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ABSTRACT
EVALUATION OF HEAT RECOVERY OPTIONS FOR IMPROVED ENERGY
EFFICIENCY OF A MANUFACTURING FACILITY

Allison M. Chouinard, B.S.

Marquette University, 2014

Nationwide process heating in the manufacturing sector accounts for 7,815
trillion BTU of energy use annually; this is roughly one-third of the sector’s total
energy consumption [Energetics Incorporated, 2014]. The U.S. Department of
Energy estimates that seventy percent of process heating is fueled by the onsite
burning of fossil fuels [Energetics Incorporated, 2014]. These fuel-fired process
heating applications are prime opportunities for heat recovery projects capable of
saving energy and, consequently, reducing operating costs. This thesis evaluates
different methods for heat recovery in the Milwaukee manufacturing facility of
STRATTEC Security Corporation. As a basis for this work, the overall energy
usage of the facility is evaluated and the largest process heating and cooling loads
are identified. Systems that will be evaluated include the zinc melt furnace, the
low pressure steam system and the chilled water system. The energy recovered
can be used to improve the efficiency of the source piece of equipment, to meet
other process heating needs in the facility, or to generate electricity. These systems
also can benefit from receiving energy recovered from a power generating
process. Models of the energy and exergy balances in these systems are
developed to predict the potential reduction in operating costs when heat
recovery is implemented in the STRATTEC facility. In addition, the models and
energy use information are used to identify inefficiencies in the systems that
should be addressed before heat recovery is applied. Finally, a thermo-economic
analysis is used to compare the various heat recovery options and select the most
cost effective plan for implementing heat recovery. This analysis found that, for
the existing equipment, heat recovery could not be implemented economically.
However, opportunities for cost savings exist in the selection of new equipment
to replace aging systems. Specifically, it was found that heat recovery could be
implemented economically by replacing the existing chiller with an absorption
chiller system that used waste heat from a power generation system.
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CHAPTER 1

INTRODUCTION

Nationwide process heating in the manufacturing sector accounts for 7,815
trillion BTU of energy use annually; this is roughly one-third of the sector’s total
energy consumption [Energetics Incorporated, 2014]. The U.S. Department of
Energy estimates that seventy percent of process heating is fueled by the onsite
burning of fossil fuels [Energetics Incorporated, 2014]. These fuel-fired process
heating applications are prime opportunities for heat recovery projects capable of
saving energy and, consequently, reducing operating costs. The majority of
process heating applications use either direct-fired natural gas or steam generated
in natural gas-fired boilers. Natural gas-fired processes typically reject exhaust to
the environment at an elevated temperature. With careful planning and a detailed
knowledge of the systems in a facility, the rejected heat can be recovered to
improve the efficiency of the original process, for other process heating
applications or for power generation.

Heat recovery technology can be especially beneficial when a
manufacturing facility utilizes more than one process heating application.
Typically, the process heating application that requires the highest grade heat
must receive energy from a direct source. The other process heating applications
can recover the heat rejected from the high temperature process. This creates a
system where energy is cascaded around the facility until its work potential or
exergy is destroyed or it is no longer economically feasible to transfer the energy
to another process. A wealth of knowledge on heat recovery is available from the
U.S. Department of Energy, the U.S. Environmental Protection Agency and other
government and utility agencies in the form of case studies and handbooks.

These include technical publications outlining ways to improve various energy



intensive processes from the Departments of Energy’s Advanced Manufacturing
Office and reviews of current combined heat and power technology from the
Environmental Protection Agency

[U.S. Department of Energy, 2014b][Darrow et al., 2014][BCS Incorporated, 2008].
These resources can be helpful in determining which heat recovery methods have
proven successful in the past and are most likely to be economically viable in a
given application. This information can be used in conjunction with engineering
principles and recorded data to produce gray box models of the various options
for heat recovery in a facility, which can be numerous.

This thesis evaluates different methods for heat recovery in the Milwaukee
manufacturing facility of STRATTEC Security Corporation. Systems that will be
evaluated include the zinc melt furnace, the low pressure steam system and the
chilled water system. The energy recovered can be used to improve the efficiency
of the source piece of equipment, to meet other process heating needs in the
facility, or to generate electricity. These systems also can benefit from receiving
energy recovered from a power generating process. Models are developed to
predict the potential reduction in operating costs when heat recovery is
implemented. The results are used to identify a cost effective plan for

implementing heat recovery in the STRATTEC facility.

1.1 Project Objectives

This research aims to evaluate heat recovery options and assess their
applicability to STRATTEC’s Milwaukee operations. As a basis for this work, the
overall energy usage of the facility is evaluated and the largest process heating
and cooling loads are identified. Energy and exergy balances are used to develop
models of each process that can be used to estimate the energy savings possible

through different heat recovery methods. In addition, the models and energy use



information are used to identify inefficiencies in the systems that should be
addressed before heat recovery is applied. Finally, a thermo-economic analysis is
used to compare the various heat recovery options and select the most cost
effective options. For those options that are not currently cost effective, the
models can be used to predict when they may become financially viable as

production capacity and thermal loads change over time.

1.2 Overview of STRATTEC Facility

The facility being evaluated is the Milwaukee manufacturing facility and
headquarters of STRATTEC Security Corporation. STRATTEC produces lock,
latch and key products, primarily for the automotive industry. The Milwaukee
facility contains several different manufacturing processes including hot chamber
zinc die casting, stamping, milling, machining and electroplating. STRATTEC
currently spends approximately $1.5 million per year on energy for its Milwaukee
facility. It was found that 55% of the energy purchased for the facility was in the
form of electricity and the remainder in natural gas. The energy used by each of
the most energy intensive processes, the zinc melt furnace, the low pressure
steam system and the chilled water system, is summarized in the following

sub-sections.

1.2.1 Zinc Melt Furnace

The zinc melt furnace is a five burner, induction tube, natural gas fired
furnace. It is used to melt the zinc alloy, ZAMAK 5, for use in a portion of the
facility’s conventional die cast machines and all of the facility’s multiple-slide die
cast machines. The furnace was monitored from April of 2012 through December
of 2012 and the operating parameters averaged to obtain the values that will be

used for this analysis. The furnace operators were required to record the type and



weight of zinc alloy melted and the amount of natural gas used each shift. The
form used can be found in Appendix A.

On average, the furnace uses 4.0 Dth/shift of natural gas during
production. During production, the furnace currently melts approximately 11,000
pounds of ZAMAK 5 per shift. This is well below the melt rate of 53,000 pounds
per shift for which the furnace is rated. On average, this metal is made up of 55%
raw material and 45% remelted scrap material. The furnace melts and holds the
alloy at a constant 820°F. This is just below the furnace’s rated maximum
temperature of 825°F. The supply of molten zinc is kept very close to the furnace’s
capacity of 32,500 pounds by taking the material needed for production and
refilling the furnace on an hourly basis.

The furnace is currently equipped with 5 Halick RTG Radiant Tube Gas
Burners, Model Number 102. These burners operate by switching between two
operating states: high fire and low fire. During high fire, the burners are rated to
output 540,800 Btu/hr each [Hauck Manufacturing Company, 2002]. It has been
observed during bi-annual preventative maintenance that the exhaust gas exits
the five immersion tube burners at 1,100°F during high fire operation. Also
during preventative maintenance, the burners are tuned to operate with 4%
excess oxygen when running at high fire. During low fire the percent excess O, is
not controlled. Due to the danger of damaging the immersion tubes if the alloy
were allowed to freeze and the high cost of re-heating the alloy, the furnace is not
allowed to cool during downtime. All parameters characterizing the operation of

the furnace are summarized in Table 1.1.

1.2.2 Low Pressure Steam System

The low pressure steam system is supplied by two shell-and-tube natural

gas-fired boilers with a rated capacity of 10,350 pounds of steam per hour per



Table 1.1: Furnace Parameters

Parameter Value Unit
Pot Temperature 820 °F
Exhaust Temperature 1100 °F
Average Natural Gas Usage During Production 4.0 Dth/shift

Average Zinc Usage 11,000 | [b/shift

Average Percent Scrap Melted 45 %o

Percent Excess Oxygen in Combustion Products 4 %
RTG Radiant Tube Gas Burner High Fire Output | 540, 800 Btu/hr

machine at 15 psig. The boiler system is equipped with an integrated control
system and panel display which stores a history of the operating parameters for
both boilers. This system was used to obtain the performance data used for the
analysis of the steam system. The boilers are set to supply steam at 11 psig. This
steam is used for process heating around the facility. Combustion products are

exhausted at 235°F. This system is relatively new, as it was installed in 2012.

1.2.3 Chilled Water System

The manufacturing portion of the facility currently uses a chilled water
system with a nominal capacity of 300 tons of refrigeration, TR. The system
consists of three 100 TR water-cooled scroll chillers and two 150 TR cooling
towers. A plate and frame heat exchanger is also used to obtain cooling from the
cooling towers when the outdoor temperature drops below 35°F. The system,
which was installed in 1996, is reaching the end of its life cycle. Water-cooled
scroll chillers can be expected to last around 20 years. Additionally, the demand

on the system is expected increase up to 500 TR in the coming years.

1.3 Heat Recovery Technologies

The furnace, steam and chilled water systems are natural targets for heat

recovery. The following sections outline the heat recovery technologies that will



be analyzed in this paper. Heat recovery systems can be used for either process
heating or power generation. Process heating methods can be broken down by
the heat recovery medium, which include zing, air, or water. When water is the
heat recovery medium, the resulting hot water or steam can be used either for
process heating or for cooling via an absorption chiller. Power generation can be
achieved through either a bottoming or topping cycle. Bottoming cycles take
energy from the exhaust of a process and use it to produce electricity. For
example, the steam produced by recovering heat from the exhaust of a process
can be used in a Rankine cycle to generate electricity. Similarly, the heat can be
recovered via an organic working fluid and used in an organic Rankine cycle.
Topping cycles take the thermal energy produced as a by-product of power

generation and use the thermal energy for process heating or cooling.

1.3.1 Process Heating

Zinc Heating

Energy contained in the zinc furnace exhaust stream can be recovered by
the zinc being charged to the furnace. The zinc alloy is currently charged to the
furnace at room temperature. If the hot furnace exhaust stream were brought into
contact with the zinc alloy, heat could be transfered from the exhaust to the zinc
alloy. In this situation, less energy would be needed for the furnace to raise the
temperature of the alloy to the required temperature.

For non-throughput furnaces, such as the unit at STRATTEC, this
modification can be accomplished by loading the charge into an unfired portion
of the furnace to be heated by the exhaust before adding it to the molten zinc.
Alternatively, the exhaust can be pumped into a structure external to the furnace

where the charge can be heated. This is a common method of heat recovery



recommended by the U.S. Department of Energy and it has been implemented
successfully in many metal processing facilities. For example, this method of heat
recovery helped an aluminum die cast facility reduce the energy consumption of
its furnace to 47% below the energy consumption of conventional furnaces

[U.S. Department of Energy, 2008a].

Air Heating

Heating the air used for combustion is another common form of heat
recovery recommended by the U.S. Department of Energy. Many types of
fuel-fired processes can benefit from combustion air heating if the burners are
designed to accept heated combustion air. In STRATTEC's facility, only the zinc
melt furnace has burners that could potentially benefit from this method of heat
recovery. Air heating is often achieved through the use of recuperators or
regenerators. Recuperators are gas to gas heat exchangers that are compact and
can be customized for most applications. Traditionally, concentric tube heat
exchangers were used as recuperators. Today, heat pipes are becoming more
common due to improved heat transfer properties and better resistance to fouling
and corrosion.

Regenerators consist of pairs of heat storage structures with high specific
heat capacity. One structure receives heat from the hot exhaust while the other
releases heat to the cold incoming combustion air and then the air flows or
structure positions are reversed in order to continually supply heat to the cold air
stream. In order to store the thermal energy needed to preheat the incoming air
for a reasonable amount of time, regenerators are large structures, but they can be
effective, particularly for large installations [U.S. Department of Energy, 2007].
Just one recuperator was found to save US Steel 0.221 million Dth per year out of

the 4.9 million Dth of natural gas consumed annually by the facility



[U.S. Department of Energy, 2008b].

The effectiveness of air heating as a method of heat recovery is limited by
the heat exchanger effectiveness and the proximity of the equipment supplying
and utilizing the thermal energy. This is because hot air ductwork has inherently
large heat transfer and frictional losses. In addition to heating combustion air,
heat recovery via air is also commonly used to condition air for space heating.
However, the pieces of equipment being analyzed in this thesis are located in
parts of the facility that do not have space heating loads to displace. Therefore,

building heating is not considered a feasible heat recovery method in this study.

Water Heating

Compared to air, water is a much better medium for heat recovery because
of its higher specific heat capacity and density. It has advantageous thermal
properties for effective heat transfer in heat exchangers and can be used to
transport thermal energy over a large distance with relatively little heat loss. Heat
recovery via water heating can be utilized to produce hot water, low pressure
steam or high pressure steam. In the current project, the biggest challenge in
utilizing hot water heat recovery is finding a use for the hot water. At STRATTEC,
the uses for hot water are limited compared to other industries where large
amounts of water are used for process heating. However, a few options do exist.
One option is for the water entering the boiler system to be pre-heated, reducing
the load on the boiler. Alternately heat could be recovered in the form of steam.
Low pressure steam could be used to offset some of the load on the existing low
pressure steam system. High pressure steam could be used to generate electricity
in a Rankine cycle. Alternately, process cooling could be achieved utilizing hot

water, low pressure steam or high pressure steam to run an absorption chiller.



1.3.2 Power Generation

Bottoming Cycles

For heat recovery utilizing a bottoming cycle, the heat must be used to
produce a high temperature and pressure fluid. This fluid can be water, as
utilized in a Rankine cycle, or an organic working fluid, as utilized in an organic
Rankine cycle (ORC). The power that can be generated by these types of heat
recovery systems is limited by the Carnot, or maximum, efficiency of the cycle.
This efficiency, 7, ¢y, is a function of the source and sink temperatures, Ty and T7,
respectively, for the cycle:

T
Nthrev = 1- i (1'1)

Since the sink temperature is typically fixed by the environment, the efficiency
increases as the source temperature increases. Therefore, Rankine cycles work
best with high temperature heat sources. However, ORC systems cannot work
with a high temperature source above 800°F due to decomposition of the working
fluid [Naik-Dhungel, 2012]. Nonetheless, ORCs do have some advantages, as
they can be less costly to maintain and operate than Rankine cycles
[Naik-Dhungel, 2012]. It was found that Kennecott Utah Copper was able to
recover exhaust heat from their smelter and generate an average of 20-25 MW of

electricity using a Rankine cycle for the facility [Brinker, 2010].

Topping Cycles

Topping systems, more commonly referred to as combined heating and
power or CHP systems, utilize the heat rejected by power generating equipment
for process heating applications. The benefit of these systems comes from an

increase in the efficiency of the overall system. It is estimated that producing
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power in a typical power plant and producing steam separately in an industrial
boiler system has an overall efficiency of 49%, whereas producing the same
outputs in a CHP system results in an overall efficiency of 75%

[BCS Incorporated, 2008]. The economic success of a CHP system largely depends
on the local electricity and natural gas rates and grid buyback arrangements for
excess electrical output. The power generating equipment most commonly
utilized in CHP systems are gas turbines, reciprocating engines, steam turbines,
microturbines and fuel cells [BCS Incorporated, 2008]. A well-applied system
would supply STRATTEC’s thermal load while also producing electricity not in
excess of STRATTEC's base electrical load of 2.1 MW.
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CHAPTER 2

ENERGY AND EXERGY ANALYSIS

In order to evaluate the viability of the energy recovery techniques
introduced in the previous chapter, as they would be applied at STRATTEC,
mass, energy and exergy balances are applied. This information is used to

calculate the current and potential efficiencies of the systems.

2.1 Zinc Melt Furnace

2.1.1 Existing System

The energy entering and leaving the furnace can be understood and
analyzed using a series of mass, energy and exergy balances. These calculations
were performed in EES and can be found in Appendix B. For the purposes of this
analysis, natural gas is modeled as CHy, air is modeled as O; + 3.76N;, and the
combustion products are modeled as a combination of CO,, H,O, O, and Np. All
products and reactants are modeled as ideal gases. During stoichiometric
combustion of CH4 in O, and N, the following balanced combustion equation

describes the process:

CH, 4 2(05 4 3.76N,) — CO, + 2H,0 + 7.52N,. 2.1)

4
1

Letting x; represent the mole fraction of component “i”, the stoichiometric

equation could be written as:
CHy + x4y (02 + xn,Na) — xc0,CO2 + xp,0H20 + X4irXN, No. (2.2)

During preventative maintenance, the burners are tuned to use excess air such

that the exhaust contains 4% O; by volume in dry air. Adding O, as a product
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results in a modified combustion equation:

CHy+ (%4ir +x0,) (02 + 23, N2) — xc0,CO2 + xH,0H20 + x0,02 + (X4ir + X0, ) XN, N2.
(2.3)

In the modified combustion equation, x4, Xco, and xp,o represent the
stoichiometric mole fractions, while xp, represents the mole fraction of O, in the
exhaust stream as a result of excess air.

The volume fraction of O, in the exhaust stream is represented by ¢o,. The
mass fraction can be related to the known volume fraction of O in the
combustion products using the mole fractions, molar masses and specific
volumes of the other products and reactants represented by x;, M; and v;

respectively using the following equation:

_ X0, Mo, Vo,
xco,Mco,Vco, + XH,0MH,0VH,0 + X0,Mo0,V0, + (Xair + X0,) XN, MN, VN,
(2.4)

$o,

From this information, the following balanced combustion equation can be

derived for combustion with 4% excess O, in the exhaust by volume:
CHy +2.5198(0; + 3.76N;) — CO2 4 2H,0 + 0.51980, + 9.4744N,. (2.5)

Using the mole fractions from the balanced combustion reaction equation and the
molar masses, the more useful mass ratios, represented by w;, can be obtained
using:

w; = X; - Mi/MCH4- (2.6)

The resulting mass fractions are summarized in Table 2.1.

For the purpose of analysis, the furnace is modeled as operating at
steady-state. It is assumed that all mass enters the furnace at a constant
temperature of 77°F. This is designated as the dead-state temperature and

represented by Ty. The furnace is controlled to keep the molten zinc alloy at 820°F,
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Table 2.1: Combustion Mass Fractions

Components | Mass to Fuel Ratio, Ib, ;/1b,, cH,
Reactants
CHy 1
O, 5.026
N» 16.54
Products
CO, 2.743
H>O 2.246
(@)} 1.037
N» 16.54

represented by T;,,., and it is assumed that this temperature is constant and that
molten zinc alloy leaves the furnace at this temperature. It is observed that the
exhaust gas exits the burners at 1100°F. It is assumed that this temperature,
Toxnaust, s constant. From observation of a gage on the furnace, it is known that
natural gas is received by the burners at 17.02 psia. Using all of this information,
the density of methane can be determined using a thermodynamic equation of
state. For the current analysis, EES is used to determine the density. The mass
flow rate of fuel can be calculated using the density and the known volumetric

flow rate recorded by the furnace operators using the form in Appendix A:

tiicy, = Ven,PcH,- (2.7)

Knowing the mass flow rate of fuel, 7iicy,, Equation 2.8 can be used to calculate

the mass flow rate of the remaining components:
mi = w; - mCH4. (28)

The mass, energy and exergy balances can be applied to the furnace at

steady-state on a rate basis using the combustion analysis. First, looking at the
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conserved quantities of mass and energy, the following equations are applied:

msystem = My — oyt (2.9)

Esystem = Ein - Eout- (2.10)

At steady state, the rate of change in the total mass of the system, Msystem, and the
total energy of the system, Esystem, are both zero.

In order to understand how the system will react to changes in production
volume, it is useful to think of the zinc melt furnace as two control volumes,

illustrated in Figure 2.1. This can be represented in a simpler form by the block

\‘3-‘;
O
i

Molten Zinc

| NI

Air Intake

i]
i
i

\\n

L -

Figure 2.1: Zinc Melt Furnace With Control Volumes
[Thermal Product Solutions, nd]

diagram shown in Figure 2.2. The burners, outlined in red, are described by the
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|

Figure 2.2: Zinc Melt Furnace Energy Balance Diagram

following mass and energy balances:

In these equations, 71, is the mass flow rate of air used for combustion and

0= mCH4 + Mair — Mexhaust

0= E"CH4 + Eair - Eexhaust - Efurnace-

15

(2.11)

(2.12)

Hlexhaust 1S the mass flow rate of exhaust, both calculated using Equation 2.8. Ec H,

is the energy of the fuel entering the burners, E,;; is the energy of the air entering

the burners and E,j,,,5; is the energy of the combustion products. Neglecting
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137
1

kinetic and potential energy, the energy of element “i” is modeled by:

E; = 1it;h;. (2.13)

Here h; is the mass specific enthalpy of the element as an ideal gas evaluated by
EES at the specified temperature using the JANAF table references. The final term
in the burner energy balance outlined in Equation 2.12, E Furnaces 1S the energy
transfered by heat from the burners to the furnace.

The furnace, outlined in blue in Figures 2.1 and 2.2, is described by the

following mass and energy balances:
0= mzinc,in - 7hzinc,out (2-14)
0= Ezinc,in + Efurnace - Ezinc,out - Eheattmnsfer - Eloss- (2.15)

In these equations, 71,y iy, is the mass flow rate of zinc entering the furnace while
Tilzinc out 1S the mass flow rate of zinc exiting the furnace. Ejttrans fer 18 the energy
lost to the environment via convective and radiative heat transfer, which is
estimated using standard heat transfer relations. However, because the calculated
heat transfer may not match the actual heat transfer exactly, a residual term, Ej g,
is defined to account for any differences between these values. In addition, Ej,;
accounts for the energy lost due to deviation from perfect combustion with 4%
excess O and deviation from steady-state operation.

In order to determine the energy transferred to the zinc alloy, it is modeled
as an incompressible substance with a constant specific heat, c,, of 0.10
Btu /by, — F, and an enthalpy of fusion, h ., of 48.6 Btu/Iby, as provided by
the material supplier [Eastern Alloys, 2012][R. Winter, personal communication,
November 13, 2014]. Again neglecting kinetic and potential energy effects, the
energy in the zinc entering the furnace can be determined based on its
temperature:

Ezinc,in = mzinccp T. (2.16)
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The energy of the zinc leaving the furnace can be calculated in a similar manner

but must include the heat of fusion of the zinc, 1o,

Ezinc,out = mzinc(cpT + hfusion)- (2.17)

Heat transfer principles and relations outlined by Bergman et al. (2011) can
be used to calculate Ej rans fer, Which accounts for energy lost by radiation and
convection from the sides of the furnace and portions of the molten metal surface

not covered by the hood, as shown in the following equation:

Eheattransfer = Econvection,metal + Emdiation,metal + Econvection,cuse + Eradiation,case~ (2-18)

The heat loss from the uncovered portions of the metal surface is via convection

and radiation. The rate of energy lost via convection can be calculated by:

Econvection,metul = EA(Tzinc - TO)/ (2-19)

where &1 represents the average convective heat transfer coefficient and A is the
area available for heat transfer. When uncovered, the surface of the molten metal
can be modeled as a hot plate facing upward with natural convection. For such a
situation, / has the following relation:

Nu xk

h = AP

(2.20)

In this equation Nu is the average Nusselt number. The conductivity of the air,
represented by k, is evaluated at the film temperature in EES. P is the perimeter of
the area, A, available for heat transfer. The film temperature is the average of the
zinc temperature, T;,. and the temperature, Tj, of the surroundings.

To calculate the Nusselt number, first the Grashof number must be

calculated. The Grashof number is represented by Gr and is a function of the
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surface geometry, fluid properties and temperature difference. For a horizontal
plate, Gr is calculated using the following equation:

A/P3

Gr = g:B(Tzinc - TO) 2

(2.21)

Here g is the acceleration due to gravity. The fluid properties are evaluated in EES
at the film temperature. These include B, which is the coefficient of thermal
expansion, p, which is the dynamic viscosity and p, which is the density. The
dynamic viscosity and the density are used to find the kinematic viscosity

represented by v using the following equation:
v="1 (2.22)

The Grashof number is used along with the Prandlt number to calculate the
Rayleigh number. The Prandlt number is represented by Pr and it is also
evaluated in EES at the film temperature. The Rayleigh number is calculated as
shown:

Ra = GrPr. (2.23)

The Rayleigh number indicates whether the flow is laminar or turbulent. For the
air flow induced by the hot surface of the uncovered metal, the Rayleigh number
is found to be above the laminar to turbulent transition point, which is 107 for free
convection from a horizontal plate. For this situation of turbulent flow, the

average Nusselt number is found by:
Nu = 0.15Ra"3. (2.24)

In addition to the heat transfer by convection, Ejeqtrans fer includes the
energy lost via radiation from the uncovered metal. Energy lost via radiation

from the uncovered metal can be calculated as:

Eradiution,metul =0 x Axex (T4 — TSL) (2.25)

zinc
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In this equation, ¢ is the Stefan-Boltzman constant and e is the emissivity of the
surface. For these calculation, the emissivity of the zinc surface will be estimated
as 0.11 as given by Omega for zinc and the emissivity of the case of the furnace
will be estimated as 0.8 as given by Omega for oxidized steel [Omega, nd]. The
radiation from the sides of the furnace can be calculated using the following
equation:

Eradiation,case =0o*xAxex (Télase - Tg) (2-26)

In this equation T¢4 is the temperature of the sides of the furnace. To calculate
the convection from the sides of the furnace, represented by Econmtion,wse,
Equation 2.18 is used with the case temperature in place of the zinc temperature.
The sides of the furnace can be modeled as hot vertical plates. For free convection
from a vertical plate, the laminar to turbulent transition occurs at a Rayleigh
number of 10°. Substituting the case temperature of the furnace for the zinc
temperature in Equation 2.20 and using Equation 2.22 to solve for the resulting
Rayleigh number, the flow is found to be laminar. The relations for free

convection from a vertical plate in laminar flow for h and Nu are as follows:
- Nuxk
h =
L
- (0.67 x Ra)1/*
Nu = 0.68 + 1+ (%)9/16)4/9.

(2.27)

(2.28)

The final energy flow impacting the furnace is Ejoss. This term accounts for
deviations from ideal operating conditions such as unsteady operation or
operation with a percent excess O, different from the value set during
maintenance. It also accounts for error in the estimated heat transfer values due
to uncertainty in the empirically determined heat transfer coefficients and
estimated heat transfer values. Since E},; is a combination of so many effects, it

may account for a significant portion of the energy used by the furnace. This is
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not a concern since it is used to match the theoretical model to the observed data.
It will be shown in the following section that this term can be reduced by
modeling the system with improved burners that operate closer to the desired
excess air conditions. Other ways to reduce this term are not likely to exist.

The energy balances were solved using the EES code found in Appendix B
to determine the value of Ej,.. It will be assumed that Ej,, is constant over a
variety of operating conditions because an assumption must be made about the
functionality of Ej, and it is reasonable to assume that the heat transfer and
deviations from ideal operating conditions will not change significantly with the
addition of heat recovery. This will make it possible to use the model to estimate
the fuel used as operating conditions change. The calculated values of the energy
flow rates are listed in Table 2.2.

The zinc and fuel mass flow rates are estimated using measurements taken
by operators on the floor, which introduces the potential for human error. These
measurements have the potential to strongly impact the analysis. To understand
this impact, an uncertainty propagation analysis was performed in EES. The
recorded values of 7, and ritcy, are assumed to have a potential uncertainty of
6.25% or roughly one half an hour of production in an eight hour shift. The value
of uncertainty calculated by EES is reported in Table 2.2. Even with the
uncertainty in these critical measurements, the uncertainty analysis shows that
the model and the values reported are still a good representation of the system.

Just as mass and energy balances are applied to the zinc melt furnace,
exergy balances are applied to better understand where losses occur in the
furnace. Exergy is defined as the maximum useful work that could be obtained
from a system at a given state in a specified environment [Cengel, 2008]. Unlike

mass and energy, exergy is not conserved. It can be destroyed. This results in the
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Table 2.2: Existing Zinc Melt Furnace Energy Flow Rates

Energy Flow Rate | Model Result (Dth/shift) | Uncertainty (Dth/shift)
Ech, 4.0 0.25
Eair 0 0
Eexhaust 1.2 0.074
E furnace 2.8 0.17
Ezinc,in 0 0
Ezinc,out 1.4 0.084
Eheaftrunsfer 0.11 N/A
Eloss 1.3 0.19

following exergy balance:
Xsystem - Xin - Xout + Xdestroyed- (229)

The specified environment used for the furnace analysis, also referred to as the
dead state, is a temperature, Ty, of 77°F and a pressure of, Py, 14.7 psia or
atmospheric pressure. The system boundaries are applied so that the boundary is
at the dead-state and only negligible heat transfer via radiation occurs across the
system boundaries. Mass crosses the boundaries in the form of air, fuel and zinc
entering the system and the exhaust gases and zinc exiting the system. All of the
exergy flows in the equations below are calculated in the EES code found in
Appendix B by the following equation from Advanced Engineering Thermodynamics
by Bejan [Bejan, 1997]:

X; = ritj(hj — ho — To(si — 50)). (2.30)

In this equation X; is the exergy flow rate and 7i; is the mass flow rate of element

2V v
1 1

. The mass specific enthalpy and entropy of element "”i”, represented by h; and
s;, are evaluated in EES at the specified temperature using the JANAF table
reference states for the various ideal gases. Again the zinc is assumed to be an

incompressible substance with constant specific heat and an average melting
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point, T,,,.;;, of 722°F [Eastern Alloys, 2012]. Therefore, h,;,. and s,;,. are

evaluated using the following equations:

Nzine = cpT + hfusion (2.31)

hfusion

Tmel t

Szine = cpln(T) + (2.32)

Evaluating the exergy transfer rate in Equation 2.30 also requires the mass
specific enthalpy and entropy of element “i” evaluated at the dead state
conditions, represented by hy and sy. These properties are again evaluated in EES
using the JANAF reference states for the ideal gases.

The temperatures used to evaluate the exergy transfer terms in Equation
2.30 depend on the extent of the system analyzed. Adjusting the system
boundaries to control the temperature of the exhaust exiting the system can show
where in the system exergy is destroyed. First, the exergy analysis is applied to a
control volume that only includes the portions of the burners where combustion
occurs and excludes the immersion tubes that transfer the heat released by the
combustion to the zinc alloy. It is assumed that the combustion chamber is small
enough that any heat transfer across the boundary is negligible and the exhaust
exits the control volume at the flame temperature. The following exery balance

describes the system:

0= XCH4 + Xair - Xexhaust + Xdestroyed,combustion- (2-33)

Here Xdestroyed,combustion represents the exergy destroyed during the combustion
process. Next, the system boundary is extended so that it includes the whole
furnace with the exhaust leaving at 1100°F. Exergy is still destroyed by the

combustion process as well as by the losses associated with the system such as



23
the heat transfer. The extended boundary results in the following balance:

0 = Xc, + Xair + Xaincin — Xexhaust — Xzincout T Xdestroyed,combustion + Xdestroyed losses-
(2.34)
Finally, the system boundary is extended to that the exhaust exits the system at
the dead-state temperature. Now exergy is destroyed by combustion, the losses
and the exhaust being cooled to the dead-state temperature. This results in the

following balance:

0 :XCH4 + Xair + Xzinc,in
- Xexhaust - Xzinc,out (2~35)

+ Xdestroyed,combustion + Xdestroyed,losses + Xdestroyed,exhaust-

The amount of exergy utilized to heat the zinc can be found by:

Xutilized - Xzinc,out - Xzinc,in- (2-36)

The amount of exergy destroyed by each mechanism is compared to the amount
of exergy entering the system and being utilized for heating the zinc in Table 2.3.
Again an uncertainty analysis is applied to understand how the uncertainty in
the measured variables affects the system model.

The final exergy balance presented in Equation 2.35 is used to determine
the second law efficiency of the zinc melt furnace. The most useful formulation of
the second law efficiency, 717, for the applications discussed here, given by Bejan
[Bejan, 1997], is:

X,
n = = utilized ) (2.37)
Xsupplied

In this equation Xy, prieq is the sum of Xcp,, Xyir and Xy iy This results in a
second law efficiency of 7.6% with an uncertainty of &= 0.67%. The second law

efficiency is presented for all existing and proposed systems in this thesis.
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Table 2.3: Existing Zinc Melt Furnace Exergy Flow Rates

Exergy Flow Rate | Dth/shift | Uncertainty
XcH, 4.0 0.25
Xoir 0 0
Xine,in 0 0
Xdestroyed combustion 1.3 0.082
X destroyedlosses 1.9 0.14
X destroyed,exhaust 0.53 0.033
Xzinc,out 0.31 0.019

Although less common in industry than the first law definition of energy
efficiency, it more accurately compares how energy is used in a facility relative to
the best possible performance. Since exergy is destroyed just as fuel is used up
and electricity is expended, it is, as argued by Petit and Gaggioli, “completely
consistent with our intuition and everyday perceptions; it is what the layman

calls ‘energy’”[Petit and Gaggioli, 1980].

2.1.2 Optimizing Existing Operation

Applying the energy and exergy balances to the furnace reveals
opportunities to improve its efficiency as it currently operates without heat
recovery. The analysis shows exergy is destroyed in the combustion process and
in heat transfer. These losses should be minimized before heat recovery is
applied. New burners can minimize the losses in the combustion process. The
current burners operate by switching between high-fire and low-fire settings.
During low-fire operation, the combustion is not well controlled. The
manufacturer has replaced this burner model with one that can operate by

switching between high-fire and off or high and low-fire. Additionally, the
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amount of air used by each burner during both high-fire and low-fire operation
can be controlled. This is not possible with the old model. The manufacturer
estimates that replacing the burners with the new model will save 30,000 Btu/hr
per burner. This change will reduce Ej,s because Ej,ss accounts for losses due to
inefficiencies in the burners. With five new burners, E;,;, is reduced from 1.3
Dth/shift to 0.49 Dth/shift. More importantly, this results in Ecp, being reduced
from 4.0 Dth/shift to 2.8 Dth/shift. This will result in a cost savings for the
facility, which will be calculated in Chapter 3. This also reduces the energy in the
exhaust stream. Although this is not favorable for implementing heat recovery,
this is the more cost effective way of improving the energy efficiency of the
process. The other energy flow rates in the system and the associated
uncertainties will change as shown in Table 2.4. This is the last time the

uncertainty with be reported in this analysis.

Table 2.4: Optimized Zinc Melt Furnace Energy Flow Rates

Energy Flow Rate | Dth/shift | Uncertainty

Ech, 2.8 0.25

Eair 0 0
Eexhuust 0.83 0.074
Efurnace 1.9 0.17

Ezz’nc,in 0 0
Ezinc,out 1.4 0.084
Eheattmnsfer 0.11 N/A
Eloss 0.49 0.19

The same boundaries and exergy balances established in the exergy
analysis in Section 2.1.1 apply to the modified system, but the values will change
as outlined in the Table 2.5. The table shows that the exergy destroyed by all

aspects of the furnace operation is reduced. This is due to the smaller amount of
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fuel being burned. Xdestroyed,losses is also further reduced because the process more
closely resembles the model, now that the amount of air used for combustion is

controlled at all times. Applying these improvements to the furnace would result

Table 2.5: Optimized Zinc Melt Furnace Exergy Flow Rates

Exergy Flow Rate | Dth/shift
XCH4 2.8
Xair 0
Xing,in 0
Xdestroyed,combustion 0.92
Xdestroyed,losses 1.2
Xdestroyed,exhaust 0.37
Xzinc,out 0.31

in a second law efficiency of 11% compared to the initial efficiency of 7.6%.
Because of the energy and thus cost savings possible with the new burners, all
calculations from this point on assume that this improvement will be made before

implementing heat recovery.

2.1.3 Zinc Heating

The first method of heat recovery to be analyzed is using the exhaust gas
to heat the zinc entering the furnace. Figure 2.3 shows that the energy from the
furnace exhaust enters the heat recovery system as Eexhaust,m and transfers energy
to the incoming zinc, represented by E'Z,-m,hmted,m before exiting as Eexhaust,outr

while the heated zinc enters the furnace as Ezinc,heated,out- The mass and energy
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Figure 2.3: Zinc Melt Furnace with Zinc Heating Energy Balance Diagram

balances change as shown to include these terms:

0= 7’iflCH4 + mair - mexhaust,in
0= mexhaust,in - mexhaust,out
0= mzinc,heated,in - 7’i/lzinc,heuteﬂl,out
0= mzinc,heated,out + mzinc,in - mzinc,out
0= EcH4 + Eair - Eexhaust,in - Efurnace
0= Eexhausif,in + Ezinc,heated,in - Ezinc,heated,out - Eexhaust,out
0= Ezinc,heated,out + Efurnace + Ezinc,in - Ezinc,out - Eheattmnsfer - E‘loss-

In an ideal situation, all of the zinc entering the furnace would be

preheated while the exhaust stream would be cooled to the dead state

(2.38)
(2.39)
(2.40)
(2.41)
(2.42)
(2.43)

(2.44)

temperature. Unfortunately this is not possible because the scrap portion of the

material being melted in the furnace is difficult to handle. Loading it into an area

to be preheated would be impractical. Additionally, the zinc cannot be heated for
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an infinite amount of time. Currently, metal is removed from and added to the
furnace on an hourly basis. Realistically the heat recovery system could be made
large enough to hold two hours worth of bars. This would work by loading the
bars into the heat recovery system in batches. In this design, only the bars being
melted would be preheated for two hours at a time while the scrap material
would still enter the furnace at room temperature. A simple rack, pictured in

Figure 2.4, of square tube stock could allow the bars to be heated on both sides.

Figure 2.4: Zinc Bar Heat Recovery System

In this situation energy would be transfered from the hot exhaust to the
bars via convection. The bars can be modeled as a flat plate with lumped
capacitance in forced convection with both sides of the plate available for heat
transfer. Letting Tj,.,; represent is the final temperature of the bars after being
heated for a length of time, t, the temperature can be calculated using the
following equation:

—hA

= epvczinct, (24:5)

Theat - Texhaust
TO - Texhaust
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Here V is the volume of the batch of bars and p is the density of the alloy. The
average heat transfer coefficient has the following relation for this situation:
Nu *k

h = T

(2.46)

For the heat transfer calculation, all of the thermodynamic properties of the
exhaust are calculated by EES at the average film temperature using the JANAF

reference states. The Nusselt number has the following relation:
Nu = 0.664 * Re'/? « Prl/3. (2.47)
The Reynolds number follows this relation:

Re:u*L.
v

(2.48)

In this equation, u is the air speed of the exhaust as it passes over the zinc bars. It
is estimated by using the mass flow rate of the exhaust and the density of the
exhaust to find the volume flow rate. Dividing the volume flow rate of exhaust by
the cross-sectional area under the hood gives an average velocity of the exhaust,
as shown:

mexhaust
u = —cxhaust (2.49)
pAhood

This analysis requires EES to iteratively solve both the energy balances and the
heat transfer equations since the average film temperature depends on the final
temperature of the bars and the exhaust air speed depends on the heat required
by the furnace. To ensure that the lumped capacitance assumption is valid, the

Biot number, represented by Bi, should be calculated to be less than 0.1:

hx L,

Bz:k.

(2.50)
In this equation, L. is the critical length of the mass being heated:

L.=V/A. (2.51)
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Here V is the volume of zinc being heated and A is the surface area available for
heat transfer. These calculations result in the energy flow rates outlined in Table
2.6. This method of heat recovery reduces Ecp, from 2.8 Dth/shift to 2.6
Dth/shift. It this is because the energy required to heat the zinc to temperature is

decreased as seen in the reduction of E Furnace from 1.9 Dth/shift to 1.8 Dth/shift.

Table 2.6: Zinc Melt Furnace with Zinc Heating Energy Flow Rates

Energy Flow Rate | Dth/shift

ECH4 2.6

Esir 0
Eexhaust,in 0.77
Eexhaust,out 0.63
E furnace 1.8

E.inc eated,in 0

Ezinc,in 0
E.inc heated out 0.14
Ezinc,out 1.4
Eheattrans fer 0.11
Ejoss 0.49

Again, since none of the changes made to the system cross the system
boundaries established for the exergy analysis, the exergy balances will not
change, just the associated values as shown in Table 2.6. The second law
efficiency of this system would be 12% compared to the initial efficiency of 7.6%
and the efficiency of 11% after the burner upgrades. This improvement in the
second law efficiency is due to a very slight reduction in the exergy destroyed.

The exergy destroyed in combustion is less due to less fuel being burned. The
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Table 2.7: Zinc Melt Furnace with Zinc Heating Exergy Flow Rates

Exergy Flow Rate | Dth/shift
XCH4 2.6
Xair 0
Xinc,in 0
Xdestroyed combustion 0.85
Xdestroyed,losSes 1.1
Xdestroyed,exhaust 0.34
Xzincout 0.31

exergy destroyed in the exhaust is less since exergy is transfered to the incoming

zinc instead of being destroyed as the exhaust is allowed to cool.

2.1.4 Air Heating

The hot exhaust from the zinc melt furnace can also be used to preheat the
air used for combustion. Theoretically the exergy of the exhaust stream should go
to zero, indicating that all of the useful work has been extracted and the exhaust
exits at the dead state. This is not practically feasible. An industry standard heat
pipe heat exchanger quoted for this application by MANTRA can preheat the
incoming air to 586°F when the furnace is operating at high-fire [P. Cranny,
personal communication, May 29, 2014]. Figure 2.5 shows the energy flow rates
for this heat recovery system. Eexhaust,,-n is the rate of energy leaving the furnace in
the exhaust and entering the heat exchanger, where it transfers energy to the
incoming air stream, which has an energy flow rate represented by E,;,. The air is
heated in the heat recovery system and exits to the burners with an energy flow
rate of Egjy peated- The exhaust exits the heat recovery system with an energy flow

rate of Eexhuust,out- The following mass and energy balances describe the system:
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Figure 2.5: Zinc Melt Furnace with Air Heating Energy Balance Diagram

0= mCH4 + mair,heated - mexhaust,in

0= mexhaust,in - mexhaust,out

0= Mgy — mair,heated

0= Mzine,in — Mzinc,out

0= ECH4 + Eair,heated - Eexhaust,in - Efurnace

0= Eexhaust,in + Eair - Eair,heated - Eexhaust,out

0= Ezinc,in + Efurnace - Ezinc,out - Eheattmnsfer - Eloss-

(2.52)
(2.53)
(2.54)
(2.55)
(2.56)
(2.57)

(2.58)

Solving these balances in EES results in the energy flow rates outlined in Table

2.8. This method of heat recovery reduces Ec H, from 2.8 Dth/shift to 2.4

Dth/shift. This is a greater reduction than that achieved by heat recovery via zinc

heating. Less fuel is used since energy is brought into the combustion process via

the heated air. E, .}, is reduced because less fuel is used; therefore less mass

exits as exhaust and it is cooler since energy is transfered to the incoming air. The
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other terms remain constant and are not affected by this method of heat recovery.

Again, since none of the changes made to the system cross the system boundary

Table 2.8: Zinc Melt Furnace with Air Heating Energy Flow Rates

Energy Flow Rate | Dth/shift
Ecn, 24
Eair,in 0

Eexhaust in 0.72
Eextaust out 0.47
E furnace 1.9
Ezine,in 0
Euir heated 0.25
Ezincout 14
Eeattrans fer 0.11

Ejoss 0.49

lines established for the exergy analysis in Equations 2.29 through 2.37, the
balances will not change, just the associated values as shown in Table 2.9. This
heat recovery system would result in a second law efficiency of 12% compared to
the initial efficiency of 7.6% and the efficiency of 11% with the new burners. This
method of heat recovery reduces the exergy required by the process. Less exergy
is destroyed in the combustion process because less fuel is used and the air enters
the combustion process heated so less exergy goes into raising the temperature of
the air to the flame temperature. Additionally, less exergy is destroyed in the
exhaust because less fuel is used and the exhaust exits at a cooler temperature;
exergy is transfered to the incoming air instead of being destroyed as the exhaust

is allowed to cool.
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Table 2.9: Zinc Melt Furnace with Air Heating Exergy Flow Rates

Exergy Flow Rate | Dth/shift
XCH4 2.5
Xair 0
Xinc,in 0
Xdestroyed combustion 0.8
Xdestroyed,losSes 1.0
Xdestroyed,exhaust 0.32
Xzincout 0.31

2.1.5 Combined Air and Zinc Heating

The two heat recovery methods outlined above can be combined to
achieve a greater improvement in efficiency. First the hot exhaust will pass over
the zinc bars to preheat them, then through a gas to air heat pipe heat exchanger
in counterflow with the intake air. The heat exchanger used is the same one
described in the last section. It will be assumed that it has the capability to heat
the incoming air to the same temperature quoted in the last section. This is a
reasonable assumption because the system quoted would bleed in different
amounts of cold air to supply the exhaust to the heat exchanger at the same
temperature in both situations. It is assumed that the change in air mass flow rate
would be minimal because the heat transfered to the zinc would be minimal.
Figure 2.6 shows how the system will be modeled. The following mass and

energy balances describe the system:
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Figure 2.6: Zinc Melt Furnace with Zinc and Air Heating Energy Balance Diagram

0= mCH4 + mair,heated - mexhaust,in (2-59)

0= mexhaust,in - mexhaust,out (260)

0= Mgy — mair,heated (2~61)

0= mzinc,heated,in - mzinc,heated,out (2-62)

0= mzinc,in + mzinc,preheated,out - mzinc,out (2-63)
0= E‘CH4 + Euir,heated — Eexhuust,in - Efurnace (2-64)

0= Eexhaust,in + Eair + Ezinc,heuted,in - Eair,heated - Ezinc,heated,out - Eexhaust,out (2-65)
0= Ezinc,in + Ezinc,heated,out + Efurnace — Ezinc,out - Eheattransfer - Eloss* (2-66)
Solving these equations in EES results in the energy flow rates outlined in Table
2.10. This modification results in Ec- H, being reduced from 2.8 Dth/shift to 2.2

Dth/shift. This is the greatest reduction in fuel used by the furnace via heat

recovery. E Furnace 18 reduced because less energy is needed to raise the zinc to the
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required temperature. Eexhaust,out is reduced due to less fuel being used and thus
less exhaust being produced. Additionally the exhaust exits the system at a cooler

temperature after transferring energy to the incoming zinc and air. Again, since

Table 2.10: Zinc Melt Furnace with Zinc and Air Heating Energy Flow Rates

Energy Flow Rate | Dth/shift
ECH4 2.2
Eoir heated 0.28
Eexhaust,in 0.66
E furnace 1.8
Euir 0
Evinc heated,in 0
E.inc heated out 0.13
Eexhaust,out 0.53
Ezinc,in 0
Ezinc,out 14
Eheattrans fer 0.11
Eloss 0.49

none of the changes made to the system cross the system boundary lines
established for the exergy analysis in Equations 2.29 through 2.37, the balances
will not change, just the associated values as shown in Table 2.11. Less exergy is
destroyed in the combustion process because less fuel is being burned and the air
enters the process heated. Less exergy is destroyed in the ”"losses” term because
less energy is transferred from the induction tubes to the furnace. Less exergy is
detroyed in the exhaust because it transfers exergy to the incoming zinc and air

instead of the exergy being destroyed as the exhaust is allowed to cool. This will



Table 2.11: Zinc Melt Furnace with Zinc and Air Heating Exergy Flow Rates

Exergy Flow Rate | Dth/shift

XCH4 2.2

Xair 0

Xzine,in 0

Xinc heated,in 0
Xdestroyed combustion 0.72
Xdestroyed,ZOSSes 0.90
Xdestroyed,exhaust 0.29
Xzinc,out 0.31
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result in a second law efficiency of 14% compared to the initial efficiency of 7.6%

and 11% with the new burners.

2.1.6 Water Heating

There are several types of heated water that may be useful to a

manufacturing facility. No matter the temperature of the water delivered by the

heat recovery system, any system using the exhaust from the zinc melt furnace to

heat water can be modeled as shown in Figure 2.7. Since the energy is not being

Eexhaust,in
_—

L]
Ewater,in
—_———————=

Heat Recovery System

Eexhaust,out
— -

Ewater,nut
-

Figure 2.7: Zinc Melt Furnace with Water Heating Energy Balance Diagram
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fed back into the furnace as in the previous examples, the furnace itself is not
included in the system model. This method will be analyzed for the best case
scenario with the exhaust exiting at the dead-state temperature. The following

mass and energy balances describe the system:

0= mexhaust,in - mexhaust,out (2'67)
0= mwuter,in - mwater,out (2-68)
0= Eexhaust,in + Ewater,in - Eexhaust,out - Ewater,out- (2-69)

Solving the mass and energy balances, the maximum change in the energy
flow rate of heated water is found to be 0.83 Dth/shift. Since the hot water
generated by heat recovery could reduce the load on the low pressure steam
system currently used for water heating, the exergy analysis will not be

calculated here but in Section 2.2, which discusses the steam system.

2.1.7 Power Generation

The zinc melt furnace can operate in conjunction with either a bottoming
or a topping power generation system. In a bottoming system the furnace would
accept air heated by a power generating device, such as a gas turbine or
microturbine [Darrow et al., 2014]. However, gas turbines have poor part load
performance and a start-up time of up to one hour, and the furnace is often
cycling or operating at a partial load. Therefore, this technology will not be
considered further. Instead, a system with a microturbine as the power
generating system will be analyzed. While the previous analyses have used the
average furnace operating conditions, the microturbine will be sized to meet the
maximum requirement for hot air when the burners are on high fire. The new
burners can accept air heated up to 800°F and each has a rated capacity of 500,000

Btu/hr [Hauck Manufacturing Company, 2002]. This information can be used to
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determine the mass flow rate of fuel and air through the furnace during high fire.
Once the maximum mass flow rate of air is known, the energy required to heat
the air can be determined based on the enthalpy of the air at room temperature,

hp, and the enthalpy at the maximum inlet temperature, /;,x:
Qmax = mmax(hmax - hO) (2.70)

Using this equation, the required rate of heat rejection from the microturbine is
found to be 3.6 Dth/shift. Therefore, using a microturbine with an assumed
average efficiency, 77, of 80%, and a heat to power ratio, X, of 0.93, it is calculated
that the required thermal output could be produced while generating 0.2 MW of

power using the following equations [Darrow et al., 2014]:

Epower + Eheat

= : (2.71)
1 Ech,
X = Epower. (2.72)
Eheut

The second law efficiency of the combined zinc melt furnace/microturbine
system is found to be 17% using Equation 2.37 where X1, is the exergy of the
electricity generated plus the exergy used to heat the zinc alloy and Xsupplied is the
exergy of the fuel entering the microturbine and the zinc melt furnace during
high fire operation.

In a topping cycle the furnace would provide heat to a working fluid in a
power cycle. The exergy analysis in Section 2.1.2 estimated the work potential of
the exhaust stream to be 0.37 Dth/shift or 14 kW. This is much smaller than any
commercially available system. As such, this technology will not be analyzed

further because it is not considered feasible.
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2.2 Low Pressure Steam System

2.21 Existing System

All the calculations for the low pressure steam system where performed in
EES and can be found in Appendix C. The low pressure steam system uses boilers
which are tuned to use 4% excess O by volume in the exhaust. Since this is the
same as the zinc melt furnace, the combustion analysis, presented earlier in
Equations 2.1 through 2.8, applies to the boilers as well. Similarly the boilers can
also be thought of as a two part system as illustrated in Figure 2.8. The same
simplifying assumptions applied to the zinc melt furnace apply to this system as
well. Applying mass and energy balances to the burners results in the following

equations:

0= tcHs + Wiy — mexhaust (2-73)

0= ECH4 + Eair - Eexhaust - Eboiler- (2-74)

Applying mass and energy balances to the boilers results in the following

equations:

0= Tater,in — Wsteam,out (2.75)

0= Ewater,in + Eboiler — Esl‘eam,out‘ — Eloss- (2'76)

Because the fuel consumption of the boilers and the percent excess O; are known,
Equation 2.70 can be used along with the combustion analysis to solve for the air
and exhaust mass flow rates. Then the measured inlet and exit conditions
described in Section 1.2.2 are used to solve Equation 2.71 for the energy transfer
rate to the boiler, Ej,;,. Since the boiler surfaces are reasonably insulated, the

losses due to heat transfer are lumped into the Ej,s term. The average operating
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Figure 2.8: Low Pressure Steam System Energy Balance Diagram

conditions are used to solve for Ej,,. This term involves the heat transfer losses
as stated earlier, along with blow down losses and deviation from ideal operating
conditions. Solving the energy balances in EES results in the energy flow rates
outlined in Table 2.12. It should be noted that very little energy in contained in the
exhaust stream. There is energy contained in the water entering the furnace. This
is because the water is first processed in a de-aerator before entering the boilers.
The process for applying the exergy balance to the boiler system is very

similar to the analysis for the zinc melt furnace. First, applying the balance to
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Table 2.12: Existing Low Pressure Steam System Energy Flow Rates

Energy Flow Rate | Dth/shift
Ecp, 27
Egir 0
Eexhaust 12
Eboiter 26
Ewater,in 24
Esteam,out 19
Ejpss 9.2

portion of the burners where the combustion process occurs and excluding the

portion in which heat transfer occurs to the water results in:

0= XCH4 + Xair — Xexhaust — Xdestroyed,combustion- (2.77)

Extending the system and applying the exergy balance so that it includes the
whole of each boiler with the exhaust leaving the system at the measured exhaust

temperature of 235°F results in the following balance:

0= XCH4 + Xair + Xwater,in - Xexhaust - Xsteam,out - Xdestroyed,combustion - Xdestroyed,losses-
(2.78)

Finally, applying the exergy balance so that the exhaust exits the system at the

dead state temperature results in the following equation:

0 :XCH4 + Xair + Xwater,in
- Xexhaust — Xsteam,out (2-79)

+ Xdestroyed,combustion + Xdestroyed,losses + Xdestroyed,exhaust-

The amount of exergy utilized to produce steam can be found by:

Xutilized - Xsteam,out - Xwater,in- (2~80)
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The amount of exergy destroyed by each mechanism and the amount of exergy
utilized for the production of steam is presented in Table 2.13. The table shows
that this exergy destroyed by losses is two orders of magnitude larger than the
exergy destroyed by allowing the exhaust to cool. This is why is it not surprising
that heat recovery is found to not be viable. Xdestroyed,loss cannot be reasonably
reduced. This includes the exergy destroyed as heat is transfered from the hot
combustion products to the water and steam and through the cases to the

environment. This cannot be avoided. All of the exergy flows in the equations

Table 2.13: Existing Low Pressure Steam System Exergy Flow Rates

Exergy Flow Rate | Dth/shift

Xcn, 27
Xair 0

quter,in 0.27

X destroyed combustion 7.8
Xdestroyed,losses 15

X destroyed,exhaust 0.15
Xdestroyed,total 23
Xsteam,out 4.1
Xutilized 3.8

above are calculated in EES and the second law efficiency of the low pressure

steam system is found to be 15%.

2.2.2 Process Heating

Unlike the zinc melt furnace, the burners on the boilers cannot accept

preheated air. Therefore, this method of heat recovery will not be analyzed for
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this situation. Instead, the hot exhaust from the boilers can be used to heat the
water coming into the boiler. The water currently enters the boilers at 220°F after
being processed by the de-aerator. Since the exhaust air exits the boilers at 235°F,
the small difference between the water and the exhaust temperatures would
make heat transfer ineffective. It would be more effective to heat the water going
into the de-aerator to reduce the steam load from the de-aerator. Currently, no
effort is being made to heat the returned condensation and make-up water going
into the de-aerator. The temperature of the water entering the de-aerator is
observed to be approximately 100°F. The de-aerator can accept water up to 180°F
in its current configuration. Assuming all energy in the exhaust could be
transfered to the water going into the de-aerator, then the reduction in the load
can be calculated based on the enthalpy of the air at room temperature, h, and its

enthalpy at the current exhaust temperature, /4:
Qmax - mair(h - hO) (2-81)

Using the exhaust from the boiler this recoverable heat is found to be 1.2
Dth/shift, which would only heat the water to 170°F. Earlier it was considered
that the exhaust from the furnace also could be used to heat water. As indicated
earlier, the zinc melt furnace can only provide 0.83 Dth/shift. Therefore, it would
be better to use the boiler exhaust for water heating. Since the de-aerator is
outside of the low pressure steam system analyzed the exergy going into and out
of the system will change but the second law efficiency presented in Section 2.2.1

will not change.

2.2.3 Power Generation

As seen with the furnace, the exergy contained in the boiler exhaust is too

small to generate power using any commercially available systems. However, the
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boiler could use energy recovered from a power generating process to pre-heat
water entering the de-aerator. The systems available for on-site power generation
that commonly recover exhaust energy in the form of hot water include
reciprocating engines, gas turbines, microturbines and fuel cells

[Darrow et al., 2014]. The waste heat resulting from the power generation, Ej.,;,
and the electrical power generated, represented by Eower, can be calculated by

the following series of equations:

. Epower + Eheat

: (2.82)
1 Ech,
E
e = —" (2.83)
Ech,
X — Epover. (2.84)
Eheat

In these equations, 7 is the overall efficiency of the power producing process,
Ecp, is the energy flow rate of fuel, 7, is the electrical efficiency of the power
producing process, and X is the power to heat ratio of the power producing
process. Average values for the power producing processes evaluated are
reported by the EPA [Darrow et al., 2014]. Gas turbines have poor performance at
partial load; since the boiler often operates at a partial load, this technology will
not be considered further. Reciprocating engines have an average efficiency of
75% and an average power to heat ratio of 0.75 [Darrow et al., 2014]. If this is
used to heat the average flow rate of water going into the de-aerator from 50°F to

180°F, then the rate at which heat must be supplied is:

Eheat - mwater(hmax - hwater)- (2-85)

In this equation /4y is the enthalpy of the water when heated and /. is the
enthalpy as it enters the de-aerator. Based on the equation, 0.15 Dth/shift of heat

must be supplied by the reciprocating engine, and thus it would need to
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generation 0.061 MW of power. The second law efficiency is calculated using
Equation 2.36, where X,;ijieq is the exergy added to the water entering the
de-aerator plus the exergy delivered by the engine as electrical power, and
Xsuppligd is the exergy supplied by the fuel burned in the power producing
process. Applying this definition to the boiler and reciprocating engine system
results in an efficiency of 3.7%.

Microturbines have an efficiency of 80% and a power to heat ratio of 0.93
[Darrow et al., 2014]. Following the same process used for the reciprocating
engine, it can be calculated that heating the water entering the de-aerator would
require the generation of 20 kW of power. As this is smaller than available
commercial systems, this method of heat recovery will not be evaluated further.

Fuel cells have an average efficiency of 67.5% and an average power to
heat ratio of 1.5 [Darrow et al., 2014]. Heating the water entering the de-aerator
would require the generation of 1.9 MW of power. Applying the same process

used for the reciprocating engine and microturbine to the boiler and fuel cell

system results in an efficiency of 6.6%.

2.3 Chilled Water System

2.3.1 Theoretical System

STRATTEC does not currently own a chilled water system that has the
potential for heat recovery. However, since STRATTEC’s current system is
reaching the end of its projected life, a new system will need to be installed in the
coming years. Heat recovery is possible when a chiller systems utilizes
absorption cooling technology. A formal evaluation of the chiller load should be
conducted before any system is quoted. It is reasonable to assume that the system

will be sized somewhere between the current load of 300 TR and an increased
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load up to 500 TR. The evaluation here will be presented so that the analysis can
be applied to a system in this range.

Using the load on the chilled water system, represented by Ej,,4, and the
COP, the maximum rate of heat needed to power the system at full load, Ej,,,;, can
be calculated:

. E
Epeat = C’g”;. (2.86)

For this analysis, the nominal loads of 300 TR and 500 TR will be used. Once the

chiller load is evaluated, a loading factor can be applied to this analysis to
determine how the real system will perform. The heat required to run an
absorption cooling system can be accepted from another process heating system,
as shown in Section 2.3.2, or from a power producing process, as shown in
Section 2.3.3. This heat can be recovered in the form of hot air or exhaust gas, hot
water, low pressure steam or high pressure steam. Absorption chillers can be
either single-stage or two-stage. Single-stage chillers have a typical COP of 0.7
while two-stage chillers have a typical COP of 0.98 but require higher grade heat
[U.S. Department of Energy, 2012]. Certain absorption cooling units are designed
to accept heat in different forms. This analysis will utilize several different

models of absorption chillers to address a majority of the reasonable options for

STRATTEC.

2.3.2 Process Heating

The two major sources of heat in an exhaust stream at STRATTEC are the
zinc melt furnace and low pressure steam system as analyzed in Sections 2.1 and
2.2. As previously calculated and summarized in Table 2.4, the exhaust stream
from the zinc melt furnace has an energy flow rate of 0.83 Dth/shift on average.
Because the energy is measured relative to the energy at the dead state, this

represents the average amount of energy that could be recovered if the exhaust



48

were cooled to room temperature. However, even more energy could be
recovered when the furnace operates at high fire. Based on the approach
described in Section 2.1.7, a maximum of 6.0 Dth/shift could be recovered while
operating at high fire. Similarly, Table 2.12 shows that the exhaust stream from
the low pressure steam system could provide 1.2 Dth/shift of heat on average,
and it has been determined that it could provide a maximum of 8.3 Dth/shift at
max capacity. Based on these numbers, the best case scenario would be to power
a two-stage absorption chiller using the boiler when it operates at high fire,
providing the maximum amount of heat. Applying Equation 2.86, 84 TR could be
generated by the absorption chiller in this situation. This is not sufficient to meet

the cooling load of STRATTEC's facility.

2.3.3 Power Generation

Absorption cooling systems can recover heat from a variety of power
producing process. These include steam turbines, reciprocating engines, gas
turbines, microturbines and fuels cells [Darrow et al., 2014]. The waste heat
resulting from the power generation,Ey,;, and the electrical power generated,

represented by Eower, can be calculated by the following series of equations:

. Epower + Epeat

: (2.87)
1 Ech,
E
e = 222 (2.88)
Ech,
E
X = = (2.89)
Eheat

In these equations, # is the overall efficiency of the power producing process,
Ecp, is the energy flow rate of fuel, 7, is the electrical efficiency of the power
producing process, and X is the power to heat ratio of the power producing

process. Average values for the power producing processes evaluated are
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reported by the EPA [Darrow et al., 2014]. For those processes that appeared
viable, actual values have been obtained from potential suppliers.

As explained earlier, gas turbines have poor performance at partial load.
This makes gas turbines a poor fit for this application as the chillers may often
run at a partial load. Steam turbines have an average overall efficiency of 80%
and an average power to heat ratio of 0.2 [Darrow et al., 2014]. Heat can be
recovered from steam turbines in the form of either low or high pressure steam.
Low pressure steam can be utilized by a single-stage absorption chiller with an
average COP of 0.793 [Johnson Controls, 2010]. With this COP, a 500 TR chiller
would require 2,218 kW of heat input. Based on the steam turbine’s power to heat
ratio, it would need to generate 0.44 MW of power to meet this demand for heat.
High pressure steam can be utilized by a two stage absorption chiller with an
average COP of 1.38 [Johnson Controls, 2010]. In this case the steam turbine
would only need to produce 0.25 MW of power to meet the chiller load. Typical
commercial steam turbines are designed to produce between 0.5 and 250 MW of
power. As such, this is not a good fit for this application [Darrow et al., 2014].

Reciprocating engines have an average overall efficiency of 75% and an
average power to heat ratio of 0.75 [Darrow et al., 2014]. Heat can be recovered
from reciprocating engines in the form of either hot water or low pressure steam
[Darrow et al., 2014]. Both of these options can be utilized by a single-stage
absorption chiller system [Johnson Controls, 2010]. If the chiller has a COP of
0.793, this would require the reciprocating engine to produce 2.19 MW of
electricity and would result in a system second law efficiency of 43%. The second
law efficiency is calculated using Equation 2.37, where X, ;i is the exergy
removed from the water cooled by the chiller plus the exergy delivered by the
engine as electrical power, and Xsupplied is the exergy supplied by the fuel burned

in the power producing process.
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Microturbines have a quoted overall efficiency of 80% and a power to heat
ratio of 0.93 [Darrow et al., 2014]. Heat can be recovered from microturbines in
the form of either heat, hot water or low pressure steam [Darrow et al., 2014].
Both hot water and low pressure steam can be utilized by a single-stage
absorption chiller system [Johnson Controls, 2010]. Assuming the chiller has a
COP of 0.793, this would require the microturbine to produce 2.06 MW with a
system second law efficiency of 40%. If the heat is used to drive a two-stage
absorption chiller instead, the miroturbine would only need to generate 1.45 MW
of electricity with a system second law efficiency of 40%.

Fuel cells have an average overall efficiency of 67.5% and an average
power to heat ratio of 1.5 [Darrow et al., 2014]. Heat can be recovered from fuel
cells in the form of either hot water, low or high pressure steam. Hot water and
low pressure steam can be utilized by a single-stage absorption chiller system.
Assuming a chiller COP of 0.793, this would require the fuel cell to produce 2.84
MW of electrical power, with a system second law efficiency of 27%. High
pressure steam can be utilized by a two-stage absorption chiller system with a
higher COP of 1.38. Therefore, the fuel cell would only need to produce 1.63 MW
of electricity to meet the chiller heat load with a system second law efficiency of
27%.

The analysis assumes that the power generation systems are sized to meet
the heat load of the absorption chiller. The resulting systems were estimated to
produce between 0.25 and 2.84 MW of power. The STRATTEC facility has a base
electrical load of 2.1 MW. Therefore, it is possible for the electricity generated to
exceed this base load, but only with the fuel cell running at full power with a
single-stage chiller. This could be avoided by using a two-stage chiller with a

higher COP.
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CHAPTER 3

THERMO-ECONOMIC ANALYSIS

The analysis performed in Chapter 2 can be used to determine the
economic viability of each heat recovery method. For the economic analysis it
will be assumed that natural gas costs $7.60/Dth while electricity costs
$0.093459/kWh during peak hours, 10 am to 10 pm, and $0.05104 during
non-peak hours. The natural gas price used is the average price per Dth for the
2014 fiscal year, from July 2013 through June 1014, while the electrical rates used
are the rates fixed by We Energies for 2014. Projects will be evaluated based on
the simple payback period for the project. The simple payback period can be

evaluated by the following equations:

Project Cost

Payback Period = m

(3.1)
Cost Savings = AE;gCostyg + AE,CoStyjpc. (3.2)

In this equation, the project cost is made up of the cost of equipment, labor and
downtime associated with implementing the improvement minus any applicable
utility or government incentives. The utility and government incentive that will
be used for this analysis are the Focus on Energy custom incentive program and
the Federal Business Energy Investment Tax Credit. The Focus on Energy custom
incentive provides $0.04 per kWH saved, $125 per peak kW reduced and $0.4 per
therm of natural gas saved [Focus on Energy, 2014]. The program requires that
the project has a payback period between 1.5 and 10 years

[Focus on Energy, 2014]. Additionally the program will only cover up to 50% of a
project’s cost at a maximum of $200,000 per project and $400,000 per year

[Focus on Energy, 2014]. The Federal Business Energy Investment Tax Credit

provides a tax credit of 10% of expenditures on CHP projects up to 50 MW with
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an energy efficiency greater than 60% [U.S. Department of Energy, 2014a]. AE is
the change in annual natural gas use and AE,,. is the change in annual electricity
use, while Costy, is the cost of natural gas and Cost,,, is the cost of electricity.
The change in natural gas use is calculated by comparing the energy flow rate

into a process before and after modifications, Ec H,0ld and Ec H,,new, Tespectively:

AEﬂg = At(ECH4,Old - ECH4,new)- (33)

To calculate the energy saved each year, the time period, At, is set equal to 1095
shifts. This assumes 3 shifts a day, 7 days a week. It is currently STRATTEC's
intention to move toward this type of work schedule, but the calculations could

easily be modified to any number of production shifts per year.

3.1 Zinc Melt Furnace

The new burners to optimize the existing melt furnace without heat
recovery have already been implemented. The new burners recommended in
section 2.1.2 were quoted to cost $15,844 to purchase and install. The cost savings
is expected to be $9,513 per year. This will result in a simple payback period of
1.67 years using Equation 3.1. For this situation, AE; is based on the difference
between Ecp, shown in Table 2.2 and Ecp, shown in Table 2.4.

Utilizing the exhaust from the zinc melt furnace to heat zinc bars before
melting, as shown in Section 2.1.3, would result in a cost savings of $1,535 per
year using Equation 3.2. In this situation AE,,; is based on the difference between
Ecp, shown in Table 2.4 and Ecpy, shown in Table 2.6. This method of heat
recovery would require installing a rack in the furnace to hold the zinc bars while
they are heated before being introduced into the bath. The space for this rack
inside the furnace hood is limited; as such, even if production volume increases,

the amount of zinc being heated would remain constant. However, the amount of
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time spent at high-fire would increase if production volume increases, providing
more heat to the zinc in the exhaust stream, and the cost savings would increase.
After the onset of this project, modifications were made to the hood on the
furnace that have eliminated what room there was for zinc heating. If changes are
made so all scrap is processed at the machine where it is produced or the set-up is
changed to allow room under the hood for bars, then zinc heating could again be
viable.

Utilizing the exhaust to heat air for combustion would result in a cost
savings of $2,916 per year at current production volume using Equation 3.2. In
this situation, AE,¢ is based on the difference between Ec H, shown in Table 2.4
and Ecy, shown in Table 2.8. If production volume were to increase, the cost
savings would increase proportionally since the heat exchanger is sized to the
furnace during high fire operation and the furnace would spend more time at
high fire. The heat pipe heat exchanger supplied by MANTRA is quoted to cost
$25,244 [P. Cranney, personal communication, May 29, 2014]. This results in a
simple payback period of 8.5 years calculated using Equation 3.1, which is
significantly longer than that required by STRATTEC. Applying heat recovery via
both zinc and air would result in a cost savings of $4,640 per year using Equation
3.2. In this situation, AE, is based on the difference between Ec H, shown in Table
2.4 and Ec H, shown in Table 2.10. If production volume were to increase, the cost
savings would follow suit. While these cost savings are greater than with air or
zinc heating alone, the issues of space for zinc heating and the cost of air heating
apply here as well.

Analyzing the operating costs of a topping cycle that uses a microturbine
to produce electricity while supplying the zinc melt furnace with hot air for
combustion reveals that this system would reduce operating costs but have a long

payback period. Using Equation 3.2, the cost savings is found to be minimal



54

becuase the decrease in electricity use barely makes up for the increase in gas use.
AE, is based on the difference between Ec H, shown in Table 2.4 and Ec H, shown
in Table 2.8 plus the fuel used by the microturbine calculated using Equations 2.87
through 2.89. The electricity produced by the microturbine is also found using
Equations 2.87 through 2.89. Although the microturbine will save $8,700 per year
in electricity use and $4,700 per year in natural gas use by the zinc melt furnace, it
is estimated that maintenance on such a system would be $2,200 per year and the
natural gas use by the microturbine would be $8,000 per year. The maintenance
cost is estimated using data from the EPA indicating that microturbine systems

typically cost $0.0185 per kWh to maintain [Darrow et al., 2014].

3.2 Low Pressure Steam System

Heating the water entering the de-aerator tank would result in a cost
savings of $2,920 per year using Equation 3.2. AE;, is based on the reduction in
load calculated in Section 2.2. This is not sufficient to justify the needed expenses
based on an understanding of the cost associated with taking the boiler system
down for a period of time needed for such improvements. Generating power
while heating water entering the de-aerator via a reciprocating engine or a fuel

cell would result in a negative cost savings.

3.3 Chilled Water System

Several systems were quoted to determine the economic feasibility of
implementing an absorption chiller. The systems quoted are a
microturbine/absorption chiller system and a reciprocating/absorption chiller
system. Both systems were quoted for a 300 TR chiller system and a 500 TR chiller
system. Upon quoting the systems, it was realized that the

reciprocating /absorption chiller system is only capable of generating enough
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heat for a 300 TR system with a simple payback of 7.2 years using Equation 3.1.
For these calculations AE, is based on Ecp,, the energy flow rate of gas used by
the reciprocating engine, calculated in Section 2.3.2. The term AE,,. is equal to
Epozuer, the power output of the engine calculated in Section 2.3.2, minus the
power use by the current chiller, reported by the supplier as 0.897 kW /Ton. The
microturbine/absorption chiller system resulted in a much more promising
simple payback of 5.4 years for a 300 TR system. For the 300 TR chiller systems,
the systems are designed to meet the current cooling load. If the new chiller is
sized to have extra capacity that would accommodate future growth in
production, it is estimated that a 500 TR system would be adequate. For a 500 TR
system, the simple payback would be 5.3 years when the microturbines are
controlled to run at full load during peak hours regardless of chiller load. In order
to used standard sized equipment, the 500 TR system would utilize microturbines
that could serve a 600 TR system. This gives the system the ability to
over-produce electricity in excess of that generated while producing heat for the
absorption cooling process. This is only economically beneficial during peak

hours.
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 Zinc Melt Furnace

At this time, no additional changes should be made to the zinc melt
furnace. If the process changes so that all zinc scrap is melted at the machine
generating the scrap and only bars are added to the the zinc melt furnace, then
zinc heating should be implemented. This would increase the savings possible
through zinc heating from $1,535 per year to $3,300 per year. The implementation
of this method of heat recovery is relatively simple, including only the installation
of a shelf in the furnace hood. The main problem with applying heat recovery in
the form of air heating to the zinc melt furnace is the small amount of time the
furnace operates at high fire. If the furnace ever approached full load, then a four
year payback or better could be possible for air heating. However, acheiving a

four year payback for air heating would require an increase in load of over 400%.

4.2 Low Pressure Steam System

At this time, no changes should be made to the boiler system. However, if
the amount of steam generated or the cost of natural gas increases significantly,

then this analysis should be revisited.

4.3 Chilled Water System

When the chiller system is replaced, the actual chiller load should be
determined and a microturbine/absorption cooling system of the appropriate

size implemented.
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44 Overall

Heat recovery is just one way to decrease energy costs. This analysis, while
focusing on heat recovery, also illuminated sources of inefficiencies in the
processes, such as the burners on the zinc melt furnace. Now that models have
been developed for each major process, the tracking of the energy used by major
processes should continue. This information is necessary to continue making
improvements in energy efficiency. As equipment ages and technology improves,

there will always be new opportunities for energy savings.
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APPENDIX A

FURNACE OPERATOR FORM

Table A.1: Form Used to Collect Data From Furnace Operators

Shift
ID #
Bars Melted
Pounds of Scrap Melted
Gas Meter Reading at the Beginning of Shift
Gas Meter Reading at the End of Shift

60
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APPENDIX B

ZINC MELT FURNACE EES CODE

Zinc Melt Furnace Section 1.png

"Dead State Conditions"
T_O=convertemp('CL'F 28]
F_0=1*conwver('atm".'psia")
"Furnace Operating Parameters"
T_exhaust=1100

T zinc=820

T _case=180

phi_02F=0.04
FP_CHA4=[1E6+101.325*comven'kPa' 'psia’)

"Furnace Current Operating Conditians"
ng=3900[f" 3/ hift]

m_ng=ng*density{CHA, T=T_0. P=F_CH4)
m_zinc=11000[km/shift]

"Energy Costs"
cost_ngg=0.0000076[%/Btu]

{Dead State Temperature in F}
{Dead State Fressure in psia}

{Temperature of the exhaustin F as it leawves the
induction tubes}

{Temperure of the malten zincin F}

ITemperature of the case of the furmace in F-
TWolume fraction of 02 in the combustion products}
{The pressure of the natural gas in psia as
received by the Furnace-

Javerage flow rate of natural gas in ft™3/shift during
production as recorded by furnace operatars}
Javerage mass flow rate of natural gas. modeled
as CH4, during production in lb_m/s}

{average mass flow rate of zinc in lb_myshift during
production as recorded by furnace operatars}

{average natural gas price for P14}

cost_elec=(cost_nonpeak+(cost_demand/(30. 5*24[h]))+cost_peak+(cost_demand/(30.5*24[h])0+(

cost_demand_peak/(30.5%12[h]))/2

{awverage of average peak and awverage non-
peak rates

cost_elec_p=cost_peak+(cost_demand/ (30 5*24[h])+icost_demand_peak/(30.5*1 2[h]liHawerage peak

rate including demand charge}

cost_elec_np=cost_nonpeak+(cost_demand,/ (30 5*24[h]){awerage non-peak rate including demand

cost_nonpeak=0.05104[%/Mh]
cost_demand=1306[5/kW]
cost_peak=007118[$4Wh]
cost_demand_peak=7 507 [$/kW]
"Zinc Properties"

c_zihc=0.1

charge}

{hon-peak electrical rate}

Imanthly non-peak demand charge}
{peak electrical rate}

{manthly peak demand charge}

Theat capacity of ZAMAK S in Btu/lb_m-F taken
from supplierwehsite, hito: e earall.comfzine-
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Zinc Melt Furnace Section 2.png

tho_zinc=0.24

k_zinc=b2 F*convert Btuft-he-F' Btu/in-shift-F")

h_fo_zinc = 48.6[Btu/llam)

T_mel=722

"Stoichiometr,"
n_O2R=(2[mol]+x)/{(2[mol]+x)+(2[mol]+*3.76)
n_M2R=((2[mol]+x*3. 762 [mol]+<)+(2[mol]+*3.76)
n_CO2P=1[rmol]{{1[mol]+2[mal]+x+[2[rmol]+x)*3.76)
n_H20P=2[rmol]/1 [mal]+2[mal]+=<+(2[mol]+x*3.76)
n_02P=x{1[mol]+2[mol]+x+(2[rmol]+*3.76)

die-casting-alloys}

{density of ZAMAK 5 in lb_m/in"3 taken from
supplierwebsite, hito /e eazall.com/zinc-die-
casting-alloys}

{thermal conductivity of ZAMAK & in Btu/fin-s-F
taken from supplier website, hitp A eazall.corm/
zinc-die-casting-allows}

{Theat of fusion of ZAMAK S in Btuflb_m from Fyan
YWinter}

{rnelting point of ZAkAR 5L

{role fraction of 02 in the combustion reactants}
{male fraction of N2 in the combustion reactants}
{male fraction of COZ in the combustion products}
{male fraction of HZO in the combustion products}
{male fraction of 02 in the combustion products}

n_MNZP=((2[mol]+x*3.763/(1 [mol]+Z[mol]+x+(2[mol]+<*3.7 6 male fraction of M2 in the combustion products}
w_D2R=((2[mol]+x)*molarmass (021 [mol*malarmass (CHA){mass fraction of 02 in the combustion

reactants}

w_MZR=((2[mol]+x)*3. 7B molarmass(NENAT [mol]*malarmass (CHA{mass fraction of N2 in the combustion

reactants}

w_COZ2P=(1[molP*molarmass(CO01 [mol]*molarmass(CHANmass fraction of COZ in the combustion

products}

w_HZOP=Z[mol]*malarmass{H2 01 [mol]*molarmass{CHA{mass fraction of HZ0 in the combustion

w_D2P=0x*malarmass(02))41 [mol[*molarmass{CH4))

products}
{mass fraction of O in the combustion products}

w_MZP=(({2[mol]+)*3. 76*molarmass(NN1 [mol*molarmass(CHA{mass fraction of N2 in the combustion

p_D2R=n_DzR*F_0
p_MNER=n_MzR*F_0

p_COZF=n_CO2ZF*F_0

products}

{partial pressure of 02 in the combustion
reactants}

{partial pressure of M2 in the combustion
reactants}

{partial pressure of COZ in the combustion
products}
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Zinc Melt Furnace Section 3.png

p_HZOF=n_HZOF*F_D {partial pressure of H20 in the combustion
products}
p_0ZP=n_DZF*F_0 {partial pressure of 02 in the combustion products}
_ =n_ - artial pressure o Inthe combustions
p_MNEF=n_MZF*F_0 {partial p fME inth busti
producs}

phi_02FP=*MWOZvolume(0Z, T=T_exhaust, P=F_013/(1 [molP*MWCO &5 olume(COZ, T=T_exhaust, P=F_0)

+2[molP*MWHZO"alume(HZ20, T=T_exhaust, P=F_Ij+*tW02%alume(0Z, T=T_exhaust, P=P_0+{Z[mal]+

xR W N ESvolume(MNE, T=T_exhaust, P=FP_01) {wolume fraction of 02 in the combustion products}

kW OZ2=maolarmass (02 conven(lb_m/lbmol.lb_m/moll  {molar mass of OZ in lb_m/mol}

kW CO2=molarmass(CO2 convert{lb_m{lbmal lb_m/mali{molar mass of COZ in lb_m/mol:-

kWHZ O=molarmass(HZ20 ™ cormvert(lb_mdlbmol.lb_m/moli{malar mass of H2O in lb_m/mol}

kM2 =molarmass (N2 conver{lb_m/lbmol.lb_m/mol} {molar mass of M2 in lb_m/mol}

"Zinc Melt Furnace Energy and Exergy Balance w/o Heat Fecovery”

"Energy In"

E_CH4=rr_ng*(enthalpy(CHA, T=T_0w_CO2F*enthalpy(COZ, T=T_0w_HZOP*enthalpy(HZ0, T=T_0)-

w_02F*enthalpy(02, T=T_0rw_MNeF*enthalpyitzZ T=T_0){Energy entering the burners in the form of
natural gas estimated as CH4}

E_air=m_ng*{w_0ZFR*enthalpy (02, T=T_0+w_NZR*enthalpy(MNEZ, T=T_0N{Energy entering the bumers in the
form of air estimated as OF and M2}

E_zinc_in=rm_zinc®{T_0-T_0)*c_zinc {Energy entering the furnace in the form of ZAMAK
5 bars and scrap}

"Energy Out"

E_exhaust=m_ng*{w_COZF*enthalpy(COZ, T=T_exhausfi+w_HZOF*enthalpy(H20, T=T_exhaust)+w_02ZF*

enthalpy (02, T=T_exhaust)+w_MNZF*enthalpy(M2, T=T_exhausfi-w_COZP*enthalpy(CO2, T=T_0-w_H20F*

enthalpy(HE0, T=T_0w_02F*enthalpy (02, T=T_0Fw_MNZF*enthalpy(Ne, T=T_0{Energy l[eaving the
burners in the form of exhaust estimated as COZ,
Hz20, OZ, and M2}

E_combustion_products=m_ng*iw_CO2F*enthalpy(COZ. T=T_flame)+w_HZOF*enthalpy(H20, T=T_flarme)+

w_O2F*enthalpy(02, T=T_flame)+w_MNZF*enthalpy(Me, T=T_flame)w_COZ2F*enthalpy(COE, T=T_0)-

w_HZOF enthalpyHZQ, T=T_0w_02FP*enthalpy (02, T=T_0)+w_MNZF“enthalpy(MNE, T=T_07)

E_zinc_out=m_zinc®{(T_zinc-T_0Y*c_zinc + h_fg_zinc) {Energy leaving the furnace in the form of molten
ZARAK B}

"Energy Balance"

E_CH4+E_air=E_exhaust+E_furnace {E_furmace i= the energy transfered from the
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Zinc Melt Furnace Section 4.png

burners to the furnace}
E_zinc_in+E_furnace=E_zinc_out+E_heattransfer+E_loss
E_combustion_products=E_exhaust+E_furnace
"Exergy In"
*_CHA=m_ng*(enthalpy(CHA, T=T_0j+w_02R*enthalpy(0Z, T=T_0)+w_MNZR*enthalpy(MNE, T=T_0}w _COZF*
enthalpyw(CO02, T=T_0rw_HZOP*enthalpy(HZO, T=T_0rw_02FP*enthalpy(02, T=T_0)-w_MNZF“enthalpyiMz,
T=T_0Fconverttemp(F.R.T_0entropy(CHA, T=T_0, P=F_CH4)+w_0ZR*entropy(0Z2, T=T_0, F=F_0zF)+
w_MER*entropy(ME, T=T_0, P=F_MNZR:w_COZFentropy(CO2, T=T_0, P=P_CO2F)w_HZOF*entropy(H20,
T=T_0, P=FP_H20OFrw_0O2F*entropy (02, T=T_0, P=P_DZFw_MNZ2F*entropy(MN2, T=T_0 P=FP_MN2F)
"Exergy Cut"
#_combustion_products=m_ng*w_COZP*enthalpyw(CO2, T=T_flame)-enthalpy (02, T=T_0-convertemp(F.
F.T_0*entropy(CO2, T=T_flame, P=F_COZF-entropy(COZ, T=T_0, P=P_CO2F)))+w_HZOF*enthalpy(HZO,
T=T_flame}-enthalpy(H20, T=T_0)-convertternp(F.R.T_0entrapy(H20, T=T_flame. F=F_H2O0F)-entropy|
H20, T=T_0, P=F_HZOP)i+w_02F*enthalm (02, T=T_flame)-enthalpy(02, T=T_0converdternp(F B T_07*
entropy(02, T=T_flame, P=F_02F-entropy (02, T=T_0, P=F_C2ZF0+w_MN2P*enthalpyNe, T=T_flarme)-
enthalpy(MN2, T=T_0-convertemp(F.RET_0P*entropyiMNZ, T=T_flame, P=FP_MNZFlentropy (M2 T=T_0, P=
F_MNZF)
#_exhaust_interior=r_ng*w_COZP*enthalpy(CO2, T=T_exhaust-enthalpy(COZ, T=T_0-converttempiF.R.
T_0pPientropy(COZ, T=T_exhaust, P=F_CO2F-entropy(COZ, T=T_0, P=P_CO2F)+w_HZO0P*enthalpyiH20,
T=T_axhausfi-enthalpy(HZ0, T=T_0-converttemp(F.RT_0*entropy(HZ0, T=T_exhaust, F=F_HzZ0F)-
entropy(HZ0, T=T_0. P=P_HZOF)))+w_02F4enthalpy (02, T=T_exhaust-enthalpy(O2, T=T_0)-camvertermpl
F.RT_0¥entropy(02, T=T_axhaust, P=F_02F-entropy (02, T=T_0, P=F_02ZF))1+w_MN2F*enthalpy(MNZ, T=
T_exhaust-enthalpy(N2. T=T_0-converttemp(F.E.T_01*entropy(MNE, T=T_exhaust. P=F_MNZF-entropywiNE,
T=T_0. F=F_MNZFN))
»_zinc_out=m_zinc*(T_zinc)*c_zinc-convertemp(F.R T_01c_zinc*In{convertternp(F.R. T _zinc)))-m_zinc™(
T_0*c_zincconvertternp (F.R.T_0*c_zinc*In{converttemp (F.RT_00+m_zinc*(h_fo_zingT_melt)
"Exergy”
#_destroyed_combustion=»_CH4-+_combustion_products
#_destroved_|losses=x_combustion_products-<_exhaust_interior-<_zinc_out
#_destroved_exhaust=r_exhaust_interior
*_destroyed_total=+_destroved_combustion+x_destroved_losses+x_destroyed_exhaust
#_supplied=x_CH{
#_utilized=x_zinc_out
"Zecond Law Efficiency”
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Zinc Melt Furnace Section 5.png
eta_ll=x_utilized/*_supplied
"Zinc kelt Fumace Zincwfo Heat Recowvery Operating Cost"
Cost=E_CH4*cost_ng
"Funace Heat Transfer Claculations"
E_heattransfer=E_case+E_pumpwell+E_burnerarea, {The energy lostfram the furnace at all times wvia

heat transfert
E_rcase=q_case_conwv+g_case_rad {The energy lostfram the furnace via the sides}
o_case_comy=h_out_case*AS*T _case-T_0) {The energy transtered from the furnace to the
surroundings wia convection from the sides}
h_out_case=hussalt_out_case*k_out_case/Hight {The awverage heat transfer coefficient}
AS=AT* 2+ AP {The total surface area of the furnace}

Mussalt_out_case={ BE+(0 67*Re_out_case {1141 +(0.492/Fr_out_case) " (93/16)) " (4/9){MNussalt number
forfree convection from a flatwertical plate with
laminar air flow}

k_out_case=conductivity(air, T=(T_case+T_0)/2yconven('Buthr-i-R Blu/shift-in-F){Conductivity}

Hight=52 5 {The height of the sides of the furnace in in}
Al=5092 5 {Surface ares of the short sides of the furnace}
AZ=H77h {sSurface area of the long sides of the furnace}
Fe out_case=Gr out_case*Fr_out_case {The Reynolds numberk
Fr_out_case=nu_out_casefalpha_out_case {Prandlts number}
Gr_out_case=g#*convert(fys" 2" infshitt"2*beta_out_case®T_case-T_00*Hight™3/mu_out_case™2)
{Grashot Mumber}
nu_out_case=mu_out_casefrho_out_case {Kinematic viscosit}

alpha_out_case=k_oul_case/rtho_out_case*cp_out_casel{ Thermal Diffuskity}

beta_out_case=wvolexpcoef(air, T=(T_case+T_0/2 converd 1/R""1/F{Coefficienty of Thermal Expansion}

mu_out_case=wviscosity(air. T=T_case+T_0/Z*canmvertb_m/f-hr'.'b_m/in-shift{"iscosity}

rho_out_case=density{air. T=(T_case+T_0)/2, F=F_0Tconvertlb_m/M™ 3" lh_m/in" 3 Densit/}

cp_out_case=CP(air. T=(T_case+T_0/Z convertBtu/lb_m-R.' Buflb_m-FHSpecific Heat}

g_case_rad=sigma*AS*e*(T_case™4-T_074) {The energy lost from the furnace to the
environmentwia radiation when the hood is open}

sigma=sigma#*convert'Btuthr-it"2-R" 4" 'Biu/shifi-in ™ 2-F " 4" Stefan-Bolzman constant)

e=11

E_pumpwell=q_pumpwell_conw+g_pumpwell_rad {The energy lost from the surface of the molten
zincin the pumpwell}
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Zinc Melt Furnace Section 6.png

o_pumpwel_convy=h_pumpwell*A_pumpwel (T _zinc-T_0{ The energy lost from the furnace to the
environment via convection}t
h_pumpwell=Nussalt_pumpwel*k_pumpwell/iA_pumpwelllP_pumpwell) {awverage heat transfer coefficient}
A_pumpwell=324 ISurtace area of the bath inin™ 23
Mussalt_pumpwell=015*Fa_pumpwell™0.33 {Musszal number tor turbulent natural comvection
from a horizontal flat plate facing upward}
k_purmpwell=conductivity(air, T=(T_zinc+T_0)/2*conve ] Btufhr-f-R'Btu/shift-in-F"{ Con ductivity}

F_pumpwell=72 {Ferimeter of the bath in in}
Fa_pumpwell=Gr_pumpwel *Fr_pumpwell {Rayleigh number}
Gr_pumpwell=c#*conven(fs"™ 2" infshift™ 2"*beta_purmpwel *(T_zinc-T_01*A_pumpwellP_pumpwell)” 3/
nu_pumpwell "2 {Grashof number}
Fr_pumpwell=nu_pumpwellfalpha_pumpwell {Prandlts number}
beta_pumpwell=valexpooef(air, T=(T_zinc+T_0W2*convert(1/R 1P Coeficient of thermal expansion}
nu_pumpwell=mu_pumpwellfrho_pumpwell IKinematicwiscosity}

alpha_pumpwell=k_pumpwell/{rho_pumpwellFcp_pumpwell{Thermal Diffusivity}
mu_purnpwell=viscosity(air, T=(T_zinc+T_0)/2*corventIb_mit-hr b_mfin-shift 1 {iscositd
tho_pumpwell=density(air. T=(T_zinc+T_0)/2, P=F_0*convertlb_mAt™ 3 lb_m/fin"3"{Density}
cp_pumpwell=CF{air, T=(T_zinc+T_0)/Z convenBtu/lb_m-R','Btuflb_m-F"{Specific Heat}
o_pumpwell_rad=sigma*4_pumpwel*e*T_zinc™4-T_0"4{The energy lost from the furnace to the
environment via radiation when the hood is open}
E_burerarea=q_bumerarea_conv+g_burnerarea_rad {The energy lostfram the surface of the malten
zinc in the burner area}
g_burnerarea_conmw=h_burnerarea®s,_burnerarea™(T_zinc-T_0 The energy lost from the furnace ta the
ervironment wia convection}t
h_burmerarea=MNussal_burmerarea*k_burneraresf(A_burnerares/F_burnerarea)
{awerage heattransfer coefficient}
A_hurmerarea=180 TSurface area of the bath in in™2%
Mussalt_burnerarea=0.15*Ra_burnerarea™0.33 {Muzzal number for turbulent natural comvection
from a horizontal flat plate facing upward -
k_bumerarea=conductivity(air, T=(T_zinc+T_0)/21*canvert Btu/hr-ft-R'Btu/shift-in-F{Conductivity}
F_burnerarea=172 {Ferimeter of the bath in in}
Fa_bumerarea=Gr_burnerarea*Fr_burerarea {Rayleigh number}
Gr_burerarea=g#*conventis™ 2" in/shift™ 2"*heta_burnerarea*(T_zinc-T_0)*(4_bumerares/F_bumerarea)”
Inu_bumerarea™? {Grashof number}
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Fr_burnerarea=nu_burnerareafalpha_burnerarea {Prandlts number}
beta_burnerarea=volexpcoef(air, T=(T_zinc+T_0)/2*convert1 /R "1 /F{ Coefficient of thermal expansion}
hu_kurnerarea=mu_kurnerares/tho_burherarea {Kinematic viscosity}

alpha_burnerarea=k_burnerarearho_burnerarea®*cp_burmerareap Thermal Diffusivity}

mu_kurnerarea=viscosity(air. T=(T_zinc+T_0)/2r*convertlb_m/ft-hr','lb_m/in-shift){viscosity}

tho_burmerarea=density(air, T={T_zinc+T_0)/2. P=P_0*comvertlb_mM" 3" Ib_m/in"39{Density}

cp_burnerarea=CPiair, T=T_zinc+T_0/2*corvert] Biu/lb_m-R'Btu/lb_m-F{Specific Heat}

g_burnerarea_rad=sigma®A_burnerarea*e*(T_zinc™4-T_0" 44 The energy lostfrom the exposed metla near
the burners}

"Zinc Melt Furnace Energy Balance w/jo Heat Recowveny"

"Energy In"

E_CH4_calculated=m_ng_calculated*(enthalpy(CH4, T=T_0w_COZF*enthalpy(COZ, T=T_0)-w_HzOF*

enthalpy(HZ0, T=T_Drw_0zFP*enthalpy(D2. T=T_Dw_MNZP*enthalpy(ME T=T_0))

E_air_calculated=m_ng_calculated*{w_0ZR*enthalpy (02, T=T_0)+w_MNZR*snthalpy (N2, T=T_07)

E_zinc_in_calculated=m_zinc*(T_0-T_0f*c_zinc

"Energy Out"

E_exhaust_calculated=rm_ng_calculated®iw_CO2F*enthalpy(CO2, T=T_axhaust)+w_HZOF*enthalpy(H20,

T=T_exhausti+rw_0ZF*enthalpwiDZ, T=T_exhaust)+w_MNZF*“enthalpy(MNE, T=T_exhausfirw_COZF*enthalpy

Coz, T=T_0Frw_HOF*enthalpywiHzZ0, T=T_0,w_02F*enthalpy (02, T=T_02w_MNZF*enthalpy(™NE T=T_0))

E_zinc_out_calculated=m_zinc*{(T_zinc-T_0*c_zinc + h_fg_zinc)

E_loss_calculated=1.330E+06 [Btu/shift] {E_loss calculated from Energy Balance}

"Energy Balance Calculated"

E_CH4_rcalculated+E_air_calculated=E_exhaust_calculated+E_furnace_calculated

E_zinc_in_calculated+E_furmace_calculated=E_zinc_out_calculated+E_heattranster+E_loss calculated

"Optimized Zinc Melt Furnace Energy Balances wfo Heat Fecowven”

"Estimated Energy Sawved By Mew Burners as Quoted by Manufacturer”

E_newburners=30000*5*canwvertibtufhr.biu/shiff)

E_CH4_optimized=E_CH4-E_newburners

"Energy In"

E_CH4_optimized=m_ng_optimized*enthalpy(CHA, T=T_0Fw_COZF*enthalpyCOZ, T=T_0)-w_HZOF*

enthalpy(HZ0, T=T_Ow_02F*enthalpy(02, T=T_02w_MNZF*enthalpy(ME T=T_0))

E_air_optimized=m_ng_optimized*jw_0ZR*enthalpy(02, T=T_01+w_MNZR*enthalpy(Me, T=T_07)

E_zinc_in_optimized=m_zinc™*([T_0-T_0rc_zinc

"Energy Out"
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E_exhaust_optimized=m_ng_optimized*iw_CO2F*enthalpy(COZ, T=T_exhausfi+w_HZOF*enthalpw(HZ0, T=
T_exhaust)+w_02FP*enthalp (02, T=T_exhaust)+w_MEZPenthalpy(MNE, T=T_exhaust)iw_CO2F*enthalmy(
COZ, T=T_0prw_H2OF*enthalpyiHz20, T=T_0)w_02P*enthalpy(02, T=T_0w_MNZF*enthalpyMNz, T=T_07)
E_zinc_out_optimized=m_zinc*{(T_zinc-T_1*c_zinc + h_fg_zinc)

"Energy Balance"

E_CH4_optimized+E_air_optimized=E_exhaust_optimized+E_fumace_optimized
E_zinc_in_optimized+E_furmace_optimized=E_zinc_out_optimized+E_heattransfer+E_loss_optimized
"Exergy In"

*_CHA_optimized=m_ng_optimized*(enthalpy(CHA, T=T_0)+w_02R*enthalpy(O2, T=T_0)+w_MNZR*
enthalpy(MNE, T=T_0)w_COzP*enthalpy(COZ T=T_0)w_H2O0F*enthalpy(HZ20, T=T_0Fw_0ZF*enthalpy (02,
T=T_0w_MNZP*enthalpy(M, T=T_0-converttemp(F.R.T_01*{entropyiCHA, T=T_0, P=F_CH4)+w_0z2R*
entropy (02, T=T_0, P=F_0ZR)+w_NzR*entropy(Nz, T=T_0, F=F_MZR}w_COZF*entropy(COZ T=T_0, F=
FP_CO2FRw_HZOF*entropy(H2 0, T=T_0, P=F_HZOF)w_0ZF“entropy (02, T=T_0. F=F_0ZF)w_MNZF*
entropy (N2, T=T_0, P=F_MN2F))

"Exergy Out"

»_comb_products_optimized=m_ng_optimized*w_COZ2F*enthalpy(CO2. T=T_flame)-enthalp {COZ T=
T_Orconvertemp(F.R.T_0/*entropy(COZ, T=T_flame, P=F_COZF-entropy(COZ T=T_0, P=F_COZF)+
w_HZOP*(enthalpyiHZ0, T=T_flame)-enthalpy(H2 0, T=T_0)-convertemp(F.R.T_01*entropy(HEO, T=
T_flame, F=F_HZ0OF-entropy(HZ0, T=T_0. F=F_Hz2O0F)))+w_D2F*enthalpy(02. T=T_flame}-enthalp (02,
T=T_0comettemp(F,R.T_0*entrapy(02, T=T_flame, F=F_02F-entrapy(02, T=T_0. F=F_02F))+w_MN2F*
(enthalpy(MNE, T=T_flame)-enthalpy(MN2, T=T_0-convertempF. R T _0MentropyiMN2, T=T_flame, P=FP_MN2F)-
entropy(NZ, T=T_0. P=F_MN2F))

¥ _exhaust_interior_optimized=m_ng_optimized w_CO2ZP*enthalpyw(COZ, T=T_exhausfl-enthalpy(COE, T=
T_Orconvertemp(F.R.T_0Pentropy(COZ, T=T_exhaust, P=F_COZF-entropy(COZ, T=T_0. F=F_COzF+
w_HZOF*(enthalpyiHZ0, T=T_exhaust-enthalpy(HZ0, T=T_0-canverttemp(F.R.T_0*entropw(HEZ0, T=
T_exhaust, P=F_HZO0Fentrapy(H20, T=T_0, P=F_HZO0F)) +w_02F*enthalpy(02, T=T_exhausfi-enthalpy(
0z, T=T_0-comvertermnp(F.R.T_0entropy(02, T=T_exhaust, P=F_02F)-entropy(0Z, T=T_0, P=F_D2F)))+
w_MNZF*(enthalpy(NE, T=T_exhaustl-enthalpyiMz, T=T_Urconverttemp(F.B.T_0*entropyNe, T=T_exhaust,
F=F_MEF-entropy(MZ, T=T_0, P=F_MNZF))
¥_zinc_out_optimized=m_zinc*{(T_zinc)*c_zinc-converttemp(F.R.T_07*c_zinc*In(convertemp(F.R.T_zinc))-
m_zinc*(T_Fc_zinc-converttemp(F.R.T_07*c_zinc*In(converttermp(F.R.T_01+m_zinc*(h_fg_zing/T_melt)
"Exergy”

*_destroved_comb_optimized=+_CH4_optimized-+_comb_products_optimized
»_destroved_losses_optimized=x_comb_products_optimized=<_exhaust_interior_optimized-
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Zinc Melt Furnace Section 9.png
»_zinc_out_optimized
»_destroved_exhaust_optimized=x_exhaust_interior_optimized
¥_destroved_total_optimized=+_destroved_comb_optimized+*_destroyed_losses_optimized+
¥ _destroved_exhaust_optimized
»*_supplied_optimized=x_CH4_optimized
¥_utilized_optimized=+_zinc_out_optimized
"Second Law Efficiency”
eta_ll_optimized=x_utilized_optimized/~_supplied_optimized
"Zinc Melt Furnace Zincwfo Heat Recowvery Operating Cost!
Cost_optimized=E_CH4_optimized*cosi_ng
CostSavings_optimized=Cost-Cost_optimized
"Zinc Melt Furnace Energy Balance wf Zinc Heating”
m_zinc_heat=m_zinc*0.55 {only bars melted are heated by exhaust:
"Energy In"
E_CH4_zinc=m_ng_zinc*{enthalpy(CHA, T=T_0Fw_COZP*enthalpy(C02, T=T_Dirw_HZ0OF*enthalpy(HEZO,
T=T_0}w_0ZF*enthalpy(02, T=T_0Fw_MN2F*enthalpy(ME, T=T_07)
E_air_zinc=m_ng_zinc*w_02FR*enthalpy (02, T=T_0j+w_MNZF*enthalpyNE T=T_07)
E_exhaust_in_zinc=m_ng_zinc*iw_CO02F*enthalpy(C0E, T=T_exhausf+w_HZOF*enthalpy(H20, T=
T_exhaust)+w_02F*enthalpy(02, T=T_exhausfi+w_MNZF*enthalpy (M2, T=T_exhausti-w_COZF*enthalpy|
SOz, T=T_0ppw_H2OFP*enthalpy(H20, T=T_Dlw_DZP*enthalpy (02, T=T_Dw_MNZP*enthalpy(MNE, T=T_07)
E_zinc_in_zinc=(m_zinc-m_zinc_heaff*c_zinc®T_0-T_0)
E_zinc_heat_in_zinc=m_zinc_heat*c_zinc®(T_0-T_0)
E_zinc_heaf_out_zinc=m_zinc_heatic_zinc*(T_zinc_preheat-T_07)
"Energy Out"
E_exhaust_out_zinc=m_ng_zinc*w_COZF*enthalpy(COZ, T=T_exhaust_zinc)+w_HZOF*enthalpy(HZ0, T=
T_exhaust_zinc)+w_02F*enthalpy(02, T=T_exhaust_zinc)+w_MN2F*enthalpy(MNE, T=T_exhaust_zinc)-
w_COZF*enthalpy(C0O2, T=T_0)w_HZOF*enthalpyHZ0, T=T_0hw_0ZF*enthalpy (02, T=T_0rw_MN2F*
enthalpy(MNe, T=T_07)
E_zinc_out_zinc=m_zinc®c_zinc®(T_zinc-T_0)+ h_fg_zing)
E_loss_optimized_calc=488607 [Biu/shif]
"Energy Balance"
E_CH4_zinc+E_air_zinc=E_exhaust_in_zinc+E_furmmace_zinc
E_exhaust_in_zinc+E_zinc_heat_in_zinc=E_exhaust_out_zinc+E_zinc_heat_out_zinc
E zinc_in_zinc+E_zinc_heat_out_zinc+E_furnace_zinc=E_heattransfer+E_zinc_out_zinc+E_|
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oss_oplimized_calc

"Exergy In"

#*_CH4_zinc=m_ng_zinc*enthalpy(CHA, T=T_0j+w_02R*enthalpy(0Z, T=T_0)+w_MNZR*enthalpy(MNe, T=T_0)
-w_C02F*enthalpy(CO2, T=T_0Fw_HZ0FP*enthalpy(H20, T=T_0w_02F*enthalpyw(O2, T=T_0Fw_MNZF*
enthalpy(ME, T=T_0-comvertternp(F.RT_0entropy(CHA, T=T_0, P=P_CH1+w_02R*entropy (02, T=T_N0,
P=F_D2R)+w_MNZR*entropy(MNE, T=T_0, P=P_N2R)~w_COZFP*entropy(CO2, T=T_0, P=P_CO2F)w_HZO0P*
entropy(H20, T=T_0, F=F_HZO0F)-w_02F*entropy(02, T=T_0. P=F_02F)~w_MNZF*entrapyiME, T=T_0. F=
P_MNZF

"Exergy Out"

¥ _comb_products_zinc=rm_ng_zinc®w_CO02FYenthalpy(CO2, T=T_flame)-enthalpy(C0O2, T=T_0F
convertemp(F.R.T_0{entropy(CO2, T=T_flame, F=F_CO2Fentrapy(COZ, T=T_0. P=F_COZF)))+w_HzOPF*
(enthalpy(HEZ0, T=T_flame)-enthalpy(H20, T=T_0rconverternp(F.R.T_0*entropy(H20, T=T_flame. P=
F_HZOF-entropyiH20, T=T_0, F=F_HzOF)+w_02F*enthalpy(0Z, T=T_flame)-enthalpy(0Zz, T=T_0)-
converttemp(F.R.T_0*entropy{02. T=T_flame. F=F_0ZFrentropy (02, T=T_0, P=F_D2F+w_NZF*|
enthalpy(Me, T=T_flamel-enthalpy(ME, T=T_0r-converttemp(F.RT_0¥entropyiMNE, T=T_flame, P=P_MN2F)-
entropy(NZ, T=T_0, P=P_N2F))

*_exhaust_interior_zinc=m_ng_zincw_CO0ZF*enthalpyiCO2, T=T_exhausti-enthalpy(COZ, T=T_0)-
converttemp(F.R.T_0*entropy(COZ T=T_exhaust, P=F_COZF-entropy(COZ. T=T_0. P=F_COZF+
w_HZOPenthalpy(HZ0, T=T_exhaustfi-enthalpy(HZ0, T=T_0-converttemp(F. R T_00{entrapywiHZ0, T=
T_exhaust, P=FP_HZ20F-entropy(HZ 0, T=T_0. P=FP_HZOP+w_0ZF*enthalpy (02, T=T_exhausti-enthalpy(
0&, T=T_0-corvertemp(F.R.T_0¥*entropy (02, T=T_exhaust, P=P_02F-entropy (02, T=T_0, P=F_DZFN)+
w_MZF*(enthalpyiNe, T=T_exhaust-enthalpyw(NZ, T=T_D-convertemp(F.RT_0*entropyw(MNZ, T=T_exhaust,
F=F_MZF-antropy(ME, T=T_0, P=F_MZFN))

¥_zinc_out_zinc=m_zinc*{[T_zinc*c_zinccorerttemp(F.R T_0)*c_zinc*In{convertemp(F. BT _zinc)))-
m_zinc*{T_0*c_zinc-conwvertemp(F.R.T_0c_zincIn{convertemp(F.R.T_01+m_zinc*(h_fg_zing/T_mel)
"Exergy”

»_destroyed_comb_zinc=x<_CH4_zinc->x_comb_products_zinc
»_destroyed_losses_zinc=r_comb_products_zinc-+_exhaust_interiar_zinc-¥_zinc_out_zinc
»_destroyed_exhaust_zinc=+_exhaust_interior_zinc
»_destroyed_total_zinc=x_destroved_comb_zinc+¥_destroved_losses_zinc+¥_destroved_exhaust_zinc
»_supplied_zinc=x<_CH4_zinc

#_utilized_zinc=¥_zinc_out_zinc

"Second Law Efficiency”

eta_ll_zinc=x_ufilized_zincd<_supplied_zinc
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Zinc Melt Furnace Section 11.png
"Zinc Melt Furnace Zinc wfo Heat Recowvery Operating Cost"
Cost_zinc=E_CH4_zinc*cost_ng
CostSawvings_zinc=Cost_optimized-Cost_zinc
"Zinc Heating Heat Transfer Calculations"

h_zinc=Mussalt_zinc*k_air_zing/{W1_zinc*n_zinc) {awerage heat transfer coefficient}

A zinc=L_zinc™A_zinc*n_zinc*? {Surtace area of the batch of bars loaded for
preheating}

L_zinc=2R {Length of zinc bars being heated}

W'l _zinc=3.375 Tvidth of zinc bars being heated’-

n_zinc=30 {humber of bars being heated each hour}

Mussalt_zinc=0.664*Fe_zinc™(1/2y*Fr_zinc™(1/3) {Mussal number for laminar convection (Re < 500,

000) to & horizontal flat plate}
k_air_zinc=conductivite(air, T=T_filrm_zinc)*conwvert Btuhe-t-R'Btu/shifttin-F' 1 Conductivity)

Fr_zinc=nu_zincfalpha_air_zinc IFrandlt number}
Fe_zinc=u_zinc™A\1_zinc™n_zinc/nu_zinc {Reynaolds number}
hu_zinc=mu_zinc/tho_air_zinc IKinematic viscosity}
alpha_air_zinc=k_air_zing/{rho_air_zinc*cp_air_zinc) {Thermal Diffusivity of airk

A_airshi*12 Tarea of exhaustinletin fumace in in™2}%

u_zinc=m_ng_zinc*fw_CO2P*olume(CO2, T=T_film_zinc, P=F_CO2F ™ conwert(ft™ 3 _rm.in"3/lkb_m)+
w_H2OP*salume(H20, T=T_film_zinc, P=F_H2O0F*convent(ft™ 3b_m.in™ 3/lb_mi+w_02P*olume(02, T=
T_film_zinc, P=FP_0ZPcomert(ft™ 3/ b_m.in " 3Ab_mi+w_MNZP%olume(MN2, T=T_film_zinc, P=F_NZF*corven]
"3/ b_rr.in™ 3Ab_m))/iA_air) Jassumed air spead)
mu_zinc=viscasitylair, T=T_film_zinc*conwvert lb_mf-hr'. lb_m/in-shift}{iscosity}
tho_air_zinc=density(air, T=T_film_zinc, P=F_0*convent lh_m/ft™ 3" Th_m/fin" 3 Density}
cp_air_zinc=CPiair, T=T_film_zincf*comeert(Btuilb_m-R.'Biufllb_m-F{Specific Heat}
(T_zinc_preheat-T_exhaust)(T_0-T_exhausfi=exp(-((h_zinc*A_zinc)/{tho_zing™/_zinc*c_zinc) ™)
{Transient heating of bars for 2 hour}
Theta=(T_zinc_preheatT_exhausf/(T_0-T_exhaust)
Y ozinc=A_zinc* W2 _zinc

W2_zinc=1.625,2 {Hight of bars being heated}
t=60*6 *Z*convert(s, shiff) {Figure out a way to let the zinc preheat this long-
Bi_zinc=th_zinc*Lc_zinc)fk_zinc {Biot numberta confirm lumped capacitance}

Lc_zinc=Y_zing/(A_zinc)
T_awverage_zinc=(T_zinc_preheat+T_0)/2
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T_awverage_exhaust=(T_exhaust+T_exhaust_zinc),?

T_film_zinc=(T_awverage_zinc+T_awverage_exhaust)/2

"Zinc Melt Furnace Energy Balance w/ Air Heating”

T_air_heat=h36{300} {The temperature of preheated air using MaANTRA
gas to air heat exchangerdMax Temperature of
heated airto burners}

"Energy In"

E_CH4_air=m_ng_air‘{enthalpyw{CTH4, T=T_0Fw_COZF*enthalpy(COZ, T=T_0)Fw_H2OF“enthalpy(H2Z0, T=

T_0Fw_O2P*enthalpy(02, T=T_0irw_MNZP*enthalpyiMNz, T=T_07)

E_air_heat_air=m_ng_airtw_02F*enthalpy(02, T=T_air_heati-enthalpy (02, T=T_011+w_MNZF*enthalpyNEZ,

T=T_air_heat-enthalpy (M, T=T_0M

E_exhaust_in_air=m_ng_airfw_COZF*enthalpy(COZ, T=T_exhausti+w_HZOF*enthalpy(HZ0, T=T_exhausf)

+w_D2FP*enthalpy(02, T=T_exhaust)i+w_MNZFenthalpy(MNE, T=T_exhaust-w_COZP*enthalpy(C02, T=T_0r

w_HZOFP*enthalpyHZO, T=T_0-w_02F*enthalpy (02, T=T_01-w_MNZF*enthalpy(MNe, T=T_07)

E_air_air=m_ng_airw_DZF*enthalpy (02, T=T_0+w_MNeF*enthalpyw(NZ, T=T_07)

E_zinc_in_airsm_zinc*c_zinc*(T_0-T_0)

"Energy Out"

E_zinc_out_air=m_zinc™*{c_zinc*(T_zinc-T_0)+ h_fg_zinc)

E_exhaust_out_air=m_ng_air{w_COZP*enthalp(COZ, T=T_exhaust_air)+w_HZOF*enthalpy(H20. T=

T_exhaust_air)+w_02ZP*enthalpy(02, T=T_exhaust_aif+w_MN2P%nthalpyMNE, T=T_exhaust_air-w_CO2F*

enthalpy(CO2, T=T_0):w_HZOF*enthalpy(HZ0, T=T_0)-w_DZF*enthalpy(02, T=T_0rw_MNzF*enthalpy(Me,

T=T_00

"Energy Balance"

E_CH4_air+E_air_heat_air=E_exhaust_in_air+E_furnace_air

E exhaust_in_air+E_air_air=E_air_hesat_air+E_exhaust_out_air

E_zinc_in_air+E_furnace_sair=E_zinc_out_air+E_heattransfer+E_loss_optimized_calc

"Exergy In"

*_CHA_air=rm_ng_airenthalpy(CHE, T=T_0+w_02R*enthalpy (02, T=T_0)+w_MNZR*enthalpy (N2, T=T_0)-

w_COZF*enthalpy(COZ, T=T_0w_HZOF*enthalpy(HZ0, T=T_0=w_OZF*enthalpy (02, T=T_0Fw_ MNP

enthalpy(ME, T=T_0-convertemp(F.R.T_0*entropy(CHY, T=T_0, P=F_CHd4)+w_02R*entropy(0OZ, T=T_0

P=F_02ZR)+w_MNZF*entrapyMN2, T=T_0, F=F_MNZF}-w_CO2P“entrapy(CO2, T=T_0, P=P_CO2F)-w_HZ20

entropy(H20, T=T_0, P=F_HZO0Fprw_DzF*entropy (02, T=T_0. P=F_DZFrw_MZF*entropy(Nz, T=T_0. F

P_MNZF

"Exergy Out"

g
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¥ _comb_products_air=m_ng_airfw_C0ZP*enthalpy(C02, T=T_flamel-enthalpy(COZ, T=T_0)-convertemp(
FRT_0¥entropy(COZ, T=T_flame, P=F_CO2ZFl-entropy(C0O2, T=T_0, P=F_COZF)))+w_HZOF*enthalm
H20, T=T_flameenthalpyiH20, T=T_Drconvertermp(F. R T_0*entropyHZ0, T=T_flame, P=F_HZ0OF)-
entropy(HZ0, T=T_0, P=P_HZOF))+w_0z2P*(enthalpy(0Z, T=T_flamelenthalpwiDz, T=T_0)-convertemp(F,
R.T_0*(entropy(02, T=T_flame, F=F_0ZF-entropy(02, T=T_0. P=FP_Dz2F)))+w_MNeF*{enthalpy(Nez. T=
T_flarmel-enthalpyiNe, T=T_0Fconvertermp(F.R T_0*entropy(MNE, T=T_flame, P=FP_NZFl-entropy (N2, T=
T_0, P=F_M2FI

»_exhaust_interiar_air=m_ng_airfw_C02F*enthalpy(C02, T=T_exhausfi-enthalpy(COZ, T=T_0)-
convertempiF. R T_0entropy(COZ, T=T_exhaust, P=FP_COZF)-entropy(COZ, T=T_0, P=F_CO2F))+
w_HZOP*enthalpy(HED, T=T_exhaust-enthalpy(HZ0, T=T_0)-convertemp(F.B.T_0*entropyw(HZ20, T=
T_exhaust, F=FP_HZOF-entropy(HZ0, T=T_0, F=P_HZ0F)))+w_02F*enthalpy(02, T=T_exhausti-anthalpy(
02, T=T_0FconvertempiF.R.T_0*entropy(0Z, T=T_exhaust, P=F_0ZFrentropy (02, T=T_0, P=F_0ZF+
w_MNZP9enthalpy(NZ, T=T_exhaust-enthalpy(NZ, T=T_Drconvertemp(F.RT_0Mentropy(N2, T=T_exhaust,
F=F_MEF)-entrapyiMe, T=T_0. F=F_MNZF])
»_zinc_out_air=m_zinc*{(T_zinc)*c_zinc-converttemp(F, R T_01*c_zinc*n(convertternp(F.R.T_zing))-m_zinc*(
T_0*c_zincrconverternp(F R T_07c_zinc*n{comverttermp(F.R.T_0+rm_zinc*(h_fo_zing/T_melf)

"Exergy”

¥_destroyed_comb_air=x_CH4_air<_comb_products_air
¥_destroyed_losses_air=¥_comb_products_airx_exhaust_interior_air-+_zinc_out_air
¥_destroyed_exhaust_air=x_exhaust_interior_air
¥_destroyed_total_air=x_destroved_comb_air+»_destroyved_losses_air«<_destroved_exhaust_air
»_supplied_air=x_CH4_air

H_utilized_air=¥_zinc_out_air

"Second Law Efficiency”

eta_||_air=+_utilized_airf<_supplied_air

"Zinc Melt Furnace Zinc wfo Heat Recowvery Operating Cost"

Cost_air=E_CH4_aircost_ng

CostSavings_air=Cost_optimized-Cost_air

"Zinc Melt Furnace Energy Balance wf Zinc and Air Heating"

"Energy In"

E_CH4_zincair=m_ng_zincair{enthalpy(CHE, T=T_0j=w_COZF*enthalpy(COZ, T=T_0i=w_HZOF*enthalpy(
HZO, T=T_0~w_D2ZP*enthalpy (02, T=T_0Fw_MN2F*enthalpy(M2, T=T_07)
E_air_heat_zincair=m_ng_zincairfw_0ZR*enthalpy(02, T=T_air_heatl-enthalpy (02, T=T_0)+w_MN2R*{
enthalpy(NE, T=T_air_heat-enthalpy (02, T=T_011
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E_exhaust_in_zincair=rm_ng_zincairiw_COZF*enthalpy(COZ. T=T_exhausfi+w_HZOF*enthalpy(HZ0, T=
T_exhaust)+w_02F*enthalpy(02, T=T_exhausti+w_MN2F*enthalpy(MNz, T=T_exhaustiw_COZF*enthalpy(
COZ2, T=T_0rw_H20F*enthalpy(H20, T=T_0i~w_02F*enthalpy (02, T=T_0mw_N2F*enthalpy(™NE, T=T_07)
E_zinc_heaf_in_zincair=m_zinc_heat*c_zinc*(T_0-T_0)
E_zinc_in_zincair=(m_zinc-m_zinc_heatfc_zinc*(T_0-T_0
E_zinc_heaf_out_zincair=m_zinc_heat*c_zinc®(T_heaf_zincair-T_0)
E_air_heat_in_zincair=m_ng_zincairfw_OZ2R*enthalpy(0Z2, T=T_0+w_MNZR*enthalpy (N2, T=T_07)

"Energy Out"

E_exhaust_out_zincair=m_ng_zincairw_CO2ZF*enthalpy(COZ, T=T_exhaust_zincair)+w_HZOF*enthalpy
H20, T=T_exhaust_zincair+w_0ZF*enthalpy(0Z T=T_exhaust_zincair)+w_MNZF*enthalpyMN2, T=
T_exhaust_zincair-w_COZF*enthalpy(CO2, T=T_0Fw_HZOFP*“enthalpy(HZ0, T=T_01w_02F*enthalpy (02,
T=T_0w_MN2P*enthalpy(MN2, T=T_07)

E_exhaust_out_out_zincair=m_ng_zincairfw_COZF*enthalpy(C0Z, T=T_exhaust_zincair_out)+w_HZOP*
enthalpy(HZ0, T=T_exhaust_zincair_outl+w_02F*anthalpy(02, T=T_exhaust_zincair_out)+w_MNZF*enthalpy
ME. T=T_exhaust_zincair_outlw_CO2P*enthalpy(CO02, T=T_0w_HZOP*enthalpy(HZ0, T=T_0}-w_02P*
enthalpy(02, T=T_0)w_N2F*enthalpy(Nz, T=T_0))
E_zinc_out_zincair=m_zinc*{c_zinc*(T_zinc-T_0)+h_fg_zinc)

"Energy Balance"

E_CHA_zincair+E_air_heat_zincair=E_egxhaust_in_zincair+E_furnace_zincair

E furnace_zincair+E_zinc_in_zincair+E_zinc_heat_out_zincair=E_zinc_out_zincair+E_heaftransfer+
E_loss_optimized_calc
E_exhaust_in_zincair+E_zinc_heat_in_zincair=E_exhaust_out_zincair+E_zinc_heat_out_zincair
E_exhaust_out_zincair+E_air_heat_in_zincair=E_exhaust_out_out_zincair+E_air_heat_zincair

"Exergy In"

¥_CH4_zincair=m_ng_zincair{enthalpy(CTHA, T=T_01+w_0Z2FR*enthalpy (02, T=T_0j+w_MNZFR*enthalpyiNz, T=
T_0pw_COZP*enthalp(CO2, T=T_0=w_HZOP*enthalpy(H20, T=T_0Fw_02F*enthalpy (02, T=T_0)-w_MNZ2P*
enthalpy(MNE, T=T_0}-converttemp(F.R.T_0*entropy(CHA, T=T_0, P=F_CH4)+w_0Z2R*entropy (02, T=T_0,
F=F_D2R)+w_MER*entrapy(ME, T=T_0, P=P_MN2FR}w_COZFP*entropy(COZ, T=T_0, P=F_COZF~w_H20P*
entropy(HZ0, T=T_0, F=F_HZ0F~w_0z2F*entropy (02, T=T_0, F=F_OZFw_MNZF*entropy(NE, T=T_0, P=
F_MNZF)

"Exergy Out"

¥_comb_products_zincair=rm_ng_zincairfw_CO2P*enthalpCO2, T=T_flame)-enthalpy(COZ, T=T_0)-
converttemp(F. R.T_0{entropy(CO2Z, T=T_flame, FP=F_COzF-entrapy(C0O2, T=T_0, P=F_COZF)+w_HZOP*
(enthalpy(HZ0, T=T_flame}-enthalpy(HZ0, T=T_0-corvertemp(F.R.T_0entropy(HZ20, T=T_flame, P=
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FP_HZOF-entrapyiH20, T=T_0, P=P_HZOF))+w_D2P*enthalpyiDZ, T=T_flame)-enthalpy(DZ, T=T_0)-

comvertemp(F.RT_0™entropy(O02, T=T_flame, P=F_CZFentropy(02, T=T_0, P=F_OZF+w_MN2F*{

enthalpy (M2 T=T_flamej-enthalpy(MNZ, T=T_D-corvertermp(F. R T_0*entropy(MNe, T=T_flame, P=P_MN2F)-

entropy(MNZ, T=T_0, P=FP_MNZFIM

»_exhaust_interiar_zincair=m_ng_zincairw_COZP*enthalpy(COZ, T=T_exhaustl-enthalpy(COZ, T=T_0)-

converttemp(F.RT_0*entropy(COZ2, T=T_exhaust, P=F_COZF-antropy(COZ T=T_0, P=F_COZF)+

w_HZOP*enthalpy(HZ0, T=T_exhausfi-enthalpy(H20, T=T_-converttemp(F.F.T_0*{entrapyiHZ0, T=

T_exhaust, P=F_HZ2OF-entropy(HZ0, T=T_0, P=F_HZOP+w_0ZF*enthalpy(0Z2, T=T_exhausti-enthalpy(

02, T=T_0-convertemp(F.R.T_0*entropy(02, T=T_exhaust, P=P_02F)-entrapy(02. T=T_0. P=FP_02F)+

w_MZF*(enthalpy(MNZ, T=T_exhausti-enthalpy(MZ, T=T_0-convertemp(F.R.T_0™*entropyw(MZ, T=T_exhaust,

F=F_MNzF-entropy(MNe, T=T_0, P=F_MN2Fm)

¥_zinc_out_zincair=m_zinc®((T_zinci*c_zinc-convertternp(F. R T_0i*c_zinc*In{convertermpiF. R, T_zinc)))-

m_zinc*(T_0*c_zinc-converttemp (F.R.T_0)*c_zincn{convertemplF. R T_00+m_zinc*(h_fo_zinc/T_mel)

"Exergy”

»_destroyed_comb_zincair=x_CH4_zincair+_comb_products_zincair

¥_destroyed_losses_zincairsX_comb_products_zincair-+_exhaust_interior_zincair-+_zinc_out_zincair

»_destroyed_exhaust_zincair=¥_exhaust_interior_zincair

¥ _destroyed_total_zincair=i<_destroyved_comb_zincair+x_destroyed_losses_zincair+x_des

troved_exhaust_zincair

*_supplied_zincair=¥_CH4_zincair

#_utilized_zincair=X_zinc_out_zincair

"Second Law Efficiency”

eta_ll_zincair=x_utilized_zincairf~_supplied_zincair

"Zinc Melt Furnace Zincwfo Heat Recowvery Operating Cost"

Cost_zincair=E_CH4_zincaircost_ng

CostSavings_zincair=Cost_optimized-Cost_zincair

"Zinc Heating Heat Transfer Calculations for Zinc and Air Heating”

h_zincair=Mussalt_zincairtk_air_zincair/d'1_zinc*n_zinc) {average heat transfer coefficient}

Mussalt_zincair=0.664*Re_zincair™(1/21*Pr_zincair™(1/3) {MNussalt number for laminar convection to a
horizontal flat plate}

k_air_zincair=conductivity(air, T=T_film_zincair*convert Btufhr-i-R ' Btu/shift-in-F {Conductivity}

Fr_zincair=nu_zincairfalpha_air_zincair {Frandl number}

Fe zincair=u_zincair*1 _zinc™n_zinc/nu_zincair {Feynolds number}t

nu_zincalr=mu_zincairfrho_air_zincair {Kinematic viscosity}
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alpha_air_zincair=k_air_zincair/{rho_air_zincair‘cp_air_zincaird Thermal Diffusivity of air}
u_zincair=m_ng_zincairfw_COZF*0lume(CO2, T=T_film_zincair, P=P_COZF*convertft™ 3b_m,in"3/lb_mj+
w_HEOP*volume(H20, T=T_filim_zincair. P=F_HZOF*conwvert{ft™3/lb_m.in"3/b_m)+w_02F*alume(02, T=
T_filrn_zincair, P=P_0 2P conwert(ft™ 3fb_m.in " 3b_mi+w_N2ZP5olume(MZ, T=T_film_zincair, P=FP_MN2F*
convert(ft™ 34h_rm.in" 3Ab_m)/A_ain {assumed air speed!
mu_zincair=viscosity(air, T=T_filrm_zincaif®conmnve ] lb_mMt-hr'. Ib_mfin-shift s cosityt
tho_air_zincair=density(air, T=T_film_zincair, P=F_0*convert(lb_m/Mt" 3" 'lh_m/in"3{Densitt
cp_air_zincair=CP(air, T=T_filrm_zincair*coment'Btu/lb_m-R.'Btuflb_m-F{Specific Heat}
(T_heat_zincair-T_exhaust)/(T_0-T_exhaust)=exp(-{(h_zincairA_zinc)/{rho_zing™y_zinc*c_zinc)r)

{Transient heating of bars for 1 hour}
Bi_zincair=(h_zincairlc_zinc)/k_zinc {Biot number to canfirm lumped capacitance}
T_awverage_zincair=(T_heat_zincair+T_0)/2
T_awerage_exhaust_zincair=(T_exhaust+T_exhaust_zincair)/2
T_film_zincair=(T_average_zincair+ T_awverage_exhaust_zincair)/2
"Energy, Mass and Exergy Flow Rates During High Fire Far Mew Burners"
"Energy In"
E_CH4_max=m_ng_max*ienthalpy(CHA, T=T_0~w_COZF*enthalpy(CO2, T=T_0):w_HZOP*anthalm(H20,
T=T_0pw_DzF*enthalpy(02. T=T_Dlw_MEF*enthalpyiM, T=T_0)
E_CH4_rmax=500000*0*convert{btuihr btufshift)
E_exhaust_max=m_ng_max*{w_COZ2P*enthalpy(COZ, T=T_exhaust)+w_HZOP*enthalpy(HZ0, T=T_exhaust)
+w_O2F*enthalpy(0Z, T=T_axhaust)+w_MNZFenthalpy(MNE, T=T_exhaustiw_COZF*enthalpy(COL, T=T_O0)-
w_HZOP*enthalpy(HZ0, T=T_Dw_D02P*enthalpy (02, T=T_0)w_MNZF*enthalpy (N2, T=T_07
E_air_max_heated=m_ng_max*{w_02R*enthalpy (02, T=800[F]Fenthalpy (02, T=T_071+w_MNZR*(enthalmy(
M2, T=800[F][-enthalpy(02, T=T_0Mm
"Power Generation”
eta_rmt=0.8
*_mt=0.93
eta_mi=(E_power+E_exhaust_max)/E_CH4_power
E_CH4_powersm_ng_mt*{enthalpy(CHA, T=T_0)-w_COZF*enthalpy(COZ, T=T_0rw_HZOF*enthalpy(H20,
T=T_0pFw_D2F*enthalpy(02. T=T_Drw_MEZP*enthalpy(Ne, T=T_0))
#*_CH4_power=m_ng_mt*{enthalpy(CHA, T=T_0)+w_0ZR*enthalpy(0Z, T=T_0j+w_MNZFR*enthalpy(MZ, T=
T_0w_CO2ZF*enthalpy(COZ, T=T_0w_H2ZOFP*enthalpyH20, T=T_02w_02P*enthalpy (02, T=T_0)w_MZP*
enthalpy(MZ T=T_0-converttemp(F.R.T_0*entropyw(CHA, T=T_0, P=F_CH4)+w_0ZR*entropy(02, T=T_0,
F=P_02R)+w_MNZFR*entropy(MZ T=T_0. P=F_MN2R)w_COZP*entropy(C02, T=T_0. P=P_COZFFw_HZOP*
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entropy(HZO0, T=T_0, P=P_HZOF;rw_02ZF*entropy(02, T=T_0, P=P_D2F)w_MNZF*entropy(MNE, T=T_0, P=
F_MNZF)
*_mit=E_power/E_exhaust_max
eta_|l_mt=(E_power+x_zinc_out_optimized)/(*_CH4_power+x_CH4_max)
"Max Exergy in Exhaust"
*_exhaust_interior_max=m_ng_max*{w_CO2F*enthalpy(CO2, T=T_exhaust-enthalpy(C0O2, T=T_0)-
converternpl(F R T_0/entropmy(CO2Z, T=T_exhaust, P=P_COZF)-entropy(COZ, T=T_0, P=FP_COZF)))+
w_HZOF*enthalpy(HED, T=T_exhaust-enthalpy(HZ0, T=T_0)-convertemp(F. B T_0*entropy(HZ20, T=
T_exhaust, F=FP_HZOF-entropy(HZ0, T=T_0, F=P_HZ0F)))+w_02F*enthalpy(02, T=T_exhausti-enthalpy(
02, T=T_0rconvertemp(F.RT_0entropy(02. T=T_exhaust, P=P_Q2Prentropy (02, T=T_0, P=F_OZF)+
w_MZF*enthalpywiMNZ, T=T_exhausti-enthalpy(NZ, T=T_D-convertemp(F.R.T_0P{entropy(MNZ, T=T_exhaust,
P=P_MNZF}-entropy(M2, T=T_0, P=P_MN2F))
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APPENDIX C

LOW PRESSURE STEAM SYSTEM EES CODE

Low Pressure Steam System Section 1.png

"Dead State Conditions"
T_O=convertemp('CL'F.25)
F_0=1*conwver'atm'.'psia")
"Boiler Operating Farameters"
T_exhaust=235

T water=220
P_water=29+14.7
P_steam=11+14.7
x_steams=1
phi_02F=0.05
T_DA=180

T condinsate=100

F_ng=5+147

T_sat=Temperaturefwater. P=F_steam, x=x_steam)
"Combustion Calculations"
n_0zR=(Z2[mal]+x/((Z[mal]+x)+[2[mol]+x)*3.76)
n_MeR=({2[mal]+x*3.76)/ [ Z[mol]+<+(2[mal]+x)*3.76)
n_CO2P=1[mallf0 [mol]+2[maol]+x+({2[mol]+x*3.76)
n_Hz0P=2[mal}{(1[mal]+Z[mal]+x+2[mal]+)*3.76)
n_D2P=x/(1[mal]+2[maol]+<+[2[mal]+x*3.78)

{Dead State Temperature in F}
{Dead State Pressure in psia}

{Temperature of the exhaustin F as it leawves the
baoilers}

{Temperature of water entering boiler}
IPressure of water entering bailer}

{Fressure of steam leaving the boiler}
TAssumed guality of steam leawing the boiler}
Mwolume fraction of 02 in the combustion products}
{Max temperature of water entering dearorator in
current configuration}

{Estimated temperature of water entering the DA}
{Pressure of natural gas in the facility}

{Steam temperature}

Imole fraction of 02 in the combustion reactants}
{male fraction of N2 in the combustion reactants}
Irnole fraction of CO2 inthe combustion products)
{male fraction of H20 in the combustion products}
Imale fraction of 02 in the combustion products}

n_MZ2P=((2[mol]+<*3. 7601 [mol]+Z2[mol]+x+(2[mol]+x)*3. 78){mole fraction of M2 in the combustion products}
w_02R=(2[mal]+*molarmass(020/(1 [mol*molarmass(CHA) i mass fraction of 02 in the combustion

reactants}

w_MNZR=((2[mal]+*3 76*molarmass(NEN1 [mol]*molarmass(CHA 1 mass fraction of N2 in the combustion

reactants}

w_COZP=(1[mol*molarmas=s(COZ0/1 [mol]*molarmass(CHA i mass fraction of COZ in the combustion

products}

w_HZOP=(2[moal]*malarmass(HZ0)/1 [mol]*malarmass(CHA)){mass fraction of HZO in the combustion

w_O2P={*molarmass(02)1 [mal]*molarmass(CH4A))

products}
Irmass fraction of 02 inthe combustion products}

w_MNZP={[Z[mol]+*3.76*molarmass(MN2) 0 [mal*molarmass(CHAN mass fraction of N2 in the combustion

products}
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p_0ZR=n_02FR*F_0 {partial pressure of 02 in the combustion
reactants}

p_MNZR=n_mMZF*F_0 {partial pressure of N2 in the combustion
reactants}

p_C02P=n_COZF*F_0 {partial pressure of COZ in the combustion
products}

p_HZOP=r_H2O0P*F_D {parial pressure of H20 inthe combustion
products}

p_02F=n_0zF*F_D {partial pressure of 02 in the combustion products}

p_MNEP=n_MzF*F_D {partial pressure of M2 in the combustions
producs}

phi_02F=*MW0 2% alume(0Z2, T=T_exhaust, P=F_0)/1 [molP*h$4'CO2%0lume(COZ, T=T_exhaust, P=F_0)
+2[malPtWHZ OMvalume(H2Z0, T=T_exhaust, P=F_0+t W0 20lume(02, T=T_exhaust, FP=F_0+(Z[mal]+
K3 7EMWN S alurme (M2, T=T _exhaust P=F_0)) Twolume fraction of OZ in the combustion products}
kW 0Z=malarmass(0&* conven(lb_mfbmallb_m/mall  {malar mass of 02 in lb_m/mol}

kW COZ=molarmass(COZ*convert(lb_m/lbmol lb_mimoli{malar mass of COZ in lb_m/mol}
hWHZO=molarmass{HZ20convert{lb_mfbmal lb_m/mali{molar mass of H20 in lb_m/mol}
kWINZ=malarmass(NE*conven(lb_m/bmallb_m/mall  {malar mass of M2 in lb_m/mol}

"I_Hility Costs"

cost_ng=0.0000076[$/Btu] {awverage natural gas price for P14}
cost_elec={cost_nonpeak+{cost_demand/30 5*24[h]))+cost_peak+{cost_demand(30.5*24[h]))+(
cost_demand_peak/(30.5%12[h]))/2 {average of peak and non-peak}

cost_elec_p=cost_peak+(cost_demand/ (30 5*24[h])+icost_demand_peak/(30.5*12[h]10
cost_elec_np=cost_nonpeak+{cost_demand,/(30.5*24[h]))

cost_nonpeak=0.05704[$/4h] {non-peak electrical rate}
cost_demand=1306[$/k\] Irnanthly non-peak demand charge}
cost_peak=007118[$kWh] {peak electrical rate}
cost_demand_peak=7 501§/ Imanthky peak demand charge}

"Calculating Heat Loss"{Data sampled 8/12/14 8:15 Ak 10 81 3/12 815 AM, typical production day}
"Ayerage Data"

m_water=2098[lbm/hT*convert{lhmsh.lbmishift)

w_hg=2832[ft"3/h]

m_ng=v_ng*density{CH4, T=T_0. P=F_ng*convert{lbm/h. lbrm/shif)

w_waterZng=m_ng/m_water



80

Low Pressure Steam System Section 3.png

"Energy In"

E_water=m_water(enthalpyiwater, T=T_water, P=P_water)-enthalpylwater, T=T_0, P=F_0))
E_ng=rm_ng*enthalpyCHYA, T=T_0w_COZF*enthalpy(CO2, T=T_0w_HZOP“enthalpy(H2Z0, T=T_0)-
w_D2F*enthalpy(02, T=T_0w_MNZF*enthalpy(Nz, T=T_07)

E_air=m_ng*{w_0ZR*enthalpy (02, T=T_0)+w_MNZR*enthalpy(Nz, T=T_07

"Energy Out"

E_steam=m_water‘(enthalpyiwater, F=F_steam, <=x_steam)-enthalpyiwater, T=T_0, F=F_07)
E_exhaust=m_ng*{w_COZPenthalpy(CO2, T=T_exhausfi+w_H20F*enthalpy(H20, T=T_exhaust)+w_02ZFP*
enthalpy (02, T=T_exhaust)+w_MNZF*enthalpy(Me, T=T_exhausfi-w_COZP*enthalpy(CO2, T=T_M-w_H2 0P
enthalpy(H20, T=T_0mw_02F*enthalpy(O2, T=T_0)w_MNZ2F*enthalpy(™Ne, T=T_07

"Energy Balance"

E_ng+E_air=E_exhaust+E_boiler

E boiler+E_water=E_steam+E_loss

"Efficiency”

eta=E_steam/(E_water+E_ng)

"Energy In Calculated"

m_water_calc=r_water

E_water_calc=m_water_calc®enthalpyiwater. T=T_water, P=F_waterl-enthalpyfwater. T=T_0, P=F_0))
E_ng_calc=m_ng_calcenthalpy(CHA, T=T_0;w_COZF*enthalpy(CO2, T=T_0)2w_HZOF*enthalpy(HZ20, T=
T_0Fw_O2P*enthalpy(02, T=T_Dlrw_MNZP*enthalpyiz, T=T_07)
E_air_calc=m_ng_calc®w_0ZR*enthalpy (02, T=T_0)+w_MNZR*enthalpy(MNE, T=T_07)

"Energy Out"

E_steam_calc=m_water_calc*{enthalpyiwater, P=F_steam, x=x_steam)-enthalpyiwater, T=T_0, P=F_07)
E_exhaust_calc=m_ng_calc*w_CO2P*enthalpy(COZ T=T_exhaustj+w_HZO0P*enthalpy(HZ0, T=T_exhaust)
+w_DP*enthalpy(0Z2, T=T_exhausti+w_MNZP*enthalpyMNZ, T=T_exhausti-w_COZF*enthalpy(COZ, T=T_0)-
w_HZOP enthalpyHEZQ, T=T_D-w_02FP*enthalpy (02, T=T_0-w_MNeP*enthalpy(MNe, T=T_07)
E_loss_calc=9.175E+06 [Btu/shift]

"Energy Balance"

E_ng_calc+E_air_calc=E_exhaust_calc+E_boiler_calc
E_boiler_calc+E_water_calc=E_stean_calc+E_loss_calc

"Boiler Cost"

Cost=E_ng_calc*cost_ng*convert{$ishift §ear)

"Exergy Analysis"

T_flame=3145 [F]
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P_CH4=17.02 [psia]

"Exergy In"

#*_CH4=m_ng*(enthalpy(CHA, T=T_0)+w_0ZR*enthalpy (02, T=T_0j+w_MNZR*enthalpy(M2. T=T_Dlw_COZP*
enthalpy(CO02, T=T_0):w_HZOP*enthalpy(HZ0, T=T_0)-w_0ZF*enthalpy (02, T=T_0rw_MNzF*enthalpy(ME,
T=T_D-comverttemp(F.R.T_0*entropy(CHA, T=T_0. P=F_CH41+w_DZR*entropy(02, T=T_0. P=F_0ZR)+
w_MNZR*entropy(ME, T=T_0, P=F_MZR}w_COZP*entropy(CO2, T=T_0, P=P_CO2Prw_HZOF*entropy(HZ20,
T=T_0, P=FP_HZOFrw_DzF*entropy(02, T=T_0. P=F_0ZFrw_MZF*entrapy(NZ, T=T_0. P=F_MNZF)
*_watersm_water*(enthalpyiwater, T=T_water. F=F_waterl-enthalpyiwater, T=T_0, P=F_0j-convertemp(F.R.
T_0(entropy(water, T=T_water, P=F_waterl-entropy(water, T=T_0, P=P_07})

"Exergy Out"

¥_combustion_praducts=m_ng*(w_CO2ZP*enthalpy(COZ, T=T_flamel-enthalpy(COZ, T=T_0)-convertempiF.
R.T_0entropy(COZ, T=T_flame, F=F_CO2F)-entropy(CO2, T=T_0, P=F_CO2F)))+w_HZ20F*enthalpy(H20,
T=T_flamel-enthalpyw(Hz0, T=T_0)-convertemp(F.R.T_0*entrapywiH20, T=T_flame. F=F_HZ0F)-entrapy(
H20, T=T_0, P=P_HZOF+w_02F*enthalpy (02, T=T_flame)-enthalpy (02, T=T_0j-conwvertemp(F.RT_07%
entropy(02, T=T_flame, P=F_02F-entropyw(02, T=T_0, P=FP_02FM+w_MNZF<enthalpy(MNe, T=T_flame)-
enthalpy(ME, T=T_0-convertemp(F.RT_0entropy(Mz, T=T_flame, F=F_MZF-entromy Nz, T=T_0, F=
P_MNZFI)

¥ _exhaust_interior=m_ng*w_COZPenthalpy(CO2, T=T_exhaustfi-enthalpy(CO2, T=T_0-comerttempl(F.R,
T_0entrop(C02, T=T_exhaust P=FP_CO2F-entropy(C02, T=T_0, P=P_CO2F))+w_HZOF*enthalpsHZ O,
T=T_exhausti-enthalpy(H20, T=T_0)-comvertternp(F.RT_01entropy(H2Z0, T=T_exhaust, P=F_HZO0F)-
entropy(H20, T=T_0, P=F_HZ0F)))+w_02F*enthalpy(02, T=T_exhausfi-enthalpyw(0Z, T=T_0)-convertemp(
FRT_0*entropyw(0Z, T=T_exhaust, P=F_0ZFrrentropy(02, T=T_0, P=P_OZF)+w_MNZP4enthalpy(MNE, T=
T_exhaustrenthalpy(Ne, T=T_Q-converttempiF R T_0*entropy(ME, T=T_exhaust, F=F_MNZF-entromy(MNE,
T=T_0. P=FP_MNZF

*_steam_out=m_water<{enthalpy(water, x=x_steam, F=P_steam}-enthalpyiwater, T=T_0, P=F_0)
converttermp(F.R.T_0entropyliwater, x=x_stearm, P=F_steam)-entropy(water, T=T_0, P=P_07))

"Exergy”

»_destroyed_combustion=x_CH4-_combustion_products
»_destroyed_losses=x_combustion_products-<_exhaust_interior-*_steam_outx_water)
»_total=x_destroyed_combustion+x_exhaust_interior+»_destroyed_losses+(+_steam_outx_water)
»_destroyed=¥_destroved_combustion+»_exhaust_interior+x_destroyed_losses
»_supplied=x_CHd4+»_water

* utilized=x_steam_out-<_water

"Second Law Efficiency”
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eta_ll=x_utilized/*_supplied
"Energy In hdax"
m_water_max=2*10350"conwen{lbm/hr lbm/shift)
E_water_max=rm_water_max*(enthalpylwater, T=T _water, P=F_waterl-enthalpyiwater, T=T_0, P=F_0))
E_ng_max=m_ng_max{enthalpy(CH4, T=T_0);w_COZF*enthalpy(CO2, T=T_0)2w_HZOF*enthalpy(H20, T=
T_0w_O02F*enthalpy(O2, T=T_0~w_N2F*enthalpy(MNE, T=T_07)
E_air_max=m_ng_max*w_0ZR*enthalpy(02, T=T_0)+w_MNZR*enthalpy(MNe, T=T_07
"Energy Out"
E_steam_max=m_water_max*(enthalpylwater, P=(15+14.71[psial. x=x_steam)-enthalpyiwater, T=T_0, P=
P_0)
E_exhaust_max=m_ng_max*fw_COZF*enthalpy(CO2, T=T_exhausfi+w_HZOF*enthalpy(H20, T=T_exhaust)
+w_De2F*enthalpy(02, T=T_exhaust)+w_MNZF*enthalpyiMNZ. T=T_exhaust-w_COZF*enthalpy(COZ T=T_0)-
w_HZOFP*enthalpyHZO, T=T_0=w_O2F*enthalpy (02, T=T_01-w_MZF*enthalpe(MN2, T=T_07)
E_loss_max=9.175E+06 [Btufshift]
"Energy Balance"
E_ng_max+E_air_max=E_exhaust_max+E_boiler_max
E_boiler_max+E_water_max=E_stearm_max+E_loss max
"Power"
E_chiller=COP*E_exhaust_rmax
COP=0.98
"Heating Water into DA with exhaust"
E_exhaust_heated=m_water_heated*{enthalpyivwater, T=T_DA&_new. x=0)-enthalpy(water. T=T_condinsate,
x=0)
E_exhaust_heated=m_water_reduction*(enthalpyfwater. P=F_steam, x=x_steam)-enthalpyiwater, T=T_0. P=
P_0))
"Energy In Calculated"
rm_water_heated=m_water_calc-m_water_reduction
E_water_heated=m_water_heated*(enthalpyiwater, T=T_water. P=F_waterl-enthalpylwater, T=T_0, P=P_0)
E_ng_heated=m_ng_heated*(enthalpy(CHA, T=T_0jFw_CO2F*enthalpy(COZ, T=T_0-w_HZOF*enthalpy(
H2O0, T=T_0rw_D2F*enthalpy(0Z, T=T_0)-w_MNZF“enthalpy(MNe, T=T_07
E_air_heated=m_ng_heated*iw_02FR*enthalpyi(0Z, T=T_0+w_MNZR*enthalpy Nz, T=T_07)
"Energy Out"
E_steam_heated=m_water_heated*(enthalpyiwater, P=F_steam, x=x_steam]-enthalpyiwater, T=T_0, P=
P_0))
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E_exhaust_heated=m_ng_heated*{w_COZF*enthalpy(C02, T=T_exhausfi+w_HZOF*enthalgy(HZ0, T=
T_exhaust)+w_02F*enthalpy (02 T=T_exhaust)+w_M2Fenthalpy(ME T=T_exhausti-w_CO2ZF*enthalm
Coz, T=T_0rw_HOF*enthalpywiHZ0, T=T_0;w_02F*enthalpy (02, T=T_0w_MNZF*enthalpy(ME T=T_0))
"Energy Balance"

E_ng_heated+E_air_heated=E_exhaust_heated+E_boiler_heated
E_hoiler_hested+E_water_heated=E_steam_heated+E_loss_calc
Cost_savings_waterheat=(E_ng_calc-E_ng_heated)*cost_ng

"Heating Water into DA with prime mower"

E_water_heat=m_water*{enthalpyiwater. T=T_DA, x=0)-enthalpyiwater, T=T_condinsate, x=0)
E_exhaust_heated_max=m_water_reduction_max*{enthalpyiwater, P=F_steam. x=x_steamj-aenthalpywater,
T=T_0.F=F_0

"Energy In Calculated"

tn_weater_hested max=m_water_calc-m_water _reduction_mas
E_water_heated_max=m_water_heated_max*{enthalpyiwater, T=T_water, P=F_water-enthalpylwater, T=
T_0. F=F_0)

E_ng_heated_max=m_ng_heated_max*{enthalpy(CH4, T=T_Iw_COZF*enthalpy(COZ, T=T_0)w_HZOF*
enthalpy(HED, T=T_Orw_02F*enthalpy(02, T=T_0~w_MNZF*enthalpy(ME T=T_0))
E_air_heated=m_ng_heated_ma<*jw_0ZR*enthalpy(02, T=T_01+w_MNZFR*enthalpy(Mz, T=T_03)

"Energy Out"

E_steam_heated_max=m_water_heated_max*{enthalpyliwater. P=P_steam, x=x_steam-enthalpyiwater, T=
T_0 P=F_0))

E_exhaust_heated_max=m_ng_heated_maxw_CO2ZF*enthalpy(COZ, T=T_axhaust)+w_HZOF*anthalmel
HZ0, T=T_exhaust)+w_D2P*enthalpy(02, T=T_exhaust)+w_MNZF*enthalpy(MNe, T=T_exhaustrw_COZP*
enthalpy(CO2, T=T_0rw_HZOFP*enthalm(HEZD, T=T_0i;w_D0Z2F*enthalpy(0Z, T=T_0)-w_MZF“enthalpy(ME,
T=T_0Y

"Energy Balance"
E_ng_heated_max+E_air_heated_max=E_exhaust_heated_max+E_boiler_heated_max
E_hoiler_hested_max+E_water_heated_max=E_stearm_heated_max+E_loss_calc
Cost_savings_waterheat_max=(E_ng_calc-E_ng_heated*cost_ng

"Power Generation”

"Summary of Typical Cost and Ferformance Characteristics by CHF Technology(ERA, 2008)"
eta_re=(027+0.41}/2

eta_st=0.8 {Owerall efficiency of a steam turbine system}
eta_qt=0.725 {Oweral efficiency of a gas turhbine system +~0.251
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eta_mt=03 {Quoted efficiency from capstane turhine}
eta_fc=047 {Quoted efficiency from FuelCell Energy}
¥_re=(0.5+1.2)/2
*_gt=1.25 ITypical power to heat ratio +-0.75}
_mt=0.93 {Quoted power to heat ratio from capstone turbine}
¥_fc=1400/1082.153 {Quoted power to heat ration from FuelCell Energy}
Cost_re_installed=1650[%$/kWwW] {CHF installed far a recip. engine system +~550%
Cost_mi_installed=2000[$/k\] {CHP cost for a microturbine system $1600-1800
per kW befor installation from capstane turbine}
Cost_fo_installed=0750[$/kW] {CHF installed costfor afuel cell system +/~750}
Cost_re_OM=0.0155[%/kWh] {Mon-fuel operation and maintenance costs fora
recip. engine system +/-0.0065}
Cost_fo_Ok=0.035[$/k\Wh] IMan-fuel operation and maintenance costs for a

fuel cell systerm +/~0.003}
n REII
eta_re=(P_re+E_water_heaf)/F_re
#_re=F_re/E_water_heat
Cost_re_fuel_total=F_re*cost_ng
Cost_sawvings_re=F_re*convert(Blu, k\Whi*(cost_elec-cost_re_OM)+Cost_savings_waterheat_max-
Cost_re_fuel_total
Cost_re=Cost_re_installed*P_re*comvert(Btu/shift kW)
FPayback_re=Cost_ref/(Cost_sawvings_re*convert($/shitt fhvear)
IIFCII
eta_fc=(F_fc+E_water_heat)/F_ic
#_fo=P_fc/E_water_heat
Cost_fc_fuel_total=F_fc*cost_ng
Cost_seawings_fc=P_fc*convert(Blu, kK\Wh*(cost_elec-cost_fc_OM)+Cost_sawvings_waterheat_max-
Cost_fo_fuel total
Cost_fc=Cost_tc_installed*P_fc*comver{Btu/shift ki)
Faybhack_fo=Cost_ic/(Cost_savings_fc*conwven($/shift, $iearn)
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APPENDIX D

CHILLED WATER SYSTEM EES CODE

Chilled Water System Section 1.png

"Dead State Conditions"
T_O=convertemp('C'F.25)
F_0=1*convert|'atm’.'psia)

"Cormbustion Calculations"

"Uszed to Estimate Exergy Analysis"
n_02R=2[rmal]+x)/((2[rmal]+x)+(2[mal]+x)*3.76)
n_MzZR=({Z[mal]+x*3. 7602 [mal]+x)+(2[mal]+<*3.76)
n_CO2P=1[rmal]/1 [mol]+2[mal]+x+(2[mal]+x)*3.76)
n_HzOP=2[mol}/(1[mal]+2[maol]+x+(2[mal]+<*3.76)
n_02F=x/{1[mol]+2[mol]+x+{2[mal]+x*3.76)

{Dead State Temperature in F}
{Dead State Fressure in psia}

Imale fraction of OZ in the combustion reactants}
{male fraction of M2 in the combustion reactants}
Irnole fraction of COZ in the combustion products}
{maole fraction of H20 in the combustion products}
{maole fraction of 02 in the combustion products}

n_MZP=((2[mol]+x)*3.76)/(1 [mol]+2[mal]+x+2[mal]+*3. 76){mole fraction of N2 in the combustion products}
w_D2R=((2[mol]+*molarmass (021 [mol[*molarmass(CH4 mass fraction of 02 in the combustion

reactants}

w_MNZR=((2[mol]+)*3. 76 * malarmass (N2 [mol[*molarmas s(CHA i {mass fraction of N2 in the combustion

reactants}

w_C02P=(1[{mol*malarmass(CO2)/ 1 [mol*molarmass(CHA Hmass fraction of COZ in the combustion

products}

w_HZOP=Z2[mol]*malarmass(H20(1 [molf*malarmass(CH4){mass fraction of HZO in the combustion

products}

w_D2P=x*maolarmass (0201 [mol*molarmass(CHA ) mass fraction of OZ in the combustion products}
w_MNZP=((2[maol]+)*3 76*molarmass (N2 [mol*molarmass{CH4A)){mass fraction of N2 in the combustion

p_O2R=n_0zR*F_0
p_MeR=n_MzR*F_0
p_COzZF=n_COzF*F_0
p_HeOP=n_H2OF*F_0

p_DZP=n_CDZP*F_0
p_MEF=n_MZF*F_0

T exhaust=77

products}

{panial pressure of 02 inthe combustion
reactants}

{panial pressure of M2 inthe combustion
reactants}

{panial pressure of COZ in the combustion
products}

{panial pressure of HZO in the combustion
products}

{parial pressure of 02 inthe combustion products}
{panial pressure of MZ in the combustions
producs}

{Exhaust Temperature}
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phi_0zF=0.04 Jwolume fraction of O2 in the combustion products}
phi_DzFP=*tW0 25 0lume (02, T=T_exhaust P=F_00/(1 [mol]*WCO02%alume(C02, T=T_exhaust, F=F_0)
+2[rmol*MMWHZO%alume(H20, T=T_exhaust P=P_0)+x*W'W0 2% olume(0Z, T=T_axhaust, P=P_0)+2[macl]+
W37 EMWNESalumelMNE, T=T_exhaust, P=F_0)) {wolume fraction of O2 in the combustion products}
k02 =molarmass(02 convert(lb_m/lbmollb_m/mol)  {molar mass of OZ in lb_m/mol}
WMWCOZ=molarmass(CO2 canvertlb_mfbmallb_m/moli{molar mass of COZ in lb_m/mal}
kHZO=molarmass(HZO0OMconverd{b_m/bmaol lb_m/mali{molar mass of HZ2O in lb_m/maol}
bWMNZ=molarmassiNZconvert(ib_m/lbmollb_m/mol)  {molar mass of N2 in lb_m/mol}
F_CH4=(16+101 328 convertkPa' 'psial {The pressure of the natural gas in psia as
recersed by the Bailers}

"Lltility Costs"

cost_ng=0.0000076[$/Btu] fawerage natural gas price for P14 minus Junel
cost_elec=(cost_nonpeak+icost_demand/(30.5*24[h]+cost_peak+(cost_demand/(30.5*24[h]))+(
cost_demand_peak/(30.5*1 2[h]N)/2 {awerage of peak and non-peak}

cost_elec_p=cost_peak+(cost_demand/(30.5*24[h])+{cost_demand_peak/(30.5*%1 2[h]IM
cost_elec_np=cost_nonpeak+(cost_demand/{30.5*24[h])

cost_nonpeak=0.05104[$/kWh] Inhon-peak electrical rate}
cost_demand=1.306[$/kW Imonthly non-peak demand chargel}
cost_peak=0.07118[$/kWh] {peak electrical rate}
cost_demand_peak=7 507§ {monthly peak demand charge}

cost_ LMP_awverage=31.94[5/MWh) {awerage price payed for excess power
generation, hitps: misoenergy.argdlibrary/BepositoryBepottAnnual®: 20Market®: 20Repo

2013% 20Annualse 20karket®:20Assessment® 20Report pdf}

cost_facilitiescharge=011507[$/day] ffaciliies charge for interconnection, hitps:/f

wewwwe-energies comfpdis/etariffsiwisconsinfewi sheet! 31-132 pdf}
"Current Chiller Information”

C_i_h=0897[kW\Ton]*Chiller_h*y {FPower used by current chillers scaled up to future
size during fully loaded operation}

eta_|l_i_|=x_chiller_ufilized_h/(C_i_h*conver(kv Btufs]) {Second law efficiency of mechanical chiller}

C_i_I=0.897 [k Ton]*Chiller_*y {Fower used by current chillers scaled up to future

size during fully loaded operation}
eta_ll_i_h=x_chiller_utilized_h/(C_i_Mcorved(k,.Blufs)) {Second law efficiency of mechanical chiller}
"Thearetical Chiller Information”
C_se=Chiller_P*convertiton Blu/s)/COP_se {Thermal load for single stage |p steam fired
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absorption chiller}
Q_dh=Chiller_h*%*converttan,Btu/s){COF_dh {Thermal load for two stage directfire absorption
chiller}
Chiller_|=300[Tan]
Chiller_h=500[Ton]
COF_se=0.733 {Coefficient of perdormance for a single stage
absorption chiller, hitpfcoproducts johnsoncontrols.comorkDoc/155.16-EGT pdf}
COF_dh=1.1293 {Coefficient of pedormance for a twa stage direct
fire absorption chiller, hitp:fcgproducts johnsoncontrols.comorkDoc1 551 7-EG4. pdf}
COF_ds=1.38 {Coefficient of pedarmance for a twa stage high
pressure stearn absorption chiller, hitpYcgproducts johnsoncontrols. comorkDocg/18613-EG 3 pdft
Chiller_h*corwvertiton, Btu/s)=m_water_h*{enthalpyfwater. T=54[F], x=0)-enthalpyiwater, T=50[F]. x=0)
{Calculating mass flow rate of water, based on current chiller operating temperatures}
»_chiller_utilized_h=m_water_h*{enthalpyiwater. T=50[F], x=0}-anthalpy{water, T=h4[F]. x=0)-conwverttempiF.
R.T_0*entropyiwater, T=50[F]. x=0)-entropyiwater, T=54[F], x=001)
{Calculating exergy utilized in the farm of chilled water}
Chiller_Mconvertton Btufs)=m_water_Menthalpyiwater, T=54[F], x=0)-enthalpy(water, T=50[F], x=07)
{Calculating mass flow rate of water, based on current chiller operating temperatures}
»_chiller_utilized_I=m_water_*(enthalpy(water, T=50[F]. x=0)-anthalpyiwater, T=b4[F]. x=0}-convertemp(F.R.
T_0p*entrapyiwater, T=50[F]. x=0)-entropyiwater, T=54[F]. x=011)
{Calculating exergy utilized in the farm of chilled water}

=4 {Chiller load factar. between 4 and .7}

"Surrmary of Typical Cost and Performance Characteristics by CHF Technologw(ERA, 2008)"

eta_st=038 {Owerall efficiency of & steam turbine system}
eta_gt=0725 {Oweral efficiency of a gas turhine systemn +~0.25}
eta_mi=0.8 {Ouoted efficiency from capstone turbine}
eta_fc=0.47 {Quoted efficiency from FuelCell Energy}
eta_re=0.785

w_st=0.2 {Twpical power to heat ratio +~0.1}

»_gt=1.25 {Twpical power to heat ratio +~0.75}

w_mt=0.93 {Ouoted power to heat ratio from capstone turhine}
»_fc=1400,10982 183 {Quoted power to heat ratio from FuelCell Energy}
»_re=0.85

Cost_st_installed=765[$4 {CHF installed cost for a steam turhbine system +/-
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335}

{Cost_re_installed=1650[$/M7} {CHF installed costfor arecip. engine system +/~
RROY

Cost_gt_installed=1135[$/kW] {CHF installed costfor a gas turbine system +/-
165}

Cost_mt_installed=2000[$k\W] {CHF costfor a microturbine system $1600-1800
per k¥ befor installation from capstone turbine’:

Cost_fc_installed=5750[$/k\] {CHF installed costfor afuel cell system +~750}
Cost_st_Ok=0005[$/k\Wh] IMan-fuel operation and maintenance costs fora
steam turbine system -0.005}

Cost_re_ObkA=0.0155[$/kiMh] {Man-fuel operation and maintenance costs fora
recip. engine system +~0.0065}

Cost_gt_OM=0.0075[$/k\Wh] {Man-fuel operation and maintenance costs fora
gas turbine systermn +~0.0035}

Cost_pmt_Oh=0.0175[$/kYh] {Cuoted non-fuel operation and maintenance
costs for a microturbine system +~0. 0025}

Cost_fc_Oh=0035[$/kMh] {Mon-fuel operation and maintenance costs fora
fuel cell system +~0.003}

Delta_chiller_cost=h0[$/Ton] {Difference in cost between a single stage
absorption chiller and awater cooled rotary scroll chiller per ton hitpo e trane. comfcommercial/uploads/
o 865/ chtrt-001-en. pof
Delta_chiller_cost_1=225[%/Ton] {Difference in cost between a direct fire
absorption chiller and awater cooled rotary scrall chiller per ton hitpeAwea trane. com/commercialfuploads)
Juleiii 865/ chtrt-007-en. pof}
Cost_chiller_installed=60[$/Ton] {Costtoinstall a chiller hitp: it trane.com,
commercialfuploads/pdifBES/chtrt-001-an.pdf}

Cost_chiller_se=350[%,Ton] {Cost of a single stage absorption chiller}
Cost_chiller_dh=525[%,Ton] {Cost ot a directfire absorption chiller}
"Calculations for Steam Turbine System with Single Stage Absorption Chiller”
eta_st=(F_st_se+(0_se)/F_si_se {Relating owverall efficiency. thermal load and
power to heat ratio to salkve for fuel usage and power production}

#_st=FP_st_se/0_se IRelating owerall efiiciency, thermal load and

power to heat ratio to salkve for fuel usage and power production}
"Calculations for Steam Turbine System with Single Stage Absorption Chiller”
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eta_st=(F_st_se+0_se)/F_st_se {Felating overall efficiency. thermal load and
power to heat ratio to solve for fuel usage and power production}
w_st=P_st_se/0_se {Relating overall efficiency. thermal load and

power to heat ratio to solve for fuel usage and power production}
"Calculations for Steam Turbine System with Single Stage Absorption Chiller”

eta_re=(F_re_se+0_se)/F_re_se {Relating overall efficiency. thermal load and
power to heat ratio to solve for fuel usage and power production}
#_re=P_re_se/0_se {Felating overall efficiency. thermal load and

power to heat ratio to solve for fuel usage and power production}

"Calculations for Microturbine System with Single Stage Hot Water Fired Absorption Chiller”
eta_rt=(F_mt_se+0_se}/F_mt_se 1See comments in section abowel
eta_mt_se_e=F mt_se/F mt_se

H_omt=P_mt_se/0_se
Cost_mit_fuel_elec_se=(F_mt_se*F_mi_se*cost_ng*3600[=])/(F_mt_se*conver(Btu/s kA1 [h]F_mi_se+
C_sel)

Cost_mt_fuel_therm_se=(F_mi_se*0_se*cost_ng*3600[sT/1 WP _mt_se+0_se))
Cost_mit_fuel_total_se=F_mt_se*cost_ng

Cost_mi_fuel_elec_only_se=(F_mt_se*cost_ng*comvert{Btu/s, Btu/h)(F_mt_se*conver{Btufs. ki)
Taotal_costsavings_mt_se=(0_i_h*cost_elec-Cost_mt_fusl_therm_sel+P_mi_se*comvert(Bilufs kW™
Cost_elec-Cost_mi_fuel_slec_se+Cost_mt_DOM)
Fayback_mt_se={F_mt_se*comvert{Btufs kW Cost_mt_installed+Delta_chiller_cost“Chiller_h-
TaxCredit_mt_se-FocusOnEnergy),/Total_costsavings_mt_se

m_ng_rmt_se=F_mt_sef(enthalpy(CHA, T=T_0-w_CO2F*enthalpy(CO2, T=T_0i;w_HZ0P*enthalpy(H20, T=
T_0)w_OZP*enthalpy (02, T=T_0Fw_MNeF*enthalpy(MNe, T=T_07)
#_in_mt_se=m_ng_mt_se*(enthalpy(CHA, T=T_D+w_0ZR*enthalpy (02, T=T_0)+w_MNZR*enthalpy(NE, T=
T_0=w_CO2FP*enthalpy(COZ, T=T_0)w_HZOF*enthalpy(H20, T=T_0Fw_02F*enthalpy(02, T=T_0=w_MN2F*
enthalpy(ME, T=T_0convertemp(F.RT_0/™entropy(CHE, T=T_0, P=FP_CH4)+w_02FR*entropy(02, T=T_D0,
F=F_0zR)+w_MNzR*antropy(NEZ, T=T_0. F=F_MZR}w_COZF*entropy(COZ, T=T_0, F=F_COZF)-w_HZOP*
entropy(H20, T=T_0. P=F_RHz20Fw_0ZF*entropy (02, T=T_0. P=F_02F)w_MN2F“entrapyiMz, T=T_0, F=
F_MZF)

F_utilized_mt_se=x_chiller_utilized_h+FP_mt_se

eta_ll_mt_se=+_utlized_mt_sef<_in_mi_se

eta_|_mt_se=(Chiller_h**cornveriton Blu/s)+FP_mt_se)/F_mt_se
TaxCredit_mt_se=1*FP_mt_se*convertiBtu/s kM *Cost_mt_installed+Chiller_h*%Cost_chiller_installed+
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Caost_chiller_se)) {CHF system with an efficiency greater than B0}
FocusOnEnergy=200000 {hdax rebate from Focus on Energy Frogram}
"Calculations for Microturbine Swsterm with Two Stage Direct Heat Fired Absarption Chiller
eta_rmt=(P_mit_dh+0_dh}/F_rmt_dh {See comments in section abowve}

eta_rmt_dh_e=F_mt_dh/F_mt_dh

#_mit=F_mt_dh/Q_dh
Cost_mt_fuel_elec_dh=(F_mt_dh*P_mt_dh*cost_ng*3600[s]AP_mt_dh*conwvert(Biuss kW T [hTP_mt_dh+
C_dh)

Cost_mit_fuel_therm_dh={F_mt_dh*0_dh*cost_ng*3800[s])/(1 [h]*(F_mt_dh+CQ_dhj)
Cost_mt_fuel_total_dh=F_mt_dh*cost_ng

Cost_mt_fuel_elec_onky_dh=(F_mt_dh*cost_ng*corvertiBtuls, Bu/hAP_mt_dh*convert(Blufs kW)
Total_costsavings_mt_dh=(C_i_h*cost_elec-Cost_mt_fuel_therrm_dh)+P_mi_dh*corvertiBtuls, kW)
Cost_elec-Cost_mt_fuel_elec_dh+Cost_mt_OM)

Fayback_mt_dh=(F_mt_dh*convert{Btu/s. lkv*Cost_mt_installed+Delta_chiller_cost_1*Chiller_h-
TaxCredit_mt_dh-FocusOnEnergy)/Total_costsavings_mi_dh

m_ng_mt_dh=F_mt_dh/{enthalpy(CH4, T=T_0)w_COZF*enthalpy(COE, T=T_0)w_HZ0OF*enthalpyiH20,. T=
T_0pw_O2FP*enthalpy(02, T=T_O)2w_MNz2F*enthalpyi™Nz, T=T_07)

#_in_mt_dh=m_ng_mt_dh*{enthalpwiCHA, T=T_0)+w_02FR*enthalpy (02, T=T_Di+w_MNZRE*enthalpyMN2, T=
T_0pw_COZP*enthalpy(COZ, T=T_0w_H2ZOFP*enthalpy(H20, T=T_0=w_ 02P*enthalpy (02, T=T_0)-w_MZF*
enthalpy(M2, T=T_0j-converttemp(F.E.T_0*entropyw(CHA, T=T_0, P=F_CH)+w_0ZFR*entropy(02, T=T_0,
F=F_0ZR)+w_MNZR*entropy(ME, T=T_0, P=F_MNZRJw_COZF*entropy(C02, T=T_0, F=F_CO2FFw_H2OP*
entrapy(HZ0, T=T_0, F=F_HZ0F}Aw_02F*entropy(02, T=T_0. P=F_02F)~w_MNZF*entropy(MNE, T=T_0. P=
F_MNZFm

H_utilized_rmt_dh=x_chiller_utilized_h+P_mit_dh

eta_ll_mt_dh=x_utilized_mi_dhf<_in_mt_dh

eta_|_mt_dh=(Chiller_h**conwvertton. Btu/s)+F_mt_dh)/F_mi_se

TaxCredit_mt_dh=1*F_mt_dh*conmvert{Btu/s kKW Cost_mi_installed+Chiller_h*{Cost_chiller_installed+
Cast_chiller_dh)) {CHF system with an efficiency greater than B0}
"Calculations for Capstone Microturbine System with 300 Ton Two Stage Direct Fire Thermax Absorptions
Chiller"

F_mt_300=1000[kW T convertikiy, Btu/s)

0_300=237[TonsT*convert(Tons.Biu/s)

eta_mt_300_g=0.33

Cost_mi_300=1332130[%]
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eta_mt_300=(F_mt_300+Q_3001/F _rmt_300

eta_mt_300_e=P_mt_300,/F _mt_300

*_mt_300=F_mt_300/C_300

Cost_mt_fuel_elec 300=(F_mt_300*F_mt_300*cost_ng*3600[s])/F_mt_ 300 convert{Btuls, kKW [h]
F_mt_300+0_3007)

Cost_mt_fuel_therm_300=(F_mit_300*C_300*cost_ng*3600[s])/(1 [hT*(F_mt_300+C_3007)
Cost_mt_fuel_total_300=F_mt_300*cost_ng
Cost_mt_fuel_elec_only_300=(F_mi_300*cost_ng*convert{Btu/s. Btu/h)iF_mt_300%conver(Btuls. ki)
Total_costsavings_mt_300=(C_300%carvert(Btufs. Tons) 0897 kKW Ton]*cost_elec-Cost_mt_
fuel_therm_300)+F_mt_300*convert(Btuf=. ki (Cost_elec-Cost_mt_fuel_slec_300+Caost_mt_0Oh)
Favhack_mt_300=(Cost_mt_300+Delta_chiller_cost_ 10300 convert{Btufs, Tons)-TaxCredit_mt_300-
FocusOnEnergy)iTotal_costsawvings_mt_300

TaxCredit_mt_300=1*Cost_mt_300+0_300*convert(Btufs, Tons*(Cost_chiller_installed+Cost_chiller_dh))
"Calculations for Capstone Microturbine System with 500 Taon Two Stage Direct Fire Thermax Absorptions
Chiller"

F_rnt_b00=1000[kW]*2* 8 3*corvert(kit', Biu/s)

C1_B00=297[Tons]*2*.83 comvent(Tans,Blu/s)

eta_mt_&00_e=0.33

Cost_rmt_b00=33461720[%]

eta_rmt_500=(P_rmt_500+3_5003/F_rnt_500

eta_mt_&00_e=P_mt_&00/F_mt_&00

*_rmt_R00=F_mt_500/C0_500
Cost_mt_fuel_elec_500=(F_mt_500*F_mt_500*cost_ng*3600[s]1AF_mt_S00%corwert(Btu)s kW1 [h]*
F_rmt_500+C_5007)

Cost_mt_fuel_thern_b00=(F_mit_B00*0_B00*cost_ng* 3600007 [h*(F_rmt_B00+C1_500Y)
Cost_mt_fuel_total_500=F_mt_&00*cost_ng
Cost_mt_fuel_elec_only_500=(F_rmt_500*cost_ng*convertiBtuls Bludh))P_mt_S00*comvert{Btufs ki)
Total_costsavings_mt_500=(C_500*carvert(Biu/s, Tons) 0.897 kW Ton]*cost_elec-Cost_mt_
fuel_therm_&001+F_mt_S00*convert(Btu/s kW Cost_elec-Cost_mt_fuel_elec_500+Cost_mt_Oh)
Fayback_mt_500=(Cast_mt_500+Delta_chiller_cost_1*0_&00*conwert{Btu/s. Tons)-TaxCredit_mt_500-
FocusOnEnergy) Total_costsavings_mt_500

TaxCredit_mt_&00=1*Cost_mt_500+0_50Fcorvert(Btu/s. Tons)*Cost_chiller_installed+Cast_chiller_dh])
"Calculations for Capstone Microturbine System with 500 Tan Two Stage Direct Fire Thermax Absorptions
Chiller with Peak Time Ower Production”
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F_rmt_B00_t=1000[kKMWT 2 comernt{ki Btuls)
C_B00_t=297[Tons]*&*corvert{Tons, Btuls)
eta_rmt G500 e t=0.33
Cost_rmt_500_t=3346120[%]
eta_rnt_b00_t=(F_mt_BO00_t+2_B00_£)/F_rmt_500_t
eta_rmt_&00_e_t=F_mt_&500_t/F_mt_500_t
*_mt_500_t=P_mt_500_t/Q_&00_t
Cost_mt_fuel_elec 500_t=(F_rmt_500_t*FP_mt_B00_t“cost_ng*3600[=]AP_rmit_500_tcomvert(Btufe ki)™ T [h]*(
F_rat_500_t+C1_500_f)
Cost_mt_fuel_therm_B00_t=(F_mt_B00_tC1_B00_t*cost_ng™3600[sD/0 [h*(F_mi_BO0_t+C_500_t)
Cost_mit_fuel_total_&00_t=F_mi_500_f*cost_ng
Cost_mit_fuel_elec_only_500_t=(F_mt_500_f*cost_ng*convert(Biufs, Blufh)AP_mt_500_tconvert(Biufs ki)
Total_costsavings_mt_500_t=[0_&0*conwvert(Btu/s, Tansy*0.8414[kWYTon]*cost_elec-Cost_m
t_fuel_therm_B00+P_rmt_S00*corwvert(Btuls ki (Cost_elec-Cost_mit_fuel_elec_SB00+Cost_mt_ Obd)+(
F_mt_500_t-F_mt_500*convert(Blu/s kMW (Cost_elec_p-Cost_mt_fuel_elec 500_t+Cost_mt_Okr*0.5
Fayback_mt_500_t=(Cost_mt_500_t+Delta_chiller_cost_1*0_500_f*‘conwveriBtu/s. Tons)-TaxC
redit_mt_500_t-FocusOnEnergy)/Total_costsawings_mt_500_t
TaxCredit_mt_500_t=1%Cost_mt_500_t+Q_500_t*convertiBtu/s. Tonsy*{Cost_chiller_installed+
Cost_chiller_dh})
"Calculations for Capstone Microturbine System with 500 Ton Two Stage Direct Fire Thermax Absarptions
Chiller with Peak Time Ower Production [deal Payback”
F_rnt_BO0_t_i=1000[kWT*2*cormertki, Btu/s)
C_500_t_i=297[Tons]*2*conver(Tons.Bius)
eta_mt_&00_e_t_i=0.33
Cost_mt_B00_t_i=33467120[%]
eta_rmt_BO0_t_i=(P_rmt_500_t_i+Q_500_t_i)/F_rnt_500_t_i
eta_rmt_R00_e t i=F mt 500 t i/F mt 500 t i
_mt_B00_t_i=F_mt_&00_t_i?C_&500_t_i
Cost_mit_fuel_elec_500_t_i=(F_mt_500_t_*F_mt_500_t_*cost_ng*3600[=]AFP_mt_500_t_i*conwvert{Btu/s ki)™
1[h]SF_mmt_B00_t_i+C1_500_t_7
Cost_mt_fuel_therm_500_t_i=(F_mt_&00_t_*0_500_t_*cost_ng*3600[s]/(1[hTFP_mt_500_t_i+2_500_t_i
Cost_mt_fuel_total_500_t_i=F_mt_500_t_i*cost_ng
Cost_mt_fuel_elec_only_500_t_i=(F_mit_500_t_*cost_ng*convert(Btufs. Btufh AP _mt_500_t_*corvert(Btufs,
ki)
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Chilled Water System Section 9.png
ratio_elec=cost_elec*converd($ikwh, $/Btu)/cost_ng
ratio_elec_i=cost_elec_i*conver($/h, $/Biu)jcost_ng
Total_costsavings_mt_&00_t_i=(0_b00*convert(Btu/s. Tons*0.841 4[kMY T on]*cost_elec_i-Cos
t_mt_fuel_therm_500)+F_mt_500*conwvert{Biufs kW (Cost_elec_i-Cost_mt_fuel_elec_500+Cost_mi_OM)+(
F_mt_500_t-F_mit_&00%*convertiBtu/s kMA*(Cost_elec_i*1.3-Cost_mi_fuel_elec_500_t_i+Cost_mt_COh)*0.5
(4*365*241[h]=(Cost_mt_500_t_i+Delta_chiller_cost_1*0_500_t_*corver(Biufs. Tons)-TaxCredit_mt_500_t_i-
FocusOnEnergy)fTotal_costsavings_mt_500_t_i
TaxCredit_mt_500_t_i=1*%Cost_mi_500_t_i+Q_500_t_Mconvert(Biuls. Tons*Cost_chiller_installed+
Cost_chiller_dh))
"Calculations for Fuel Cell Svstem with Single Effect Absarption Chiller
eta_fo=(P_fc_se+0_se)/F_fc_se {See comments in section abowve}
eta_fc e=F fc_se/F fc se
#_fc=F_fc_se/C_se
Cost_fo_fuel_elec_se=(F_fo_se*P_fo se®cost_ng®3600[s](P_fc_se*convert(Btufe kW MY _fc_se+(Q_se)

)

Cost fc_fuel_therm_se=(F_fc_se*0_se*cost_ng*3600[s]/(1 [h]*(P_fc_se+0_sel)
Cost_fo_fuel_total_se=F_fc_se*cost_ng
Total_costsavings_fo_se=(0_i_h*cost_elec-Cost_fc_fuel_therm_sel+F_fc_se*comvert{Btus, kKWW
Cost_elec-Cost_fc_fuel_elec_se+Cost_fc_OmM)
Fayback_fc_se=(F_fc_se*convert(Btufs kKW *Cost_fc_installed+Delta_chiller_cost*Chiller_h-
TaxCredit_tc_se)/Total_costsavings_fc_se

m_ng_fc_se=F_fc_se/(enthalpy(CHA, T=T_0)~w_CO2F*enthalpy(C0E, T=T_0Fw_HZOF*enthalpy(H20, T=
T_0pw_O2F*enthalpy(02, T=T_Dl2w_MZF*enthalpyi™Ez, T=T_07)

*_in_fc_se=m_ng_fc_se*(enthalpy(CHA, T=T_0)+w_0ZR*enthalpy (02, T=T_0+w_MNZR*enthalpy(Nz, T=T_0)
-w_COZP*enthalpy(CO2, T=T_0Fw_HZOP“enthalpy(HZ0, T=T_0=w_DZFP*enthalpy (02, T=T_0)-w_MNZP*
enthalpyiME, T=T_0-comvertemp(F.R.T_0*entropy(CH4A, T=T_0, P=P_CH4)+w_CZR*entropyi02, T=T_0,
F=F_DZR)+w_MNZR*entropy(ME T=T_0. P=F_MZRE}w_COZF*entrapyw{CO2, T=T_0, P=F_COZFFw_H20P*
entropy(H20, T=T_0, F=F_HZO0F)-w_0ZF*entropy(02, T=T_0. P=F_02F)~w_MNZF*entropy(ME, T=T_0. P=
F_M2PT

#_utilized_fc_se=+_chiller_utilized_h+P_fc_se

eta_ll_fo_se=x_utilized_fc_sef<_in_fc_se

eta_|_fc_se=(Chiller_h*conwvertiton,Btu/s1+F_fc_se)/F_fc_se

TaxCredit_fc_se=3*F_mt_dh*conwvert{Btu/s. k\W)*Cost_mi_installed

{Fuel Cell system with an electricity-only generation efficiency greater than 30%}
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