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Keywords: The main aim of this study was to determine the available heat in the cement kiln exhaust gas subject
Cement to different process conditions. A Norwegian cement plant producing about 1.3 million tons of ce-
Waste heat recovery ment per year was used as a case study. A mass and energy balance was made for the raw meal
Raw meal

department, and process data available from the plant process database as well as manually mea-
sured gas flow rates were used to calculate the available heat. The available heat can be utilized by a
combination of low pressure (LP) steam generation and hot water generation. It was found that waste
heat is 1.5-4.2 MW for LP steam generation and 2.2-5.8 MW for hot water generation. The variation
in available heat is due to different raw meal types being produced, requiring different gas inlet
temperatures to raw meal mill. In cases when no raw meal is produced (in maintenance shutdown
periods), all the gas will bypass the mill, and approximately 20 MW of LP steam and 6 MW of hot
water can be generated. The heat loss from the system was estimated based on measurements, and
the fan power inputs were calculated. Both were found to be negligible compared to the available
heat. Furthermore, the total false air coming into the system was estimated as 40-50% of the total gas
flow rate going out from the raw meal department.
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Agur Surface area of the pipelines and equipment [1?]
Cpust, in Concentration of dust in the inlet gas stream coming into the raw meal department [#]
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Cp, 4(T) Specific heat capacity of the atmospherlc air [ kg]K]

p 6(T)  Specific heat capacity of the gasl |

Cprm (T) Specific heat capacity of the raw materialsl [ = K]
D Diameters of the circular gas pipelines [m]
Dustypy, i Mass flow rate of dust in the gas stream which is sent to the aero-fall mill (AFM) [k—g]
Dust srn, o Mass flow rate of dust of the gas stream that coming out from the cyclone s stem[Tg
Dustgp  Mass flow rate of dust of the gas stream that going with the bypass gas stream Lt
Dustr, i, Mass flow rate of dust of the gas stream which is sent to the ESP (BF)
Dust;, Mass flow rate of dust in the inlet gas stream coming into the raw mea department [
Dust,,,  Mass flow rate of dust of the gas stream which is going out from the raw meal department [k ]
hy(T) Total specific enthalpy of steam

k
L Latent heat of evaporation of water ]KJ
Mya Molecular weight of atmospherlc air rmol
M,c Molecular weight of gas

mol
Mym0 Molecular weight of moisture (water)

M, arvin Mass flow rate of the false atmospherlc a1r stream coming into the AFM via the raw material entrance opening [ ]

Ma, pin  Mass flow rate of the false atmospheric air stream coming into the BF and ESP [

tigr, o Mass flow rate of filtered raw meal powder that coming out from the BF

tcson  Total mass flow rate of the crushed raw meal powder that coming out from the coarse separator ke

Meyeione, our Total mass flow rate of the crushed raw meal powder that coming out from the cyclone system [

tgsp, o Mass flow rate of filtered raw meal powder that coming out from the ESP

g, armin Mass flow rate of the gas stream which is sent to the AFM? [kg

Mg, armouwr Mass flow rate of the gas stream coming out from AFM, coarse separator, and the cyclone system? [ ]

g, pp  Mass flow rate of the gas stream which is bypassed the raw meal department? kSg

rg, r, in Mass flow rate of the mixed gas stream which is sent to the ESP and BF (bypass gas stream + gas stream coming from the
raw meal department) 2 ’%g

W, i Mass flow rate of the gas sfream coming into the raw meal department® [kg

g, ou Mass flow rate of the gas stream which i 1s coming out from the ESP and BF and released to the atmosphere [k ]

M0 Mass flow rate of hot water generated | =

Mo, in Water/moisture mass flow rate of the gas stream which is coming into the raw meal department

tigm, i Total raw material mass flow rate coming into the AFM (limestone + additives) — Defined as moisture content inclusive
kg

s

ut._l

N
Mgteam Mass flow rate of LP steam generated [I%g]

P Pressure in the control volume [Pa]

Pgp Gauge pressure inside the bypass gas stream [mbar]
Prp Power input from the filter fan [kW]

Pucr Power input from the hot gas fan [kW]

Py Motor power input to the AFM [MW]

Pur Power input from the main fan [kW]

Py Normal gas pressure [Pa]

Q Available heat [MW]

Quw Available heat for hot water generation [MW]

Qrp Available heat for LP steam generation [MW]

Quss, arm Heat loss at the AFM [W]

Quoss, AFMioCyclones Heat loss at the ducts from AFM to cyclone system including heat losses from the surfaces of coarse separator and
cyclones [W]

Qioss, afiercyciones  Heat loss at the ducts going out from the cyclone system along with the heat loss from the main fan [W]

Quoss, beforearn  Heat loss of the gas stream from the ducts before entering to the AFM [W]

Qioss, bypassduce Heat loss at the bypass duct [W]

Quss, Espepr Heat loss from the surfaces of ESP and BF [W]

Quoss, interduee  Heat loss at the inlet gas duct and hot gas fan [W]

Qioss, mixedgasduee Heat loss at the duct after the bypass and gas stream coming from the cyclone mixed [W]

Ta, in Atmospheric air temperature [°C]

Tz, armin Temperature of the gas stream which is sent to the AFM [°C]

Ts, armou Temperature of the gas stream coming out from AFM, coarse separator, and the cyclone system [°C]

Ts, pp  Temperature of the gas stream which is bypassed the raw meal department [°C]

Tz, r, in Temperature of the mixed gas stream which is sent to the ESP and BF (bypass gas stream + gas stream coming from the

1 p indicates that the parameter is a function of temperature

2 The flow rate includes the dust suspended in the gas
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raw meal department) [°C]

TG, in Gas temperature which is coming from the preheater tower [°C]
Ts. ou  Temperature of the gas stream which is coming out from the ESP and BF and released to the atmosphere [°C]

Taw,
Taw,
In
T;'ef 0
Trqf 1
T;'ef 2
TRM,
Tru,
’1:;”"
U

V. armin Volumetric flow rate of the false atmospheric air stream coming into the AFM via the raw rnaterlal entrance opening [ i
Vi rin  Volumetric flow rate of the false atmospheric air stream coming mto the ESP and BF [

in Inlet temperature of the water used to generate hot water [°C]
o Temperature of the hot water generated [°C]
Normal temperature [K]
Reference temperature (0 °C) [°C]
End temperature 1 (130 °C) [°C]
End temperature 2 (50 °C) [°C]
in  Raw material temperature which is coming into the raw meal department [°C]
ot Temperature of the raw material stream which is coming out from the coarse separator and the cyclone system [°C]
Surface temperature of the pipelines and the equipment [°C]
Average overall heat transfer coefficient from surfaces to air [W/(m?-K)]

Vo.arm in  Volumetric flow rate of the gas stream which is sent to the AFM

Vi, arm o Volumetric flow rate of the gas stream coming out from AFM, coarse Separator, and thescyclone system [Nm ]

‘/G, BP

N
Volumetric flow rate of the gas stream which is bypassed the raw meal department | —

Ve, r. in Volumetric flow rate of the leTj gas stream which is sent to the ESP and BF (bypass gas stream + gas stream coming from

the raw meal department)| —

Ve, in Volumetric flow rate of the gas stream coming into the raw meal department [B

Ve, out Volumetric flow rate of the gas stream which is coming out from the ESP and BF and released to the atmosphere [NTMS]
Ve, armin Average velocity of the gas stream which is sent through to the AFM [?

ve, sp  Average velocity of the gas stream which is bypassed the raw meal department [%]

VG, in Average velocity of the gas stream coming from the preheater tower

Xm0,
tzO,

Ym0,
Ym0,
Yo,
Ym0,
Yo,

Yo,
Yo,

Y 03,
YOz,
Yo,,
Y 03,
Yo,,

Yo,, G
Yo, @

rv, in Total moisture mass fraction of all the raw materials coming into the AFM (limestone + additives) [—]
rM, out Total moisture mass fraction of the all crushed raw meal powder that coming out from the coarse separator and the
cyclone system [—]
A, in Moisture volume fraction of the atmospheric air [—]
arvin  Moisture volume fraction of the gas stream which is sent to the AFM [—]
gp Moisture volume fraction of the gas stream which is bypassed the raw meal department [—]
6. armow Moisture volume fraction of the gas stream coming out from AFM, coarse separator, and the cyclone system [—]
6, F. in Moisture volume fraction of the mixed gas stream which is sent to the ESP and BF (bypass gas stream + gas stream
coming from the raw meal department) [—]
¢, in Moisture volume fraction of the gas stream coming from the preheater tower [—]
6, o Moisture volume fraction of the gas stream which is coming out from the ESP and BF and released to the atmosphere [—]
A, in Atmospheric oxygen volume fraction [—]
armin OXygen volume fraction of the gas stream which is sent to the AFM [—]
sp Oxygen volume fraction of the gas stream which is bypassed the raw meal department’ [—]
6. armowr OXygen volume fraction of the gas stream coming out from AFM, coarse separator, and the cyclone system [—]
6, r. in Oxygen volume fraction of the mixed gas stream which is sent to the ESP and BF (bypass gas stream + gas stream
coming from the raw meal department) [—]
n Oxygen volume fraction of the gas stream coming from the preheater tower [—]
 ou Oxygen volume fraction of the mixed gas stream which is coming out from the ESP and BF and released to the atmo-
sphere [—]

Greek Letters

Ngp Bag filter efficiency [—]

Nes Coarse separator efficiency [—]

Neyaone  Cyclone tower/system efficiency [—]

Ngsp Electro-static precipitator efficiency [—]

Pmo0 Density of the moisture in gas (At normal conditions) & 8 }
£a Density of the atmospheric air (At normal condltlons)

oG Density of the gas (At normal conditions)

PrM Density of Limestone

Physical constants

Cp.m,0 - Specific heat capacity of water 4185 x 10~° [ P K]
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M, ,0- Molecular weight of water 0.018 %]
Py - Normal gas pressure 101325 [Pa]
Ty - Normal temperature 273.15 EK]

R - Universal gas constant 8.314 !

mol-K
1. Introduction

The cement industry is a major consumer of energy, in particular thermal energy. As not all the thermal energy can be fully
utilized, most plants generate considerable amounts of waste heat in the form of relatively hot exhaust gases coming from the rotary
cement kiln system.

Even if part of the thermal energy in the rotary kiln and calciner exit gas (having a temperature of 850-900 °C) is used in a cyclone
preheater tower for preheating the kiln feed, there is still a significant amount of waste heat left as the exit gas from the preheater
tower typically has a temperature of 300-400 °C.

Most cement plants use part of this hot gas coming from the preheater towers to dry raw materials in the raw meal processing
department [1], leaving an exit gas stream temperature of typically 100 °C being released to the surroundings. However, since only
part of the hot gas is utilized in this way, there may be significant amounts of energy still available for waste heat utilization. The
amount of available heat depends on the moisture content of the raw materials and temperature changes following variations in kiln
operation [2].

Most of the available literature on cement kiln waste heat utilization [1,3,4] study the recoverability of the waste heat from the
preheater exhaust gas for power generation purposes. In such cases, the cooling towers usually applied in the preheater exit gas to
reduce the gas temperature, will be replaced by waste heat boilers, which are part of a power generation system, which could for
example be implemented in the form of an Organic Rankine Cycle [5].

The aim of this study is to show that the waste heat not already used for drying raw materials, may be utilized, and this is
exemplified by determining the waste heat availability in the raw meal department of a Norwegian cement plant producing ap-
proximately 1.3 Mt of cement per year.

2. Process description

The gas stream coming from the kiln is going through the preheater tower (a series of cyclones) to heat up the raw meal (see
Fig. 2-1). The hot preheater exit gas, which typically has a temperature of 400 °C, is cooled in a conditioning tower, in which injected
water evaporates by means of heat from the gas (direct cooling). The outlet temperature setpoint (controlled by the water injection)

) Gas Flow streams
Gas stream coming from

the preheater tower

Hot gas + Raw meal

Cold water spray
| Average temperature: 400 °C

————
—— Material Flow streams
—

Water streams

The preheater tower

Heated raw
materials

Conditioning tower

Gas stream to the raw
meal department

A\erage temperature: 180-260 °C

Fan after the Electrostatic
Y conditioning tower precipitator Fanatiriho
ESP

Fig. 2-1. Inlet gas stream path upstream of the raw meal department.
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varies from 180 to 260 °C, depending on what gas temperature is required in the raw meal department. The gas flows through an
Electrostatic precipitator (ESP) for de-dusting before entering the raw meal department. There are two fans in the system, one
downstream of the conditioning tower and another one downstream of the ESP. These are required to overcome the pressure drop in
the system.

The gas then enters the raw meal department, see Fig. 2-2. Three types of limestone, with a variable content of calcium carbonate
(CaCO03), and different additives (rich in silicon oxide, aluminium oxide and iron oxide) are used in the production of different raw
meal types. The mixture of limestones and additives are jointly referred to as "raw material" in Fig. 2-2.

The temperature of the gas coming into the raw meal department via the hot gas fan depends on the type of raw material being
processed. Typically, the hot gas temperature at the inlet to the raw meal department is 180 °C for the STD ("standard") type and
260 °C for the HS ("high strength") type. The gas flow rate is around 300 kN m®/h during normal operation. The gas stream contains
02, N2, H?0 and CO? as well as some minor components such as SO, and NO,. There is also a significant amount of dust (ap-
proximately 3 g¢/Nm?) coming along with the gas.

The hot gas is separated into two streams, one stream used in the raw meal production process, and a bypass stream. The part of
the gas which is sent via the raw meal processing unit first goes through the Aerofall mill (AFM), where the raw materials are grinded
and dried. The hot gas coming into the AFM has two purposes, to provide heat for drying of raw materials and to bring the grinded
raw materials pneumatically out of the AFM and onwards to the coarse separator and the cyclones [6]. Due to the raw material
drying, the amount of moisture in the gas increases. Moreover, a significant amount of false air is sucked into the AFM via the raw
material feeding point, increasing the gas flow rate.

The gas stream carrying the grinded and dried raw materials from the AFM is then sent via the coarse separator, which acts as a
gravity settler. The gas stream, which now mainly contains fine particles, is then sent through two parallel cyclones for fines se-
paration. The coarse and fine particles are sent to different parts of the raw meal department for further processing (not shown here,
as the focus is on the gas phase). A fan and a gas flow control valve (placed after the cyclones) are used to adjust the flow rate of the
hot gas required in the AFM. The de-dusted gas next joins with the bypass gas stream.

Although the mixed gas has been de-dusted, it still contains a significant amount of dust, and this dust is largely removed in
another ESP and a bag filter (BF) before the gas is released to the surroundings downstream of the filter fan. Some false air is sucked
into the ESP and the BF, increasing the gas flow rate further.

The potential for waste heat utilization lies in the bypass gas stream, i.e. the part of the hot gas not required for drying or
entrainment of raw materials. This potential waste heat utilization is indicated in Fig. 2-2 with dashed lines. Due to the different
grindability and different moisture content of the different raw materials, the gas flow rate in the bypass gas duct varies depending on
what type of raw meal is produced (the two main types being STD and HS), meaning that the heat availability also depends on the
raw meal type being produced. When AFM is not running, all the gas is sent via the bypass line.

False air coming in False air coming in

Gas going

ina i Bypass gas ) out
Gas coming in ﬂ stroam <\
> AT >

Hot gas fan Potential waste f v’g’ Filter fan
heat utilization Electro-static
Main fan g precipitator Bag fiter

Crushed Raw
Gas stream into Crushed Raw materials out
the Aero-fall mill materials out
d Air flow
. & control
Raw material in i \alve
_—

False air coming in
Coarse

LI E

Cyclones
seperator 2 units) m— Gas Flow streams
Aero-fall mill e Material Flow streams
(Ball mili) Crushed Raw Crushed Raw .
materials out materials out —_— FalSe air streams

Fig. 2-2. Process flow diagram and the control volume.
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3. Method and model development

In order to quantify the available heat in the bypass gas duct at different operating conditions, a model of the raw meal production
system (see Fig. 2-2) was established based on a mass and energy balance.

Process data values available from the plant process database were collected, parameters available from the literature as boundary
conditions were identified, and required manual measurements of gas flow rates were carried out using a pitot tube to determine the
velocities in the gas ducts. To estimate heat losses from the gas ducts and equipment units in the system, the surface temperatures
were measured using a laser thermometer.

Appendix A gives the model assumptions and a detailed model description. A block diagram including all symbols applied in the
model is given in Fig. 3-1.

4. Results and discussion
4.1. Waste heat availability

Table 4-1, Fig. 4-1 and Fig. 4-2 show the main results related to heat availability in the bypass line for HS production, STD
production and no raw meal production (N/R). Furthermore, Table 4-1 shows the process conditions for the different cases.

The flow rates in Table 4-1 are based on manual measurements of selected operational periods, so may not be entirely re-
presentative of long-term averages. The higher total flow N/R flow rate (48 Nm®/h) is most likely a consequence of production rate
variations that are due to other factors, for example variations in the burnability of the raw meal. But the basic idea stays the same; all
the gas goes via the bypass line when AFM is not running, so then the bypass line has a much larger amount of waste heat available.

There is a high heat availability for production of LP steam when HS is produced and when the AFM is not running (4.2 MW and
4.0 MW respectively). However, even more heat is available (5.8 MW) for generation of hot water. The heat available to generate hot
water is approximately the same when HS and STD are produced (2.5 MW and 2.2 MW respectively).

When it comes to the production of LP steam and hot water in the bypass line, STD has the lowest LP steam production rate
(0.5 kg/s) because the inlet gas temperature is lower (around 180 °C). The production of hot water rate is very high (67.7 kg/s) when
AFM is not running since there is a higher mass flow rate of the bypass gas at a gas temperature around 180 °C.

Fig. 4-3, Fig. 4-4 and Fig. 4-5 show heat streams through the system in the form of Sankey diagrams for HS, STD and no AFM
operation, respectively. For each operation case, the heat recovery is shown. Heat flow rates for gas streams, raw material streams,
power inputs from fans and from the AFM drive as well as the estimated heat losses are shown in the Sankey diagrams. In all cases,
0 °C has been used as the reference temperature. Furthermore, all Sankey diagrams apply the same scale to facilitate comparison.

The limestone used during STD production is harder to grind than the limestone used during HS production. This means that more
gas is required to entrain the particles in the AFM and transfer them to a roller press (not shown in the process flow diagram) for
further grinding. However, as the gas flow rate through the AFM increases, the temperature can be reduced and still the same amount
of sensible heat for drying can be provided. Oppositely, when HS is produced, the particles are more easily crushed, and less gas is
required for entrainment. But to provide the same sensible heat for drying, the temperature of the gas must be higher. This phe-
nomenon is the reason for operating with a higher inlet gas temperature during HS production (around 260 °C) than during STD
production (around 180 °C). And this also explains why the waste heat availability is higher during HS production. Accordingly, a
lower valve opening is used when HS is produced, as seen in Table 4-1.

Vein[Nm? /5] Ve g [Nm? /5] Ve rin WVm?/s] Vi £ [Nm? /5] |
Ve in [m/s] Ve g /5] & Tko/<] ar in [kg/s]
g i (kg /s] i pp (kg/s] 8 T €]
Te.n [°C] Te.50 °C] Yusoain
Yuso.cin Yusoer Yornin
Yorz in Yos 87
D, [m] ) Dy [m] Prs (k0]
[Bust . Tko/s] 1 Dust gr (kg/s]
ESPand BF _—
Qo inter suee[W] A A Quoss y-passauce W] 7| Quoss.miveagas suce (W] =
Ve apuinNm*/e] l | Voau V7]
Ve arsin /3 < g s (kg /5]
titg arse i (ko/5] Tz o €]
e arsein L) Qe oear crciomes ] Tge ouc (k9/5) Yiz0 ot
[2]  [mosruin Ve s oe Nm/s]) e Yo, cout
Yo, arsein 2 g ara e kg/5] Dustou [kg/s]
D; fm] o B TR Dustyy [kg/s]
[womeen | Duist 4 ryq e (k9/5) Viz0.carm out
(FrusmCa | [ ] Yoycarsous
9 Dust s yone [K9/5) A air
—_— Vaive opening (56) AFM_|Aero-fall mill
Py (MW] > 1 e Pt BF Bag filter
Seperator Sysem 8p By pass
—/ 0 Legend cs [Cydone system
Vs sraes [Nm /5] L7 [Quezarul®] [Qussarsocseiones W] ——  [GasFiows [se
g arsein [kg/5] o = |Material Fiows m Bagfilterand
Tain [°C] [ 1n 12 ——  |Faises Flows
Vs 0.ain T — Fans & Motors energyinputs Fr Filter fan
Yogain Known values from data system| G Gas
Measured Values HGF__|Hotgasfan
[Pesacorsl | | 75| Calculatea Values M [Aero-fall mill motor
X0 R put X 1,0 R put Constants/Assumed values |MF Main fan
Taseous [°C] Trseoue 1 [rm Raw material

Fig. 3-1. Block diagram of the model.
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Table 4-1
Summary of the waste heat availability calculations.

Description HS STD Not running (N/R) Units
Valve opening 36 66 0 %
Gas flow rate into the AFM (Vg, armin) 18 23 0 N

N
Bypass gas flow rate (Vg, pp) 20 18 48 Nm?

N
Bypass gas temperature (T, gp) 266 185 185 °C
Heat availability (ref 0 °C) (Q) 8.2 5.0 13.4 MW

5.8

e
o
~

3.6
2.5 s
L5 L5 g 13

HS STD N/R

Heat availability (MW)
SR S R

BLP steam ®WHW = Unutilized

Fig. 4-1. Waste heat availability for different process conditions.

80
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40
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20

67.7

28.3 253

Mass flow rate (kg/s)

—_

0 1.5 05 1.5
O — —
HS STD N/R

mLP steam ™ Hot water

Fig. 4-2. Possible LP steam generation and Hot water generation from the available heat.

4.2. False air in the raw meal department

The amount of false air in the raw meal department is significant according to the model results. It has been estimated that more
than 40% of the gas stream leaving the raw meal department is false air (see Table 4-2) when the AFM is in operation. As per the
results in Table 4-2, most of the false air is coming into the system via the raw material feeding inlet at the AFM. However, 8-15% of
the false air enters the system via the ESP and the BF.

The amount of false air coming into the system via the AFM is important when it comes to the heat recovery at the bypass gas
stream. The false air temperature is low (typically between 0 and 25 °C), which means that some of the sensible heat in the hot gas is
heat up the false air, reducing the drying potential of the gas. Since one of the main purpose of sending hot gas via the AFM is to dry
the raw materials, more air could have been bypassed if the false air was reduced. This means that more heat could have been made
available in the bypass gas stream. In other hand when the false air is reduced, then the gas flow rate inside the AFM drops, and then
the particle entrainment goes down. Thus, in a way false air is actually required during STD operation in order to maintain the drying
capacity and the need for particle entrainment. So, the effect relating to the available heat in the bypass gas stream with the false air
coming to the system require further investigation.

4.3. Heat recovery possibility at the conditioning tower when AFM is not running
To maximize the heat availability when the AFM is not running, the temperature of the gas stream could be maximized to 400 °C

by cutting the water injection in the conditioning tower. However, this temperature is not optimal for operation of the ESP (see Fig. 2-
1 for the ESP location), as the high temperature can possibly damage the ESP parts in the long run. Furthermore, the fan placed
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Fig. 4-3. Sankey diagram for the heat flows with possible heat recovery when Type HS is running.

Fig. 4-4. Sankey diagram for the heat flows with possible heat recovery when STD type is running.

downstream of the conditioning tower will not have enough capacity to transport the same amount of gas when the temperature is
increased to 400 °C (the absolute gas flow rate is more or less the same, but the mass flow rate goes down due to the density
reduction). Actually, this is the main reason why water is added to the hot gas stream. So, when the AFM is not running, an option to
recover heat could be to place a heat exchanger upstream of the ESP, in parallel with the conditioning tower, and route the gas
through the heat exchanger instead of through the conditioning tower. The specifications used for the calculations and the results are
shown in Table 4-3. Averaged data were used as inputs to the calculation. The average yearly available heat is calculated as 52 TJ per
year for LP steam generation and 16 TJ per year for hot water generation. On the other hand, such a scheme would have to be
evaluated in terms of investments required for additional equipment installation, in particular considering that the annual downtime
(N/R) is relatively low, hence the annual run time for the added heat exchanger would be correspondingly low.

4.4. Heat loss from the system

As shown in Table 4-4, the total estimated heat loss is less than 400 kW during HS production. 100 kW heat loss was assumed for
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Fig. 4-5. Sankey diagram for the heat flows with possible heat recovery when AFM is not running.

Table 4-2
False air coming into the raw meal department.

Operation False air at AFM (vol%) False air at ESP and BF (vol%) Total false air (vol%)
HS 28% 15% 43%
STD 36% 8% 44%
N/R 0% 9% 9%
Table 4-3

Specifications and results for heat availability calculation at the conditioning tower when AFM is not running.

Description Value
Average mass flow rate of hot gas via the conditioning tower when AFM is not running 65 kg/s
Average gas temperature before the conditioning tower 400 °C
Assumed downtime of the AFM per week 15 h/week
No of kiln running week 48 weeks/yr
Yearly available LP steam at conditioning tower when AFM not running 52 TJ/yr
Yearly available Hot water at conditioning tower when AFM not running 16 TJ/yr

the ESP and the BF since it was hard to take temperature readings on the surfaces at these locations. The average external heat
transfer coefficient was assumed to be 10 W/(m?K), which is a quite typical heat transfer coefficient for free gas convection [7]. As
the surface temperatures in the current system are low, radiation heat loss does not contribute very much and was neglected.
Assuming an emissivity of 0.5, the estimated heat loss would have increased by approximately 24% if radiation heat loss was also
included. Even if uncertainties related to equipment sizes are considered, the total heat loss from the system is low compared to the
available heat in the bypass gas stream. The ratio of heat loss to heat availability is around 6% for HS production, and somewhat
higher for STD.

Table 4-4
Heat loss estimated for gas ducts and process equipment units during Type HS.

Location Surface area (Ag,,) (m?) Average temperature (Ty,r) (°C) Average heat loss (Qjoss) (kW)
At inlet pipe (stream 1) 68 31 18

Towards AFM (stream 2) 20 30 5

Bypass line (stream 3) 79 34 23

Before AFM 32 89 27

At AFM 126 29 30

At two cyclones 265 40 94

Inlet and outlet pipes of cyclones 36 31 9

Before gas mixing, from AFM 14 53 7

To outside line (after gas mixing and before ESP) 68 99 64

At ESP and BF - - 100 (assumed)
Total estimated heat loss (kW) 377




W.S. Amarasinghe et al. Case Studies in Thermal Engineering 11 (2018) 1-14

4.5. Suggested heat recovery system

For heat recovery, the suggested way is to use a series of heat exchangers to generate LP steam and hot water. Fig. 4-6 shows a
suggested heat exchanger system to generate LP steam and hot water using the available heat near the bypass gas stream at the raw
meal department. A similar arrangement can be used at the conditioning tower if heat recovery is to be applied at that location when
AFM is not running.

Generation of LP steam is suggested until the hot gas temperature has reached 130 °C, whereas hot water generation is suggested
for the hot gas temperature interval from 130 to 50 °C.

Saturated LP steam at 120 °C and approx. 200 kPa pressure is produced, and this can be seen as a typical value for industrial LP
steam. The medium entering the LP heat exchanger would then be saturated water at 120 °C, returning from the external heat
exchange cycle.

Hot water at 60 °C is produced, and this can be seen as a typical hot water temperature required for heating purposes and
domestic hot water usage [8]. A return temperature of 40 °C has then been assumed for the water, which will be heated in a counter
flow heat exchanger. The output temperatures of the LP steam and the hot water are decided based minimum 10 °C temperature
difference to maintain the driving force in the heat exchangers (AT,;,>10 °C).

4.6. Uncertainties with the calculations

The moisture content of the air and the raw materials can vary in a wide range due to the daily weather conditions. The reason for
the variable moisture content in the raw materials is that they are exposed to the environment during excavating, transportation, and
outside storage. If the raw material moisture content is higher than the values used into the calculation, more hot gas is required in
the AFM to fulfill the drying purpose. Then the actual heat availability in the bypass line will be lower than the estimated value.

The energy inputs from the fan drives and from the AFM drive directly affect the gas stream. A fraction of this energy is lost to the
surroundings, and not transferred to the gas as sensible heat. Energy loss due to the noise emissions may also be significant. These
losses have not been considered in the calculation, meaning that the available heat may be slightly overestimated.

Under or overestimation of heat losses is also an uncertainty in the calculation.

4.7. Possible issues with heat recovery

Since the gas contains dust and moisture, there is a risk that dust may accumulate inside the heat exchanger and possibly lead to
partial gas blockages and reduced heat transfer due to fouling. In many cases, shell-and-tube heat exchangers are used to recover heat
from gas streams. If this type of heat exchanger is used, the gas streams should be sent via the tubes to minimize the deposition of dust
inside the heat exchanger. If gas stream is sent via the shell side, there is a higher risk of dust deposits due to baffles and other
obstacles. Even if the gas is sent via the tubes, dust may accumulate, but most likely at a slower rate, and also with a possibility of
activating tube cleaning measures, i.e. proper maintenance procedures need to be followed to remove the accumulated dust inside the
tubes.

5. Conclusion

The available heat varies from 1.5 to 4.2 MW for LP steam (0.5-1.5kg/s) and from 2.2 to 2.5 MW for hot water generation
(28-25kg/s) in the bypass line for STD and HS production, respectively. This means that a significant amount of waste heat is
available and can be utilized for energy utilizing purposes.

Approximately 20 MW of LP steam and 6 MW of hot water is available at the conditioning tower before the raw meal department

Saturated water in Water in
(120 °C) (40 °C)

Hot gas into the heat Hot gas out from the heat

e(xzcsl'c\]agfrfs\{jszecr;'l ~130°C exchanger system (~ 50 °C)
Heat exchanger for low Heat exchanger for
pressure steam generation hot water generation
Low pressure steam out Hot water out
(~120°C) (~ 60 °C)

Fig. 4-6. Suggested heat exchanger system for LP steam generation and hot water generation.
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when AFM is not running. The average yearly available heat is approximately 50 TJ, taking into account the number of hours per year
without AFM in operation.

Based on the calculated heat availability values, it is recommended to extract available heat via the bypass line during HS and STD
production and extract heat by bypassing the gas stream from the conditioning tower, leading it through a heat exchanger, when the
AFM is not running.

A network of heat exchangers is suggested to recover heat by utilizing it to generate low-pressure stream (~120 °C) and hot water
(~60 °C). The heat loss from the system and power inputs from fans and motors are low compared to the available heat.

The total false air coming into the system at different locations has been estimated to 40-50% of the exit gas from the raw meal
department.
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Appendix A. Model development
A.a. Assumptions
The following assumptions were made for the model development:

i. The moisture content in false air is assumed to be constant and equal to the moisture content in ambient air, 0.6 vol%.
ii. The raw material moisture content is assumed to be constant and equal to 1 wt% for HS and 0.1 wt% for STD.
iii. All gas streams are treated as incompressible and ideal gases.
iv. Steady state conditions are assumed (temperatures do not vary significantly with time in the considered locations).
v. Gas molecular weight variations in the system are neglected.
vi. The moisture content in the produced raw meal is negligible (Xp,0, rM, our = 0).
vii. The temperatures of the crushed raw materials and the gas exiting from the coarse separator and the cyclone system are equal
(Trevt, out = T, aFMout)-
viii. The temperature of the bypass gas stream (T;, gp) is equal to the temperature of the inlet gas stream (T, ;).
ix. The composition of the bypass gas and the gas stream going into the AFM are both equal to the composition of the inlet gas

stream (Yo, G i = Yo, B = }(1)2’ AFMin and yy,0. 6, in = Ymo, Bp = Ym0, AFMin)-

x. The energy input from the AFM drive and the fan drives are directly transferred to the gas stream as increased sensible heat.
A.b. Total mass balance

Note: ritg, in, Mg, Bp> MG, aFMins MG, aFMouts MG, F, in» MG, ou gas mass flow rates are defined including the dust suspended in
the gas streams.

A mass balance for the gas streams around the gas separation point is given by Eq. (A.1), and a mass balance for suspended dust
are given in Egs. (A.2)—(A.4).

Mg, in = Mg, pp + Mg, AFMin (A.1D)
Dust:, = VG i”*CDust, in
" 1000 (A.2)
m,
Dustgp = DuStm*M
mg, in (A3)
Dustary, in = Dusty, — Dustgp (A.4)

The mass balance for the gas streams around the AFM, coarse separator and the cyclone system is given by Eq. (A.5), and the mass
balance for the solid streams are given by Egs. (A.6)-(A.8).

MG, arMow = Mg, arMin +  Ma, armin + WM, in"Xmo0, RM, in + DUStapm, ow (A.5)
ties, o = [y, in*(1—Xmo, rat, in) + DuStarn, inl*cs (A.6)
mCyclone, out = [mRM, in*(l_xHZO, RM, in)+D“3tAFM, in — WS, out ]*Ucyclom (A7)
Dustapyr, ou = [1itgm, n*(1=Xmo, ru, i) + DUSiaRM, in — Mcs, out — Mcyclone, out (A.8)

11
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The mass balance for the gas streams around the gas mixing point is shown in Eq. (A.9), and the mass balance for suspended dust

is given in Eq. (A.10).
Mg, F, in = Mg, pp+ MG, ARMout (A.9)
DMS[F‘ in = Dusth + DustApM, out (A.lO)

The mass balance for the gas and solid streams around the ESP and the BF is shown in Egs. (A.11)-(A.14).

Mg, out + MEsp, out + MBr, ow = Mg, F, in + M, Fin (A.11)
Mgsp, out = DUSLR, i Ngsp (A.12)
tigp, ow = (DUStp, i — Mgsp, out)Npp (A.13)
Dustoy = (Dusty, in — Mgsp, our — MBE, out) (A.14)

A.c. Component balance

The oxygen (o,) balance around the AFM, the coarse separator and the cyclone system is given in Eq. (A.15), the oxygen balance
around the gas mixing point is given in Eq. (A.16), and the oxygen balance around the ESP and the BF is given in Eq. (A.17).

y, * — 1 * Yy, *

Vo, arvout™o, 6, arvow = V6, arMinVo, apmin t Va, arMin ¥ Yo, 4, in (A.15)
. . % — * *. Y -

Ve, F, Yo, 6 F, in = V6, BP0, pp + VG, arMou™0, G, armout (A.16)
y; *. — Y *. v *.

VG, out yOZ, G, out — VG- F, in yOz, G, F, in + VA, Fin yoz, A, in (A.17)

The moisture (H,0) balance at the gas mixing point is given in Eq. (A.18), while the moisture balance over the ESP and the BF is
given in Eq. (A.19).

y, % — 1 * Yy, *
Ve, F, inVimo, 6, F, in = V6, BPYmo, sp + V6, AFMout™Vm0, G, AFMout (A.18)

Vs, out*szoy G, ot = Ve, F, in*szoy G, F, in + Vy, Fin*szo, A, in (A.19)

The moisture balance around the gas separation point, the AFM and the gas mixing point (i.e. for stream numbers 1, 5, 7, 9, 11
and 12 shown in Fig. 3-1) is shown in Eq. (A.20).

y * * i * 7 * * =V *
VG, in szO, G, in pH20+mRM, in xHZO, RM, in+VA, AFMin szO, A, in szo—VG, Fin szO, G, F, in

*szO + (mCS, out + mCyclone, ou[)*tzo, RM, out (A20)

A.d. Energy balance
The energy balance around the gas separation point is given by the Eq. (A.21), and the energy balance for the gas streams around
the gas mixing point is given by Eq. (A.22).
g, in*Cpc*Ts, in + Pucr = Mg, Bp*Cpc*Ts, Bp + Mg, armin*Cp.* 16, armin + Quoss (A.21)
g, r, in *Co6™Ts, F, in t Mg, Bp*Cpc™Ts, Bp + Pur + Mg, armou™Cp,c*To, armour — Qloss (A.22)
The energy balance for the streams around the AFM, the coarse separator and the cyclone system is given by the Eq. (A.23).
g, armin*Cp,c™(To, armin — To, aFMour) + Pu = (Mics, our + Wicycone, out)*Corm™ (Trm, owr — Trm, in) + Ha, arvin *Cpa
*(To, armour — Ta, in) + Mrm, Xm0, RM, in
*[L + Cp1i,0"(T5, armour — Trm, in)] + Qoss (A.23)
The energy balance for the gas streams around the ESP and the BF is given by the Eq. (A.24).

mG, F, in*cp,G*TG, F, in + mA, Fin*cp,A*TA, in + PFF = mG, oul* p,G*TG, out + (mESP, out + mBF, out)*cp,RM*TRM, F, out + Qloss

(A.24)

A.e. Mass flow rates

The normal flow rate conversion from velocities is given in Egs. (A.25)-(A.27), while the mass flow rate conversion from normal
flow rates is given in Egs. (A.28)—(A.35).
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Vo, in= E*D12*VG in*iTN*P

' 4 " T, w*Py (A.25)
Vo, mp= —*Dgvg BP*—TN*P

' 4 ’ Ts, Py (A.26)
. T Tv*P
Ve, apmin = Z*Dzz*vc, AFMin*m (A.27)
mg, in = pG*VG, in (A.28)
e, e+ P66, Bp (A.29)
WG, arvin = P6*Vs, ArMin (A.30)
Mg, arsin = Pa*Va, ARMin (A.31)
MG, arvout = P VG, AFMout (A.32)
My, Fin = PA*VA, Fin (A.33)
G, Fin = P6*Vs, Fin (A.34)
M, out = P6*Ve, out (A.35)

A.f. Gas densities

The densities of gas, atmospheric air and moisture (water vapor) at normal conditions are given in Egs. (A.36)—(A.38).

o = PN"< wG

€7 Ry (A.36)
_ BN*Mya

P TReTy (A.37)

o = Pv*Mymo

M0 R*Ty (A.38)

A.g. Available heat

The available heat in the bypass gas stream respect to a reference temperature (here set to 0 °C) is given in Eq. (A.39). Possible LP
steam generation heat and hot water generation are given in Egs. (A.40) and (A.41), respectively.

Q =g, pp*Cpg*(Ts, BP — Trefo) (A.39)
Qup = g, pp*Cpg™(Ts, Bp — Tref1) (A.40)
Quw = mg, p*Cpg*(Ter1 — Tref2) (A.41)

Egs. (A.42) and (A.43) show the equations that are used to calculate the possible production of LP steam (¥g,,) and hot water
(Mp,o) from the available heat.

Qrp = Migeam™hs (A.42)

Quw = Mm0*Cpy,o* (Tuw, our — Taw, in) (A.43)

A.h. Heat loss

Egs. (A.44) is used to estimate the heat losses from the gas ducts and process units at different locations (here i denotes a
respective location).

Qloss, i= U*Asur, *(Tur — Ta, in) (A.44)
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