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ABSTRACT

The Input/Loss Method allows for complete thermal
understanding of a power plant through explicit determinations of
fuel and effluent flows, fuel chemistry including ash, fuel heating
(calorific) value and thermal efficiency. Fuel and effluent flows are
not directly measured. The Method is designed for on-line
monitoring, and enables continuous improvement of unit heat rate.

The base technology of the Input/Loss Method was
documented in companion ASME papers, Parts I & II (1998-1JPGC-
Pwr-33 and 1999-1JPGC-Pwr-34). Accurate determination of boiler
efficiency is an important aspect of this Method. The current paper
explains, defends, and expands the Input/Loss Method of determining
boiler efficiency. Expansion of the Method includes: 1) defense of
the use of "gross" versus "fuel" efficiency; 2) a generic and high
accuracy approach to stack loss computations; 3) variable Heats of
Formation; and 4) development of lower heating (net calorific) value
calculations commonly used in Europe, maintaining consistency with
computed fuel flows using higher (gross calorific) values.

Although the Input/Loss Method employs principles from
both the Input-Output and Heat-Loss (Heat-Balance) approaches of
ASME Power Test Codes, this paper notes several conceptual
differences. Fundamental concepts are discussed, followed by
calculational methods. It concludes with examples demonstrating
0.2% to over 0.4% error in efficiency if using traditional protocols.

General methods of this work rely on review of earlier efforts
(Parts I & II). Understanding Part III methods clearly requires study
of its combustion equation and nomenclature. Review of PTC 4.1 (or
the longer PTC 4) is also strongly advised.

NOMENCLATURE

Molar Quantities Related to Stoichiometrics
x = As-fired fuel per 100 moles dry gas product, solution “base"
a = Molar fraction of combustion O,, moles/base.

n; = Molar quantity of substance i, moles/base.
N; = Molecular weight of compound j.
o, = Mole of As-Fired fuel constituent k; ¥ a,=1.0, k=0,1,...10.
b, = Moisture in entering combustion air, moles/base.

Bb, = Moisture entering with air leakage, mole/base.

b, = Water/steam in-leakage from working fluid, moles/base.

b, s = Molar fraction of pure limestone (CaCO;,).

vy = Molar ratio of excess CaCO, to stoichiometric CaCO,.

z = Moles of H,O per effluent CaSO,, specified on input.

o = Kronecker function: unity if sulfur present in fuel.

B = Air pre-heater dilution factor, a ratio of air leakage to true
combustion air, a molar ratio.

B = (Ruu- 1.0)/ [aR, (1.0 + 9,.)]

R,.. = Ratio of total moles of dry gas from the combustion
process before entering the air pre-heater to gas leaving;
defined as the air pre-heater leakage factor.

¢, = Ratio of non-oxygen gases (nitrogen and argon) to oxygen
in the combustion air; @, = (1.0 - 4,.) / 4,

A, = Concentration of O, in combustion air local to the system.

Quantities Related to System Terms
BBTC = Useful Energy Flow Delivered derived directly from
the combustion process, Btu/hr.
AHY,, = Heat of Formation at 77 F, Btu/lbm or Btu/lb-mole.
AH) ., = Heat of Formation at T,, Btu/lbm or Btu/Ib-mole.
HBC = Firing Correction (i.e., "energy credit"), Btu/lbm ;.
HHV = As-Fired (wet-base) higher heating value, Btu/lbm,;.
HHVP = As-Fired (wet-base) higher heating value corrected
for constant pressure combustion process, Btu/lbm,;.
HNSL = Non-Chemistry & Sensible Heat Losses, Btu/lbm,;.
HPR = Enthalpy of Products (HHV- or LHV-based), Btu/lbm,;.
HRX = Enthalpy of Reactants (HHV- or LHV-based),Btu/lbm,;.
HR = System heat rate (HHV- or LHV-based), Btu/kWh.
HSL = Stack Losses (HHV- or LHV-based), Btu/lbm,;.
J = Joule's conversion, 778.16926 ft-1bf/Btu.
L, = Specific heat loss term for a process m, Btu/lbm ,;.
LHVP = As-Fired (wet-base) lower heating value corrected
for both a constant pressure combustion process
and rejected fuel effects, Btu/lbm,,;.
m,; = As-Fired fuel mass flow rate (wet with ash), Ibm,/hr.
Qq.y = Energy flow delivered to steam/air heaters, Btu/hr
R = Gas constant, 1545.325 ft-Ibf/Ib-mole/R.
Ts.«= Exit boundary temperature for combustion products, F.




T.. = Calorimetric temperature referencing the laboratory
determined or computed heating value, F.
Tra = Reference temperature to which sensible heat losses and
traditional PTC 4.1 “boiler credits” are based, F.
W, = Brake fan power associated with in-flowing streams
(e.g., FD fans) within the system boundary, Btu/hr.
W, = Brake fan power associated with out-flowing streams
(e.g., ID & gas recirculation fans), Btu/hr
WF, = Weight fraction of component k, --.
N = Boiler efficiency (HHV- or LHV-based), --.
N¢ = Combustion efficiency (HHV- or LHV-based), --.
n. = Boiler absorption efficiency, --.

INTRODUCTION

The Input/Loss Method is a unique process which allows for
complete thermal understanding of a power plant through explicit
determinations of fuel and effluent flows, fuel chemistry including
ash, fuel heating value and thermal efficiency (Lang, 1994-99, 1998
& 1999). Fuel and effluent flows are not directly measured. The
Method is designed for on-line monitoring, and hence continuous
improvement of unit heat rate.

For coal-fired power plants, direct fuel metering with the
accuracy required for acceptable thermal performance monitoring has
always eluded the industry, to say nothing of determining coal
heating values in real-time. Given intrinsic inaccuracies, traditional
coal flow metering is worthless for thermal performance monitoring.
The Input/Loss Method developed by Exergetic Systems employs
turbine cycle energy flows, boiler efficiency independent of fuel
flow, routine emissions and an indicated Air/Fuel ratio. With this and
other information, plant improvement is achieved through application
of Fuel Consumption Indices, an established technique which
distributes irreversible losses on a system-wide bases leading to
incremental heat rate changes (Lang & Horn, 1991).

This Part III paper discusses the critically important
determination of boiler efficiency. Indeed, boiler efficiency, if
thermodynamically accurate, will guarantee consistent system
mass/energy balances. From such consistencies, fuel flow and
effluent flow can then be determined ... with greater accuracy than
obtained from direct measurements. In summary, routine plant and
effluent measurements coupled with accurate boiler efficiency allow
the Input/Loss Method to produce the following information on-line:

Thermal:
As-Fired Fuel Chemistry and Heating Value
Fuel Flow
Boiler Efficiency
Turbine Cycle Heat Rate
Gross Unit Heat Rate
Fuel Consumption Indices for all major components
(true losses in the system, and their fuel cost)
Tube Failure Model, detects both flow & location.
Emissions:
Effluent Emission Rates (in terms of Ib ., /hr
and Ib,.,/million-Btu,,)
Total Effluent Mass and Volumetric Flow Rates
Error analysis of effluent instrumentation, ambient
conditions and system assumptions.

POWER TEST CODE BOILER EFFICIENCY

Before discussing details of the recommended boiler
efficiency procedures it is useful to examine ASME's Power Test
Code (PTC) 4.1, Steam Generating Units. The general procedures
followed by PTC 4.1 are found in the new PTC 4, and are also used
in PTC 4.4 Heat Recovery Steam Generators and PTC 22 Gas
Turbine Power Plants.

Using PTC's Heat-Loss Method (now termed the Heat-
Balance Method), higher heating value efficiency is defined as:

HHVP + HBC - Y Losses/m,;

T]B—IIHV = HHVP + HBC (IA)
__BBTC/m,,
Moy = " HHVP + HBC (B)

As interpreted by the methods of this paper, the above imply that the
input energy flow in fuel and "credits" m,(HHVP + HBC) less
Y Losses, describes the "Useful Energy Flow Delivered" (BBTC)
from combustion as a thermodynamic process. This is not a trivial
statement, for, as demonstrated below, a countering PTC viewpoint
when evaluating these same terms allows arbitrary accounting of
system in- and out-flows of energy. As applied, the PTC view

tacitly assumes HHVP # f(Tg,). PTC 4.1 allows for a user defined
(arbitrary) reference temperature affecting only HBC and Loss
terms. PTC 4's preferred methods include fixing the reference
temperature at 77F for all fuels; ignoring the HBC term altogether,
advocating a so-called "fuel" efficiency. Demonstrated in this paper
is that evaluation of the HBC term and Losses is integrally
connected with combustion as a thermodynamic process. Their
evaluation is dependent on the definition of heating value ... indeed
whose energy, and thus the energies of all system streams, must be
referenced to the calorimetric temperature which defines by
reference the fuel’s energy (see Notes & Errata, item 1). As a
practical matter when analyzing high energy coals, PTC
assumptions may have little impact. However, the generalist
approach is advocated herein, and believed required with high water
fuels and/or unusual combustion situations.

To study the thermodynamic nuances of heating value, the
concept of Enthalpies of Products and Reactants is now introduced.
This is a key feature of the Input/Loss Method. Such quantities both
define heating value and justify the HBC "credit" term as being
intrinsically required for any definition of boiler efficiency.

Recall that higher heating value is the amount of energy
released given complete combustion; for a solid fuel in a constant
volume bomb, where the process occurs about (or is corrected to)
the "calorimetric temperature". This process is the difference
between the enthalpy of ideal products (HPR,,,) less reactants
(HRX,) both evaluated relative to the calorimetric temperature,
T, Correction from a constant volume process (HHV) associated
with a bomb calorimeter, if applicable, to a constant pressure
process (HHVP) associated with the As-Fired condition is made
with the AH,, term, of Eq.(39). See Notes & Errata, items 2 thru 4.

45 8rcuQ =-HHV = - HHVP + AH,, (2A)
HHVP =- HPRIdcml—HIIV + HRXCal—IIHV (2B)



Only when fuel is actually fired at T, is the thermodynamic
definition of heating value truly conserved. At any other temperature
the so-called "fuel" efficiency (ignoring a HBC correction), is
thermodynamically inconsistent. It is argued by Entwistle (1988) and
others that efficiency should give a numerical result that is
associated with the ratio of output to pure fuel energy. This author
agrees, but insists that indeed the definition of HHV, as pure fuel
energy measured at T, but fired at T}, be strictly maintained; thus
HPRy., & HRX, must be corrected to achieve this concept. This
work maintains that only when fuel is actually fired at exactly T,,
and whose ideal combustion products are cooled to exactly T, is the
thermodynamic definition of heating value strictly conserved. At any
other firing temperature, a Firing Correction (HBC) term must be
applied to HRX ;. At any other temperature associated with effluent
products, the HPR,,,, term must be corrected for both actual products
and sensible heats relative to T,. At any other temperature, use of
a “fuel efficiency” is thermodynamically inconsistent.

When a fossil fuel is fired at a temperature other than T, the
Firing Correction term HBC must be added to each side of Eq.(2B):

HHVP + HBC = - HPR 4oy + HRX iy + HBC (34)

Eqgs.(1A) & (3A) imply that for any As-Fired condition, the systems'
thermal efficiency is unity provided the HPR,,, term is conserved
(i.e., system losses are zero, with ideal products being produced at
Tc.). For an actual combustion process, the HPR,, term of Eq.(3A)
must be corrected for actual system losses, thus forming the basis of
boiler efficiency:

Npamv (HHVP + HBC)
= - HPR ey - 2 Losses/m,; + HRX ¢y + HBC
(3B)

This work recognizes that the HPR,,, term of Eqs.(2B) & (3A), and
thus (3B), is key in accurately computing boiler efficiency implied by
Eq.(3B). This term, defining the enthalpy of ideal combustion
products, must be evaluated at T,. All terms comprising Eq.(3B)
must be evaluated with methodology consistent with a boiler's energy
flows, but also, and most importantly, in such a manner as to not
impair the numerical consistency of HPR, as referenced to T,

The PTC procedures do not appreciate the consistent use of
T.. as establishing the thermodynamic reference of energy levels as
affecting the major terms comprising boiler efficiency (and thus the
consistent use of HPR,,,;). It is believed, in general, that the power
industry evaluates fuel heating value, and especially for coal, only to
classify fuels. Boiler efficiencies are determined as relative
quantities. Accuracy in heating value and in the resultant computed
fuel flow has not been required, only accuracy in the total system fuel
energy flow (i.e., Btu/hr). The accuracy needed in boiler efficiency
by the Input/Loss Method, given that fuel chemistry, fuel heating
value and fuel flow are all computed, requires a more consistent
approach (see Notes & Errata, item 5). Further, commercial needs for
high accuracy boiler efficiency was not required until recent
deregulation of the electric power industry which has now
necessitated improved accuracy. Higher heating value boiler
efficiency follows directly from Eq.(3B), noting that: HRX , v =
HRX ¢ opunv + HBC:

_ - HPRyamnv= Y Losses/m,; + HRX . yupv_
M-niv HHVP + HBC

(30)

To illustrate, consider a simple system firing pure carbon in
dry air, having losses only of dry gas, effluent CO and unburned
carbon. Assume FD and ID fans of Wy, & W, energy flows.
Applying PTC 4.1 §7.3.2.02, but using nomenclature of this work,
dry gas loss is evaluated at Ty, the arbitrary reference temperature
of PTC 4.1. The PTC's term L is given by:

L6 = Crgas (Tsuek = Tra) Mg 4
Incomplete combustion is described (PTC 4.1 §7.3.2.07) as the
fraction of CO produced relative to total possible CO, eftluent,
times the difference in Heats of Combustion of carbon and CO.
Note: PTC 4.1 assumes 14540 Btu/lbm. for carbon and 4380
Btu/lbm. for CO; consistent AH’ . values are 14085.22 and
3957.38 Btu/lbm,.

Lo = (AH?-Ca]/COZ - AH?-Ca]/CO) Mo (5)

Unburned carbon is described in PTC 4.1 §7.3.2.07, as the flow of
refuse carbon times its Heat of Combustion:

Lyc = (AH?fCal/COZ) M(‘I/Fly (6)

For our simple example, and assuming unity fuel flow, the so-called
boiler "credits" are determined by PTC 4.1 procedures as:

HBC = Cppuel(Truer = Tra) + Coail Tams = Tra) Mai + Wip
(N
In these equations the various weight fractions, relative to As-Fired
fuel, M |, have direct translation to 4.1 usage. PTC 4.1 efficiency
is then given by the following, after combining the above quantities
in Eq.(3C), and re-arranging terms:

T]B—IIHV = [- HPRIdcml—HIIV - CP/Ga,s(TSlack - TR/\) M(“ms - WID
- (AH?-CaVCOZ - AH?-C&]/CO) MEO - (AHg-CaVCOZ) M&/Fly
+ HRXC&I—HIIV + CP/Fuc](TFuc] - TRA) + CP,/\ir(TAmb - TRA) M./'\u' + WFD]
/ (HHVP + HBC) )

Eq.(8) illustrates a few of PTC 4.1 discrepancies, but at the same

time suggests the general approach followed by Input/Loss.

1) The enthalpy terms HPR,,,, & HRX_,, as referenced to the
calibration temperature, when "corrected" to system boundary
conditions using (T, - Tra) & (T - Tra) is wrong since Ty,
# T, The effects on HPR from the Y Losses/m,, term, as
referenced to Ty, further increases error. See PTC4.1§7.2.8.3
and §7.3.2.02.

2) PTC 4.1 addresses unburned fuel and incomplete combustion
through Heats of Combustion. Although numerically correct as
referenced to HPR,,,, a more logical approach is to describe
actual products - their effluent concentrations and specific
Heats of Formation, AH) ., evaluated at T, not Tg,. See
PTC 4.1 §7.3.2.01, -07, etc.

3) HHYV reflects formation of ideal combustion products at T,;
water thus formed must be referenced to AH .,y and h., (not



shown). Of course water's Heat of Formation varies from -
6836.85 Btu/lbm at 40F to -6811.48 Btu/lbm at 100F; h; from
8.02 to 68.05 Btu/lbm. These terms are held constant per
PTC 4.1 §7.3.2.04.

4) PTC 4.1 §7.3.2.13 pulverizer rejected fuel losses are described
by the rejects weight fraction times rejects heating value, HHV
(not shown). This is correct only if HHV,,; is the same as the
As-Fired. If mineral matter is concentrated in the rejects
(reflected in HHV,,), then fuel chemistry (and HPR & HRX
terms) must be affected.

5) PTC 4.1 offers some confusion over "credit" and loss terms. For
example, if the system encompasses a FD fan, its energy inflow,
W,p, must carry the same sense as [dh reactant terms; thus
correcting HRX ., see above. In like manner, the W, term must
follow the sense of [dh products as affecting outflows, but with
a negative sign, thus correcting HPR,,,,; see Notes & Errata,
items lc & 2. PTC 4.1's generic use of By; per §7.2.8.5 is ill-
advised given its lack of specificity.

Of course, one could equate Ty, to T, (not suggested by PTC
4.1 nor 4), and solve some of these issues. However, combustion
using high excess air would tax PTC 4.1 assumptions when using C,
values for "standardized" combustion products. Molecular weights
suggested by PTC 4.1 are oxygen-based; they invoke inconsistencies
with all published thermodynamic properties since the carbon-base
standard was established some 38 years ago. Numerous
thermodynamic constants invoked by PTC 4.1 are inaccurate or at
least questionable: carbon & hydrogen Heats of Combustion,
Btu/kWh conversion, the gas constant, assumed O, in ambient air,
heat capacities from 1936 & 1954 research, an assumed calorimetric
temperature of 77F (§7.2.6.2), etc. Taken as a whole, these
discrepancies aggravate accuracy when considering variations to
common combustion.

PTC 4.1's Input-Output Method is, of course, not practical for
coal-fired units given its reliance on measured fuel flow. Its
application to oil- and gas-fired units is flawed if computed
efficiencies are not correctly referenced. For example, if oil and gas
units are both burning 18,000 Btu/lbm fuel at 52F producing the
same delivered energy flow, BBTC, their efficiencies are not
comparable (the oil's HHV being referenced to 68F and the gas to
60F). Given different T,, HBC for these cases will be different - by
definition - thus creating a differences in boiler efficiency and in
computed fuel flows.

As suggested by Eq.(8), rearrangement of its terms when
obtained from a consistent combustion equation provides the nucleus
for Input/Loss modeling. First, the issue of possible inconsistency
between ideal and actual products is addressed by simplifying (for the
example sited) the entire numerator of Eq(8) to [-HPR .+ HRX, J].
In this, the Enthalpy of Products, HPR,, , encompasses effluent
sensible heat and AH}, terms associated with actual products,
including all terms associated with incomplete combustion. The
Enthalpy of Reactants, HRX,,, is defined by the third line of Eq.(8),
[HRX ¢y + HBC]; noting that HRX .,y is evaluated as [HHVP
+ HPR younv | as strictly defined by Eq.(2B). Second, use of the
[-HPR,., + HRX,,] concept allows ready introduction of the
calorimetric temperature as affecting both [dh and AHY ., terms,
versus the arbitrary Tg,. Third, the [- HPR,, + HRX, ] concept

provides generic methodology for any combustion situation, for any
fuel, bearing any amount of water. It is believed the elimination of
individual loss terms associated with the combustion process greatly
reduces error when determining total Stack Losses, including the
significant dry gas loss. Note that: Y (Stack Losses)/m,;
HHVP + HBC - [- HPRAC(-HHV + HRXAC(-HHV]‘
As an aside, the use of the word "credit" is believed
misleading since terms comprising HBC intrinsically correct the
fuel's calorimetric energy base to the As-Fired conditions. The HBC
quantity is herein termed a "Firing Correction". HBC is not a
convenience nor arbitrary; it should not be viewed as another
"system energy flow". HBC can not be eliminated (as argued by
some), it is required for HHV consistency and thus allows for valid
mass/energy balances.
In conclusion, although the basic philosophies of PTC 4.1
and 4 are useful and have been employed by the Input/Loss Method,
the specifics are not thermodynamically consistent if applying a
strict definition of heating value. PTC methods are applicable to the
higher quality fuels. For applicability to all fuels, all firing
conditions, and all methods of determining heating value (i.e.,
evaluated at any T,,), the following is advocated:
= an ordered approach to boiler efficiency calculations
employing the basic measuring of heating value through
consistent treatment of energies of products & reactants;

= accurate and consistent thermodynamic properties, referenced
to the calorimetric temperature; and

= a high accuracy thermodynamic approach to determining total
effluent flows (never based on direct measurement).

INPUT/LOSS BOILER EFFICIENCY, INTRODUCTION

The Input/Loss Method determines boiler efficiency, n,, by
dividing its definition into two components, a combustion efficiency
and boiler absorption efficiency:

Mg = Nc Na )

To develop the combustion efficiency term, the Input/Loss
Method employs an energy balance uniquely about the flue gas
stream (i.e., the combustion process). This balance is based on the
difference in enthalpy between actual products HPR, ., and actual
reactants HRX, . Actual, As-Fired, Enthalpy of Reactants is
defined in terms of Firing Corrections: HRX, , = HRX, + HBC.
Combustion efficiency is defined in terms which are independent of
fuel flow but akin to PTC 4.1's Input-Output Method; its terms are
fully integrated with those of a combustion equation, such as found
in Eq.(19).

- HPR iy + HRX iy (10)
HHVP + HBC

Necunv =

This formulation was developed to maximize accuracy. Typically
for coal-fired units, over 95% of the boiler efficiency's numerical
value is comprised of .. All individual terms comprising 1. have
the potential of being determined with high accuracy. HPR,, is
determined knowing effluent temperature, complete stoichiometric
balances, and accurate combustion gas and water properties.

HRX,,, is dependent on heating value and Firing Corrections. HBC



applies needed corrections for reactant's sensible heat: fuel,
combustion air, limestone, water in-leakage and energy inflows ... all
referenced to T, (detailed below) such that (- HPR,, + HRX,.) is
conserved.

The boiler absorption efficiency is developed from the boiler's
"Non-Chemistry & Sensible Heat Loss" term, HNSL; the product's
sensible heat of non-combustion processes. See Notes & Errata, item
6. It is defined such that it, through iterative techniques, can be
computed independent of fuel flow:

N, = 1.0 - HNSL (11)
- HPRAC(-HHV + HRXAC[-HHV
=1.0 - __HNSL /ncpuv_ (12)
HHVP + HBC

HNSL comprises radiation & convection losses, pulverizer rejected
fuel losses (or fuel preparation processes), and sensible heats in:
bottom ash, fly ash, effluent dust and effluent products of limestone.
HNSL is determined using a portion of PTC 4.1's Heat-Loss Method.

The definition of n, allows the classical definition, Eq.(1A),
to be evaluated using HPR, , and HRX,  terms. Since HSL =
HPR,..unv - HPR gy it follows from Eq.(2B) that: [- HPR ., yyv
+ HRX . .unv] = HHVP + HBC - HSL, which is incorporated into the
combined Egs.(9), (10) & (11):

=_ HPRAC[-HHV +HRXAC[-HHV -z HPRACK-HHV +HRX Act-HHV. -HNSL

MNp-nuv

HHVP + HBC - HPR . oumy + HRX oy
(13A)
= _- HPR vt HRX ooy - HNSL (13B)
HHVP + HBC

— _HHVP + HBC - HSL - HNSL (130)
HHVP + HBC

=1.0 - _YLosses/m,; (13D)
HHVP + HBC

= _BBTC/m,;_ (14)

HHVP + HBC

where, of course, Y Losses = m,(HSL + HNSL). Again, the Useful
Energy Flow Delivered, BBTC, is m,(HHVP + HBC) less } Losses.

With a computed boiler efficiency the As-Fired fuel flow rate,
m,, can then be back-calculated from Eq.(14) which is of critical
importance to Input/Loss Methods.

_ BBTC (15)
Ny (HHVP + HBC)

My

Assuming T, is not known and an arbitrary reference
temperature (Ty,) must be used, T, = Ty,, then the practicality of
any boiler efficiency method should be demonstrated through the
sensitivity of the denominator of Eq.(15) with the assumed reference
temperature. Fuel flow, BBTC, and HHVP are constants for a given
system evaluation. Regards fuel flow, the use of an arbitrary Ty, is
compatible with Input/Loss Methods provided the computed fuel
flow of Eq.(15) is demonstrably insensitive to reasonable changes in
the reference temperature, Ty,. By reasonable changes is meant the
likely range of the actual calorimetric temperature (e.g., 68F to 95F

for solid or liquid fuels). This is not to suggest that effects on ng
and HR may be ignored if fuel flow is found insensitive; the
insensitivity of n; and HR must also be demonstrated, through the
HPR,,.,, term before a given Ty, is justified. However, if 1y is mis-
evaluated through mis-application of Ty,, effects on fuel flow are
not proportional given the influence of the HBC term evaluated
using Input/Loss Methods. A 1% change in n; (e.g., 85% to 84%)
caused by a change in Ty, will typically produce a 0.2% to 0.4%
change in fuel flow (Am,/m,;) using Input/Loss Methods. Further,
Eq.(15) also illustrates that the use of a fuel efficiency (in which
HBC = 0.0), in combination with an arbitrary reference temperature
is flawed: since my = f(T,), and BBTC & HHVP are constants,
changes in computed fuel flow are then related to some arbitrary
Ty, and quite wrong. The effects on HR given mis-application of
Tra Will compound (add) the erroneous effects from n, and fuel
flow.

Once fuel flow is correctly determined, stoichiometric
balances are then used to resolve all boiler inlet & outlet mass
flows, including effluent flows required for regulatory reporting.
Unit heat rate associated with a power plant follows from Eq.(15).

HR,y,y = BBTC/ (ngyv Power) (16)
=m,.(HHVP + HBC) / Power (17)

Given objectives to calculate consistent fuel & emission flows and
unit heat rate, the importance of accurately determining boiler
efficiency is obvious. The further objective of determining on-line
heating values, based on sophisticated error analysis, demands
integration of stoichiometrics with accurate efficiency. See Notes &
Errata, item 7.

FOUNDATIONAL PRINCIPLES AND NOMENCLATURE
Thermodynamic Properties

For background material, this section discusses the
determination of Heats of Formation used for the consistent
determination of boiler efficiency. Thermodynamically, the most
common assumption is that Heats of Formation at absolute zero,
AHY,, are an additive function of the various atomic groups
comprising the substance (Reid & Sherwood, 1965). However, by
international convention, standardized Heats of Formation are
referenced to 77.0F (25C) and 1.00 bar pressure. For typical fossil
combustion, pressure corrections are justifiably ignored. Thus to
convert to any temperature from 77F, assuming an additive principle
(Danner & Daubert, 1983):

AH?—T = AH?—W + f dhCompound - Z f Ahgemens (18)
77 77

Use of the 77F-base standard is important as it allows
consistency with published values. This is not trivial, consistent
AHY; values for CO,, SO, and H,0 allow consistent evaluation of
the difference between the As-Fired heating value plus Firing
Corrections, and [- HPR,, + HRX,.] thus intrinsically
accounting for Stack Losses, HSL, including the vagaries of coal
pyrolysis given unburned fuel, see Eqs.(13B) & (13C). The finest




compilation of Heats of Formulation and other properties is the so-
called CODATA work (Cox, Wagman, & Medvedev, 1985); it is the
recommended basis for any study of fossil combustion. Enthalpy
integrals used in Eq.(18) and elsewhere herein are obtained from the
work of Passert & Danner (1974); also used as API standards. A
difficulty could arise if using ASHRAE air psychrometric properties.
ASHRAE has chosen 0.0F as the thermodynamic dead state for dry
air enthalpy, but concurrently for water its traditional triple point
(32.018F). All fluid components in the system (e.g., combustion
gases, water in the combustion effluent, moist combustion air,
gaseous constituents of air) must use a consistent dead state for
thermodynamic property evaluations. The Input/Loss Method
employs an uniform dead state for all properties at 32.018F and
0.08872 psiA (e.g., the defined zero enthalpy for dry air, gaseous
CO,, saturated liquid water, etc.). Thermodynamic properties are
evaluated in the usual manner; for example from T, to T,, and
from Tp,,q t0 Tg,e thus the net evaluation from T, to Ty,

Given such foundations Heats of Formation can then be
computed for any calorimetric temperature. For gaseous fuels the
industrial calorimetric standard is 60F and 14.73 psiA; refer to
ASTM D1071, §2.2, and GPA 2145. For coal and coke heating
values, determined by adiabatic or isoperibol bomb calorimeter
following ASTM D5865, §13, the reference is 77F (25C) as based on
ASTM Research Report D05-1013. Earlier ASTM standards D2015
& D3286 used 68F (20C). For coal heating values following ISO
1928:1995(E) the reference is 77F (25C). For oil fuels, following
ASTM D240, the reference is 68F (20C). ASME PTC 4.1 assumes
68F; PTC 4 assumes 77F ignoring gaseous fuel standards. This is not
to suggest that codified standards for coal are used by labs regards
standard reference temperatures - they are not. Further, typically the
ASTM standards do not specify how T, is to be achieved. In
practice the author has found various labs using: 27C (80.6F), 28.5C
(83.3F), 30C (86.F) or 35C (95F); noting that modern bomb
calorimeters can run at an adjustable T,,. The author has yet to find
any lab determining coal HHV at 68F or 77F. However, knowing the
calorimetric temperature (whatever it is), all system energy terms
affecting boiler efficiency can then be consistently computed - T,
simply needs to be reported.

Combustion Equation

The following combustion equation is presented here for
assistance in understanding nomenclature used in the following
section which details procedures. Refer to prior works for additional
clarity. The nomenclature used is unique in that brackets are
included for clarity. For example, the expression "o,[H,O]" means
the fuel moles of water, algebraically a,. Quantities comprising the
combustion equation are based on 100 moles of dry gaseous product.

x{0,[CyrHzr] + 04[N,] + 0,[H,0] + 05[O,] + o [C] + a[H,] + a[S]
+ a;[CO,] + a[COJ + as[H,S] + a[ash] } xs.rirea puer
+ b H:O0 ] eakage + [(1 + B)(@[O,] + a9, [No] + bA[H,O]) ] ai
T {(1 + Y)by s[CaCO;]} o5 Firea prs

= dao[CO,] + g4[O2] + h[N,] + juo[H,0] + ko [SO,]
+ {ea.[CO] + f[H,] + /[SO;] + m[NO] + p[N,0] + q[NO,]
+t[Cyp Hyp ] + u[CYP2HZP2]}MinDrComponcnls + xa,g[ash]
+ 6bps[CaSO,zH,0] + {(1 - 6 + 1)bprs[CaO]} gxcess pis

+ V[Crense] + {Ba[O,] + Pag,[N,] + Bb,[H,O1} i Leakage (19)

Note that Eq.(19) contains terms which allow consistent study of
any combination of effluent data, especially the principle "actual”
effluent measurements d, ., gxc» jac and the system terms B, ¢, &
R,. As has been discussed in Parts I & II, these terms are
considered of critical importance when describing fossil-fired
systems - they allow data on either side of the air pre-heater to be
employed, in any mix, with total consistency. This allows the
stoichiometric base of Eq.(19), of 100 moles of dry gas, to be
conserved at either side of the air pre-heater: dry stack gas = 100
moles, and dry boiler gas = 100 moles. Several computational
options are provided for: 1) input of excess air; 2) input of O, and
minor pollutants; or 3) input of CO,, O, and minor pollutants.

INPUT/LOSS BOILER EFF., DETAILED PROCEDURES
Absorption efficiency, 1,, is based on the Non-Chemistry

& Sensible Heat Loss term, HNSL, whose evaluation employs

several PTC 4.1 procedures. HNSL is defined by the following:

HNSL = Ly + Lp + Lypy + Lypree T Luca + L - Wip/myp

(20)
HNSL bears the same numerical value for both higher or lower
heating value calculations, as does n,; see Notes & Errata, item 8.
Exceptions to PTC 4.1 usage includes the following: L, is
referenced to the total gross (corrected) higher heat input, (HHVP
+ HBC), not HHV; the Ly, term of PTC 4.1 is combined with the ash
pit term Ly; Ly, is sensible heat in fly ash; L, is the sensible
heat in stack dust at collection (the assumed -electrostatic
precipitator), considered a separate stream from fly ash; and L, is
the sensible heat of CaSO,-zH,0 and CaO effluents given limestone
injection. The L, and Wy, terms are discussed below. Note that all
terms of Eq.(20) are evaluated relative to unity As-Fired fuel.
Numerical checks of all effluent ash is made against fuel mineral
content (and optionally can re-normalize the fuel's chemistry).

The radiation & convection factor, Bygc, is determined using
either: the American Boiler Manufacturers' curve (PTC 4.1); the
work of Gerhart, Heil & Phillips (1991); direct measurement; or
judgement. The resulting L, loss term is computed using the
(corrected) higher heating value plus Firing Corrections:

L, = Brec(HHVP + HBC) 1)

The coal pulverizer rejects loss term, L, , is based on the
gross (corrected) higher heat input plus Firing Corrections of the
rejected fuel, [WFy; (HHVP,; + HBC)], given rejects contain
condensed water. Further, it is assumed the grinding action could
result in a concentration of mineral matter (ash) in the reject, thus
the fuel chemistry is renormalized based on a corrected fuel ash,
Uiocon =F (WF qar); Eq.(19). This is based on the weight fraction of
ash downstream of the pulverizers (true As-Fired), WF}, s whose
value derives from the weight fraction of rejects/fuel, WF,; ash in
the supplied fuel, WF,, ,,; and corrected heating values. For lower
heating value computations, the ratio HHV,,;/HHV,, in Eq.(22A)
is replaced by LHV,,/LHV

Sup*

WE xhoar = WFagsup [ (1.0 - WEHHV ,/HHV )
- (WFo/ WF y 50 )(1.0 - HHV . [ /JHHV ) 1/ (1.0 - WFy)
(22A)



The assumption of the L; loss being based on the higher heating
value, although convenient for the HNSL term, implies, given the
possibility of renormalized fuel chemistry, that LHVP must be
corrected for differences in fuel water's latent heat. This correction is
described below as applied in Eq.(22B). The AH, 4 term of Eq.(22C)
is evaluated using As-Fired chemistry corrected for rejected fuel, see
Eq.(40). The correction & is given as (1 - WFj x)/(1 - WFy45)- &
also corrects Eqs.(39) thru (42). See Notes & Errata, item 9 for a
derivation of AH,,,,;v. These same procedures are applicable for a
fuel cleaning process where fuel ash is removed.

LHVP = LHV + AH,, - APV, - AH.,1 v (22B)
AH,yiny = AHpy (§-1.0)/ & (220)

The steam/air heater energy flow term, Qg,y, is assigned to
HBC provided the system encompasses this heater, thus allowing
BBTC to be defined in the classical manner (i.e., throttle less
feedwater, hot less cold reheat); best seen equating Egs.(13B) & (14):

BBTC = m,, (- HPR,, + HRX,,, - HNSL) (22D)

IfHHV and HRX ;v are to be conserved (and thus HPR ... nv)s
the effects of BBTC must be corrected for that energy flow solely
attributable to combustion: thus HRX ., ;;yv through HBC includes a
+Qgay term, noting that (BBTC - Qg,) is net system output.

The ID fan energy flow term, W,,, where thermal energy is
imparted to gas outflow streams (e.g., ID or recirculation fans), the
HPR,, term must be corrected with a -W,;, through HNSL of Eq.(12)
such that the fuel's energy is again properly conserved.

The coal pulverizer shaft power is not accounted as no thermal
energy is added to the fuel. Crushing coal increases its surface
energy. For a =brittle material, no appreciable changes in internal
energy occur. The increased surface energy and any slight changes in
internal energy are well accounted for through the process of
determining heating value (again, HPRy,, ). If using ASTM D2013,
samples are prepared by grinding to a #60 sieve (250 um) ... as in
pulverizing. Indeed, inconsistencies would arise if the bomb
calorimeter samples were prepared atypical of actual firing
conditions.

Miscellaneous shaft powers are not accounted if not affecting
HPR,, or HRX, . Indeed, the use of heat rates incorporating
electrical house loads (the By, term of PTC 4.1), is not advised for
understanding the thermal performance of systems. The presence of
an FD Fan will always improve efficiency given a higher Firing
Correction. The presence of an ID Fan will not affect ;.

Having evaluated HNSL, Eq.(20), the absorption efficiency is
determined from either HHV- or LHV-based parameters:

m=1- HNSL -1 HNSL

- HPRAC(-HHV + HRXAC(-HHV - HPRAC!-LHV + HRXAC[-LHV

(23)

Atthe system-level, HNSL through n, corrects the quantity [- HPR ,,
+ HRX,,] to the actual useful output, BBTC/m ,;.

Combustion efficiency is determined by the following, as
either HHV- or LHV-based:

Neamy = = HPR v+ HRX v (24)
HHVP + HBC

Newny = = HPR oy HRX iy (25)
LHVP + HBC

All unburned fuel downstream of the combustion process
proper (e.g., carbon born by ash) is treated by the combustion
efficiency term, as are all air, leakage & combustion water terms.
For accuracy and Method consistency, stack losses are not
independently computed; however to clarify, they relate to ¢y
using PTC 4.1 nomenclature as:

HSL
Nennv = 1.0 - HHVP ;III?BC (26)
I-IS]-’IIHV = [ LG + LmG + LmF + Lm/\ + LmCm + LZ + LII
+ LCO + LUH + LUHC + LUCI + LUCZ ] HHV (27)

where: the L, term is moisture created from combustion of
chemically-bound H/C fuel; L., is fuel moisture bound with
effluent CaSO,; L, is unburned carbon in fly ash; L, is unburned
carbon in bottom ash; all others per PTC 4.1. Non-combustion
energy flows are not included (see HNSL). Terms of Eq.(27) as
fractions of (HHVP + HBC) or (LHVP + HBC), are computed by
back-calculation after 1 is determined, presented for monitoring of
individual effects.

Development of the combustion -efficiency term,
computed based on HPR, , HRX, & HBC and involving
systematic use of a combustion equation, is believed an
improved approach versus individual "stack loss" terms.
Most importantly, system mass and energy balances are
assured.

Boiler efficiency is defined as either HHV- or LHV-based.
Note that its definition, given both Firing Correction and HNSL
definitions, conserves the thermodynamic meaning of heating value.
Thus fuel flow must compute identically from either efficiency base.

Np-uuv = Ne-nnv Ma (28)
Ne.Lav = Neav Na (29)
m,; = BBTC = BBTC (30)

Ne.uyy (HHVP + HBC) Np.nv (LHVP + HBC)

Given the nature of the modeling employed, computations of
Eq.(30) using both efficiencies is an important numerical overcheck.
As observed above, once HNSL is computed only three
principle quantities remain to complete boiler efficiency: HPR,,
HRX, . and HBC which are defined in the following paragraphs.
To fully understand the formulations comprising HPR ., HRX ..,
and HBC, note the subscripts associated with the individual
substances. When considering water product created from
combustion, Ncywmo i EqQ.(31), its Heat of Formation (saturated
liquid phase) at T, must be corrected for boundary (stack)
conditions via [hg, - h;c,]. The Enthalpies of Reactants of Egs.(34)
& (35) derive from the definition of heating value [HHVP +
HPR umv] at Te, , Firing Corrections then applied. Firing



Corrections are closely defined and only relate to terms which correct
HRX_, to the actual firing conditions.

Differences in formulations required for higher or lower
heating values should also be carefully reviewed. Note that higher
heating values require use of the saturated liquid enthalpy evaluated
at T,; lower heating values require the use of saturated vapor at T,
Water bound with effluent CaSO, is assumed in the liquid state at the
stack temperature; whereas its reference is the heating value's base
(fuel water being the assumed source for the z[H,O] term). The
quantities which are not so corrected are the last two terms in
Eqgs.(31) & (32): water born by air and from in-leakage undergo no
transformations, having non-fuel origins. Heating values and energies
are, of course, associated with the system boundary: the As-Fired fuel
(or the "supplied" in the case of fuel rejects), ambient air and location
of CEMS and stack temperature measurements. See Notes & Errata,
item 10.

Enthalpy of Products (HPR,,)

For higher heating value calculations:

HPR,oimv = Z HPR; + [ nComb—IIZO(AH?—CaVUq + hgyer - Deca)
* pgernao(saek = Recad + Niime-nao(Mesek = Decad
+ nCAir—HZO(hSlack - hg—Cal) + nLcak—IIZO(hSlack - hSlcam)] HZONHZO/(XNAF)
(31)

For lower heating value calculations:

- 0
HPR,1ny = Z HPR; +[ nComb—HZO(AH/—CaVvap + hSlack - hg—Cal)
+ Npyermro(Ngger - hg-Ca]) 0 e oo(P stk - hg-(‘,al)
+ nCAir—HZO(hSlack - hg—Cal) + nLcak—IIZO(hSlack - hSlcam)] HZONHZO/(XNAF)

(32)
where:
HPR; = Enthalpy of non-water product i at the stack.
TStack
= [AH(f)—Cm]/i + f dh;] nN;/ (xN,p) (33)
T

Cal

Neompizo = Molar water found at the stack (boundary)
created directly from combustion
= x(0,ZR/2 + a5+ a) -
Npeoo = Molar water found at stack born by As-Fired
fuel (as total inherent and surface moisture)
= Jaer = [ba T bz + 6bpsz + x(0ZR/2+05H01,) - 1]
Ny e = Water bound with effluent CaSO, (ob,, ¢z)
Nearmo = Molar water found at the stack born by
combustion air and air in-leakage
=b, (1.0 +B)
N oo = Water found at the stack from in-leakage (b,)
(hpms - hew)ar = AEnthalpy of combustion air relative to T,
ht amp Ngam, = Sat. water enthalpies at ambient dry bulb.
hsuernzo = (Psucttizo s Tsue)s Where Pgino 1s water's
partial pressure per the wet molar:

Psuemo = Pam Jac T Bb)/(1.0 + ju + Bby).

Enthalpy of Reactants (HRX,,)

For higher heating value calculations:

HRX .oy = HHVP + HBC + HPR 0 14001 + HPR 02 14ca1
+ AH?‘-Cavnq (0gZR/2 + a5+ &) Nyjpo / Ny + HRX o005

(34)
For lower heating value calculations:
HRX, ciny = LHVP + HBC + HPR o5 1400 T HPR 01 14ca1
+ AH;]—Cal/vap (0,ZR/2 + 05 + ag) Nyppo / Ny + HRX (005
(35%)

where:
HPR ., 140 = Energy of CO, ideal product from complete
combustion at the calibration temperature.
= AH}-Ca]/COZ (o YR + 0 + o) Negy/ Nigr
HPRyy, 14 = Energy of SO, ideal product from complete
combustion at the calibration temperature.
= AH} (502 (0 T 09)Ngo, / Ny
HRX,co; = Energy of injected pure limestone, CaCO,,
at T¢,p; use of AH) ¢ ic.cos anticipates
Heats of Formation associated with
limestone products via use of Eq.(33).
= AH}-Ca]/CaCOB bprs (1.0 +7) Neacos/ (XNyup)

Enthalpy of Firing Corrections (HBC)

HBC = Cy(Tur - Teadruer + (Qsan + Wip) / myp
+ [(hyw - hewara (1.0 +B)(1.0 + @) Ny,
+ (hg-Amb - hg-Ca])HZO bA (1'0 + B)NHZO + (hSteam - hf—Ca])HZO bZNHZO
T Co(Tam - Tewprs brrs(1.0 +9) Neyeos 1/ (XN4p) (36)

HEATING VALUE CONVERSIONS

Several industrial standards and "coal" textbooks employ
simplifying assumptions regarding HHV conversions. For example,
a constant is sometimes used to convert from a constant volume
process HHV (i.e., bomb calorimeter), to a constant pressure process
HHVP (i.e., the As-Fired). Fuel oxygen is sometimes ignored. Some
labs convert HHV to HHVP using a constant value, and contrary to
ASTM D5865 which requires reporting the “gross calorific value at
constant volume”. Refer to: PTC 4.1, §9.6 (PTC 4, §5.8, assumes
4.1 procedures); ASTM D5865, §13 & 14 as referencing Research
Report D05-1013; and ISO 1928:1995(E), §E.2 & E.3. The
following is recorded for completeness to this work. Underlying
this presentation is that the latent heat at constant volume (Aug,,)
is used for HHV to LHV conversions, and the latent heat at constant
pressure (Ahg,) is used for HHVP to LHVP conversions (for
further discussion and examples see Notes & Errata, item 12).

To convert solid and liquid fuel heating values from a
constant volume to a constant pressure process use:

HHVP = HHV + AH,,, 37
LHVP =LHV + AH,,; - APV 4 (38)
AHyp = RTepp(05/2 - 0 - 03) / (ET N,p) (39)

AH,, = Ahfg-Cal/HZO (g ZR/2 + 0, + 015+ 0g)Nyyp0/(§ Nyp) (40)



AUy = Aufg—Cal/IIZO (0 ZR/2 + 0, + 05+ 0g)Nyp,0/(E Nyp) (41
APV = AHpy - AU, (42)

where T, is the absolute temperature, and molar quantities are
employed (see Eq.(19) for nomenclature).

For gaseous fuels, the only correction needed is the
compressibility factor Z assuming ideally computed heating values:
HHVP = HHV .., ,yuy Z; (refer to AGA procedures for evaluation of
Z, and HHV 4,.r )- The nominal industrial procedure is to divide
[m,r HHV 4oy 1 by Z to convert the energy flow to the ideal for
traditional billing purposes. Typically Z will vary from 0.998 to
0.990 for natural gases.

To convert from a higher (gross) to a lower (net) heating
value, the following are exact and consistent with Eqs.(37) & (38):

LHV =HHV - AU, (43)
LHVP = HHVP - AH, (44)
RESULTS

The following presents numerical results, including comparing
the Input/Loss Method to PTC 4.1. However, considered the most
important result of this work is the development of its approach to
boiler efficiency, using the HPR,.,, HRX, ., and HBC terms.

Confirmations and Sensitivities

The Input/Loss Method employs, in part, Exergetic Systems'
EX-FOSS program for steam generator analysis (Lang, 2000). Using
EX-FOSS, numerous sensitivity analyses were completed
demonstrating differential effects, and several for calculational
sanity.

To illustrate the effects of mis-using calorimetric temperature
Table 1 presents the results of a methane-burning boiler. As
observed, boiler efficiency is insensitive to slight changes in heating
values provided T, is not varied in any other term which might
effect n,; this, of course, is thermodynamically inconsistent with
Eq.(2B). However, when consistently applying T, (as its impacts
HPR,.,), results indicate serious differences in boiler efficiency.
One may not establish a reference temperature for the fuel's base
chemical energy, at T, and then not consistently apply it to other
energy terms, including boiler Losses. Conversely, one may not
reference boiler Losses to a reference temperature and then ignore the
dependency HPR,  and HRX,  have on T.,. If randomly applied as
suggested by Table 1, errors in n; and unit heat rate will be assured.
Given a computed n; , use of Eq.(15) as derives from Eqgs.(10) &
(11), demands consistency with HPR,,, HRX,  ,and HBC. The same
system can not have a difference in computed fuel flow given some
randomly chosen Ty,.

Table 2 presents typical effects on boiler efficiency and unit
heat rate of mis-use of calorimetric temperatures on a variety of coal-
fired power plants. These computations are based on EX-FOSS,
varying only T.,. Data was obtained from actual plant conditions,
monitored by Input/Loss Methods. The effects (of a 9 AF change) are
indicative of a linear response (i.e., 25C to 20C, or 25C to 30C).

Table 1: Calorimetric Temperature Effects on Boiler Efficiency

C ted Heati All Terms
omputed Heating Eff Eff 7(Te)
Value for Methane at 77F at 60F | Effectin
at 77F or 60F g
AT]B—IIHV
23867.31 at 77F 83.318% 82.893% -0.425%
23891.01 at 60F 83.333% 82.908% -0.425%
Difference in
efficiency if ignoring o 0
Teu (Te, only effecting -0.015% -0.015%
the computed HHV)

Table 2: Effects on Boiler Efficiency and Unit Heat Rate
of Mis-Use of Calorimetric Temperature

. _ _ Ang AHR/HR
Unit Te=77F Teum68F Effect Effect
110 MWe
CFB, 86.086% | 85.874% | -0.212% | +0.237%
Coal
300 MWe
Lig-B, 78.771% | 78.426% | -0.345% | +0.438%
LHV
800 MWe
Coal 81.364% [ 81.099% [ -0.265% | +0.335%
Slurry

Table 3 lists computational overchecks of higher and lower
heating value calculations, verifying that the computed fuel flow
rates of Eq.(30), are numerically identical. These simulations were
selected from Input/Loss' installed base as having unusual
complexity, based on actual plant conditions. The only changes in
these simulations was input of HHV or LHV, and an EX-FOSS
option flag; LHV or HHV are automatically computed by EX-FOSS
given input of the other.

Table 3: EX-FOSS Calculational Overchecks
(efficiencies & fuel flow, Ilbm/hr

Uni HHV LHV
o Eff. & Flow Eff. & Flow
300 MWe 59.104% 78.426%
Lignite-B 1,383,259.9 1,383,260.0
800 MWe 81.097% 88.761%
Coal Slurry 1,104,329.4 1,104,329.7




The repeatability accuracy of modern calorimetric instruments
is between £0.07% to +0.10%. They typically use benzoic acid
powder for calibration testing. Such calibration tests and routine runs
are typically analyzed using the well-known Washburn corrections
(Hubbard, Scott and Waddington, 1954). Based on these procedures,
NIST Standard Reference Material 39j certification for benzoic acid
makes a multiplicative temperature correction: [1.0 - 45.0x10° (T, -
25°C)]. Such corrective coefficients (e.g., 45.0x10°) were computed
for a number of coals, using average chemistries for different coal
Ranks, and with methane. For example, a correction of 122x10°°

The Input/Loss Method has been formulated to cause an
insensitivity in computed fuel flow when varying an arbitrary
reference temperature, Tg,, at least over a reasonable range. Table
5 demonstrates this for several coal Ranks, assuming T, changed
from 68F to 77F, and from 68F to 95F. Such effects on fuel flow are
additive to those associated with boiler efficiency when considering
net effects on unit heat rate.

Table 6: Consecutive Sensitivity Studies Presenting
Incremental PTC 4.1 and EX-FOSS Effects

implies a 0.122% change in HHV over 10AC. As observed below in
Table 4, heating values with increasing fuel moisture are generally PTC EX- Loss & Firing
increasingly sensitive to calorimetric temperature, especially for Description 4.1 FOSS | Correction Terms
gaseous fuels and poor quality lignites. Effects on HHVs associated A% | Ang % with Notes
with the higher energy coals is not great. However, as seen in Table
4, the sensitivity of temperature on HPR ,,, is appreciable; computed Pure C, 77F stack, N = 100%
using EX-FOSS. This sensitivity demonstrates the fundamental cause Tra = Teu = 77F, --- --- HBHV _ 140’85 13
for effects observed in Tables 1 and 2. See Note & Errata item 11. T\ =T7F :
Pure C, 350 F and L
’ 5.867 5.800 @
Table 4: Temperature Coefficients for Heating Value 0% O, at Stack. AAn,=0.067%
Corrections & HPR,,,,.unv Temperature Sensitivity
Pure C, 1.686 | 1.693 | L,
5% O, at Stack ' ) ¢
Fuel Fuel AvgHHV HHV Temp AHPR ...
Coal Water Ash at 25C Coef. HPR ... Fuel: 0.89474C, 2139 5 148 Lypy, and L,
Rank (%) (%) (Btu/lbm) (x10%1AC) (x10:/1AC) .08421A, .02105H ’ ) HHV = 12639.47
an 3.55 9.85 12799.75 19.56 376.6
sa 1.44 16.51 12466.17  30.10 285.0 Fuel: 0.8500C, L AsFired
Ivb 1.74 13.24 13087.76 39.22 347.7 .0800Ash, .0200H 1.024 1.021 Hni—Ffv — 1140721
mvb  1.75 11.48 13371.75  41.88 380.5 and .0500H,0 '
hvAb 2.39 10.86 13031.61 47.77 444.2
hvBb  5.61 11.83 11852.63  56.53 446.7 Unburned C at 0241 | 0229 | Loe
hvCb  9.89 12.32 1072040  60.18 450.6 2:5% in Fly Ash
subA  12.85 871 10292.89 5116 398.3 . L, As-Fired
subB  17.87 957  9259.75  61.15 408.0 1.0% Rejects at 0789 | 0.806 | HOV = 11431.53,
subC  23.79 10.67 8168.69  75.14 4233 9000 Btu/lb with 078039Ash
ligA 29.83  9.64 7294.66 83.56 439.4
ligB-P  28.84 22.95 4751.83 122.17 481.3 0.4% Rad. &
ligB-G 54.04 19.30 2926.82  246.01 685.2 Conv 0.400 0.400 Ly
Methane .00 .00 23867.31 105.39 424.3
500 ppm stack CO 0.236 0.238 Lo
f;‘;femp at 0.013 | -0.009 | B,
Table 5: Effect on Computed Fuel Flow, Eq.(15),
Given Changes to Reference Temperature Dry Air at 87F -0.035 -0.031 | B,
Coal Effect on Fuel Flow Effect of Fuel Flow Saturated Air 0.408 0.413 B,z and L,,,
Rank (Tys = 68 to 77F) (Tan = 68 t0 95F) at 87F. ' ' AAN,= +0.034%
0, V) 3
an +0.0051% +0.0148% T,, at 87F -0.300 0.000 ;Cslé;i(;lg?gtcalc
hvCb -0.0251% -0.0758%
= 0,
subC -0.0273% -0.0824% Ty, at 97F -0.298 | 0.000 ﬁ)ﬂ[’totﬁ;zi;’_
ligB -0.1118% -0.3371% _
= Ty, at 107F 20.302 | 0.000 ﬁﬁ‘}j,{ﬁ'?gi?
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Input/Loss Results versus PTC 4.1

Table 6 presents results of consecutive sensitivity studies,
beginning with the theoretical burning of pure carbon (graphite),
ending with a =realistic combustion. Once a sensitivity is established
its presence is then maintained for all subsequent analyses (e.g.,
stack temperature at 350F is maintained from the second analysis
thereafter). Studies begin assuming T, = Ty, = 77F, heating values
were calculated at 77F as were fuel and air temperatures. Stack loss
effects are integrally computed via Eq.(31), listed here as Ang yuy
effects (HNSL terms considered for Table 6 only include: Ly, Ly
and Lj).

As seen in Table 6, results indicate reasonable consistency, the
greatest differences do not exceed 0.07% Ang yny (typically 0.01%)
for the high quality coal assumed - provided PTC 4.1's reference air
temperature is set to T,. When floating T, the effect can cause -
0.30% Amnguyy error per every 10 AF increase in the assumed
"reference temperature". These effects are caused solely by changes
in [dh and AH}, terms, not the through the numerical value of
HHV. For example, on a hot summer day if the power plant's
monitoring procedures employ PTC 4.1 using Ty, based on ambient
air temperature, boiler efficiency could be in error by =1% Ang yy-
Given this, the argument for using PTC 4.1 even for relative
comparisons should be the subject of review, based on the fuel’s
characteristics and accuracy required.

CONCLUSIONS

This work demonstrates a systemic approach to determining
boiler efficiency. It validates the concept of defining boiler
efficiency in terms of the Enthalpies of Products and Reactants, and
Firing Corrections (HPR,.,,, HRX, and HBC), and, it is believed,
provides accuracy. Higher accuracy is needed by the Input/Loss
Method, and indeed for the improvement of fossil combustion in a
competitive marketplace. The HPR, ., HRX, and HBC concept
forces an integration of combustion effluents and system effects with
fuel chemistry. The following highlight conclusions reached.

Determination of Boiler Efficiency

4 Boiler efficiency evaluated by PTC 4.1, if using a justifiable Ty,
as the fuel's calorimetric temperature, and computed correctly
can be reasonably accurate yielding less than +0.07% Anj error.

d  Boiler efficiency computations should reference the heating
value's calorimetric temperature, T.,. Corrections from T,
should be made to the HPR,,, HRX, . and HBC terms. No
attempt should be made to correct measured coal or oil heating
values to a Ty, (use the “as-measured” T,).

[ If PTCs are incorrectly used: by allowing T, to float or set
constant, by simplifying stack loss calculations, by unqualified
use of By, by mis-use of the L, term, etc., differences of 1%
compared to consistent treatment can be easily reached. For
coal-fired units mis-use of Ty, by only 5 AC (9 AF) results in 0.2
to over 0.4% Any error. For gas-fired units the An, differences
will range from 0.35 to 0.45% (77F vs. 60F). These results are
solely related to [dh and AHY. ., effects.

11

[ Comparing the calculations of boiler efficiency by many boiler
vendors appears highly inconsistent to the author. Suggested
as a new section of PTC 4, is presentation of typical
consecutive sensitivities of loss terms (e.g., Table 6), allowing
comparison of numerical results.

[ Input/Loss Methods involving the HPR ., and HRX,, concept
should replace PTC boiler methods - not only to correct errors
and assumptions - but, most importantly, to provide a systemic
approach to stack losses. This directly impacts the accurate
determination of effluent flows. The interpretation of =nine
individual stack loss terms has lead to inconsistent industrial
use. The Input/Loss approach represents:

- use of a systemic approach to boiler efficiency;

- use of consistent and accurate properties; and

- a high accuracy approach to the determination of
effluent flow (without direct measurement).

[ Use of a FD Fan will always improve boiler efficiency. Use of
an ID Fan or a gaseous recirculation fan will always degrade

boiler efficiency.

Determination of Heating Values

[ The determination of heating values by bomb calorimeter
requires recognition and recording of the calorimetric
temperature, and proper calibration testing. Industrial standards
should mandate that calorimetric temperatures be recorded with
all reported heating values.

[ Calorimeter instrument vendors should recognize that since
repeatability of calibrations on modern instruments is attainable
within £0.1%, then all thermodynamic property affects rising
to this level should be considered. As examples: water's C, and
Ahg, values are functions of temperature, i.e., since many
bombs are automated to run ata given T, accurate properties
at T, should be applied. Although benzoic acid's Heat of
Combustion is not sensitive to temperature, the poorer quality
coals can be sensitive (at +0.3% and higher) given high fuel
and/or product water. Higher Rank coals having low water
contents have sensitivities less than that of benzoic acid.
Further, no correction for constant pressure should be made or
reported for a determined HHV; ASTM D5865 procedures
require HHV to be reported at constant volume, the as-tested.

1 It is suggested that the National Institute of Standards and
Technology (NIST) determine high accuracy temperature
effects on Heats of Combustion of coal, at least for the lower
Ranks, including a standardized lignite B. Such studies would
inform labs as to sensitivities, establish guidelines and enhance
awareness for accurate work. Also, NIST should consider a
substitute for benzoic acid having greater temperature
sensitivity (again, perhaps some hydrocarbon fuel with
standardized amounts of water emulating several Ranks).

[ Calorimeter preparation of coals should reasonably emulate the
As-Fired particle size. ASTM D2013 calls for reducing to #60



US Standard sieve (250 um). However, coal pulverizers may
grind to a #50 (297 um) mesh, #100 (149 pm) or #200 (74
pm). Also, heating of coal samples before testing must
consider effects on vaporization of volatiles.

SUMMARY

This work demonstrates an improved approach to the

determination of boiler efficiency; when thermodynamically accurate,
consistent system mass/energy balances are then guaranteed. From
such consistencies, fuel flow and effluent flow are determined with
greater accuracy than obtained from direct measurements.

NOTES and ERRATA

The following both explains and corrects several items

associated with this and previously published works (both Input/Loss
and industrial methods):

la)

1b)

Ic)

1d)

2)

3)

An August 20, 2000 revision to the original paper corrected an
error in computing the HHV temperature sensitivities for High
Volatile-A Bituminous (hvAb) and Sub-Bituminous C (subC)
coals. To throughly study such sensitivities Table 4 was then
prepared for all coal Ranks, including the sensitivity of HPR 4,
Although conservation of HPR,,, and HRX, terms was
originally discussed, this revision emphasized the HPR ., term.
Of importance, HPR,,, allows unity efficiency, via Eq.(3B), at
any Firing Correction given ) Losses = 0.0. Interestingly, this
implies that water in the combustion air is not a credit/debt to
the process per se - it only becomes a system loss when
evaluated at the boundary when Ty, # T,

A October 6, 2000 revision incorporated numerous reader
comments, hopefully offering more clarity, without change in
the formulations.

A January 6, 2003 revision corrected heating value conversions:
constant volume vs pressure, and HHV vs LHV; Egs.(22B) &
(38) thru (42) were altered. Reader comments were addressed.
A March 4, 2009 revision corrected the use of the ID and gas
circulatory fan powers, reversing the sign affecting HNSL; see
Eq.(12) and the paper: “Errors in Boiler Efficiency Standards”,
ASME 2009 Power Conference, POWER2009-81221.

The sign convention associated with the HPR & HRX terms
follows the assumed convention of a positive numerical heating
value, thus the non-conventional sense of HPR & HRX in
Eq.(2B). In prior works the senses of HPR & HRX terms was
reversed for simplicity of presentation, a mis-communication
(the EX-FOSS program reverses these signs for its output
report). Typical values include the following: [- HPR,  yyyv +
HRX oy 1 = [- (-7664) + (-1064)], Btu/lbm. The sign of
sensible heat terms, fdh, follows this difference:

[_ HPRAcl - jthroducls]; and: [Jr HRXAclJr J‘dhkeaclams]'
Heats of Formation, AH}, are always negative quantities.

In ASTM procedures, the bomb calorimeter's temperature rise is
multiplied by the weight of heated water, having an assumed
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4)

5)

6)

7)

heat capacity of 1.000 Cal/gm-C. There is no requirement to

conduct the burn at 20C (68F), but rather to be "within 2 to 3

AC of the temperature of the room" (thus the assumption that

C, values are ~constant). However, at 14.6959 psia & 68F C,

= 1.00026, at 77F C, = 0.99897 Cal/gm-C; or 0.13%, or 17

ABtu/lbm regards a 13,000 Btu/lbm coal [this exceeds the

calibration repeatability of modern calorimeters]. Several

questions thus arise. If a given fuel’s heating value varies only
slightly with temperature - why worry about T.,,? Why worry
about temperature affects on AHJ ?

a) For reporting consistency, heating value determinations
should be conducted at the established calorimetric
temperature (either codified or by custom). Present
ASTM codes specify that heating values are referenced to
68F for solid & liquid fuels, and 60F for gaseous fuels.
For solid and liquid fuels ASTM codes fail to specify
detailing procedures required to achieve a certain T,,.

b) Heating value dependency on T, aside ... computing AH}
=f(T), and HBC from a T, base produces demonstrable
Ang differences of 0.2 to more than 0.4% in boiler
efficiency. As Heats of Formation and HBC effect both
combustion products and reactants, they must be used
consistently throughout the evaluations - at a fixed
reference temperature, the only thermodynamically logical
choice being an applicable T,,.

Caution should be used when assigning units to the AH} and
enthalpy terms used herein; both Btu/lbm and Btu/Ib-mole are
used up to Eq.(19), thereafter Btu/lbm is consistency used.

Before the current version, EX-FOSS used T, = 77F for all
fuels. However, recognizing inconsistency with calorimetric
temperature, a hodge-podge of corrections was made in earlier
versions. T, is now an input. As part of the Input/Loss
confirmatory testing program, key fuel flow comparisons were
made in 1994; see Part I, Table 3. Re-analysis of this data with
the current EX-FOSS (Ver.2.7, Mod.52) resulted in average
differences between calculated and measured increasing from
0.13% to 0.19% Ang.

The use of the term "boiler absorption efficiency" of Eq.(11)
and elsewhere has been pointed out as inconsistent with vendor
use (i.e., the rate of boiler heat absorption). The term developed
by recognizing via Eqs.(9) & (14) that: n, = BBTC / [Ncyny
m,(HHVP + HBC)], thus relating the “efficiency” of energy
take-up by the working fluid from the combustion process.

It can be argue that a boiler efficiency obtained in any manner
(gross, net, “fuel” or guess) could be used to obtain fuel flow
provided n, is multiplied by an appropriately “adjusted”
heating value term. However, the objective of this work - in
counterpoint to ASME PTCs - is to assure consistency between
fuel flow, boiler efficiency, unit heat rate and effluent flow.

This is accomplished through HPR, , HRX ., and HBC. As an
example of such consistency, combinations of Eqs.(10), (16)
and the stoichiometric terms afforded from Eq.(19) results in
the following expression for wet effluent mass flow,



8)

9)

10)

1)

12)

illustrating the inter-dependency with unit heat rate, Mcyuy,
APH leakage, etc.:

Mggen = INpuy-Gas F Gaet BDONw0] HRyyy Ne v Power
xN,r [- HPR, + HRX, ]

From Eq.(14), (15) or (30) it is obvious that the ratio
[BBTC/m,;] must be computationally constant: BBTC/m,,; =
Neuwy (HHVP + HBC).  Also, from Eq.(13B) and considering
HNSL and HBC are the same for either HHV- or LHV-based
calculations, the following are considered important identities.

Mgy (HHVP + HBC) = 1y (LHVP + HBC)
- HPR ounv + HRX iy = - HPR iy + HRX oy -

If only considering reject losses, and since:

HHVP,,, = (1 - WF,,) HHVP,, + WF, ;HHVP,,
the numerator of Eq.(13C) then becomes:

HHVP,, + HBC - WF, ;HHVP,, =

HHVP,, + HBC - WF, ,;HHVP,; ;

where HHVPg,, represents the “supplied” heating value of the
fuel; and where the true As-Fired HHVP,; is corrected (as
needed) for reduced fuel ash. For LHV calculations the
correction for rejected fuel AH,,,,; ;v as determined by Eq.(22C),
follows directly from differences in As-Fired and “supplied”
heating values:

LHVP,,, + HBC - [WFy HHVP, ]
= LHVP,,, + HBC - [HHVPy,, - (1.0 - WF,,) HHVP,/]
= LHVP,, + HBC - WF, ,HHVP,,
+ {(HHVP,, - LHVP,,) - (HHVP,, - LHVP, )}
= LHVP,, + HBC - WF HHVP,, + {AH,,. . }.

The following substitution could be used in Eq.(32) for the
water terms, but at reduced clarity:

0 — 0
AH/—Cm]/\'ap - AH/—le/liq + Ahfg—Cal'

Most modern bomb calorimeters use benzoic acid powder for
calibration testing.  Calibration results, given the known
chemistry of benzoic acid, should always be corrected to the
established T, using the Washburn corrections (and not to an
arbitrary Ty, ). Table 4 is partially based on the following Heat
Capacity correlation for coal (in part from Gomez, 1965):

Cpeon = 0.189WF,. + 0.874WF, + 0.215WF + 0.360WF,
+ 0.419WF + CpainoWFzo + CpnWFrans Btu/Ib-F

Heating value conversion from gross to net, when both at
constant volume, requires use of the latent heat at constant
volume; i.e., the internal energy change AU, ,; at T, Eq.(41).
Additionally, for a constant volume process in which water
formed from fuel hydrogen is reduced to a liquid state, the
change in molar gaseous volume is given by the PV work term
AH,, of Eq.(39). AH,,, includes affects from fuel oxygen and
nitrogen as they are both chemically bound within the coal
matrix, and not diatomic (see Fuchs and Sandhoft, 1942). PTC
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4.1, §9.6, as adopted by PTC 4, concerning oxygen is wrong;
it assumes that fuel oxygen is in its combined state - which
ignores C=0 and C-OH binding, and especially errors with
fuels having high oxygen contents such as Powder River Basin
coals and lignites. To demonstrate consistency, substitute HHV
of Eq.(43) into Eq.(37), subtract (38) from the revised (37), and
reduce:

HHVP = [LHV + AU, ,,] + AH,,
HHVP - LHVP = LHV + AU, ,, + AHy,
-LHV - AH,, + APV,
HHVP - LHVP = AU, ,, + APV, ,
LHVP = HHVP - AH,,;; which is Eq.(44).

The following table records typical constant pressure
conversions using PTC methods and Eqs.(43) & (44). Caution:
although differences appear small for high energy fuels,
significant sensitivity is considered to be +0.10%, the same as
the repeatability accuracy of modern calorimetric instruments.

As-Tested Corrected Corrected by
Heating Value by PTC Eq.(43) or (44) % Diff.
12,410-HHV  12,421.55 12,418.85 +0.002
8,300-HHV 8,308.52 8,304.37 +0.050
2,100-LHV 2,065.42 2,062.31 +0.151
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