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Abstract: The use of waste incineration with energy recovery is a matured waste-to-energy (WtE)
technology. Waste incineration can reduce the volume and mass of municipal solid waste significantly.
However, the generation of high volumes of polluting flue gases is one of the major drawbacks of
this technology. Acidic gases are constituents in the flue gas stream which are deemed detrimental
to the environment. The wet flue gas desulphurization (FGD) method is widely employed to clean
acidic gases from flue gas streams, due to its high efficiency. A major setback of the wet FGD
technology is the production of wastewater, which must be treated before reuse or release into the
environment. Treating the wastewater from the wet FGD presents challenges owing to the high
level of contamination of heavy metals and other constituents. Membrane distillation (MD) offers
several advantages in this regard, owing to the capture of low-grade heat to drive the process. In
this study the wet FGD method is adopted for use in a proposed waste incineration plant located in
Ghana. Through a mass and energy flow analysis it was found that MD was well matched to treat
the 20 m3/h of wastewater generated during operation. Thermal performance of the MD system
was assessed together with two parametric studies. The thermal efficiency, gained output ratio, and
specific energy consumption for the optimized MD system simulated was found to be 64.9%, 2.34
and 966 kWh/m3, respectively, with a total thermal energy demand of 978.6 kW.

Keywords: waste-to-energy; municipal solid waste; flue gas desulphurization; membrane distillation;
thermal performance; thermal efficiency; gained output ratio; specific energy consumption

1. Introduction

Waste-to-energy (WtE) technology has been established to be an appropriate method of
dealing with municipal solid waste (MSW) worldwide [1]. Most developed countries have
embraced the use of it as an attractive means of treating non-recyclable and non-reusable
waste because not only it minimizes the risks and environmental concerns associated
with disposing copious quantities of MSW into landfill sites, but also it allows produc-
tion/recovery of useful energy (e.g., electricity). The use of MSW as fuel to generate energy
can reduce the over-dependence on fossil fuels as sources of energy.

Waste incineration is the most matured and widely used WtE technology [1–3]. Waste
incineration can reduce the volume of MSW by 80 to 95% and the mass by 70 to 75% [4].
The major setback with the use of this technology is the significant amount of pollutants
that are produced. There are some constituents (e.g., hydrofluoric (HF), hydrochloric (HCl),
and sulphur dioxide (SO2)) in the flue gases emanating from waste incinerators which are
proven to have a detrimental impact on the environment [5]. Therefore, strict limits on
the amount of such constituents are set. Different technologies have been considered for
removal of such emissions (e.g., wet, semi-dry, and dry scrubbing).

Absorption and adsorption are two distinct processes by which acidic gases are cleaned
from flue gas streams emanating from waste incinerators. These processes are classified
either as non-regenerative or regenerative. The non-regenerative technologies are further
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divided into three; dry, semi-dry and wet methods [6,7]. Figure 1 depicts the various meth-
ods in non-regenerative flue gas desulphurization (FGD) technologies that are used in acid
gas cleaning. Wet scrubbing is a FGD method that is widely employed in cleaning acidic
gases in flue gas streams, with Japan, USA and Germany enjoying the most patronage [8].
Advantages of this technology includes higher rates of desulphurization, relative ease of
operation, and smaller equipment. The limestone wet method of FGD is reported to be the
most widely used technology in the cleaning of acidic gases in flue gas streams from waste
incineration plants [9]. A study by Lecomte et al. [10] indicates that removal efficiencies of
up to 99% can be achieved using this technology. The major disadvantage with the use of
this method is the production of wastewater, which must be treated prior to reuse or release
into the environment. There are several wastewater treatment methods that are employed
in the treatment of various types of wastewater. Membrane separation methods employed
in the treatment of wastewater include microfiltration, ultrafiltration, reverse osmosis (RO),
etc. RO has enjoyed the most patronage among the various types of membrane separation
techniques. However, drawbacks include higher electricity demand in providing high
pressures at the intake, consequently affecting the membrane’s long-term performance [11].
There is, therefore, the need to explore other membrane separation processes.

Membrane distillation (MD) is a promising novel technology used in separation pro-
cesses where only water molecules can pass through a porous hydrophobic membrane
material. The application of MD technology is widespread in the desalination of seawater
and brackish water [12–15], and the treatment of wastewater that is polluted with radioac-
tive substances [16,17]. MD is also reported to have potential in the treatment of oily
wastewater from industries [18–20]. However, relatively few works have been carried out
on the application of MD technology in the treatment of flue gas condensate. Chuanfeng
et al. [21] investigated the use of MD in the framework of combined heat and power (CHP)
plants in Sweden. Subsequently, a pilot unit was installed at the Vattenfall Idb

..
a cken CHP

plant (a biofuel-fired plant) during 2006 and 2007 [22]. Later, a follow-up investigation
considered water recovery from flue gas condensate in MSW-fired cogeneration plants
using MD [11], and employed both laboratory and pilot-scale air gap MD modules in
combination with techno-economic analyses. The aforementioned studies demonstrated
that MD offers equal or superior separation efficiency as compared to RO with higher
specific costs. The availability of low-grade heat placed an upper limit on the capacity of
the MD system to about 100 m3/h. However, their work was carried out on cogeneration
plants, which supply both heat and electricity, and not for WtE facilities operating in con-
densing mode, where electricity is the only energy service provided. Therefore, there is the
need for further investigation if the MD technology is to be integrated in a WtE plant in
a tropical country such as Ghana, where the heat demand is low and thus cogeneration
is unprofitable when selected. Moreover, to meet the MD energy demand, the possibility
of using the recovered waste heat during the cooling of the flue gas stream prior to the
particulate matter (PM) separation process is considered.

This study, therefore, mainly focuses on different models of a waste incineration plant
simulated using Aspen Plus® software (version 11). In other words, three of the developed
models used for the study are presented, with emphasis on the simulation of acid gas
cleaning using wet FGD and the treatment of the produced wastewater via MD technology.
The current study is a subsequent part of a research investigation with the broader aim of
proposing optimal integration of WtE in Ghana.
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Figure 1. Non-regenerative flue gas desulphurization technologies [23].

2. System Description

This section describes the overall flow chart used in the study, and the system design
of a wet scrubbing system and how it is integrated to clean acidic gases in the flue gas
stream.

2.1. Block Flowchart of the Incineration Plant Used in the Study

The integrated system block flow chart for the waste incineration plant used in this
research is depicted in Figure 2. MSW is first fed into the incinerator/boiler, where sufficient
air is added to aid in the complete oxidation of the MSW. After combustion of the MSW
in the incinerator/boiler, the flue gas (which carries with it a high energy and particulate
matter) and ash are produced. While ash is collected at the bottom, the flue gas stream exits
into a heat recovery steam generator (HRSG). After heat exchange with high pressure water
to produce high pressure steam, the flue gas is first cooled down further before entering
a particulate matter (PM) separation device. At this stage, PM is separated from the flue
gas stream using either a cyclone, filter bag, electrostatic precipitator PM separation device,
or a combination of these. Then the flue gas stream goes into the wet FGD where water
and aqueous calcium carbonate (CaCO3) are added to clean out acidic gases. The flue
gas stream is further cleaned before its release to the environment through a stack. The
produced wastewater after acid gas cleaning, on the other hand, is sent to the MD system
for treatment prior to reuse or disposal into the environment. The wastewater that goes
into the MD system is treated and produces a cleaned water (permeate), and the captured
solids and the remains in the concentrate (retentate) can be returned to the MD system for
further cleaning or disposed.

2.2. Design of a Wet Scrubbing System

A typical design of a limestone wet method of FGD technology has two basic stages.
In the first stage, only water (acidic condition) is added. This stage is only effective in
the removal of HF, HCl and sulphur trioxide. The removal of SO2 in the first stage is
low due to the presence of HCl, which affects its absorption. Therefore, a second stage is
incorporated where a liquid with higher pH (neutral or alkaline condition) is added to
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remove the SO2. Studies [6,7,24–26] indicate that the second stage is capable of removing
other acidic compounds that are present in the flue gas stream.

Figure 2. Block flowchart of incineration plant used for the study.

3. Methodology

The integrated system is divided into three subsystems that are simulated using Aspen
Plus®. This section describes these three subsystem models simulated.

The first is the waste incineration plant, which is to determine the volume of emis-
sions, including the parameters of the various constituents, that were generated after the
combustion of the MSW. The second model is the wet scrubbing process, employed to
determine the volume of water needed to clean acid gases (limited to only HCl and SO2 in
this study) from the flue gas stream and subsequently the volume of flue gas condensate
(wastewater) generated in the process. The third model is the MD technology which is
used to treat the flue gas condensate produced during the acid gas cleaning.

The relations used in performing the thermal analysis of the MD system are also
presented in this section.

3.1. Models Used in the Study
3.1.1. Model of the Waste Incineration Plant

The waste incineration plant Aspen Plus® flowsheet [27] is shown in Figure 3. The
simulated plant has a nominal incineration capacity of 240 metric tons of MSW per day,
generating 30 MW of electrical power with an efficiency of approximately 31%. The waste
incineration plant model has four stages: (1) drying of the MSW, (2) combustion of the
MSW, (3) steam generation for only electricity generation, i.e., condensing mode and (4) PM
separation.

In the waste incineration plant, the wet MSW (WET-MSW) is sent into a vessel (DRY-
REAC), where hot air (HOTAIR) is mixed with WET-MSW. A calculator block is defined in
Aspen Plus to control the drying process in another vessel (DRY-FLSH) and the by-products
from this vessel are a dry MSW (DRY-MSW) and an exhaust vapour (EXHAUST), which is
discharged into the atmosphere.

DRY-MSW is now ready to be combusted. As its composition can vary based on the
source and regional factors (e.g., topography, seasons, food habits etc.), it has been defined
as non-conventional in the model. Consequently, for successful simulation of combustion
process, DRY-MSW first needs to be defined based on its content. Therefore, an extra vessel
(DECOMP) is included in the flowsheet where DRY-MSW is broken down into its various
elemental constituents (Q-DECOMPOST). Q-DECOMPOST is then sent into the combustion
chamber (BURN), where sufficient air (ATM-AIR) is added to achieve a complete oxidation
of the MSW. Energy is recovered from the flue gases (CPROD-H) from the combustion
process in the heat exchanger (HRSG) for the generation of superheated steam (HPSTEAM),
which turns a steam turbine (ST-TURB) for the generation of electrical power (WT-TURB).
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After the recovery of heat energy from CPROD-H, there is a drop in temperature in the flue
gas (CPROD-C) before entering particulate matter (PM) separation devices. In the model
depicted in Figure 3, all three types (cyclone, bag filter and the electrostatic precipitator
(ESP)) of PM removal devices are incorporated. The flue gas stream after the PM separation
(ESP-GAS) then goes into the wet scrubbing system for cleaning of acidic gases.

Figure 3. Waste Incineration Aspen Plus® model flowsheet [27].

3.1.2. Model of the Wet Scrubbing Process

An Aspen Plus® model (Figure 4) of a wet scrubbing process was developed in order
to simulate the cleaning process of acid gases from produced flue gas in the previous
model. The main output of this model is to determine the amount of flue gas conden-
sate (wastewater) that would be generated. The base method used in Aspen Plus® is
ELECNRTL.

Figure 4. Wet scrubbing process Aspen Plus® flowsheet [27].

As can be seen in Figure 4, the developed model has two stages. RadFrac (WTSCRUB1)
from the Aspen block built-in library, which is the acidic scrubber, is selected where the
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flue gas stream from the waste incinerator (GASFEED) and water (LIQFEED1) are the
feed streams. The products then are wastewater (LIQPROD1), and the flue gas stream
(GASPROD1). The second wet scrubber (WTSCRUB2), selected as the same as the first
scrubber in Aspen Plus, is the alkaline (or neutral) scrubber with two feeds: the partially
cleaned flue gas (GASPROD1) from WTSCRUB1 and a liquid feed (LIQFEED2). The latter
is an alkaline solution, which in this study is considered to be calcium carbonate (CaCO3).

Table 1 lists the operating condition used in the modelling of the wet scrubbing
process. It is assumed that there is no temperature and pressure drop in GASPROD1 from
WTSCRUB1 to WTSCRUB2.

Table 1. Operating conditions in the wet scrubbing process.

Parameter Value

Flue gas feed temperature to WTSCRUB1 160 ◦C
Flue gas feed pressure to WTSCRUB1 1.01 bar
Liquid feed temperature to WTSCRUB1 30 ◦C
Liquid feed pressure to WTCSCRUB1 1.5 bar
Operating Pressure in WTSCRUB1 1.01 bar
Number of stages in WTSCRUB1 10
Liquid feed temperature to WTSCRUB2 35 ◦C
Liquid feed pressure to WTSCRUB2 1.5 bar
Number of stages in WTSCRUB2 10

3.1.3. Model of the MD System

There are no available blocks in the Aspen Plus built-in library that can readily be
used in the simulation of an MD unit. Hence, it was modelled using a customised USER
Model2 in Aspen Plus. An excel file sheet built into Aspen Plus was modified with data
obtained from the simulation of the wet scrubbing model. Table 2 is a list of the operating
parameters used in the simulation of the MD system. This simulation work is based on the
MD system presented by Imtisal-e-Noor et al. [28]. However, there are a few differences
between that simulation work and this current work. The current model has a single air
gap MD module relative to the dual-cascaded MD modules used in that work. There are
also differences in parameters, such as the feed inlet temperature, coolant inlet temperature,
density of the feed, and the composition of the flue gas condensate. The feed and coolant
inlet pressures, however, remain the same.

Table 2. Operational parameters of MD system.

Operating Parameter Value

Feed flowrate 1500 L/h
Feed inlet temperature 85 ◦C
Feed inlet pressure 1.0 bar
Coolant flowrate 1500 L/h
Coolant inlet temperature 26 ◦C
Coolant inlet pressure 1.0 bar

The Aspen Plus® MD model flowsheet is shown in Figure 5, and the base method used
for this model is IDEAL. The flue gas condensate or wastewater (WWSCRUB) generated
from the wet scrubbing process is collected into a tank (TNK) at a temperature of 56.7 ◦C.
The wastewater stored in the tank (FD1) is then passed through a heat exchanger (HX) and
heated up to a temperature of 85 ◦C using heat from the cooling of the flue gas stream (from
440 ◦C to 160 ◦C) before particulate matter separation. The heated flue gas condensate
(FD2) then goes into the MD module (MD). The temperature of the flue gas stream drops
because of the latent heat of vaporization which corresponds to the permeate flux passing
through the membrane. The concentrate and permeate streams from the MD module are
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referred to as RET and PERM, respectively. The treated water (PERM) is then collected into
another tank for reuse.

Figure 5. MD system Aspen Plus® flowsheet [27].

During the simulation of the MD system, the coolant stream is considered to be water
to be pumped from the surroundings (e.g., from a river) with an ambient temperature of
between 25 to 27 ◦C (the ambient temperature of water in Ghana).

3.2. Thermal Energy Analysis of MD Systems

The permeate flux, or simply flux, of an MD (Jp) is considered the most relevant
metric used in the assessment of any membrane technology. It is defined as the flow rate
of permeate flowing through the membrane measured in kg/m2 s and can be expressed
mathematically as [29]

Jp =

.
mp

A
(1)

where
.

mp is the mass flow rate of the permeate measured in kg/s and A is the effective
membrane area measured in m2.

The thermal efficiency (TE) or evaporative thermal efficiency of MD systems is defined
as the ratio of the latent heat of vaporization to the total (latent and conduction) heat. The
TE of MD systems is considered an effective tool in the measurement of desired thermal
transport. It can be expressed mathematically as [29]

TE (%) =

.
mp ∆Hv,w

Qm
× 100 (2)

where ∆Hv,w refers to the enthalpy of vaporization of the water in kJ/kg, and Qm is the
total heat flux through the membrane in kW, which can be determined by using the relation
in Equation (3).

Qm =
.

m f Cp

(
Tf ,in − Tf ,out

)
(3)

In this expression,
.

m f refers to the feed mass flow rate measured in kg/s, Cp refers to
the feed water specific heat measured in kJ/kg ◦C, while Tf ,in and Tf ,out refer to the inlet
and outlet feed water temperatures, respectively, measured in ◦C.

Another important parameter for evaluation of the thermal performance of an MD
system is specific energy consumption (SEC). It is defined as the energy required to pro-
duce 1 m3 of distillate water in MD systems and can be determined using the following
relation [30]

SEC
(

kWh
m3

)
=

[
Qmρ

Jp A

]
/3600 (4)

where ρ refers to the density of water measured in kg/m3.
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Gained output ratio (GOR) is defined as the ratio of thermal energy that is required to
produce distillate water in an MD system to the energy input to the system. GOR, a dimen-
sionless parameter, can be expressed mathematically using the following equation [31]

GOR =
Jp A4 Hv,w

Ein
(5)

where Ein refers to the total power input to the system measured in kW.

4. Results and Discussion

In this section, results for both the wet scrubbing and MD processes (including a
parametric analysis on the MD system) are presented and discussed.

4.1. Results from the Wet Scrubbing Process

Table 3 presents some key simulation results of the wet scrubbing process. The
temperature of the flue gas condensate was 56.7 ◦C, at a pressure 1.01 bar. The temperature
of the flue gas condensate was above its dew temperature. The temperature of the cleaned
flue gas (after acid gas cleaning) which continues into the stack to be emitted into the
atmosphere is 52.2 ◦C at a pressure of 1.01325 bar and this is also above its dew point. In all
the process can achieve an overall cleaning efficiency of over 99% for SO2 and over 95% for
HCl. There was also a little reduction in the other constituents of the flue gases exiting the
wet scrubber at the end of the cleaning process. The total flow rate of liquid feed used in
the wet scrubbing was 70,000 kg/h of water, 35,000 kg/h in the first scrubber and 35,000
kg/h in the second scrubber. It must be noted that in the second scrubber the liquid feed is
a mixture of water and CaCO3. (The mole fraction ratio of water to CaCO3 is 0.9:0.1).

Table 3. Simulation results from the wet scrubbing process.

Parameter Value

Flue gas condensate (wastewater) temp 56.7 ◦C
Flue gas condensate (wastewater) pressure 1.01 bar
Cleaned gas temperature 52.2 ◦C
Cleaned gas pressure 1.01 bar
SO2 cleaning efficiency Over 99%
HCl cleaning efficiency Over 95%
Volumetric flow rate of wastewater 19.4 m3/h

4.2. MD Model Simulation Results

This section presents the results obtained from the simulation of the optimized MD
model used in the study. The thermal performance of the MD system is also presented and
discussed. Table 4 list the results obtained after simulation of the MD model.

Table 4. Simulation results from the MD system.

Parameter Value

Feed/concentrate outlet temperature 77.1 ◦C
Coolant stream outlet temperature 34.2 ◦C
Membrane flux 6.22 L/m2/h
Total thermal energy demand 978.6 kW
Membrane area 699 m2

Number of modules 303
GOR 2.34
SEC 966 kWh/m3

TE 64.9%
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4.2.1. Thermal Efficiency

The thermal efficiency of the MD system was determined using Equation (2) when
increasing the feed inlet temperature from 75 ◦C to 90 ◦C while maintaining the coolant inlet
temperature at 26 ◦C. Values of the determined thermal efficiency against the corresponding
feed inlet temperature are reported in Figure 6a. It can be observed in the figure that
increasing the feed inlet temperature from 75 ◦C to 90 ◦C resulted in an increment of the TE
from 50.7% to approximately 73%. This increment in TE can be attributed to the increase in
permeation when the feed/concentrate inlet temperature increases. The thermal efficiency
of the MD system was determined again using Equation (2), but this time increasing the
coolant inlet temperature from 15 ◦C to 32 ◦C while maintaining the feed inlet temperature
at 85 ◦C. Values of the determined thermal efficiency against the corresponding coolant
inlet temperature are reported in Figure 6b. It can be observed that increasing the coolant
inlet temperature from 15 ◦C to 32 ◦C decreases the TE from 75.4% to approximately 57%.
This decrease in TE can be attributed to the low level of permeation due to the increase in
the coolant inlet temperature. These results conform to the results obtained in research by
Shahu et al. and Elmarghany et al. [32,33].

Figure 6. Effects on increasing feed/coolant inlet temperature versus TE: (a) Effects on increasing
feed inlet temperature vs. resulting SEC. (b) Effects on increasing coolant inlet temperature vs.
resulting TE.

4.2.2. GOR

The GOR of the MD system was determined using Equation (3) by increasing the
feed inlet temperature from 75 ◦C to 90 ◦C while maintaining the coolant temperature
inlet temperature at 26 ◦C. The values of the determined GOR against the feed inlet
temperature are reported in Figure 7a. It can be observed from that increasing the feed inlet
temperature from 75 ◦C to 90 ◦C increases the GOR from 1.82 to 2.53. Increasing the feed
inlet temperature increases permeation, which in turn increases the driving force of the
permeate, as much less thermal energy is required to produce distillate water in the MD
system. The GOR of the MD system was determined again using Equation (5), but this time
increasing the coolant inlet temperature from 15 ◦C to 32 ◦C while maintaining the feed
inlet temperature at 85 ◦C. Values of the GOR against the corresponding inlet temperature
are reported in Figure 7b. It can be observed from the figure that increasing the coolant
inlet temperature from 15 ◦C to 32 ◦C decreases the GOR from 2.72 to 2.06. This decrease
can be attributed to the fact that increasing the coolant inlet temperature decreases the level
of permeation and the driving force; therefore, higher amount of thermal energy is required
to produce distillate water in the MD system. These results conform to the results obtained
in research works carried out by Shahu et al. and Elmarghany et al. [32,33].
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Figure 7. Effects on increasing feed/coolant inlet temperature versus GOR: (a) Effects on increasing
feed inlet temperature vs. resulting GOR. (b) Effects on increasing coolant inlet temperature vs.
resulting GOR.

4.2.3. SEC

The SEC of the MD system was determined using Equation (3) by increasing the
feed inlet temperature from 75 ◦C to 90 ◦C while maintaining the coolant temperature
inlet temperature at 26 ◦C. The values of the determined SEC against the corresponding
feed inlet temperature are reported in Figure 8a. It can be observed that increasing the
feed inlet temperature from 75 ◦C to 90 ◦C decreases the SEC from 1237.4 kWh/m3 to
approximately 860 kWh/m3. As mentioned earlier, increasing the feed inlet temperature
increases permeation and thus increases the driving force of the permeate which in turn
decreases the energy required to produce the distillate water, therefore decreasing the
SEC. The SEC of the MD system was determined again using Equation (4), but this time
increasing the coolant inlet temperature from 15 ◦C to 32 ◦C while maintaining the feed
inlet temperature at 85 ◦C. The values of the determined SEC against the corresponding
inlet temperature are reported in Figure 8b. It can be observed that increasing the coolant
from 15 ◦C to 32 ◦C increases the SEC from 831.2 kWh/m3 to approximately 1074 kWh/m3.
Increasing the coolant inlet temperature decreases the level of permeation which in turn
decreases the driving force of the permeate, therefore more energy is needed to produce
the distillate water. These results conform to the results obtained in research works carried
out by Shahu et al. and Elmarghany et al. [32,33].

Figure 8. Effects on increasing Feed/Coolant Inlet temperature versus SEC: (a) Effects on increasing
feed inlet temperature vs. resulting SEC. (b) Effects on increasing coolant inlet temperature vs.
resulting SEC.
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5. Conclusions

The results obtained from the simulation of the MD process indicates it is possible
to achieve almost 100% separation of the various constituents of the flue gas condensate.
Additionally, a thermal performance assessment of the MD process indicates that increasing
the feed/concentrate inlet while minimizing that of the coolant inlet temperature is the
optimum means of operating the MD. It is therefore imperative to state that the coolant
inlet temperature of 25 ◦C is reasonable and the feed inlet temperature should be at 90 ◦C.

Results obtained earlier from the simulation of the wet FGD model indicate almost
100% cleaning of acid gases (HCl and SO2) from the flue gas stream, where a total volumetric
flow rate of 20 m3/h was used in the process. The total flue gas condensate produced at
the end of the process was approximately 19.44 m3/h.

In conclusion, it is worth noting that the energy recovered during the cooling of the
flue gas stream prior to PM separation is adequate for the operation of the integrated
MD system, and the wet FGD technology is an effective method of cleaning acid gases
from flue gas streams (achieving separation efficiencies of over 95% for the HCl and over
99% for the SO2). In addition, the MD technology is an effective method that can be
used in the separation of these acid gases in the flue gas condensate produced in the wet
FGD technology.

It is recommended that a techno-economics analysis on both the wet FGD and MD
technologies are performed on a typical waste incineration plant with energy recovery,
with Ghana as the location for the operation of the plant.
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