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SUMMARY III

SUMMARY

In this diploma thesis, the possibilities to enhance the process production and energy efficiency
as well as the energy recovery potential of PFA 2 at Hydro-Sunndalsera have been determined.

To identify the potentials for energy recovery, it has been conducted energy balances. The results
from the balances give an overview of the waste heat sources and their total energy content, to-
gether with the temperatures at which they are available. The total energy in the waste heat
sources for PFA 2 was found to be 17.8 GWh/year. The largest waste heat sources were localised
in connection to the cooling agent of the casting ingot machine. Here disappears 12.32
GWh/year through cooling water within a temperature range of 10 to 30°C as well as convection
and radiation to surrounding. The cooling water section one was determined as the most promis-
ing heat recovery potential with 7.47 GWh/year. Furthermore the initialisation of liquid alumin-
ium alloy was revealed as a waste heat source with 5.48 GWh/year. Here disappears 3.34
GWh/year through the flue gas of the furnace within a temperature range of 288 to 1,100°C and
creates the most promising heat recovery potential at the furnace.

The energy saving potential is divided into three groups: energy saving by existing equipment,
optimising of equipment and waste heat recovery. Here energy saving by existing equipment
reveals 26.4 MWh/year for an improved control quality of the melt temperature. The greatest
potential for energy saving by optimisation of the equipment was found to be 1.98 GWh/year for
the implementation of regenerative burner. Furthermore effects an installation of a furnace pres-
sure control system 689.14 MWh/year less energy consumption due to the avoided false air. The
greatest energy saving potential for waste heat recovery was estimated to 1.65 GWh/year for the
preheating of charged metals to 300°C, instead of 20°C. The preheating also leads to improved
safety, because of the elimination of moist metal in the furnaces, and increases the process pro-
duction, as a consequence of larger melt capacity. Furthermore, heat to power solutions revealed
the use of favourable electricity production by the generation of waste heat. Here the greatest
generation potential was found to be in the flue gas from the furnace. A common Rankine cycle,
with a direct heat recovery design and water as working fluid, was estimated with a recovery
potential of 1.1 GWh/year. With the use of an organic Rankine cycle the potential can be recov-
ered to 489.8 MWh/year for an indirect heat recovery design and pentane as working fluid. There
are still some challenges associated with flue gas heat exchangers (dust) and operation of such
power generation plants at alternating heat loads, but the technology is under rapid development.
The waste heat generation potential for the casting ingot machine was determined with 411.3
MWh/year for an ideal organic Rankine cycle heat recovery design, within a temperature range
of 58 to 90°C and R 134a as working fluid. An alternative ideal organic flash cycle layout re-
vealed 253.4 MWh/year (7Jexpander = 0.6) respectively 416.5 MWh/year (7expander = 0.6), within a
temperature range of 36 to 90°C and butane as working fluid. These considerations have lower
efficiencies compared to the furnace layouts caused by the low application temperatures (7goiler <

90°C).
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Introduction 1

1. Introduction

1.1.  Background

The Norwegian industry’s potential to reduce energy consumption was investigated by ENOVA
in 2009. This study was initiated as a result of an increased awareness for conserving resources
and more effective energy use. It is noted that the aluminium industry was the largest energy
consumer with a consumption of 22 TWh a year in 2007 [ENOVA 09]. Hence production of
aluminium requires vast investment of capital and high operating costs due to the high energy
consumption. It is important for the industry to use not more energy than required, to reharvest
energy by reusing, recycling and remelting. This will obviously make the industry sector more
sustainable, but it also gives the aluminium industry an economic advantage, as energy expenses
are a determining factor in the cost price. In the primary aluminium industry up to 2 % of these
previous noted 22 TWh (440 GWh per year) are used in cast houses and a considerable part can
be saved by technology and operation improvements.

The CastAl project as a consortium between Hydro, SAPA, NTNU and SINTEF, where this di-
ploma thesis is placed in, therefore aims to reduce energy consumption in aluminium cast
houses, both primary and re-melt. This will be achieved by consuming less energy per ton pro-
duced aluminium than the benchmark 500 kWh/ton [Hydro 12.1]. CastAl in this application
seeks to overcome the barriers for energy improvements in the primary and recycling by devel-
opment of technology, increasing consciousness and knowledge of energy consumption. The
CastAl project is an IPN project financed by the research council of Norway.

However, this disquisition will focus on quantifying heat losses within the casting process of
alloying ingots as an initial step in the CastAl project. It translates these to operational optimisa-
tion, detect useful heat recovery technology and obtain areas for further research.

1.2.  Objective and Execution

At present many cast houses do not calculate an energy balance of their production. This is also
the current state at PFA 2. Prediction of the energy needed from the burners to bring a full charge
to a targeted temperature is used. This is done by accounting for heat loss (generally from the
whole furnace) and using a kind of system efficiency, typically estimated of heat loss and the
efficiency to be around 50 % [Hydro 12.1]. Recent studies at NTNU did also neither quantify or
at most assumed like [Tabuk 08] the heat in the exhaust gas nor the heat exchange from the cool-
ing water in the cast house. This is caused by the focus of the aluminium industry, which primary
consider at first the hugest cost-usage effect like as at the aluminium electrolysis [Ladam 11].
This is now beginning to change and energy considerations are extending in further segments of
the aluminium value chain, caused by ecological image and prospective cost challenges.

For a total energy balance of the considered production line, heat loss in the furnace, launder,
cooling water and dross processing is studied and partly verified by measurements. The tempera-
ture in the flue gas varies between 280 and 1100°C. The volume rate varies between 50 and 7500
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m?h. The flow rate of cooling water used in the cast house is 25 m*/h for water section 2, and 65
m?h for water section 1, within a temperature range of 10°C up to 35°C for each section. To be
most energy efficient, the complete process line of liquid metal handling, scrap, dross handling
and casting must be fully integrated, which is the aim of this study.

Increased energy efficiency at Foundry Alloy Cast House will give Hydro both financial savings
and strengthen their image as an environmentally conscious company.

The resulting objective of this diploma thesis is thereby an energy mapping and audit of PFA 2
in the Foundry Alloy Cast House at Sunndalsera, Hydro ASA. This means determining and de-
picting possible solutions for decreased energy consumption in this production line. The result,
after an evaluation of various heat recovery solutions, leads to a proposal of various heat recov-
ery systems to enhance the process efficiency and presents a calculation of an annual energy sav-
ing potential.

1.3. Structure of Thesis

The first chapter gives an introduction of the scope of work and forms background knowledge
for a better understanding of this disquisition. The second chapter provides a description of PFA
2 and gives an insight of existing plant, understanding of dimensions and process sequences. The
third chapter aims the determination and depiction of mapped energies through an energy bal-
ance. Simplified theoretical aspects for setting an energy balance are described for the furnace
and casting ingot machine. The fourth chapter concerns itself with improved energy efficiency
and links the results from chapter 3 with recommendations to enhance the efficiency. A calcula-
tion of the determined most promising heat recovery solutions indicates annual energy saving
potentials. The fifth and last chapter proposes and indicates approaches for further work.

The literature review is linked as comparable reference information in each subchapter and
thereby leads to comprehensible statements.
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2. Foundry Alloy Cast House

Before aluminium alloys can be used for extrusion, rolling or subsequently for other forming
operations, they are usually cast into ingots of suitable size and shape [Wang 09], which is car-
ried out at the foundry alloy cast house in Sunndalsera. Small quantities of other metals can be
added to the liquid aluminium to produce foundry alloys of different durability and tensile
strengths [Hydro 12.2]. Typically produced alloys are used for producing castings or fabricating
wrought products, e.g. in the automobile industry or heat exchanger as illustrated in figure 2.1. A
value chain in figure 2.2 illustrates an overview of an aluminium life cycle.

The aluminium used as a raw material for casting operations, is purchased and tapped from
nearby pots and transported to the foundry alloy casting plants in a molten state. Usually, how-
ever, purchased aluminium ingots are charged together with alloying elements into melting fur-
naces at the casting plant. Several types of furnaces can be used, but reverberatory furnaces are
the most common [BCS 08] and these are implemented as existing heat supply technology at the
foundry alloy cast house in Sunndalsera.

Figure 2.1: Typical bundle and ingot billet as a product of foundry alloy cast house at Sunndal-
sgra (left) and products like a motor block (mid) [XTC 06] or extruded heat ex-
changer elements (right) [Meltech 11].

Recycling

Rolling
Bauxite Alumina Energy Primary Extrusion

Recycling

Figure 2.2: Value chain of aluminium at a foundry alloy plant. lllustration of casting as a connector be-
tween raw material and finished products, bypassed through the recycling chain [Hydro
12.2].
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2.1.  Construction of Process Line PFA 2

The process line PFA 2, which has to be considered (see figure 2.3), consists mainly of two fur-
naces called “Ovn 9 and 10” (furnace 9 framed with red dashed line), a launder system (B to C),
filter system (between B and C), casting ingot machine (C to D), two cooling sections (D and E)
and one attached packing station (F) for finishing casted ingots.

Ovn 10

/ Side View of Furnace \\
U

L

[ mva

EL S
[T
s

-
-
-

-
\---———-—-’_'_

Figure 2.3:Total view of PFA 2. On top are both furnaces (furnace 9 red dashes framed) illustrated
which are connected by launder (B) with casting ingot machine (C to D). (D) and (E) indi-
cate cooling section one and two. (F) indicates the packing and finishing section. (A) indi-
cates the location of flue flow rate and temperature measurement [Hydro 08.1], [Hydro
08.2], [Maerz 06].

2.1.1. Furnace

The reverberatory furnaces are fuelled by natural gas. Combustion air serves as oxidizer and is
sucked into a ventilating system in the basement under the furnace and streams into the furnace
chamber while the burner is running. Also furnace types fuelled by natural gas and pure oxygen
are known and used for casting procedures [Memo 11]. Figure 2.4 illustrates useful parameters
for getting to know the operation behaviour of the considered furnace 9. The existing furnaces
are alternately charged, caused by the needed amount of liquid alloy for the attached casting in-
got machine. This means to two furnaces operate in batch to supply the continuous casting ingot
machine. PFA 2 therefore operates at an alternating modus. This means that after e.g. furnace 9
is discharged and tilted to the maximum angle (approximately 31° in figure 2.4 and side view
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furnace, green line, figure 2.3), the second furnace 10 is automatically tilt up and the cast session
continuous. This is essential for a continuous casting procedure like at PFA 2. Every session
starts with charging the furnace chamber by loader, with held alloying billets and silicon. This is
indicated in figure 2.4 by the opened main door and inexistent gas flow. Temperatures cool down
and indicate a heat discharge in the furnace. After a while of holding the furnace at stand-by,
caused by the frequented operating and requested energy saving, preheating by burner begins.
The gas flow reaches now a maximum and temperatures rise. Charged elements begin to change
phase from solid to liquid. If the furnace roof temperature reaches a typically practical defined
limit, liquid aluminium from pot rooms is tapped through small ports. During this procedure the
burner is still running but temperatures decrease. A mixing procedure and magnetic stirring en-
sure a good homogenisation of molten alloy composition after this procedure. The temperatures
decrease furthermore until a feasible casting temperature is reached. Subsequently, the liquid
aluminium alloy is held as long as needed, while the other furnace is going to discharge. De-
pending on the logged temperatures the burner is switched on and off during this time. If the
other furnace is discharged and going to tilt down, the opposite furnace tilts up and serves the
alloy for a continuous casting procedure. This is indicated by the successive increasing angle in
figure 2.4. These molten liquid aluminium alloy streams from the tilting furnace through the
launder (B) into the moulds of the casting ingot machine (C). It should be noted that the heat
transfer from burners to the charge is reached by three main heat transfer mechanisms: Convec-
tion, Radiation (indirect through walls) and flame radiation (direct radiation). The mechanism
that is highly important during the initial stages of the melting cycle is the heat transfer by con-
vection [Migchielsen 05]. Another important indication takes place in figure 2.5. This figure
indicates detailed pressure behaviour in the furnace chamber during the whole casting cycle.
Therefore it is a necessary explanation for the following influences by the stack effect, which is
caused by a density difference between furnace atmosphere and chimney outlet atmosphere, at
the energy balance model. The maximum pressure is logged at +23 Pa compared to atmospheric
reference pressure. This positive peak is reached while the burner runs at maximum power
(100%) in the preheating phase, indicated by the gas flow in figure 2.5. This affects an escape of
combustion gas to the surrounding atmosphere. In the opposite direction the minimum negative
pressure peak is reached several times shortly after the burner is shut down and is logged at -50
Pa. This physical condition thus effects a sucking of atmospheric air into the furnace. This is
confirmed by the pressure trend after these negative peaks (see holding session while burner is
tilt up in figure 2.5), which shows a positive gradient. This positive gradient is an indication of
pressure compensation by leaking ports anywhere at the furnace. These pressure values are
common for such types of furnaces [Migchielsen 09]. After an evaluation an arising arithmetic
averaged relative pressure for the total process cycle results with -26 Pa and thereby indicates
that the furnace runs at a negative pressure most of the time. An ideal pressure of =0 Pa is stated
at [Migchielsen 09]. But it should be noted that this aimed target is just to solve with an expen-
sive controlling system and therefore a slightly positive pressure is tolerated. This slightly posi-
tive pressure avoids an undesired heat discharge by sucked in atmosphere air, for the whole
process time. This subject takes place at the furnace energy balance.
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Figure 2.4: Logged process parameter for a total charging (1), melting (2), holding (3) and casting (4) procedure at furnace 9, Charge 67801.
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Figure 2.5: Additional logged pressure data for a complete process cycle at furnace 9, Charge 67801.
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2.1.2. Casting Ingot Machine

After charging, melting and holding in the furnace the composited alloy supplies the casting in-
got machine. This machine is an oversized horizontal chain hoist (figure 2.6) with moulds and
transports the filled in liquid alloy continuously above a previously opened water cooling sec-
tion, figure 2.3 (D). During this cycled transport procedure cooling water absorbs heat from the
aluminium alloy. Heat is also emitted to the atmosphere by the surface of aluminium. The en-
closed air ventilating system (D) and figure 2.6 additionally leads to heat dissipation. This is del-
berated in this process section and after a dwell in the mould the alloy has changed phase and is
solid. After a converting section between (D) and (E), at the end of the casting ingot machine,
the casted ingots fall out of the mould and are becoming transported to another second water
cooling section (E). An automated packing and finishing station completes the process line (F).

Figure 2.6: Side view of casting ingot machine (left) and top view of filled casting moulds (right).

2.2.  Conclusion

A description of PFA 2 provides an insight of the existing plant and therefore gives an under-
standing of the dimensions and process sequences. A short constructive and operational descrip-
tion of both most important process sectors at PFA 2, regarding energy intensity and heat recov-
ery potential, the furnace and casting ingot machine, is given. Figure 2.4 and Figure 2.5 contain
the necessary information and explanation for the following energy balance and tasks.
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3. Energy Balance

The challenge is to enhance PFA 2 thus reducing or rather reusing of waste heat energy. The
most promising way to do this is the compilation of energy flows in the process line. Exposing
these build the basis for getting an energy balance and making visible the potential for a heat
recovery system and process optimisation. The energy balance is meant to be the first step on the
way to make a priority list of further measures or considerations for improved energy efficiency
at PFA 2. A system energy balance exposes an overview of the in and out coming energies re-
garding defined system borders.

3.1. Furnace

Enthalpy differences between ingoing and outgoing materials depend on the temperature differ-
ence between ingoing and outgoing materials. Enthalpies related to phase transitions, such as
melting, must be included. In addition, there are also enthalpies of mixing and reaction. The ma-
jor enthalpy of mixing is the heat that is released or consumed when e.g. two metals are mixed.
Heats of reaction are for example these which are formed while dross is produced (burning of
aluminium) or gas is burned [Rosenkilde 10]. However, there are further points which have to be
considered for the energy balance of furnace 9. There are additionally waste heat sources like
losses caused by convection and radiation from its outer surface or open ports. A detailed de-
scription of energy flows is given in the following and listed in fable 3.1. The system borders are
defined as the shell of the furnace 9. The reference temperature is set to 25°C.

The liquid aluminium is considered at first. The mass was given from Hydro for this special
Charge 67801 and is fixed for one cycle, but varies from charge to charge and alloying campaign
to alloying campaign. This is caused by different compositions of alloys which are requested by
the consumer. The temperature of this tapped metal varies between 800 and 860°C. It depends on
several parameters, e.g. crucial transport time or initial temperature of crucial (transport vehicle).
It should be noted that this temperature of liquid metal is not logged or measured before tapping
from Hydro. Therefore an assumed value was substituted by 840°C. This means that the tapped
metal is a heat emitting position in the energy balance. Section now only one point is open for
this energy balance, the furnace temperature of charge while tapping. This temperature is also
not logged and measured. Therefore a temperature is substituted from [Memo 11] with 750°C.
The metal temperature in the furnace is just measured shortly before and during discharging pro-
cedure. Equation 3.1 therefore leads to a heat amount of -3,797 M1J as illustrated in fable 3.1.

Qliquid alu = Miiquid * Cpiliquid * (Tinliquid — Tcasting) (3.1

The next point, silicon, describes the complete amount of silicon which is charged (including
percentage of internal scrap) and is a heat consumer section. Silicon is the most important single
alloying ingredient in the vast majority of aluminium casting alloys [Apelian 09]. It is always
added as a solid and always ends up dissolved in the molten alloy [Rosenkilde 10]. The silicon
charge depends on the enquired alloy composition and varies from 5 to 11% of total charged
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mass. This position describes the relatively most energy intensive section of charged metals.
Silicon requires more energy than aluminium for heating and melting [Rosenkilde 10]. The en-
ergy needed for silicon is expressed in equation 3.2.

Qsilicon = Mijlicon * Ahsilicon 20 to 750°C (32)

Here [Memo 11] states Ahsilicon 20 10 750°c With 2,088 kJ/kg. This means that for one kilogram sili-
con, which is added at 20°C, 2,088 kJ are needed for heating, melting and mixing to the casting
temperature of 750°C.

Table 3.1: Energy balance table of furnace 9, Charge 67801.

. Mass Volume Temperature Cpin Density
Magnitude inkg  inm® in °C ki(kgK) kgim* "M
Liquid Aluminium 35,836 - 840 1.177 - - 4,640
Silicon 3,725.5 - 20 - - 7,779
Ingot (99,7 % Al) 11,000 - 20 - - 12,700
Scrap (internal) 1,641.5 - 20 - - 1,895
Oliizr ey 1,055 . 20 - . 1218
Element
Heel 2,000 - 670 - - 141
Dross extracted 552.6 - 900 0.9 - 438
Theoretical . 318887 1,025 1.1 073 26,102
combustion gas
False Air - 14,028 600 1.06 0.8 6,797
Radiation Loss - - 750 - - 605
Convective Loss - - 80 - - 20,662
Combustion of ; 2,950 25 ; 0.84 69,886
Natural Gas
Dross Reaction 55,258 - - - - -2,751
Input: -77,278
Output: 78,338
> 1,060

The charged ingot (billet) has a purity of 99.7 % and is computed as pure aluminium. The mass
was given by Hydro. Used heat capacities are listed in appendix. The initial temperature of the
metal was measured in the cast house and substituted with 20°C. It should be noted that there is
no preheating before charging the metal. For an evaluation of this heat amount the phase change
has to be considered, which leads to equation 3.3.

Qingot = Mjiquid ° ((Csolid ' (Tfusion - TZO"C) + Cliquid " (Tcasting - Tfusion) +- Ahfusion )) (33)

Equation 3.3 is also used for the following next two points of the energy balance model: scrap
and other alloy elements. Scrap describes the internal amount of aluminium which is remelted
during this cycle. Other alloy elements describe different ingredients for the correct composition
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of the alloy. It is also assumed as pure aluminium and confirmed by Hydro that necessary mate-
rial properties differ marginally against aluminium [Sivertsen 12].

Heel describes the amount (given by Hydro) of metal which is already in the furnace from an
upstream connected cycle and must be heated up from a higher assumed initial temperature of
670°C. Without phase change while heating up equation 3.4 results for assumed pure aluminium.

Qheel = Mhpeel Cliquid * (Tcasting - T670°C) (34)

The dross which is extracted before casting is considered as a fixed ratio to the total mass of
charged metal (indicated at dross reaction). This fixed value is stated in [Memo 11] with 1 % of
the total mass. The temperature of the dross is substituted with 900°C and for the heat capacity
0.9 kJ/(kg K) is used. The result is expressed in equation 3.5.

Qdross = Miotal 'fl% * Cdross * (Tdross - T25°C) (35)

The combustion gas is a theoretical computed parameter of the energy balance and results from
the stoichiometrical rate of needed air and natural gas. A theoretical assumption was chosen due
to presently unavailable logged data. But it should be noted that measurement equipment for the
flow rate of combustion air already exists. It was confirmed that the rate from combustion air to
natural gas is proofed yearly by Hydro and has a steady condition while running the burner
[Sivertsen 12]. This was the reason for assuming the amount with an excess air value of 3 % as
stated in [Rosenkilde 10]. This leads to a theoretical combustion air flow rate by the following
equations 3.6 to 3.8 which are used for the energy balance.

0.79 0.79
1CH,+ 20, + ZHN2=1C02+ 2H,0+ ZENZ (3.6)
Vair 2
Liinair = (E) = 2 =9524m’ (3.7)
Lair = A Liinair = 1.03* Lyin air = 9.81 m® (3.8)

Linin air 18 thereby the minimal needed air volume for a stoichiometrical combustion of 1 m?
methane and A the excess air amount. It is necessary to know that this magnitude has a sensitive
impact on the resulting heat consumption (heat up inert gases) and flame temperature (decreases
at increasing excess air, figure 3.2). The temperature is evaluated from the available logged data
and is substituted with an integrated average value of 1,025°C. Density and heat capacity are
chosen from air as an average value between 25 to 1,025°C (see table 3.1). But it should be
noted that this magnitude is computed and results by the integration of each state in an EXCEL
matrix. Equation 3.9 expresses the magnitude of the combustion gas.

Qoffgas = Voffgas " Coffgas poffgas ' (Taverage offgas — T25°C) (3.9)

The false air in the energy balance is the magnitude with most surprising results. This magnitude
is caused by the temporary negative pressure in the furnace (see chapter 2.1.1) which results
from different densities in the furnace (7'= 1,025°C and p,, = 0.2 kg/m’) and atmosphere (7 =

25°C and p,, = 1.2 kg/m®). This physical phenomenon is also known as stack effect. This high

value of false air is caused by no regulation of the exhaust outlet and pressure control in the fur-
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nace. When the main door is opened or any other leakage supplies false air, the furnace sucks
these into the burning chamber, heats the air up and discharges the air as hot exhaust gas, or so
called flue, out of the furnace. During this procedure a huge insert heat amount is wasted (8.7
%). The correct magnitude of this section could be only evaluated while the exhaust gas (flue) is
steadily measured, logged and integrated [De Monte 03] in a process controlling system. Such
information is important to define plant running conditions from a thermal point of view. Simul-
taneously the amount of natural gas and combustion air is necessary. For getting a first impres-
sion of how big the magnitude of false air flow rate is, experimental velocity measures in the
exhaust line are executed and documented in table 3.2. The exhaust flow rate was measured with
a handheld Pitot tube [Testo 11] during essential running states of furnace 9. The measure loca-
tion is illustrated in figure 2.3 (A) and figure 3.1. Table 3.2 indicate relatively high velocity val-
ues while the burner is off. That leads to the assumption that the false air must be significant (es-
pecially at burner off state) and has to be considered more accurately for the following energy
balance considerations at the CastAl project. It should also be noted that the measure location at
figure 3.1 is unfortunate for an accurate measure result of the exhaust gas velocity. This is
caused by an unsteady gradient of the stream profile for one point in this area, which is a result
of constructed and existing exhaust gas pipe layout. For an accurate measure of velocity a lami-
nar or at least defined turbulent streaming profile is necessary which requires a defined inlet and
outlet distance at the measure point.

Table 3.2: Results of exhaust flow rate measurement at furnace 9 as a verification
of energy balance.

Date Operation state Time wvinm/s Tin°C V in m¥h
= burner off 19:30 1.5 390 6,107.3
o
N
'S. burner on 20:05 4 850 16,286
S burner on 20:35 5 930 20,357.5
N
§ burner off 08:55 15 640 6,107.3
~
e
ptd burner on 09:00 3.5 750 14,250.3

For further, more detailed and accurate evaluation of a furnace energy balance, a location with a
sufficient inlet and outlet distance has to be chosen, so that a constant streaming profile could be
build and measurement equipment could work sufficiently. The section between measured loca-
tion and bypassed atmosphere air in the exhaust line could be an applicable place for more accu-
rate velocity measure results (see appendix-B). It should be noted that this will lead to invasive
handling of measurement equipment in the exhaust pipe, which was at present not necessary and
possible for such an initial consideration. The exhaust flow rate (flue) is a function of minimal
needed combustion air, excess air and natural gas as illustrated in equation 3.10 and 3.11.

Rﬂue,min = W—::ﬁ-m = 10.524 m’ (3.10)
Rflue = Rﬂue,min + (/1 - 1) ' Lmin air = 10.81 m? (3-1 1)
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This means that for 1 m* methane 10.81 m® flue (Roffgas ) are resulting at an excess air rate of

A =1.03. Assumed the ratio ¢ of exhaust flow rate is correct, despite the unfortunate measure
location, the following magnitude results in equation 3.12 for measured velocity in table 3.2.

v 1.5m/s
¢ — burner off = / =0.3 (312)
VUburner on 5m/s
laminar
~ @ 1.65m
\
)
——
unsteady
/“\
V1=f(t1)
V2=f(t2)

Figure 3.1:lllustration of desirable laminar and existing unsteady flow profile of the exhaust gas (left).
The measure location of flow rate and temperature is indicated in the middle. A cross-
section of the existing exhaust pipe clarifies the dimension (right).

This means that while the burner is off, the exhaust gas flow rate is about 30 % of the maximal
measured exhaust gas flow rate (while the burner is running, which is relative accurate), caused
by false air that has been drawn into the system. This magnitude of maximal exhaust gas flow
rate is assumed with the theoretical combustion air value and natural gas amount, which is plau-
sibly caused by the positive pressure in the furnace during this time (see figure 2.6). No false air
is sucked into the exhaust and furnace during this defined period. This assumption sets the value
for the ratio of maximal exhaust rate amount (measured with vpyrneron = 5 m/s) while the
burner is on and exhaust rate caused by stack effect while the burner is off (measured with
Vpurneron = 1.5 m/s). This means that while running the burner, the exhaust flow rate is as-
sumed as a function of theoretical combustion air and natural gas amount. And while the burner
is shut down, the flow rate of exhaust gas is a function of 30 % of the maximal exhaust flow rate
and is therefore constant. This assumed result is also checked and confirmed with another theo-
retical approach for the stack effect. The assumed integrated false air leads therewith to the heat
loss of false air and is expressed in equation 3.13.

Qfalse air = Vralse air - Coffgas " poffgas ' (Texhaust average Tecast house,25°C) (3.13)

The next position and considered magnitude is the heat loss caused by radiation. Therefore an
emissivity Of 0.95, o= 5.76'10_8 W/(mzK), En furnace — 7000C, Aport = 0.7 m2, Amain door — 3.5m2,
tapping = 21 min and #yin = 45 min door was chosen.

Qradiation = € * 0 (Tm furnace4 — Teast house4) At (3-14)
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The loss caused by convection should be also noted as a significant magnitude of such furnace
energy balances (26.38 %). This magnitude is a function of the furnace surface Afyrnace =
1,500 m?, the heat convective coefficient agyrnace = 5 W/(m?K), total cycle duration tipey =
14 h 45 min, surface Tgyrface = 80°C and ambient temperature Teastnouse = 25°C as described
in the following equation 3.15.

Qconvection = Ofurnace * (Tcast house ™ Tsurface) 'Afurnace * Leotal (3-15)

The position natural gas is the main heat supplier for this energy balance and is thereby essen-
tial for the energy balance. The hot combustion gas gives off heat to the charge and leaves the
furnace at a lower temperature than the flame temperature. The figure 3.2 illustrates the adiabatic
flame temperatures for combustion of methane and propane with air, as a function of the fuel to
air ratio. The amount of heat given off is simply the difference between the enthalpy of combus-
tion gas at the adiabatic flame temperature and the enthalpy of the same gas at the exhaust tem-
perature, as expressed in equation 3.16 for burner efficiency.

_ HT,flame —HT exhaust
Npurner =

(3.16)

HT,flame_HT,ambient

C,H; or CH, + Air
Adiabatic flame temperature
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Figure 3.2: Adiabatic flame temperature for the combustion of methane as
function of excess air [FactSage 12].

Figure 3.3 illustrates the burner efficiency and combustion enthalpy of methane as function of
the exhaust gas temperature, which is chosen for the integration of charged heat by natural gas.
The temperature Teyhaust gas Was logged during the measure campaign and is integrated in the
function shown in figure 3.3. Natural gas consumption is hereby given. The specific enthalpy of
the natural gas depends on the exhaust gas temperature Teypaust gas and natural gas factor fyg of
0.97.
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Figure 3.3: Combustion enthalpy of natural gas at 3% excess air and thermal burner efficiency as a
function of the exhaust gas temperature.

The natural gas factor describes the deviation to pure methane caused by e.g. contained inert
gases. The result is expressed in [Memo 11] with equation 3.17.

Ahchs = frg - (3 +107° - Texhaust gas2 + 0.0206 * Texnaust gas — 4‘9-84) (3.17)

After the integration for each specific enthalpy Ahcp,, the heat amount caused by combustion of
natural gas is computed with equation 3.18.

Qnatural gas = Ahcyy - PNG “Vne (3.18)

The density p, is chosen at 1.3 bar absolute and 25°C with 0.84 kg/m’ for pure methane. The
integration of each time step leads to -69,886 MJ.

The last section of the energy balance, dross reaction, describes a chemical reaction which is
exothermic as noted in [Rosenkilde 10] and expressed in equation 3.19.

2A1(1) + 1.50,(g) = Al, 05 (3.19)

[Memo 11] sets Ahpross = —16,596 k] /kg therefore a value of. This means that for one kilo-
gram Al,O3;, which reacts with oxygen, -16,596 kJ are emitted and heat is given off. Another
factor fyyiqe 1 set to 0.3 and describes the fraction of oxide in dross formed by reaction in the
furnace [Memo 11]. The parameter f4,0ss describes the relative amount of dross for each charge
and s set to 0.1. That leads to equation 3.20 and completes the furnace energy balance.

Qpross reaction = Mtotal * AhDross ’ foxide ’ fdross (3-20)
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3.2.  Casting Ingot Machine

The system borders for the energy balance (listed at table 3.3) are set on the beginning of the
casting procedure (after the moulds are filled with liquid alloy) and at the end of water section 2
(before packaging unit). Within these borders the surrounding completes the border shell of the
considered energy system.

Table 3.3: Energy balance table of water section one (CIM) and water section two, Charge

67801.
wagniuge  'lirE  Voume  Tempermure e Doty
Efl‘ls;;r;g Metal 55 258 : 688 : - 60,775
Air System - 67,425 40 1.007 1.3 1,324
Water Section 1 - 440 10 4.185 1,000 36,828
Water Section 2 - 240 10 4.185 1,000 20,088
Radiation - - 450 - - 238
Convective - - 350 - - 208
Input: -60,775
Output: 58,686
2 -2,089

At first the casting metal has to be considered and computed with equation 3.21. The tempera-
ture of liquid metal, which is filled into the casting moulds, is measured by Hydro and chosen
from the control centre (688°C) at PFA 2. The mass is given from consideration before (55,258
kg). The heat capacities and fusion are chosen for pure aluminium.

Qcasting = Mpetal ((Csolid ) (Tfusion - T25°C) + Cliquid * (T688°C - Tfusion) + Ahgysion )) (3.21)

The air system section describes the cooling system by the forced ventilating cooling section
one (shown in figure 2.6, left). The surface of casted ingot is cooled down in this section. The air
flow rate is chosen from manufacturer data and temperature was measured (40°C). This leads to
equation 3.22.

Qair system — Vair " Cair - Pair (Tair out — Tcasthouse) (3.22)

Water section 1 and water section 2 are evaluated with measured water flow rates (ultrasonic
clamp on flow meter [GE 97]) in each section, as a verification of installed equipment as well as
in- and outlet temperatures (10 and 30°C). Equation 3.23 expresses the heat amount of both sec-
tions.

Qwater = Vwater * Cwater - Pwater (Tout — Tin) (3.23)

It should be noted that water section 2 works with a spray water concept and is simplified as-
sumed as a conventional cooling section (like water section 1, liquid and single phase). This
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leads furthermore to the noted fact that this section will not be useful for a heat recovery concept,
caused by the open system type and spray water application.

For heat loss by radiation an average temperature of 450°C is assumed, which is plausible after
a temperature measure with an infrared camera [FLIR 12] all over the casting ingot machine and
furnace (see appendix). Equation 3.14 is therefore used.

Convective loss is computed with equation 3.15. For the convective area of mould Ay,ouig =
0.7 m? and a heat transfer coefficient Qingor = 40 W/ (m?K) are chosen. The cycle duration is

set to teasting = 80's.

3.3. Conclusion and Discussion

Simplified theoretical aspects for setting an energy balance are described. They built the basis for
a good understanding of scope and detailed analysis for improved energy efficiency. The deter-
mination and depiction of mapped energies conclude this section. These initial simplified energy
balances indicate the order of magnitude and expose further steps for getting a more accurate
balance, if necessary in the CastAl project.

The energy balance of furnace 9 demonstrates that only 30 % of consumed energy is used for
primary target: Preheating, liquefying and initialisation of aluminium alloy. The residual 70 % of
insert energies are wasted as illustrated in figure 3.4. These statements correspond approximately
with the statements in [BCS 08] which contains a fuel input efficiency of 34 %, at the same ref-
erence temperature for aluminium reverberatory furnaces.

Flue 42 %

e

Radiation 0.77%
Convection 26,38%
Heel 0.18%

Natural Gas 91.43% False Air 8.68%

Combustion Gas 33.32%

Silicon 9.93%
Ingot 16.21%

Scrap 2.42%
OAE 1.55%

Dross Reaction 3.56%

Liquid Aluminium
6.00%

USAGE
30.1 %

Dross 0.56%

ouT

Unspecified 1.37%

Figure 3.4: Sankey diagram of furnace 9 illustrates the incoming and outgoing energies and
therefore the order of magnitudes for the heat recovery potentials.

This indicates a slightly higher waste energy amount (4 %) for the existing furnace 9 at PFA 2,
regarding the benchmark stated at [BCS 08]. Expressed as an energy amount, 3,091 MJ more is
consumed for the considered Charge 67801, compared to benchmark. Of course it is not that
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easy to compare it with the benchmark given at [BCS 08], caused by different parameters like
charge composition (5 to 11 % silicon), but it is an indication and states need for acting. This
slightly negative competitive advantage is mainly caused by the energy loss through false air
(8.68 %). Wasted energy can be distinguished between easily avoidable and extensive improv-
able heat losses. False air is an easily avoidable magnitude. The false air is sucked from the cast
house atmosphere into the furnace chamber due to negative pressure (stack effect) and is heated
up from +25°C to an integrated temperature (between 400 and 1100°C). Controlling pressure in
the furnace by adding a valve in the exhaust pipe (see chapter 4.1.), closed while burner off
and/or main door or tapping ports are open, would be therefore a first step of improvement.
Equally a preheating system is possible which could be realised for the combustion air and
charged ingot. This leads directly to less consumption of natural gas and thereby effects an in-
crease of the total cycle efficiency. Table 3.4 gives magnitudes of increased efficiency by pre-
heating combustion air for reverberatory furnaces [BCS 08].

Table 3.4: Improvement of furnace efficiency by preheating of combustion air, based on
a natural gas furnace with 10% excess air [BCS 08].

Furnace Outlet Combustion Air Preheat Temperature

Temperature in °C ™5 /oc 316°C 427°C 538°C 649°C
1,427 22% 30% 37% 43% 48%

1,316 18% 26% 33% 38% 43%

1,204 16% 23% 29% 34% 39%

1,093 14% 20% 26% 31% 36%

982 13% 19% 24% 29% 33%

871 11% 17% 22% 26% 30%

760 10% 16% 20% 25% 28%

Aluminium reverberatory furnaces lose approximately 13.7 TJ/a via exhaust gases [BCS 08] and
thus effect a huge potential for heat recovery systems in aluminium cast houses.

An extensively improvable heat loss is an improved insulation, which leads to decreased heat
losses through convection (26.38 %).

Other magnitudes like dross, radiation, heel and combustion gas are operational parameters and
have to be considered in further project steps.

The indication of sum balance (-1,060 MJ) is not zero which is accounted by unspecified ener-
gies (1.37 %) in figure 3.4. This differs to ideal theoretical results of zero and reveals that such a
complex system cannot be described exactly, caused by the sensitivity of each parameter chosen
for the model. In this case too much heat is consumed and the system is not balanced. The result
of this consideration would lead to a system which is getting colder and colder. However, in real-
ity, this of course is not the case.

The energy balance for the casting ingot machine (depict in figure 3.6) illustrates the distribution
of the heat amount during the cooling procedure of aluminium in this process line. Both water
sections are the main consumer of absorbed heat with 93.65 %. The water outlet temperatures are
very low (30°C) and the water flow rates with 56.8 m3/h in section 1 and 31 m*/h in section 2 are
high. Changing the splitting of water strings like in figure 3.6 here lead to a higher potential of
using accrue waste heat and decreases consumed water. The only limitation that has to be con-
sidered is the ingot temperature after water section 1. A maximal limit of 120°C there is con-
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firmed by Hydro. One water loop will give in this section better heat demands for possible heat
recovery systems and decreases the running costs of the casting ingot machine. Only 2 % is util-
ised by the air ventilating system. After an enquiry in the Hydro control centre it has been confir-

Water Radiation

Section 2 0,39%
33.05%
Convection
0,34%
Water Unspecified
Section 1 3,44%
)
el Air System
2.18%

Figure 3.5: Heat discharge distribution of liquid alloy for each cooling sec-
tion at the CIM.

med that the system was installed after the casting ingot machine was already installed, due to
the varying amount of silicon (5 to 11 %) in the alloy. A selective shut down of the air ventilat-
ing system during charges with a low silicon amount at this point leads here to a decrease of en-
ergy consumption. The unbalanced sum (-2,089 MJ) reveals furthermore for the casting ingot
machine that this is just a theoretical consideration. In reality the sum must be zero. This is
caused by deviation from reality and indicates furthermore the sensitivity of parameters for these
models.

Tllqwd alloy = =688°C |ngot =120°C
- Water l
g Z 56 m3/h Toutlet water — 30 C
'9 |nle( water = 10

Sectlon after . Sect|on under

o Section under control center o

filling mould ventilating ystem
— Tiiquid alloy = 688°C Tingot = 120°C
o
: [ 1
8 Toutlet water = 90°C Water 142 m3/h Tinlet water = 10°C
5| N -
£ N .

Total section casting ingot machine

Figure 3.6:Existing cooling concept at water cooling section 1 with seven inlet loops (each 8 m3/h)
on the top. Improved future cooling concept with one loop, increased water outlet tem-
perature and decreased water flow rate.
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4. Improvement of Energy Efficiency

4.1.  Principle

The current fuel price development, the pursuit of sustainability and competitive advantage in
the aluminium industry gives new impulses to further development of waste heat recovery solu-
tions in aluminium cast houses. It has to be differentiated between two main tasks of improving
energy efficiency: reduction and conservation of energy by increasing the efficiency. To reduce
the input of energy is the prior target of energy efficiency considerations. If e.g. fuel consump-
tion can be economised by just operational measurements that do not involve investment, each
percentage gain will automatically lead to improved business performance. When investment is
involved, the cost has to be carefully balanced with the saving. This tends to be also the most
decisive factor of the conservation of energy. Conservation of waste energy is therefore an add-
on and can be differentiated in three sub stages:

a) Saving energy by existing equipment
b) Optimising of equipment (modifications and adjustments)
c) Active waste heat recovery

These sub stages are elucidated in the following subchapters and present or rather propose possi-
bilities to enhance the process by energy saving and heat recovery solutions. The explanation
focuses on the furnace and most promising process section regarding improvement of energy
efficiency at PFA 2.

4.1.1. FEnergy saving by existing equipment

The first step in energy saving is saving energy with the existing production facilities. Optimis-
ing production will lead to minimising cost and energy consumption with little or no investment.
Long-time experience with melting furnaces teaches the importance of the correct charging se-
quence on the melt rate and the metal recovery. Straightforward rules like charging the lighter
scrap first and the heaviest pieces last have noticeable effect on the performance and energy con-
sumption [Migchielsen 09].

Furthermore, operating the furnace with minimum door opening time has positive effects of the
production, energy consumption and metal loss. Saving energy is continuing with the optimisa-
tion of the production process. A furnace that is holding, uses fuel, but does not produce. Based
on the energy balance each minute 23.4 MJ (390 kW) are wasted by convection, which is the
second largest waste heat consumer. The result would therefore be a minimum time for pre and
cast holding, because the time is an essential factor for this waste energy source (see equation
3.15).

Shortening the process or at least holding times for each casting session must therefore be a
target and will create an essential efficiency factor for the Foundry Alloy Cast House in Sunndal-
sora.
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Figure 2.4 indicates also an energy saving potential which can be exploited by existing equip-
ment. The alternating melt temperature (7i,er) of the alloy charge is depicted there during the
casting procedure in between a temperature range of 706 to 758°C. Assumed that an average
temperature of 732°C is targeted, by controlling the cast temperature of 690°C before filling the
moulds, the alloy temperature in the furnace is temporarily too high. This means for the consid-
ered Charge 67801, during a casting duration (furnace angle 0 to 31° in figure 2.4) of 466 min,
the furnace creates approximately a temperature level which is too high half the time (233 min).
This temperature can be stated at 745°C as an arithmetic average temperature between the alter-
nating temperature of 758°C and set average temperature of 732°C. That leads to the statement
that the alloy temperature (71er) While cast holding is averaged 13°C higher than needed, for 233
min and has a control quality of = 26°C for each casting session. This constitution leads to an
additionally unneeded increase of fuel consumption, caused by equation 3.1

_ Myotal

Qtemperature peak — ) " Cp,Al liquid (T745°C - T732°C) = 423 MJ/casting session

and states at least the heat amount for heating up the averaged alloy charge during casting. The
total mass My, 1s reduced to an arithmetic average mass caused by the tilting up and discharg-
ing of the furnace. It should be noted that based on this simplified consideration a feasible tem-
perature control quality of + 10°C has to be targeted, while holding the furnace content at cast-
ing procedure. This improvement of operation behaviour leads to 61.5 % (26.4 MWh/a for 365
casting sessions per year for furnace 9) less energy consumption during casting for those tem-
perature peaks and reduces also metal loss in the furnace (high molten metal temperatures cause
excessive hydrogen pick up as well as excessive dross formation). This can be achieved by oper-
ating at part load with the existing burner or with a second part load burner, which requires a
second burner implementation.

Comparing the average fuel consumption per unit of production with the specific fuel con-
sumption associated with the furnace, demonstrates the opportunity in optimising production or
rather burner operation.

Adjusting the burners to the most optimum setting should not be a once in a lifetime or yearly
event, but must be repeated on a regular basis as an integral part of maintenance. Due to wear
and ageing of components, the settings may change with higher fuel consumption and unneces-
sary environmental pollution results. Operating burners at a too high air-fuel ratio has a negative
effect on the fuel consumption [Migchielsen 05]. The efficiency of the furnace reduces (see fig-
ure 4.1) as the temperature decreases (see figure 3.2) and the amount of flue gas increases.
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Figure 4.1: Simplified relation between excess air and burner ef-
ficiency of an ambient air burner [Migchielsen 05].

Another measure in the field of maintenance is to keep the sealing of doors and hatches in an
optimum shape. Together with an effective furnace pressure control system (see chapter 4.1.2.)
these prevent ingress of air into the furnace and reduce unnecessary stack loss. Air leakage does
not only increase the amount of flue gas and thus the stack loss, but it also introduces local high
oxygen levels in the furnace, causing unnecessary metal loss [Migchielsen 05].

4.1.2. Optimising of Equipment

Figure 4.1 illustrates that the efficiency of the burner can be increased by reducing the excess air
ratio. The reason for this fact is, that with a lower excess air ratio, less flue gas is produced per
amount of fuel. But it should be noted that a certain amount of excess air is desirable (3-10 %),
caused by less environmental pollution (nitrogen oxide and carbon monoxide) and targeted at
complete combustion of insert fuel (avoid unburned hydrocarbons, less dross formation). How-
ever, the amount of heat loss by flue gas is the largest waste heat source at the furnace (42 %, see
figure 3.4). By just fixing the excess air level to 10 %, the flue gas, in general meets the envi-
ronmental requirements in all operating cases. Full combustion is not only determined by the
excess air ratio only, but by the furnace temperature as well. At a higher furnace temperature, a
lower excess air will give full combustion as well. With modern electronically governed air-fuel
control systems, the excess air ratio can be adjusted to follow the furnace box temperature via
the PLC control. In this way, few lines of programming save an approximate one percent of fuel
[Migchielsen 05]. A further option in the control of the excess air ratio is using a continuous
oxygen level monitoring in the flue gas that leaves the furnace. The lowest possible oxygen
level is desired, this does not only save energy but reduces dross formation as well.

A positive pressure inside the furnace does prevent ambient air, as suggested before, from enter-
ing into the furnace through gaps around doors and does increase dwelling time of the products
of combustion in the furnace. A proper furnace pressure control system regulates the heat lost
through the stack and thereby does the fuel consumption decrease, by up to 10%, as stated in
[Migchielsen 10] and shown in figure 4.2. For Charge 67801 would be 6,797 MJ saved, which
means 689.14 MWh/a for 365 equal sessions per year. Generally the pressure is set in such a
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way, that at the main door has still atmosphere or just positive pressure predominate, preventing
ambient air being drawn in at the same time preventing hot gas flow from blowing out of the

Figure 4.2: Horizontal arrangement (left) [Migchielsen 10] and a schematic construction (right) of a
furnace pressure control damper system [Wiki 09].

furnace too vigorously. The graph below in figure 4.3 illustrates how much ambient air is drawn
into a furnace, if a gap of 2 mm exists around the main door with a size of 2 x 2 m and how
much extra fuel is consumed on an annual basis. It should be noted that this function and deriva-
tion of leakage air is not applicable for the considered energy balance of furnace 9, caused by
unknown gaps, gap sizes or other leaking areas. But it can be used as comparison of resulting
waste heat for false air in table 3. 1. Furthermore was a pressure test of the existing equipment for
identifying the leak area was not operable without a shutdown of furnace 9. Those tests can de-
termine the leak area. The knowledge of the leak area in combination with e.g. equation 4.1
leads to the given throughput of leakage air into the furnace as a function of the furnace pressure.
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Figure 4.3: Amount of leakage air and waste heat as a function of furnace pressure [Migchielsen
10]. Dashed average furnace pressure line match with average furnace pressure for
Charge 67801 at 26 Pa.

Equation 4.1 is valid for the throughput of a compressible fluid (gas) through a leak in a pressur-
ised vessel [Steck 12] like a furnace.

2 P
e v -

Y. 2 Pout Pout (4.1)
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A is thereby the leak area of port, u is the coefficient of friction (in reality < 1), k the adiabatic
exponent for air drawn into the furnace, p;, the varying pressure inside the furnace, py,; the at-
mosphere pressure and p_ . the density outside the furnace. It can be stated that the negative

average pressure in figure 4.3 equals those of Charge 67801 (-26 Pa). A comparison of the re-
sulting additional waste heat in figure 4.3 (with 2,500 GJ/a and a process time of 14 h 43 min for
Charge 67801 results in a waste heat amount of 4,209 MJ/session) and the determined waste heat
by false air in table 3.1 (6,797 MJ/session) furthermore supports the evaluated results for the
energy balance in table 3.1 for furnace 9. The deviation is caused by the balance assumptions
and a more extensive leak area in reality compared to the assumed area above. Therefore the
consideration above states comprehensible that leakage air must be avoided by a proper pressure
control system.

Modern refractory design can help reducing the operational cost of a furnace. Whereas in most
cases for the bath area of a melting or holding furnace, priority is given to maintaining the freeze
plane in the hot face layer for security reasons, upper walls, doors and roofs can be looked at
with the aim to improve insulating properties and hence, achieve lower shell temperatures and
lower energy consumption by convection (see fable 3.1). Using modular roof sections allow the
use of higher insulating designs compared to more conventional suspended roof designs with
hanger bricks as figure 4.5 illustrates.
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Figure 4.4: Comparison of insulating designs between conventional suspended
with hanger bricks, roof and modular roof sections [Migchielsen 10].
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Using appropriate materials in the bath area does benefit furnace lining life and does reduce
dross built up which in turn leads to cleaner metal. It is worthwhile to consider using the rela-
tively new ion-bonded refractory materials on places like the belly band and areas under very
heavy use such as charging ramps. As these materials have excellent non-wetting properties re-
sulting in very little dross built up and have very high CCS (Cold Crushing Strength) values,
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making them very suitable to be used in areas where abrasion is high. These new materials are
expensive to buy but are cost effective because of the many benefits they do bring about [Mig-
chielsen 10].

Before considering the recovery of waste heat from flue gas, the amount of waste heat in the flue
gas must be minimised. This can be achieved by using highly efficient regenerative burners
instead of existing ambient air burner. Regenerative burners have a thermal efficiency of around
70 %. With optimum burner adjustment this efficiency can be stretched to a maximum of 72 %
[Migchielsen 09]. Approximately 80% from these 72 % percent are effectively used for melting
metal. The result of the overall efficiency of a modern furnace is thereby at 58 % [Migchielsen
09] instead of 30 % as it the case presently. This means 28 % needed energy is saved and equals
1.98 GWh/a, when the heat amount of natural gas (69,886 MJ) at Charge 67801 is the basis for
365 session per year. The extent of flue gas heat recovery is determined by economic factors.
The flue gas exhaust temperature is still on such level that some additional energy recovery is
promising. For higher efficiency, higher heat recovery is required, resulting in a higher air pre-
heat temperature as stated in fable 3.4. Operating the burner at high average air preheat tempera-
ture and low average flue gas temperature requires frequent switching over of the burners. For
larger burner sizes it is important to correctly control the burner output during switching over.
This prevents high levels of excess air, consequential energy loss and peaks in the NOx (nitrogen
oxygen) production. Developments in the burner technology that are currently being investigated
are flameless oxidation. By creating more even temperature distributions inside the furnace, it is
believed that the heat transfer can be increased. In combination with a new generation of regen-
erative burners, this is a promising development [Migchielsen 09]. When holding takes place for
any length of time, it is generally recommendable to use a dedicated holding burner, much bet-
ter sized to the heat input requirement during holding than large melting burners ever can be
[Migchielsen 10]. Also, when extended holding times does occur, a small burner (carefully
matched in size to the heat input requirement) does play a role in keeping hydrogen levels down
compared to using a larger one. For holding purposes an oversized burner (while turned down)
does not have a very efficient combustion because it has not been specifically designed to work
frequently at such minimum input levels. The configuration of burners at the furnace is very im-
portant. Melting burners are generally medium velocity burners to give the best results both re-
garding radiant and convective heat transfer, also the burners will be angled down towards (as
illustrated in figure 4.5) the charge pile to give the best heat transfer on to the charge and with
that the fastest melt down of the material (remember that dross formation is not only a factor of
temperature but also of exposure time), where as holding burners are under a more shallow angle
and should have the highest possible exhaust velocity to create a homogenised temperature pat-
tern of the flue gas above the bath to prevent local hot spots in the metal bath [Migchielsen 10].
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Figure 4.5: Gross section of a typical furnace and indication of
heat transfer [Migchielsen 05].

4.1.3. Waste Heat Recovery

The last step in energy conservation is to actively recover heat from waste heat streams. A major
source of waste heat is the flue gas from furnace 9, as depicted in figure 3.4 (false air and com-
bustion gas). Heat from wasted flue gas can be applied as one option, for preheating charge
materials at melting furnaces. Apart from energy recovery, this has several additional advan-
tages:

1. After preheating less heat is required for melting (melting process
will be faster or increased production).

2. During preheating water inclusion is reduced, improving the safety
of the melting process.

3. Drying of the metal gives less oxidation in the melt, so increased
recovery, as moist reacts with liquid aluminium to form dross.

It must be emphasised that reducing metal loss also reduces energy consumption and CO, pro-
duction as every kilogram of aluminium that is getting lost in the production process, eventually,
has to be supplemented by primary aluminium, made in an energy intensive electrolyse process.
Aluminium remelt plants produce a large amount of flue gas that contains sufficient waste heat
for preheating the aluminium charge materials. Getting the heat from the flue gas to the charge
materials in an economically justified way is not an easy task. The charge material has to be
loaded into a preheating chamber for exposure to the hot flue gas from the flues. The flue gas can
only transfer part of its heat to the load, as there must be always a temperature difference as a
driving force to transfer heat from the flue gas to the charge load. Model calculations show that
heat transfer to the charge material take a considerable time. Preheating a charge takes approxi-
mately the same time as melting in a melting furnace [Migchielsen 10]. In this way a full load for
a melting furnace can be preheated with the flue gas that is released during melting of the previ-
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ous load. Looking at the energy flow from furnace 9, the heat flow in the flue gas is an extensive
waste heat. When using this, hot flue gas (400 to 1100°C), a huge amount of heat can be re-
trieved. When using waste flue gas as a heat source, the condensate has to be considered: As the
dew point of flue is approximately 55 °C, some condensate may occur during the start of the
drying cycle. Figure 4.6 illustrates such a schematic installation of a preheating chamber. Figure
4.7 gives the order of magnitude depicted as Sankey diagram for such a waste energy application

and show an implemented application.

Flue gas out Flue gas in Flue gas out

L] L]
[ LI L L

Figure 4.6: Scheme of a typical preheating chamber.

F;l
-
Rl

Wall and Door
Loss 22.9%

Heat Recovery
11.8 %

Wall and Door

0,
Flue Gas Loss Fessioitio

42.7%
Flue Gas Loss
30.9%

To Load
42.7%
Heat to Charge
46.2%

Figure 4.7: Simplified Sankey diagram show the typical effect of a preheating chamber which op-
erates on waste flue gas (left) and a installed construction of a preheating chamber
(right) [Migchielsen 06].
Preheating by waste heat seems promising, but considering the required investment and addi-
tional handling the high fuel prices do not justify this way of preheating. Additional justification
is required for installing such preheating installation such as CO, trading off, safety features re-
garding the charge materials and subsidies for energy conservation or rather reduction of green-
house gasses. Determining the optimal preheat temperature of charge is one of the most impor-
tant design definitions of the preheat installation. Assumed that the metals (m = 55,258 kg) are
charged at a temperature of 300°C instead of 20°C, 1.65 GWh/a less energy would be needed for
the initialisation of the alloy if considering 365 sessions per year.

A second option and promising way of improved energy efficiency by using flue waste heat, is
the heat to power conversion. This method is, described in detail in the following chapter 4.2 and
creates an alternative compared to the explicated concepts above.
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4.2, Heat to Power

Thermal energy represents the most favourable energy form and provides the basis of the poten-
tial for a heat recovery solution in this disquisition. This energy is produced through tapping of
hot liquid metal, the combustion of natural gas and exothermic chemical reaction of aluminium
and oxygen in the furnace as depicted in fable 3.1. After the evaluation of energy balances and
listed improvement of energy efficiency above arises a further alternative of heat recovery solu-
tion, the conversion of thermal energy to electrical power. This is feasible by heat transforming
applications which generates heat into work and finally electricity. The conversion is realised
through a thermodynamical cycle. Other heat recovery solutions e.g. upgrading by heat pumps,
the use of an internal or external heat district and the conversion by the Brayton or Kalina cycle
are not at scope, caused by less promising implementation probability and seminal potential for
PFA 2. The scope of calculations for a more economical and well known heat recovery technol-
ogy is therefore positioned by the application of a Rankine, Organic Rankine and Organic Flash
Cycle. These cycle types are considered in the following sub chapters and give the basis for a
calculation of the annual energy saving or rather recovery potential.

4.2.1. Principle

One way to rate the conversion possibilities of thermodynamical cycles can be expressed by the
definition of exergy destruction. This exergy destruction has a relative huge influence at low
grade and a relative marginal influence at high grade waste heat conversion. The efficiency of a
thermal process must be judged not only by the amount of thermal energy converted but also by
how well exergy is conserved. Exergy is the part of energy which can be used for heat to power
conversion and is therefore directly related to an economic value. In sum with anergy, which
represents the energy of the surrounding and cannot be used for generating work, it defines en-
ergy. Energy is best utilised when exergy is managed most effectively. Processes requiring only
low exergy should use thermal energy with low exergy where available and save thermal energy
with high exergy for little need for exergy. It can be satisfied with thermal energy whose high
exergy has been used first for energy conversion, as in the heat to power plant. The exergy po-
tential can be stated with the calculation of a comparative Carnot cycle (see figure 4.9). It should
be noted that the conversion can be only incomplete based on the second thermodynamical law
and is connected therefore with losses. The unusable thermal energy becomes waste heat and
must be dissipated to the surrounding, which is an inevitable thermodynamical procedure. An-
other important thing is in which kind of state the heat transforming fluid is available: Solid, lig-
uid or gaseous. This influence the thermodynamical possibilities of heat conversion as illustrated
in figure 4.8. In an ideal thermodynamical process for a given heat source, heat would be trans-
ferred from the source to the thermodynamic cycle at an infinitesimal temperature difference.
The ideal thermodynamic processes are obviously impossible in reality, but they serve as
benchmarks for all the thermodynamic processes working between the same heat source and sink
conditions and are important tools in the performance analysis, comparison and development of
actual thermodynamic systems.
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Figure 4.8: Clarification of heat conversion processes (left) and temperature profiles of heat transforming
fluids (right).

The types of ideal thermodynamical processes are typically the Carnot Cycle but also the Lorenz
or triangular cycle.
The Carnot cycle has been recognised as the most efficient thermodynamic cycle capable of

converting thermal energy into work between two isothermally temperatures [Huijuan 10], as
shown in figure 4.9.
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Figure 4.9: Carnot cycle in a T,s-diagram (left) and p,v-diagram (right) for phase change fluid.

The total thermal energy transferred from a reservoir to the system is:

Qcarnot = Tc ’ (SZ - 53) 4.2)

The amount of energy converted to work and the conversion efficiency of the Carnot cycle are:

Wearnot = gSp OV = (T —T,) - (52— S3) (4.3)

— Wcarnot — 1 _ E
ncarnot,thermal

(4.4)

Qcarnot Tc

In a Carnot cycle, the heat source has infinite heat capacity or size so that its temperature profile
perfectly matches the isothermal vaporisation and condensation processes of the working fluid.
However, in reality, the heat sources and sinks have finite heat capacities and sizes, so that their
temperatures change during the heat exchange process in the boiler and the condenser. This is in
equation 4.5 accounted and figure 4.10 depicted.
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Figure 4.10: lllustration of achievable Carnot efficiencies [Neksa 09].

In the Carnot cycle, the heat addition and dissipation only happen at vaporisation and condensa-
tion processes. If a working fluid is heated from the condensation temperature to the heat source
temperature, a triangular cycle (see figure 4.12) has to be chosen as the ideal cycle [Huijuan
10]. A supercritical Rankine cycle is usually the practical approximation of a triangular cycle, as
shown in figure 3.

T4 ié A ©
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Figure 4.11: Triangular cycle (left) and supercritical cycle (right) in a T,s-diagram.

For a triangular cycle, the total heat input and net work output yield:
S (Te—To) (S2—S
Qtriangular = fs; T -6S = +3) + Ty (S2—S3) (4.6)
(Te=To) (S, =S
Wtriangular = ¢p 6V = +3) 4.7)

The efficiency of the triangular cycle can be expressed as:
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_ Wiriangular _ (Tc—To) (S2—S3) —1- 2Ty

77 . =
triangular —  Quiangular 2_<(TC-TO)2-(52—53)+T0_(52 _53)> Te+To

(4.8)

4.2.2. Organic Rankine Cycle

The Organic Rankine Cycle (ORC) applies the principle of the well known and common steam
Rankine Cycle, but uses organic working fluids with low boiling points to recover waste heat
from lower temperature heat sources. It should be noted that waste heat can be also feasible con-
verted into electricity at high temperature and relative low net power output ranges Py < 5 MW
by ORC (stated in [Neksa 09] and depict in figure 4.13). In comparison with water vapour, the
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Figure 4.12:Depiction of waste heat power plant application ranges [Neksa 09].

working fluids used at ORC have a higher molecular mass, enabling compact designs, higher
mass flow, and higher turbine efficiencies (as high as 80 up to 90%) [Dufty 05]. However, since
the cycle functions at lower temperatures, the overall efficiency is only around 10 to 20 %, de-
pending on the temperature of the condenser and boiler. While this efficiency is much lower than
a high temperature steam power plant (30 to 40%), it is important to remember that low tempera-
ture cycles are inherently less efficient than high temperature cycles. Limits on efficiency can be
expressed according to Carnot efficiency (see figure 4.10). A Carnot engine operating with a
heat source at 150°C and rejecting it at 25°C is only about 30% efficient. In this light, an effi-
ciency of 10 to 20% is a substantial percentage of theoretical efficiency, especially in compari-
son to other low temperature options, such as piezoelectric generation for example, which are
only 1% efficient. ORC technology is not particularly new. At least 30 commercial plants
worldwide were employing the cycle before 1984 [STOWA 07] and further applications are
noted in [Tchanche 11] from 1999 to 2010. Its applications include power generation from solar,
geothermal, and waste heat sources. ORC is most useful for waste heat recovery among these
three applications [Duffy 05]. Waste heat recovery can be applied to a variety of low to medium
temperature heat streams. An example of a recent successful installation is in Germany, where a
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cement plant installed an ORC to recover waste heat from its clinker cooler, whose exhaust gas
is at about 500°C. The ORC provided 12% of the plant’s electricity requirements and reduced
CO, emissions by approximately 7,000 tons [Heidelberg 07]. Although the economics of ORC
heat recovery need to be carefully analysed for any given application, it will be a particularly
useful option in industries that have no in house use for additional process heat or no neighbour-
ing plants that could make economic use of the heat. This is indeed the case for the following
calculation in chapter 4.3 and 4.4.
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Figure 4.13:ORC at a T,s-diagram (left, sub- and supercritical) and scheme (right) [Vetter 11].

Figure 4.13 illustrates a typical ORC. From state 1 the working fluid is sucked into a pump and
compressed to state 2. The working fluid is now sub cooled and streams through a boiler. Within
this boiler waste heat is absorbed and leads to an isobaric pre-heating, phase change by evapora-
tion and superheating of the working fluid until state 3 is reached. Then follows the expansion
through a turbine and ends in state 4. In between these both states, 3 and 4, mechanical power is
produced, which is generated by an attached generator into electricity. The isobaric condensation
of the working fluid closes the thermodynamical cycle and liquefies the working fluid until state
1 is reached. Depending on the pressure, the heat charge proceeds at subcritical (blue line in fig-
ure 4.13) or supercritical (red line in figure 4.13) state in the boiler. The state of critical point
(KP) depends on the type of working fluid and is an indication of usability regarding application
temperature ranges.

Within the depicted states the enthalpy differences enable the calculation of specific energies of
each attachment.

Woump = h2 —hy (4.10)
Qcharge = h3 — hy 4.11)
Weurbine = N4 — h3 (4.12)
discharge = N4 — My (4.13)

Here Wpymp and Wyyrpine are the specific work of pump and turbine or rather qcparge and
Qdischarge are the specific heat of boiler and condenser. With these equations the thermal effi-
ciency of an ORC can be expressed by equation 4.14.
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_ Ilturbine+lpump| — [(h4—h3)+(hy—hq)| (414)

nORC,thermal - dcharge hsz—h,

This description demonstrates an ideal cycle. But in reality pressure drops in pipes and attach-
ments as well as further insert or loss of heat to the surrounding exists. Equally the pump and

turbine does have losses caused by irreversibility. This is expressed as 7 the

pump and nturbine’
efficiencies of pump and turbine. Here, the indices s describes the resulting isentropic state.

_ has—hy

Toump = hp—hq (4.15)
_ h3—h4

Meurbine = ha—has (4.16)

Significant advantages of ORC plants, especially for the conversion of waste heat at low tem-
perature ranges, compared to the common water vapour driven Rankine Cycle are

1. Relatively high vapour pressure (above atmosphere pressure in condenser),

2. Increase of heat conversion efficiency due to less latent heat (better match-
ing at heat transfer) and

3. Increase of handling the heat gradient per turbine stage which decrease the
size and simplifies the turbine and makes it more economical [Vetter 11].

The application and choice of working fluid depends on thermo-physical properties like
a) Type of working fluid (see figure 4.14 for wet, dry or isentropic fluids)
b) Latent heat, density, heat conductivity and specific heat
c) Effectiveness and conversion efficiency by superheating
d) Critical Point

but also parameters such as
e) Stability of the fluid and compatibility with materials in contact
f) Environmental aspects (OPD, GWP and ALT)

g) Safety (non-corrosive, non-flammable and non-toxic)

a) Availability and cost.

It should be noted that the gradient and shape of saturation curve is the most important property
after the thermal matching with the heat transfer fluid regarding the calculation for such ORC.
Depending on the gradient of the saturated vapour line it has to be distinguished between wet,
dry and isentropic fluids as depicted in figure 4.14. Wet fluids have to be superheated due to the
constructive limitation by the vapour content (x > 0.9) after the expansion in the turbine. How-
ever, dry fluids feature no challenges regarding superheating in boiler and less droplet in the tur-
bine because the two phase area cannot be reached due to the positive gradient of the saturated
vapour line and isotropes. But those possess a more superheated state after expansion at the con-
denser inlet. Economical factors, like a small scale of condenser (require low deheating section
in condenser) and more efficient heat charge, therefore leads to the usage of recuperation. This
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heat exchanger realises the heat discharge by deheating and uses the recovered heat for preheat-
ing of the working fluid before it streams into the boiler as depicted in figure 4.14.
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Figure 4.14: Types of working fluids (left) [Chen 10] and configuration of an ORC with recuperation
(IHE, right) [Fischer 11].

A high specific work of turbine is reached when expanding to condensation temperature. [Forster
06] states that an increased averaged temperature at the heat charge and decreased averaged tem-
perature at the heat discharge can be achieved by wet fluids compared to dry fluids. According to
Carnot this leads to an increased thermal efficiency of the system (see equation 4.4).

4.2.3. Organic Flash Cycle

The OFC, also known as triangular or trilateral flash cycle, is still in a state of technical devel-
opment and less known and is therefore described in a more detail than the ORC. This type of
flash cycle is common in geothermal plants with water as working fluid. As OFC'’s are less simi-
lar to Carnot cycles than Rankine cycles one expects OFC to have a smaller thermal efficiency
than ORC at the same cycle temperatures. The advantage of the OFC, however, is the more effi-
cient heat transfer from the heat carrier to the working fluid at low temperatures. Here, an or-
ganic fluid serves likewise as working fluid. The heat for an OFC (depicted in figure 4.15) is
supplied from the heat carrier and removed by the cooling agent like the ORC. An OFC plant
consists of a pump, a heater, a two-phase expander and a condenser. A schematic representation
of the OFC in a T,s-diagram is also shown in figure 4.15, where CP is the critical point of the
working fluid and the curve connecting points 1, 3, and CP is the boiling curve. At state 1 the
working fluid is saturated liquid water at 7 and the corresponding vapour pressure p;, where 7
is the minimum temperature and p; is the minimum pressure in the OFC. By adiabatic compres-
sion to p, which is the maximum pressure in the OFC, the state 2 is reached in the homogeneous
sub cooled liquid at temperature 75. The hypothetical state 2’ (not shown in figure 4.15) lies on
the isobar p, and has the same entropy as state 1 (S>” = S1). From state 2 the liquid working fluid
flows isobarically through the heater till it arrives at its boiling temperature at state 3. The tem-
perature 73 is the maximum temperature in the OFC. During that process the working fluid takes
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up the specific heat ¢,3. At state 3 the working fluid enters the expander where it undergoes a
flash expansion till it arrives at state 4 in the wet vapour region with pressure p;, temperature 7
and the vapour content x. During that expansion the specific work ws4 is delivered from the ex-
pander with the isentropic expander efficiency 7expander- The hypothetical state 4° lies on the iso-
bar p; and has the same entropy as state 3. At state 4 the working fluid enters the condenser in
which it returns isobarically to state 1 by releasing the specific heat g4 to the cooling agent.
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Figure 4.15: Configuration (left) and characteristics at a T,s-Diagram (right) of a typical OFC [Fischer 11].

Summarising, for the OFC the net specific work is

w = |wip + wayl = [(hy — hy) + (hy — h3)| (4.17)
and the supplied specific heat is

q23 = (hz — hy). (4.18)
Then the thermal efficiency of the cycle is

_ w _ |wiatwsay| _ |(hy—hy)+(hsa—h3)|
MTorcthermal = @~ e (hashp) (4.19)

[Fischer 11] stated that an OFC has an efficiency which is 50 up to 100 % higher than those of
an ORC. Model calculations for comparison of OFC and ORC have been published in [Zam-
firescu 08]. They found that the exergy efficiency for power production, being the ratio of the net
power output to the incoming exergy flow of the heat carrier, is about 2 up to 3 times larger for
the OFC than for the ORC. [Fischer 11] stated that the exergy efficiency is between 14 and 20 %
(for inlet temperature boiler 75 at figure 4.14 between 220 and 350°C) higher for the OFC than
for the ORC and for 75 = 150°C an additional advantage by 29 % for the OFC. The total exergy
efficiency is slightly larger for the ORC than for the OFC for the case 62 to 280°C, in the other
cases OFC is better between 1% and 9%. For a change of Ts the exergy efficiencies of ORC do
not change in a systematic way as optimal results are obtained from different organic working
fluids and/or different cycle types. High exergy efficiency is desirable due to explanations in
chapter 4.2.1. Therefore these results state a promising and at least equivalent heat recovery po-
tential for OFC compared to ORC.
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It should be noted that the two-phase expander is the technically most challenging component
and can be e.g. a turbine, a scroll expander, a screw expander or a reciprocating engine. Recent
developments are described for a screw-type engine in [Kliem 05] and for a reciprocating engine
in [Loffler 07].

4.3.  Potential of Casting Ingot Machine

The first promising heat source for a waste heat recovery system by ORC or rather OFC is the
described water section one at the casting ingot machine. This heat source has a steady heat
charge which is generally favourable for waste heat recovery solutions. Two layouts are consid-
ered and calculated. The short term heat recovery design, depicted in figure 3.6 as well as in fig-
ure 4.16, is realisable without huge investment and further equipment regarding the heat transfer
system. The subsequent ideal heat recovery design, depicted in figure 4.23, is driven by a pump
in a closed heat transfer fluid (water) loop and thus differs from the short term heat recovery de-
sign.

4.3.1. Short Term Heat Recovery Design

A steady flow rate of water (56 m*/h), during the whole Charge 67801, absorbs 36,828 MJ at the
casting ingot machine. This means that for running the casting ingot machine 7 h and 45 min a
constant recoverable thermal power of 1,320 kW results, which has to be converted into electric-
ity. It should be noted that the existing low water outlet temperature potential of 30°C challenges
heat recovery solutions and therefore a higher water outlet temperature of 90°C would be prefer-
able, as suggested in figure 3.6. This can be realised by combining the several water loop as de-
scribed in chapter 3.3 and therefore built the basis for the calculations within a temperature of 10
to 90°C. Additionally the consumption of water decreases down to 14.2 m*/h by changing loops
and therefore creates an economical and environmental benefit. 7able 4.1 states the input data

T T T T T A S RN AL~ Table 4.1: Data input of calcula-
i ? ORC/ OFCE tion for?he heat trans-
i i fer fluid.
i Boiler i Casting: 465 min
58/36°C | Turbine ; . Puter 0,1%325 !\gPa
: : water inlet
= ! : hwateriner:  42,1188952  ki/kg
% i i Twater outlets 90 OC
o ! 116/15°C huater outiet:  377,063487  ki/kg
o) | Pump | Qcm: 36828 MJ
g E Condenser : Availability: Constant
: 1 | 10°C Qurermat 1320 kW
10°C s se————— Tilwater:  3,94095033  kg/s

Figure 4.16: Design of the short term heat recovery system, CIM.
for the heat transfer fluid and heat source. The starting point of calculation is the question about
the maximal resulting net power output Ppay gutpur- As working fluid for both low grade waste

heat recovery solutions are chosen R134a, water and butane. R 134a is chosen as a well known
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and most promising solution. It features a good thermo-physical match at the given heat source
temperatures and has advantages regarding safety and availability compared to butane. Butane
(R 600) is considered as a sustainable alternative working fluid due to its low GWP (GWP = 20)
compared to R134a (GWP = 1300). As a further comparative working fluid water is chosen,
which indicates concrete disadvantages regarding specific design parameters compared to both
already mentioned fluids.

Calculation of the Organic Rankine Cycle

The following calculation procedure is described by a flow scheme in figure 4.18. It starts with
setting the specifications of water as a heat transfer fluid and each chosen working fluid (R 134a,
butane or water). The efficiencies are fixed values as well as the necessary pinches and tempera-
ture spread at the condenser, which are stated in table 4.2. The minimal condensation tempera-

Table 4.2: Input data for ORC the calculation procedure, CIM.

Working Fluid: R 134a, butane or water

Heat Transfer Fluid: Water
77 pump - 0.75
1] expander 0.9
1] generator - 0.8

Pinch Heat Source : 10K
AT heat sink: SK

Pinch Heat Sink : 10K

ture is set to T, = 25 °C by the given pinch of 10K for the heat sink, which describes the tem-
perature difference between the temperature at the saturated vapour curve and cooling water at
the same enthalpies (see figure 4.17), and a temperature spread of 5K at the equivalent state.
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Figure 4.17: T,h-diagram of the short term heat recovery design with R134a as working fluid.
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For this purpose the gradient of the heat transfer fluid has to be simplified as a linear function
and set the downer limit of the thermodynamic cycle. The condenser effects no sub cooling of
working fluid and the water outlet temperature in the condenser depends on the enthalpy state of
turbine outlet. The upper cycle limit is generally set by the maximal heat source temperature
(+90°C) and pinches of heat source (10K). These pinches are set at two points of the thermody-
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Specification of working and heat transfer fluid; efficiency of
pump, turbine and generator; temperature in- and outlet, pressure
and massflow of heat transfer fluid; pinch at heat source and sink
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Figure 4.18: Simplified flow scheme of the ORC calculation procedure, CIM.

namical cycle. At first it is applied at the variable saturated liquid state of boiling temperature T,
and additionally at the fixed superheated inlet temperature state of turbine (+80°C). Therefore T,
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dictates the heat charge into the ORC and the outlet temperature of the heat charging fluid at the
fixed state of enthalpy after the compression of the working fluid. The calculation procedure runs
in 2K steps of boiling temperature T,, within the temperature range of +40 to +76°C. During this
procedure three parameters are cross checked:

1. The state of superheat at the inlet of turbine (Tsy > T,), attend hazard of droplets,

2. vapour content of the working fluid (x > 0.9), as turbine limitation, and

3. pinch check of > 10K for the given sink and source of heat, so that the thermody-
namic laws are attended.

In conclusion, it should be generally noted that pressure drops in the pipes and apparatuses as
well as heat charge and discharge by surrounding is not accounted in those heat to power calcu-
lations at this disquisition.

Figure 4.19 depicts the results of the calculation procedure for the short term heat recovery de-
sign. Prax output 18 detected at +54°C for R 134a and butane. R 134a with Ppayx gutput = 30.5 kW
is hereby identified as the best fluid solution regarding Ppax outpue 1 this comparison. Butane
with Pray output = 29.2 kW and water with Ppax output = 28.4 kW has slightly less Prayx output
than R 134a. Furthermore is depict that controlling T, ,ax as high as possible will be most effi-
cient, but that not most sufficient regarding the net power output. The most economical benefit
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Figure 4.19: Net power output Pmax output @aNd system efficiency 7 orc of the short term ORC design as a
function of the boiling temperature T..

is therefore described with the most net power output for an ORC system which is mainly influ-
enced by the heat charge and pressure drop above the expander. Controlling these states, by boil-
ing temperature (54°C) or boiling pressure respectively, leads to the most usage and conversion
of heat into power. The magnitudes in figure 4.19 are expressed in equation 4.20 and 4.21. An
overview of ORC energies is given in figure 4.20.

Phax output = Nsenerator ° MR134a ° (|h4 — hsl - Mexpander — (hy —hy) - Upump) (4.20)
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_ Pmaxoutput _ ngenerator'(|h4_h3I'nexpander_(hz_hl)'”pump) (4 21)
"lorc Q23 hs—h; .

Table 4.3 lists the resulting and distinctive parameters for each working fluid at the maximal net
power output and therefore a comparison of the chosen fluids for this application. It is shown

Table 4.3:Resulting cycle parameter at Piyay output and T'¢ =
54 °C for the short term ORC design. 1320 kW Casting
R134a Butane Water
0 heatsource IN KW:  532.3  511.6 451.3
P wiine iN KW:  40.2 37.3 35.5
P pump i KW: 2.1 0.8 0.01 ; 788 kW -
not recoverable
P inkW:  30.5 29.2 28.4
netoutput | waste heat
7 powercyle iN %2 5.7 5.7 6.3
P inlet turbine in kg/m3: 61.7 12.1 0.1
P outlet turbine in kg/m3: 28.1 54 0.02
Xsinkg/kg: 1.150  1.169  0.960 N 492 kW wasted
Voutetwbine in M3h:  309.7  747.4  26,572.2|| |G charge heat
=
Bratio ps/p5 IN (kg/m?)/(kg/m?):  0.456 0.449 0.260 ©
X i)
Viniotpump in M¥h: 7.2 71 0.6 m 2 kW Pump
puein MPa: 1455 0550  0.015 E
pipinMPa: 0665 0243  0.003 S|  8kW Generator
Wratio pHP/pLP in MPa/MPa: 2.187 2.259 4.739
Apppipin MPa: 0790  0.306  0.012
: ; i Figure 4.20:Sankey diagram of the short
: 64.375 68.515 -
Qrooupersor I KW term ORC design with R 134a
Muworking fluid 1N kg/S: 2.418 1.125 0177 as Working fluid.

that R 134a has the hugest heat load (532.3 kW). This is caused by the best thermo-physical
match (latent heat and CP) and a sufficient requirement for heat to power conversion. But it
should also be noted that R 134a has the largest pump energy consumption (2.1 kW) caused by
the relative high mass flow (2.4 kg/s). Water indicates that ORC cannot be rated just by conver-
sion efficiency, because water has here the best results (6.3 %) but the lowest net power output
(28.4 kW). The densities and volume flow rates at the turbine are parameters of size. High densi-
ties and low volume flow rate are promising parameters for a feasible and economical implemen-
tation of an ORC. Here, water indicates huge flow rates (26,572 m?/h) caused by low densities
(0.02 kg/m?). A further undesirable parameter of water is the pressure. Both, high and low pres-
sures of the ORC are lower than the atmospheric pressure. Therefore leakage causes a contami-
nation of the system by air and leads to corrosion at the interior of the equipment. R 134a and
butane possess higher pressure levels which are above the atmospheric pressure but at manage-
able pressure levels. Another parameter x indicates the vapour content of the working fluid in the
outlet of the turbine. Less than one indicates an expansion into the two-phase area and greater
one means superheated state. As mentioned before superheated states after the turbine are unde-
sirable. The range between the saturated vapour state and x > 0.9 has to be targeted, because this

leads in most of the cases to an increase of generated power [Fischer 11]. Therefore Qrecuperator
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is an indicator for wasted heat charge and should be as small as possible (Qopt_ recuperator — 0

kW) for getting Prax output-

Calculation of the Organic Flash Cycle

The OFC calculation uses equal data inputs as the ORC calculation before. The efficiency for a
two-phase expander is at present generally lower than those for a single phase expander. This is
accounted for calculations with an adaption of 7, = 0.6, as stated in fable 4.4. Research and

development for those applications continue and promise a further increase of the expander effi-
ciency (0.6 < 77y < 0.85) [Kliem 05]. The expander inlet state of T, = 80°C results at the heat

source pinch of 10K as well as the boiler outlet temperature of 35.52 °C of the heat charging
fluid at the given enthalpies of the OFC. Within the temperature range of 25.52 and 80°C, the
saturated liquid curve is simplified as a linear function which leads to a slightly underrun of the
pinch. But this underrun is marginal and theoretical. In reality the laws of thermodynamic are
respected. Therefore the boiling isobar runs along the saturated liquid curve and is masked by
these. The condensing states of the working fluid and the heat sink temperatures results as de-
scribed at the ORC application. Figure 4.21 depicts the calculation results of the OFC for butane
and shows the advantage of the OFC, the thermal matching. Considerably more heat can be

100
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e —
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20 + 250.46; 25
' =4 395; 15
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Figure 4.21: T,h-diagram of the short term heat recovery design with R134a as working fluid.

charged due to this effect. It can also be stated that the enthalpy difference of the OFC, which
generates the heat into power, is relatively small (9 kJ/kg) compared to those of the ORC appli-
cation of R 134a (17 kJ/kg), despite a greater pressure drop above of the expander. This is caused
by the relatively huge positive gradient of the isotrope in the two-phase area compared to the
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superheated area as well as the decreased expander efficiency and effects an increase of the
working fluid mass flow as stated in fable 4.4. The calculation procedure for the OFC has only
one run, because the maximal power output is obviously at T, = 80°C. The results for the short
term OFC design are stated in table 4.4 and show an increased recovery potential for the butane
application (31.7 kW) compared to the ORC butane application (29.2 kW). The R 134a OFC
application documents a decrease of Ppax output (27.7 kW) against the ORC design (30.5 kW).

Table 4.4: Resulting cycle parameter for the short term OFC design at T, = 80 °C
and Nexpander = 0.6.

R134a Butane Water
Oheat source in kW: 882,8 898,4 906,9
P turbine in KW: 57,0 50,9 44,9
P pump IN KW: 22,3 11,2 0,2
P net output iN KW: 27,7 31,7 35,7
N orc in %: 3,1 3,5 3,9
P inlet turbine IN KG/M?: 928,2 500,4 971,8
P outlet turbine IN KG/M?: 67,8 16,1 0,3
X in kg/kg: 0,463 0,378 0,090
V outiet turbine i M3/h: 547,4 1410,3 55105,5
Bratio pe/ps in (kg/m?3)/(kg/m3): 0,073 0,032 0,0003
Vintet pump in M3/h: 30,7 39,5 14,2
pup in MPa: 2,633 1,012 0,047
pie in MPa: 0,665 0,243 0,003
Wratio pHpspLe in MPa/MPa: 0,253 0,241 0,067
AP yp.p in MPa: 1,968 0,768 0,044
TMuworking fluid IN KQ/S: 10,304 6,291 3,941

For the OFC water application results the most net power output with Ppay gutpur= 35.7 kW
against Ppax output = 28.4 kW at the ORC before. The conversion efficiency of the OFC is gen-
erally smaller (app. 3.5 %) than those of the ORC (app. 5.7 %). This is caused by an increase of
the charged heat. Here the most promising OFC application, with butane as a working fluid, dif-
fers 386.8 kW against the butane ORC application (511.6 kW). A comparison of table 4.3 and
4.4 indicates further advantages and disadvantages of both solutions. An increase of the density
combined with the increased mass flow for butane at the outlet of the turbine leads to a doubling
of the volume flow rate at the outlet of the turbine. This is an indication of greater sizing of OFC
plants compared to ORC plants which is an important factor if looking for an implementation
place. Furthermore, it can be stated that a much higher energy consumption of OFC pumps, than
those of ORC pumps, is the result. R 134a and butane show here approximately ten times higher
energy consumption. Finally, it should be noted that the pressure levels are two times higher than
those of the ORC, regarding R 134a and butane.

For a direct comparison to the ORC figure 4.22 is generated which depicts the Ppax output for

= 0.9 and existing 7 = 0.6. Therefore the

prospective expander efficiencies of 7 expander

expander
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design potential for the OFC future of this application is given and state that equal expander effi-
ciencies lead to much higher Py ax output Tesults (between 50.5 and 53.7 kW, as depicted in figure

4.22, left).

Future 7 =0.9
@a"\der | ® P net out OFC in kW meta OFC in %|
60
50.5
50 -
Feasible at prﬁt Nexpander = 0-6
40 - 35.7 )
30 -
20 A
10 A
O .
R 134a Butane Water R 134a Butane Water

Figure 4.22: Comparison of calculation results for different expander efficiencies ( = 0.9 and

= 0.6) at the short term OFC design.

nexpander

nexpander

4.3.2. Ideal Heat Recovery Design

A further improvement of the cooling loop at the CIM can be established by a closed cooling
water loop as depicted in figure 4.23 and leads to the ideal heat recovery design. This change of
layout leads to an avoiding water consumption compared to the short term heat recovery design,

Boiler

58/36°C Turbine

Water Section 1

16/15°C

Pump
Condenser

10°C

Pump

Figure 4.23: Design of the ideal heat recovery system at the CIM.

because the water is cycled and not wasted as before. This effects the implementation of new
equipment (pump). Only the water during the maintenance has to be wasted. Furthermore an
increase of the water inlet temperature at the CIM has to be considered. For the ORC this tem-
perature results at 57.8°C and for the OFC at 35.52°C, to anciently 10°C. Therefore the tempera-
ture spread for each application decreases and effects an increase of the passing cooling water
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mass flow at the same heat charge of CIM. The resulting mass flows are the ratios of both
changed temperature spreads and the heat charge of the CIM (1,320 kW) and can be expressed
by equation 4.22.

Qheat charge CIM = mideal water Cp,water ! (Toutlet CIM = linlet CIM) (4-22)

For the ORC application results 1m;gea1 water orc = 9-78 kg/s (35.21 m*/h) and for the OFC appli-
cation Miqeal water orc = 2-79 kg/s (20.83 m3/h). In table 4.1 m \yater = 3.94 kg/s (14.21 m?/h) for
the short term design is stated. Thereby, the heat charge increases at the same given enthalpy
states of both power cycles due to equation 4.23.

Qheat charge cycle = mideal water * (houtlet boiler — hinlet boiler) (4-23)

The heat charge of thermodynamic cycles increases by the given mass flow factors of 2.48 for
the ORC and 1.47 for the OFC to 1,320 kW. This means the whole heat charge of the CIM has to
be absorbed by the thermodynamical cycles and therefore can be used for the heat to power con-
version. Therefore, it finally results in an increased net power output for both applications
against the short term design. The ideal ORC design generates now 75.7 kW for R 134a and the
OFC 46.6 kW for butane, which represent the most promising heat recovery solutions for the
CIM. It should be noted that such an ideal design is feasible for the existing plant and is no fic-
tive imagination. The existing water flow rate of 56 m*h is higher and the plant is therefore con-
structed. The heat transfer from the casting mould to water would be equal, because the de-
creased temperature spread will be balanced through an increased heat transfer coefficient,
caused by the increased velocity for each water section. It should be also noted that this assump-
tion has to be proven before running such a concept to ensure the essential heat discharge of the
casting moulds. A further resulting advantage will be a decrease of pump power consumption for
the cooling water supply. This can be simplified expressed by equation 4.24.

P=dp-V (4.24)

Caused by the decrease of cool water flow rates, regarding the existing layout, -37 % energy for
the ORC and -62.8 % for the OFC application will be consumed, at a constant pressure drop.
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4.3.3. Conclusion

This subchapter processed the waste heat recovery at the casting ingot machine of PFA 2. The
heat recovery potential is considered for an ORC and OFC application at water section one (see
figure 2.3). This heat source has a steady heat charge of 1,320 kW at water section one for the
whole casting session, which is generally favourable for waste heat recovery systems. The work-
ing fluids are R 134a, butane and water. At which water serves as a comparative working fluid
that is passed out as solution by specific cycle parameters (like low pressure and high volume
flow rates). Two design layouts are considered and calculated. The short term heat recovery de-
sign (see figure 3.6 and figure 4.16), describes an easily realisable open loop concept. Here are
the most promising calculation results at 30.5 kW for the ORC with R 134a as working fluid and
31.7 kW for the OFC with butane as a working fluid. The subsequent ideal heat recovery design
(see figure 4.23) is driven by a pump in a closed water loop at the CIM and thus differs from the
short term heat recovery design. This concept leads to improved calculation results. For the R
134a ORC design results a net power output of 75.7 kW and for the butane OFC design 46.6 kW.
It can therefore be stated that the postulated exergetic advantages in chapter 4.2.3, of the OFC
against the ORC, are not existent for the ideal heat recovery design. It can be stated that the ideal
R 134a ORC design is the most promising waste heat to power conversion processes. The fol-
lowing annual energy recovery potential, depicted in figure 4.24, is the result for two casting
sessions per day during one year (365 days).

450 -
400 -
© 350 -
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< 300 -
=
< 250 -
> 200 -
(o)
& 150 -
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w 100 -
50 -
0 -

ORC OFC ORC OFC
(R 134a) (Butane) (R 134a) (Butane)

Ideal Design Short Term Design

Figure 4.24: Annual energy recovery potential of most promising ORC and
OFC designs at the casting ingot machine, PFA 2.
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4.4.  Potential of Furnace 9

The other promising waste heat source for an improvement of energy efficiency by heat to power
at PFA 2 is the mentioned wasted flue heat of furnace 9. This total heat sum of 32,899 MJ is rep-
resented by the addition of wasted false air (6,797 MJ) and theoretical combustion gas heat
(26,102 MJ), which are stated in table 3.1. This means that 26,102 MJ are alternately wasted
caused by the theoretical combustion gas while the burner is on and for the rest of process time
6,797 M1 are relative constantly wasted by the insert false air (see figure 4.25). The flue waste
heat can be time sequenced split, as described in table 4.5, into several power ranges of 618 up to
2,060 kW. While the burner is shut down (6h 29min) a heat power range between 136 and 463
kW results, caused by the stack effect. While the burner is running (8h 15min) a heat power

Table 4.5: Listed flue waste heat of Charge 67801 caused by combustion gas and false air,
at a reference temperature of 25°C.

Range of waste heat i:izrn T:‘: /f Tf'”eignaso’ é’"hm- C} r?ul(\ell?s P ﬂmia |ilali‘«';\\;erage
(206!8 and o §g4%kW) 78 9% 1,069 9,190 1,964
(< 1654 andt 1447 wy 0 T 940 6,088 1,691
5
(< 1443 st 1oan wy 8 e 798 638 1,329
(< 1030 and 61 8%kW) 9 1% 839 4,362 773
(;6:1)’2 Z\ON) 644 73% 650 12,621 327

range of 7 to 2060 kW is wasted through flue gas. Figure 4.25 depicts the evaluated flue waste
heat of the furnace in detail. Tegnaust measure 1dicates the measured temperature in the exhaust
pipe during the measure campaign of Charge 67801, located and stated in figure 3.1. The flue
mass flow Mgye gas Tesults by division of the volume flow rate of flue Ve gas and the density of

Pair25°C" Thereby Ve gas consists of the time sequenced insert false air volume flow rate and the

sum of combustion components, the air and natural gas volume flow rates. Qq,e results then as
the heat power of flue waste heat at the given enthalpy difference of flue Ahg,e. The simplified
enthalpies of flue are assumed by the enthalpies of air as stated in equation 4.25.

Qfiue = Mfue gas ' (hair,Texhaustmeasure - hair,25°C) = Mflye gas " Ahque (4.25)

This evaluation of discharged flue waste heat, depicted in figure 4.25, represents the potential
and basis for the following calculations of various heat recovery systems at the furnace. The cal-
culations consider two design layouts, an indirect and direct ORC. The OFC is passed out due to
decreased net power output results and decreased thermal match advantages for high temperature
applications. The indirect heat recovery design runs with thermal oil as heat transfer fluid and is
therefore thermally decoupled from the flue gas in the stack. The direct heat recovery system is
directly conducted with the flue gas and therefore has to follow the heat power of flue and cre-
ates unsteady operation behaviour of the power plant.
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Figure 4.25: Logged temperature, evaluated heat power and mass flow of flue gas as a function of the process time at furnace 9, Charge 67801.
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4.4.1. Indirect Heat Recovery Design

The indirect heat recovery design, realised as an ORC, is a basic application for generating flue
waste heat into electricity. This is conceptual solved by the depicted scheme in figure 4.26. It
illustrates the decoupling of heat source and power plant. It has the advantage that the ORC
states are fixed magnitudes during the whole run of these thermodynamical cycles. Thereby con-
stant conversion efficiencies can be stated which simplifies the calculation by linear relations.

1 400 to 1100°C
ORC-Plant
_______________ o
_é < @ : : é Flue Gas 250°C
< @ .
] OiI-PumpI | o . Qil 10K
3 | Condenser | o3 130°C
g : | £ 10
L | Generator : = 100°C
: Expander | ORC Q
— —— - T I / 10K
Water
Heat Source Heat Heat to Power Electricit >
Transfer Conversion y Enthalpy

Figure 4.26: Scheme (left) and T,s-diagram (right) of an ORC as indirect heat recovery design.

Thus increased exergy losses have to be accepted caused by the additional temperature spread at
the heat exchangers during the heat transformation. The heat of flue is absorbed by a thermal oil
loop and runs with a circulation pump. Thereby the heat is transferred from the flue in the fur-
nace stack to the heat exchanger of the power generating plant. This heat exchanger serves as a
boiler and heats the working fluid from the saturated liquid to expander inlet state. Then the ex-
pansion of the working fluid follows to produce power. The condensation completes the thermo-
dynamical cycle. As working fluids pentane, ammonia, R 245fa and toluene are chosen. Here
pentane serves as preferred working fluid and is already applied by ORMAT in this temperature
range as stated in [Ladam 12]. R 245fa and toluene are chosen due to their comparable and
promising thermo-physical matching. Ammonia serves as a well known working fluid and serves
as a reference. [Quoilin 11] and [Tchanche 11] list further possible working fluids. The boiler in-
and outlet temperature of thermal oil is set to 250 and 100°C, as depicted in figure 4.26. This
range is fixed irrespective of the temperature and mass flow of flue gas. However, this requires
an adaption of the thermal oil mass flow and finally the ORC working fluid mass flow. The flue
gas temperature varies within a temperature range of 288 and 1100 °C at the beginning of the
heat transfer. The throughput temperature of stack is defined at 130°C by a pinch of 30K and is
fixed for the whole session. As heat sink serves, as stated before, water at 10°C and 5K tempera-
ture spread till the saturated vapour enthalpy. Hereby it serves as the lower limitation of the
thermodynamical cycle and generates the condensation temperature of 25°C and condenser out-
let temperature. The heat source defines the upper limitation by a given pinch of 10K, whereby
results the boiler pressure and the inlet state of expander. With respect to further input data,
stated in table 4.6, results the depicted ORC in figure 4.27. It represents the visual calculation
results of pentane for the indirect ORC application.
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Table 4.6: Input data for the calculation procedure of

furnace 9.
Witeine Rl Pentane, R245fa, .
toluene and ammonia
Heat Transfer Fluid: air
Npump * 0.75
nexpander . 0.9
Mgenerator = 0.9
T2, heat tranfer fluid, min . 130°C
T1, heat transfer fluid, max - 1100°C
P heat source - 0.101325 MPa
M fiow heat source - Unsteady (0.05 to 1.75 kg/s)
Pinch Heat Source : 10K
ATsink: 5K
Pinch Heat Sink: 10K
280
771; 250
230 +
771; 240
Q180 & 337; 168
£ 544; 158
o 620; 165
5 337; 158
-é 130 +
é’_ Pentane
o 80
|_
30 + 620; 19
~-25.93; 25 a
26: / 340; 15
20 A
-50 150 250 350 450 550 650 750 850

Enthalpy in kJ/kg

Figure 4.27: T,h-diagram of the indirect heat recovery design with pentane as working fluid.

The detailed calculation results for each working fluid are listed in table 4.7. Here has to be
noted that R 245fa runs at a supercritical pressure level (ppoiler =50 bar and ppoiler > Perit), aS

depicted in figure 4.28. The results show generally increased conversion efficiencies due to in-
creased heat source temperatures (see chapter 4.2.1). Here R 245fa states the highest (17.98 %)
and ammonia the lowest (15.23 %) efficiency. A fixed maximal heat charge of 1,875 kW leads to
the same order of magnitudes for the net power output Pyt gutpur- Here the maximal net power
output results for R 245fa at Pyet output = 337.13 kW. Further advantages of this fluid choice can

be noted by the sizing factors like in- and outlet densities (relative high) and volume flow rate at

the outlet of the turbine (relative low). The high pressure level of R 245fa equals ammonia and is

higher than those of toluene and pentane. This can be also stated for the low pressure level where

R 245fa has the desirable positive pressure (compared to atmospheric pressure) in the system.
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Huge deheating powers between 233.1 and 659.84 kW should be noted. Here the use of a recu-
peration would be a promising way of optimised calculation.

Table 4.7: Calculation results of the indirect ORC design.

Pentane R245fa Toluene Ammonia
Q heat source IN KW: 1875 1875 1875 1875
P turbine in KW: 358.40 398.32 364.3 327.36
P pump in KW: 8.91 23.73 0.66 10.03
P net output iN KW: 314.54 337.13 327.27 285.60
77 power cyle iIN %6: 16.78 17.98 17.45 15.23
£ inlet turbine I Kg/m?3: 36.41 986.83 3.83 21.48
P outlet turbine IN_KG/mM?: 1.365 66.254 0.0981 5.73
Xg in kg/kg: 1.76 1.46 1.44 1.176
V outlet turbine in M3/h: 6233 267.8 93,306.4 713.6
Bratio 6105 iN (kg/m?3)/(kg/m3): 26.67 14.9 39 3.75
Vintet pump in M3/h: 13.7 13.25 10.6 6.79
prp in MPa: 1.83 5 0.173 5
prp in MPa: 0.068 0.148 0.004 1.003
Y atio pHPpLp IN MPa/MPa: 26.71 33.73 45.45 4.98
Ap wp-p in MPa: 1.75 4.85 0.169 3.99
Q recuperation i KW: 659.84 562.43 461.66 2331
Mworking fluid IN KQ/S: 2.36 4.93 2.54 1.14
AT syperheated IN K 82 supercritical 109.5 151.1
618; 250
230 +
618; 240
o 180 +
£
£130 1 2373, 100 537- 140
® R245fa !
8
g 80 +
2 1 237.3;27.5
%0 _:/232.5; 25 ‘a — 93718
[ 23;&10 /423; 15
20 e e e e e e
200 250 300 350 400 450 500 550 600 650
Enthalpy in kJ/kg

Figure 4.28: T,h-diagram of R 245fa as a supercritical indirect heat recovery system, furnace 9.

Design of heat recovery systems in an aluminium cast house



Improvement of Energy Efficiency 51

The simplification through the decoupled heat transfer states constant heat conversion efficien-
cies due to constant enthalpies of the thermodynamical cycle. However, the heat charge is un-
steady as described before. For the integration of the convertible heat charge equation 4.26 is
used.

QORC flue heat charge = Tlorc” Mfue gas (hair,Texhaust measure hair,25°C) (4.26)

Hereby results for 7, pentane — 16.78 %, the integrated flue mass flow 1g,e gas and enthalpies

h,ir of Charge 67801 a total net power output of 1,341.8 kWh. Extrapolated for one year (365
days) and daily one casting session, a total recovered energy of 498,76 MWh/a for the indirect
pentane ORC application results. The results for each working fluid are depicted in the following
figure 4.29.
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Figure 4.29: Annual energy recovery potential of the direct heat recovery system
for each working fluid, Charge 67801.
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4.4.2. Direct Heat Recovery Design

The direct heat recovery design differs from the indirect by the elimination of the thermal oil
heat transfer loop, as depicted in figure 4.30. This has the advantage that exergy losses are re-
duced compared to the indirect heat recovery design and therefore more convertible heat exists.
The disadvantage is the alternating and challenging operation behaviour of the power plant due
to the directly coupled cycle. This requires the determination of a function which expresses the
varying conversion efficiencies with respect to the flue mass flow and temperatures (optimised
states, see figure 4.31). Water serves as working fluid because it is highly thermally resistant
compared to common organic fluids. [Ladam 12] states that ORC do not tolerate temperatures
above 250°C. The upper thermal limitation is set to 600°C and 50 bar.

Power Plant

GeneratonJI

Pump Condenser

Turbine

Furnace Stack \,

Heat Source Heat to Pc_)wer Electricity
Conversion

Figure 4.30: Scheme of the direct heat recovery design.
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Figure 4.31: Net power output of the direct heat recovery system for various flue mass flow as a function
of the exhaust temperature, within the limitations of p.x = 50 bar and Tiet turbine max. = 600°C.
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The net power outputs for three typical mass flows of the flue gas are determined within a tem-
perature range of 288 to 1100°C. Therefore the calculation starts at 350°C and considers the op-
timised operation pressure for a maximal power output of the steam cycle at each time step. The
boiler pinch is set to 10K. The calculation results in figure 4.31 show a linear relation between
the different mass flows, which can be expressed by numerical equation 4.27.

Pelsteam = 6+ 10710T*m — 2-1075T3m + 0.0023T2m — 0.7171Tm + 94.044  (4.27)

This relation makes the integration of the net power output for each time step possible. Thus the
total power output for the flue gas of Charge 67801 can be determined by 3,033.87 kWh/cycle
and 1,107.36 MWh/a. Figure 4.32 illustrates a calculated steam cycle at a given exhaust tem-
perature of 800°C, the upper superheated temperature limit of 600°C and maximal pressure of 50
bar. The pinch results at 274°C and defines the endpoint of heat recovery at 55°C and 112 kJ/kg.
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Figure 4.32: T,h-diagram of the direct heat recovery system with water as working fluid.
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4.4.3. Conclusion

This subchapter processed the waste heat recovery of flue at the furnace 9 of PFA 2. The heat
recovery potential is considered for an ORC and common steam power cycle. This heat source
has an unsteady heat charge by varying temperatures from 288 to 1100 °C and flue mass flows
from 0.01 to 1.75 kg/s, within a power range of 7 to 2,060 kW, as depicted in figure 4.25. The
total wasted heat due to flue gas can be stated at 9,139 kWh, for Charge 67801. Accrue alternate
flue heat generally challenges waste heat recovery systems. As working fluids are chosen pen-
tane, toluene, ammonia, R245fa and water. Two design layouts are considered and calculated.
The indirect heat recovery design, depicted in figure 4.26, describes a concept of thermal de-
coupling by a thermal oil loop. Here the most promising calculation has a conversion efficiency
of 17.98% for the R245fa application. This means in total 1,437.76 kWh for Charge 67801,
which can be recovered. Figure 4.30 depicts the subsequent direct heat recovery design which is
driven by a thermal coupled and therefore conducted thermodynamical cycle. As working fluid
water is chosen due to its thermally resistance compared to commonly used organic fluids. This
concept leads to improved calculation result with 3,033.87 kWh which can be recovered. Appen-
dix-B (see appendix) marks the point of installation for the heat exchanger of each considered
heat recovery solution. Figure 4.33 shows the total energy recovery potential for each heat re-
covery design at furnace 9. Here the annual basis is set to one cycle per day and 365 days a year.
Appendix-2 lists an overview of the most promising heat to power solutions.
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Figure 4.33: Annual energy recovery potential of the flue heat for each working
fluid, at furnace 9 and Charge 67801.
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5. Further Work

The energy balance development of furnace 9 reveals that the detection of wasted flue energy is
not possible with the existing equipment. This is caused by the deviation of Tfymace roof @A Texhaust
measured 1N figure 2.4 as well as by the absence measured and logged flue volume flow rates, re-
spectively. Due to the essential impact of the energy balance (42% of the total energy output), it
should be fairly straight forward to implement online measurements. These have to measure the
exhaust temperature and volume flow rate of the flue gas. This will give an exact basis for a rec-
ommended procedure of the heat recovery technology choice. A recommendation for the loca-
tion of these measurements is given at appendix-B.

Therefore, this monitoring measurement additionally includes the determination of the burner
efficiency by the exhaust temperature. The burner efficiency is one of the most important factors
for energy consumption at PFA 2 (equation 3.16) and varies throughout a cycle and with the
types of charged metals. Controlling the burner power with the burner efficiency throughout a
cycle leads to lower energy consumption without any or only slight disadvantages regarding the
process duration.

Furthermore, it has been determined that an extensive influence by false air exists. This source of
waste energy can be eliminated by the implementation of a pressure control system in the ex-
haust pipe, as depicted in figure 4.2 and described in chapter 4.1.2. Here should be also the cor-
rect installation location of the pressure sensor determined with respect to the pressure distribu-
tion in the furnace. The implementation is recommended as soon as possible due to the direct
energy saving effect.

An improved control quality of the melt temperature in the furnace during the casting session,
describes another point of further work in this CastAl project. The existing control quality of
Tmet £ 26°C should be verified by the possibilities of the existing equipment. A decreased con-
trol quality to Tmeir £ 10°C should be the target. This avoids energy consumption according to
chapter 4.1.1.

Monitoring the tapped molten metal in the transport vehicle would prevent unnecessary heat
charge before, during and after tapping due to the knowledge of charged heat by liquid metal.
These temperatures vary within a temperature range of 800 to 860°C, stated by [Sivertsen 12].
The energy improvement through the preheating of charge metal should be determined. Apply-
ing preheating chambers (see chapter 4.1.3) will enhance the process efficiency through a de-
creasing need of energy preheated metal in the furnace. Here the optimal preheating temperature
for both flu inlet and metal has to be determined with respect to the charging requirements of the
furnaces.

The impact of improved efficiency by the preheating of combustion gas should be determined.
The operation of the air ventilating system at the casting ingot machine (above water section 1)
should be considered regarding possible shut down times.

An investigation of methods and operational sequences could also enhance the process effi-
ciency for the reduction of process or holding times at the furnace.
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The evaluation of the measured exhaust gas constitution by SINTEF-Materials and Chemistry
will lead to a meaningful statement for applicable heat exchanger materials and maintenance
expectations for the heat to power solutions.

This disquisition gives simplified results of heat recovery technologies. Various optimisation
appendages will lead to improved design layouts and should be investigated in more detail to
give a realistic potential estimation (e.g. consideration of pressure drop, additional heat load by
surrounding, adaption of pressure or temperatures).

Furthermore, it should be determined which maximal water mass flow is possible at the casting
ingot machine to increase the power output but also confirm a safe heat discharge.

An additional improvement of OFC and ORC can be obtained by using mixtures as working
fluids because of their temperature glide in the condenser, which yields a better match for the
cooling agent in the T,h-diagram. Therefore, further working fluids should be investigated for
each design.

An application for the heat load accumulation of the flue gas should be determined. This de-
crease the operation challenges for such considered power plants and makes them more lasting.
These operation challenges of the heat to power solutions have to be proofed regarding appli-
cability. It should be determined which alternating power and temperature ranges are manage-
able and applicable for such ORC, OFC and Rankine cycle and how they influence the conver-
sion efficiency.

A heat recovery system for an aluminium plant will only be built when it is considered economi-
cally viable and with a minimum of process disturbance. The complexity and cost of the heat to
power applications must be carefully investigated.

The economical attractiveness could be increased by introducing other ways of utilising heats
besides electric power production, such as production of cold, drying and desalination. Custom-
ers for the recovered heat need to be on the spot.
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Appendix-1: Listing of process specific parameters for furnace 9, Charge 67801.

Process start: 02.07.2012 6:17 PM Process Duration: 14h 43 min
Processend: 03.07.2012 9:00 AM Tapping Duration: 45min
Main Door Duratior 21 min
Gas flow [Furnace Angle| pfunace
. 3 . . Tﬂue gas Tmelt Tfurnace roof Texhaust measure
in m3/h ingrad in Pa
min. 0 0 -50.8 441.2 31 636.3 287.9
max. 692.5 31 23.1 588.9 756.5 957 1099.8

Appendix-2: Listing of the most promising heat to power solution results.

Balance Model

Heat to Power

Heat Power Payback per yearin €
MJ /kWh (for 0.1 €/kWh)
for Charge 67801 | kWh | MWh/a | MWh/a
available | available | recovered
Pentane 489.76 48,975.82
o R245fa 524.78 52,478.26
8 7,996 2,919
= Toluene 9,139 509.31 50,931.35
i R717 44452 44,451.83
Steam 9,139 3,336 1107.363 110,736.32
R134a 411.28 41,128.18
%’ Butane 409.35 40,934.97
= Water 451.09 45,108.87
(2)]
8 ~ | R134a 221.45 22,145.03
° ©
Slom
S LS 5 | Butane 253.43 25,342.87
8| ° ¢t
- 2 10,230 10,230 7,468
= — | Water 285.41 28,540.70
2
E — R134a 403.73 40,372.70
'c .
2,5
=| 2 £ |Butane 416.52 41,651.84
(&] (@] 5]
= Water 429.31 42,930.98
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Appendix-A: lllustration of the net power output per year of various heat to power solutions.

Appendix-B: lllustration of the exhaust pipe at furnace 9. The red rectangle marks the point of installa-
tion for a heat exchanger of the considered heat recovery designs at the furnace. The red
arrow indicates the recommended measure location of the flue volume flow rate.
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Appendix-C: Heat image of the furnace interior while charging.
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Appendix-E: Heat image of the burner and tapping port at the furnace 9 while preheating.
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Appendix-G: Back view of the furnace 9 while casting.
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Appendix-J: Heat power and net power output of the direct coupled steam power cycle as a function of process time at furnace 9,Charge 67801.
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Furnace Casting Ingot Machine
2 tvain Door: 2,700 in sec. tstreet 1, water- 80 in sec.
E tport: 1,260 in sec. @ tstreet 1, air: 25 in sec.
[= tiota: 52,980 in sec. 5 tway to street 2: 30 in sec.
Natural Gas Factor: 0.97 E tstreet 2 80 in sec.
Air Excess: 0.03 tsection: 190 in sec.
Texhaust gas:  970.21  in °C (average) tiota: 27,900 in sec.
Tcasting: 730 in °C Tcast House: 25 in°C
Tambient: 20 in°C Teastngg 750  in°C
Tcast House: 28 in°C Cpaisoia:  1.05 in kJ/(kgK)
Cp, Al solid: 1.05  in kJ/(kgK) g Cpaliquia:  1-18  in kJ/(kgK)
Cp, Al liquid: 1.18  in kJ/(kgK) % Ahtysion, - 397.08 in kd/kg
. Ahgysion, -~ 397.08  in kJ/kg E Trusion, a: 660  in°C
‘g Ttusion, Al: 660 in°C 5 e 0.80
I Cpsiliquia: ~ 0.94  in kJ/(kgK) s o. 5.1E-08 in W/(mK)
o Ahrson s 1,800  in kd/kg E Avarts. immous: 020 inm?
15 in kd/kg 8
§ Ahg;j a9a: 2,088  (add Sixec to Alizseec)) Aparts, out of moud: ~ 0-50  in m?
% Ahyatural Gas: -37,101.52 in kJ/kg (varies by Texnaust) OFurnace: 40 in W/(m2K)
© & 095 T.. 30 in°C
o: 5.67E-08 in W/(mK)
Anain door: ~ 3.50  inm?
Aports: 0.70 in m?
Afumace: 1,500  in m?
OFurnace: 5 in W/(mK)
foross: 0.01
foxide: 0.30
ANpross: -16,596  in kd/kg

Appendix-K: Listing of the energy balance input parameters for furnace 9 and CIM.
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