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Abstract

This study focuses on the recovery of waste heat from the shell and Received: 29 November 2024
exhaust gases of the rotary kiln used for calcining magnesium carbonate Accepted: 11 March 2025

at the lranian Refractories Procurement Production Complex. Page Number: 79-98

The amount of waste heat from the rotary kiln was calculated to be
565.82 kW. In the first proposed scenario, several heat exchanger tubes
were installed around the kiln shell to utilize the waste heat for heating
the unit's buildings. An economic analysis revealed that the investment
cost of this design could be recovered within six years through savings in
diesel fuel consumption. Eliminating diesel fuel usage for winter heating
not only reduces environmental pollution but also significantly decreases
the unit’s operational costs. In the second proposed scenario, the waste
heat from the kiln's exhaust gases was utilized for electricity generation
via a Rankine cycle (RC) employing ammonia and water as working
fluids. The cycle was simulated using Aspen HYSYS software. The results Keywords:
showed that the electricity generated in the Rankine cycle over a 24-hour

) ' - ! - Calcination,
period was 734.9 kW using ammonia as the working fluid, and 115.37 kW .

. ; . - Magnesite,
using water as the working fluid. Furthermore, the cost of electricity )
generation was 33,750 Toman per kWh for ammonia and 285,000 Toman Rotary Kiln,
per kWh for water. A comparative analysis demonstrated that ammonia, Heat Loss,
in terms of energy efficiency, exergy efficiency, and electricity production Flue Gas,
cost, is a more suitable working fluid for this application compared to Rankine Cycle

water.
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Table 1. Research conducted on heat transfer in rotary kilns.

Authors (year) Method

Sass (1967) [13]

Gorog et al. (1982) [14]

Chakrabarti (2002) [15] the Kiln shell

Waulandari et al. (2018) [16]

dolomite.

They investigated the phenomenon

of heat transfer in a rotary kiln.

They examined various variables
and the radiative and convective
heat transfer coefficients in a kiln.

They investigated heat loss through

They examined the effect of various
parameters on heat transfer in a
rotary kiln and the calcination of

Results

The equations used for different heat transfer modes in

a kiln have been presented.

Seventy percent of the heat received by the solid materials
is derived from the combination of gas convection in
the freeboard above the solids (kiln feed) and regenerative
heating of the wall.

The amount of heat loss through the kiln shell in
the burning zone accounts for approximately 49% of
the total heat losses from the kiln.

The results showed that high temperature, appropriate
residence time, smaller particle size, and optimal gas flow
can lead to improved efficiency in the rotary kiln.

9199 8598 Aiiu g3 H SWGN &yl ya Hloaldicul glaghgy (5 9,50 oudialadl slaia 95 .Y Jgun

Table 2. Research conducted on methods of utilizing heat loss from the rotary kiln shell.

Authors (year) Method

Sogiit et al. (2010) [17]

Karamarkovi¢ et al. (2013) [7]

Yin etal. (2016) [18]

Yinetal. (2017) [19]

Du et al. (2018) [20]

They designed a mathematical
model for utilizing heat loss.

A model was presented to reduce
heat loss from the kiln shell.

Design and optimization of the
performance of waste heat recovery
systems for rotary kilns.

They studied the optimization of
heat recovery exchangers on rotary
kilns using genetic algorithms.

They proposed a heat recovery
system for the rotary kiln.

Results
They designed a heat exchanger and used this heat for
local heating.
They designed a heat exchanger that creates an annular
passage over the calcination zone of the kiln and used it
for preheating the air required for combustion.

They proposed a heat recovery system (heat exchanger)
from the kiln shell for preheating water.

The use of this algorithm led to increased efficiency and
reduced costs in the heat recovery process from the kiln
shell for preheating water.

The system includes heat-absorbing devices and heat
transfer channels that collect the wasted heat and convert
it into reusable energy (such as preheating the incoming
air or generating steam).
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Table 3. Research conducted on the use of the Rankine cycle to recover heat from flue gases.

Authors (year)

Liu et al. (2004) [22]

Chen et al. (2006) [23]

Drescher and Briiggemann (2007)
[24]

Wei at al. (2007) [25]

Xue et al. (2015) [26]

Li et al. (2016) [27]

Li et al. (2017) [28]

Maddahi and Hossainpour (2019)
[29]

Fierro et al. (2021) [30]

Wang et al. (2022) [31]

Method

The working fluids studied in t
he Rankine cycle were isobutane
and pentane.

The working fluid studied in
the Rankine cycle was R123.

The working fluids studied in
the Rankine cycle were toluene,
benzene, and cyclohexane.

The working fluids studied in
the Rankine cycle were R123,
R245fa, R134a, and toluene.

The working fluids studied in
the Rankine cycle were R116
and R227ea.

The working fluid studied in
the Rankine cycle was R245fav.

The working fluids studied in
the Rankine cycle were R600
and R601a.

The working fluids studied in
the Rankine cycle were R245fa,
R134a, and R1234yf.

The working fluid studied in
the Rankine cycle was water.

The working fluids studied in
the Rankine cycle were
ammonia-water.

Results

In the Rankine cycle, the absence of liquid formation and
higher efficiency lead to better performance in the cycle.
Fluids with low boiling points are also effective for heat
recovery from low-temperature sources.

The use of R123 in the Organic Rankine Cycle (ORC)
provides good thermal efficiency; however, due to its
environmental impact (ODP), it requires environmental
considerations.

The use of fluids such as toluene and benzene results in
higher thermal efficiency and better performance of
the Rankine cycle in biomass power plants. However, due
to their toxic and flammable properties, they require

careful safety and environmental considerations.

The results show that fluids such as R123 and R245fa
have higher efficiency; however, the final choice depends
on the heat source temperature, efficiency, and
environmental considerations.

As a result, the two-stage cycle is capable of producing
a power output of 44.1776 kW, with a thermal efficiency
of 64.25% and an exergy efficiency of 31.02%.

This working fluid optimizes the thermal efficiency of
the combined Rankine and supercritical CO, Brayton
cycle, and the exergy and thermal efficiency of the
Rankine cycle, under similar conditions, are higher than
those of supercritical CO, power cycles.

The selected working fluid in the Rankine cycle can lead
to improved thermal efficiency and overall system
performance. Specifically, fluids like R600/R601a offer
better performance due to their favorable thermodynamic
properties.

Using the Rankine cycle with the selected working fluids,
a 73.5% reduction is achieved. Additionally, the overall
unit efficiency increases by 1.5%, and the electricity
production cost decreases by 3.07%.

Using water as the working fluid in the steam Rankine
cycle can effectively recover the radiative heat loss from
the rotary kiln shell and contribute to electricity
generation.

The heat loss in the carbon dioxide capture process is used
for direct heat utilization or cooling supply through
the Rankine cycle with ammonia-water. Ultimately,
the overall system efficiency reached 10.28%, and
the total exergy efficiency reached 16.1%.
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Figure 1. Schematic of the rotary kiln of the Iranian Refractories Procurement Production Complex.
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Figure 2. Schematic of the rotary cooler of the Iranian Refractories Procurement Production Complex.

1. Rotary Cooler 2. Shell
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Table 4. Temperature of different lengths of the baking zone in the outer shell of the rotary kiln.

Measurement

Location (m) * 8o'clock [ 12o'clock | 160'clock
1 287 280 282
2 321 322 321
3 346 341 344
4 331 330 333
5 335 340 341
6 325 325 328
7 344 350 350
8 340 342 344
9 324 325 331
10 311 312 313

20 o'clock 24 o'clock 4 o'clock Tem?oﬁggie .
282 283 283 283
323 321 323 322
345 347 347 345
331 331 331 331
341 340 340 339
328 325 333 327
347 349 347 348
345 344 346 343
328 326 326 327
318 319 317 315

* Measurement of the furnace is taken from the location of the heat source (burner)

**Temperatures are in degrees Celsius

1. ID Fan
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Table 5. Data needed to calculate the amount of heat loss [17].

6 %108
(W/m2.K%)

€rad

Oxidizied Surface

76 601 298

0.78 67.5

o rd wonlply g YAV cdali sue jlade (398 Lally) avaz il
FIEA WIMK 1l (5) il s mgil olrals &yl Jli
Loy 3361 &) e (1) bl 5o o] cpola 3 b e
1 0595 &gy 5| S 9 &l bl SlyskS VOY/A

39 sl 55 O gody oy Adlais

Qsum = Qrad *+ Qconv )

OFOIAY Lyl ys jlgo 6,65 &gy 51 |5 81 &)y s jo
Gl SlggllS VY7 Jriie (65,5 JS sl DlgglS

605 Gl o)y )leo 8,65 gy 5l A &l Sloslaul (ol
S 3 Jowe ol el Ol Linle 8 &lolis jo &)l olaal
oo (—m ls o |y Ol e o 5YL aS 0,65 dalais
&S Canloads 2,8 alaie (il (gl ed cocwal 0)sS oy ddlaie
(e g O)laSdgz g (olel AgS g (Jiae g 595 Ly O
B0 0,55 Hlg0 8 > (51551 5l 0)sS 590 gl aaz gl
o)l o,z ol o ol as adgl Jsls hw slos .casloas Hlas
DIVl ooy 5 dal) sloslazalls (Tin)

Ts—Tin

Q=7 QY]

ro YmkL

AW Jlade (V) aasly 10 (@) Jgaz 10 09250 polie yols 1,8 L
oSy dbhie 50,5 5 g (b Sl 65

sl SlgelS FAY
Sl o)sS gy Sl plaaly ©)jgoa &)l O seslxe sl
ey ana>gib gl () obals o)l > Jlsl co o
JSo 065 mhaws 51 Oyl by el 4B8s 55 jg0 ¢/ aS 068

[VV]ogis soaid 3 )15 o o1 loal>

Qconv = heonvAkiin (Ts — Teo) (D)

il s S VA L (6lod 5 op5dS 4 ) g0 555 sl (koo

Lol (F) Jgozr Billae (g FO+ Lawgio slos 1150 slo s
e Ggao dlael wb plals &)l JEl co po swle iy
laosls 5 5 slaalal, 5 45 wabolas b, « il el

S9b ool (F) 5 (0) Jour

\ Y
. %
Nu = ./;. + LR‘?A (f)
[+ Ty
_ v
RaD — Pﬁ(Tsﬁ;oo)D (a)
hCOnVD
Nu . *)
=2 \4
=1 )

VY] ¥O K slen julga oSa a8 ol gd # Jgaa
Table 6. Physical properties of air at 450 K [33].

Cp

(kJ/kg.K)

0.7740 1.0210 32.39

40.70 47.20 0.686
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Figure 3. Schematic of the placement of tubes around the outer shell of the rotary kiln.
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Table 6. Physical properties of water at 295 K [34].

Ce
(kJIkg.K)
4181 959 1.002 606 6.62
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Figure 4. Schematic of the Rankine cycle for electricity generation in the Iranian Refractories Procurement Production Complex.
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Table 8. Optimal operating pressure for the working fluid of
ammonia and water [36].

Turbine Turbine
Working inlet outlet Evaporator
fluid pressure pressure pressure (kPa)
(kPa) (CGEY)
Ammonia 3900 1003 3900
Water 290 45 290
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Table 9. Flow characteristics in the cycle with working fluid of ammonia.

Stream name Temperature(°C)
Vap NH3 77.36
1 25.27
2 25.27
3 25.27
4 26.36
Lig NH3 26

Pressure(kPa) Flowrate (kg/hr)
3900 874.4
1003 874.4
1003 874.4
1003 874.4
3900 874.4
3900 874.4

ol Jale Jlow b dsaws ju lagls ya sleadudia Ve Jgua

Table 10. Flow characteristics in the cycle with working fluid of water.

Stream name Temperature(°C)
Vap H,O 123.3
1 99.59
2 99.59
3 25
4 25.02
Lig H,O 45

Pressure(kPa) Flowrate (kg/hr)
3900 127.2
100 127.2
100 127.2
100 127.2
290 127.2
290 127.2
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Table 11. Exergy analysis result of water and ammonia
Rankine cycle.

Evaporator exergy efficiency
Evaporator exergy destruction
Turbine exergy efficiency
Turbine exergy destruction
Condenser exergy efficiency
Condenser exergy destruction
Pump exergy efficiency

Pump exergy destruction

Total exergy efficiency

0.7172 0.9890
56430 908.3
0.7502 0.7895
36700 4614

0.3645 0.1860
564.1 46920
0.8370 0.8902
920.3 3.480
0.7319 0.6767
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Figure 5. Comparison of exergy destruction in (a) evaporator, (b) turbine and (c) condenser.
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Figure 6. Comparison of the amount of electricity produced from the Rankine cycle with two fluids: water and ammonia.
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Figure 7. Comparison of total exergy efficiency.
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Table 12. Result of economic analysis for Rankine cycle (costs in Tomans in 1403).

Working fluid

Total expenses
Total investment cost

Total operating cost

Fixed operating cost
Variable operating cost

Total Annual Cost

Cost of electricity generation

Ammonia
212,356,500,000 178,435,500,000
19,759,875,000 16,603,500,000
74,875,575,000 71,493,750,000
71,069,400,000 68,823,150,000
3,806,175,000 2,670,600,000
94,635,450,000 88,097,250,000
33,750 285,000
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Figure 8. Comparison of the cost of electricity produced in both Rankine cycles.
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Table 13. Comparison of energy efficiency, exergy and electricity production rate of two Rankine cycles of water and ammonia.

Parameter

Energy efficiency

Exergy efficiency

Cost of electricity generation (Toman/kWh)

Ammonia
0.11 0.054
0.7319 0.6767
33750 285000
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