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ABSTRACT

Accurate measurement of boiler efficiency, turbine heat rate (THR), gross heat rate (GHR) and heat rate deviations are fundamental
to assessing the true performance of a coal-fired generating unit during Performance Guarantee (PG) test and routine O&M phase.
Small errors in coal flow, coal calorific value, steam flow, enthalpy, generator output, flue-gas measurements and correction factors
can produce significant errors in calculated heat rate. This paper presents a practical methodology based primarily on ASME
Performance Test Codes (PTCs), with emphasis on PTC 4 for fuel fired steam generators, PTC 6 for steam turbines, PTC 46 for
overall plant performance and PTC 19.1 for test uncertainty. This paper emphasizes direct and indirect measurement methods,
OEM correction curves, heat-rate gap analysis, repeatability, uncertainty, test preparation, coal sampling, practical do's and don'ts

and application of Al

Keywords - boiler; boiler efficiency; turbine heat rate (THR); gross heat rate (GHR); ASME PTC 4; PTC 6; PTC 6S; PTC 46;
PTC 19.1; correction curves; uncertainty; repeatability; heat-rate gap analysis.

1. INTRODUCTION

The performance of a coal-fired generating unit is normally
expressed through several linked indicators: boiler efficiency,
turbine heat rate, gross heat rate, auxiliary power consumption
and net heat rate. These parameters are interconnected but
represent different physical boundaries. Boiler efficiency
describes the effectiveness of the steam generator in
transferring fuel energy to the defined useful output streams,
whereas turbine heat rate relates the thermal energy supplied to
the turbine cycle to electrical output. Gross heat rate (GHR) is
fuel heat input per unit of gross electricity generated and Net
heat rate (NHR) is fuel heat input per unit of net electricity
exported after deducting auxiliary power consumption (APC).

2. APPLICABLE PERFORMANCE TEST CODES
2.1 ASME PTC codes intended for power plant

ASME . N
PTC Title / application Relevance
PTC 4 Fired Steam Generators Boiler efﬁc1ency.and
erformance testing
Routine performance testing
PTC 6S  [Steam Turbines of steam turbines with DCS
linstruments
. Turbine heat rate and output
PTCS Steam Turbines with PG test instruments
Overall Plant Overall gross/net heat rate
PTC 46
Performance land plant performance
PTC 19.1 [Test Uncertainty IMeasurement uncertainty and
test-result confidence
PTC 4.2  (Coal Pulverizers Mill performance
PTC 4.3  |Air Heaters IAir-heater performance
PTC 12.2 Steam Surface ICondenser performance
Condensers
PTC 12.1 Closed Feedwater Feedwater-heater
Heaters erformance

IPTC 12.3 |Deaerators IDeaerator performance
PTC 8.2  (Centrifugal Pumps B011gr feed pumps and other
centrifugal pumps
PTC 11 Fans IFD, ID and PA fan
erformance

2.2 ASME PTC 4 - Fired Steam Generators

ASME PTC 4 provides rules and instructions for
performance testing of fuel-fired steam generators, including
coal-fired units. For a pulverized-coal boiler, it is the principal
reference for boiler performance testing. Important
measurements include fuel flow and fuel properties, steam and
water flows, steam pressure and temperature, flue-gas
composition and temperature, air and gas flows, ash properties
and applicable energy credits or losses.

PTC 4 provides both an Input-Output Method and Indirect
Method. The two methods have different measurement
requirements and uncertainty characteristics. In particular,
fuel-flow measurement uncertainty can have a direct and
significant influence on an Input-Output result. Tests should be
conducted with as close as design gross calorific coal.

2.3 ASME PTC 6/ 6S — Steam Turbines

PTC 6 is used for formal steam-turbine performance testing,
primarily for acceptance and guarantee verification. The
turbine heat balance requires accurate measurement of
condensate flow, main steam flow and conditions, reheat
conditions, extraction flows, feedwater conditions, condenser
pressure and generator output. Tests should be conducted as
close as practicable to specified conditions so that correction
requirements are minimized.

PTC 6S is simplified procedures for routine and periodic
performance testing to monitor changes in turbine performance
over its operating life using DCS instruments.
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2.4 ASME PTC 46 — Overall Plant Performance

PTC 46 establishes an overall plant-performance framework.
It addresses determination of heat input and electrical or
secondary outputs using direct or indirect measurements and
provides for correction of measured performance to specified
reference conditions. PTC 46 should not be treated as a
replacement for PTC 4 or PTC 6 when testing individual
components.

2.5 ASME PTC 19.1 — Test Uncertainty

PTC 19.1 provides the framework for identifying
measurement uncertainties and propagating them into
calculated performance results. A defensible report should
therefore state both the measured result and the associated test
uncertainty rather than reporting an apparently precise single
number.

3. BOILER EFFICIENCY

3.1 Boiler Efficiency and Calculation Methodologies

Boiler efficiency represents the proportion of fuel energy
transferred to the useful output streams within a defined steam-
generator boundary. For a boiler, even a small change in
efficiency can significantly affect the unit's gross heat rate and
fuel consumption.

Two principal methodologies are used for calculating Boiler
Efficiency:

e Direct or input-output method: Calculates efficiency
from useful heat output and fuel heat input.

e Indirect or heat-loss method: Calculates efficiency by
quantifying individual heat losses and subtracting
their total from 100%.

The choice of method depends on the test objective,
instrumentation quality, measurement uncertainty and required
diagnostic detail.

This paper compares the principles, measurement
requirements, advantages and limitations of both approaches.
Particular emphasis is placed on the diagnostic capability of the
indirect method for detailed loss analysis and performance
improvement, while following the applicable ASME PTC 4
methodology for formal performance testing.

3.2 Direct Method (Input-Output Method)

The direct method calculates boiler efficiency as the ratio of
useful heat transferred to the working fluid to the heat supplied
by the fuel.

Quseful X 100

Boiler Efficiency, ng = GOV
f

For a simplified steam-generation boundary:

Quseful = Mg (hms - hfw) + M,y (hhrh - hcrh)

e  h, = main steam enthalpy
e  hg,= feedwater enthalpy
e hy,,= hot reheat steam enthalpy

e h.,= cold reheat steam enthalpy

For a boiler, the actual calculation or formulaec must account
for the agreed boundary, main steam spray-water flows, reheat
spray-water flows, with or without reheater heat absorption
wherever applicable, other relevant energy streams and the
prescribed PTC calculation procedure.

Advantages
1. Simple to understand and implement.

2. Provides a direct relationship between fuel input and
useful output.

3. Useful for routine monitoring and independent
performance verification.
Limitations

1. Accuracy is on fuel-flow

measurement.

2. Coal GCV variability and non-representative
sampling can introduce significant errors.

highly dependent

3. Steam/feedwater flow measurement errors directly
affect the calculated efficiency.

4. Does not independently identify the individual causes
of efficiency degradation.

3.3 Indirect Method (Heat-Loss Method)

The indirect method determines boiler efficiency by
quantifying individual heat losses as percentages of fuel heat

input.
N = 100—2Li +ZC]
Where:

e 1, = Dboiler efficiency, %

e [; represents each applicable heat loss in percentage points.

e (= applicable heat credits (Credits account for additional
heat entering the boiler system beyond the fuel's reference
calorific value like sensible heat in air entering above the
reference temperature, coal pulverizer and fan power)

Major Boiler losses include:

Boiler Heat loss Principal cause

High exit-gas temperature and

Dry flue-gas loss excessive flue-gas flow

Moisture in fuel Evaporation of fuel moisture

Water formed during hydrogen

Hydrogen-related moisture loss .
yeros combustion

[Unburned carbon in fly ash and

where: bottom ash Incomplete combustion
e 7= fuel mass flow rate O loss Incomplete conversion of carbon
e GCV = gross calorific value of fuel — : It—;)ezi?;jecte TTromboiler
o  1,= main steam mass flow rate Radiation and convection surfaces
e  7i1,,= hot reheat steam mass flow rate Other applicable losses /;(:?irﬂzgi)](i]g]ss;deﬁned by the
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Typical Boiler losses and their proportions are,

| Useful Heat to Steam

| 88.0%
| (Boiler Efficiency)

Dry flue gas loss
(Heat carried by flue gas)

W 5.0%
i Moisture in fuel loss

3 0% (Heat to evaporate coal moisture}

3 related I
A oLt

Unburned carbonn fly ash
' 1.0% (thmiblehhy"ash)wa

0.5% Unburned carbon in bottom ash
L (Combustible in bottom ash)

€O loss
. 03% (Heat carried by CO in flue gas)
Sensible heat loss
’ 0.2% (Hot ash, clinker and surface sensible heat)

0.5% Radiation and unaccounted losses
= (Heat from boiler surfaces and others)

a |,

Input

100%

(GCV basis) Boiler

#

a. Dry flue-gas loss:

The dry combustion gases leave the boiler carrying sensible
heat.
g (Ty — T7)
Lpe = ————=%100
pe mGCVy

where M is dry flue-gas flow, Cpis average specific heat, Ty is
flue-gas temperature, T , is the reference air temperature,
iy s as-fired fuel mass flow rate and GCV} is gross calorific
value of fuel.

b. Loss due to Water formation from hydrogen in the fuel:

Hydrogen in coal reacts with oxygen and forms water vapour.
The resulting water vapour carries energy out with the flue gas.

_ mHZO,Hz [hv (Tg) - hl(Tr)] 1
2 1 GCVy x
For fuel hydrogen mass fraction H,
My,on, = IHM;
where 1y, o i, is mass of water vapor formed due to Hydrogen

Ly 00

in fuel, h,,(Tg)is the water-vapour enthalpy and h;(T}.)is the
reference liquid-water enthalpy.

For example, at a flue-gas temperature of 140°C, the specific
enthalpy of water vapour is approximately 2,764 klJ/kg,
whereas the reference liquid-water enthalpy at 32°C is
approximately 134 kJ/kg. Therefore, the heat carried away per
kg of water vapour formed is approximately 2,630 kJ/kg.

c. Loss due to moisture present in the coal,

Moisture entering with the as-fired coal is heated, evaporated
and superheated before leaving with the flue gas.

_ iy [1o(Ty) — (1]
- m;GCVy

Where 1,y ris the moisture mass flow entering with the fuel.

X 100

Ly s

If Mis the as-fired fuel moisture mass fraction,

d. Loss due to Moisture in combustion air,

Water vapour entering with the combustion air is heated and
discharged with the flue gas.

 y,0alhe(Ty) = hy(T,)]
LM,a - Tf’lfGCVf X 100

Where My, is the water-vapour flow entering with
combustion air, T, is inlet combustion-air temperature

e. Loss due to Unburned carbon in fly ash and bottom ash,

Carbon remaining in ash represents chemical energy that was
not released by complete combustion.

Mg Xcash He pa

Lepa = - x 100
Mga Xc,ash Hepa
Lepa = ———"5——%100

Total unburnt carbon loss, L¢gsn = Lera + Lepa

Where 1z, mp, are fly ash and bottom ash-residue mass flow
rate respectively, X¢ qsp 1S unburned-carbon mass fraction in
the residue and H¢pa,Hcpg are applicable heat value
assigned to the unburned carbon in fly ash and bottom ash
respectively

f. Loss due to Carbon monoxide (CO) in flue gas,
CO indicates incomplete conversion of fuel’s carbon to carbon
dioxide.

Meo Aheo
Lep = ————% 100
€7 mGCV;
Where m;o is CO mass flow in the flue gas and Ah, is
chemical energy released per unit mass of CO on oxidation to

CO-, using a consistent reference basis

g. Loss due to Sensible heat in ash and other residues

Hot fly ash, bottom ash, economizer ash or other applicable
solid residues may carry sensible heat out of the system.

L _ZiMiC, (,-T1)
ash,s — .

Where j represents each applicable residue stream like fly ash,
bottom ash and economizer ash

x 100

These expressions illustrate the physical basis of the loss. A
formal PTC 4 calculation must use the applicable code-defined
equations, fuel analysis, reference conditions and energy
balance.

Advantages
1. Identifies the major contributors to boiler heat loss.

2. Supports root-cause analysis and targeted corrective
actions.

3. Helps quantify the potential benefit of combustion
tuning, air-heater improvement, coal-fineness
optimization and reduction of unburned carbon.

4. Allows operating parameters to be correlated with
individual losses.

5. Provides a useful foundation for boiler heat-rate gap
analysis.
Limitations
1. Requires more sampling and
laboratory analysis.

measurements,

2. Accuracy depends on representative fuel and ash
samples and reliable flue-gas measurements.
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3. Errors in several loss calculations may accumulate.

Some losses may be estimated rather than measured
directly.

5. The result depends on consistent definitions,
boundaries and treatment of unaccounted losses.

3.4 Comparative Assessment

Criterion Direct method Indirect method
Calculation Useful output / fuel | 100% minus total
principle input losses

Primarily fuel and Ellll:ll z?:llzesrli’ gas
Instrumentation | steam/water-side YIS, P,

measurements ash and other loss

measurements

Calculation . . .
complexity Relatively low Relatively high

Sensitivity to Depends on the

coal-flow High selected loss
accuracy calculations
Loss .. .
‘dentification Limited Detailed
Root-cause _
. Limited Strong
analysis
Routine Useful when
. Useful reliable datas are
monitoring .
available
Performance Requires additional | Particularly
optimization diagnostic data suitable
Formal Appl'lcable when App!lcable when
specified by the specified by the
acceptance . .
) governing governing
testing
procedure procedure

From the comparative assessment, the Indirect Method Often
Preferred for Boiler Performance Improvement. The principal
reason is its diagnostic capability, rather than an unconditional
guarantee of better numerical accuracy.

The direct method may indicate that boiler efficiency is 88.5%,
but it does not independently explain why the remaining fuel
energy was not transferred to useful output.

The resulting improvement cycle is:

Measure losses — Identify dominant loss —
Determine root cause — Implement corrective action —
Verify improvement
The indirect method is therefore especially valuable for
performance-monitoring departments, boiler optimization and

heat-rate gap analysis in day to day operation.

However, the indirect method is not automatically more
accurate in every application. Its uncertainty depends on the
quality of all the measurements used in the loss calculations.

3.5 Coal Analysis

Accurate coal sampling and analysis are essential for
determining the true boiler efficiency of a thermal power plant.
Since fuel heat input is the denominator in boiler efficiency
calculations, any error in coal flow measurement or Gross

IJERTV 1515110438

International Journal of Engineering Research & Technology (IJERT)
I SSN: 2278-0181
Vol. 15 Issue 11, November - 2026

Calorific Value (GCV) directly affects the calculated
efficiency.

The main principle is: a representative sample is more
important than a large sample collected incorrectly. ASME
PTC 4 covers fired steam-generator performance testing,
including coal-fired boilers, but it does not prescribe all
procedures for determining the chemical and physical
properties of fuel.

Best practices for reliable results

1. Collect representative increments across the coal stream
and test period (usually 4 hrs during PG test and 2~4 hrs
during O&M phase)

2. Prevent moisture loss, contamination and segregation
during sampling and preparation.
3. Determine GCV using a calibrated bomb calorimeter

and the applicable test method, such as ASTM
D5865/D5865M.

4. Report GCV on the correct basis—as-received, as-fired
or dry basis—and maintain consistency with the coal-
flow measurement.

5. Follow the applicable ASME PTC 4 performance-test
procedure and document measurement uncertainty.
Supporting sampling and analysis standards
These are ASTM/ISO standards, not ASME PTC codes:

e ASTM D2234/D2234M - collection of gross coal
samples.

e ASTM D7430/D7430M - mechanical sampling of coal.

e ASTM D2013/D2013M - preparation of coal samples
for analysis.

e ASTM D6609/D6609M - part-stream sampling
guidance; recognize its limitations when representative
full-stream sampling is required.

e ASTM D5865/D5865M — Standard Test Method for
Gross Calorific Value of Coal and Coke

e [SO 13909 series - mechanical sampling, sample
preparation and precision/bias assessment for coal and
coke.

Best practices during the GCV test:

L3 e

L8

Sample Weighment Bomb Calorimeter

e Weigh the coal sample accurately using a calibrated
analytical balance. Use the integrated weigh balance with
bomb calorimeter to avoid manual typo errors.

e Ensure the sample is representative and properly
homogenised.

e Useaclean, dry crucible and avoid sample contamination.
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e Ensure the sample is positioned appropriately for reliable In a thermal power plant, turbine-cycle performance is
combustion. affected mainly by:
e Follow the instrument manufacturer's approved procedure e Main steam pressure and temperature.

for oxygen charging and ignition.

e Ensure complete combustion; inspect the residue after the o i
test. e  Turbine internal efficiency.

e  Hot-reheat steam temperature and pressure.

e Apply the prescribed corrections for ignition wire, fuse e  Condenser backpressure.
wire, acid formation and other applicable contributions.

e Maintain consistent testing conditions across all samples.

e Repeat measurements when combustion is incomplete or
the result fails the method's repeatability criteria. e Gland sealing and auxiliary steam consumption.

e Regenerative feedwater-heater performance.

e  Steam extraction and leakage flows.

e Feedwater temperature and cycle configuration.
4. TURBINE HEAT RATE

Turbine heat rate represents the thermal energy supplied to
the turbine cycle per unit of electrical generation.

e  Generator output and relevant electrical losses.

An observed increase in turbine heat rate does not necessarily
o ) indicate deterioration of the turbine blading alone. It may result
The condensate flow based heat-rate determination using  from condenser degradation, feedwater-heater performance,

measured cycle heat input and electrical output is used  steam-condition deviations, flow-measurement errors or
predominantly for all purpose. However there is alternate  changes in the test boundary.

method, the indirect approach helps identify the causes of
performance deviation through detailed analysis of steam
conditions, extraction flows, feedwater heaters, condenser
pressure and turbine expansion performance, which is not in
wide practice.

Therefore, an effective performance-assessment
methodology must establish both the measured heat rate and
the engineering reasons for any deviation from the reference
performance.

Typical Heat and Mass Balance Diagram (HMBD) of a 660 MW power plant

1: CALCLLATIONS ARE BASED ON 1847 IFC. FOR MLLATIONS OF STEAM TABLE

2: CALCLLATIONS ARE BASED ON MO RADWTION LDSSES FROM HEATERS OR
8 EXTRACTION PIPING LOCATED IN THE CONDENSER NECK GV TV
0.862P 3: HEATE RATES BASED ON LOCUS OF FULL VALVE POINT
0.850P o
BFPT S
23767 3KW

0.0120P
2517.8H 2.DFLP
131,556 0.348P

0,266 0.266 T 1
j 0.194P I t 010G
0101P
l} o.lmmp (‘L @ ®

33225H 17.892P
12P
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4.1 Turbine Heat Rate Measurement

Turbine heat rate is the thermal energy supplied to the
defined turbine-cycle boundary divided by the corresponding
electrical output.

For a regenerative Rankine cycle, the cycle heat input
includes the applicable main-steam and reheat contributions,
with appropriate treatment of spray water and other boundary
streams.

For a typical reheated steam cycle, the simplified heat-input
expression is:
mms (hms - hfw) + (mhrh hhrh) - (mcrh hcrh)

Fy

THR =

Where:

e 1M, = main steam mass flow rate. Where it is not
measured in high-capacity units, calculated from
measured condensate flow and calculated extraction
steam flows of Turbine cycle

e h,,=main steam enthalpy at turbine inlet

e hp, = final feedwater enthalpy at the defined cycle
boundary

e m,,=reheater steam mass flow rate after considering
reheater spray

e  hy,,= hot reheat steam enthalpy
e  h.,= cold reheat steam enthalpy
e B, = gross generator electrical output

At steady state, the condensate flow can be reconciled with
feedwater flow after considering makeup, extractions,
blowdown, spray water, auxiliary steam, gland leakage, drains
and other applicable streams.

While calculating Main Steam flow, the key point is that
ASME PTC 6 does not universally require condensate flow
instead of feedwater flow. It permits different primary-flow
measurement locations and recommends the location based on
the feedwater-heater arrangement and the potential for leakage
or recirculation to bias the measurement. Condensate flow is
primarily used because,

e To avoid feedwater-heater leakage errors - Consider a
cycle in which high-pressure feedwater heaters use
extraction steam. If a heater tube leaks, the feedwater flow
reading may not represent the intended primary cycle
flow accurately.

e Better measurement conditions
o Lower water temperature, reducing extrapolation of

the flow meter's discharge-coefficient calibration.
o Potentially simpler installation than a high-pressure
feedwater line.
This approach requires reliable measurement of condensate
flow, pressure, temperature, relevant feedwater conditions and
generator output. Reheat and other energy contributions must
be treated consistently with the adopted test boundary.

IJERTV 1515110438

Calculating Main steam flow from Condensate flow

through Iteration:

1. Acquire Measured Data

« Condensate flow at deaerator inlet (m2.)

« Actual pressures and temperatures (to obtain h)
for deaerator and HP heaters

2. Assume Initial Feedwater Flow
=i(0) — = . (0) . (0)
Mp,” =Mc+ Mg ps + Z Mext,HP
(Use design or historical extraction flows for first guess) )

L 2
3. Calculate Extraction Flows (Energy Balance) h

S

Deaerator: gy (hpa,out — hpa,in) ‘

Mext,pA =
Rext,pa — hpa,our

A

HP Heaters (for each heater i):
_ ywi (Rrw,ouei = Rpw,in,)
hexe,i — hdrain,i

Mext,i

Note: Include the heat input from cascaded drains (grain,casc * Rdrain,casc) Of

upstream HP heaters in the energy balance of each HP heater.
"

~

N
. (k41) _ o . (k) L (K
_/ Mg, " =Mc+Meypy + b3 m;},m

¥
‘ 4. Update Feedwater Flow

&

5. Convergence Check

(k1) _ (K
|rif = i)

No
(Repeat Steps 3-5)

E= |>(100

Yes
¥
Output @
.D.DJ]. « Converged feedwater flow (7725,,)
[ » Deaerator and HP heater extraction flows (7itexe, pa, Text, p) ]

Main steam flow, 1,5 = 1ipy, — Myeqk
Hot reheat flow = 1itc,, + Mgy spray

Note: Since accurate measurement of condensate flow is
paramount important, so it should be calibrated on periodic
interval like during COH/AOH.

Advantages of Condensate flow method of THR calculation

1. Measurement-based result: It establishes heat rate from
measured thermal and electrical quantities.

2. Clear physical interpretation: It relates the energy
supplied to the cycle to electrical generation.

3. Suitable for performance testing: It can form the basis
of a formal turbine test when implemented according to
the applicable test code.

4. Useful for comparison: Results can be compared with
contractual guarantees or reference performance after
the required corrections.

5. Independent of a purely theoretical turbine model: It
does not rely solely on predicted component
efficiencies.

Limitations

1. Flow-measurement uncertainty: Main-steam and
reheat-flow measurements can materially influence
the result.

2. Enthalpy uncertainty: Pressure and temperature errors
affect calculated steam enthalpy.
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3. Boundary complexity: Extraction flows, leakage,
drains, spray water and auxiliary steam must be
correctly accounted for.

4. Limited diagnostic detail: A single heat-rate result
does not identify which turbine stage or cycle
component is responsible for degradation.

5. Correction uncertainty: Deviations from reference
conditions may require OEM or test-code correction
procedures.

The condensate flow method is therefore valuable for
establishing measured performance, but additional analysis is
normally required to explain why the result differs from the
reference.

4.2 OEM Correction Curves for Thermal Power
Plants

OEM correction curves are essential tools for evaluating
boiler, steam-turbine and overall plant performance when
actual test conditions differ from the specified reference or
design conditions.

The fundamental purpose is to separate the effect of
operating conditions from the actual equipment performance.
For example, a turbine may show a higher heat rate during a
test because condenser pressure is higher than the reference
value, even though the turbine itself has not deteriorated.

ASME PTC 6 addresses corrections for steam-turbine tests,
while ASME PTC 46 addresses correction of overall plant
performance to reference conditions. The correction methods
should be appropriate to the actual unit and test boundary.

OEM correction curve:

An OEM (Original Equipment Manufacturer) correction
curve is a graph, table or mathematical relationship that
predicts how a performance parameter changes when a
particular operating variable deviates from its reference value.

Typical performance parameters being corrected are:

e Boiler efficiency

e  Turbine heat rate (kcal/kWh)
e  Turbine power output (MW)
e  Opverall gross or net heat rate

e Condenser and auxiliary-equipment performance,
where applicable

For example, a turbine manufacturer may provide a curve
showing how turbine heat rate changes with condenser pressure
while keeping the other specified conditions constant.

OEM correction curves are normally developed during
turbine-cycle design and performance modelling, then
finalized using the performance information for the supplied
equipment and the agreed plant configuration.

Major correction curves for a steam Boiler:

These curves, generally developed by the boiler OEM based
on design calculations and thermal performance models,
quantify the influence of deviations in parameters such as unit
load, coal quality, moisture, excess air, flue-gas exit

IJERTV 1515110438

temperature and mill configuration on boiler efficiency and
associated heat losses.

By applying the appropriate corrections, measured
performance can be normalised to specified reference
conditions, enabling a more meaningful comparison with
design guarantees and historical benchmarks.

Examples of variables universally considered for correction
while evaluating Boiler efficiency are,

(a) Total moisture in coal

0.5

0.4

0.3

%

0.2

e

- o

e o o

w o

Boiler efficiency carrection value »

7.5 8 8.5 9 9.5 10 10.5
The total moisture in coal, %

@
-

(b) Hydrogen in coal

0. 60
0. 40
= /
8 0.20
i
g
g 0.00
8
E’ 0.20
: 7
w —0. 10
2
2
-0. 60
3.1 3.2 3.3 3.4 3.5 3.6 3.7 1.8 3.9
The hydrogen in Coal, (%)
(¢) Gross Calorific Value (HHV) of coal
0.30
= 0.20
i
g 0.10
H
‘é 0.00
H]
E 0. 10
=-0.20
: RS
0.30
16300 16600 16900 17200 17500 17800 18100 18400
The HHVF of the Coal, kj/kg
(d) Air temperature at AH inlet
0.1
0.3
X
. 02 L]
] L1
0 St
s L]
0 -
8 Tl
=01
£-0.2
-
=-0.3
] ]

-0. 4
25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43
The air temperature at AHinlet, T
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(e) Flue gas temperature at AH outlet (b) feedwater heater drain-cooler approach differences
CHANGE 1N HEAT RATE
L5 0. 08 : :
* 1
M 0,06 “
g h = 0.04
g oo P
g L1 i / No. 2 HPT
E 0.5 . 02
H 1 / — LT |
; o 0,00 No. 1 HPT
,__._-—-——7
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Major correction curves for a steam turbine
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ASME PTC 6 distinguishes between corrections associated
primarily with cycle parameters and those associated primarily
with turbine operating conditions. The exact classification and aa
applicable variables should be checked against the governing
edition and test procedure.

Tests shall be conducted with the smallest possible deviation o N o ) 2
from specified conditions, to minimize correction error. CHE CF EXTRATICN RESSRE DRP 2%
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Group 1 cycle corrections can be made by heat balance

calculation or application of correction curves or tables. In the O T T
heat balance method, the test cycle may be corrected to the A AT TR e

specified cycle or vice versa. (d) turbine exhaust pressure
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Group 2 Corrections: This group includes corrections of
variables primarily affecting the turbine performance, which

are like steam conditions at turbine inlet, reheater and turbine L5
exhaust.
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Examples of variables included in Group 2 with their impact
on turbine heat rate are, 05
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(f) Super heater spray flow ratio
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(g) Reheater spray flow ratio
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A correction curve should be applied only to the performance
variable and boundary for which it was developed.

Correction curves applying methodologies

There are two common approaches, depending on the
approved test procedure.

a. Additive correction

Rcorrected = Rmeasured + AR
b. Multiplicative correction

Rcorrected = Rmeasured x CF
Here, R is the measured performance parameter, ARis the

correction obtained from the curve and CF is the applicable
correction factor.

The THR corrected to specified reference or design
conditions using the applicable OEM correction curves or
ASME PTC 6 correction procedures. The purpose is to
compare turbine performance fairly when actual test conditions
differ from the reference conditions.

If the measured turbine heat rate is corrected using
multiplicative correction factors:
TH Rmeasured

THRcorrected = F
combined

Where,
Feombined = F1FoF5 -+ Fy
The factors may account for deviations in main steam
pressure and temperature, reheat temperature, condenser

IJERTV 1515110438

pressure, and other parameters covered by the specific OEM
procedure.

Important: This divisor convention applies only when the OEM
defines the correction factors that way. Some OEM procedures
use a different convention.

Assessment of Unaccounted Turbine Heat Rate (THR) Loss
After Corrections

The condensate-flow-based direct method provides an
independent estimate of turbine heat rate (THR) using
measured cycle heat input and gross generator output.
However, the calculated value may deviate from the OEM
design heat rate or the reference-condition heat rate even after
applying the prescribed correction factors for main steam
pressure and temperature, reheat temperature, condenser
pressure, and other relevant operating parameters.

The residual difference, termed the unaccounted THR
deviation, is determined by comparing the corrected measured
THR with the corrected reference THR:

ATHRunaccounted = THRmeasured,corr - THRreference,corr

The percentage deviation is:

%ATHR = ST H Runaccounted | 49
THRreference,corr

This residual represents the combined effect of performance
deterioration, measurement uncertainty, calculation-boundary
differences, and operating parameters not fully captured by the
applied corrections. Potential contributors include turbine
internal efficiency deterioration, feedwater-heater degradation,
extraction-steam leakage, gland-seal losses, cycle leakage,
condensate-flow measurement bias, and inaccuracies in
steam/water enthalpy calculations.

A structured gap analysis should therefore reconcile the
condensate-flow-based heat input with the applicable turbine-
cycle heat balance, verify instrumentation calibration and
mass-balance closure, confirm the OEM correction curves and
reference conditions, and quantify test uncertainty. Only after
these checks should the remaining deviation be attributed to
genuine turbine-cycle performance deterioration.

Scientific interpretation: The unaccounted THR deviation is
a residual performance gap, not a direct measurement of a
single loss mechanism. Its attribution requires supporting
thermodynamic analysis and uncertainty assessment,
preferably following the applicable ASME PTC 6
methodology and the defined test boundary.

Limitations on applying correction curves
Correction curves should not be applied indiscriminately like,

e Outside the validated range: Do not extrapolate beyond
the curve's approved operating range without technical
justification.

e Wrong turbine or unit configuration: A curve for a
different turbine design or cycle arrangement may not
represent the actual unit.

e Wrong reference conditions: The reference condition and
correction convention must match the test procedure.

e Double correction: Do not apply a correction twice if the
test calculation or model has already accounted for it.
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e Unverified generic curves: Generic ASME curves may
not accurately represent a particular turbine. OEM-
specific curves or a validated unit-specific model should
be preferred when required and available.

e Large deviations or interacting variables: A simple
independent-factor approach may be inadequate; a
detailed heat-balance calculation may be required.

Routi . d diti A Boiler side Turbine side Aux Power (APC)
° outine operation outside test conditions: test — -
correction curve is not necessarily a substitute for a E . T;lfrb.lne internal- legh ID/FD/PA
validated online performance model. Xcess air ctliciency ans power
. . . degradation consumption
OEM correction curves are mathematical representations of 1 Cond
how equipment performance changes with operating Exit flue gas b OII( enser CEP/BFF;.power
conditions. They are developed from design and temperature ackpressure consumption
thermodynamic performance models, applied to normalize test Air-heater Feedwater-heater | Coal mills power
results to common reference conditions, and used in acceptance leakage performance consumption
testing, routine monitoring and pre-/post-outage comparisons. Poor combustion ]
. . . Main and reheat Coal handling
Best Practices for Reliable Turbine Heat-Rate Assessment & Unburned . .
. . . . b steam deviation power consumption
For a thermal power generating unit, the following practices carbon
are recommended while conducting Turbine heat rate test: Poor coal Feedwater- ESP & ash
. . handling power
e  Verify main-steam, reheat and relevant feedwater-flow fineness temperature consumption
measurements. Calibrate pressure and temperature -
instruments used for enthalpy calculations. High spray-water Cooling-water
. : systems power
e  Verify condenser absolute-pressure measurements. consumption consumption
e Reconcile condensate and feedwater flows with other Slagging/fouling

cycle streams.

e  Use unit-specific OEM correction curves within their
applicable ranges.

e Quantify measurement uncertainty and test
repeatability.
e Compare measured performance with corrected

reference performance.
e Investigate direct-versus-model discrepancies instead
of averaging inconsistent results.
5. GROSS AND NET HEATRATE

Direct gross heat rate is the fuel heat input divided by gross
generation:

GHR = (i x GCV) / Pg

Typical relation between Unit generation with Turbine heat
rate, Boiler efficiency and Gross heat rate.

2500 88.5
——=— THR
2400 GHR 88
X
= ——&— Boiler Efficency 7
= 2300 87.5 =3
=< S}
< =
2200 87 .8
& =
o =
£2100 86.5 14
24 1
= (5]
$ 2000 86 —
= o
m
1900 85.5
1800 85
200 300 400 500 600 700

Generation, MW

If auxiliary power is represented as a fraction of gross
generation (APC),

NHR = GHR/(1-APC).
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6. HEAT-RATE GAP ANALYSIS

A heat-rate result becomes useful for plant improvement
only when the gap is identified and analyzed for corrective
actions. A practical representation is:

GHRactwal = GHRdesign + XAHRIi
Contributors for heat rate deviations,

The recommended management sequence is: Design GHR
— Corrected Reference GHR — Measured GHR — Gap
analysis — Corrective Actions.

7. ACCURACY, UNCERTAINTY AND
REPEATABILITY

Accuracy and repeatability are different properties.
Repeatability indicates how closely repeated tests agree under
substantially identical conditions; accuracy concerns closeness
to the true value. Three closely agreeing results can still be
systematically biased. Therefore, calibration traceability and
uncertainty analysis are required in addition to repeat testing.

For repeated runs, the percentage difference between two
results may be expressed as [R1-R2|/ [(R1+R2)/2] x 100. The
test procedure should define the number of runs, stability
requirements, allowable parameter deviations, repeatability
criterion and treatment of rejected runs before testing begins.

The uncertainty control should focus attention on
measurements that materially influence the final result. Typical
dominant contributors include coal flow and GCV for direct
GHR, steam flow and enthalpy for THR, generator output,
condenser pressure and major correction factors.

8. TEST PREPARATION AND BEST PRACTICES
DURING PG TEST

* Freeze the test procedure, boundary, reference conditions
and calculation methodology before the test.

» Verify calibration certificates, ranges, installation and
data-acquisition channels for critical instruments.

* Use independent or redundant measurements for
dominant parameters wherever practical.
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» Stabilize load, steam conditions, coal flow, spray flows,
condenser conditions and auxiliary configuration before
the official run. As per author experience, operating unit
in stable condition for minimum 1 hour required before
start of PG test.

* Collect representative coal and ash samples and document
sample identification and laboratory results.

* Record raw test data continuously and preserve the
complete data set.

e Verify analyzer drift and sampling-system integrity
before and after the test.

e Apply only approved correction curves within their
validated range.

e Conduct duplicate or repeat runs and investigate
unexplained differences rather than simply averaging

* Report rejected runs and the technical basis for rejection.

» Using approved Thermodynamic Properties of Water and
Steam.

Best Practices during Routine O&M phase Test:

» Use the same calculation sheets, test boundaries, units and
reference conditions every month.

* Define the target load band and required steady-state
period.

* Document the running mills, burners, fans, pumps, soot-
blowing status and other relevant equipment
configurations.

* Record unavoidable disturbances rather than silently
excluding or averaging them away.

» Verify calibration status and instrument health before the
test.

* Check flow-meter compensation, pressure and
temperature sensor consistency, O»/CO analyser health,
and the validity of coal sampling and GCV results.

+ Stabilize condensate flow

* Ensure maximum possible coal mill outlet temperature

e If Air preheater provided with leakage control system,
ensure the seals are at possible minimum gap without
current hunting

» Synchronize timestamps across DCS, CEMS, laboratory
results and portable instruments.

* Retain raw readings alongside averaged values and
calculated results.

» Keep measured, corrected and reference-condition results
separate.

* Compare with the design/reference condition and the
previous month under comparable conditions.

» Track uncertainty and distinguish genuine deterioration
from measurement noise.

» Investigate unexplained residuals before assigning them
to a particular component.

* Identify the dominant performance gaps and their likely
causes.

* Implement corrective action and verify with expected
improvement.

IJERTV 1515110438

9. DO'S AND DON'TS DURING TESTING

e Maintain the agreed mill combination and operating
configuration.

e Maintain stable main-steam/reheat
condenser operation.

conditions and

e Cross-check DCS values against dedicated test
instrumentation.

e Reconcile independent energy balances before accepting
the result.

e Document every operational intervention during the test.
Don't

* Do not depend entirely on routine DCS measurements
without validation.

* Do not mix as-received, air-dried and dry-basis GCV
values.

* Do not use non-representative coal samples.

* Do not extrapolate OEM correction curves outside their
validated range.

* Do not interpret a small heat-rate change as a real
improvement unless it is significant relative to test
uncertainty and repeatability.

10. REALTIME PERFORMANCE ASSESSMENT

Real-time performance assessment is essential for
achieving sustained operational efficiency and minimising
avoidable energy losses in thermal power plants. Continuous
monitoring of critical performance parameters enables
deviations from design and optimum operating conditions to be
identified promptly, facilitating timely corrective actions
before minor inefficiencies develop into significant
performance losses.

By integrating real-time process data, fuel-quality
information, engineering-based performance calculations and
advanced analytical tools, the system provides actionable
insights into boiler, turbine-cycle and auxiliary equipment
performance. It also supports early identification of equipment
degradation, predictive maintenance planning and continuous
verification of implemented improvement measures.

Typical Performance dashboard of power plant

GEN THR COAL BLR EFF GHR APC NHR

662 1874 LLY: 2188 5.03 2304

Turbine UOM Target Actual lm\"""m_ 2 UOM  Target Actual

Controllable Losses

MS Pressure

MS Temp

HRH Temp

RH Spray

Uncontrollable losses

Under Loading

Vacuum

RH Pressure
APH Inlet 02
APH Outlet temp

Ultimately, real-time performance assessment transforms
conventional retrospective performance monitoring into a
proactive, data-driven approach, contributing to reduced heat
rate, lower auxiliary power consumption, improved equipment
reliability, reduced operating costs and enhanced overall plant
efficiency.
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Integration of artificial intelligence for advanced
performance analytics:

Integration of Artificial Intelligence (AI) and machine-
learning capabilities can further enhance the effectiveness of
the performance monitoring platform. Beyond conventional
parameter monitoring and threshold-based alarms, AI can
leverage historical and real-time operating data acquired from
the DCS to perform the thermodynamic calculations and
performance assessments described in the preceding sections
in the backend.

By applying advanced analytics and machine-learning
techniques, the system can identify complex relationships,
quantify heat-rate gaps, recognise abnormal operating patterns,
assess performance under dynamic operating conditions and
detect gradual equipment deterioration. The insights are
presented through integrated performance dashboards,
highlighting  deviations, potential root causes and
recommended corrective actions for Operations and
Maintenance (O&M) engineers. This enables timely
operational interventions, proactive maintenance planning and
continuous performance optimisation, thereby minimising
avoidable energy losses and improving overall plant efficiency
and reliability.

Potential applications of Al integration include:

1. Role-based report generation: Automatically generate
customised reports for plant management, operations,
maintenance, performance monitoring and energy
management teams.

2. Advanced performance insights: Identify the
underlying contributors to deviations in heat rate, boiler
efficiency, auxiliary power consumption and equipment
performance.

3. Pattern recognition: Detect gradual performance
degradation, abnormal operating behaviour and recurring
inefficiencies that may not be apparent through
conventional monitoring.

4. Predictive maintenance support: Identify early
indicators of equipment deterioration and support
maintenance planning based on condition and

performance trends.

Recommend corrective
historical

5. Performance optimisation:
actions based on operating conditions,
performance and established engineering limits.

6. Automated reporting: Generate daily, weekly and
monthly performance summaries, deviation reports and
management dashboards.

Advantages of integrating energy management and
performance monitoring into a single platform

Integrating  energy management and  performance
applications into a unified tool eliminates fragmented data
systems and provides a common platform for energy
accounting, equipment performance evaluation and operational
decision-making.

IJERTV 1515110438

Key advantages include:

e Single source of information: Common operational
database for energy accounting, performance monitoring
and analytical applications.

e Improved data consistency: Avoids duplication of data
acquisition, manual data transfer and inconsistencies
between different applications.

o Integrated energy accounting: Links fuel consumption,
electrical ~ generation, auxiliary consumption and
equipment-wise energy performance.

e Historical benchmarking: Enables comparison across
operating periods, load conditions, fuel qualities and
equipment configurations.

Continuous improvement: Creates a feedback loop
between performance assessment, corrective action and
verification of achieved savings.

o Improved accountability: Role-based dashboards and
reports establish clear ownership of performance gaps and
corrective actions.

e Reduced software and maintenance overhead:
Consolidates multiple applications, interfaces and
reporting systems.

Secure data integration:

A secure and controlled data architecture is essential for
integrating plant Operational Technology (OT) with
Information Technology (IT) systems while protecting critical
control infrastructure.

The architecture should ensure that process data flows from the
OT network to the IT network through a unidirectional, secure
communication arrangement, without allowing external
systems to write back to the plant control network.

The principal data integration architecture comprises,

DCS Historian: Stores time-series operational data acquired
from the DCS, enabling historical trending

Firewall: Acts as a security barrier between OT and IT
network segments. It controls and filters network traffic based
on predefined security policies, restricting unauthorized access
and communication.

OPC Server (Open Platform Communications): Collects real-
time process data from the DCS, including operating
parameters, equipment status and measurements, and makes
the data available to authorised applications through
standardised communication interfaces.

Data Diode: Provides hardware-enforced unidirectional data
transfer from the OT network to the IT network to have cyber
security
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