for heat and power production with installation of gas
turbine and heat recovery steam generator (Fig. 1.3c).

In alternative (a) (point 1) we do not deal with the effect of a combined system;
however, depending on the above-mentioned relations between the market prices
of energy carriers it is possible to obtain the effect of improvement of economic
indicators; hence, a necessity to consider such an alternative follows.

In the above alternatives, it is necessary to analyze the viability of increasing coal
batching into the boiler, thus restoring the power station to its initial power output.

The smallest exergy losses [4, 5] occur for the case of alternative (a) (point u),
which results in the smallest decrease of electricity production in the power sta-
tion. In addition, this alternative seems to be most reasonable with regard to the
technology since it secures a constant yet flexible operation of the power station
that meets the requirements of the combined system in accordance with a yearly
schedule summarizing demand for heat. For these purposes, this alternative
requires an in-depth technical and economic analysis. The results of such analyses
will render it possible to undertake a rational decision regarding the selection of
an investment program aimed at the modernization of a power station to
cogeneration.

A very important modernization potential of the coal-fired power industry are
the so-called clean coal technologies based on gas turbines and characterized by
relatively high energy effectiveness and low emission of pollutants to the envi-
ronment. They are, among others, dual fuel gas-steam combined-cycle technolo-
gies coupled in series or parallel systems (Fig. 1.4).

What is really important is that the systems, can be created on the basis of the
presently existing coal structures by adding a gas turbine. In practice, the parallel
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Fig. 1.4 Diagrams of dual fuel gas-steam combined cycle: a in series system (Hot Windbox),
b in parallel system. GTI gas turbine installation, HRSG heat recovery steam generator, ST steam
turbine, RS regeneration system, S7/ steam turbine installation, SG steam generation, SR steam
reheating, LPR, HPR low pressure heaters and high pressure regeneration, NS”, N5T power of gas
turbine and power of steam turbine

system is a more energetically and economically effective method of a power
plant modernization [4]. That is why for such a system a mathematical model of
a power unit was elaborated enabling the analysis of its energetic and economic
modernization effectiveness and selection of a gas GT power unit optimum
power.

The principal aim of this monograph is the presentation and analysis of the
following:

e the economic and energetic efficiency of the process of adapting a coal-fired
power station to cogeneration by application of low-pressure regenerative
exhaust for feeding heaters using heating steam for various configurations

e the thermal and economical effectiveness of conventional coal-fired condensing
power plants repowered by gas turbine in a parallel system.

The analysis involves a coal-fired power station with rated electrical power
output of 370 MW.

In particular, the scope of the monograph involves the description of the
following:

e mathematical model of the technology at a power station for the particular
alternatives of the feeding heaters using heat with steam from turbine
extractions,

e optimization algorithm,

e optimization calculations of various alternatives of feeding heaters,



6 1 Introduction

e analysis of background-related factors, e.g. the effect of the distance from the
power station to heat consumers as a parameter affecting energetic and eco-
nomic justification for the selection of alternatives of heater feeding modes and
selection of an optimum solution,

e methodology of thermal and economical analysis of modernization of existing
coal-fired power plants repowered by gas turbine and heat recovery steam
generator.

In summary, the presentation of the methodology, calculation procedures, and
tools used to support the planning of enterprises aimed at adapting power stations
to cogeneration and combined cycle forms the primary objective of the research
presented in this monograph. It also undertakes a research problem that is very
up-to-date and necessary to solve. It is relevant both in terms of offering more
in-depth analysis in the area of power engineering and can also serve for the
purpose of practical application of the results.

This methodology of conversion of coal-fired electric power stations to com-
bined heat and power concerns nuclear power plants as well.

During optimization of technical and thermodynamic parameters, construc-
tion of machines and installations and their structures it is necessary to apply
the economic criterion [3, 4]. Economic criterion is superior to the thermo-
dynamic criteria. Thermodynamic analysis (exergy, entropy) enables one to
search for the possibility of improving technological processes and technical
solutions. But finally in the market economy it is the economical criteria and
the income maximization that decide about the justification of each techno-
logical concept, and the cost-effectiveness decides about embarking on an
investment. If the investor had been unsure that the return rate from an
investment would not have been high enough prior to taking the decision about
an investment, the risk of investing money would not have been taken. How-
ever, we have to bear in mind that economic analysis is possible after ther-
modynamic analysis has been performed. It is their results that offer input
variables for economical analysis.

References
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Chapter 2

Selection of Optimal Heating Structures
for Modernization of Coal-Fired Power
Stations to Cogeneration

2.1 Methodology of Selection of Optimal Heating
Structures for Modernization of Coal-Fired
Power Stations to Cogeneration

The economic criterion should govern the process of optimization in the market
economy in solving technical problems. The economic criterion is superior to the
thermodynamic design aspects. Thermodynamic criteria may be adopted in the
quest for an opportunity to improve thermal processes; however, the justification
of the application of a specific technical solution should be decided on the basis of
the economic evaluation criteria.

Maximization of the profits resulting from its application needs to be the cri-
terion for deciding the selection of optimum heating structures for modernization
of coal-fired power stations. In general cases, this criterion is expressed by the
relation [1]:

SM _ KM SM+1 _ KM—H 1 1
NPV = A I A e + (SI:Od _ Kgnod) (7 _ )

M , (14 )M PN PM1 (2.1)
—1J —%}1— 1 —vy) — max
O (l + r)M ( p)( m)
where:
Jimod capital expenditure made in year M (Fig. 2.1) on the moderni-

zation of a power station to cogeneration; Jy,q is the function of
the means of modernization;

Jo discounted capital expenditure on construction of a power station
or the price paid for its purchase, e.g. from State Treasury by IPP
(Independent Power Producer) (Eq. 2.2);

K. annual cost of exploitation of a power station;

R. Bartnik and Z. Buryn, Conversion of Coal-Fired Power Plants to 7
Cogeneration and Combined-Cycle, DOI: 10.1007/978-0-85729-856-0_2,
© Springer-Verlag London Limited 2011
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Exploitation period Exploitation period succesive to modernization
before modernization \

\__Modernization period

1 e M1 M+1 t-years N-1

M - Instant when the modernization starts (t = M)

0 - launch of exploitation of a power station (t=0) N

Fig. 2.1 Exploitation cycle of a power station

Vi relative value of the market of heat and power; share of State
Treasury in the total profit gained from exploitation of a power
station after its purchase by an IPP;

P gross corporate profits tax rate expressed by the relation:
Zy=8Ar—K. — Z,’ pXiJYi;

r interest rate of capital expenditure;

Sa annual revenues from power station;

OM> PMm+1> PN, annual depreciation rate expressed by interest rater to secure the

ON_M payback of capital expenditure Jo and J,,q along with interest

after N and N—M years of exploitation.

If the modernization of a power station to cogeneration is undertaken by an IPP
investor, the discounted capital expenditure J, (at a time ¢t = 0; Fig. 2.1) associ-
ated with the construction of power station should be substituted with the price of
purchase e.g. from State Treasury in the function of the objective (2.1). This price
is expressed by Eq. 2.2 [1].

Figure 2.1 presents the diagram illustrating the exploitation period of a power
station by an IPP, which identifies the periods prior to and successive to the
modernization used in the methodology for the purposes of the current research
(Egs. 2.1, 2.2).

The arguments of the criterion for maximizing gain (2.1) involve the following
functions (decision making variables):

e function of annual cost of the operation of the adapted power station which is
formed by the sum of capital costs (depreciation) K, =, px;/yi and

exploitation cost k™4 K¢ = Kg%d + K9,

e function of annual revenues Sg“’d which is the function of the price of energy
carriers along with K™Y among others,

¢ function of capital investment necessary for the modernization of the power station
to cogeneration Jy,oq relative to the technology applied for the modernization,
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e functions of annual depreciation rates Py, Pwm+1s PN» Pn—m and rates of
[omliRr™> [PMe1)irr? > [Pn]Rre Eq. 2.2, which are relative to the sources of
P P P

funding of the investment, IRRLPP rate, which is the minimum interest that an

IPP should receive from investment J, and J,,oq in the purchase and moderni-
zation of the power station and discount rate of capital investment r.

In the search for the highest possible value of the function of the objective (2.1)
there are a number of constraints imposed on the decision making variables
resulting from the details of technology and financial determinants.

They are:

e constraint equations.
purchase price paid by IPP (this constraint does not pertain when the State
Treasury offers the funding to cover the cost of modernization) [1]:

(SN —K3") (SN -k mod mod 1 1
|:[‘)M]IRRLPP * (lilRR;PP>MH + (SA -k ) ([PN]IRR{}’P - [/’Mﬂ]mk}f‘")} (1 _p)(l N Vm)

e 1= (1=p) (1= )]

- [pN]lRR%)PP

PN—MJ mod {1 - (1 —p)(1 _Vm)} ( . . ) - (HIﬁ"ﬁipp)M

[PN]IRR}]PP - [ﬂmlmk;w

1= e [1= (1 =p)(1=v)]

Jo=

_|_

(2.2)
where:

IRR;PP minimum interest rate that an IPP should gain on the
capital investment Jy and J,,oq; investors tend to determine
the minimum, i.e. threshold value of the internal payback
rate IRR]'™” to compensate the risk of investment (besides
warrants in the form of sale agreements and energy price
guarantees forming an incentive to invest) at a rate which
is higher than investment in deposits in the capital market;

[Pmlirerre annual depreciation rates expressed by IRRI™” rate; and

[on1] IRRI"> [ox] IRRIP?
e non-equality constraints:

(a) annual gross profit Zg“’d from the operation of a power station successive to
modernization should be greater than or equal to zero:

ZR4 = SRt — KT — pnJo — puwidmod >0, 23)

(b) capital expenditure needed for the modernization can be constrained by the
financial capacities of IPP or the limitation can result from the adopted
technology
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Jmod LI o (2.4)
and
Jmod 2 21217 (25)

(c) interest rate needs to be at least equal to the interest rate that can be offered to
IPP by the capital investment J, and J,,,o4 on the purchase and modernization
of the power station:

r<IRR}". (2.6)

Instead of constraint (2.3) it is possible to impose a stricter restriction on gross
annual profit such that the latter should not be lower than the profit obtained prior
to the modernization of the power station to cogeneration:

Z3M>Z = S\ — K = pxJo >0. (2.7)

The restrictions (2.3)—(2.6) impose the range of admissible solutions (Fig. 2.2).
The equation constraint in (2.2) makes it possible to eliminate from calculations
one of the decision making variables.

In the generalized case, i.e. taking all decision making variables into consid-
eration in the optimization criterion, it is non-linear and, as a consequence, it is
possible that its extreme could be an intermediate point in the set of admissible
solutions. The search for its maximum value may, consequently, involve gradient
methods after complementing the functional using penalty functions [2, 3] that can
considerably deteriorate its values for the case when constraints are not fulfilled
(2.3)(2.6).

Accounting in the relation (2.1) for instance as decision making variables only
for linear quantities:

1. value of the difference between the revenues and cost of exploitation of the
power station after modernization ST°¢ — K™m°d
2. capital expenditure Jy,oq

and with the application of non-equality constraints:

1. capital investment J;,,q is at least equal to the expenditure J Qgﬁ necessary solely
for the construction of inexpensive water boilers in the power station and is
lower or equal to the financial capabilities J25 of the IPP (its credit rating) or it
results from the technology adopted in modernization
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Fig. 2.2 Graphical representation of the extreme of a linear function

mod < Jmod < I (2.8)
and

2. constraint (2.7) in order to secure an improvement in the economic efficiency of
the power station after modernization, i.e. annual gross profit Z%°® should not
be lower than the profit prior to the modernization process ZX :

S70 — K0 > S~ KM 4 py i (2.9)

Thus, we have to do with a model of linear programming since the criterion of
optimization NPV is in the form of a linear function (Fig. 2.2). The analysis of the
functional (2.1) is then considerably simplified. If, additionally, the range of the
admissible solutions is limited by a system of linear relations, the functional gains
a maximum at a point that is the extreme in this area (Fig. 2.2). If the extreme is
gained at two different peaks, this value is also obtained in every point of the
section which joins them. The optimal value of Sg“(’)‘;l, K:“;’St and Jnod opi, Which
secure that the optimization criterion gains the maximum value, can be obtained
using simplex method [2]. If the constraints are non-linear, the extreme will lie on
the border of the area of the admissible solutions.

At the point (max) of the intersection between two lines 1: Jyod = J™1 and
I: S3°¢ — k™4 = max the functional in (2.1) assumes its maximum value.
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An optimum procedure to be applied during the modernization of the power station
to cogeneration will be the alternative for which case the values of SX"d — K?Od
and J,,oq Will lie as close to this point as possible.

The search for an optimum way of modernization will make it possible to find
not only a reply to the question regarding the optimum decision making strategy,
i.e. the scope and technology to be adopted during the modernization thus enabling
the most effective way of modernization from the economic perspective, but will
also help to determine the scope of the economically acceptable price relations
between the use of energy carriers and utilization of the natural environment, and
the acceptable prices of CO, allowances. These are the fundamental questions that
need to be answered during the modernization of coal-fired power stations to
cogeneration.

2.2 Analysis of Energetic and Economic Efficiency
Resulting from Modernization of Coal-Fired
Power Station to Cogeneration Using Steam
from Turbine Extraction

As noted in Chap. 1, the alternative that is most justified from the thermodynamic
point of view involves the modernization of coal-fired power stations to cogene-
ration using steam from the turbine extraction. This is made sensible due to the
lowest possible exergy losses accompanied by the smallest decrease in production
of electric energy while maintaining a constant heat stream. This chapter will focus
on the analysis of such a mode of operation from the thermodynamic and eco-
nomic perspective. Due to the fact that the research involves the use of a single
extraction point for steam bleeding to a single heater (Fig. 1.3b) the analysis is
somewhat simplified. However, it does have a practical justification. This is so
because the analytical economic and thermodynamic notations of cogeneration are
general in nature. They present a number of regularities that are relevant also
during the supply of a number of heaters using a number of turbine extractions.

An examination accounting for a number of exhausts and heaters and involving
the identification of their optimum structure is associated with the need to consider
a particular power unit and develop a mathematical model applying the energy
characteristics of the particular facilities in a power unit and perform numerical
calculations. All these parameters are considered in the latter chapters of this book
(Chaps. 3-6). The results of analyses are therefore in the form of numerical data
gained for specific input data obtained for a case of a particular power station;
hence, the results cannot be generalized. This is not the case for analytical nota-
tions, which are general and thus, the results can serve for an extensive analysis. In
addition, the need to repeat calculations a number of times as well as to perform
large numbers of computations for various input data forms an impediment to the
application of the mathematical model of the examined phenomenon in a
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programming environment. Moreover, the utilization of the model is practically
possible only by their author—if a specific program interface is developed. This
does not pertain to the analytical notation. Therefore, analytical notations are
immensely valuable, as they form the expression of the all-time truth: For the
things of this world cannot be made known without a knowledge of mathematics
(Roger Bacon, 1214-1294). Besides being general, analytical forms offer the
possibility of gaining some more information about an examined phenomenon.
They make it possible to explicitly assess the effect of the particular input data on
the output and easily and quickly establish an optimum solution together with a set
of the solutions that are close to the optimum. Moreover, it is possible to indicate
the direction of the established changes. They permit the discussion and analysis of
the results, which plays an important role in engineering. Furthermore, analytical
notations make it possible to derive general conclusions. As a result of the
application of economic parameters, the solutions gained enable one to state
conclusions regarding the economic determinants of the implementation of
cogeneration in a power station. Moreover, it is possible to determine the eco-
nomically justified relations and acceptable ranges of price ranges of energy
carriers.

The fundamental inequality constraint during the search for the maximum of
the functional (2.1) is the condition that the annual gross profit Z° gained from
the operation of the power station after modernization is at least not lower than the
profit prior to the modernization—relation (2.7).

Hence, the prerequisite of the economic justification of the modernization of the
power station to cogeneration—under the assumption that its technical condition
enables its long further exploitation to be expressed by the relation:

AZy =273 — 20 = Qpen — AEG " e — AKY > 0. (2.10)

If we were to additionally account for the likelihood of the change in the price
of electricity by Aeg, the Eq. 2.10 could take the following form:

Z3 = Qnen + (EG' A — AES ) (ea + Acer)

2.10a)
ElLM El,M El,M (
- (KA +AK§1)ZZXI :Eel,'A €el _KA'

while ES’XI, KZI‘XI constitute the net annual production of electricity and annual

operating cost of the power plant before its modernization to combined heat and
power.

Consequently, the revenues from the sales of heating Qe have to at least
compensate for the reduction of the revenues gained from the sales of energy
AEl:ll.’fteel and increase of the operating cost in the power station AKE. The

increase in the annual cost AKE' is associated with the capital investment on the
modernization of the power station to cogeneration Jyoq = Juiid + Jswitchgear +
Jau + Jinsd + Jg};‘ + Jinst + Jheat (investment in buildings, switchgear, systems of
automatic control, modernization of turbines for combined heat and power,
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heat distribution pipeline with network pumps, installation to maintain adequate
static pressure of water in the heat distribution pipeline and heat exchanger stations
and an additional cost K, of the power needed to supply pumps necessary to put in
motion the pumps in the main heat distribution pipeline and the accessory ones

AK = (2p + Sserv)Imoa + Kp (2.11)

where:
Z0Jmod depreciation;

Oserv/mod  COst of maintenance and overhaul of equipment.

On condition that the consumers of heat are located in the vicinity of the power
station, the investment Jynoq Will be relatively smaller, since the term J3 has a
predominant effect on the value of J,0q.

Note that Eq. 2.11 does not account for the increase of the payroll in the power
station. It has been assumed that this cost does not increase. The reduction of
electric power in power station ANSI1 results from the hot steam 7, extraction from
the turbine that is fed into a heater. Bleeding of the heating steam concurrently
results in decrease in the volume of feedwater heated in the low-pressure regen-
erative preheater (if condensate from the exchanger with the specific enthalpy of
hyg is carried back into the system behind the regenerative preheater) and thus
leads to the decrease of steam extraction to feed this heater. The decrease in the
electric power of the turbogenerator whose electromechanical efficiency is equal to
Nme 18 thus equal to:

ANE' = (it — Ai"R) (hy — hic) e (2.12)
With the application of the balance of energy in the low-pressure regenerator
prior to the modernization of the power station to cogeneration (Fig. 1.3a):

HPR

PR iy 4 (g — iR — figey — M Vheona = (i) — tippr — Maea)h7,  (2.13)

and energy balance in this economizer together with the heat distribution center
after the modernization of the power station (Fig. 1.3b):

(mLPR _ AmLPR)hu =+ ’/hhHE 4 (ml _ mLPH _ mdea

. . L (2.14)
— iy — PN AmLPN) heond = (1ity — Ji7LPH

- mdea)h7
we gain the following:

AmLPR _ hHE - hcond (2 15)
I’i’lh hu - hcond .

The ratio of ANE' to the thermal power of the power station QSI = 1ty (hy — hyg)
is expressed by the equation:
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— A]Vleal1 — (1 _ AmLPR) (hu - hk)nme _ (hu — hk)nme (2 16)
’ ]:l mh hu - hHE hu - hcond

The value of ¢ in the examined example assumes a constant value that is

regardless of the power Qfl, e =const. The value of ¢ is relative only to
thermodynamic parameters of the medium that circulates in the system. The higher
the pressure of the steam supplied to the heater, the higher the energy losses in the
system [4, 5] and the greater the values of ¢ and ANSII; hence, the greater the
decrease in the production of energy AEfﬁ A for the same volume of heat Q4. For
these reasons the alternatives (a) with the bleeding of heating steam from
extractions 1, 2 or 3 (Fig. 1.3) are not justified from the economic or thermody-
namic perspective. The differences regarding capital expenditure for the case of
alternative (a) are so small that their decrease for the case of alternative with
heating steam extraction from points 1, 2 and 3 do not compensate for the losses
associated with decrease in the revenue from the sale of electricity in comparison
to the alternative with heating steam extraction at point u. Additionally, one has to
bear in mind that intake of heating steam at extraction 1 and 2 results in the
reduction of the volume of coal combustion in the boiler due to smaller steam
bleed for interstage reheat purposes. The values of parameter ¢ for these alterna-
tives are several times, i.e. 3 or 4 times higher than the parameter for the alter-
native for extraction at point u.

Due to the possibility of practically applying two or more extractions (i = 1, 2,
3...) of the regeneration steam from the low-pressure section of the turbine for the
purposes of heating (since it can contribute to the reduction of energy losses in the
system and concurrently, decrease of the value of AESI{ A); the value of the coef-
ficient ¢ has to be calculated as the weighted mean [6]:

fo 2 & & : (2.16a)

EDINVAD ST A SR ARl
where >, Q; = O, and the values of ¢, &, &;... refer to the heat generated from
the first, second, etc. extraction in a series of connected heaters.

Using Eq. 2.16 to calculate the value of coefficients ¢, ¢, €3..., in this equation
the role of enthalpy h.onq 1S played by the subsequent enthalpy of the water fed into
ith (i = 1, 2, 3...) regenerative preheater in LPR (for the first regenerative pre-
heater from the side of the condenser this enthalpy is equal to hnq, Fig. 1.3).
However, if this fact was not accounted for and A.,nq Was substituted in each of the
extractions the effect on the value of coefficient ¢ would be inconsiderable [6].

The values of the proportions of the particular heat batches, i.e. from the first
01/04 and the following 0»/0Qa, O3/Qa... have to be determined using a chart
characterizing the demand for heat together with the chart of external temperatures
and characteristics of district heating network [3, 4, 6].

From the analysis of the relation (2.10) it results that a considerable thermo-
dynamic and economic problem is associated with the selection of heaters HE
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connected in a series from the successive extractions. An increase in their number
leads to the improvement in the thermodynamic effect of cogeneration since the
total electrical energy production AEQ A in the power station decreases, which is
accompanied by an increase of the capital expenditure necessary for the mod-
ernization to cogeneration. There is an optimum solution in terms of technology
and economic efficiency whose finding is the aim of the analysis. Concurrently, the
lower the pressure of the extracted steam, the greater the effects in terms of
technology and economic efficiency. The pressures of saturation are, however,
limited to the most remote extraction points by the temperatures corresponding to
them. In the lowest extraction point, i.e. the one situated closest to the condenser,
the low pressure limit corresponds to the temperature necessary to obtain hot water
in the district distribution system in the non-heating season. Concurrently, the
extraction point found most remote from the condenser has to secure the demand
for heat in the peak season.

The net decrease of the output of electrical energy to gain useful heat from CHP
plant is equal to:

TA
- El
AEY , = / eQ, dt = £Q,. (2.17)
0

The partial efficiency of the heat production in the power station is equal to
[1, 3-8]:
- El
0, _ Ngel
. NEL _ANEL ¢ 7
P(NCV) — = —cl
NEel

while the stream of chemical energy of the coal combustion in the boiler of the
power station is equal to P(NCV) = NE!/i.,. For the energy efficiency of the
station g = 0.36 and e.g. the value of ¢ = 0.1 this efficiency is equal to ca. 3.6,
which is a very good result from the thermodynamics point of view.

By substitution of (2.11) and (2.17) into (2.10) we can obtain the minimum
price of heat Q4 that forms a condition necessary to meet to ensure that the process
of power station modernization to cogeneration is economically justified:

0 + Oserv)Im K
€h2 (ZP+ SCV) od P+8€e1. (219)
O
When in the relation (2.19) we obtain an equality sign (AZ, = 0), the price
ey, expresses the specific cost of heat generation in the power station (cost per
energy unit):

en = k. (2.19a)
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The specific cost of heat production can be reduced as a result of restoring the
original electrical power output by burning an additional batch of coal whose net
calorific value NCV is equal to:

El
AP(NCV) = ANg (2.20)
MEel

In most cases, the boiler has a certain efficiency surplus [9] and the system in

the high-and middle-pressure section of the turbine makes it possible to increase

the stream of steam flowing through it. The value of the stream of chemical

energy of the fuel AP(NCV) used for the compensation of electric energy stream

is also the ratio of the chemical energy needed to produce heat and hence, the
relation:

- El

O _ Ol _ Meel (2.21)

AP(NCV) AEH, ¢

is the partial efficiency of heat production in the power station (Eq. 2.18). The
specific cost of heat accounting for compensation is equal to:

k}cl()m — (2,0 + 5SCTV) mod + KP + eCOa] f‘[A AP NCV)dT + AKEEU‘ . (2.22)

Oa
If we were to additionally account for the possibility of a change in the price of
electricity by Ae;, Eq. 2.22 would take the following form (compare Eq. 2.10a):

(20 + Jserv ) mod + Kp + €coal ﬁTA AP(NCV)dt + AKS™ — 5‘ XIAeel
Oa

com __
kh

(2.22a)

Equation 2.22a results from the relation
ZR = Quki™ + Eg ) (ea + Aear) — (K3 + AKR) = ZY = Egj Yea = KX
(2.22b)

By subtracting from (2.19) the relation (2.22) we will gain the value of the
decrease of the specific cost of heat generated after compensation:

€coal AKS™
Aky = € (e — —a 2.23
" ( . ”Eel) QA ( )

where e.,, means the specific coal price (price per energy unit).
The increase of the charges AK' associated with the natural environment
pollution is caused by the additional stream of chemical energy of the coal

combustion in the boiler annually and is expressed with the equation:
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APA(NCV) = / AP(NCV)dt =
0

O (2.24)
MEel

In the search for an optimum alternative of feeding heaters during cogeneration
Eq. 2.1 could be replaced with a relation that states the minimum specific cost of
heat production. The value of NPV gains its maximum when the specific cost k;,
keeps at its lowest. The criterion (2.1) can be written in the form of a relation:

e for cogeneration without compensation of electricity production:
kn — min. (2.25)
e for cogeneration with compensation of electricity production:

k™™ — min. (2.26)

2.3 Technical and Economical Effectiveness of Conventional
Coal-Fired Condensing Power Plants Repowered by Gas
Turbine with their Modernization for Combined Heat
and Power Production

Instead of combustion of additional volume of coal, thus increasing the production
of electricity, it is possible to repower the existing coal-fired unit adapted to
combined heat and power by an additional gas turbine and a heat recovery steam
generator. The parallel coupling of the two systems could in this case for instance,
involve superheating of inter-stage steam and heating of feedwater that supplies
the steam boiler in the recovery boiler by exhaust gases from a gas turbine. The
closed regeneration high-and low-pressure regenerative preheaters could then be
excluded from the system and the only remaining part would be a deaerator
(Fig. 1.3c). The superheating of inter-stage steam in the heat recovery steam
generator thus enables one to avoid the problems associated with an additional
load on the blading system in this section of the steam turbine that has an already
increased steam flow through it due to the exclusion of high-pressure regenerative
extractions from the system. Additionally, exergy losses in this section of the heat
recovery steam generator are decreased due to the reduction of the difference
between the temperatures of exhaust flue gas and steam, thus increasing the effi-
ciency of electricity production in the system.

A prerequisite for the preservation of economic effectiveness of repowering of a
power plant with a gas turbine and a heat recovery steam generator and its
modernization to the combined heat and power is that the annual revenues
from the sales of heat and additional electricity exceeds the increase of the
annual operating costs of the power plant associated with its repowering AKEl
(compare Eq. 8.7)
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AZy = Qpen + (Eq's — AES\)ea — AKY >0. (2.27)

The decrease in the production of electricity in the steam turbogenerator
AEST, = [¢* ANSldr results from heating steam extraction rin, to supply the

network heater and additional steam Arirge, for the purposes of deaerator (due to
the exclusion of high-pressure regeneration). Concurrently, due to the complete
exclusion of high-and low-pressure regenerative preheaters we deal with an
increase of the output from the intermediate-and low-pressure section of the steam
turbine. The increase of the power output from the steam turbogenerator is equal to

ANST = [(riny, + Atirgen) (hy — hie) — TR (hy — hy) — m"PR (hy — ) me. (2.28)

From the energy balance of the deaerator prior to and after repowering it by a
gas turbine in a power plant after its modernization to the combined heat and
power (Fig. 1.3a and c) results in the increase in the deaerating steam stream due to
the exclusion of high-pressure regeneration exhaust equal to

. upr he — I
Aritges = mHPRﬁ. (2.29)
u

The relative decrease of electricity production in the steam turbogenerator for

the purposes of district heating AESIT A= fg’* SGTQ]:ld‘L', which is expressed with
thermodynamic parameters of the circulating medium, in this case is equal to
ANST ho — hg hyg — hcond he — h
EGT: .Eell _ 1+ 9 8 'lHE cond 16 7 (hu*hk)
. hy — he hs — heona hy — hs
~ ho — hg hig — heona hu — hy
hy — h6 hS - hcond hu - hS
h7 — heond (1 ho —hs hg —hgh; —hs hg — h7>

(hs — h)

By —heona \ ha —hs  hy—hehy —hy  hy —hy
hHE - hcond hu - h7 "Ime
hy —h _ 2.30
hS - hcond hu - hS ( k)‘| hu - hHE ( )

Equation 2.30 is derived after obtaining the energy balances of: deaerators (Fig.
1.3a and c), systems of high- and low-pressure regeneration HPR and LPR (Fig.

1.3a), and energy balance for the section behind the heater (Fig. 1.3c). If Qfl =

. . - El
const, hs = const and in this case ¢ = const, and AES]{ A= 9O, If 0. #

const, it is possible to determine the mean value of h5 for the examined range of

. . - El - El
fluctuation of the thermal power in the range Q. € (0; Q

El
¢, max

- max/)- The maximum

thermal power O of the power plant after its modernization to combined heat
and power results from the maximum accessible stream of extraction steam. The
maximum extraction of heating steam has to secure that the remaining flow of the

condensing stream guarantees a sufficient cooling of the low-pressure section of
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the turbine’s rotor. This stream should be equal to around 10% of the fresh steam
flowing into the turbine.

The decrease of the power of the steam turbogenerator in the case of repow-
ering of the coal-fired system by a gas turbine and a heat recovery steam generator
(Eq. 2.28) is smaller than for the case of a power plant that is only adapted to
combined heat and power (Eq. 2.12). This results mostly from the total exclusion
of the high-and low-pressures regeneration systems. The mass streams '™} and
™R form a considerable share of the fresh steam stream 7i1; produced in the steam
boiler (in the above cases we assume a constant value for all analyzed cases (Fig.
1.3a, b, c). Practically speaking, the entire internal load of the power plant related
to steam is equal to iR 4 sirgeq + MR 2 0.37i; while mPR = /HMPR and rirge, =
0.0371;. From Eq. 2.28 it stems that if the heating steam stream my, fulfills the
relation

ri < i PR hy = he | uem Aitgea (2.31)
hy — hy
the power of the steam turbine in a combined system repowered by a gas turbine
(Fig. 1.3c¢) is larger than the power of the power plant NE! (Fig. 1.3a) (ANS <0,
Eq. 2.28). The variable ¢ assumes a negative value and it means an increase in
the electricity production in the steam turbogenerator.

An important quantity in the circumstances of a system repowered by a gas
turbine is associated with the incremental efficiency of electricity production,
which is defined as the ratio of the increase of electric power of the system to the
chemical energy of the natural gas that fuels the turbine. This efficiency can be
determined for the combined heat and power system in the form

_ NG+ (AN

: (2.32)
(P(NCV))

A
gas

It assumes its highest value for 77, = 0, which corresponds to the completely
condensing operation of a unit. The incremental efficiency makes it possible to
compare a system based on two fuels with that of a classical in-series gas-steam
single-fuel system based on the same gas turbine. The minus sign in the numerator
of Eq. 2.32 results from the necessity of accounting for the sign of power increase

ANslT (Eq. 2.28) following a change in the power Qfl The incremental efficiency
can also be interpreted as the apparent efficiency of the gas turbogenerator oper-
ating in a gas-steam dual system. From Eq. 2.32 we can derive that n, =
Nnor + Angr where Angr = —ANST/(P(NCV)) aasdenotes the apparent increase of

the efficiency of the gas turbogenerator, while (P(NCV)) . = NST/ngy is the
chemical energy stream of the gas combusted in the gas turbine with efficiency

gas

NGrt-
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For ri1, = 0 the apparent efficiency of electricity production in the steam tur-
bogenerator assumes its maximum value

_ NG+ (—AN)
(P(NCV))eon (2.33)

[y (h — hy + h3 — hy) — (Higea + Aritgea + in) (hy — B[ meMy
riny (hy — ho)

where the chemical energy stream of the coal combustion in the steam boiler (Fig.
1.3c), whose energy efficiency is 1, is equal to

iy (hy — ho)
coal —

(P(NCV)) "

(2.34)

The total energy efficiency of the power plant after its modernization to the
combined heat and power and repowered by a gas turbine (Fig. 1.3c) is equal to

- El
row, = Vel + (CANG) + N + O,
b (P(NCV))coal + (P(NCV))

(2.35)

gas

and is higher than the energy efficiency of the power plant prior to the moderni-
zation (Fig. 1.3a)
NE
(PNCV))ou
vy (1 — o + hy — ) — ™™ (hy — hie) — (ingea + "™ ) (ha — hi) ey
iy (hy — ho) + (g — m"™)(hy — hy)

NEel =

(2.36)

while the chemical energy stream of the coal combustion in the steam boiler in the
power plant is equal to
: iy (hy — h iy — ") (hy — h
(P(NCV))EI ml( 1 9) + (ml m )( 3 2)

coal — .

My

(2.37)

The annual net production of electricity in the gas turbogenerator with the gross
power of NST is equal to

EGT = NG (1 = ga)ra, (2.38)

where:
&g  relative coefficient of power station internal load;
T  annual in-service time of the power plant.

The minimum power of the gas turbine NST . for the adopted alternative for

parallel coupling of the two systems results from the necessity of preserving the
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thermal power of the exhaust gas Hfg (Eq. 2.43), which subsequently replaces the

thermal power of the inter-stage reheater and the thermal power of the completely

excluded high- and low-pressure regeneration heaters QSR + QHPR + QLPR

. NGT SR :HPR  :LPR
Hyy = —Smin _ NOT  — @ +to +0 ), (2.39)
Ner HRSG
while
:SR
Q" =im(hs — hy), (2.40)
.HPR .
0 =rn(ho — hg), (2.41)
. LPR ) . .
(0 = (ml — Mdea — Amdea)<h7 - h5)7 (242)
where:

nursg  efficiency of heat recovery steam generator (yrsg 1 in particular relative
to the temperature 5 of feedwater into low-pressure section, i.e. the
demand for low-temperature energy; a decrease of t5 is accompanied by
an increase of fyrsg)-

Concurrently, the temperatures of exhaust gases in the heat recovery steam
generator have to be higher than the temperatures of interstage steam and feed
water. An increase in the power of the gas turbine above Nngin would increase the
temperature of gases at the exhaust of the heat recovery steam generator. Thus, this
solution would be a drawback from the thermodynamics perspective and, pre-
sumably, economic one as well. In fact, this is relative to the structure of energy

carrier prices.

2.4 Technical Effectiveness of Conventional Coal-Fired
Condensing Power Plants Repowered by a Gas
Turbine in Parallel Systems

The power of the gas turbine and stream of enthalpy of the gases at its exhaust that
are fed into the heat recovery steam generator for the case of parallel method
applied in the modernization of the power plant (Figs. 1.4, 2.3) can be expressed
with an equation [4]

) NGT O
Hyy =—4 - NGT = 20 , (2.43)

Ngr HRSG
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where:

o) thermal power transferred via flue exhaust from the gas turbine to the
steam, feed water and condensate in an ith exhaust gas-steam or exhaust
gas—water heater situated in the heat recovery steam generator;

nursg  efficiency of the heat recovery steam generator.

From Eq. 2.43 it stems that the parallel system is characterized with a large
freedom regarding the selection of the power of a gas turbine and a better pos-
sibility of exploitation of exhaust gases in comparison to the in-series system (Hot
Windbox, Fig. 1.4) [4].

The power output of the turbine NgT can be arbitrarily large and is relative

only to the volume and value of power Q,. These parameters, in turn, can only
be limited by the economic factors associated with the financial capabilities of an
investor. For thermodynamic reasons, the higher the degree in which the gas
turbine overtakes the role of the coal-fired boiler (which is the source of exergy
losses in the system), the higher the energy efficiency of the production of
electricity. In fact, the increase in the power output of the turbine can be limited
by the possible load on the blading of the steam turbine or the admissible
overload of the electric generator coupled with it. Thus, in a parallel system one
can consider installation of the following heaters in the heat recovery steam
generator: closed feedwater heaters for the production of high-, intermediate-and
low-pressure steam, closed interstage reheater, closed regenerative high-and low-
pressure heaters and closed condensate preheaters alternatively with deaeration
evaporator [4]. The number of possible combinations of closed feedwater heaters
and their distributions in the boiler is very large. Some of them can be imme-
diately rejected since their realization would practically lead to overloading the
steam turbine, i.e. closed feedwater heaters for the production of high-and
intermediate-pressure steam along with exclusion of regenerative steam extrac-
tions in the turbine without a change in the load on the coal boiler. The
thermodynamic criterion of the selection and distribution of closed feedwater
heaters should then be the reduction of the total of exergy losses in the boiler:
the newly designed heat recovery steam generator and the existing coal-fired one
and accounting for such limitations as the technically admissible changes in the
load of the coal fire boiler and steam turbine. As mentioned above, the coal-fired
boiler has the largest exergy losses.

This chapter takes into consideration the following cases of repowering and
distribution of closed feedwater heaters in the heat recovery steam generator
(Fig. 2.3):

e inter-stage reheater + high-pressure regenerator + low-pressure regenerator—
alternative I (Fig. 2.3a),

e high-and intermediate-pressure superheaters + high-and intermediate-pressure
steam evaporators + high-and intermediate-pressure water pre-heaters + low-
pressure regenerator—alternative II (Fig. 2.3b).
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Fig. 2.3 Diagrams of: a Alternative I: conventional coal-fired condensing power plant
repowered by gas turbine and heat recovery steam generator in a parallel system; SR, HPR,
LPR—in turn steam reheating, high pressure regeneration, low pressure regeneration. b Alter-
native II; conventional coal-fired condensing power plant repowered by gas turbine and heat
recovery steam generator with closed feedwater heaters for production of high and intermediate
pressure steam and a low-pressure regeneration in a parallel system

The total energy efficiency of the power plant repowered with a gas turbine can
be expressed with the equation

rep N(§1T+AN§,1T+NgT
Mgel = 73 ;
(P(NCV))coa] + (P(NCV))

, (2.44)

gas

and is greater than the energy efficiency of the power plant priori to its repowering
(Fig. 1.3a, Eq. 2.36).
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The variable ANST is Eq. 2.44 which means the increase in the power of the
steam turbine following the process of modernization involving repowering by a
gas turbine.

For combined heat and power system (Eq. 2.32), the increase in the production
of electricity in the situation of repowering a coal-fired power plant with a gas
turbine can be expressed as

GT ST
Ny = Nep + ANy (2.45)
(P(NCV)) gy

In the literature in this field there is often an additional term (AP(NCV))_. el
added to the denominator of Eq. 2.45, which apparently represents electrical
energy, which would have been produced from the coal that has been saved
(AP(NCV)),,,; (due to the modernization of the system in alternative I as the
difference between fuel use in Eqs. 2.37 and 2.48, while in alternative Ila by Egs.
2.37 and 2.54). Attributing apparent benefits to repowered power plants does not
appear to be purposeful.

In an similar manner we can define the efficiency of generating electricity in the
steam turbine

. (2.46)
(P(NCV))

coal

The thermodynamic analysis of alternatives I and II is presented below.

2.4.1 Alternative 1

The increase of the power of the intermediate and low-pressure section of the
steam turbogenerator following repowering of the power plant due to the complete
exclusion of the high-and low-pressure regenerative heaters is equal to

ANST = [i™R (hy — hy) + PR (hy — hy) — Aritgea (B — hi) e (2.47)

From the energy balance of deaerator prior to and following repowering
(Figs. 1.3a and 2.3a) it results in the increase of the steam of deaerating steam
Atnge, expressed by Eq. 2.29.

The chemical energy stream of coal combustion in the steam boiler after its
repowering (Fig. 2.3a) is equal to

. iy (hy — ho)

(P(NCV)) (2.48)

coal .

My

If we are not familiar with the characteristics of the efficiency of the boiler in
the function of its operating load, then in the calculations we can assume the
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efficiency of the boiler prior to and following its repowering to be approximately
the same.

The power of the gas turbine NST results from the necessary thermal power of
the exhaust gas from Hfg, which that substitutes the thermal power of inter-stage
reheater QSR, thermal power of the completely excluded high- and low-pressure

regeneration reaheaters QHPR and QLPR (Egs. 2.39-2.42).

2.4.2 Alternative II

In alternative II (Fig. 2.3b) we take into account the following conditions:

e coal-fired boiler operates with a smaller load (a decrease by the value of high-
pressure steam produced in the heat recovery steam generator—alternative Ila),
and

e operation of the coal-fired boiler under a constant load—alternative IIb.

The increase of the power of the steam turbine after repowering of the power
plant is equal to:

e alternative Ila (steam stream produced in the coal-fired boiler is equal to
Mg = 1y — 1)

AN = (A" + sine) (hs — hie) + ("™ — Aritgea) (hu = hic) e, (2:49)

e alternative IIb (steam stream produced in the coal-fired boiler is equal to
g = 11y

ANST = [ng(hy — hy + hs — hy) + ring(hy — ) + (PR — Atirgea) (hy — hi) [ 1me-
(2.50)

From the energy balance HPR and for the deaerator prior to and following
repowering of the power plant (Figs. 1.3a, 2.3b) it stems in the decrease of the
stream of regeneration steam due to the decrease of the workload on the coal-fired
boiler by the value of stream 775 equal to

ho — hg

. HPR __
A" = myg ,
hy — hg

(2.51)

and the necessary increase of deaerating steam due to the decrease of stream of
high-pressure regeneration steam and the production of steam in heat recovery
steam generator 71, equal to

he — hy

h8 —hy . HPR
AR 26— 17 2.52
P a—— (2.52)

Arirgeq = iy
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e alternative IIb

hg — hy
hy —hy’

Atirgeq = (ring + ritg) (2.53)

where mg and 1, denote high-pressure steam streams produced in the heat
recovery steam generator.

In alternative IIb we do not deal with the decrease in the stream of high-
pressure regenerative steam since the workload of the boiler does not change.

The chemical energy of the coal combustion in the coal-fired boiler after its
repowering (Fig. 2.3b) is equal to:

e alternative Ila

(rivy — ting) (hy — ho) + (riry — PR 1 A TPR) (3 — hy)

(P(NCV))coal = ) (254)
My
e alternative IIb
. iy (hy — ho) + (it + rirg — "R (hy — hy)
(P(NCV))coal = : . (255)

My

The streams of high- and intermediate-pressure steam ris and i, produced in
the heat recovery steam generator fed with gas from the exhaust of the gas turbine
with the power output NSTresult from the energy balances in the high- and
intermediate-pressure boiler sections (Fig. 2.3b)

ClSY — (P o+ ATHP )] = ting(hg — hy) + ring (WD — hy) (2.56)
CI® + AT — (1 + AT )] = tig(hy — hy) + ring(he — B, (2.57)

while the stream of the thermal capacity of the flue gas is expressed by the
equation

tSLI _ (P(NCV))gas‘tamb - NgT _ NST(] — nGT)

C =mTedT | = = 2.58
fe Tl Hume fok — tamb Ner(1Sa — tamb) ( )

and:
h?, hy, h specific enthalpy of the intermediate-and high-pressure super-

heated steam (the specific enthalpy of the intermediate-pressure
superheated steam hP is determined for the temperature of
? = 11 = t3and pressure p? = p,, enthalpy A, for the temperature
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of #, =" and pressure of p, = pP = p,, enthalpy h, for the
temperature of #, = t; and pressure p; = p,);

o h the specific enthalpy of water at the bubbly flow point (x = 0) in
the intermediate-and high-pressure sections of the heat recovery
steam generator,

1P P temperature of saturation in the condenser of the intermediate-
and high-pressure section of the heat recovery steam generator
(temperature 7Pcorresponds to the pressure of p, = pP = p,, the
temperature #1'¥ to the pressure p; = p));

h

- Hp . . . . : .

ATY . ATHY pinch point of the intermediate- and high-pressure sections of the
heat recovery steam generator.
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Chapter 3

Mathematical Model of a Power Unit
with Rated Capacity of 370 MW After
its Modernization to Cogeneration
and Combined-Cycle

The mathematical model of a power unit whose structure is presented in Fig. 3.4 is
based on the balance of energy and mass, non-linear relations that characterize the
operation of power system and non-linear equations that determine the state of
the heat transfer medium [1]. The balance presented for the specific sections of the
power unit are in the form of a system of algebraic linear equations since all values
accounted for as specific enthalpy of steam and water h,—h;7; as well as the values
of the energy efficiency of facilities 7y, Hem> Hmiki2> Hmpz1>» HsT are the input
values. The other values that are given include pressure drop Ap, 4, electrical
power output NeslT (for operation under constant electric power output) or chemical

energy stream EZEM (for operation under a constant stream of chemical energy),
heating steam mass flow 39, rir4, 1141, bleed steam streams from diaphragm and
turbine valves 7145 — ritg4, steam flux from under the balance piston rity,p, cooling
water stream of mass in the condensers rikqi, kg2 and its temperature Tyok01,
Twikoi> Twakq2, Twikg: and ambient temperature T,np, (temperatures Tyokq1s
T\>kq2 are calculated by means of iterations from energy balances with simul-
taneous calculations of their pressures and temperatures of saturation). The
unknown variables include the remaining streams of mass and stream of chemical
energy Ezﬁal of the coal combustion in the boiler (for the operation under a constant
power output) and the natural gas in the gas turbine Efﬁs or the electrical power
output from a unit N5 (for the operation with a constant stream of chemical
energy). The invariable input quantities for each set of input data include: tem-
perature of fresh steam and temperature of the superheated steam Ty, Ty, tem-

peratures tGT IHRSG

outns Lout . as well as streams of mass 1y, mkqi, kqz. It is convenient

to solve the system using high-precision methods, e.g. method of Gaussian
elimination.

R. Bartnik and Z. Buryn, Conversion of Coal-Fired Power Plants to 29
Cogeneration and Combined-Cycle, DOI: 10.1007/978-0-85729-856-0_3,
© Springer-Verlag London Limited 2011
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3.1 General Characteristic of Power Unit with Rated
Power Output of 370 MW

The power station which is the subject of research in this monograph is a con-
densing power station with interstage reheat cycle operating under closed circu-
lation of cooling water. At present the power station consists of four power units
with a total power output of 1,492 MW (and reaching 1,532 MW):

e | unit: 386 MW,
e 2 units: 383 MW,
e 1 unit: 380 MW.

The fuel applied is hard coal; all blocks have installations for flue gas desul-
phurization. The maximum rating capacity of the power station is limited to
around 10 TWh of energy annually.

A power unit consists of:

steam boiler BP-1150

turbine 18K370

generator GTHW 370
atmosphere protection facilities

3.1.1 Steam Boiler BP-1150

Steam boiler BP-1150 (Fig. 3.1) is a superheated steam, once-through, drum-less
type with induced feedwater flow across the boiling tubes operating under sub-
critical pressure. Hard coal, which after pulverizing is fed into the combustion
chamber forms the basic fuel (Table 3.1).

3.1.2 18K370 Turbine

The 18K370 is a reaction, axial, three-casing, condensing turbine with unregulated
steam extraction, designed to meet the requirements of qualitative and quantitative
regulation of the supply and interstage steam reheater. The modernized models of
the 18K370 turbine apply a new type of rotor design in the LP section (Fig. 3.2,
highlighted section) and include engineering changes thus increasing the turbo-
generator’s output by around 10 MW (Table 3.2).

The turbine consists of three sections:

e high-pressure section (HP),
e intermediate pressure section (IP) with double exhaust,
e low-pressure section (LP) with double exhaust.
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Fig. 3.1 Diagram of the BP-1150 steam boiler (/ separator, 2 mixer, 3 filter, 4 circulation pump,
5 fresh steam exhaust, 6 secondary steam exhaust, 7 economizer, § flue gas exhaust, 9 combustion
chamber, /0 pulverizer assembly, // slag drain)

3.1.3 GTHW 370 Electrical Generator

GTHW 370 electrical generator whose role is to produce electric power is
designed for direct coupling with the steam turbine 18K370. It operates in the
system of direct cooling of the stator and rotor windings. The winding of the stator
is cooled with demineralized water, i.e. distillate and the rotor’s winding, rotor
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Table 3.1 Summary of basic technical details of the steam boiler BP-1150

Parameter Unit Value
Maximum continuous rating kg/s 320
Temperature of fresh exhaust steam °C 540
Pressure of fresh exhaust steam MPa 18.3
Superheated steam temperature—inlet/exhaust °C 335/540
Superheated steam pressure—inlet MPa 4.2
Feedwater temperature °C 255
Guaranteed efficiency % 91.7

Fuel type - Hard coal
Net calorific value Ml/kg 23

Fig. 3.2 Diagram of 18K370 turbine (/ HP casing, 2 IP casing, 3 LP casing, 4 turning gear)

Table 3.2 Summary of basic technical details of 18K370 steam turbine

Parameter Unit Value
Rated capacity MW 370
Maximum continuous capacity MW 380
Temperature of fresh steam at the inlet of HP casing °C 535
Pressure of fresh steam at the inlet of HP casing MPa 17.65
Temperature of steam at the exhaust of HP casing °C 335
Pressure of steam at the exhaust of HP casing MPa 4.48
Temperature of superheated steam at the inlet of IP casing °C 535
Pressure of superheated steam—inlet MPa 4.2
Condenser pressure kPa 6.8
Rated temperature of cooling water °C 22
Heat consumption per unit of power kJ/kWh 7,853
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Table 3.3 Summary of basic technical data of GTHW 370 generator

Parameter Unit Value
Apparent power MVA 426
Active power MW 370
Stator voltage kV 22
Stator current kA 11.2
Power coefficient - 0.85
Excitation current kA 2.8
Excitation voltage \V 533

Fig. 3.3 Cross-section of the GTHW-370 generator (/ clamping chamber, 2 rotor winding, 3
stator winding, 4 hydrogen cooler, 5 axial fan)

barrel and stator’s core with hydrogen, which fills the entire empty space of the
generator. The circulation of the water is induced by pumps situated outside the
generator. The circulation of the hydrogen whose role is to cool the interior of
the generator is ensured by two fans located on the generator’s shaft on the two
sides of the rotor (Table 3.3). The heated hydrogen passes through water coolers
situated vertically in the most remote chamber in the stator (Fig. 3.3).

3.2 Power Unit

Figure 3.4 presents the thermal diagram of the unit that is adapted to the combined
heat and power using heaters XC2, XC3 and XC4 supplied from extractions A2,
A3 and from IP to LP crossoverpipe.

The diagram is based on an electric power unit with the rated power of
370 MW. In addition, a power unit is repowered by gas turbine in a parallel
system.
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Fig. 3.4 Thermal diagram of 370 MW electric power unit repowered by gas turbine with triple
pressure heat recovery steam generator and operating under combined heat and power with steam
supply to XC2, XC3, XC4 heaters (GT gas turbine; HRSG heat recovery steam generator XC2,
XC3, XC4 heaters; in the alternative of power unit modernization to combined heat and power
GT and HRSG are excluded; in the alternative with repowering the system to a dual fuel
combined-cycle without cogeneration XC2, XC3, XC4 heaters are excluded)

3.3 Steam Extraction from the Power Unit

The extraction of considerable extra amounts of steam (besides the steam required
for the LP regenerative preheaters during condensing operation only) and feeding
it into heaters is associated with overcoming numerous relevant problems. For
instance, bleeding additional steam from asymmetric extractions A2 and A3
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Fig. 3.5 Pressure drop in the interstage reheater in the function of stream of reheated steam in
the IP section of the turbine

(Fig. 3.4) results in the origin of an additional axial force in the LP section of the
turbine. One has to bear in mind that 18K370 turbine has been designed to operate
for condensing work and, as a result, its modernization to combined system will
require the introduction of significant modifications.

Thus, the scope of modifications in 18K370 turbine will involve:

e increasing the surface of the gaps in the blades at extraction points,

e aligning the blades in a symmetric way,

e considerable increase in the diameters of the extraction pipelines (this is due to
two reasons: first, as a result of the need to increase the bleed steam stream;
second, due to the larger specific volume of the steam as a result of the reduced
values of the pressure at the extractions resulting from the increased stream of
mass, in accordance with Stodola—Fliigel turbine passage equations,

e exchange of the turbine stages preceding the extractions into new ones with
considerably greater strength due to the increased bleed steam mass stream.

This scope of changes imposes a need to replace the internal assemblies in the
LP section of the turbine with new ones. This also provides an opportunity to apply
the latest generation blade assembly, which will ultimately result in the overall
efficiency of the turbine and its power output. For this reason it is also necessary to
replace the casing of the LP section with a new one with increased strength.

3.4 Operating Characteristics of Basic Facilities
3.4.1 Steam Boiler

For the case of a steam boiler the characteristic of its thermal efficiency, the
efficiency of the primary steam and superheated steam pipelines coupling it with
the turbine (Fig. 3.5) is used to define the energy losses in the system as well as the



36 3 Mathematical Model of a Power Unit with Rated Capacity of 370 MW

300

O s S

200 [ B

Aps.4 = 1.062r; - 19.895
R? = 0.998

Pressure drop in the
interstage reheater [kPa]

190 T

100 : : : : : : : :
120 140 160 180 200 220 240 260 280 300

Stream of reheated steam [kg/s]

Fig. 3.6 Pressure drop in the interstage reheater in the function of stream of reheated steam in
the IP section of the turbine

19 T
3 3 3
s | | | (304; 17.9) |
o LN A (258;17.6) 7T —
5 ‘ ‘ : : (340; 17.9)
(7]
[} ; ; ; ; ; ; ;
o : : ; : : : :
g " T A P e T T
E (212.3; 16.2)
2 ;
» i i i i i i i
£ 16 R proreeeneeed e S i It
[} ' I I I I I I
e H
w (186.1; 15.6)
15 : : : : : : :
180 200 220 240 260 280 300 320 340

Fresh steam stream [kg/s]

Fig. 3.7 Boiler exhaust fresh steam set value in the function of the steam stream

characteristics of the pressure drop in the interstage regenerative preheater
(Fig. 3.6).

The pressure of the fresh steam changes along with the characteristic of the
relation of its set value at the boiler exhaust from stream of fresh steam (Fig. 3.7).

3.4.2 Steam Turbogenerator

We need to determine the characteristics of the electromechanical efficiency and
the efficiency of the HP, IP and LP sections of the steam turbine (Figs. 3.8, 3.9,
3.10, 3.11).

On the basis of the manufacturers’ data the equations for the relation of mass
stream of steam across the diaphragms in the turbine, valve stems along the
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Fig. 3.9 Internal efficiency of the HP section of the turbine in the function of stream of fresh
steam

pipelines supplying the HP and IP casings and steam flow from under the pressures
relieve valve of the turbine. The equations are summarized in Table 3.4.

3.4.3 Low and High-Pressure Regenerative Feed Water
Preheaters

The auxiliary devices include low- and high-pressure regenerative preheaters. These
pipelines that lead to the turbine have a considerable length and therefore it is
necessary to apply the characteristics accounting for the pressure losses in them in the
overall model. For the low-pressure regeneration pipelines (XN2, XN3 and XN4)
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Fig. 3.11 Internal efficiency of the LP section of the turbine in the function of steam stream into
LP casing

it was assumed that the pressure losses are constant in them. For the pipeline feeding
the XN1 heater the loss of the pressure is disregarded (Table 3.5). For the pipelines
joining the turbine with HP heaters the calculated pressure drops in the function of the
mass stream of steam through them are presented in Figs. 3.12 and 3.13.

The product of heat transfer coefficient and heating surface (kF,) has been
determined for each of the heaters for the operation of the power unit with the
rated capacity N5' = 370 MW. They can be considered as constant over the entire
range of the variability of water and steam mass flows. In addition, a constant
value of condensate supercooling after the heaters. The summary of all variables is
found in Table 3.5.
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Table 3.4 Summary of equations defining steam mass flow across diaphragms of the turbine,
mass stream of steam from seals of the turbine valve spindles, mass stream of steam from below
balance piston and feedwater admission to sealing steam collector

Mass flow (kg/s)

Mass stream of steam through HP diaphragms s = 0.0032 my 4+ 0.0232
e = 0.0022 1 — 0.0026
rgg = 0.0017 riz; — 0.0142

miso = 0.0011 riz; — 0.0065
risg = 0.018
rsg = 0.012
Mass stream of steam through IP diaphragms s, = 0.0005 iy — 0.0154
sz = 0.0007 ri; —0.0182
rgo = 0.016
me; = 0.024
Mass stream of steam through LP diaphragms sy = 0.243
miss = 0.243
gy = 0.073
I’i’l63 = 0073
Mass stream of steam from under balance piston Ty = 0.0083 riny — 0.0232
Mass stream of steam from the seals g = 0.0011 m; + 0.0198
of HP and IP spindle valves s = 0
Water feed into the steam diaphragm collector risg = 0.06
Table 3.5 Summary of the operating parameters of the heaters
Heater kE, (F,) (kW/K), (m?) Condensate Pressure drop in the
subcooling (K) pipeline (kPa)
XNI1 1,735 (518) 1.8 0
XN2 1,907 (465) 0.2 8
XN3 2,428 (572) 29 18
XN4 2,752 (518) 4.1 8
XW1/2 2,869 (360) 0.3 Figure 3.12
XW3/4 3,800 (468) 0.6 Figure 3.13

3.4.4 Feedwater Tank

For the pipeline feeding the auxiliary turbine that drives the major feedwater pump
and pipeline to deaerator it is important to note the pressure drops in them
(Figs. 3.14, 3.15).

3.4.5 Auxiliary Turbine and Feedwater Pump

A characteristic of the water pressure in the feed water pump along with that of
the auxiliary pump which drives the feed water pump is presented in Fig. 3.16.
The calculations assume a constant value of temperature increase at the output of
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Table 3.6 Summary of condenser parameters
Condenser kF, (F,) (kW/K) (mz) Condensate subcooling (°C) Cooling water stream (kg/s)

KQl 40.511 (10.290) 0 10.500
KQ2 5.143 (729) 0 724
0.920 . ;
Xe = 1.05E-06rg” - 4.23E-04rhg + 0.949
0.915 [ N\ | 2 — R? = 0.733
2
s
& 091
g 0910
]
2
(/]
0.905
0.900 :
100 120 140 160 180 200 220

Steam mass flow into the condenser of main turbine [kg/s]

Fig. 3.18 Steam quality in the condenser of the main turbine in relation to the steam mass flow
in the turbine

the pump, i.e. 3.7°C, a constant efficiency of the pump equal to 77% along with the
constant 99.5% mechanical efficiency of the turbine.

3.4.6 KQI, KQ2 Condensers in Main and Auxiliary Turbines

It is necessary to determine the characteristic of the temperature of cooling water
fed into it in the function of the ambient temperature (Fig. 3.17). In accordance
with the exploitation instructions of the turbine it was assumed that the temper-
ature of the cooling water for the operation of the power unit with the rated
capacity may not drop below 15°C.

For both condensers one can assume constant values of the heat transfer
coefficient and heating surface (kF,) determined for the rated power unit capacity
NeslT = 370 MW and consider them as constant over the entire range of the vari-
ability of the water and steam mass streams. A summary of these parameters is
given in Table 3.6.

It is also necessary to apply the characteristic of steam quality in the condenser of
the main turbine in relation to the mass stream of steam into the turbine (Fig. 3.18).
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Fig. 3.19 Characteristic of reduced electrical capacity of the gas turbogenerator in the function
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Fig. 3.20 Characteristic of reduced efficiency of the gas turbogenerator in the function of
ambient temperature

In order to calculate the specific enthalpy of the steam before the condenser one
can apply the relation: h3; = 2260 (kJ/kg) + specific enthalpy of condensate
behind the condenser.

3.4.7 Gas Turbogenerator

Gas turbine is characterized by a variable power, efficiency, temperature and
stream of exhaust gases from the turbine (and therefore, their heat capacity
stream) as a result of variable air density depending on the ambient tempera-
ture. These changes are accounted for in the model by the application of the
reduced characteristics of its operation and scheduled chart of ambient
temperatures.

The presented characteristics are prepared for the GTM7A gas turbogenerator
(Figs. 3.19, 3.20, 3.21).
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Fig. 3.21 Characteristic of reduced temperature of the exhaust gases from the gas turbine in the
function of ambient temperature

The characteristics of other gas turbogenerators are similar; therefore, no
significant error can result from their application with regard to every turbo-
generator. In addition, the presented model offers a selection of an optimum
power output of the gas turbine, thus accounting for the variability of its value
vary within a very wide range of the output value, from zero to almost infinite
value. Therefore, it is a priori impossible to determine its characteristics for an
unfamiliar turbine output. It is only possible to account for it during the cal-
culations performed with the purpose of verification of the results. In addition,
the optimum power of the gas turbine for various price relations between energy
carriers will be different.

The characteristic of the heat capacity stream C of the exhaust gases from the
gas turbine result from its energy balance (3.76) and (3.77) and the characteristics
in Figs. 3.19, 3.20 and 3.21.

Figure 3.22 presents the ambient temperature regression equation and curve for
the largest climatic zone in Poland, i.e. zone III. It is based on the scheduled chart
of temperature [2] in this zone.

3.5 Equations of Mass and Energy Balance

Energy balance forms the basic tool necessary for solving thermodynamic issues.
Hence, mass and energy balances of the particular facilities have been prepared for
the examined power unit. System boundaries of the particular groups are marked
with broken lines and each has a specific number attributed to it (Figs. 3.19, 3.20,
3.21a, 3.23, 3.24, 3.25).
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For each device it is possible to determine the general form of the balance of

substance and energy equations:

for energy balance:
> b+ E =0 (3.1)
i=1

where: E = N; or Eyp
for substance balance

zn:mi =0 (3.2)

The balance equations presented below are based on the following assumptions:

e steady and continuous operation of the power unit,

value of the pressure of fresh steam varies in accordance with the characteristics
of the regulation (Fig. 3.7),

constant temperatures of fresh and superheated steam on the boiler’s exhaust,
chemical energy comes only from the combustion of coal,

steam is not fed into air preheaters,

steam is not fed into the collectors between power units,

accounting for heat losses in fresh steam and superheated steam pipelines
between the boiler and the turbine; the remaining losses are disregarded,
water is not fed into primary and interstage superheaters,

accounting for pressure losses in pipelines feeding steam into LP and HP
regenerative feed water preheaters, heat exchangers and the reheater; the
remaining losses are disregarded,

assumptions of no subcooling of condensate in the condensers together with a
constant temperature of subcooling behind regenerative feed water preheaters
and heat exchangers is made,
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o the effect of pressure resulting from the operation of the feed pump on water
enthalpy is accounted for; the influence of the remaining pumps and valves is
disregarded,

e losses resulting from steam leakages from the diaphragm of the main turbine
and steam from under balance piston are accounted for,

o the in-parallel HP regenerative feed water preheaters are considered as in-series
operating dual heat exchangers (XW1/2 and XW3/4).

3.5.1 Steam Boiler

3.5.1.1 System Boundary No. 1: BP-1150 Steam Boiler

e Energy balance equation:

Mol B + 3 (hs — ha) + o (hio — hy) =0 (3.3)
hl()O = h[ (34)
/’l161 = h4 (35)

e Mass balance equations:
1o + rieo — riyp =0 (3.6)

m3 +myg —my = 0 (37)

The balance equations of the steam boiler assume zero value injection of water
in the primary heater and interstage reheater. This simplification results from the
fact that water injection into the primary heater does not affect the energy balance
of the system and its value is not measured for purposes of exploitation. The value
of the water injection into interstage reheater has assumed zero value throughout
the entire cycle of the operation of the power unit.

3.5.2 Steam Turbogenerator
3.5.2.1 System Boundary No. 2: 18K370 Steam Turbine
e Energy balance equations:

NPip = (g — riugg — tigy — g — rinso — miso) (b1 — ha) (3.8)

N3G = tighy — tinsihy — fig1hay — mashay — fpshas — rashas — tishs — (3.9)
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N3To = (ryg) + tits — tigg )hs — tiaghag — tirhay — titashas — rghs (3.10)
N3' = (NPl + NPt + N7 Lp) e (3.11)

e Mass balance equations:

system boundary a
My — Ty — iy — Tigs — Nige — Hlag — Hisg — Hisg — Hisg = 0 (3.12)

system boundary b

My + m7) — Mgy — Ms) — My — Wy — Rz — Mog — Msy — His3

— Iy — Me1 — Hps — Hipy — Ipg — ey — Mgy — Hisa — tss — g =0 (3.13)

system boundary ¢
g5 + Mye — Mgy = 0 (3.14)

system boundary d
niyg + myg + mso + msy + Misy + Hisy + Hisg — Hisy — ss — ms7 = 0 (3.15)

system boundary e
sy + Misg + Mgy + Mgy + Mgy + Mgy — gy = 0 (3.16)

The energy balance for the HP section of the steam turbine accounts for the
mass stream of steam from under balance piston 7, (symbolically marked in
the HP section of the turbine). The mass balances thereof account for the values of
the steam leakages from the diaphragms and turbine valves and water flow into the
sealing steam collector rigs — rig3.

3.5.3 KQI Condenser

3.5.3.1 System Boundary No. 3: KQ1 Condenser

e Energy balance equation:

ehe + msphsy + rizghag + figshes — mrhy — mkQiCw(Twakol — Twikol) = 0
(3.17)

e Mass balance equation:

e + Map + tizg + mes — H; = 0 (318)
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The solution of a system of equations consisting of energy and mass balance
that constitute the characteristics of the operations of a power unit (Sect. 3.4)
forms its mathematical model and starts with the calculation of the saturation
pressure pg (and hence, the saturation temperature 7) in the condenser. This is so
since this pressure determines the conditions of the operation of the turbine sys-
tem. The calculations of the pressure require iterations. The input data include:
mass flows and specific enthalpies of the medium in the particular points of the
condenser and the ambient temperature T,,,. The schematic diagram for the cal-
culation algorithm of pressure pg is presented in Fig. 3.26. Under the assumption
of temperatures Tg and 7; (Tg = T;), after determination of the temperature
Twiko: from the regression equation in Fig. 3.17 (Sect. 3.4.6) for a given tem-
perature T, and on the basis of relation (3.17) it is possible to obtain Tyokqi.
Subsequently, temperature T is derived from the equation:

—(kF

—TwokqQ1 + Twikqi expﬁ

To = _(kF)cond (319)
—1 + exp—2¢

mkQ1 Cw

along with the pressure pg corresponding to it.
Equation 3.19 is derived as a result of the combination of relations in (3.20) and
(3.21):
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Qcond = k1 Cw(Twak Q1 — TwikQl) (3.20)

Qcond = (kF ATlog)Cond (321)

while (ATig)cona (0n condition of disregarding the effect of subcooling, i.e. when
Te = T5) is equal to:

AT, — ATy (Ts — Twikqi) — (Ts — Twoxqt)
cond 1 AT, -
Nxz In

. 3.22
Ts — TwikoQi ( )
Ts — Twokqt

The calculations of the saturation temperature T and the corresponding satu-
ration pressure pg are concluded after the required precision of the calculations is
obtained.

3.5.4 Low Pressure Regenerative Feed Water Preheaters:
XNI1, XN2, XN3, XN4, CT1

3.5.4.1 System Boundary No. 4: Manifold Before CT1

e Energy balance equations
mzhy — mghs — msehse — nzohizo = 0 (3.23)
h7 = hg = hse = hi7o (3.24)
e Mass balance equation:

Iy — g — fsg — fiyzo = 0 (3.25)

3.5.4.2 System Boundary No. 5: Steam Subcooler Supplied
from External Diaphragms CT1

¢ Energy balance equation:
rghg + titgahes — mohy — riteshes = 0 (3.26)
e Mass balance equations:
mg — g =0 (3.27)
gs — titgs = 0 (3.28)
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3.5.4.3 System Boundary No. 6: XN1 Heater

e Energy balance equation:
tohy + mzohzg — mohio — rsghss = 0 (3.29)
e Mass balance equations:
rg — rityg = 0 (3.30)

mzg — nizg = 0 (3.31)

3.5.4.4 System Boundary No. 7: XN2 Heater

e Energy balance equation:
ryohio + fashas + msehse — mithi — mazha; =0 (3.32)
e Mass balance equations:
myg — iy =0 (3.33)

I’i’lZS + l’i’l3() — I’h37 = 0 (334)

3.5.4.5 System Boundary No. 8: Manifold Before XN3

¢ Energy balance equation:
myhy + m3rhsy + mazhaz — mpphip =0 (3.35)
e Mass balance equation:

myy + msz7 + gz — i =0 (3.36)

3.5.4.6 System Boundary No. 9: XN3 Heater

e Energy balance equation:

mohiy + moghae — mzhiz — msghzs = 0 (3.37)
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e Mass balance equations:
tyy — i3 =0

o — tzg = 0

3.5.4.7 System Boundary No. 10: XN4 Heater

e Energy balance equation:
mizhiz + iaahag — ahig — mashas = 0
e Mass balance equations
myz — iy =0

oy — tzs =0

3.5.4.8 System Boundary No. 11: Manifold After XN4 Heater

e Energy balance equation:
myghis + m3shas + maghas + misohieo — rirshis = 0
e Mass balance equation:

g + M35 + Higy + fiteo — 1ys =0

3.5.4.9 System Boundary No. 12: Manifold Before XN1 Heater

e Energy balance equation:
1aohag + Miszhsy — maohso = 0
e Mass balance equation:

Tg + Hsy — tizg = 0

(3.38)
(3.39)

(3.40)

(3.41)
(3.42)

(3.43)

(3.44)

(3.45)

(3.46)
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3.5.4.10 System Boundary No. 13: Manifold Before XN2 Heater

e Energy balance equations:
my7hy7 — moghag — aghag = 0
ha7 = hag = hao
e Mass balance equation:

Ty — nitgg — g = 0

3.5.4.11 System Boundary No. 14: Manifold before XN3 Heater

e Energy balance equations:
1yshys — niaghae — maghsg = 0
has = ha = hag
e Mass balance equation:

s — Mg — Hzg = 0

53

(3.47)
(3.48)

(3.49)

(3.50)
(3.51)

(3.52)

The temperature of water at the exhaust of heat exchangers is calculated using
Peclet’s formula and energy balance of the heaters (analogical as for the case of

the condensers; compare Eq. 3.19):
—kF,

Tio = T — (Tx — Ty )eMwCw

where:

(3.53)

Ty, temperature of water at the exhaust from regenerative feed water heater,

T saturation temperature of condensate at the exhaust from the heater,
temperature of water supplied to regenerative feed water heater,

kF, product of heat transfer coefficient and heating surface of the heater
calculated for rated operating conditions (Table 3.5), which is considered as

a constant over the entire range of operating conditions of heater,

cw  specific heat of the water passing through the heater,
ry,  water mass flow through the heater.

The calculations were started by determination of temperature behind the
condensate cooler CT1, and the temperatures behind the remaining LP heaters
were subsequently calculated. Water enthalpies corresponding to the temperature
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Fig. 3.27 Diagram of LP regeneration

determined were calculated for the steam quality x = 0, which disregards the
influence of the condensate pumps (Fig. 3.27).

3.5.5 Deaerator, Main Feed Water Pump, KQ2 Condenser

3.5.5.1 System Boundary No. 15: ZZ1 Feed Water Tank

e Energy balance equation:
rshis + maohy + m3ahss + myzha; — rnehie = 0 (3.54)
e Mass balance equation:

s + Hyy + Mg + By — e = 0 (3.55)

3.5.5.2 System Boundary No. 16: Feed Water Pump PZ1

e Energy balance equation:
(mashas — rin3tha ) miki2 — (i — iiehiie) /Mmpz) = 0 (3.56)
his = hii6 = hies (3.57)

e Mass balance equations:

ne — 7 =0 (3.58)

iy — iz = 0 (3.59)
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myeg + 1y — e = 0

3.5.5.3 System Boundary No. 17: KQ2 Condenser

e Energy balance equation:

mahy) — msphay — ikgacw (Twakg2 — Twikgz) =0
e Mass balance equation:

m3; — 3 =0

3.5.6 High Pressure Regenerative Feed Water Preheaters:

XW1/2, XW3/4

3.5.6.1 System Boundary No. 18: XW1/2 Regenerative
Feed Water Preheater

e Energy balance equation:
my7h7 + ia1hyy + mazhss — nughis — maahszs = 0
e Mass balance equations:
7 — 1y =0

Moy + 133 — tizg = 0

3.5.6.2 System Boundary No. 19: XW3/4 Regenerative
Feed Water Preheater

e Energy balance equation:
righig + aohao — rghiy — mazhaz =0
e Mass balance equations:
ryg — nrg = 0

to — 133 = 0

55

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)
(3.65)

(3.66)

(3.67)
(3.68)
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Fig. 3.28 Schematic
diagram of deaerator, main
feed pipe and KQ2 condenser

Fig. 3.29 Schematic A7 A6
diagram of HP regenerative
feed water preheaters:
XW1/2, XW3/4 20y 2
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The temperatures of the water at the exhaust of regenerative feed water
preheaters were calculated on the basis of the relation (3.53). The values of
enthalpies corresponding to them were determined from the regression
equation for the feed water at the output of the pump (Fig. 3.16). In this
process the pressure drops in the preheaters were disregarded
(Figs. 3.28, 3.29, 3.30, 3.31).
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3.5.7 XC2, XC3, XC4 Heaters

3.5.7.1 System Boundary No. 20: XC2 Heater

e Energy balance equation:

Oxcr = Maphao + Maphay — tazhas

e Mass balance equation:

gy + tigp — 1z =0

3.5.7.2 System Boundary No. 21: XC3 Heater

e Energy balance equation:
Oxcs = fizohsg — raphay
e Mass balance equation:

m3g — tgy =0

3.5.7.3 System Boundary No. 22: XC4 Heater

e Energy balance equation:
Oxcy = Migrhy) — tigahyy
e Mass balance equation:
Mg — tgg =0

while:

Oxca + Qxc3 + Qxc4 = Qc = Qu + thw-

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)

(3.74)

(3.75)

A constant pressure drop equal to 10 kPa was assumed in the pipeline feeding
the heaters. Moreover, an assumption of a constant value of condensate subcooling

behind the heaters was assumed at 2°C.
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3.5.8 Gas Turbine and Heat Recovery Steam Generator

3.5.8.1 System Boundary No. 23: Gas Turbogenerator

e Energy balance equations:

Cligy — tamy) = E&° — NG' (3.76)
. oas NGT

E5 =<l (3.77)
Ulesy

3.5.8.2 System Boundary No. 24: High Pressure Section of HRSG

e Energy balance equations:

ClSE — (% + ATED)] = o (b1 — Hlgy) + tivier (ha — higs) (3.78)
H\g, = Higp(water; x =0; t = IEP; Pie2 = DP1) (3.79)
higz = h163(steam; t= I?P; Pi63 :[74) (380)

3.5.8.3 System Boundary No. 25: Intermediate Pressure Section of HRSG

e Energy balance equations:

Cl(1" + ATEP )] — (2 + ATR ) = o (e — Hygs) + et (hies — higs)
(3.81)

s = hygs(water;x = 0; t = fip; Pies = P63 = P4) (3.82)

3.5.8.4 System Boundary No. 26: Lowd Pressure Section of HRSG

e Energy balance equations:
Clr + AT,) — (157 + AT = (o + rinier) (s — hea) + 1t (hs — Hygy)
(3.83)
hiey = hyga(Water; x =05 t = 1% p1gy = ps) (3.84)

7 = hs (3.85)
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3.5.8.5 System Boundary No. 27: HRSG without of Low Pressure
Regenerative Feed Water Preheater

e Energy balance equations:
C(1ST — 15 = siugo(h1 — hies) + ritier (ha — higg) + g1 (hs — hies)  (3.86)
higs = hig (3.87)

e Mass balance equation:
tiieg = Htieo + Myl + 71 (3.88)

3.5.8.6 System Boundary No. 28: HRSG

e Energy balance equations:

C (15T — tMRSGY — 4inygo(hy — hies) + rinier (ha — hugs)

out out X ' (389)
+ 71 (hs — hies) + ro(hiso — hi7o)
hi7o = hy (3.90)
hgo = his (3.91)
e Mass balance equation:
Tlie9 = H1170 (3.92)

In Eqgs. 3.78, 3.86, 3.88 and 3.89 for the case of a single-pressure boiler 71;6; =
rini7; = 0 and 2P = AP while in a dual-pressure boiler rizj7; = 0 and b =7 .
In Eqgs. 3.86, 3.89 for the case of a triple-pressure boiler 145 = hjgo (P1ea <
p]63), in Eq. 3.60 m168 =0 and in Eqs. 343, 3.92 ”;1169 = ﬁ1170 — (ﬁ/lmo +

g1 + mi71).
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Chapter 4

Algorithm for the Calculation

of an Optimum Structure of Heat
Exchangers for the Modernization

of a 370 MW Power Unit to Combined
Heat and Power Cycle

The opportunity decreases the consumption of the chemical energy of fuels and the
following reduction in the emission of hazardous products of their combustion
plays a very significant role. Hence, an important advantage from the ecological
point of view is offered by the modernization of existing condensing power
stations to operate with combined heat and power, thus enabling heat generation

0. = O, + Ouny besides the production of electricity. Such heat can be used for
the purposes of district heating and air conditioning Q, and utilized for the pur-

poses of supply of domestic hot water thw (Fig. 3.4).

Moreover, the modernization of a power plant is associated with the
improvement of its energy efficiency. It was indicated that such modernization can
also improve the economic effectiveness of the power station. The final effect will
mainly depend on the price relations between energy carriers, ratios of heat to
power prices and fuel prices as well as the tariffs imposed on the pollution of the
environment. At this point it is important to directly state the thesis that the
familiar technology and technical facilities along with existing networks that
guarantee the rational use of primary fuels should decide on the threshold
(determined for the given boundary value of economic efficiency in terms of NPV)
price relations between energy carriers and tariffs on the pollution of the envi-
ronment in a way that ensures that the whole undertaking is feasible from the
economic perspective. In the era of the greenhouse effect such considerations play
an increasingly important role.

Chapter 2 was devoted to the comparison of the possible methods of mod-
ernization of coal-fired power stations to combined heat and power from the
thermal and economic perspective. For the current energy carrier prices the most
justified option involves steam bleed from turbine extractions from the low-
pressure section of the turbine for feeding heaters. Hence, a more detailed tech-
nical and economic analysis of this solution is a further necessity.

For the purpose of analysis a mathematical model of the power unit with the
rated capacity of 370 MW has been developed. Such units constitute basic power

R. Bartnik and Z. Buryn, Conversion of Coal-Fired Power Plants to 61
Cogeneration and Combined-Cycle, DOI: 10.1007/978-0-85729-856-0_4,
© Springer-Verlag London Limited 2011
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Fig. 4.1 Qualitative regulation of thermal power output O, from the power station for purposes
of heating, air conditioning and ventilation of residential areas for the alternative with three
heaters XC2, XC3 and XC4: a linear regulation chart, b annual scheduled chart of demand for
thermal power (#,, #, temperatures of network hot water and return water)

unit models operating in Polish power stations. This model is based on equations
of energy and mass balance, relations characterizing the operation of the facilities
and equations of the state of the circulating medium.

The model of the actual thermal technology unit was supplemented by three
heaters, XC2, XC3, XC4 connected in a series with steam bleed from two steam
extractions A2, A3 in the LP reheat stage and from IP-LP crossoverpipe. The
maximum temperature of circulating water in XC2 heater is #, = 70°C, #, = 90°C
in XC3 heater and #, = 135°C in XC4 (Fig. 4.1).

The extraction of steam for purposes of heating constitutes the cause for the
divergence of the turbine from its nominal operating conditions at which it
operates with its highest efficiency. Consequently, steam pressures are altered in
the particular stages of the turbine. Moreover, variable demand for network heat
imposes the necessity of variable mass stream of steam for the supply of heat
exchangers and, hence, make these divergences variable in time. The mathematical
model of the power unit has to, consequently, account for these changes and in
order to reflect them Stodola—Fliigel turbine passage equation is applied [1].

The fundamental question to be set during the modernization unit to combined
heat and power involves the selection of an appropriate structure of heaters to
guarantee an optimum investment strategy. Another question regards the optimum
alternative for the supply of district heating O, = Q, + Qqnw, i.€. in accordance
with the annual schedule of heat demand (Fig. 4.1): would an optimum alternative
involve the application of all three heaters, i.e. XC2, XC3, XC4, or may be only
two of them, i.e. XC3 and XC4 or XC2 and XC4, or just one: XC4? What would
be an optimum structure of heaters needed for the supply of a large greenhouse
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farm used for growing flowers and vegetables? Would an optimum structure
require the use of two heaters i.e. XC2 and XC3 or XC3 and XC4, or just one:
XC4?

The stream of mass of the steam to feed the particular heat exchangers vary
depending on ambient temperature in accordance with the qualitative regulation
chart (Fig. 4.1a).

For instance, mass stream of steam from IP-LP crossoverpipe to feed XC4
heater has the highest value in peak demand period for network heat and assumed
zero value at point A to the right from this point (Fig. 4.1b). Concurrently, at this
point and to the left from it, the flow from extraction A3, the mass stream of steam
assumes a constant maximum value, while at point B it assumes zero value while
mass stream of steam from extraction A2 feeding XC2 heat exchanger assumes its
maximum value at this point.

In the alternative with two heaters the mass streams of steam from extractions
A2 and A3 assume zero values for the respective systems with XC3 and XC4
heaters and XC2, XC4 over the entire area of the time chart.

If the structure of the heaters were to change from XC2, XC3 and XC4 into XC2
and XC4 due to the fact that the mass stream of steam from extraction A3 assumes
zero value over the entire range of heat demand periods, the value of steam
extraction from IP-LP crossoverpipe changes accordingly. In this alternative, the
variable steam from extraction IP-LP crossoverpipe is slightly smaller than the total
variable mass stream from A3 and IP-LP crossoverpipe extractions in the alternative
with three heaters (specific enthalpy of heating steam from extraction IP-LP
crossoverpipe is higher than that of extraction A3). Concurrently, the changes in the
value of the steam bleed from extraction A2 are the same in both alternatives.

In the system with XC3 and XC4 heaters the total heat production in XC2 has to
be taken over by XC3 heater. Hence, the variable mass stream of steam from A3
extraction is virtually formed by the total of the variable streams from two
extractions (A3 and A2) from the alternative with three heaters, while the values of
the mass stream of steam from IP-LP crossoverpipe extraction are the same over
the entire area of the annual chart summarizing the demand for heat as in the
alternative with XC2, XC3 and XC4.

The greater the number of in-series installed heaters the smaller the exergy
losses in the system and, hence, the higher the production of electricity under the
assumption of a constant heat demand. However, the investment cost will increase
as well. Thus, there is an optimum solution in terms of technology economy,
which will be sought further on.

The economic criterion should govern the process of selection of an optimum
structure of heaters. This criterion can be expressed as the maximization of the
profit resulting from the modernization of the power unit to combined heat and
power. The economic criterion is superior to the technology design aspect. This is
so since in the market economy, the economic efficiency decides on the application
of specific technology solutions when undertaking an investment.

The economic criterion for the selection of an optimum structure of heat
exchangers is expressed by the relation (Eq. 2.1).
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Fig. 4.2 Algorithm for the calculation of an optimum structure of heat exchangers

Figure 4.2 presents an overview of the algorithm applied for the selection of an
optimum structure of heat exchangers during the modernization of a power unit to
combined heat and power.
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First, thermodynamic calculations are conducted. The results gained form the
input into economic calculations.

The input data include: electric power output: for the condition N5 = const. or
chemical energy mass stream of the fuel (for the condition Egﬁal = const.), current
structure of heaters, energetic characteristics of facilities, heat power of the unit,
mass stream of cooling water in the condensers: rixq; and rikqz, values of thermal
parameters of fresh and superheated steam, thermal parameters of the condensate,
ambient temperature T, complete set of steam leakages from diaphragms and
valves riys — gz and mass stream of bleed steam from extractions rizg, Higq, 4]
that feed the particular heater in their assumed structure.

The values of these mass streams are derived from the annual scheduled chart
summarizing the demand for district or technology heat and curves that form the
boundaries of the capacities of particular heaters resulting from qualitative regula-
tion (Fig. 4.1). The calculations of the electric power of the units (or chemical
energy streams) for a given structure of heat exchangers were conducted for several
hundred flux values that cover with a relatively small time step equal to At = 24 h
the entire area of the annual chart summarizing the demand for heat. The calculation
of the power for each of these sets is a necessity since it is aimed at determining the
annual output of electric energy of a power unit. This value forms an input into the
calculations of the economic efficiency during the exploitation of a power unit.

The calculations of the electric power (and chemical energy stream) of a power
unit with regard to each set of input data requires iterations. This comes as a con-
sequence of the divergence of the turbine from its nominal operating conditions
(denoted by n index in Eq. 4.1); the current flow through the particular stages of the
turbine are not marked with any indices; the pressures in the extractions before and
behind the particular stages are marked as p, and py, respectively; the current
temperatures before a stage as Tp,. It is notable that not accounting for simplex
regarding temperature 7,,/T,, , in Eq. 4.1 as aresult of the fact that its value is close to
one does not considerably influence the value of pressure p,, during steam extraction
to feed heaters. For the same reasons, i.e. due to the pressure variations in the turbine
extractions, the values of the heating steam streams 7139, ritag, 114; undergo iterative
correlation applying the condition Qxcz = const, Qxc3 = const, QXC4 = const. The
first iteration step involves determination of mass stream of steam through the
particular stages of the turbine for the adopted input data. Subsequently, the cal-
culated mass stream of steam is applied for the new distribution of pressures in the
turbine with the aid of the Stodola—Fliigel turbine passage equation. This makes it
possible to illustrate pressure variations in the extraction resulting from the changes
in the mass stream of steam through them [1]:

2N\ 2
m\" T, (, 2 2
e \/(z) 7o (1~ pi) i (4.1

Calculations start with the final group of the LP section stages. For this purpose,
first, the saturation pressure pg in the condenser is calculated by means of iterations
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with the aid of its energy balance and relation Quong = (KFAT0g) g Following
that, saturation pressures are calculated for IP sections, subsequently leading to
calculation of p4. Pressure p, is derived by adding the pressure drop in the
interstage reheater p,_,4 to pressure p,. Pressure p; is derived from the relation of
its given value behind the boiler to the mass stream of fresh steam from the boiler.
This pressure cannot be derived from the turbine passage equation (during the
operation with the rated capacity the opening of the regulation valve is in the range
80-100% depending on the quality of fuel, pressure in the condenser, steam
admission into interstage collector among others). The nominal values in the
Stodola—Fliigel turbine passage equation for the specific stages include: values of
steam flow, temperatures and pressures for the operation of the power unit with
nominal capacity without assumption of combined heat and power, i.e. no steam
extraction to feed heaters. On their basis the nominal values of specific enthalpy of
the steam and condensate are calculated. New values of specific enthalpy of steam
and condensate are derived for the new values of pressures and specific efficiency
of the turbine #igp, N, MiLp, Which in turn, are determined on the basis of the
characteristics of efficiency and steam bleed into HP, IP and LP sections of the
turbine on the basis of iterations. These values are applied in the successive step,
i.e. calculation of the new values of steam and condensate flow (under the
assumption of constant temperatures 7; and T, in the calculations of specific
enthalpy). Subsequently, these data are used to calculate a new distribution of
pressures in the turbine, etc. until the required precision of calculations is obtained.
In the second and successive iteration steps the temperatures of the condensate
behind the LP and HP regenerative feed water preheaters and the temperatures of
the saturation in the condensers are derived with the aid of a relation stating the
heat flow that is exchanged in a heater: Q = kFAT)q,, where AT),, denotes
algorithmic mean of the difference of the medium that is fed into a heater.

The electric power output from the unit derived in the final step of iteration as
well the chemical energy flux combusted in the boiler form the values that had to
be determined.

Using the calculated electric power and chemical energy mass streams for each
set of the input data it is necessary to derive the annual electric output from a unit
and the annual use of chemical energy. The calculations of the annual values have
to be repeated for all alternatives of the heater structure after modernization in
order to compare their economic efficiency and select an alternative in which the
value of NPV is the highest (Eq. 2.1).

At this point the process of thermodynamic calculations is complete and it is
possible to proceed to economic calculations for which the input data
include, besides the values of the investment, annual generation of electric energy
and heat, annual use of chemical energy of the coal: prices of energy carriers and
heat, ecological fees, interest rate, distance from the power plant to the end heat
consumers (which will determine the economically justified distance of heat
transmission pipeline), etc. (Eq. 2.1).
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For an optimum structure, i.e. the alternative for which the highest value of
NPV is gained, it is necessary to repeat the calculations under the assumption of
increased fuel use in the boiler thus restoring the initial electric power of the power
plant. It is predictable that the economic efficiency of the undertaking in this case
will be even greater.

Reference

1. Chmielniak T (1998) Thermal turbines. Theoretical fundamentals. Wydawnictwo Politechniki
Slaskiej, Gliwice (in Polish)






Chapter 5

Testing Calculations of the Mathematical
Model of a Power Unit

5.1 Methods for Solving the System of Equations

The development of a mathematical model (mathematical modeling) is not limited
to the formulation of the relations between the particular variables and their
transformation into the simplest form. Neither it is sufficient to state these relations
in the form of analytical equations. In order to obtain a comprehensive mathe-
matical model it is also necessary to present an appropriate method for solving
such equations. This is the numerical algorithm which decides on the quality and
precision of solving the investigated problem.

The range of solutions to systems of equations, both linear and nonlinear is very
extensive and the number of practically applied algorithms exceeds a few dozen.
Initially the idea of solving the system of algebraic linear equations consisted in
the application of Gaussian elimination method together with numerical proce-
dures for deriving thermal and calorific parameters of water and steam. However,
a decision was made to use Engineering Equation Solver program (EES). It is a
window-based application operating under MS Windows, which includes a solver
for solving algebraic nonlinear equations and containing an extensive databases of
thermodynamic parameters encountered in widely understood thermal technology,
including water and steam systems.

The solving of the system of equations is based on one of the version of the
Newton’s algorithm, which displays the following characteristics:

e terms of the Jacobean are derived on the basis of numerical calculations,
e system of equations is divided into blocks in order to enhance the coherence,
the division occurs by probing Jacobean by the Tarjan method.

The software was manufactured by US-based F-Chart Software
(www.fchart.com).
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5 Testing Calculations of the Mathematical Model of a Power Unit

Table 5.1 Summary of basic quantities in the steam and water balance

L.p. Symbols in Parameter Unit
use in Fig. 3.4
1 1y Stream of mass of fresh steam kg/s
2 T, Fresh steam temperature °C
3 P Fresh steam pressure kPa
4 Ty Superheated steam temperature °C
5 Tyikqi Temperature of cooling water before KQ1 °C
6 NST Generator’s continuous capacity MW
7 iy Steam stream of mass behind HP section of turbine kg/s
8 T, Steam temperature behind HP section of turbine °C
9 P, Steam pressure behind HP section of turbine kPa
10 rin3 Steam stream of mass into reheat stage kg/s
11 iy Superheated steam stream of mass into IP section of turbine kg/s
12 pg Superheated steam pressure °C
13 s Steam stream of mass into LP section of turbine kg/s
14 Ts Steam temperature in IP-LP crossoverpipe °C
15 ps Steam pressure in IP-LP crossoverpipe kPa
16 1mg Steam stream of mass into condenser KQ1 kg/s
17 Ts Steam temperature in condenser KQl °C
18  pe Steam pressure in condenser KQ1 kPa
19 1ty Condensate stream behind pumps PK1/2 kg/s
20 Ty Condensate temperature behind pumps PK "2 °C
21 o Condensate stream behind heater XN1 kg/s
22 Ty Condensate temperature behind heater XN1 °C
23 gy Condensate stream behind heater XN2 kg/s
24 Ty Condensate temperature behind heater XN2 °C
25 g Condensate stream before heater XN3 kg/s
26 Tp» Condensate temperature before heater XN3 °C
27 i3 Condensate stream behind heater XN3 kg/s
28 T3 Condensate temperature behind heater XN3 °C
29 1y Condensate stream behind heater XN4 kg/s
30 Ty Condensate temperature behind heater XN4 °C
31 s Condensate stream into feedwater tank ZZ1 kg/s
32 Tis Condensate temperature into feedwater tank ZZ1 °C
33 g Feedwater flow into feed pump PZ1 kg/s
34 T Condensate temperature in feedwater tank ZZ1 °C
35 myy Feedwater flow before reheat stage XW kg/s
36 Ty, Temperature of feedwater before reheat stage XW °C
37 g Feedwater flow behind heater XW1/2 kg/s
38 Tig Temperature of feedwater behind heater XW1/2 °C
39 o Feedwater flow into boiler before reheat stage XW kg/s
40 Tyo Temperature of feedwater in boiler behind reheat stage XW °C
41 iy Steam stream of mass from extraction A7 to XW3/4 heater kg/s
42 Ty Steam temperature in extraction A7 °C
43 pao Steam pressure in extraction A7 kPa
44 1y Steam stream of mass in extraction A6 kg/s

(continued)
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Table 5.1 (continued)

L.p. Symbols in Parameter Unit
use in Fig. 3.4

45 Ty Steam temperature from extraction A6 to XW1/2 heater °C
46 py Steam pressure in extraction A6 kPa
47  mp+mpz+ing;  Steam stream of mass from extraction A5 to TP and ZZ1 kg/s
48 T Steam temperature in extraction AS °C
49  px» Steam pressure in extraction A5 kPa
50 iy Steam stream of mass from extraction A4 to XN4 heater kg/s
51 Toy Steam temperature in extraction A4 °C
52 poas Steam pressure in extraction A4 kPa
53 rings Steam stream of mass from extraction point A3 to feed XN3 heater kg/s
54 T»s Steam temperature in extraction A3 °C
55  pos Steam pressure in extraction A3 kPa
56 iy Steam stream of mass at extraction point A2 to XN2 heater kg/s
57 Ty Steam temperature in extraction A2 °C
58  pa7 Steam pressure in extraction A2 kPa
59  riygt+msy Steam stream of mass from extraction point Al to feed XN1 heater kg/s
60  pyo Steam pressure in extraction Al kPa
61  Tuokqi Temperature of cool water behind KQ1 °C

5.2 Results of Testing Calculations

Table 5.1 summarizes the basic parameters of the flows, temperatures and
pressures in the water-steam circulation and their symbols (Fig. 3.4). The
calculations were performed in accordance with the algorithm given in
Chap. 4 under the assumption of a system operating without combined heat
and power. The comparison between these data (measured and calculated)
made it possible to assess the correctness of the mathematical model presented
in Chap. 3.

The testing of the mathematical model of the power unit involved the com-
parison of the variables resulting from the calculations using EES and parameters
gained during the measurements on the live system. The input values included
streams of mass, temperatures and pressures of fresh steam, temperature of
superheated steam and temperature of cooling water before KQ1 condenser,
whose values in the program were equal to the measured values. The ambient
temperature in the program has been selected in a way that ensures an equiv-
alence of the measured value with the calculated temperature of the cool water
Tyikot-

Tables 5.2 and 5.3 contain a comparison between values of measurements and
the results of calculations for the steam stream of mass in the range of
171.6-305.6 kg/s, which corresponds to electric power capacity of 218-370 MW.
For each measurement the relative error was derived from the relation:
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5.2 Results of Testing Calculations
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78 5 Testing Calculations of the Mathematical Model of a Power Unit

Xe — X,
g =~ (5.1)
Xm
where:
x. calculated value
Xn Vvalue obtained from measurement

From the results in the tables it stems that the results of calculations gained with
the developed model are compatible with the results of measurements for con-
densing operation of the power plant. For the majority of parameters the value of
the relative error does not exceed 5% and for the electric power, which is the most
relevant parameter is lower than 1.5%. The largest differences are found in the
values of mass stream of steam from extractions A1-AS5. This could be due to the
small values of these quantities in comparison to the mass flow of condensate
encountered in the overall balance.



Chapter 6

Thermodynamic Analysis of a Combined
Heat and Power Unit Using Extractions
A2, A3 and Crossoverpipe IP-LP

for Heater Supply

Thermodynamic calculations of the operating parameters of a power unit takes into
consideration thermal power output in accordance with the chart summarizing the
demand for district heat in the total of Q. = 220 MW (Fig. 6.2), while its output
for the purposes of preparing network hot water was assumed at Qg,,, = 15 MW.
The maximum temperature of hot water in the network was assumed at
th max = 135°C, while the maximum temperature of return water at f, ,.x = 70°C.

The extraction of considerable amounts of steam to feed heat exchangers results
in the decrease of the pressures in the extractions. These pressures can be further
reduced following the decrease of electrical power output from a unit, which
cannot be completely ruled out. The reduction of pressures and, hence, the
resulting saturation temperatures lead to the decrease of steam temperature below
70°C in Al extraction, i.e. below the minimum temperature of network hot water
at the output of a section of dedicated to its generation. For this reason Al
extraction is not suitable for application for heat generation. There are additional
obstacles associated with steam extraction and its regulation as it does not have a
regulation valve that is capable of maintaining a constant pressure level. As a
consequence, the use of Al extraction would require installing a new, completely
redesigned LP turbine section. Moreover, saturation temperature in A3 extraction
drops below 120°C following the increase of steam extraction in accordance with
annual chart of the demand for heat. It is not possible to gain the maximum
temperature of water in district heating system of #;, n.x = 135°C.

For these reasons the optimum heater structure will have to be sought in a
heater structure supplied with steam from extractions A2 and A3 and from
crossoverpipejoining IP and LP turbine sections. This chapter is devoted to pre-
sentation of a number of alternatives involving thermodynamic calculations of this
type of heater supply (Fig. 3.4).

The decrease of the annual electric energy capacity of the power plant AEEIl A

has a considerable effect on the specific cost of heat production Q4 (per unit of
energy). However, one can note that as a result of using latest generation turbine

R. Bartnik and Z. Buryn, Conversion of Coal-Fired Power Plants to 79
Cogeneration and Combined-Cycle, DOI: 10.1007/978-0-85729-856-0_6,
© Springer-Verlag London Limited 2011



80 6 Thermodynamic Analysis of a Combined Heat and Power Unit

blading this decrease may not be the case. For the condition E., = const this
decrease is expressed with the Eq. 2.17 (Chap. 2):
TA

AEY, = / eQF dt = ¢Q, (6.1)
0
where:
& mean weighted annual decrease of electricity production in a power plant
resulting from heat generation Q.

In order to ensure that the modernization of the power plant to combined heat
and power is justified from the economic perspective, the following relation has to

be fulfilled (for the condition E., = const) (Eqg. 2.19, Chap. 2):
< e_h (ZP + 5serv)-lmod + KP

— 6.2
T el €104 (62)

[if in relation (6.2) there is the equality, the price of heat e}, also expresses the
specific cost k;, of its generation]

where:

€el specific sales price of electric energy. One can note that the
electricity produced in a combined process “red energy” has a
higher price than “black energy,” which adds another rationale
for the modernization of a power plant to combined heat and
power,

K, cost of electricity needed to power network hot water pumps

and auxiliary pumps,

(zp + Oserv)moa  depreciation and annual cost of maintenance and overhaul of
the facilities following capital expenditure/,,,q for adapting a
power plant to combined heat and power

The selection of an optimum structure of heaters therefore involves the opti-
mization of the value of the weighted coefficient &.

The value of ¢ is relative to the time variable values of coefficients ¢; for the
specific extractions. Values of ¢; vary depending on the changing steam mass flows
extracted from them in accordance with the qualitative regulation of thermal power
output (Chap. 4, Fig. 4.1) and are relative only to the fluctuations of the pressure in
extractions. In accordance with Stodola—Fliigel turbine passage equation the
reduction of steam feed into the following stages of the turbine leads to the increase
of coefficients ¢; and consequently, to increase of ¢ [5]. Consequently, for the case
when a power plant consists of several units, which is a rule, a more beneficial
alternative involves feeding heaters not from a single turbine but from two of them
despite the fact that it would be sufficient to extract the required thermal power from
only one of them. This could apply extraction A2 and A3 and the crossoverpipe
joining IP and LP turbine sections. It is also necessary to ensure a reserve for the case
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of emergency shut-down of one of the power units. Such a reserve can take the form
of an inexpensive water boiler or a turbogenerator adapted to combined heat and
power that is capable of meeting total required heat demand.

Steam bleeding from two turbogenerators could also be imposed by the lack of
technical capability of extracting the needed volumes of steam from a single
turbine.

For the above reasons the calculations are additionally conducted for the steam
extraction from a single and two power units.

Moreover, an assumption was made of a constant chemical fuel mass stream
(Sect. 6.2) that is equal to the stream prior to the modernization of the unit to
combined heat and power. This stream is E, = 934.8 MW (corresponding to
maximum continuous capacity N5 = 380 MW). In addition, constant electrical
power output (Sect. 6.3) is assumed at a level that is equal to the one prior to the
modernization to the combined heat and power, that is, NE]T =380 MW. This
operation is made possible by the parameters of the steam boiler, as it has certain
efficiency surplus as well as due to additional capacity of the flow system in the
turbine.

The operation of the power unit with a constant electrical power output,
regardless of the varied thermal power supplied for the purposes of district heating
and network hot water in accordance with the annual diagram of its demand guar-
antees a higher economic efficiency of the combined heat and power (Chap. 2). As a
consequence, the profit from the undertaking increases. This increment of the profit
is equal to 0Z the product of the decrease of the specific cost of heat production Aky,
during the combined heat and power and its annual production Q, (Chap. 2):

0Za = AZE™ — AZp = QpDNkyy = AEL ™ eqi (1 — ee1) — AEchacon — AKSD

env

(6.3)

where:

€el, €coal  Specific price of electric energy and coal,

AES‘;{%’"“ decrease of annual electrical energy output from a power plant as a
' result of its modernization to combined heat and power without power

compensation,
&l relative coefficient of power station internal load,
AKDT increase of charge on pollution of natural environment

The value of Z, involves the decrease in the receipts from sales of electricity

AEfllﬁmsseel(l — &) when a unit operates without power compensation (Eq. 6.8),
minus additional cost of coal used if power compensation occurs APA(NCV)e oa
(Eq. 6.5) and increase of the charges on polluting the environment AK¢\" resulting
from additional mass stream of coal combusted in the boiler for the purposes of
power compensation. When comparing with the profit prior to the modernization,
the increase of gross profit AZ{™ in Eq. 6.3 after restoring the initial electrical

capacity of the power station is equal to:
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AZ™ = Qpen — AKL " (6.4)

where:
en  specific price of heat.

It is gained as a result of combustion of additional volumes of coal AP, with
the net calorific value NCV (Chap. 2):

AEg o = APA(NCV) = / AP(NCV)dr. (6.5)
0

In order to ensure that the combined heat and power is justified from the
economic point of view, the following relation has to be fulfilled:

AZE™ >0, (6.6)

The increase of the annual operating cost of the power station AZ5 ™ >0 in
Eq. 6.4 is associated with capital expenditure on the modernization of the power
plant to the combined heat and power Jmod = Joiid + Jswitchgear + Jaut + Jmed

Jgii;‘ + Jinst 4 gheat (ipvestment in buildings, switchgear, systems of automatic
control, modernization of turbines for heating steam extraction for combined heat
and power, heat distribution line with network pumps, installation maintaining
adequate static pressure of water in the heat transmission pipeline and heat
exchanger station and an additional cost K, of the power needed to supply pumps
necessary to put in motion the pumps in the main heat line and the accessory ones,
additional cost of coal APA(NCV)e.,, and increase in environmental charges
A Kcom):

env

AKE" ™ = (2 + dgery mod + Kp + APA(NCV )ecoar + AKE™ (6.7)

env

where:
zpJmoa  depreciation [1-4],
Oservdmod  COst of maintenance of overhaul of facilities [1-4]

The increase of the gross profit AZ, in Eq. 6.3 resulting from the modernization
of the power plant to the combined heat and power without restoring is its elec-
trical capacity at the time prior to its modernization is equal to (Chap. 2):

AZj = Qpen — AEGE™ ea(1 — ea) — AKR >0, (6.8)
while the annual increase in the overall cost AKE! is equal to:

AKE' = (2p + Sserv)Imod + Kp. (6.9)
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6.1 Alternatives of Steam Supply to Heaters

The analysis involved the following alternatives of the supply of heatersduring
combined heat and power with the reheat cycle involving network hot water
heating to the following temperatures: 70°C in XC2 heater using steam extracted
from A2, 90°C in XC3 heater using steam extracted from A3 and 135°C in
XC4 heater using steam from the crossoverpipe between IP-LP turbine sections
as well alternatives with network hot water heating in XC2 and XC3 heaters to
80 and 120°C instead of 70 and 90°C, respectively, in accordance with the
annual chart of heat demand. For the same use of the chemical energy the
operation of the unit with higher water temperatures results in a higher electrical
power output from the power plant. This comes as a consequence of the
close-to-zero extraction of heating steam from the crossoverpipe between IP-LP
turbine sections.

Figure 6.1 presents the diagram of steam supply to heaters from two per units
(Sects. 6.1.2, alternative f and 6.1.3, alternative d).

6.1.1 Heating Steam Extraction from a Single Power Unit

Here are alternatives for supply of heat exchangers with steam extracted from a
single power:

1. steam is extracted from extractions A2, A3 and crossoverpipe between [IP-LP
turbine section and fed to XC2, XC3, XC4 heaters;

e Table 6.1, item 1.; Table 6.2, item 1., Fig. 6.3.—constant stream of chemical
energy of fuel,

e Table 6.3, item 1.; Table 6.4, item 1., Fig. 6.13.—constant electric power
output

2. steam is extracted from extractions A2 and crossoverpipe between IP-LP tur-
bine section and is fed to XC2 and XC4 heaters; XC3 is excluded;

e Table 6.1, item 2.; Table 6.2, item 1.—constant stream of chemical energy
of fuel
e Table 6.3, item 2.; Table 6.4, item 1.—constant electric power output

3. steam is extracted from extraction A3 and crossoverpipe between IP-LP turbine
section and is fed to XC3 and XC4 heaters; XC2 is excluded;

e Table 6.1, item 3.; Table 6.2, item 2.—constant stream of chemical energy
of fuel
e Table 6.3, item 3.; Table 6.4, item 2.—constant electric power output
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IP-LP- IP-LP- A3 - 2nd unit A2-1st unit
1stunit 2nd unit

XC4 XC3 Xc2

“'?“"Y“/ Rk ek [t

Fig. 6.1 Diagram of steam supply to heaters from two per units (Sects. 6.1.2, alternative f and
6.1.3, alternative d)

4.

steam is extracted from crossoverpipe between IP-LP turbine sections and is
fed to XC4 heater; XC2 and XC3 heaters are excluded;

e Table 6.1, item 4.; Table 6.2, item 3.—constant stream of chemical energy
of fuel
e Table 6.3, item 4.; Table 6.4, item 3.—constant electric power output

6.1.2 Heating Steam Extraction from Two Power Units

Here are the alternatives of heaters which supply from two power units:

1.

steam is extracted from turbine extractions A2 and A3 in the first unit to supply
XC2 and XC3 heaters, steam to feed XC4 heater is extracted from crossover-
pipe between IP-LP turbine sections in the second unit;

e Table 6.1, item 6.; Table 6.2, item 1.—constant flux of chemical energy of
fuel
e Table 6.3, item 6.; Table 6.4, item 1.—constant electric power output

steam is extracted from turbine extraction A2 in the first unit to feed XC2
heater, steam to feed XC3 and XC4 heaters is extracted from A3 extraction and
crossoverpipe between IP-LP turbine sections in the second unit;

e Table 6.1, item 7.; Table 6.2, item 1.—constant stream of chemical energy
of fuel
e Table 6.3, item 7.; Table 6.4, item 1.—constant electric power output

. steam is extracted from turbine extraction A2 and crossoverpipe between IP-LP

turbine sections in the first unit to feed XC2 and XC4 heaters, steam to feed
XC3 heater is extracted from A3 extraction in the second unit;

e Table 6.1, item 8.; Table 6.2, item 1.—constant stream of chemical energy
of fuel
e Table 6.3, item 8.; Table 6.4, item 1.—constant electric power output
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4. steam is extracted from turbine extraction A2 in the first power unit to feed
XC2 heater, steam to supply XC4 heater is extracted from crossoverpipe
between IP-LP turbine sections in the second unit; XC3 is excluded;

e Table 6.1, item 9.; Table 6.2, item 1.—constant stream of chemical energy
of fuel
e Table 6.3, item 9.; Table 6.4, item 1.—constant electric power output

5. steam is extracted from turbine extraction A3 in the first power unit to feed
XC3 heater, steam to supply XC4 heater is extracted from crossoverpipe
between IP-LP turbine sections in the second unit; XC2 is excluded;

e Table 6.1, item 10.; Table 6.2, item 2.—constant stream of chemical energy
of fuel
e Table 6.3, item 10.; Table 6.4, item 2.—constant electric power output

6. steam is extracted from turbine extraction A2 and crossoverpipe between IP-LP
turbine sections in the first power unit to feed XC2 and XC4 heaters, while the
steam to supply XC3 and XC4 heaters is extracted from A3 extraction and
crossoverpipe between IP-LP turbine sections in the second unit (in this
alternative XC4 heater has a parallel supply with an equal rate from two units
(Fig. 6.1));

e Table 6.1, item 11.; Table 6.2, item 1., Figs. 6.8 and 6.9—constant stream of
chemical energy of fuel

e Table 6.3, item 11.; Table 6.4, item 1., Figs. 6.16 and 6.17—constant elec-
tric power output.

6.1.3 Raised Temperatures of Network Hot Water Heating
in XC2 and XC3 Heaters for Steam Extraction
Jrom a Single and Two Power Units

This section undertakes the analysis of heater supply for the case of increasing the
temperature of network hot water behind the heaters. An assumption was made
that steam from extraction A2 will enable production of hot water with the tem-
perature of 80°C, while the water at the exhaust of A3 extraction will reach 120°C
as a result of larger surface of the heat exchange. The heating steam delivered from
XC2, XC3 and XC4 for these temperatures is marked with broken lines in Fig. 6.2.
The line that separates heat from XC3 to XC4 heaters is virtually absent as it
overlaps with the Y-axis within the range of the operating conditions of XC4
heater, i.e. 173-220 MW (this section is enlarged). The amount of generated heat
Oxc4 1s inconsiderable since in these circumstances it is equal to 2 per mille of the
total output Qy, in the heating season (Tables 6.1 and 6.3, item 5.).
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Fig. 6.2 Annual scheduled demand for heating power (broken lines indicate the shares of XC2,
XC3 and XC4 heaters in satisfying the demand for heating power after increase of the
temperatures of hot water at the output of XC2 and XC3 heaters to 80 and 120°C, respectively)
calculated with the time step of At =24 h

As a result of comparing the share of the particular heaters in satisfying heating
demand one can note a considerable increase in the heat production in XC2 heater
and decrease in XC3 and XC4 heaters, which will result in decrease in the demand
for chemical energy of the fuel. If the temperature of network hot water were to be
reduced from #, ,.x = 135 to 120°C for instance, it would be possible to abandon
XC4 heater totally and the thermodynamic efficiency of the combined process
would increase beside the savings in terms of the use of primary fuels.

The analysis invovled the following alternatives of supplying heat exchangers:

1. Combined heat and power with steam extraction from a single power unit:
(a) steam is extracted from extractions A2, A3 and crossoverpipe between
IP-LP turbine section and fed to XC2, XC3 and XC4 heaters;

e Table 6.1, item 5.; Table 6.2, item 1., Fig. 6.10—constant stream of chem-
ical energy of fuel

e Table 6.3, item 5.; Table 6.4, item 1., Fig. 6.18—constant electric power
output

2. Combined heat and power with heating steam extraction from two power units:

(a) steam is extracted from turbine extractions A2 and A3 in the first power unit
to feed XC2 and XC3 heaters; XC4 heater is supplied from crossoverpipe
between IP-LP turbine section in the second unit

e Table 6.1, item 12.; Table 6.2, item 1.—constant stream of chemical
energy of fuel
e Table 6.3, item 12.; Table 6.4, item 1.—constant electric power output
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(b) steam is extracted from extraction A2 in the first power unit to feed XC2
heater; XC3 and XC4 heaters are fed from A3 turbine extraction and cros-
soverpipe between IP-LP turbine section in the second unit

e Table 6.1, item 13.; Table 6.2, item 1.—constant stream of chemical
energy of fuel
e Table 6.3, item 13.; Table 6.4, item 1.—constant electric power output

(c) steam is extracted from extractions A2 and crossoverpipe between IP-LP
turbine section in the first power unit to feed XC2 and XC4 heaters; XC3
heater is supplied from turbine extraction A3 in the second unit;

e Table 6.1, item 14.; Table 6.2, item 1.—constant stream of chemical
energy of fuel
e Table 6.3, item 14.; Table 6.4, item 1.—constant electric power output

(d) steam is extracted from extractions A2 and crossoverpipe between IP-LP
turbine section in the first power unit to feed XC2 and XC4 heaters; XC3 and
XC4 heaters are supplied from turbine extraction A3 and crossoverpipe
between IP-LP turbine section in the second unit (in this alternative XC4
heater is supplied from two units in a parallel system (Fig. 6.1));

e Table 6.1, item 15.; Table 6.2, item 1., Figs. 6.11 and 6.12—constant
stream of chemical energy of fuel

e Table 6.3, item 15.; Table 6.4, item 1., Figs. 6.19 and 6.20—constant
electric power output.

6.2 Operation with a Constant Stream of Chemical
Energy of Fuel Combustion in Boiler

This section is devoted to the presentation of selected results of calculations
regarding the operation of a power unit (for the case of two units applied in
combined heat and power) for the alternatives of the combined heat and power
presented in Sect. 6.1. An additional assumption is made that the unit operates
without electrical capacity compensation. As a result, such decrease of the elec-
trical power output from a unit is variable in time depending on the changing
demand for district heating and hot water.

The calculations assume a constant value of chemical mass stream of fuel
combustion in the boiler (for the case of two unit operation and two boiler system
involvement) that is equal to the electrical power output from the unit prior to its
modernization to the combined heat and power (Tables 6.1 and 6.2).

The calculations were also conducted for the alternative of supply of heaters
from one to two power units.

To sum up: the presented results of thermodynamic calculation illustrate a
combined heat and power for a constant mass stream of chemical energy of boiler



6 Thermodynamic Analysis of a Combined Heat and Power Unit

88

(panunuoo)

8PP 19L°E 681°€C 760°80S 0 185°1€S $09°L9¥°6 ®oL
8YL1E6'] 681°€C 0 0 681°€T 08°cELY (mun pug) $DX
00L°628°1 0 760°80S 0 760°80S 08°cELY (mun 3s7) €2X 0l
1LYT6LE €LT'801 0 80¢ €Ty 185°1€S $09°'L9¥°6 [L2LAR
LL8'TT6'T €LT801 0 0 €LT801 08°cELY (mun pug) $DX
$65088°1 0 0 80€‘cTh 80¢‘ceTy 08°cELY (mun 3s7) 7DX 6
678°C6LE 681°€C Y8LY8 80¢‘cTh 185°1€S $09°'L9¥°6 [L2LAR
08L816°1 0 Y8LY8 0 ¥8LY8 08°cELY (mun pug) €DX
670°GL8 T 687°¢€T 0 80€‘cT L6L9VY 08°cELY (run 3s7) $/20X 8
£96°€6L°E 681°€T Y8LY8 80¢‘cTh 185°1€S $09°'L9¥°6 ®oL
L9E°E16'] 681°€C Y8LY8 0 €LT801 08°cELY (un pug) $/€0X
965°088°1 0 0 80¢‘cT 80¢‘cey 08°CELY (mun 3s7) 7DX L
Y6LY6LE 681°€C Y8LY8 80¢ €Ty 185°1€S $09°'L9¥°6 ®oL
8YL1E6'] 681°€C 0 0 681°€T 08°cELY (mun pug) $3X
9%0°€98°1 0 Y8LV8 80€°cT 760°80S 08°cELY (mun 1sT) €/70X 9
D6SE1 > dT-dI Do06 > €V Do0L > TY—SIUN oM} ‘1omod pue jesy paurquio)
00LT98°1 SEI'L 8CEIS YI1°6LY 185°1€S 08°cELY Y/€/TOX S
DoSET > dT-dI “Do0TT > €V Do08 > TV—SHUN 0M) ‘Tomod pue 183y pauIquio)
9097181 18S°1¢€S 0 0 18G°T€S 08°€ELY 70X 14
00SvZ8 1 681°€C 760805 0 185°1€S 08°cELY 7/€0X €
CIP'GS8°1 €LT'801 0 80€°cT 18G°T€S 08°cELY 7/TOX 4
80L°LS8°] 681°€T Y8LY8 80¢ €Ty 18G°T€S 08°€ELY /€/TOX 1
D6SE1 > dT-dI “Do06 > €V Do0L > TV—IUN 9[3uls ‘Jomod pue Jeay pauiquio)
LOE'LEG'T 0 0 0 0 08°cELY
uonerado jrun ursuopuo))
UM (UMIN) (IMIN) UMD (IMIN) (UMIN)
a__mom YOXg £X5 X5 L) MYy QATIRUIONY W)y

I8U0d = MIN 8'p€6 = P ‘uoseas (ryurm) Yead o ur A(ddns 1oy jo seAneurdl[e pazAJeue Ioj

skep [17 = "1 ‘MIN ST = "0 ‘MIN 0t = ™" °0

;mm jndino  £S1ouo [eomoo[g 1°9 dqel



89

6.2 Operation with a Constant Stream of Chemical Energy

YLT'66LE Sel‘l 8CEIS L1T'6LY 08S°1€S 09°'L9¥°6 [eI0L
110°926°1 89¢ 8TE 1S 0 968°1S 08°CELY (mun pug) $/¢0X
€9T°€LS8 1 89¢ 0 L1T°6LY S89°6LY 08°cELY (mun 1sT) $/2OX Sl
89T 66L°¢E SEI'T 8CEIS LIT'6LY 08S°1€S 09°L9¥°6 [e10L
8€1°9T6°1 0 8TE 1S 0 8TEIS 08°CELY (mun pug) €OX
0€1°€L8’T SEIl 0 L1T°6LY TST08Y 08°CELY (mun 1sT) $/2OX 14!
60€°66L°€E SEI'T 8CEIS LIT'6LY 08S°1€S ¥09°L9¥°6 [e10L
116°626°1 SEI‘T 8TE1S 0 €91°CS 08°CELY (un pug) $/¢0X
86£°€LS 1 0 0 L1T°6LY LIT6LY 08°CELY (mun 3s7) TOX €l
T66°66L°€E SEI'T 8CEIS LIT'6LY 08S°1€S 09°L9¥°6 [e10L
6£0°LE6 T SEI'T 0 0 SET'T 08°cELY (ymun pug) $OX
€66T98°1 0 8TE 1S L1T°6LY Shroes 08°CELY (mun 3sT) €/20X 4!
DoSET > dT-dI Do0CI > €V De08 > TYV—SHUN 0m} “Tomod pue jeay paurquio)
918°¢6L'E 881°€C ¥8LV8 80¢ €T 08S°1€S ¥09°L91'6 [L20AN
8209161 YL TT ¥8L V8 0 87596 08°CELY (mun pug) $/€0X
88LLLS'I YrLTT 0 80€°cTy TS0°sEY T08°EELY (mun 38T) $/20X 11
UMIN) (IMIN) (IMIN) UMV (IMIN) (IMIN)
B,ﬁ_mwr‘.w vOX5y £9X75 W0XH ) B,:om QATIRUIA) Y woy

(ponunuod) T°9 dqeL,



90 6 Thermodynamic Analysis of a Combined Heat and Power Unit

Table 6.2 Electrical energy output EE' for analyzed alternatives of heater supply in the off-peak

(summer) season; E., = 934.8 MW = const, thw =15 MW, 7, = 140 days

Item Alternative Echs Os Oxc2 Oxc3 Oxca EEII,S
(MWh) (MWh) (MWh) (MWh) (MWh) (MWh)
Condensing unit operation
3,140,900 0 0 0 0 1,276,799
Combined heat and power
1 XC2 3,140,900 50,400 50,400 0 0 1,270,097
2 XC3 3,140,900 50,400 0 50,400 0 1,265,971
3 XC4 3,140,900 50,400 0 0 50,400 1,264,995

fuel combustion (for the case of operation with two units and two boilers) that is
equal to this stream prior to modernization of the units to combined heat and
power for time variable electrical power output from the unit as a result of
operation without electrical capacity compensation.

6.2.1 Results of Calculations

Table 6.1 contains a summary of the results of gross electrical energy output Eg{w,

heat Q,, and consumption of chemical energy of the coal E, , in the peak sea-
son(winter), while Table 6.2 offers the summary of Eg{s, Oy and E, ¢ in the off-
peak season(summer). The annual values of these variables are equal to the totals

of the peak and off-peak values, i.e.:

Ech,A = Ech,w + Ech,Sa (610)
Eqa = Eq, + Eqs, (6.11)
QA = QW + QS' (612)

Heat generation in winter Q,, is composed of total heat for the purposes of
district heating and district hot water, while in the summer it corresponds the total
of heat for the purposes of network hot water only.

The maximum thermal power output from the power plant was assumed in
accordance with the annual chart summarizing the demand for district heating at
QC max = 220 MW, the values of maximum temperatures of network hot water and
return water at #;, nax = 135°C and ¢, ,,x = 70°C, respectively. In the alternative
with the mass stream of chemical energy of boiler fuel combustion of
Eq, = 934.8 MW the value of the heating power demand for preparation of dis-
trict hot water was assumed at Qg,,, = 15 MW as a constant both in the peak and
off-peak season. Additionally, an assumption was made that the peak season for
the flux of Ech = 934.8 MW lasts 1, = 211 days, while the off-peak season
1, = 140 days.
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Fig. 6.3 Temperatures of saturation of bleed steam in the function of ambient temperature; A2
extraction is used to feed XC2 heater, A3 extraction is used to feed to XC3, XC4 is supplied from
IP-LP crossoverpipe (broken lines mark the temperatures of network hot water and return water)
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Fig. 6.4 Heating steam mass stream into XC2, XC3 and XC4 heaters in the function of ambient
temperature (Sect. 6.1.1, alternative a)

6.2.1.1 Heating Steam Extraction from a Single Unit

Figure 6.3 presents the curve of temperature of steam saturation in the function of
ambient temperature for steam feed to three heaters and chemical energy stream
E. = 934.8 MW (Sect. 6.1.1, alternative a).

The demand for thermal poweris relative to the ambient temperaturein accor-
dance with the annual qualitative regulation chart. Following the fluctuations of
temperature the steam stream of mass into the heaters also changes with time.
Figures 6.4 and 6.5 present steam bleed from turbine extractions to heaters in the
function of the ambient temperature for two alternatives of supply for a constant
chemical energy stream of E., = 934.8 MW. The reason for the step-wise
increase of the steam feed into XC2 heater (Fig. 6.4) and XC4 heater (Fig. 6.5) for
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Fig. 6.5 Heating stream mass stream into XC4 heater in the function of ambient temperature
(Sect. 6.1.1, alternative d)

the ambient temperature 12°C is associated with an increase in the demand for the
steam resulting from the beginning of the heating season.

Following an increase of the thermal power as a result of decreasing ambient
temperatures the effect of the application of the enthalpy of the steam is reduced
and electrical power output decreases. Concurrently, the production of electricity
and heat generation increases. Figure 6.6 presents the dependence of electrical
power output and Fig. 6.7 presents the relation of the unit capacity and ambient
temperature for two alternatives of heater supply (XC2/3/4 and XC4). For the
purposes of comparison the electrical power output and efficiency of the power
unit is presented for the case of operation in a conventional cycle (i.e. without
steam extraction to feed heaters).

In Fig. 6.6 one can note the slight increase of the electrical power output during
the condensing operation. This results from an increase in the efficiency of the
power unit (Fig. 6.7) as a result of decrease in the pressure in the condenser, which
in turn comes as a consequence of lower cooling water temperature (Fig. 3.17). As
one can note the decrease of electricity production is greater for the alternative in
which the steam is extracted only from the IP-LP crossoverpipe. The greatest
difference between the decrease of electricity production resulting from steam
extraction for the purposes of district heating is noted for the ambient temperature
of 2.6°C and it is equal to around 11 MW. For this temperature the maximum
amount of steam is extracted from A2 extraction to feed XC2 heater. Along with
the decrease of temperatures steam stream of mass into XC2 falls and the feed rate
into XC3 increases and subsequently into XC4. This results in a decrease of
electricity production to only a value of around 2 MW for the ambient temperature
of —20°C. The maximum decrease of electricity production is equal to maximum
46-48 MW depending on the alternative and the annual decrease is equal to
10-16 MW.

The decrease of electricity production is additionally followed by increase in
power unit capacity defined as:
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heater supply (Sect. 6.1.1, alternatives a and d)

ST | ¢
NEec = M (6 13)
Ech
where:
Ng e« efficiency of the unit adapted to combined heat and power
NST  electrical power output,
Oc heat power of the unit adapted to cogeneration,

th stream of chemical energy of the fuel,

which for the ambient temperature of —20°C is equal to around 60-19% higher
than the efficiency of the power plant prior to its modernization. The average
annual increase in the efficiency is equal to 5.3—6.2%, depending on the alternative
of heaters supply.
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Fig. 6.8 Temperatures of bleed steam saturation in the function of ambient temperatures; XC2
and XC4 heaters are fed with steam from A2 extraction and IP-LP crossoverpipe in the first unit;
XC4 heater is fed in a parallel system from IP-LP crossoverpipe in the second unit (broken lines
mark the temperature of network hot water and return water)

6.2.1.2 Heating Steam Extraction from Two Power Units

Figures 6.8 and 6.9 present the curves of temperatures of bleed steam saturation in
the function of ambient temperatures for the alternative of heater steam extraction
from two power unit for the chemical energy mass stream of E., = 934.8 MW
(Sect. 6.1.2, alternative f).

6.2.1.3 Raised Temperatures of Network Hot Water Preheating
in XC2 and XC3 Heaters for the Supply of Heaters
from a Single and Two Units

Figure 6.10 presents the curves of temperatures of bleed steam saturation in the
function of ambient temperaturesfor the alternative of heater steam supply from a
single power unit for the chemical energy flux of E., = 934.8 MW (Sect. 6.1.3,
alternative la).

Figures 6.11 and 6.12 present the curves of temperatures of bleed steam satu-
ration in the function of ambient temperatures for the alternative of heater steam
supply from two power units for the chemical energy flux of Een = 934.8 MW
(Sect. 6.1.3, alternative 2d).

6.3 Operation with a Constant Electric Capacity of a Unit

Figures 6.13, 6.14, 6.15, 6.16, 6.17, 6.18, 6.19 and 6.20 present the results of
thermodynamic calculations regarding the efficiency of a unit, chemical energy
stream of the fuel and temperature of steam saturation in extractions A2, A3 and
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Fig. 6.17 Temperatures of extracted steam saturation in the function of ambient temperatures;
XC3 and XC4 heaters are fed with steam from A3 extraction and IP-LP crossoverpipe in the
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Fig. 6.18 Temperatures of saturation of extracted steam in the function of ambient temperature;
XC2 heater is fed with steam from A2 extraction, XC3 from extraction A3 and XC4 from IP-LP
crossoverpipe (broken lines mark the temperature of network hot water and return water)

IP-LP crossoverpipe for the alternatives of heater supply in Sect. 6.1 during a
single and two unit operation of a power plant with a constant electric power
output. The application of the combined heat and power under the assumption of
maintaining a constant electric capacity imposes a need to increase steam pro-
duction in a boiler. As a result, the pressure drops in the extractions (according to
Eq. 4.1) as well as the decrease of saturation temperatures as a result of bleeding
considerable amounts of steam from them are smaller than for the case of oper-
ation without compensation of electric capacity. As a result, it is possible to ensure
higher temperatures of network hot water at the output of the heaters.

6.3.1 Results of Calculations

Calculations were conducted for value of electric capacity maximal of 380 MW.
The maximum of thermal power output was taken in accordance with the annual
chart of the demand for district heating, i.e. QC max = 220 MW, values of maxi-
mum temperatures of network hot water and return water, i.e. #, nax = 135°C,
. max = 70°C. A constant value of the demand for thermal power for the purposes
of network hot water was assumed at Qg,,, = 15 MW both in the peak and off-
peak seasons. In addition, it was assumed that the peak season lasts for
T = 211 days, and the off-peak season lasts for 1, = 140 days.

Tables 6.3 and 6.4 summarize the results of calculations for the peak and off-
peak seasons, stream of chemical energy of coal E, ., Ecns, gross electrical
energy output E, , E.; s and heat generation Q,,, Qs during the combined heat and
power in the power plant with constant electric capacity of N §1T = 380 MW for all
analyzed alternatives of heater supply.

The annual output and production of these variables are equal to the sums of the
values for the peak and off-peak seasons (Egs. 6.10-6.12, Sect. 6.2.1).
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XC4 heaters are fed with steam from A2 extraction and IP-LP crossoverpipe in the second unit;
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Fig. 6.20 Temperatures of steam saturation in the function of ambient temperatures; XC3 and
XC4 heaters are fed with steam from A3 extraction and IP-LP crossoverpipe in the second unit;
XC4 heater is fed in a parallel system from IP-LP crossoverpipe in the first unit (broken lines
mark the temperature of network hot water and return water)

6.3.1.1 Heating Steam Extraction from a Single Unit

Figure 6.13 presents steam saturation temperatures in extractions A2, A3 and
crossoverpipe joining IP and LP turbine sections for steam feed to heaters in a
power plant adapted to combined heat and power (Sect. 6.1.1, alternative a) for
electric capacity of N5T = 380 MW.

Figure 6.14 presents the use of chemical energy of the fuel in the function of
ambient temperature for steam supply to three heaters (Sect. 6.1.1, alternative a) and
a single one (Sect. 6.1.1 alternative a). Figure 6.15 presents the relation between the
efficiency of a power unit and ambient temperature for the same conditions.
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6.3 Operation with a Constant Electric Capacity of a Unit
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102 6 Thermodynamic Analysis of a Combined Heat and Power Unit

Table 6.4 Use of chemical energy of coal E, ; for the analyzed alternatives of heaters supply in
the off-peak season (summer); N5' = 380 MW, Qg = 15 MW, 7, = 140 days

Item  Alternative Ecns O Oxc2 Oxc3 Oxca Ed,
(MWh) (MWh) (MWh) (MWh) (MWh) (MWh)
Condensing operation of a unit
3,140,964 0 0 0 0 1,276,800
Combined heat and power
1 XC2 3,158,177 50,400 50,400 0 0 1,276,800
2 XC3 3,168,774 50,400 0 50,400 0 1,276,800
3 XC4 3,171,282 50,400 0 0 50,400 1,276,800

As one can note in Fig. 6.14, the operation of a unit with electrical power
compensation results in the increase of chemical energy use for the case of all
alternatives of heater supply. Concurrently, following an increase of steam feed
into heaters the total efficiency of the power plant increases as well (Fig. 6.15),
which for maximum steam extractionfor ambient temperatureof —20°C is equal to
over 57%, which is 16% higher than the efficiency of the condensing power plant.
The mean annual increase of efficiency is equal to 5.3-6.0% depending on the
alternative.

6.3.1.2 Heating Steam Extraction from Two Power Units

Figures 6.16 and 6.17 present steam saturation temperatures in extractions A2, A3
and crossoverpipe joining IP and LP turbine sections for the feeding of heaters
from two power units in a power plant adapted to combined heat and power
(Sect. 6.1.2, alternative f) for electric capacity of N3 = 380 MW.

6.3.1.3 Raised Temperatures of Network Hot Water at the Exhaust
of XC2 and XC3 Heaters for Supply of Heaters from a Single
and Two Power Units

Figure 6.18 presents steam saturation temperatures in extractions A2 and A3 and
crossoverpipe joining IP and LP turbine sections of a power plant adapted to
combined heat and power while the temperatures of network hot water are raised
at the output of XC2 and XC3 heaters for the case of steam bleed from single unit
(Sect. 6.1.3, alternative la) for electric capacity of NEIT = 380 MW.

Figures 6.19 and 6.20 present steam saturation temperatures in extractions A2
and A3 and crossoverpipe joining IP and LP turbine sections of a power plant
adapted to combined heat and power while the temperatures of network hot water
are raised at the output of XC2 and XC3 heaters for the case of steam bleed from a

single unit (Sect. 6.1.3, alternative 2d) for electric capacity of N5' = 380 MW.
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As it has already been noted at the beginning of Sect. 6.3, the drop of the
temperature of steam saturation in turbine extractions during a combined heat and
power with a constant electrical capacity is smaller than for the case of its oper-
ation without power compensation(Figs. 6.3, 6.9, 6.10, 6.11, 6.12).

6.4 Summary and Conclusions

1. On the basis of the analysis of thermodynamic calculations of presented
alternatives of steam supply to heaters XC2, XC3 and XC4 from extractions A2
and A3 and crossoverpipe joining IP-LP turbine sections one can conclude that
the maximum required temperature of network hot water #, n.x = 135°C is
obtained in each one of them. It is also possible to have an output of hot water
temperature with the temperature of 70°C.

2. For the case of steam feeding to three heaters XC2, XC3 and XC4 it is not
possible to conclude which of the alternatives offers more benefits from ther-
modynamic perspective. Is it more beneficial to have steam extracted from a
single or two power units? Thermodynamic equivalence is the case for both
power plant operating with a constant electrical capacity from the units [equal
to their power from prior to modernization to combined heat and power
(Tables 6.3 and 6.4)] and higher and variable in time chemical energy stream of
the fuel as a result of power compensation as well as for the case of a constant
chemical energy stream of the fuel (Tables 6.1 and 6.2). The various most
beneficial alternatives of operation whether involving single or two power units
may come as a consequence of imprecision of the mathematical model of a
power unit, which does not completely account for all the technical details in a
power unit. This matter is also relevant for any other process, not only technical
one regarding the justification for minuteness of a model at the expense of
investing time and money. One can note that the calculations conducted for the
purpose of testing the model used (Chap. 5) proved the conformity of the results
of calculations (for the completely condensing unit operation) with the results
of measurements at the level of 1.5%, which is an excellent result. Such pre-
cision level was also gained for the case of electric capacity, which is the most
important input parameter to economic analysis. In addition, the correctness
and adequacy of the results are relative both to the precision of measurements
used for preparation of energy characteristics of facilities used in the model and
the precision of calculations. The latter, in turn, is associated with the calcu-
lation error that is allowed for. For the case of calculations here the calculation
process stops when the maximum relative difference in the following iterations
is lower than 10>,

3. For the operation of a power unit with a constant electrical power output for the
supply of two heaters (XC3 and XC4) or even one (XC4) the stream of
chemical energy of fuel is considerably higher in comparison to the supply of
all three heaters. Concurrently, for the case of operation with a constant



104 6 Thermodynamic Analysis of a Combined Heat and Power Unit

chemical energy of boiler fuel combustion, electric power output of the plant is
considerably smaller in comparison to the output when all three heaters are
supplied. Therefore, alternatives with a single XC4 heater and two heaters are
unattractive from the thermodynamic point of view. Does this also pertain to
the economics? It is clear that for the latter case the cost of modernization of the
power plant will be lowest. In conclusion, this requires further analysis. It is so
that the justification of a business undertaking is decided on or after an eco-
nomic analysis.

4. Tt is very important to note here that the modernization in the form that is
undertaken has to secure continuous supply of heat to end users. For this reason
among the alternatives of heater supply presented in this book the most ben-
eficial is the one in which heater XC4 is supplied in a parallel system from two
power units. In this system steam extracted from one of the power units is
supplied to XC2 and XC4 heaters, and the other unit supplies XC3 and XC4
heaters (Sects. 6.1.2, alternative f and 6.1.3, alternative d, Fig. 6.1). In the event
of an emergency or service shut-down of one of the units, which cannot be
completely ruled out, it is possible that the other one takes over the supply task.
This alternative is, additionally, beneficial from the thermodynamic point of
view.

5. The temperatures of network hot water in XC2 and XC3 heater that are raised
from 70 to 80°C and from 90 to 120°C, respectively (which is enabled by
steam from A2 and A3 extractions) result in a greater electrical power output
for a constant steam of chemical energy of the fuel. This results from the
almost zero heating steam extraction from IP-LP crossoverpipe and decreased
extraction from A3. Thus, the thermodynamic efficiency of the combined heat
and power increases. If the temperature of network hot water was to be
reduced from #, max = 135 and 120°C for instance, it would be possible to
abandon XC4 heater altogether and the thermodynamic efficiency of the
combined process would increase beside the savings in terms of the use of
primary fuels. In addition, the economic efficiency of the power plant would
increase as well.

6. In the design of the structure of heaters it is also necessary to account for the
possibility of heat supply to consumer in the case when the units adapted to
combined heat and power have to operate under a considerably lower electrical
output than the rated capacity or if it became completely out-of-service for
some time. This is possible during regulation running of a power plant when the
power output can fall to 180 MW. Such a reserve can be secured from heaters
supplied from the steam collector. This part, in turn, is supplied from the
exhausts of the HP turbine sections in the working units or from an emergency
boiler.
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Chapter 7
Economic Efficiency of a Power Unit
Adapted to Cogeneration

Chapter 6 presented the results of thermodynamic analysis of the operation of a
power unit with the rated capacity of 370 MW adapted to combined heat and
power with steam extractions from one and two power units (Figs. 3.4, 6.1). This
chapter will focus on the results of the economic efficiency of such operation,
values of specific cost of heat for all alternatives presented in Sect. 6.1, discounted
net profit ANPV™ gained as a result of combined heat and power in a power
plant, internal rate of return IRR of capital investment J,,q needed for the mod-
ernization of the power plant to combined heat and power and dynamic pay-back
period DPBP™ [1-4]. In addition, the presentation includes maximum justified
distance of heat transmission pipeline Li;* from the power plant to consumers as
well as maximum specific price e¢d: on the purchase of CO, allowances resulting
from the emission of additional CO, volume associated with compensation of
decrease of electric-energy production.

7.1 Specific Cost of Heat Production

Specific cost of heat generation k;, in a power plant without compensation of
decrease of electric-energy production for a constant stream of chemical energy of
boiler fuel combustion corresponding to electrical capacity of a power plant prior
to its modernization to the combined heat and power is obtained from the equation
for the increase of gross profit AZ, resulting from the combined heat and power
output (Eq. 6.8):

AZj = Qpen — AEG ™ e (1 — &) — AKY. (7.1)

From the equation in (7.1) it stems that the revenues from the sales of heat Q ey,
has to at least compensate for the decrease of the revenues from the sales of

R. Bartnik and Z. Buryn, Conversion of Coal-Fired Power Plants to 107
Cogeneration and Combined-Cycle, DOI: 10.1007/978-0-85729-856-0_7,
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: El,gross . .
electric energy AE " eel(l — &) and increase of annual operating expenses of

the power plant AKE.
If AZ, = 0, then the specific price of heat ¢;, (per heat unit) is equal to the cost
of its generation, i.e. ey, = ky:
. AEeE]]ﬁmSS eel(l — Sel) + AKEI
(O

while the annual increase in the operating cost of the power plant AKE' in the
combined heat and power is expressed by the equation:

(7.2)

kn

AKEI = (Z,O + 5serv)1mod + Kp (73)

where:
€el specific price of electric energy (per energy unit),
AEfllﬁ“’“ decrease of the annual electrical energy output from a power plant
' resulting from combined heat and power without compensation of
decrease of electric power unit of the heat produced in cogeneration,

Jmod capital expenditure for the modernization of the power plant to the
combined heat and power,

K, cost of electric energy needed to power network hot water pumps and
auxiliary pumps in the heat transmission pipeline,

Oa annual heat production in a power plant,

Z2pJmod depreciation,

Oserv/mod  cost of maintenance and overhaul of the facilities,

&l relative coefficient of power station internal load.

The annual increase of the cost AKE! is associated with the total “turnkey”
investment J,,q (Eq. 7.8) for the modernization of the power plant to combined
heat and power, cost K, of electric energy needed to drive the pumps in the
network hot water distribution system and accessory ones that maintain the ade-
quate static water pressure level to enable its evaporation.

The specific cost of heat production k;*" in the power plant during its operation
with compensation of decrease of electric-energy production, i.e. for electric
capacity that is equal to the one prior to the modernization to combined heat and
power as a result of increasing chemical energy of boiler fuel combustion is
obtained from the relation (Eq. 6.4):

AZE™ = Qpen — AKR™, (7.4)
On this basis and for the condition that AZP™ = 0:

A KEl.com
ko = —A (7.5)
Oa
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Concurrently, the annual increase in the operating cost of a power plant is
expressed by the equation:

AI{il,com _ (Zp + éserv)-]mod + Kp + APA(NCV)ECOa] + AKCo™ (76)

env

where:
econt  Specific price of coal (per energy unit).

In comparison to the cost AKE' (Eq. 7.3) the annual operating cost of a power

plant AK il’com increases as a result of additional cost of hard coal APA(NCV)egoal
needed for compensation of decrease of electric-energy production and expenses
associated with environmental charges AKS Y.

The extra chemical energy steam of boiler fuel combustion APA(NCV) per

annum is expressed by the equation:
APA(NCV) = / AP(NCV)dt (1.7)
0

The cost AKE', AKE°™ in the numerator of Eqs. 7.2 and 7.5 decreases as a
result of extra revenues gained from the sales of certificates of origin of electric
energy from the combined generation of electric energy and heat in a high-effi-
ciency process. These revenues lead to reduction in the cost of heat generation.
However, in the circumstances of a compensation of decrease of electric-energy
production in a power plant the obligation of purchasing additional CO, allow-
ances as a result of combustion of increased volume of coal AP, leads to increase

of the cost AK5"*°™ and can result in higher profitability of the operation without
compensation.

Therefore, there is a boundary price e¢d, on the purchase of additional CO,
allowances, which can be determined from the condition k™" = kj,.

The total investment J,,q consists of the cost of investment specification,
construction work, cost of machinery, engineering supervision, acceptance, start-
up, reserve and other unpredictable expenses. Specifically speaking, investment

Jmoa can be divided into expenditure associated with modernization of turbine to
dist
pip
makes up hot water in the network along with circulation pumps Ji.., heat-

exchanger stations J}slte;{‘ and buildings needed for these facilities Jy,;4, €lectric

switchgear Jyiichgear and systems of automatic control Jy,:

mod

heating steam extraction Jy3, heat distribution pipeline Jii°', installation that

Jmod - Jbild + szitchgear + Jaut + Jg:?[‘)i + Jg:;[ + Ji:zlzi:er + Jilteﬁt (78)

The investment in the heat transmission pipeline is the function of its total
length Ly
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TS = jnLpip (7.9)

where:
Jjp specific (per unit of length) investment in heat distribution pipeline; this
investment is the function of the diameters of forward pipeline and return one.

The investment in heaters XC2, XC3 and XC4, Fig. 3.4 (together forming the
capital expenditure on J) are relative to their maximum thermal power
resulting from qualitative regulation of the thermal power generated in the power
plant in accordance with required maximum temperatures of network hot water
(Chaps. 4 and 6):

> .max > . max > .max

T =Jo (Qxcz + Oxcs + Qxc4) (7.10)

where:
Jo  specific investment in heaters (per unit of power).

Depending on the alternative of combined heat and power described in Chap. 6

the capital expenditure Jls‘g:‘ involves the investment in three heaters XC2, XC3,

XC4 or only two, XC2 and XC4 (in this case Q;?; = 0) or XC3 and XC4 (in this

case Q;léxz = 0), or only in one XC4 (in this case Q;]g = QQE); =0).

In the examined case Eq. 7.8 accounting for Eqgs. 7.9 and 7.10 takes the form:

Jmod = Jbild T Jyitchgear + Jaut +JpLpip

> max

+lo (Q;éxz + Oxcs + Q;gt) thousand PLN (7.11)

Using relation in (7.11) it is possible to determine the maximum length of heat-
distribution pipeline L™ for which is profitable to supply a remote town with heat.
This length ng" is calculated from Egs. 7.2 and 7.5 by substituting heat sales price
eEC in the place of k, and k{°™, which corresponds to heat price from the heating
plant situated in the town.

7.1.1 Results of Calculations

The following input data were taken for the analysis:

e specific cost of heat transmission pipeline jp, = 6,000 PLN/m (for the diameters
of forward and return pipelines of D = 900 mm),

e length of the pipeline Ly, = 12 km,

e specific cost of heat exchangers jo= 31 PLN/kW,
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e investment in buildings, switchgear and systems of automatic control
Joita + szitchgea.r + Jaue = 60 million PLN,

e investment in modernization of turbine for extraction of heating steam J{ﬂ?}f =2

million PLN/turbine,

relative coefficient of power station’s internal load &, = 8%,

specific price of coal e.o, = 11.5 PLN/GJ,

specific price of electric energy e, = 170 PLN/MWh,

specific price of electric energy needed to drive the pumps in the network hot

water supply system and accessory ones in the heat-distribution pipeline

e, = 140 PLN/MWh; an assumption was made that the power used by the

pumps is equal to 4 MW,

e specific cost for polluting environment (per unit of chemical energy of coal
combustion)—0.3 PLN/GJ,

e specific (per energy unit) revenues gained from the sales of certificates of origin
of electric energy from high-efficiency combined power and heat generation—
ecert = 17.7 PLN/MWh,

e annual depreciation rate, cost of overhaul and maintenance zp + gy = 16%,

e specific sales price of heat from the communal heating station needed for cal-
culation of boundary value of Lg};’ﬁ eEC = 33 PLN/GJ,

e specific purchase price of additional CO, allowances—eco, = 54.3 PLN/Mg(,,

e CO, emission per unit of chemical energy of coal—94.13 kg, /GJ.

The calculated values of &y, ki°™, L3o*, eco, are summarized in Tables 7.1,
7.2.

The lowest cost ky, k;°™ is obtained for the operation with three heaters. Due to
the necessity of maintaining continuous supply of heat to consumers the optimal
solution involves combined heat and power generation in a parallel system with
steam extraction from two power units to feed XC4 heater (Fig. 6.1). The rationale
for that is presented in Sect. 6.4. Basically, in the case of an emergency shut-down
of power unit it is possible to supply sufficient volume of steam from the other one.
The lowest cost is obtained for the case of electric power compensation in a power
plant: k;°"= 12.51 PLN/GJ, item 11, Table 7.1.

The maximum length of the heat distribution pipeline L3is equal to around
60 km. This value is derived on condition of the operation of a unit with its rated
capacity.

The boundary purchase price of additional CO, allowances that was derived
from calculations at egy) = 88.6 PLN/Mgq, (item 11, Table 7.1) exceeds the
current price of eco, = 54.3 PLN/Mgc(, by over 60%. Hence, combined heat and
power in a power plant is more justified with electric power compensation.
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Table 7.2 Specific cost of heat production for the analyzed alternatives of heater supply;
E., = 934.8 MW = const, O, e = 220 MW, Q= 15 MW, 17,, = 211 days

Item Alternative Capital expenditure Not accounting for
revenues from sales of
certificates of origin

Accounting for
revenues from sales
of certificates of
origin

Jmod (mln PLN) ki, (PLN/GJ) L;}g" (km) &k Lg‘ig" (km)
(PLN/
GJ)
Single unit operation—A2 < 70°C, A3 < 90°C, IP-LP < 135°C
1. XC2/3/4 143.6 17.03 50.5 13.39 59.3
2. XC2/4 143.6 17.22 50.1 13.61 58.8
3. XC3/4 142.7 20.01 433 17.00 50.6
4. XC4 140.8 21.72 39.2 18.88 46.1
Single unit operation—A2 < 80°C, A3 < 120°C, IP-LP < 135°C
5. XC2/3/4 143.2 16.59 51.6 12.87 60.6
Two unit operation—A2 < 70°C, A3 < 90°C, IP-LP < 135°C
6. XC2/3 (Ist unit) 145.6 17.19 50.1 13.56 58.9
XC4 (2nd unit)
7.  XC2 (1st unit) 145.6 17.26 50.0 13.64 58.7
XC3/4 (2nd unit)
8. XC2/4 (Ist unit) 145.6 17.27 50.0 13.65 58.7
XC3 (2nd unit)
9. XC2 (1st unit) 145.6 17.38 49.7 13.78 58.4
XC4 (2nd unit)
10. XC3 (1st unit) 144.7 20.17 429 17.17 50.2
XC4 (2nd unit)
11. XC2/4 (1st unit) 145.6 17.27 50.0 13.65 58.7
XC3/4 (2nd unit)
Two unit operation—A2 < 80°C, A3 < 120°C, IP-LP < 135°C
12. XC2/3 (Ist unit) 145.2 16.73 51.2 13.02 60.2
XC4 (2nd unit)
13. XC2 (1st unit) 145.2 16.79 51.1 13.08 60.0
XC3/4 (2nd unit)
14. XC2/4 (1st unit) 145.2 16.79 51.1 13.09 60.0
XC3 (2nd unit)
15. XC2/4 (1st unit) 145.2 16.79 51.1 13.09 60.0

XC3/4 (2nd unit)

7.2 Discounted Parameters of Assessing Economic Efficiency
of Combined Heat and Power in a Power Plant

The objective in any business undertaking is profit gaining. Profitability is the most
important criterion of assessing an investment. This means that prior to taking a
decision regarding involvement of capital an investor needs to be secure that the

interest rate J,0q from an investment will be sufficiently high.
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Fig. 7.1 Discounted net profit ANPV™ in the function of specific heat price (for heater supply
alternative as in item 11, Tables 7.1, 7.2)
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Fig. 7.2 Dynamic payback period DPBP™ of capital expenditure in the function of specific

heat price (for heater supply alternative as in item 11, Tables 7.1, 7.2)

The reply to the question regarding the economic efficiency of an investment is
offered by the values of calculated parameters of economic efficiency ANPV™Y,
DPBP™, IRR (Figs. 7.1, 7.2, 7.3). The discounting parameters, i.e. ones that
account for a changing time value of money are considered as the most effective
criteria of evaluating an investment. In addition, it is necessary to conduct the
analysis of sensitivity of these parameters to assess their changing value in the
function of parameters they are relative to Figs. 7.4, 7.5, 7.6, 7.7, 7.8. The analysis
of sensitivity offers a wider perspective regarding the profitability of an investment
and helps assess its security. In addition, in the circumstances of competition it
enables a business to conduct a price policy.

The total increase of discounted net profit (Eq. 2.1; Chap. 2) gained from the
combined heat and power in a power plant not accounting for Independent Power
Producer involvement is expressed by the equation [1-4]:
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Fig. 7.3 Internal return rate IRR in the function of specific heat price (for heater supply
alternative as in item 11, Tables 7.1, 7.2)
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Fig. 7.4 Influence of electric-energy prices, sales price of certificates of electric energy origin
from high-efficiency cogeneration and capital expenditure on the value of specific cost of heat
production k;, (alternative of heater supply described in item 11, Table 7.2)

AZA(1 —p)
P

ANPV™? — (7.12)

where:

p rate of profits tax AZ, (an assumption was made that p = 19%; this is the
current tax rate in Poland),

p annual rate of progressive depreciation,

while the increase of gross profit (Eqs. 7.1 and 7.4) can be comfortably pre-
sented by the relation:

AZA = QA(eh - kh) (713)



7.2 Discounted Parameters of Assessing Economic Efficiency

15.0
145
14.0
18.5
13.0
125
12.0
X115

11.0

com [PLN/GJ]

105+

10.0

117

m—fuel prices

= = = sales price of certificate

= == (02 prices

= = capital expenditure
|

0.8 0.9 1.0 1.1 1.2
Reduced price

Fig. 7.5 Influence of fuel price, sales price of certificates of electric energy origin from high-

efficiency cogeneration and purchase prices of CO2 allowances and capital expenditure on the value of
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Fig. 7.6 Influence of fuel price, revenues from sales of certificates of electric-energy origin from
high-efficiency cogeneration and purchase prices of additional CO, allowances on the value of
ANPV™ for the combined heat and power with compensation of decrease of electric-energy
production (alternative of heater supply described in item 11, Table 7.1)

The rate of progressive depreciation p is expressed by the equation [1-4]:

N
- % (7.14)

where:
N calculated exploitation period of a power plant, in years (in the calculations

N = 15 years),
r  interest rate (in the calculations r = 8%).
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Fig. 7.8 Influence of fuel price, sales price of certificates of electric energy origin from high-
efficiency cogeneration and purchase prices of additional CO, allowances on the value of IRR for
the combined heat and power with compensation of decrease of electric-energy production

(alternative of heater supply described in item 11, Table 7.1)

The rate of progressive depreciation guarantees a reward for an investment
Jmod = Jere + Jown Of capital involved in business undertaking that comes both
from a loan as all as from investor’s own funds. This means that own funds J,yn

and ones from a loan J. are considered in an equivalent manner.

The dynamic pay-back period that is associated with capital expenditure Jy,oq
incurred in connection with the modernization of a power plant to combined heat
and power together with the interest that invested capital would otherwise have

brought is expressed with the equation [1-4]:
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In AZA(1-p)+2p Jmoa
DPBPmOd — AZA(1-p)+2p Jmod =2 mod (7 15)
In(1 + r) :

where:

z discounting rate of a capital expenditure J,,q at the instant when the
modernization of a power plant to combined is complete, z > 1; this rate
accounts for the undesired effect of capital freezing during the construction
period, since this money does not offer any profit in that period [1-4]:

[+ =1](+)
7= - : (7.16)

where b denotes the construction period associated with the modernization of a
power plant to combined heat and power, in years (the calculations assumed
b= 1year;thenz =1+ r).

The IRR rate that is brought by the capital investment J,,,oq is determined by the
subsequent approximation from the equation [1-4]:

CFx = [ZP]IRRJmod = [AZA]r+[Zp]eroda (717)

where as the notation [AZ,], means that the value of AZ, (Egs. 7.1 and 7.4) were
obtained for the discount rate of r.
Annual cash flow CFj, is determined by the relations:

e for combined heat and power without compensation of decrease of electric-
energy production

CFA = Qaen — AEZ{’EOSS eel(l - Se]) — Kp — dservImod (718)

e for combined heat and power with compensation of decrease of electric-energy
production

CFA = QAeh — Kp — 5servjmod — APA(NCV)efuel — AKcom (719)

env ?

while the annual rate J.,, in the cost of overhaul and maintenance dgerJmoq Was
assumed at the level of 0y, = 3%.

To the cash flow CFy4 in Eqs. 7.18 and 7.19 we need to add the revenues gained
from the sales of certificates of origin of electric energy from high-efficiency
combined power and heat generation. In the case of operation with electric power
compensation from CF4 (Eq. 7.19) it is necessary to deduce the cost of purchase of
additional CO, allowances.

The calculation of IRR rate in Eq. 7.17, in Eqs. 7.14 and 7.16 representing
variables z and p instead of discount rate » we have to substitute the desired value
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of IRR. For b =1 (Eq. 7.16), which is practically the case, IRR is therefore
determined from the relation:

IRR(1 + IRR)""

CFp = Jn
AT Imd T T IRRYY -

(7.20)

From Eqgs. 7.17-7.19 it stems that if e;, = k;, (Egs. 7.2 and 7.5) then IRR is
equal to the discount rate adopted in the calculations of r = 8%, DPBP™ is equal
to calculated period of the exploitation of a power plant N = 15 years and
ANPV™* = 0.

7.2.1 Results of Calculations

Figures 7.1, 7.2, and 7.3 present the values of ANPV™? DPBP™ IRR in the
function of heat prices ey, for the alternative of combined heat and power with
heating steam extraction from two power units and a parallel system of steam
supply to XC4 heater (Fig. 6.1).

7.3 Analysis of Sensitivity

As already mentioned in Sect. 7.2, after the analysis of economic efficiency of any
undertaking, after calculation of discounted parameters ANPV™, DPBP™, IRR
it is necessary to conduct an analysis of their sensitivity in the function of the
parameters that affect them. Analysis of sensitivity offers a wider perspective with
regard to the profitability of an investment and enables an investor to assess its
security as well as offers grounds for conducting price policy in the circumstances
of a competitive market. It presents the range of primary fuel prices which will
secure the profitability of an undertaking and the scope for reducing the price of a
product that will ensure that they will not go of business. This level is determined
as zero profits level, i.e. corresponds to zero value of ANPV™,

7.3.1 Results of Calculations

Figures 7.4, 7.5, 7.6, 7.7 and 7.8 present the fluctuations of the parameters
ANPV™ DPBP™ and IRR and changes in the specific cost of heat generation
kn, k;°™in the function of capital expenditure Jy,04 as well as in the function of coal
price e.oa, electric energy price e, sales price of certificates e. of electric-
energy origin from high-efficiency cogeneration and the price eco,on the purchase
of additional CO, allowances. The values of the above taken into consideration



7.3 Analysis of Sensitivity 121

vary in the range of £20% from their basic values. The input prices are the
following: Ji,oq = 145.6 million PLN, e, = 11.5 PLN/GJ, e, = 170 PLN/MW,
ecert = 17.7 PLN/MWh, eco, = 54.3PLN/Mgc,. The reduced prices corre-
sponding to basic prices assume value of 1 on the X axis in Figs. 7.4, 7.5, 7.6, 7.7
and 7.8. In the analysis of the sensitivity of parameters ANPV™, DPBP™, IRR
(Figs. 7.6, 7.7, 7.8) an additional assumption was made that the basic heat price is
en = 22 PLN/GJ (which is 33% lower than heat price e£C= 33 PLN/GJ of the
currently delivered heat from the commercial heating plant situated in the town).

From Figs. 7.4, 7.5, 7.6, 7.7 and 7.8 it results that the values of kp, ki ",
ANPV™? DPBP™, IRR are most sensitive to variations of capital expenditure
Jmod» coal price eoq, €lectric-energy price e, sales price of certificates e.e,y of
electric-energy origin from high-efficiency cogeneration. Concurrently, they are
less sensitive to the price eco,on the purchase of additional CO, allowances. For
the price of heat of e, = 22 PLN/GJ a change in the prices even by +20% still
secures that very high-economic efficiency of the operation of the power plant is
maintained (for heat prices in excess of 22 PLN/GJ the situation will be more
beneficial). For instance, if the price of coal e.,, were to increase by 20% from
11.5 to 13.8 PLN/GJ, the specific cost k;°"would increase from 12.51 to 13.33
PLN/GJ (Fig. 7.5) and the profit from the undertaking ANPV™ would fall from
148.7 to the value 136.0 million PLN (Fig. 7.6), time DPBP™ increases from
5.64 to 5.95 years (Fig. 7.7), and interest rate IRR falls from 0.213 to reach the
value of 0.203 (Fig. 7.8). If profit ANPV™ was to gain zero, the time DPBP™
would last for 15 years, and IRR 8% (the specific cost of heat generation kj;""has
to increase to the value of its sales price e, = 22 PLN/GJ), it would be necessary
that the price of coal rises by 331.5% to reach e ., = 38.12 PLN/GJ.

7.4 Summary and Conclusions

1. The economic efficiency of a combined heat and power cycle in an adapted
power station is very high. For instance, for the heat price of only e, = 22 PLN/
GJ (as it was mentioned before, this price is 33% lower than the price of heat
eEC= 33 PLN/GJ currently delivered to consumers from the existing district
heating station located in the town) the increase of the discounted net profit
ANPV™* for the case of a combined heat and power with compensation of
electrical power output in the alternative with heating steam extraction from
two power units for the parallel steam supply to XC4 heater (Fig. 6.1; item 11,
Table 7.1) is equal to 148.7 million PLN, IRR rate that the investment yields is
equal to 21.3%, and the payback period DPBP™ lasts for only 5.64 years
(Figs. 7.1,7.2,7.3,7.4,7.5,7.6,7.7,7.8). This result can be assessed as a good
one from the economic perspective. The maximum length of the transportation
of heat from the power station to consumers is equal to L*= 61.4 km, while
the maximum expense associated with the purchase of additional CO,
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allowances due to the combustion of additional coal volumes is equal
to ecg, = 88.6 PLN/Mgcy, .

2. The effect of raising the temperatures of network hot water heating in XC2 and
XC3 heaters from 70 to 80°C and from 90 to 120°C, respectively (as it is made
possible due to parameters of steam from extractions A2 and A3) is associated
with an increase of thermodynamic (Chap. 6) and economic efficiency of the
combined heat and power. This comes as a consequence of zero steam
extraction from IP-LP crossover pipe and reduced steam bleed from extraction
A3). If the maximum temperature of network hot water could be reduced from
th max = 135°C to for instance 120°C it would be possible to abandon XC4
heater altogether. As a result, the thermodynamic efficiency of the combined
heat and power would increase substantially accompanied by decrease of pri-
mary fuel use, thus further increasing the economic efficiency of the power
station operating in a combined heat and power.
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Chapter 8

Technical and Economical Effectiveness
of Modernization 370 MW Power Unit
Repowered by Gas Turbine with their
Modernization to Cogeneration

The objective in the modernization of existing power plants involving their
modernization to combined heat and power and concurrent repowering by a gas
turbine and heat recovery steam generator is the improvement of the energy
efficiency of electrical energy production, limitation of pollutant emission into the
environment and improvement of the economic efficiency of the operation.

8.1 Methodology of Economical Analysis of Repowering
370 MW Power Unit by Gas Turbine with
their Modernization to Cogeneration

During the analysis of the economic efficiency of the modernization of a power
unit and involving its repowering by a gas turbine (Fig. 3.4) it is essential to
determine the power output of the gas turbine and an optimum structure of the heat
recovery steam generator that repowers the system. However, other factors also
have to be considered. It is very important to find a reply to a question; what price
relations between energy carriers are justified, between the price of coal, gas and
electrical energy, what tariffs should be imposed on the emissions of CO,, CO,
NOy, SO, and dust into the atmosphere due to which the application of the rela-
tively expensive though ecological hydrocarbon based fuel (i.e. natural gas) in the
power industry will be economically effective beside being justified from the
thermodynamic perspective. These price relations and emission charges have an
important effect on the selection of optimum output of the gas turbine.

R. Bartnik and Z. Buryn, Conversion of Coal-Fired Power Plants to 123
Cogeneration and Combined-Cycle, DOI: 10.1007/978-0-85729-856-0_8,
© Springer-Verlag London Limited 2011
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8.1.1 Necessary and Sufficient Conditions of Cost-Effective
Modernization

The necessary condition for the economic efficiency of a power unit by a gas
turbine and a heat recovery steam generator and its concurrent modernization to
the combined heat and power is that the increase of the annual gross profit
AZx = (Zp)™ — (Zo)™ resulting from the exploitation of a repowered unit is at
less not less than zero, that is AZ, > 0. The profit from the modernization in a
generalized case (i.e. when the sale price of electrical energy changes from (eq)™
to (ee))™ %) can be expressed by the equation

(Z)"™= Onen + [ (Ea, ) “+EGT, F AEST, ] (ea) ™~ [ (KE) “+AKE]  (8.1)
while the profit prior to repowering is expressed as

(Za)™= (Eat,a)™ (ea)) ™~ (KE)™ (8.2)

Thus, the prerequisite for the undertaking is expressed by the relation (compare
Egs. 2.10a, 2.22b):

AZA — (ZA)mOd _ (ZA)ex
= Qaen + (ESLTA + AEesleA)(eel)mOd - AK? + (Eel,A)ex[(eel)mOd - (eel)ex >0

where:
en, (€)™, (ea)™  specific price of heat (per energy unit), electrical energy prior
to and following its repowering,

(Eaa)™* annual electrical energy output of a power unit prior to its
repowering,

EgTA annual net electrical energy production in the gas
turbogenerator,

AESIT N annual decrease (increase) of net electrical energy produc-
tion, in the steam turbine;

AESIT A the function of the power of the gas turbine and structure of

heat recovery steam generator; in the circumstances of partial
exclusion of low-pressure regeneration in the power unit and
replacing it with with regeneration in the heat recovery steam
generator and production of intermediate- and low-pressure
steam in it [2], an increase in the production of electrical
energy will follow in the steam turbine despite the extraction
of heating steam into heaters XC2, XC3, XC4 during the
combined heat and power,

AKE‘ increase of the annual operating cost of the power unit after
its repowering,
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Oa annual heat generation in the unit adapted to combined heat
and power.

From the Eq. 8.3 it stems that the revenues from the sales of heat Qae;, and
additional electrical energy (EG, F AEST,)(ea)™" as well as the revenues
(B p)*[(ee)™" — (ee)™] resulting from a change in the price from (eq)™ to
(€)™ has to exceed the annual operating cost of the power unit after its mod-
ernization AKY.

From the relation (8.3) we obtain the necessary condition for the minimum
price e, of heat for the purposes of district heating O that ensures that the
modernization of the power unit combined with its repowering by a gas turbine in
a parallel system is economically justified.

AKR — (EGHLF AES ) (ea)™ = (Ea,n)™[(ea)™ = ()]
en > (8.4)
Oa
When in the relation (8.4) there is an equality sign (AZ, = 0), the price ey,
expresses the specific cost (per energy unit) of heat generation (k)"

(ZP + 5serv)(JCHP +JGT) +Kp+ KGT +KGT _ (AK)CHP+GT o (AKcoal)CHP+GT

k GT _ gas env env
(k) Oa
(EGT F AET ) (€)™ + (Bea)™[(ea)™ = (ea)™]
Oa
(8.5)
while the total of the costs

AK&I — (Zp + 55erv)(JCHP + JGT) _|_ KP + KS‘;E + Kg;{‘, _ (AKCOa])CHP+GT

_ (AKcoal)CHPJrGT (86)

constitutes the increase of the annual operating costs of a power unit associated
with its repowering , i.e. costs that are related to development of a new heating and
gas system minus the positive economic effects in its coal-fired section where:

JEHP turnkey investment for modernization of a system to a
combined heat and power,

JoT turnkey investment for repowering a unit with a gas turbine and
heat recovery steam generator,

K, power needed to supply pumps necessary to put in motion the

pumps in the main heat distribution pipeline and the accessory
ones and to maintain adequate static pressure of water in heat
distribution pipeline,

ng cost of natural gasused in the gas turbine,
or environmental charges incurred from gas combustion,
(AK*OHCHP+GT  decrease of the cost of coal purchased for the repowered unit,
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( AKgggl)CHPJrGT decrease of the cost of environmental charges incurred due to
gas combustion due to smaller volumes of coal combustion in
the repowered unit,

7P + Osery annual rate associated with handling investment capital and
remaining fixed costs relative to capital expenditure (mainte-
nance, overhauls), [1, 2].

The decrease of the costs (AK*)THP+GT - (Ageoa)HPHGT 4pe relative to the
power of the gas turbogenerator and the structure of the heat recovery steam
generator.

Sufficient condition of cost-effective modernization of power plant is that
decrease of specific cost of energy production Ak, would guarantee adequately
high increase of Net Present Value ANPV™, relatively short Discounted Pay-
Back Period DPBP ™ associated with expenditure on investment on moderni-
sation and relatively high Internal Rate of Return IRR of this investments [1, 2].
As a rule investors expects higher rate of return that investment on capital market,
due to the higher risk associated with this sort of investment.

For the case of only combined heat and power without repowering a power unit
by a gas turbine and heat recovery steam generator the specific cost of heat
generation is expressed by the following equations (Sect. 2.2):

e for combined heat and power without compensation of its electric capacity this
cost comes from the relation

(Za)™ = Qaen + [(Ea.a)™ — AEG, Al(ee)™ = [(KR)™ + AKX > (Za)™
= (Eat.n)™ ()™ = (K)™ (8.7)
and is equal to

(30 0D + K+ ABG (€)™ = (Fan)™[lea)™ = (ea)®] o o
h — .
Oa

where:
AEEIl , annual decrease of net production of electrical energy in a power unit as a
' result of its operation in a combined heat and power,

e for the combined heat and power with the compensation of electrical capacity
this cost results from the relation

(Za)™ = Qpen + (Ee,a)™ ()™ — [(KF)™ + AKY]

8.9
> (Eel,A)ex(eeOex — (KEI)E:X ( )

and is expressed with the equation
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com _ (ZP + 5SerV)JCHP +KP + (AKcoal)Com + (AKeC:gsl)Com — (Eel,A)ex [(eel)mOd — (eel)ex}

(k) Oa

(8.10)

where:

(AK®H)®™  annual increase in the volume of purchased coal for the purposes of
compensation (restoring) the original electrical energy output from
a power plant AEF ,

(AKgggl)“’m annual increase of environmental charge associated with the
additional combustion of chemical energy of coal for the purposes
of power compensation.

In order to ensure that the modernization of a power unit accompanied by
repowering it by a gas turbogenerator and a heat recovery steam generator is
economically justified in comparison to its modernization to combined heat and
power only, the following conditions have to be fulfilled

(kn) "~k <0 (8.11)

(kn) " — (k)™ <0. (8.12)

The condition (8.12) is stricter than the one in (8.11), since usually the relation
(ky)°™ < ky, is fulfilled, as the total of revenues associated with the additional
chemical energy of coal combustion in a power unit for the purposes of com-
pensation of electrical energy production is smaller than the losses in revenues
from the sales of electrical energy (Egs. 8.8, 8.10)

env

(AKcoal)com + (AKcoal)com <AE517A(€C])mOd (813)

From the relations (8.11) and (8.12) it is possible to derive the boundary
(minimum) price of electrical energy for which case the modernization of a power
unit involving its repowering by a gas turbine in a parallel system will be more
economically justified in comparison to its modernizationto combined heat and
power only:

e for the case without the compensation of electric capacity of a power unit

(ZP + 5serv)JGT + KGT + KGT _ (AKcoal)CHP+GT o (AKcoal)CHP+GT

min gas env env

| Eqn F AEGA +AEq

(8.14)
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e for the case with compensation

(ZP+5serv)JGT +K§ﬂ’l; +KGT _ (AKcoal)CHP+GT _ (AKcoal)CHP+GT _ (AKcoal)Com _ (AKcoal)CUm

env env env

min
€el 2

B AR,
(8.15)
The cost of natural gas used in gas turbine is defined by the equation:
Kot = ESaeq (8.16)

where:

ES’, indicates annual use of the chemical energy of gas which is dependent on
the capacity of gas turbine and heat recovery generator structure,

ey specific price of gas (price per energy unit).

Decrease of cost of coal use (or its increase for the case of combined heat and
power with compensation of electric power) in the existing steam boiler is
equal to:

AR = AEG, econ (8.17)

where:

AEEﬁf‘L indicates annual decrease (annual increase for the case of operation with
power compensation) in usage of coal chemical energy which is
dependent on power of gas turbine and heat recovery steam generator
structure,

€coal specific price of coal (price per energy unit).

For the case of combined heat and power of a power unit involving its
repowering by a gas turbogenerator and heat recovery steam generator instead of

AEEE"‘[L in Eq. 8.17 it is necessary to substitute the value (AEE;?/L)CHHGT while in
the system without its repowering but with power compensation (AEﬁﬁf‘A)“’m.
Environmental cost KST for gas unit and reduction (increase for the case of

operation with power compensation) of cost AKggf‘,l fixed with lowered (increase

for the case of operation with power compensation) amount of annually used coal
in power plant are dependent on the charges imposed on the use of environment
and are described by

GT S S S s
K% = E5, (0ES.pco, + pEopco + P8 pso, + P pro, ), (818)

ARG = MBS, (piipco, + PEPCo + P3PS0, + PPN, + PP )
(8.19)
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where:

DPco,s Pcos PNO, s PSO, > Pdust charges on emission of CO,, CO, NOy, SO,, dust,
PLN/kg,

PES, Peos PRo.» P50, charges on emission of CO,, CO, NOy, SO, per

unit of gas chemical energy, kg/GlJ,
p&EL, P& pREL, pSEL, psos emission of CO,, CO, NOy, SO,, dust per unit of
coal chemical energy, kg/GJ.

For the case of combined heat and power of a power unit involving its

repowering by a gas trurbogenerator and a heat recovery steam generator instead

CHP+GT

of AEQ®, in Eq. 8.19 it is necessary to substitute the value (AEZ? ) , while

in the system without its repowering but with power compensation (AES )*™.

Total cost of charge imposed on the protection of natural environment in coal
fired power plant is described by the equation

AKcoal _ AKcoal + AKnon—fuel (820)

env env env

The cost of non-fuel factors AK™"! includes cost of neutralization of ash and
slag, waste disposal, water consumption and sewage production, purchase and
transport of chemicals for water treatment (demineralization and decarbonization),
lime meal and other chemicals for wet-flue gases desulfurization IOS and cost of
carbamide for NO, reduction system.

In quantitative notion the Eq. 8.20 in the function of rates per unit emissions

Pco,» Pcos PNo,» Pso,» Paust takes the form:
AKGY = AEGL[0.44 + pE5 (peo, — 0.00025) + pi5 (pco —0-11)

+ 055, (Pso, = 0.46) + X5, (Pro, — 0-46) + pfis (Pause = 0-31)], [PLN]

(8.21)

where decrease of coal use AEgﬁa)\ (increase for the case of operation with power
compensation) is expressed in GJ/a, and rate per units of pco,,Pco,
PNO, > PS0,> Paust> in PLN/kg. The values of emissions of CO,, CO, NOy, SO, and
dust in Eq. 8.21 are equal to: p&! = 96.35 kgcoy/GJ, piSy' = 0.01 kg /G,
pf\?("}lx = 0.164 kgnox /G, pg‘&l = 0.056 kggp,/GJ (effectiveness of wet-flue gases
desulfurization system nggp = 0.913), pfji’fs‘{ = 0.007 kgqus/GJ (effectiveness of
electrofilter 7. = 0.9988), and cost of 0.44 PLN/GJ was calculated with above
amounts of emission for the current rates for emission charges in force Poland
now: pco,= 0.00025 PLN/kg, pco = 0.11 PLN/kg, pwno,= 0.46 PLN/kg, pso,=
0.46 PLN/kg, paust = 0.31 PLN/kg.

We have to keep in mind that current rates are very low and do not encourage
power producers to use highly effective and ecological technologies powered by
ecological fuels in domestic power plants. What needs to be remarked is that
emission of CO,, CO, NOy, SO, while burning natural gas in gas turbines is much
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lower and equal to: pg3 = 55 kgcoo/GJ, pgo= 0.0 kgco/GJ, plg\la(‘;x: 0.02 kgnox/G,
péaoszz 0.0 kgsoz/GJ.

The relations (8.4), (8.14) and (8.15), which additionally apply relations (8.16)—
(8.21) make it possible to extend the discussion to cover the effect of various
variables and parameters on the economic effectiveness of modernization. The
signs in inequalities (8.4), (8.14) and (8.15) will be mainly relative to the ratios of
gas to coal prices and the power of the gas turbogenerator and structure of the heat
recovery steam generator . As we already know, the power of the gas turbogen-
erator and structure of the heat recovery steam generator determine the capital

expenditure and J°" and annual gas use E%°, in the turbine and annual decrease of

coal use (AEgﬁ?/L)CHP+GTin the power unit (for the case when it is repowered but
the compensation of electrical energy production is accompanied by an increase in
the use of chemical energy of the fuel by (AES" )°™). By applying the relations
(8.4), (8.14) and (8.15) it is, importantly, possible to determine such specific values
of pco,» Pcos Pno, > Pso,»> Pdust in the function of energy carrier prices e, €g, €coal
(as well as current prices), for which case the majority relations defined by these
relations are fulfilled. Hence, it is possible to determine such minimum specific
charges, for which the application of ecological but relatively expensive hydro-
carbon based fuel (natural gas) will be economically justified besides being
thermodynamically efficient.

By substitution of relations (8.16)—(8.21) into (8.4), (8.14) and (8.15) we obtain
the final form of necessary conditions for the economic efficiency of profitability
of modernization of the existing coal-fired power unit by its repowering by a gas
turbine and a heat recovery team generator with its subsequent modernization to
combined heat and power:

e the necessary condition for the minimum price e;, of heat for district heating O,
in order to ensure the economic effectiveness of modernization of a power unit
accompanied by its repowering by a gas turbine in a parallel system

(2P + Ssery) (JTP + JOT) + Kp + E5 peg — (AESH )P Ty

ep > (kh)GT = 0
o TOSS A
(Eg 22 7 AES ) (1 — 60 (e)™ + (B a)™[(ee)™ — (€c)]
0
gas gas gas gas A gas
N Ech,A Pco,Pco, + PcoPco T+ Pso,Pso, T Pro,PNo,
A 1
(A jcHPGT 0.44 + p&a (pco, — 0.00025) + p&sa! (peo — 0.11)
ch, A
’ Oa
n P%lzl (Pso, — 0.46) + PcNoca)lx (Pno, — 0.46) + PEA (Paust — 0.31)
Oa

(8.22)
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where:
¢m°d internal load of the power plant

e necessary condition for the minimum (boundary) price of electrical energy for
which repowering of a coal-fired power unit with a gas turbine and heat recovery
steam generator after its modernization to combined heat and power will be
economically justified.

o for the case of combined heat and power of a power unit without compensation
of its electric capacity that was lowered due to combined heat and power pro-
duction in it

GT gas 1 \CHP+GT
min (Zp + 5serv)J + Ech, INCE (AEEﬁaA) €coal

) ” < S
T EGET F AEGE (1~ ao) + AEG (1~ e)

B (Borco, + Eonco + 53,50, % 6o )
(EgTAgross T AESITZA;grOSS) (1 _ 82}0(1) + AESI:imSS (1 _ ng‘)

0.4 + p& (o, — 0.00025) + p&a(peo — 0.11)
(ES:FAgross T AE:lTAgrOSS)(l _ SmOd) + AESI,,imss(l o Sex)

el el
P?&l (Pso, — 0.46) + P?\?oalx (Pno, — 0.46) + P (Paust — 0-31)
(EgTAgross ¥ ESEAngS)(l _ gmod) + AE::[l:imSS(l _ Sex)

_ (AEE}??‘IA)CHP-FGT

_|_

el el

(8.23)

where:
&5 internal load of the power plant prior to its modernization,

e for the case with power compensation

(2p + 0en T + E&” yeo — [(AERN) ™ + (AEG) ™" Jecou

(EgTAgross 'FAE:]TAngS) ( 1— ggllod)

ESs (P%%ZPCOZ + pEoPco + PSo,Ps0, + PI%%XPNOX)
GT,aros — A ST,
(Eel,Agmss+AEel,fmss)(1 - 8$0d)
0.4 + p&3 (peo, — 0.00025) + il (peo — 0.11)

(ESTAgross _‘;AESIT‘Agmss ) (1 _ 62;0(1)

min
Cel 2

— [(AEgE )T 1 (A )]

" P58 (Pso, — 0-46) + X, (Pno, — 0-46) + Pt (Paust — 031)}

(EGT,gross_FAEST.ngS)(l _ gmod

el, A el, A el

(8.24)

Equations 8.22-8.24 after the prior calculation of value of ESTAgrOSS,

ST,gross El,gross gas coal \CHP+GT coal \com .
AEeLA ,AEGI,A s Echas (AEcth) ’(AEch,A) , O (the above vari-

ables with the exception of AEL Y™, (AES™ )™ i Q, are functions of the power
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of the gas turbogenerator and structure of heat recovery steam generator) enable
the analysis of the economic effectiveness of modernization with the aid of the
mathematical model of a power unit (Chap. 3) for a wide range of power output
from the gas turbine and an extensive selection of possible structures to be applied
in the system of heat recovery steam generator. Thus, it is possible to establish an
optimum solution , i.e. such power of a gas turbine and structure of heat recovery
steam generator for which the values (ky)CT, eg;in will assume the lowest possible
values. The economic efficiency of the operation of a modernized 370 MW unit
will be the greatest in this case. Subsequently, it is possible to establish the specific
values of pco,, Pcos Pno,» Pso,» Pdust Charges in the function of energy carrier
prices ey, €g, €coal, for which case the modernization will ensure its profitability.

However, one has to bear in mind that in order to ensure that the application of
a gas turbine is economically justified, the boundary price T has to be at least not
lower than the current sales price (e.)* of electrical energyfrom a power unit,

egin S (eel)ex .

8.2 Calculation Results of Technical and Economical
Effectiveness

With the application of the model of the power unit from Chap. 3 and methodology
from Sect. 8.1 an analysis was made of a system involving a dual-pressure heat
recovery steam generator with an additional closed feedwater heater for low-pres-
sure regeneration. This heater is situated in the rear of the HRSG in the part with low-
temperature exhaust gases (Fig. 3.4). The calculations W501F (SGT6-5000F) gas

turbogenerator was adopted with the rated electrical energy output of Ng‘Tnz

202 MW, rated gas temperature from turbine exhaust of ST = 578°C and rated

out,n™

efficiency of electrical energy production of ngr,, = 38.1%. The temperature of the
exhaust gases from the heat recovery steam generator was assumed to be constant at
AIRSG= 90°C. The following estimation of capital expenditure necessary for the
modernization of the power unit was taken: expenditure associated with repowering
a unit with a gas turbine and heat recovery steam generator J°T = 375 mln PLN,
expenditure for the modernization of the power unit to combined heat and power
JHP = 145.6 mln PLN (Chap. 7). The expenditure J°T account for the purchase
price of the new condenser (KQ1) and low-pressure section of the steam turbine (LP)
with an increased flow system though it and the new electrical generator driven by
the turbine with the output of 420 MW as well as the construction cost to be covered
for installing it. The purchase of a new generator (around € 6,000,000) is even 50%
cheaper than the cost necessary for modernization of an old one. The rate zp + Jgery
[1, 2] was assumed to be equal to 16%.

The production of heat in the power plant for the purposes of central heating
and network hot water were adopted in accordance with the qualitative regulation
and annual scheduled chart of demand for thermal power presented in
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Fig. 8.1 Temperatures of steam saturation after modernization of the power unit in the function
of ambient temperatures (A2 temperature in extraction A2, A3 temperature in extraction A3,
IP-LP temperature in IP-LP crossoverpipe)

Figs. 4.1 and 6.2 in Chap. 4 and Sect. 6.1.3, respectively. In XC2 heater (Fig. 3.4)
network hot water is heated to the temperature of 70°C, while in XC3 heater to
90°C, and in XC4 heater to 135°C. Figure 8.1 presents the distribution of steam
saturation temperatures in A2, A3 extractions and in IP-LP crossoverpipe that
supplies these heaters in the function of ambient temperature.

These distributions result from steam bleed for the purposes of district heating
in accordance with the qualitative regulation chart of thermal power supplied from
the power plant. They play a fundamental role since they determine the applica-
bility of particular extractions for the purposes of central heating and network hot
water. From Fig. 8.1 it stems that the temperatures of extracted steam saturation
within the entire range of ambient temperatures guarantee that the network hot
water is heated to the required temperatures in XC2, XC3 and XC4 heaters.

In thermal calculations an assumption was made that the fresh steam stream fed
into the steam turbine assumes a constant value that is regardless of the ambient
temperature, i.e. ity = 320 kg/s. This is the total steam production in the boiler prior
to the repowering. Following it this stream is given by the total of production of fresh
steam in the existing coal-fired boiler and heat recovery steam generator (Fig. 3.4,
ng = 247 kg/s, me0 = 73 kg/s), which offers benefits from the thermal perspec-
tive. The greater the reduction of the workload on the coal-fired boiler (which is the
source of greatest exergy losses in the system) that is taken over by the heat recovery
steam generator, the higher the efficiency of electrical energy production in the
repowered unit [2]. The only limitation is associated with the minimum required
input into the coal-fired boiler. The mean annual efficiency of heat and power
generation in the power unit is equal to . = 55% (Fig. 8.2), and its incremental and
apparent efficiency (Sects. 2.3, 2.4) are equal to 15 = 44%, y = 54%, respectively.

The ratio of annual use o chemical energy of the gas in a 202 MW turbine to the
annual decrease of the use of the chemical energy of the coal in the steam boiler is
equal to E5’, /AERY, = 2.9. This decrease (Fig. 8.3) results from the reduction in
production of fresh steam in the boiler by i 60= 73 kg/s.
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Fig. 8.2 Gross energy efficiency of the power unit in the function of ambient temperatures
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Fig. 8.3 Chemical energy streams of coal combustion in the boiler and steam of gas in the gas
turbine in the function of ambient temperatures

As a consequence of repowering though despite the extraction of heating steam
to feed XC2, XC3, XC4 heaters (Fig. 8.4), mean annual power output increases by
AN®T = 17 MW (Fig. 8.5); hence the necessity purchase of a new electric
420 MW generator.

This is due to around 60% decrease of steam extraction into low-pressure
regenerative heaters : XN1, XN2, XN3, XN4 (Figs. 8.6, 8.7) due to the partial
replacement of it by regeneration in the heat recovery steam generator and smaller
flow of the condensate from KQI1 condenser. This smaller stream comes as a
consequence of above mentioned regeneration in the heat recovery steam gener-
ator as well as the combined heat and power of the power unit (Figs. 3.4, 8.8).
Additionally, the production of intermediate-pressure steam in the heat recovery
steam generator, equal to 7i716;= 8 kg/s contributes to an increase of the power
output of the steam turbogenerator.

Figure 8.9 presents the specific cost of heat production (k,)°" in the repowered
unit (Eq. 8.5, Sect. 8.1). When the sales price of electrical energy following the
repowering does not change and is equal to the one prior to its repowering
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Fig. 8.7 Extraction steam feed into low-pressure regeneration heaters following modernization
of the power unit in the function of ambient temperature
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Fig. 8.8 Condensate from KQ1 condenser in the function of ambient temperatures (total stream
of condensate from KQI after modernization is equal to the total condensate feed into HRSG and
condensate into low-pressure regeneration heater)

(ee)™* = 170 PLN/MWh, the cost (k;,)CT for the current emission charges: pco,=
0.00025 PLN/kg, pco = 0.11 PLN/kg, pno,= 0.46 PLN/kg, pso,= 0.46 PLN/kg,
Paust = 0.31 PLN/kg, and the current prices of imported gas e, = 28 PLN/GJ and
coal e,y = 11.4 PLN/GJ is equal to as much as 70 PLN/GJ. In order to ensure
that this cost were to be equal to the cost of heat generation k, = 13.6 PLN/GJ in a
combined heat and power system without the concurrent repowering by a gas
turbine (Eq. 8.8, Sect. 8.1), the price of electrical energy would have to rise to
reach the value (eel)m”d = 196.6 PLN/MWh (Fig. 8.9). However, one can note that
for this electrical energy price , a decrease of cost ky, will follow due to a positive
sign of the term (Eq ) [(ee))™ — (ee)®*] in Eq. 8.8. For this reason, it is more
beneficial to generate heat without repowering a unit by a gas turbine.

In order to ensure that the situation were to reverse (Egs. 8.11, 8.13 and Sect. 8.1),
the electrical energy price would have to increase even further. This price is
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Fig. 8.10 Boundary electrical energy price (1 —pyo, = pso, = 0.46 PLN/kg; 1’ — pyo, =
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presented in Fig. 8.10 in the function of gas prices . In the examined case this price is
equal to 231 PLN/MWh. The cost of heat generation in a repowered system and one
without a gas turbine assumes a negative value of (kh)GT = ky, = —59 PLN/GI. This
is so because the increase in the revenue from electrical energy sales for this value
exceeds the increase of annual operating cost of a repowered unit.

8.3 Summary and Conclusions

For the current price relations between energy carriers the modernization of a
370 MW coal-fired power unit involving its modernization to combined heat and
power and repowering by a 200 MW gas turbogenerator is not economically
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justified. However, the modernization of this power unit only to combined heat and
power yields considerable profits (Chap. 6). However, the repowering itself is very
effective from the thermal dynamics perspective. This is not only due to mod-
ernization of a power unit to combined heat and power. It comes as a conse-quence
of taking over by the heat recovery steam generator from the BP-1150 coal-fired
boiler the partial production of fresh steam in the total of m5= 73 kg/s with the
same parameters: temperature tieo = t = 540°C and pressure
Pieo = p1 = 18.3 MPa (Fig. 3.4). This production is possible for the case of very
low tempera-ture of exhaust gases from the gas turbine equal to tOGLIm: 578°C and
small temperature increments, i.e. ones equal only to several degree Celsius [2].
The exhaust gases with the temperature of combustion of fine coal-air mixture of
1,300°C in the combustion chamber are applied for the production of steam (for
the net calorific value of hard coal of 21.8 MJ/kg). This is accompanied by high
temperature increments, as a result of which the efficiency of electrical energy
generation in the power unit is low. For instance, the temperature difference
between the combustion temperature and the temperature produced in the fresh
steam boiler is equal to nearly 800°C (760 = 1,300 — 540), which leads to con-
siderable exergy losses of the heat stream produced from coal combustion. Hence,
the gross efficiency of electrical energy production in the power unit is equal to
Nel = 41% (while net one to 37%). After the repowering the incremental efficiency
of the steam tur-bogenerator, which is the derivate of the former, is equal to
1 = 54%.
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Chapter 9

Technical and Economical Effectiveness
of 370 MW Power Unit Repowered
by Gas Turbine in Parallel System

A promising potential for the modernization of the power industry is associated
with the so-called clean coal technologies based on gas turbines, since it is
characterized by relatively high energy effectiveness and low emission of pollu-
tants to the environment. Such technologies include, among the others, dual-fuel
combined-cycle technologies in series or parallel systems. It is really important to
note that the systems can be created on the basis of the presently existing coal
structures by adding a gas turbine. In practice, the parallel system is more ener-
getically and economically effective method of a power plant modernization [1].
This is why for such a system in this monograph presented are energetic and
economic effectiveness of 370 MW power block repowered by 200 MW gas
turbine with dual pressure heat recovery steam generator (Fig. 3.4).

9.1 Methodology of Economical Analysis of Modernization
370 MW Power Unit Repowered by Gas Turbine
in Parallel System

Economic effectiveness of the modernization of an existing coal fired power plant
by repowering it by gas turbine and heat recovery steam generator is equivalent
with at least not increasing its specific cost of energy production k.

(KA)ex

mod (KA)ex + AI(A ex
( Cl) (Eel‘A)eX

N (Eel.,A)ex + AEel.A o

(kel) (91)

where:

(Eel. A)ex, AEq 5 successive annual production of net electrical energy before
modernization and increase of net production after
modernization,
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(Ka)™ annual cost of operation of power plant before modernization,
AK p increase of annual cost of operation of power plant after
modernization.

9.1.1 Necessary Conditions of Cost-Effective Modernization

Necessary condition of cost-effective modernization can be described by the
relation

Ake = (ke)™ = (ke1)™ <0 (9.2)

Another equivalent interpretation of relation (9.2) is the condition of increase of
annual gross income attainable by operation of power plant after modernisation.
This increase should be at least non-negative, which can be defined by the relation
(compare Eqgs. 2.10a, 2.22b, 8.3):

AZA _ (ZA)mod _ (ZA)ex

= [(Ean)™ + AEa] [(eel)mOd - (kel)mOd] — (Eaa)™[(ee)™ = (k)]

= (Ean)” [(eel)m()d — (ea)™] + AEaia (€e1)m0d —AKA >0, (9.3)
where:

ex mod i succession selling price of electrical energy before and after
(ee1)”, (ea)
modernization. Currently over-year average price ()" is
170 PLN/MWh

If, the increase of profit AZ (9.3) is lower (higher when (e¢)™* > (ee))™* for

value [(Eqa)®™ 4 AEqal[(eq)™*— (e)] than increase of profit in case when
price of electrical energy would not have changed, that is, when (eq)®* = (eq)™
In that case increase of profit would be

AZx = (Ean)” [(kel)ex—(kel)md} + AEgi A [(eel)ex_(kel)md
= AEel’A(eel)efoKA. (94)

If reducing the price of electrical energy would even lead to the decrease of the
specific cost of power production, (eq)™—(ee1)™= (k)™ —(ke1)™, the increase
of profit would be low and equal

AZp = AEg al(eer)™ —(ke1)] (9.5)
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and Discounted Pay-Back Period of investment necessary for modernization
DPBP ™ would be long, making the investment non-attractive from the economic
point of view.

As Eq. 9.3 shows, increase of profit (EeLA)ex [(eel)m(’d — (ea)™]+ AEq, alee)™
has to completely cover the increase of annual cost of operation of power plant AK 5,
that is costs attached with newly-built gas turbine, lowered by additional economic
effects of coal powered turbine due to its modernization. Increase of those costs is
described by equation

AKp = (Kp)™ — (K7)™
_ (ZP + 5serv)-]mod T KGT +KGT _ AKcoal _ AKcoal _ AKcoal (96)

gas env r,m,w env )’

where:

Jmod capital costs of modernization of power plant,

KS}E cost of natural gas burned in gas turbine,

KS;]TV economic cost of natural environment usage in process of burning
natural gas in gas turbine,

AKcoal decrease of cost of coal purchase,

AK?%‘}W in up-to-date coal-fired steam turbine decrease of costs of necessary

' maintenance and renovation, non-energetic resources and auxiliary

materials, supplementary water; in calculation we can assume without
making a major mistake that AK$% =0,

AK  decrease of economic costs of natural environment exploitation due to

env
decrease of annual coal usage in power plant,

Using relation (9.3) we can determine the relation stating the boundary (min-
imal) price of electrical energy, for what modernization of power plant would be
profitable, it is for what increase of gross profit AZ, from project would be at least
non-negative.

min _ (Eeta)™ (€c)™ + AKy

- S : 9.7
ol (Eaa)” + AEgia (5.7)

One needs to say that the price eT" determined from the Eq. 9.7 constitutes the

price at which the total output of electrical energy (Eel,A)ex+ AE, o produced in
modernized power plant is sold. This means that the price that has to be valid so
that the profit obtained from work of modernized power plant is not lowered in

comparison to the profit obtained before modernization, i.e. (Zx)™'= (Z).
Increase of the annual costs AK, is covered not only by the revenues from
AEq 5 ™™ (Eq. 9.4), but additionally from the revenues form (Eea)®[eD™ —

o el el
(ea)”’] (Eq. 9.3).
The price of electrical energy sold from power plant after modernization
(eel)mOd of course needs to be not lower than em™". Hence, the actual condition
is that
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(eel)mOd > emin. (98)

el

If the price of electrical energy sales after modernization has not changed,

(ea)™ = (ee)™ then from Eq. 9.4 we get the necessary condition
VA VRTINS0 VR RN
el AEe]A,A AEel,A .

and we do not need to be familiar with the price (ee)™ and we do not need to know
the production rate (Eel,A)eX before modernization, which enables the analysis of
economical effectiveness of power plant modernization by using only increase
rates: increase of annual cost of operation of power plant AK, and increase of net
production after modernization AE, . Therefore, incremental method offer only
advantages and hence is comfortable, as it does not require the analysis of the
current state of modernized power plant. Even if it were required to invest some
money in the renovation, we could add that cost to J;,,04 (We need to remember that
modernization of power plant make sense only when its technical condition allows
long-term operation). The only necessary cost needed to calculate the threshold
level for the effectiveness of modernization is associated with the annual cost of
the operation of the new installed gas turbine (generally operation costs of new
equipment) and reduction of operation costs of the existing coal-powered turbine,
mainly due to decrease of coal purchase cost. However, we need to remember that
the price egi"determined from Eq. 9.9 applies only to the sales of price of
increased energy output AE. s, whereas price determined from Eq. 9.7 is a
weighted mean of the price determined from Eq. 9.9 and price before moderni-
zation ()™, so it forms the minimal price of the sales of the total electrical

energy production in the modernized power plant, i.e. the price for which profit

. . i min,AE,
from its operation would not decrease. When we enter symbol e as e, "

into Eq. 9.9 and substituting it into Eq. 9.7, we get the marginal price which
min.AEcLA
el

actually is the weighted average of prices (ee)™ and e,
. Ee x X AEe min
minw.a. __ ( I,A) ( el)e + 1A aAEel./\' (910)

— —eA .
(Eaqn)™ + AEqa

e — A (e
el (Eqa)™ + AEq A

In the circumstances of high gas price (currently gas unit is three times more
expensive than coal unit) condition in (9.9) is stricter that the condition in (9.7),
i.e. the price egl‘i“ calculated from (9.9) is higher than price calculated from (9.7)

and, additionally, both prices are higher than (eel)ex (Fig. 9.1); in addition, the

increase of annual costs AK, is covered not only by income AEg ael™, but
additionally by the revenues from (Eea)™ [ — (ee1)]. When gas to coal price
ratio is relatively low, and falls below about 2, then situation is reversed, the price
is calculated from Eq. 9.7 is higher than the one from (9.9), because in these

conditions they are lower than (e¢)* (Fig. 9.1).
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Fig. 9.1 Marginal price of electrical energy (/, 2 minimal weighted mean price of the sales of
electrical energy produced in power plant; I/, 2’ minimal price on the sale of electrical energy
produced in gas turbine and increase in steam turbine; I, I’ pno, = pso, = 0.46PLN/kg; 2, 2/
PNo, = Pso, = 46 PLN /kg)

As a result of equalities (9.7) and (9.9) it is clear that the boundary price of
electrical energy eg‘}i" is relative to investment costs J,.q (hence, relative to the
capacity of gas turbine NSIT and structure of heat recovery), the cost of natural gas
and decrease of the cost of coal purchase and environmental charges.

The increase of annual net production of electrical energy in modernized power

plant is equal to:

el

AEan = (EQRE™ + AESE™) (1 - o) (9.11)

where:
ESTA@“’“7 A ESITAngS indicates annual gross production of electrical energy in gas
' ’ turbine and annual gross increase of production in steam
turbine, respectively,
ghed denotes the index of power station internal electrical energy
use in the modernized power plant (in calculation it is
assumed that e1°¢ = 4%).

The cost of natural gas used in gas turbine , decrease of cost of coal used in

existing steam boiler, environmental cost KCI for gas unit and reduction of cost

AK® fixed with lowered amount of annually used coal in power plant dependent
on the charges imposed on the use of environment, total cost of charge imposed on
the protection of natural environment in coal fired power plant, the cost of non-fuel

factors AK™ue! are defined by the Egs. 8.16-8.21 in Sect. 8.1.1.
Substituting Eqs. 9.11, 8.16-8.21 into relation (9.7) we will obtain the final
necessary condition for the economic effectiveness of conventional coal fired

condensing power plant repowered by gas turbine in parallel system
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(Ee],A)eX(eel)ex+(Zp + 5serv)~]mod + EfﬁfAeg - AEEE?/I\ecoal
(Eel,A>ex+ (Eg&gross + AES}TAgrOSS) (1 _ 8m0d)

el

min
eel Z

Efﬁ,SA (P%ZSZPCO2 + pEoPco + PEQ&PSO2 + PI‘g\%XPNox)

(Eel,A)eX‘f' (Egl:l;igross + AES]T/frOSS) (1 _ 8mod)

el

0.4 + P4 (peo, — 0.00025) + p& (peo — 0.11)
(EBLA)ex+(Eg&gross + AESEfIOSS) (1 _ Sxexlmd)

coal
—AE ch,A

PS5 (Pso, = 0-46) + PR, (Pxo, — 0-46) + piosi (Paus — 0-31)
(Eel,A)ex+ (Eg:l:&gross + AESEfrOSS) (1 _ SmOd)

el

+

(9.12)

Relation (9.12) can enable one to open a discussion about the influence of
various numbers and parameters (for example charges on the emission of CO,,
CO, NOy, SO,, dust) on the economic effectiveness of modernization. The sign in
the minority relation in inequality (9.12) mainly depends on proportion of price of
electrical energy to price of gas and coal and on the capacity of gas turbine and

GT. gross ST gros:
structure of heat recovery steam generator. Values of Eg =% AE] F*%

3
(Eel’A)”,Efﬁ?A,AEzﬁf‘/L, excluded from the function of power of gas turbine and
structure of heat recovery steam generator, were calculated with aid of the
mathematical block showed in Chaps. 2 and 3.

Using inequality (9.12) it is possible to determine the minimal value of specific
price of pco,, Pcos Pno,s Pso,» in function of energy carriers eey, €y, €coal (therefore
forming the current prices), when we will get majority relation described by this
relation. It allows to establish the minimal specific price for which the use is
ecological, but relatively expensive natural gas fuel in the power engineering
sector will be highly effective not only in terms of thermodynamics but also from
the economic point of view. It allows to find an optimal solution that is, one for
which the economic effectiveness of repowering 370 MW conventional coal-fired
condensing power plant by gas turbine in parallel system would be highest.

9.2 Calculation Results of Technical and Economical
Effectiveness of Repowering 370 MW Power Unit
by Gas Turbine in Parallel System

A unit with dual pressure heat recovery steam generator and gas turbine W501F
(SGT6-5000F) were selected for analysis (Fig. 3.4) with the nominal capacity

NSTn =202 MW, nominal temperature of exhaust flue gases from turbine
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IGT

outn = J78C and nominal efficiency of electrical energy generation ngr, =

38.1%. The investment needed for modernization of power plant was estimated at
Jmod = 375 mln PLN. For the purposes of estimation the price of necessary
purchase of new 420 MW electric generator and the new condenser (KQ1) and
low-pressure section of the steam turbine (LP) with an increased flow system
though it was taken into account. Rate zp + Jdgery Was set at 16%. After repowering
we can achieve an increase of power plant of up to 602 MW; therefore, it is higher
than its initial power by over 60%. Moreover, gross effectiveness of electrical
power production increases by 6% to the value 5, = 47%, while the increased
efficiency and apparent efficiency of power plant (Chap. 2) are equal to 1, = 44%,
¥ = 54%, respectively.

The capacity of the steam turbine increases by AN®" = 30 MW. This occurs as
a result of about 50% decrease in the use of extracted steam into low pressure heat
exchangers XN1, XN2, XN3, XN4 which were substituted by regeneration in heat
recovery generator and also due to the production of intermediate pressure steam
whose mass is equal to 8 kg/s.

The rate of annual use of natural gas chemical energy in 202 MW gas turbine to
decrease of use of coal chemical energy in steam turbine ratio is equal to
ESe s JAER® = 3, rate of this decrease to usage of coal chemical energy before

modernization is equal to AEG" /EG'\ = 0.2. It comes as a result of the decrease
of fresh steam production in coal boiler by 73 kg/s, which is “taken over” by heat
recovery steam generator.

Figure 9.1 shows the results of the economic calculation. As it is shown for the
current specific price of imported natural gas e, =28 PLN/GJ and coal
€coat = 11.4 PLN/GJ and actual charges on the emissions of CO,, CO, NO,, SO,
and dust, the threshold price of electrical energy that would not generate losses
after power plant modernization is equal to 196 PLN/MWh. It is higher than
current average price by about 26 PLN/MWh.

9.3 Summary and Conclusions

With current price relation between different fuels, repowering conventional coal-
fired condensing power plant by gas turbine in parallel system is not justified from
economic point of view. Even very aggressive price politics with one hundred
times increase of rates for emission of SO,, NO; in current situation when power
plant have denitriding and desulfurization systems does not make it justify the
undertaking of modernization with a view of its profitable operation, it only
decreases the minimal price egllinof electrical energy sales from 196 to 188 PLN/
MWh (Fig. 9.1). More increase of price rate for emission of CO, would only make
things worse, despite the fact that natural gas offers almost two times lower
emission rate of CO, than coal for one unit of energy, it needs three times more

chemical energy E%°, to power the gas turbine. This leads to actual increase of
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environmental cost of CO,. Cost-effectiveness of modernization with current rates
for emission of CO,, CO, NOy, SO, and dust is only possible when after increase
in the price of electrical energy by about 15% (=196/170; Fig. 9.1). For the facility
in which expensive fuel is used it is also necessary to have a higher price of
electrical energy produced from that expensive fuel. The reduction in the price of
natural gas, and therefore decrease of gas price to coal price ratio can increase the
effectiveness of modernization. The use of domestically extracted gas, which is
cheaper for about 20% than imported, can assure the effectiveness of moderni-
zation in current price range of electrical energy and coal. Its needs to be stated
that this type of modernization greatly increases the power output of a power plant.
It would not be necessary to build highly necessary new power plants. What is
more in this type of modernization is it is about four times cheaper per power unit
than building a new power plant with super-critical parameters and the same
effectiveness of producing electrical energy as in modernized power plant.
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Chapter 10
Summary and Final Conclusions

The conclusions resulting from the discussion along this book are summarized
along the particular sections and chapters in the book. The presentation below
focuses on the most important issues and general remarks arising out of the
discussion.

e In the conditions of market economy the selection of a structure of heat
exchangers should be based on economic criteria. Economic criterion is superior
to thermodynamic design aspects. The thermal analysis (based on energy and
entropy) makes it possible to seek for the opportunity of improving technology
and engineering solutions to be applied in machines and facilities. In the market
economy it is the economic criterion based on profit maximization that decides
on justification of applying a specific technical solution and the analysis of
economic viability decides on undertaking an investment. As it was indicated in
this study, the economic efficiency of a power plant operating in a combined
heat and power is very high.

e The presented methodology, algorithm and computer program applied for the
selection of an optimum structure of heat exchangers that enable the conversion
of a power plant to a combined heat and power are general in nature; thus, they
can be applied with regard to power units with various capacities and various
values of heat extracted from the power units. A change in the type of the power
unit will only require modifications to some of the energy and mass-balance
equations.

Calculations conducted for a number of alternatives with regard to a power
plant for units with a rated capacity of N5 =370 MW an optimum structure of
heaters both in terms of economy and thermodynamic variables is the one based on
three heaters XC2, XC3 and XC4 with steam bleed from A2, A3 extraction
and IP-LP crossover pipe for the steam supply to XC4 heater in a parallel system
(Fig. 6.1).
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