www.czasopisma.pan.pl P N www.journals.pan.pl
TN

archives
of thermodynamics

Vol. 43(2022), No. 2, 37-59
DOI: 10.24425 /ather.2022.141977

An innovative method for waste heat recovery
from flue gas treatment system through
an additional economizer

ILIYA KRASTEV ILIEV®
TOMASZ KOWALCZYK®**
HRISTO KVANOV BELOEV®
ANGEL KOSTADINOV TERZIEV?®
KRZYSZTOF JAN JESIONEK®
JANUSZ BADUR?

University of Ruse, Department of Thermotechnics, Hydraulics and
Environmental Engineering, Studentska 8, 7017 Ruse, Bulgaria

Technical University of Sofia, Department of Power Engineering and
Power Machines, Kliment Ohridski 8, 1000 Sofia, Bulgaria

Witelon Collegium State University, Faculty of Technical and
Economic Science, Sejmowa 5C, 59-220 Legnica, Poland

Energy Conversion Department, Institute of Fluid Flow Machinery,
Polish Academy of Sciences, Fiszera 14, 80-251 Gdansk, Poland

Abstract The usage of wet methods for flue gas dedusting from coal-
fired boilers is associated with significant heat losses and water resources.
Widespread emulsifiers of the first and second generation are satisfactory
in terms of flue gas cleaning efficiency (up to 99.5%), but at the same time
do not create conditions for deeper waste heat recovery, leading to lowering
the temperature of gases. Therefore, in the paper, an innovative moderniza-
tion, including installing an additional economizer in front of the scrubber
(emulsifier) is proposed, as part of the flue gas passes through a parallel
bag filter. At the outlet of the emulsifier and the bag filter, the gases are
mixed in a suitable ratio, whereby the gas mixture entering the stack does
not create conditions for condensation processes in the stack.
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Nomenclature
n — Einstein coefficient
H — enthalpy rate, kJ/s
HHV — higher heating value, kJ/kg
i —  specific enthalpy, kJ/kg
m — mass flow rate, kg/s
P —  pressure, bar
T — temperature, °C
v — velocity, m/s
Q —  heating rate, kW
Subscripts and superscripts
air — air for heating flue gas in the mixing chamber
be — battery emulsifier
ec — economizer
fg — flue gas
w —  water
Abbreviations
AP — air preheater
CHP — combined heat and power
FWCRS — flue gas waste heat cascade recovery system
HPE —  high-pressure economizer
IRR — internal rate of return
LPE — low-pressure economizer
LTE — low-temperature economizer
NPV — net present value
NPVQ — net present value coefficient
ORC — organic Rankine cycles
PB — simple payback period
SAH — steam-air heater
TPP —  thermal power plant
WHR — waste heat recovery
WHRU — waste heat recovery unit

1 Introduction

It is well known that recovering waste heat from flue gas is beneficial for
the improvement of the unit efficiency in power plants. However, less is
known about the exergy destruction, the greenhouse effect, environmental
pollution, economic features and other issues. Therefore, to reduce coal
consumption and improve the efficiency of coal use in the existing coal-
fired units there is a need to solve the full spectrum of waste heat recovery
(WHR) problems. If in the coal-fired power plant units the exhaust flue gas
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temperature can reach even more than 130°C, and about 50-85% of a boiler
heat loss follows from the exhaust flue gas energy, it means that it accounts
for 3-8% of the total energy input of the units [1]. Waste heat recovery
leads to a reduction of the total losses of the steam generator and increases
its thermodynamic efficiency [1]. Therefore, much research has been done
on the feasibility of boiler flue gas waste heat recovery. One possibility is to
use the low-temperature heat of the flue gases, together with the latent heat
of contained water vapour, to preheat the low boiling point working fluid
in the organic Rankine cycle (ORC) installations [2]. In order to accurately
model this type of thermodynamic cycles, it is necessary to know both the
outlet gas temperature [3] and the optimum boiling point of the low boiling
point working fluids [4]. Sometimes, however, the possibilities for lowering
the temperature of the exhaust gases are limited by the applied method of
gas dedusting.

In some Asian countries, including Russia and Kazakhstan, wet gas de-
dusting methods became very popular [5]. The reason for this is the lack
of policy for recovering the collected ash after the electrical precipitators
and selling it as a building material. In the European Union, where gases
are mainly cleaned by electrical precipitators, 80% of the waste ash is sold,
which increases the economic feasibility of using this type of gas dedust-
ing [6]. In recent years, second-generation battery emulsifiers have been
widely used in many thermal power plants (TPPs) in Kazakhstan, firing
mainly Ekibastuz/Karazhyra coal [7,8].

The principle of operation of the second generation battery emulsifiers is
a highly efficient heat and mass transfer between the ascending flow of flue
gas swirled in the blades and the liquid supplied by the counter flow with
the formation of a vortex emulsion layer in which effective gas cleaning takes
place (the so-called phase inversion mode) [9]. Technical indicators of the
second generation battery emulsifiers can be found in [10,11]. A turbulent
wet scrubber is described in [12].

Let us note that the benefits following the installation of wet scrubbers
are: (i) low noise, stable operation, simple operation, and low investment
costs, (ii) high dust efficiency, (iii) corrosion-resistant, anti-ageing, long
service life, and can be customized according to requirements. These ad-
vantages, combined with the lack of a market for ash disposal and their
relatively low cost, have made the use of these battery emulsifiers more
acceptable compared to electrostatic precipitators [13,14].

Let us recall that the flue gas waste heat is usually recovered by heat
exchangers located at the flue tail of power plant boilers. For instance, Ste-
vanovic et al. [15] studied the improvement of unit efficiency when a high-
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pressure economizer (HPE) is used for recovering flue gas waste heat. This
HPE was supplied cold or hot feed water on an old 620 MWe coal-fired
unit, and the case of HPE fed with cold water proved to be competitive.
To recover more waste heat effectively from flue gas, many flue gas waste
heat depth use systems were put forward and analysed. The systems were
more complex and can heat feed water and combustion air simultaneously.
Wang et al. [16] assessed the coal-saving effect of a 600 MWe unit with
a low-pressure economizer (LPE) installed in three cases, and 2-4 g/kWh
standard coal was saved. In the papers, by Xu et al. [17,18] it was pro-
posed a novel flue gas waste heat recovery system (WHRS) in which a low-
temperature economizer (LTE) is located between a high-temperature air
preheater (AP) and a low-temperature AP, and 5.6 MW of exergy destruc-
tion is saved. Han et al. [19] proposed a new heat integration system based
on the bypass WHRS. It consists of a steam-air heater (SAH) that is added
between the air preheater (AP) and the pre-positioned AP. As a result,
4 ¢/kWh standard coal was saved in a 1000 MWe unit. Quite similarly,
Yan et al. [20] optimized the bypass WHRS on a 1000 MWe unit by re-
covering the waste heat from the flue gas after the wet flue gas desul-
phurization. In this case, the net standard coal consumption was reduced
to 5.38 g/kWh.

Fan et al. [21] developed a new system by combining flue gas WHR and
the bleeding steam cascade energy utilization. The simulation result presents
that the net heat rate of the novel cycle is improved by 104.8 kJ/kWh and
the cycle net efficiency is increased by 0.61%. A feasibility study proves that
it is possible to implement the novel cycle in a newly planned power plant.
The total investment capital of the novel cycle was calculated at 7.44 mil-
lion USD and the net annual revenue at 0.59 million USD compared with
the reference cycle. A static capital investment payback period is expected
within 15 years in a newly planned power plant.

Yang et al. [22] proposed a concept of WHRS on a 1000 MWe coal-fired
unit, in which the AP was divided into the high-temperature AP, the main
AP and the low-temperature AP, the waste heat from flue gas was used
to heat condensed water by LTE and heat the combustion air by the APs,
and 13.3 MWe additional net power output was generated.

Other possibilities are related to the application of organic Rankine cy-
cles (ORC) — these possibilities follow the principal rules [23,24]. In the
paper of Huang et al. [25], three retrofit concepts were analysed and com-
prehensively compared in terms of thermodynamic and economic perfor-
mance. The waste heat recovery via the ORC, an in-depth boiler-turbine
integration, and coupling of both are proposed. The results show that the
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in-depth boiler-turbine integration achieves better temperature matching
of heat flows involved for different fluids and multi-stage air preheating,
thus a significant improvement of power output which is much greater than
that of an ORC-only system.

The goal of the paper is to present an economic analysis of an innovative
flue gas dedusting method composed of a parallel battery emulsifier and bag
filters. To achieve this, firstly, based on the in-house model of determining
allowable flue gas temperature, the dew point of sulfuric acid vapour con-
tained in the flue gases was calculated. This step is necessary to provide the
proper thermodynamic parameters for modernization. Next, the analysed
system before and after modernization is mathematically modelled and
thermodynamically analysed for choosing the most efficient and optimal
work parameters. Finally, the economic feasibility of the implementation of
the proposed method is performed using data from several different thermal
power plants.

To characterize the proposed novel concept in detail, this publication is
divided into seven sections. The Introduction provides a detailed overview
of the current state of relevant knowledge. In Section 2, the technical spec-
ifications on how to analytically determine the allowable flue gas temper-
ature within the proposed system are presented. Innovative aspects of the
solution (modernization) proposed are discussed in Section 3, which rep-
resents progress in the analysed field and at the same time significantly
differ in favour of the developed system as compared to those currently
operating on the market — we mean six Kazakh TPPs. Section 4, shows de-
tails of the mathematical model of the proposed system, its verification and
a comparative analysis of six Kazakh heat-power plants. A brief Section 5
describes the results of the investment process of economizers for different
steam boilers and conditions, and Section 6 contains conclusions regard-
ing financial analysis of whole modernization, research and analysis of the
developed system, as well as plans for its potential development, further re-
search and testing. Finally, Section 7 looks specifically at the environmental
and other benefits/impacts of the project.

2 Determination of the allowable temperature
of exhaust gases after the economizer

The technical and economic analysis is made for waste heat recovery from
different types of boilers using different types of coal (Table 1). There are
two alternatives: (i) installation of an additional economizer or (ii) using
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an air preheater before the existing battery emulsifier. However, which of
the two possible options to choose should determine the allowable level of
cooling of the exhaust gases in order to avoid low-temperature corrosion on
the non-heated surfaces of the heat exchangers [13,14]. In this paper, an
additional economizer and a bag filter are considered.

The elementary composition and calorific value of the used coals are
presented in Table 1. It should also be noted that the price of coal varies
from region to region, which affects the payback period of WHR facilities.

Table 1: The elemental composition and calorific value of Ekibastuz and Karazhyra

coal [5,8].

Parameter ‘ Units Ekibastuz coal Karazhyra coal
Carbon, C” % 46.03 50.65
Hydrogen, H" % 2.85 3.94
Nitrogen, N” % 0.86 0.97
Oxygen, O % 6.56 13.41
Sulphur, S” % 0.70 0.28
Water, W" % 5.00 5.80
Ash, A" % 38.00 25.00
HHV kJ/kg 16 493 18 828

Complete exclusion of low-temperature corrosion for economizers is pro-
vided if the temperature of the wall of the coldest section is higher than
the dew point temperature by not less than 5 up to 10°C (minimum tem-
peratures refer to minimum loads) [7].

An original method [1] was used to analytically determine the allowable
flue gas temperature by calculating the dew point of sulfuric acid vapour
contained in the flue gases. According to the methodology, the calculated
allowable flue gas temperature is 94.5°C. In the present analysis, it is ac-
cepted that the temperature to which the gases in the utilization facility
will be cooled down is 120 up to 125°C. At this temperature, the gases will
enter the emulsifier or scrubber.

It should be noted that in emulsifiers, almost complete trapping of sulfu-
ric anhydride occurs. This means that the dew point of sulfuric acid vapours
tflp contained in the flue gases after entering the emulsifiers approaches the
dew point of water vapour itself. Therefore, it is not required to determine
the stated temperature before the emulsifier stage.
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3 The essence of the innovative method
for waste heat recovery

3.1 Baseline (current situation before modernization)

Most of the analysed TPPs are characterized by high exhaust gas tempera-
tures (150-180°C), leading to large heat losses with the exhaust gases and
respectively low efficiency of the steam generator. A characteristic feature
of steam generators is that the process of cleaning the gases is accomplished
by battery emulsifiers of the first or second-generation [26,27] and they are
used in almost all thermal power plants, except for those in which the first
generation emulsifiers or even scrubbers are still in operation. To prevent
corrosion of the gas path, the purified gases at the outlet are heated by
adding hot air to them after the boiler air preheater. After heating in the
mixing chamber, the purified gases are sent through the flue gas fan and
then into the stack. The existing gas dedusting system not only does not
allow the utilization of waste heat from the gases but leads to a further
reduction in the efficiency of the steam generator by about 3 up to 4%.
Figure 1 shows a schematic diagram of the gas path after the steam gener-
ator with a battery emulsifier.

Steam boiler
BKZ-160-100

0.2+-0.22-liter water / nm?flue gases

= ) tr271°C
chamber

> t7g=55+60°C
—_—
Flue gas fan
—
Battery emulsifier

Figure 1: Schematic diagram of the gas path after the steam generator with a battery
emulsifier.

Hot air from boiler air preheater

te=155+180°C

Mixing

Hot flue gases from steam boiler

3.2 Description of the innovative method for heat waste
recovery

Figure 2 shows two standard solutions for flue gas cleaning reactors. They
are usually applied for the whole mass flux of flue gases.
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Clean gas

Mist eliminator
vanes

Scrubbing
liquid inlet

Scrubbing vanes —__

Dirty gas '

(a) (b)

Figure 2: Flue gas cleaning plants: (a) battery emulsifier of a second-generation [9]; (b)
wet scrubber (turbulent) [12].

The technical parameters of the turbulent wet scrubber include [12]:

o 100% efficiency with a particle diameter greater than 1m (at the
nominal flow rate),

e a maximum pressure drop of 217 mmpy,o for a liquid head of 0.36 m
and a gas flow rate of 7 m?/min.

The method proposed to improve energy efficiency provides for more
complete use of thermal energy of flue gases as well as the elimination of
the need for additional preheating before entering the chimney. This can be
achieved by directing a portion of the gas stream into a bag filter, which does
not significantly reduce their temperature, and then mixing this portion
with the mainstream in the existing mixing chamber to achieve the desired
overall temperature. The bag filter pressure drop, which is connected in
parallel with the emulsifier, (140 up to 170 mmy,o) does not differ from
the resistance of the battery emulsifier, which will allow using the existing
induced draft fan without changes. Moreover, such a scheme also allows
deeper heat recovery from the main flue gas stream using an additional air
preheater or economizer. Accordingly, two options for the implementation
of this event are proposed:

1. Installation of a bag filter and economizer.

2. Installation of a bag filter and an air preheater.
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Thus, several positive effects are simultaneously achieved:

e Energy consumption for heating flue gases with hot air is eliminated.
o Part of the thermal energy of flue gases is utilized.
e Deeper cleaning of gases from ash is carried out.

e Emulsifiers are unloaded and the volume of flush water directed to
the ash dump is reduced, which reduces the load on the emulsifier and
flush water pumps and theoretically makes it possible to reduce their
power consumption (for example, by installing a frequency control
when it is economically justified by the current prices and tariffs).

o If there is market demand and economically viable transportation
opportunities, baghouse ash can be sold for use in construction, agri-
culture or other industries.

After installing the bag filter, as a result of eliminating the need for heat-
ing the exhaust gases with air and saving significant heat output, the annual
coal consumption will decrease. At the same time, the level of cleaning of
the total volume of gases from ash will be increased by about 15%.

The following option envisages improving energy efficiency with the in-
stallation of an additional economizer together with a bag filter. Only part
of the gas flow (85%) should pass through the economizer and emulsifier,
and the rest (about 15%) will enter the baghouse filter in parallel flow.
A smaller part of the gases passing through the bag filter, after deeper
cleaning, will be mixed with the rest of the gas volume. Even though after
cleaning in the emulsifier, the relative humidity of the main gas stream will
increase to 100%, and its temperature will drop to 50 up to 60°C, due to
the rather high temperature of the gases after the bag filter, the mixed
gases before entering the chimney reach the required 70 up to 72°C.

Figure 3 shows a diagram of the gas path after the installation of a bag
filter and economizer.

In the economizer in front of the emulsifier, the exhaust gases will be
cooled from the initial flue gas temperature down to 125°C, and the water
flow from the return heating network entering the economizer will be heated
from 55°C to a certain value depending on the water flow. The heat output
of the economizer is calculated at an average boiler load. As a result of
installing an economizer, the annual coal consumption will decrease by 1800
up to 2200 tons. Installing an economizer will lead to a slight increase in
electricity consumption for water pumps. However, the total fuel savings
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Steam boiler
BKZ-160-100 / Bag filter
from steam boiler Flue gas fan
Heating of \

Network water Battery emulsifier

Figure 3: The system after modernization — the diagram of the gas path after installation
of the bag filter and economizer.
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due to energy-saving measures will amount to 2800 up to 7800 t/year, and
the boiler efficiency will increase at the same 1.5 up to 3.7%.

4 Comparison of the system before and
after modernization

The comparison of the flue gas treatment system before and after the mod-
ernization is presented in the form of energy balances. According to the
first law of thermodynamics, omitting heat and mass losses, the balance of
enthalpy before modernization is as follows [28]:

m}gi}g - m/jﬁgi}{g + m:u'riair - m/fg,be,iffg,be - m/]ig,beif)ﬁg,be + mZ]ZZ}, (1)
where 7 is the mass flow rate, ¢ is the specific enthalpy, and sub- and
superscripts stand for: / — inlet, ” — outlet, fg — flue gas, be — battery
emulsifier, w — water, air — air for heating flue gas in the mixing chamber.

After the modification, the economizer is brought to the balance and
air for heating the flue gas is no longer used. Moreover, part of the ash
Mgsk 18 not mixed with battery emulsifier outlet water !/ but is collected.
Therefore, the balance equation becomes as follows:

<! N/A/) L3V A7 AN | -/ _ /) /) ./ -/
Myglrg = Mipglig + Mty = Mfgectfgec ~ Mfgectfgec T Mfgbelfg,be

/) -1/ N/ . .
— Mg pelfgpe T Mauply + Mashiash s (2)
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where subscripts stand for: ec — economizer, bf — bag filter, ash — ash in the
bag filters. For balance calculations, the next subsection presents the mass,
momentum, and energy balance for the bag filter and battery emulsifier.

4.1 Mathematical model of the battery emulsifier and
the bag filter

The process scheme of the bag filter is presented in Fig. 4. The mass,
momentum and energy conservation equations for the battery emulsifier
are based on the nomenclature shown in Fig. 4:

Mrgbf = Mfgr + Mash (3)
Apbf = pfg,meanvfg,meanAvfg ) (4)
Hjopp = Hgpp + Hash s (5)

where 71 is the mass flow rate, p — a pressure drop, p is the density, v is the
velocity, H = r; is the enthalpy rate, A denotes the difference, and sub-
script mean represents the mean value for the inlet and outlet parameters.

s/ 1
Megbf Megbf

_>

Mash

Figure 4: Process scheme of the bag filter.

The mass, momentum and energy conservation equations for the battery
emulsifier are based on nomenclature from the process scheme presented in
Fig. 5:

i AN ) s 1
mfg,be + My, = mfg,be + My (6)
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Appe = Pfg,bevngUfg ) (7)
H}g,be + Hz/u = H}/g,be + Hz/1/1 (8)

Figure 5: Process scheme of the battery emulsifier.

Flue gas at the inlet and water at the outlet contains ash. Moreover, the flue
gas at the outlet of the battery emulsifier is saturated with water vapour.
The amount of water contained in the exhaust gas is defined by Dalton’s
law of partial pressure:

Piabe = Vo + psat (Tfyne) — Apre. (9)

The psat(T¥,,.) is a saturation pressure for flue gas outlet temperature.
This amount of water comes from the inlet water and reduces the amount
of outlet water in the battery emulsifier mass balance. Assuming that the
shares of the partial pressures are the same as the shares by volume to
convert from partial pressures to mass, the molar mass of the gas mixtures
concerned must be used.

4.2 Analysis of the optimal state of working parameters

The purpose of the modernization is to reduce the flue gas heat loss by
replacing the additional hot air stream from the boiler with flue gases
cleaned in the bag filter. Additionally, the flue gases at the inlet to the
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battery emulsifier can be cooled to 120-125°C. This makes it possible to
use an additional economizer to heat the water of the district heating. Due
to process limitations, the remaining temperatures at the inlets and outlets
of the devices and the inlet to the stack must remain unchanged. Therefore,
to maximize heat recovery, it is necessary to maximize the heating rate of
the economizer:
Qe = 1t} iy — 10}ty + Lyl — 10l — Mashiash — max.  (10)
If the flue gas treatment system operates under steady conditions, the
flue gas at the system inlet and water at the battery emulsifier inlet mass
flow rates iy , 1, and enthalpies 4%, 7, are constant. Enthalpy of ash
from bag filters 4,5, and water with ash from the battery emulsifier 4., are
also constant because both temperatures and composition do not change.
On the other hand, the composition of flue gas at the outlet from the mixing
chamber changes due to a change in flue gas moisture, which affects the
flue gas outlet mass flow rate m’Jﬁ ” The variable is also the amount of water
to the battery emulsifier 712, which is correlated with the flue gas to the
battery emulsifier mass flow rate m’f g.be- The mass flow rate of flue gas to
the bag filters equals 'y, ,, = m’, — 1w}, ;. and it determines the mass
flow rate of ash from bag filters s, (Eq. (3)).
The graph in Fig. 6 presents the dependence of economizer heating rate
Qcc and the flue gas temperature to the stack T]’/g as a function of the

7.0 - 210
— 4 —
s Trg o
S 6.0 L 180 =
= 3
Q -
£ 50 - ! L 150 o
5 ! &
c | o
S 4.0 | I 120
] g
2 ! 2
= 30 1 roo E
o ‘ o
3 1 £
T 2.0 A | 60 &
o . «
£ Qec ! %
= 1.0 | L300 o
L =]
I ] =

0.0 r : T —1 0

0.0 0.2 0.4 0.6 0.8 1.0

m}g»be/m)’“g

Figure 6: Heating rate of the economizer and flue gas temperature to the stack in the
function of flue gas mass flow rate directed to battery emulsifier related to the
total flue gas mass flow rate.
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mass flow rate of flue gases directed to the battery emulsifier m’f g.be L€
lated to total flue gas mass flow rate m’fg. Calculations are based on the
Stepnogorskaya BKZ-220-100F boilers parameters (Table 2) and employ
open-source CoolProp thermodynamic libraries [29].

The heating rate of the economizer and the flue gas temperature to
the stack are linear relationships. The vertical dashed line indicates the
operating point of the flue gas treatment system for which the flue gas
temperature to stack is 75°C.

4.3 Comparative analysis of six Kazakh thermal power
plants

The comparative analysis was performed between several variants of waste
heat recovery units (WHRUSs) composed of economizer and bag filter. The
WHRUs were integrated with several different power steam generators
(BKZ 420-140; BKZ-220-100 F; BKZ 160-100), operating at different heat
loads, with different temperatures of exhaust gases. The analysis also in-
cludes a hot water boiler type KTVK-100, located in Ekibaztuzka TPP.
In the present analysis, the case with the realization of an air preheater
and a bag filter is not considered, but the results are similar to those with
economizer and bag filters. In addition, the fuel used for boilers has ex-
tremely low prices, which implies low profitability of measures related to
reducing fuel consumption. The calculations were performed for six Kazakh
TPPs using first or second-generation emulsifiers for flue gas dedusting. Ta-
ble 2 presents data on the technical parameters only for the bag filter and
additional economizer option for different types of steam generators and
hot water boilers in power plants and combined heat and power (CHP)
plants.

The technical parameters are determined under real conditions, as the
values are accepted as average for all boilers in 2020. The analysis was
made for four different cities (Stepnogorsk, Almaty, Pavlodar, and Ekibas-
tuz) with different climatic conditions. Coal prices and average operating
hours also differ and this will have an impact on financial performance
(payback period, net present value, internal rate of return). All boilers are
equipped with a second-generation emulsifier system for wet flue gas de-
dusting. Normative (or measured) temperatures have been adopted in the
evaluation of the amount of thermal energy for heating the gases after the
emulsifier.
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Table 2: Technical parameters of economizer with bag filter for different boilers.

Stepno- Stepno- Almaty Almaty | Pavlodar | Ekibaztuz

gorskaya | gorskaya | CHP-2 CHP-3 CHP-2 CHP
BKZ- BKZ- BKZ- BKZ- BKZ KVTK-

220-100F | 190-100F | 420-140 | 160-100F | 160-140 100-150

Parameter/TPP

Boiler steam generation

rate, Dy, t/h 205.8 136.3 380 160 137 1408
Average flue gas inlet | g4 4 138.7 147 175 148 180
temperature tfg, (@]

Flue gas outlet temper-| 5 125.0 120 120 120 120
ature tfg, C

Temperature of heated

network water: 55.0 55.0 35.0 35.0 45.0 35.0
inlet, ¢, °C 96.1 82.1 65.3 81.1 83.4 85.5
outlet, ti7, °C

N(;twork water flow, m 120 50 100 60 30 35
m°/h

Estimated heating ca-

pacity of the economizer 5742 679 3525 3215 1340 2055
Q, kW

Recovered heat of gases

Q’l‘7 MWh/yr. 30446 4126 22379 24110 10881 16 781
Heat loss with flue gases

before units implemen- 9.39 5.66 6.02 7.13 6.89 8.55
tation ¢4, %

Heat loss with flue gases

after units implementa- 5.61 4.94 4.66 4.27 5.55 5.62
tion qg, %

Increase in boiler effi-| 4 4, 0.89 1.49 3.17 1.52 3.38

ciency, An, %

Flue gas temperature
after heat recovery and 55.0 55.0 60.8 53.2 52.5 53.1
emulsifier tem, °C

Standard temperature
of gases before entering 75.0 75.0 71.0 71.0 71.0 71.0
the stack tg¢, °C

Required heat output
for heating gases after 1824 1147 905 1015 878 589
the emulsifier Qem, KW

Boiler operation time,
hours/year

5302 6072 6348 7500 4906 6348

4.4 Efficiency and economic analysis

Full thermal calculations of the WHRUSs [30] (air preheater in combination
with a bag filter) have been made, and the production, installation and
commissioning costs have been estimated at European prices. The data
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from the calculations are presented in Table 3. The ecological payments
that can be avoided as a result of the realised savings from coal are also
estimated.

Table 3: Investments and fuel savings for different boiler types.

Stepno- Stepno-
gorskaya | gorskaya
Parameters/TPP CHP CHP
BKZ- BKZ-
220-100F | 190-100F

Almaty | Almaty | Pavlodar | Ekibaztuz
CHP-2 CHP-3 CHP-2 CHP
BKZ- BKZ- BKZ KVTK-

420-140 | 160-100F | 160-140 100-150

Investment for the econ-
omizer, EUR

Investment for the bag
filter, EUR

Total investment, EUR | 191783 98038 165682 145 255 93528 85966

Annual coal saving,
t/year

130501 36 757 104401 104 401 52674 65538

61281 61281 61281 40854 40854 20427

10459 3105 7055 8034 2867 4323

Annual water savings,
m3 /year

Price of coal, EUR/t 7.35 7.35 10.11 10.11 6.37 4.10

33889 45470 52475 31949 25023 14854

Price of technical water,
EUR/m3

Total savings,
EUR/year

Savings due to harm-
ful emissions reduction
(based on the emission
charge), EUR/year

Total cost savings and
revenue, EUR /year

0.1336 0.1336 0.1101 0.1101 0.04534 0.2154

81439 28912 77134 81249 19 389 20913

7628 2282 5206 5937 2121 3205

89067 31194 82340 90705 21510 24118

Specific savings,

EUR/MWh 6.30 23.76 7.40 6.02 8.60 5.12

5 Comparative analysis of economizers
for different steam boilers and conditions

The benchmarks for selection between different variants include:
« fuel savings,
o payback period (PB),
» net present value (NPV),
o internal rate of return (IRR),
o specific savings.



www.czasopisma.pan.pl P N www.journals.pan.pl
I/—\

An innovative method for waste heat recovery from flue gas treatment system. . . 53

One of the most important criteria for evaluating the feasibility of the
investment related to energy efficiency is the minimum investment per unit
of energy saved (EUR/MWh)pi,. This criterion is characterized by a high
degree of objectivity, especially in countries where the price of fuels is many
times lower than those on the world market. Figure 7 shows a graphical
dependence on this criterion for all analysed objects.

Ekibaztuz CHP, KVTK-100-150 N 5.12
Pavlodar CHP-2, BKZ 160-140 1 8.60

Almaty CHP-3, BKZ-160-100F ' NEG_—_—_ 458

| —
Almaty CHP-2, BKZ-420-140 5.89

Stepnogorskaya CHP, BKZ-190-100F W 23.76

Stepnogorskaya CHP, BKZ-220-100F == 030

0 5 10 15 20 25
[EUR/MWh]

Figure 7: Specific savings for different boilers.

The analysis shows that the most economically feasible is the investment
for boiler BKZ-160-100 F, in TPP-3 Almaty and shows that the investment
for 1 MWh of saved energy is 4.58 EUR. This assessment is complex and
includes a complex dependence on several criteria: fuel price, operating time
of the steam generator, exhaust gas temperature, average boiler load, etc.

Undoubtedly, the price of coal has the greatest influence on the eco-
nomic feasibility of the introduction of energy-saving equipment, because
the assessment of savings is based on the most conservative method — the
saved heat is estimated through the saved fuel. Since the introduction of
a bag filter in the disposal system does not allow the entire gas flow to pass
through the emulsifier, but only about 85%, which saves technical water,
the price of water will therefore also have an impact on economic efficiency.
An important advantage of the method is that the dry ash mass can be
collected through the bag filter and even profits from its sale can be real-
ized. In the present analysis, this advantage is not taken into account due
to the lack of investor interest in the sale of ash in Kazakhstan.

In Europe and other countries such as the USA, Canada, and Japan, the
ash trapped by dry filters is used as a building material — mainly for the
construction of roads and highways [15].
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6 Financial analysis

The results from the performed technical-economic analysis are used to
prioritize the six options proposed in Table 4. This set of selected energy
efficiency measures represents a CAPEX model, which can be successfully
used by the company management for decision-making purposes [31].

Table 4: Estimated investments, savings, IRR, NPV, NPVQ and simple PB.

CHP /boiler type | ™S50ment | Savings, | ypp op | NPV | NpvQ ylzfr’s
/B%i?lza_%g ?OIS'FS’ 145255 | 90 705 62.0 | 632445 | 435 | 1.60
gi?zig(f ?41;'2’ 165682 | 82340 | 488 | 540207 | 326 | 2.01
%ﬁ%?;ggflgg%a CHP. | 191783 | soo067 | 453 | 571873 | 298 | 215
%ﬁ%?fggfgg%a CHP | gg038 | 31104 | 294 | 169418 | 1.73 | 3.14
%}%ﬁ%fﬁ;g’ 85966 | 24118 251 | 120820 | 141 | 3.56
Ei’éofgé_?gpa’ 93528 | 21510 18.9 90898 | 0.97 | 4.35

In Table 4 the proposed measures (options) are prioritized according to
their IRR share. The following parameters are compared in the table:

« annual net savings for the entire operational life of the project,

o evaluation of the investment required for project implementation,

° IRR,

« NPV,

» net present value coefficient (NPVQ),

« PB.

The calculations have been obtained using the ENSI economy v6 [32]
software product, with the results presented in Table 4. The proposed prior-
itization scheme is strictly informative offering decision-makers a possibility
to compare and select the most attractive option. The aim of Figs. 8 and 9
is to compare the profitability of proposed measures in order to plan their
sequence of implementation.

Figure 8 shows the IRRs against NP Vs for all the projects, while Fig. 9
demonstrates the investment cost against the average annual savings over
the project lifetime. In both cases, the size of the circle represents the
(NPVQ). The larger the circle, the higher the benefit.
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800 000
@ Stepnogorskaya CHP,

700 000 BKZ-220-100F
3
uD_l. 600 000 ® Stepnogorskaya CHP,
- BKZ-190-100F
3
S 500000 © Almaty CHP-2, BKZ-420-
H 140
@ 400 000
] Almaty CHP-3, BKZ-160-
% 300 000 100F
z

200 000 ® Pavlodar CHP-2, BKZ 160-

140
100 000 ® Ekibaztuz CHP, KVTK-
0 100-150
0 10 20 30 40 50 60 70 80

Internal Rate of Return [%]

Figure 8: Relation of IRR in terms of NPV for all options; circle size corresponds to the

NPV ratio.
120 000
® Stepnogorskaya CHP,
BKZ-220-100F
Z 100000
a2 © Stepnogorskaya CHP,
@ BKZ-190-100F
o 80 000
£ © Almaty CHP-2, BKZ-420-
]
2] 140
s 60000
2 Almaty CHP-3, BKZ-160-
c
< 100F
o 40000
g © Pavlodar CHP-2, BKZ
g 160-140
< 20000
® Ekibaztuz CHP, KVTK-
o 100-150
0 50 000 100 000 150 000 200 000 250 000

Estimated Investment Cost [EUR]

Figure 9: Investment costs for all options in terms of average annual savings during the
operational life of the project; larger circles represent a higher net profit.

The results presented (Table 5, Figs. 8 and 9) show that the option of
a WHRU with an air preheater and bag filter of Almaty CHP is more
attractive. This is explained by the higher fuel prices in Almaty when com-
pared to other regions.

7 Environmental and other project
benefits/impacts

The main environmental effect resulting from the installation of WHRUSs
(economizers with bag filters) is a reduction of CO2 and NO, emissions.
The different boilers with included economizer and bag filter are estimated



www.czasopisma.pan.pl P N www.journals.pan.pl
TN

56 LK. Iliev et al.

to reduce coal consumption in the range of 2867 to 10459 tons/year, COq
emissions from 4 153 to 15151 t CO2/year and NO, emissions from 18.4 to
67.2 t NO, /year, depending on the selected technology and equipment. The
project’s environmental impacts, for three investment options, are summa-
rized in Table 5.

Table 5: Environmental impacts.

Stepno- | Stepno- | Almaty | Almaty | Pavlodar | Ekibaztuz

. L gorskaya | gorskaya | CHP-2 CHP-3 CHP-2 CHP
Option Units BKZ- | BKZ | BKZ | BKZ | BKZ | KVTK-
220-100F | 190-100F | 420-140 | 160-100F | 160-140 100-150

Coal savings t/year 10 459 3 105 7 055 8 034 2 867 4 323

Emission fac-

ton for o L | 8Os /teoat | 14486 | 14486 | 14486 | 14486 | 1.4486 1.4486

Decrease of
COg from tco, /year 15 151 4 498 10 220 11 638 4 153 6 262
saved coal

Decrease of
SO2 from ts0, /year 65.6 19.5 47.4 54.0 19.3 29.0
saved coal

Decrease of
NO, from tno,, /year 67.2 20.0 45.2 51.7 18.4 27.8
saved coal

8 Conclusions

Using operational data and the thermodynamic in-house mathematical
model, the complete analysis of variation rules of performance parame-
ters of the flue gas waste heat cascade recovery system (FWCRS) such as
main node temperatures, heat exchange quantities, as well as waste heat
recovery efficiency, system exergy efficiency, and energy grade replacement
coefficient of FWCRS was obtained. The conclusions are as below:

1. The suggested waste heat recovery technology includes both an addi-
tional air preheater equipped with a bag filter or additional economizer
and a bag filter. Both technologies are applicable for steam generators
and boilers that use “wet methods” technology for flue gas dedusting
(i.e. scrubbers, emulsifiers first and the second generation). The sug-
gested methodology makes possible a deeper temperature drop of the
exhaust flue gases. A certain amount of the hot gases is cleaned with
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a bag filter and then mixed with the wet gases after the emulsifier. Be-
cause of mixing, no additional thermal energy for heating the air from
the boiler air preheater will be needed.

. The performed technical analysis shows that the implementation of

WHRU is financially viable, despite the very low price of fuel and feed-
ing water, which further worsens the financial parameters of the project.
Savings due to emissions reduction are also considered in the assessment
of the financial indicators. This impact is considered to be insignificant,
as the payback period is reduced by 0.3 years.

. The implementation of WHRU for boiler BKZ-160-100F in Almaty CHP-

3 has the most significant economic impact. The calculated IRR factor
of 62.0% and the payback period of 1.6 years are very attractive. The
remaining options including WHRU units have also a payback period
(1.60-4.35 years) and can be classified as financially viable.

. The implementation of the WHRUSs has also a certain environmental

impact. Reduction of coal consumption (from 2867 to 10459 tons/year)
leads to CO2 emission reduction from 4153 to 15151 t COg/year and
NO,, emissions from 18.4 to 67.2 t NO, /year based on the boiler specifics.

. The outputs from the study can be used as a decision-making matrix

in the process of implementation of the respective technologies in TPP
and CHP.

Received 9 February 2022
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