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Abstract

In this paper the thermal system of an example gas-and-steam CHP unit and its measurement system were determined
and data reconciliation calculations performed. The measurement data in the distributed control system of the CHP
unit was found to be redundant from the data reconciliation method point of view. A relative information entropy was
applied to produce a global assessment of the results of data reconciliation calculations.
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1. Introduction

In CHP plants, as in power stations, common dis-
tributed control systems are used. The measurement data
from this systems are then processed by mathematical
models to determine indicators that express the level of
operation of the energy machines and equipment of power
or CHP units. Modern computer-aided systems of con-
trol in power or CHP units pay special attention to the
need to verify the results of measurements. The results of
measurements from the distributed control systems con-
tain errors due to inaccuracy in the applied measurement
method, failures of the device or in signal processing.
Such errors are then transferred to calculations of the in-
dicators expressing the parameters of operation. In many
cases a redundancy of measurement information in the
distributed control systems of power or CHP units occurs.
In that case it’s possible to apply an advanced method—
data reconciliation—to increase the reliability of measure-
ment data.

This paper deals with application of the data reconcil-
iation method to improve the reliability of thermal mea-
surements in a gas-and-steam CHP unit. The thermal sys-
tem of the unit and the measurement system were de-
termined. A mathematical model of investigated CHP
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unit equipped with a gas turbine, heat recovery steam
generator, extraction-condensing steam turbine and heat
exchangers is presented. As regards energy evaluation,
mainly the balance of mass and energy was taken into ac-
count. Redundancy of measurement information in the
distributed control system of the analyzed CHP unit was
found from the data reconciliation method point of view.
Mass and energy balances were applied as conditional
equations in the data reconciliation algorithm. Data rec-
onciliation calculations were carried out for the gas-and-
steam CHP unit. Relative information etropy—Kullback-
Leibler divergence—was applied for global assessment of
the results of data reconciliation calculations. There is
a demonstrated need for a data reconciliation method to
increase reliability and reduce measurement data uncer-
tainty in calculations of characteristic parameters of the
process of energy conversion in the investigated gas-and-
steam CHP unit. Simulation calculations were performed
concerning installation of additional redundant measure-
ments in the thermal system of the CHP unit. Their loca-
tion in the thermal system structure was optimized. The
minimum relative standard deviation of the energy utiliza-
tion factor in the CHP unit was adopted as the optimiza-
tion criterion.
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2. Principle of data reconciliation

Measurement results contain errors due to the inaccu-
racy of the applied measurement method, failures in the
device or in signal processing. Such errors are then trans-
ferred to calculations of unknown values (quantities that
are not measured). As the number of balance equations is
larger than the number of unknown values, surplus equa-
tions are not satisfied because the substance and energy
balance equations are not reconciled. Application of the
data reconciliation method permits corrections of the mea-
surement results and the determination of the most prob-
able unknown values on the basic of which the most reli-
able values of technical and economical indicators can be
calculated. Data reconciliation can be mathematically ex-
pressed as a constrained weighted least-squares optimiza-
tion problem:

min

 m∑
i=1

(
x̂i − xi

σi

)2
 (1)

subject to

gl
(
x̂i, ŷ j

)
= 0 f or l = 1, ..., r (2)

where: x—raw measurement data, x̂—reconciled mea-
surement data, m—number of measurement data, σ –
standard uncertainty of raw measurement data, ŷ—
reconciled not measured variable, r—number of a con-
ditional equations.
The objective function (1) defines the total weighted sum
of measurement corrections squares, whereas equation (2)
defines the set of mathematical model constraints. In ther-
mal engineering these constraints are generally mass and
energy balances. Data reconciliation in thermal analysis
helps achieve the following aims [1–5]:

• calculation of the most reliable thermal measurement
values,

• unique solution of the most probable unknown quan-
tities in thermal processes,

• an assessment of the accuracy of the corrected results
of measurements and of calculated unknown quanti-
ties,

• a reduction in uncertainty of measured quantities,

• control of fulfilling the assumed measurement uncer-
tainty.

3. Identification of the analyzed gas-and-steam CHP
unit

Combining thermodynamic cycles of gas and steam tur-
bines results in improved overall energy efficiency and
lower fuel consumption. A heat recovery steam generator
(HRSG) in the thermal system of the CHP unit constitutes
a connection between the open cycle of the gas turbine and
the steam cycle. This technical connection of both thermal
cycles is simultaneously a thermodynamic connection due
to the heat transfer from exhaust flue gases from the gas
turbine to the thermodynamic media in the steam cycle.
A schematic diagram of the analyzed gas-and-steam CHP
unit is presented in Fig. 1. In this figure the measurement
points in the thermal system of the gas-and steam CHP
unit are presented. The number of measurements in the
distributed control system of the analyzed gas-and-steam
CHP unit exceeds the minimum number of measurements
points that are indispensable for the mass and energy bal-
ances. The measurement data and their uncertainties for
presented calculations were taken from [6–9] and from the
distributed control system of the CHP unit.

The necessity of data reconciliation in the thermal sys-
tem of the CHP unit is shown by the calculations of the
HRSG thermal power. The number of measurements in
the DCS of the gas-and-steam CHP unit exceeds the min-
imum number of measurement points required to calcu-
late the thermal power of the HRSG. Hence, this thermal
power can be calculated using a different set of measure-
ment data. Connection of the two thermal cycles means
that for measured fluxes of steam and flue gases and their
thermodynamic parameters it is possible to calculate the
thermal power of the HRSG based on calculations of the
increase in steam enthalpy or decrease in the flue gases en-
thalpy. Due to the inevitability of errors in measurement,
there are differences in the thermal power calculated in the
two ways.

Table 1 presents the results of calculations of thermal
powers of HRSG and their complex standard uncertainty
for assumed variants of utilizing measurement informa-
tion [6]. The maximum relative difference between calcu-
lated thermal powers of the HRSG is about 11%.

The data reconciliation algorithm must be applied to re-
move the incompatibility between all calculated thermal
powers of the HRSG. The same concerns the whole ther-
mal system of the investigated gas-and-steam CHP unit.
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Figure 1: Scheme of the thermal system of the considered gas-and steam CHP unit

Table 1: Results of calculation of the thermal power of HRSG

No. Variants of calculation Thermal
power of
HRSG, MW

Complex standard
uncertainty of thermal

power, MW

Calculations based on measurements in the steam-water cycle

1. The measurements of thermal parameters and mass
flows of high and low pressure steam

191,11 2,66

2. The measurements of thermal parameters and mass
flows of high and low pressure feed water

190,27 2,86

Calculations based on measurements in the gas turbine cycle

3. The measurements of thermal parameters of flue gases,
molar fractions of components and flue gases
volumetric flow

208,94 3,14

4. The measurements of thermal parameters of flue gases,
molar fraction of CO2 in flue gases and natural gas
volumetric flow

194,79 2,93

5. The measurements of thermal parameters of flue gases,
molar fraction of O2 in flue gases and natural gas
volumetric flow

188,08 2,83
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4. Conditional equations of the data reconciliation
task

According to the schematic for the analyzed system of
the gas-and-steam CHP plant presented in the Fig. 1 the
mass and energy balances equations in the steady state of
CHP unit operation can be formulated. Total number of
conditional equations is equal to r = 22. Selected mass
and energy balances are illustrated below.

Energy balance of the gas turbo-generator takes the fol-
lowing form:

V̇n (1)

[
LHVg (2) +

∆(Mh)g+n′a∆(Mh)a
(Mv)n

]
×

×
(
1 − εg(80)

)
=

Pel (11)
η(81)η(84)

+
V̇n (13)
(Mv)n

∆ (Mh)

∣∣∣∣∣∣ t(12)
tn

(3)

where: V̇n—normal volumetric flow, LHVg—net
calorific value of the natural gas, (Mh)—molar specific
enthalpy, (Mv)n—normal molar specific volume, Pel –
electric power of the gas turbo-generator, η—efficiency,
ε—relative heat losses, t—temperature.

Mass balance of the flue gases flowing through the
HRSG takes the form:

V̇n (1)n′′dg = V̇n (13) (4)

where: n′′dg—specific amount of dry flue gases.
Thermal power of the HRSG based on calculation of
the increase in steam enthalpy results from the following
equation:

Q̇s
S G = ṁ(18)h

(
t(19), p(20)

)
+ ṁ(21)×

×h
(
t(22), p(23)

)
+

(
ṁ(24) + ṁ(25)

)
×

× h
(
t(26), p(27)

)
− ṁ(28)h

(
t(29), p(30)

)
+

−
(
ṁ(31) + ṁ(34)

)
h
(
t(32), p(33)

) (5)

whereas thermal power of the HRSG results from the de-
crease in the flue gases enthalpy:

Q̇g
S G =

V̇n (13)

(Mv)n
∆ (Mh)

∣∣∣∣∣∣ t(12)
t(14)

(6)

where: Q̇S G—thermal power of a HRSG, ṁ—mass
flow, h—specific enthalpy, p—pressure, t—temperature.
The relation between thermal powers of HRSG resulting
from the equations (5) and (6) is expressed as follows:

Q̇s
S G = Q̇g

S G
(
1 − εS G(79)

)
(7)

Energy balance of the steam turbo-generator has the fol-
lowing form:

ṁ(18)0.5
[
h
(
t(65), p(66)

)
+ h

(
t(67), p(68)

)]
+

+
(
ṁ(21) − ṁ(40) − ṁ(41)

)
h
(
t(69), p(70)

)
=

= ṁ(89)h
(
t(51), p(50)

)
+ ṁ(88)h

(
t(63), p(62)

)
+

+
(
ṁ(18) + ṁ(21) − ṁ(40) − ṁ(41) − ṁ(89) − ṁ(88)

)
×

×h
(
p(71), x(78)

)
+

Pel(77)
η(82)η(83)

(8)

Selected mass and energy balances for steam cycle of the
investigated gas-and-steam CHP unit have the form:

• energy balance of the district heating water mixing
point behind the high-pressure heat exchanger:

ṁ(47)h
(
t(48), p(44)

)
= ṁ(42)h

(
t(43), p(44)

)
+

+ṁ(87)h
(
t(85), p(46)

) (9)

• energy balance of the district heating water mixing
point behind the low-pressure heat exchanger:

ṁ(59)h
(
t(85), p(46)

)
= ṁ(58)h

(
t(45), p(46)

)
+

+ṁ(86)h
(
t(61), p(60)

) (10)

• energy balance of the high-pressure heat exchanger
XH:[

ṁ(89) h
(
t(51), p(50)

)
+ ṁ(35)h

(
t(57), p(56)

)
+

−
(
ṁ(89) + ṁ(35)

)
h
(
t(49), p(50)

)]
ηHE =

= ṁ(42)h
(
t(43), p(44)

)
− ṁ(42)h

(
t(85), p(46)

) (11)

where: ηHE—efficiency of the heat exchanger taking
into account the heat losses to the environment.

• energy balance of the low-pressure heat exchanger
XL:[

ṁ(88) h
(
t(63), p(62)

)
+ ṁ(89)h

(
t(49), p(50)

)
+

−
(
ṁ(55) + ṁ(64)

)
h
(
t(49), p(50)

)]
ηHE =

= ṁ(58)
[
h
(
t(45), p(60)

)
− h

(
t(61), p(60)

)] (12)

• mass balance of the condensate from the low-
pressure heat exchanger XL:

ṁ(89) + ṁ(35) + ṁ(88) = ṁ(64) + ṁ(55) (13)

• mass balance of the mixing point before the heat ex-
changer XR:

ṁ(52) + ṁ(55) − ṁ(35) + ṁ(36) = ṁ(90) (14)

• energy balance of the mixing point before the heat
exchanger XR:

ṁ(52)h
(
t(54), p(53)

)
+

(
ṁ(55) − ṁ(35)

)
×

×h
(
t(57), p(56)

)
+ ṁ(36)h

(
t(37), p(56)

)
=

= ṁ(90)h
(
t(75), p(56)

) (15)

• energy balance of the heat exchanger XR:

ṁ(90)
[
h
(
t(76), p(53)

)
− h

(
t(75), p(53)

)]
=

=
(
ṁ(31) + ṁ(34) + ṁ(28) + ṁ(38)

)
×

×
[
h
(
t(72), p(73)

)
− h

(
t(74), p(73)

)]
ηHE

(16)
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Table 2: Results of calculation for minimum resource of measurement information

No. Indicator Value Complex
standard
uncertainty

Relative
standard
deviation

1 Energy utilization factor (EUF) 0.5876 0.0098 1.67 %
2 Specific consumption of chemical energy of fuel by

gas turbine set per unit electricity production
11 055
kJ/kWh

91 kJ/kWh 0.82%

3 Specific consumption of heat by steam turbine set
per unit electricity production

12 055
kJ/kWh

168 kJ/kWh 1.40 %

Table 3: Results of calculation for reconciled measurement data

No. Indicator Value Complex
standard
uncertainty

Relative
standard
deviation

1 Energy utilization factor (EUF) 0.5794 0.0027 0.46 %
2 Specific consumption of chemical energy of fuel by

gas turbine set per unit electricity production
11 222
kJ/kWh

47 kJ/kWh 0.42 %

3 Specific consumption of heat by steam turbine set
per unit electricity production

12 119
kJ/kWh

73 kJ/kWh 0.60 %

5. Results of calculations

Results of calculation of the main indicators charac-
terizing operation of the investigated gas-and-steam CHP
unit are presented in Table 2 and Table 3. The follow-
ing indicators were calculated; energy utilization factor,
specific consumption of chemical energy by gas turbine
per unit of electricity production and specific consump-
tion of heat by steam turbine per unit of electricity pro-
duction. Table 2 shows the values of considered indica-
tors for minimum resource of measurement information.
Table 3 presents the results of calculations of considered
indicators using reconciled measurement data.
Results of calculations concerning installation of addi-
tional redundant measurements in the thermal system of
the investigated gas-and-steam CHP unit are presented in
Table 3. The value of uncertainty reduction for selected
measurements, or a reduction of complex uncertainty of
indirect measurements depends on the number and loca-
tion of redundant measurements in the considered thermal
process [10]. Minimization of uncertainty of the energy
utilization factor can be used as a criterion of optimal lo-
cation of redundant measurements in the thermal system
of a gas-and-steam CHP unit. Since in data reconciliation
calculations all measurement data are corrected, it is con-
venient for the analysis to use the relative standard devi-
ation of the energy utilization factor—RS D (EUF) in the
CHP unit. Minimum of the RS D (EUF) can be a crite-

rion of the optimal location of an additionally redundant
measurements in the measurement system of the consid-
ered CHP unit. The objective function of the described
optimization task can be defined as follows:

RS D (EUF)k = min
{

RS D (EUF)k j

}
f or

k = 1, ..., n
j = 1, ..., L (k)

 (17)

where: k—current number of redundant measurement,
n—number of considered additional redundant measure-
ments, L—number of location configurations of addi-
tional measurement data.

The procedure of an optimization calculations requires
first of all identification of a potential location for installa-
tion of an additional redundant measurement in a thermal
system structure, considering the technical constraints.
These potential places determine the maximum number
of available redundant measurements in the system. The
determined number of redundant measurements (lower
than the possible maximum) can be installed in a mea-
surement system in different configurations. Solution of
the optimization task (17) requires determination of the
RS D (EUF) for all available configurations of installation
of this measurement in the analyzed CHP unit. The num-
ber of this installation configurations results from the bi-
nomial coefficient. For any set containing n-elements, the
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number of considered k-elements subsets is given by the
formula:

L (k) = Ck
n =

(
n
k

)
=

(
n!

k!(n−k)!

)
,

where k ≤ n, n, k ∈ N+

(18)

The optimization calculations were performed for previ-
ously defined variants of configurations of additional mea-
surements in the analyzed thermal system on the basis of
the algorithm presented in [10]. Calculations were car-
ried out for the following additionally redundant measure-
ments in the thermal system of the CHP unit:

• temperature of the district heating water at the inlet
of high-pressure heat exchanger (index No. 85 in the
Fig. 1),

• flow of the district heating water in the low-pressure
heat exchanger bypass (index No. 86 in the Fig. 1),

• flow of the district heating water in the high-pressure
heat exchanger bypass (index No. 87 in the Fig. 1),

• flow of the extraction steam to the low-pressure heat
exchanger (index No. 88 in the Fig. 1),

• flow of the extraction steam to the high-pressure heat
exchanger (index No. 89 in the Fig. 1),

• flow of the main condensate at the inlet of the heat
exchanger XR (index No. 90 in the Fig. 1).

The number of variants of measurement location for
each number of redundant measurements is calculated by
means of the formula (18). Column 2 of Table 3 presents
the number of analyzed variants of redundant measure-
ment locations. The optimization calculations were car-
ried out using the computer program elaborated in Fortran
language.

Kullback–Leibler divergence was applied to assess the
measurement system of the CHP unit as a whole [11].
The quality of a redundant system of measurement after
the introduction of a new additional measurement should
be evaluated by applying criterion, which enables one to
measure the increase in reliability of measurements—both
the values of the measurements as well as the uncertain-
ties. It was assumed that the measurement system of the
thermal process represents a signals system of communi-
cation, which can be used to send information about the
thermodynamic parameters of the thermal process. For

this assumption the entropy of information can be ap-
plied as an assessment criterion of quality of the measure-
ment system. In information theory, entropy is a mea-
sure of the uncertainty which is associated with a ran-
dom variable [12]. In probability and information theory
the concept of relative entropy called Kullback–Leibler
divergence has also been introduced [13]. In an assess-
ment of an increase in reliability of measurement data, in
principle, we are not interested in the absolute value of
information entropy, but only in the decrease in this en-
tropy H (X) from the state of raw measurement data to
state H

(
X̂
)

of reconciled measurements. In this case the
Kullback-Leibler divergence can constitute the criterion
of an assessment of the increase in reliability of measure-
ment data in a redundant system of measurements of the
thermal process:

DKL
(
N̂
∥∥∥ N

)
= H (X) − H

(
X̂
)

(19)

Introducing the variance-covariance matrices property
in the data reconciliation method [3], the Kullback–
Leibler divergence (in bits) has the following form [11]:

DKL
(
N̂
∥∥∥ N

)
= 1

2·ln(2)×

×

{
ln

[∏m
i=1

(
σi
σ̂i

)2
]

+
∑m

i=1

(
x̂i−xi
σi

)2
+ u − r

} (20)

From the equation (20) it results that Kullback-Leibler di-
vergence includes both values of measurements x̂i as well
as its uncertainties σ̂i after the application of data recon-
ciliation.

6. Conclusions

The energy utilization factor and its complex standard
uncertainty for minimum measurement information (with-
out data reconciliation) is EUF = 0.5876 ± 0.0098. Rela-
tive standard deviation of energy utilization factor in that
case is 1.67% (Table 2). After data reconciliation calcu-
lations this factor is EUF = 0.5794 ± 0.0027 and relative
standard deviation is 0.46% (Table 3). Use of the data rec-
onciliation method causes a significant reduction of nearly
73% in RS D (EUF) .

Column 2 of Table 4 shows the configuration number
for considered additional redundant measurements. Col-
umn 3 of this table presents the optimal configurations of
the additional redundant measurement location, whereas
column 4 shows the optimized parameter RS D (EUF)and
the other calculated indicators. From the RS D (EUF) val-
ues shown in column 4, it follows that adding additional
surplus measurements causes a reduction in RS D (EUF).
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However decreasing this relative standard deviation has
limits for three additional redundant measurements. Value
of the RS D (EUF), comparing to the basic case, decreases
to about 76%. Entering a larger number of redundant
measurements to the thermal system of the investigated
CHP unit no longer benefits from the point of view of
the assumed optimization criterion. From column 3 in
Table 4, the optimal configuration of additional redun-
dant measurements which provide the minimization of
RS D (EUF) are measures number: 88—flow of the ex-
traction steam to the low-pressure heat exchanger, 89—
flow of the extraction steam to the high-pressure heat ex-
changer and 90—flow of the main condensate at the inlet
of heat exchanger XR.

An information entropy was applied for a global as-
sessment of results of data reconciliation calculations.
The relative entropy—Kullback-Leibler divergence—was
used. This divergence was calculated for two multivariate
normal probability distributions, which represents the set
of raw and reconciled measurements of the investigated
gas-and-steam CHP unit for analyzed cases. Usefulness
of application of the mentioned relative entropy for global
assessment of the improvement in reliability of the set of
measurements of the thermal system after data reconcilia-
tion calculations was presented.
It should be noted that the Kullback-Leibler divergence
continuously increases with the number of additional re-
dundant measurements in the thermal system of the in-
vestigated gas-and-steam CHP unit. In this case each ad-
ditional redundant measurement in the thermal system of
the CHP unit reduces the information entropy of its redun-
dant measurement system.

Example calculations of the Kullback-Leibler diver-
gence show (Table 4) that the biggest decrease in the en-
tropy information of the redundant measurement system is
in the case where all the measurement information about
the analyzed thermal process is used.
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