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Abstract: Waste-to-energy (WtE) incineration is an important technique in waste management
systems and waste hierarchy. It is used to treat approximately 63% of the waste in European countries.
The flue gas volumetric rate and its composition are essential to determine and monitor the emissions
from waste incineration plants. This paper presents two methodologies used to evaluate the emissions
from incinerators during the design phase. The first consists of a set of equations applicable in Excel
(calculation model), while the second is the built-in components in Ebsilon 13.2 software which
simulates the emissions from a furnace. This paper also proposes a comprehensive flue gas cleaning
system for a simulated waste incineration plant in Jordan. According to Ebsilon, the results showed
that for a 25 kg/s loading rate, there was 258,514 mg/Nm?, 749.90 mg/Nm?, 890.20 mg/Nm?, and
717 mg/ Nm? of CO,, NO5, SO, and HCL, respectively. It was noted that these values relate to 1.5 of
excess air ratio, where the effect of excess air ratio as the main driver for any combustion process
was examined. The calculation method (set of equations) evaluated the flue gas volumetric rate, the
CO; emissions, and N,O and SO; levels. Ebsilon allows for simulation of the treatment stages and
calculates the amount of materials required. Selective non-catalytic reduction (SNCR) (a built-in
component in the Ebsilon library) was used to treat the NO, emissions. For 1.5 of excess air ratio,
those emissions were reduced from 749 mg/ Nm? to 180 mg/ Nm?, while the Ca(OH), injector used
to treat the SO, and HCL emissions reduced emissions from 890.20 mg/Nm? and 717 mg/Nm? to
44 mg/ Nm? and 7.16 mg/ Nm?, respectively. Regarding the reduction in CO,, the spherical carbon
absorption concept was simulated using 9.4 kg/s of carbon which was adequate to verify a 91%
reduction rate of CO;. Furthermore, the calculation model was validated and approved as a valuable
model to predict the flue gas volume, the oxygen required, and flue gas emissions at the design stage.

Keywords: waste incineration; flue gas emissions; climate change; energy content

1. Introduction

Combustion is defined as a chemical reaction during which the fuel combustible
elements are rapidly oxidized and a large quantity of energy is released [1]. The purpose of
burning organic fuels in combustion plants is to obtain hot combustion gases which are the
primary heating agent in the boiler [2]. The combustion of organic fuels is an exothermic
process in which fuel and combustion air are consumed, generating combustion gases
and solid products (ash-slag) [1]. Fuels are defined as substances that produce significant
amounts of heat by combustion. To be considered as fuel, a substance must meet the
following criteria [1]:

It should react exothermically with oxygen (air) at high speed and temperature.
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e  The resulting combustion products must be non-toxic (due to the importance of air
pollution cleaning systems and CO, capture).

e It should be widespread in nature. Therefore, it must be cost-effective with no other
cheaper alternative uses (this is exactly applied for municipal solid waste (MSW)).

e  The resulting combustion products should not be corrosive when they come into contact
with any exposed surface (this can be achieved by applying a SO, reduction system).

Solid fuels such as MSW and coal contain varying amounts of carbon, oxygen, hy-
drogen, nitrogen, sulfur, moisture, and ash, making an exact mass analysis difficult. Com-
bustible mass and ballast are the main fractions in any kind of solid fuel. Combustible mass
denotes combustible materials while ballast is the ash-slag.

To scale-up the mass of each component (kg component/kg fuel), it is essential to
know the elementary chemical composition. Sulfur is an unwanted presence, as it reacts
with the moisture in the flue gas, resulting in sulfuric acid, which is extremely corrosive to
the metal elements of the combustion plant. As air is free and easy to obtain, it is the main
element used for oxidation to burn the fuel and achieve the chemical combustion process.
Oxy-fuel combustion technology, where air is replaced by a mixture of pure oxygen and
recirculated combustion gases, is one of the most promising techniques for CO, capture and
CO; emission reduction [3]. Depending on the type of combustion (excess air coefficient),
the combustion gases may contain:

- For incomplete combustion (lambda < 1): CO, CO,, SO,, HO, and N5.
- For theoretical or stoichiometric combustion (lambda = 1): CO,, SO,, H,O, and N».
- For excedentary combustion (lambda > 1): CO,, SO,, HyO, Ny, and Oy,

In general, an inadequate air ratio and poor mixing of air and fuel produces high
energy wastage and high pollutant emissions [4,5].

The cumulative emission of CO, affects the climate and is the greatest single con-
tributor to the greenhouse effect [6]. The Kyoto Protocol and the Paris Agreement aim
to control greenhouse gas emissions under the United Nations Framework Convention
on Climate Change (UNFCCC), in which CO; is listed as a major greenhouse gas that
needs to be mitigated or recycled [7,8]. However, waste incineration is much better than
landfilling in terms of emissions and the effect on the climate. It should be noted that
in many countries, the main method of waste treatment is landfill. In the Middle East
and North Africa (MENA) region countries, more than 95% of municipal waste goes to
landfill [9-11]. In our previous work [12], a waste incineration plant was simulated using
Ebsilon (a specific software package serving as a multi-functional engineering system anal-
ysis). Jordan was chosen for the case study, and a 4 kg sample was collected from a 52-ton
heap of waste in the waste-converting station in Amman city, which receives waste from
six regions, and therefore was considered a representative sample for Jordan. The sample
was shredded and prepared for analysis in the laboratory to ascertain its characterization
and its element constitution.

This paper presents analyses of the proposed emission system and adopted flue gas
emission system in relation to the emission requirements for incineration plants specified by
the European Commission (EC) [13]. There are many studies in the literature that discuss
emissions from flue gas in a range of different facilities, such as Ciobanu et.al [14]. The main
objective of their work was to determine the level of emissions of the resulting pollutants
(total dust and flue gases: NOx, SO;, and CO) at the outlet of the chimney of the clinker
kiln. It was found that co-incineration of waste was more environmentally efficient and that
acid gases could be neutralized by using an oven heat exchanger. Zhu et al. [15] examined
how to reduce the effect of NH;HSO, on the activity of the selective catalytic reduction
(SCR) catalyst at low temperatures in industrial applications. Kosowska M. et al. [16]
studied in laboratory-scale the CO,, NOy, and SO, emissions from biomass combustion
and the emissions from a coal reference plant. They concluded that biomass is a unique
source of renewable energy because of its low emission concentration in comparison with
coal. Dong J. et al. [17] modelled 12 scenarios of the available flue gas cleaning system
technologies. The results showed that a dry system using sodium bicarbonate and selective
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non-catalytic reduction (SNCR) was the best option for 7 out of 18 impacts, including
climate change (37.1 kg CO; eq./t MSW), while the wet systems had higher impacts than
the dry alternatives. Technologies for the removal of acid gases were examined by Dal
Pozzo et al. [18] to identify a better design solution for dry, semi-dry, and wet systems. The
benefits and limits of each alternative technology were discussed from both environmental
and economic perspectives. Biganzoli et al. [19] evaluated the impact of using a high-
temperature dolomitic sorbent as a preliminary stage for treatment of acid gases. They
considered removal of atypical dry acid gases based on sodium bicarbonate (NaHCO3),
and the results showed that the production of the reagent and treatment of solid residues
were the key environmental factors. However, it can be said that flue gas emissions and
cleaning systems is an unlimited research topic in which critical points are made as it is
connected to the environment and climate phenomena.

2. Methods and Materials

As previously mentioned, a sample of MSW collected from Jordan was analyzed
and prepared to ascertain the elementary constitution of the waste (see Table 1). These
results were analyzed using two different models. The first model predicted and calculated
the mass flow of the flue gas and the distribution of each emitted gas included in the
volumetric flow of the gas itself. The second was Ebsilon, which was used to design the
flue gas emission cleaning system (see Figure 1).

Table 1. Elementary analyses of the composition of raw waste collected in Jordan [12].

Parameter Symbol Unit Value
Water content Y % 60
Total solid content TS % 40
Fuel ash A % of TS 15
Carbon C % of TS 46.0
Hydrogen H, % of TS 6.5
Oxygen O, % of TS 45.85
Nitrogen N % of TS 0.9
Sulfur S % of TS 0.2
Chlorine Cl % of TS 0.55

2.1. Element Interaction and Influence of Air

In the combustion process, the total mass of the products must be equal to the total
mass of the reactants. In addition, the total mass of each chemical element was conserved
during the process. Normally, air consists of three elements; oxygen, nitrogen, and water
vapor. Dry air consists of 21% O, and 79% Nj. As a molar basis, each kmol of O, introduced
into the furnace corresponds to 3.76 kmol of N, (0.79/0.21) [1].

Two main elements, C and Hj, in the composition of MSW had to be illustrated in a
chemical reaction to conclude its potentiality in the flue gas constitution according to [20].

For Carbon C:

C + Oy + (3.76)Ny — CO, + (3.76)N,

The third row in Table 2 shows the atomic weight of each element multiplied by the
number of moles in each element in the equation to find the molecular weight. The fourth
row is the required weight (amount of kg) of each material element related to 1 kg of
carbon. The weight of the elements is determined by dividing the molecular weight of each
element by the molecular weight of carbon. This provides the material weight related to
the carbon weight.
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Figure 1. Methodology of emission specification for the proposed waste incineration plant (LCV
denotes the lower calorific value and A, the excess air).

Table 2. The chemical properties of interacting carbon with air in the furnace.

Reactants Resulting Material

C O, N, CO, N,
No. of moles 1 1 3.76 1 3.76
Atomic weights 12.01 32 28.02 44.01 28.02
Molecular weights ~ 12.01 32 105.36 44.01 105.36
Material weightto 2.66 8.77 3.66 8.77

carbon weight

The chemical reaction (shown above) represents the interaction of carbon with air (air
is considered as dry air when it consists of 0.21 oxygen and 0.79 nitrogen) and stoichiometric
air (without excess air). It can be seen that 1 kg of carbon produces 3.66 kg of CO;. The
volume of CO; in the output of the reaction can be analyzed as follows:

Total output material weight (CO;, and Ny) of the reaction:

3.66 +8.77 =12.43 kg

. 3.66 o
CO; volume in the output = D = 0.29 = 29%

This means that the volume of CO; for this combustion process was 29% of the total
output (note that this is for stoichiometric conditions).
If 20% of excess air is assumed, then in this case, more air is inserted into the reaction
as follows:
C +1.20; + (1.2+3.76)Np; — CO; + (1.23.76)N; + 0.20,
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Total output material weight (COy, N2, and Oy) of the reaction:

3.66 +11.57 + 0.53 =15.76 kg

3.66
15.76

This means that the volume of CO; for this combustion process was 23% of the total
output (note that this is for excess air conditions). As shown in Table 3, it could be concluded
that increasing the mass flow of air required for combustion decreases the CO, emissions.
However, this reaction was only for carbon, whereas in reality, a mixture of materials
is loaded into the furnace and it is difficult to specify all the chemical compounds. The
elemental reaction is a good option to illustrate or to imagine the nature of the interaction
in the furnace, especially for carbon.

CO, volume in the output = =0.23 =23%

Table 3. The chemical properties of interacting carbon with 20% excess air.

Reactants Resulting Material

C 02 N, C02 N, 02
No. of moles 1 12 (12+376) 1 (12+376) 02
Atomic weights 12.01 32 28.02 44.01 28.02 32
Molecular weights ~ 12.01 38.4 138.9 44.01 138.9 6.4
Material weight to 3.9 1157 3.66 1157 053

carbon weight

The same steps were repeated for hydrogen [20], which is the responsible element of
the water content in the flue gas volume. It is summarized as follows:

H, + O, + (3.76)N, — 2H,0 + (3.76)N,

The reaction following the stoichiometric air conditions shows that 1 kg of hydrogen
is responsible for 8.92 kg of water generation in the flue gas (see Table 4).

Table 4. The chemical properties of hydrogen interacting with air.

Reactants Resulting Material

H, 0, N, H,0 N,
No. of moles 1 1 3.76 2 3.76
Atomic weights 2.02 32 28.02 18.02 28.02
Molecular weights 2.02 32 105.36 35.04 105.36
Material weightto 7.92 26.08 8.92 26.08

carbon weight

2.2. Flue Gas Volume as a Function of LCV

The volume of flue gas for stoichiometric conditions can be assessed as a function of
the lower calorific value (LCV) of the MSW itself. Flue gas consists of dry gas fraction and
water vapor fraction divisions. Due to the dense experience, the typical values of those
divisions are available as a function of the energy content of the waste (LCV) (see Table 5).

LCV 7 MJ/kg was used for this study. The flue gas volume consisted of 0.36 kg/M]
dry flue gas and 0.026 kg/M] water vapor. The total amount of thermal energy released
from the furnace depends on the waste incineration plant capacity. As the capacity of the
proposed system was 25 kg/s (90,000 kg/h) [12], then:
the total thermal energy released from this system = 90,000 (kg/h) x 7 (MJ/kg) = 630,000 (M]J/h).
The dry flue gas portion was 630,000 (MJ/h) x 0.36 (kg/M]J) = 226,800 kg/h.

The water vapor flue gas portion was 630,000 (MJ/kg) x 0.026 (kg/M]J) = 16,380 kg/h.
The total mass flow of flue gas was 243,180 kg/h.
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Table 5. Typical combustion parameters for stoichiometric conditions (adapted from [20,21]).

LCV (K]J/kg) Dry Flue Gas (kg/M]J) Water Vapor (kg/MJ)
4218.11 0.359 0.03
5279.5 0.377 0.028
6333.5 0.366 0.027
7386.5 0.36 0.026
8440.5 0.35 0.025
9493.4 0.347 0.024
10,555.8 0.343 0.024
11,608.8 0.34 0.024
12,662.8 0.337 0.024
13,715.7 0.335 0.023
14,769.7 0.333 0.023
15,822.7 0.332 0.023
16,885.1 0.33 0.023
17,938.1 0.329 0.022

The design temperature of the flue gas (the minimum temperature must be reached)
was taken as 850 °C. At this temperature, the flue gas density was around 0.31 kg/m3, and
the density of the flue gas was specified from the flue gas property tables available in [20,22]
as function of its temperature. Note that the design temperature plays a major role in
minimizing and reducing polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzo-furans (PCDFs) as explained later.

The volumetric flue gas flow was 243,180 (kg/h)/0.31 (kg/ m3) =784451.6 m3/h =218 m3/s.

This was the volumetric flue gas flow rate subjected to stoichiometric conditions and
at 850 °C for the flue gas design temperature. Of course, in the Ebsilon simulation results,
the flue gas volumetric flow is greater than the design value due to the higher temperature
of flue gas (see Figure 2). According to the available results (values) related to the flue gas
aspects harvested from the simulation process in Ebsilon, for the same MSW parameters
in terms of LCV, temperature, pressure, and mass flow, different flue gas properties were
raised due to the direct effect of excess air. This governing parameter (excess air) is
controllable in Ebsilon to moderate the combustion inside the furnace component and to
control the temperature of the flue gas (see Figure 2).

Flue gas aspects

Enthalpy h

Temperature

Pressure

Volumetric flow

Mass flow

MSW

MSW
Enthalpy h 7KJ/Kg
Temperature 50°C
Pressure 1 bar
Mass flow 25kg/s

- Flue gas aspects
1598.8 KI/Kg m
Enthalpy h 1315.9KJ/Kg
9

1146 °C Temperature 998 °C

0.9 bar Pressure 0.9 bar

344.7m?/s XNO2 0.032 % Volumetric flow 350 m3/s
75.7 kg/s XHCL 0.048 % Mass flow 93.5 kg/s XNO2 0.026 %
M XHCL 0.039 %
XCO2 14.362 % XS02_0.027 %

Combustion chamber = ke Srem el
) Flue gas emissions X0z 8818 %
Excess Air 1.5 Combustion chamber Flue gas emissions
Excess Air 2
| ash MSW
D +
P MSW |
Air Enthalpy h 7KJI/Kg -
Air
Air Temperature 50°C Air
Temperature 116 °C Fresure Loar Temperature 116 °C
2 75 L
Pressure 1 bar Mass flow ke Pressure 1 bar
Mass flow | 53.67kg/s Massflow | 714kgs

Figure 2. Simulated furnace in Ebsilon with two different amounts of excess air ratio; 1.5 (left side of
the figure) and 2 (right side of the figure). This shows the effect of the excess air ratio on the mass
flow of air required to be loaded into the furnace, the volumetric flue gas, flue gas temperature, and
the emissions for the same MSW mass flow.
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For 1.5 of excess air ratio, the flue gas temperature reached 1146 °C and a mass flowrate
of 75.7 kg/s (this temperature ensures complete combustion and reduces the potentiality of
PCDD and PCDF formation). When the excess air was increased to 2 (which means that
the stoichiometric air required is doubled), the flue gas temperature reached 998 °C and
the mass flow rate was 93.5 kg/s. This makes sense, as increments in the amounts of air
pumped into the furnace increase the convection effect inside the furnace and affect the
temperature of the flue gas, causing it to drop. At the same time, the mass flowrate of flue
gas is already increasing due to the increments in the air blowing inside the furnace. It
should be noted that the CO, fraction was decreased when the excess air increased to 2,
and it occupied around 11% of the flue gas volume. However, CO, emissions were around
14% when the excess air ratio was 1.5. These results emphasize the theoretical analysis
outlined above regarding the prediction of emissions.

2.3. Stoichiometric Air and Oxygen Required for Combustion (Excel Model)

The ideal combustion process is known as a stoichiometric or theoretical combustion
where a fuel is completely burned using the least quantity of air. The probability of fuel
element atoms meeting all oxygen atoms (air) is implausible due to the combustion of
fuel working with an excess amount of air (for excedentary combustion [lambda > 1]) to
increase the chance of complete combustion or to control the temperature of the combustion
chamber. The ratio between the real air volume introduced into the burning chamber is
Va, and the stoichiometric air volume, where Va0 is the air ratio or excess air coefficient, is
denoted by A.

The following model was used to calculate the required amount of air for the com-
bustible fraction of the MSW. A further amount of air (excess air) was required for the
combustion of water content inside the fuel itself (waste). This air requirement can be
modeled according to a total heat release concept from the designed loading rate of the fuel.
The air fraction required for the combustible materials of the fuel can be found according
to the model in [1]. The results of the laboratory analysis of the elementary analysis were
found as follows: s

The stoichiometric volume of oxygen required for combustion (%) is:

o 2241 (/C H S§-0
V02:100<12+4+32 ) @)
Oxygen has a volume participation in air of 21%, and for this reason, the stoichiometric

volume of dry air required to burn one kilogram of fuel (%) is:

Vg = V5,/0.21 )
Air flow rate: 0
V, dry — Vuodry * B ®)

where B is the fuel flow rate (kg/h).
To find the dry air mass flow required for the designed MSW mass flow and excess air:
required air = Vfdry * MISW mass flow * p,, * Excess air ratio 4)

where, p;ir [1.29 kg/ m?] at standard conditions was taken. It should be noted that the
previous equations are applicable to dry air. These equations can be modified to insert the
NuPof air ) .

moisture existing within the air; the stoichiometric volume of wet air is (W :

VO

a moist — (

14+1.61%X) V? (5)



Appl. Sci. 2022,12, 5236

8 of 27

where X is the absolute humidity [kg H,O/kg dry air] of air which depends on its tem-
perature and its relative humidity ¢. The usual value considered in the calculations was
X =10 g H,O/kg, and it corresponds to the air parameters: ta = 25 °C and ¢ = 50% [1].
Note that the factor 1.61 is the quotient of the density of air under normal conditions (1.29
Kg/Nm?) divided by the density of water vapor under normal conditions (0.804 Kg/Nm?3).

2.4. Theoretical Flue Gas Volume (Emission Volumes)

For the excess air combustion process which is beyond the stoichiometric, the flue gas
volume mainly comprises CO;, SO,, H,O, Ny, and O,. The gas volume of the gases can be
found as part of the flue gas depending on the elementary analysis of the laboratory results,

and following the model can be found in [1].

Volume of carbon dioxide (%)

2241 C
Veo, = T2 " 100 (6)
The water vapor in the flue gases has two sources; the volume of water vapor from
the combustion of hydrogen in the fuel (waste) and the volume of water vapor due to the

combustion air humidity, which can be found as follows (%) :

24 (H W 0
ZH(5+5) |, 161k AxXx V]
Hydrogen combustion air humidity

@)

Vh,0 =

where W is the water content of the fuel and A is the air ratio (excess air which is in the
range between 1.2-1.7 for waste incineration plants) [1,20].

Due to an excess amount of air loaded into the furnace in the excess air combustion
process, a new component in the flue gas volume appeared which does not exist in the flue
gas volume compared with the stoichiometric conditions:

The volume of free oxygen introduced in excess air that appeared in the flue gas is

NmPof O,
(kg of fuel )
Vo, =021 (A = 1)V (8)
The volume of nitrogen which also has two parts, fuel source and air source, is
NmPof N,
( kg of fuel )
241 N 0
The volume of sulfur dioxide is (%):
22.41 S
VSOZ =~ 3 * 100 (10)

3
The total volume of wet flue gas for combustion with excess air is (%)

Viiue gas = Vo, + Vso, + VN, + Va0 + Vo, (11)

Flue gas flow rate (m?/h) is:

Vflue gas — B x Vflue gas (12)

This model provides the mass flow rate of the flue gas for each kg of fuel. However,
this methodology does not consider flue gas generation as a function of its energy content.
Furthermore, the calculated fraction of each gas existing in the constitution of the flue
gas represents the amount of this gas in each cubic meter emitted from 1 kg of the fuel
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(MSW). In other words, the calculated CO, and SO, volumes are functions of the carbon
and sulfur content in the waste composition. In this model, N, was treated as inert material.
It can be said that this model is useful to calculate the mass flow rate of air required to
accomplish the combustion process and to calculate the oxygen volume which is essential
for the CO, specification.

2.5. Prediction of the Real CO; Volume in the Flue Gas

According to [23], there are three methods for predicting and calculating CO, emis-
sions. As is well known, it is the CO, emissions that are of concern due to their effect on
the climate and atmosphere. Therefore, it is essential to predict the amount of CO; emitted
from a waste incineration plant at the design stage. Such predictions require specific data
about the volume of flue gas generated, the gas fractions in the flue gas, the excess air,
and the composition of the waste. These days, such data are widely available as waste
composition is being thoroughly investigated. For example, there are reports from the Inter-
governmental Panel on Climate Change (IPCC) [24] and the EC which specify regulations
for waste incineration [13,25]. With more than 500 installations for treating around 25-30%
of the EU’s municipal waste as well as other types of waste such as hazardous waste or
sewage sludge [26], there are plenty of data accessible directly from the websites or from
the environmental ministry of each candidate country. The prediction of CO, emissions
as a function of the oxygen fraction in flue gas constitution was one of the three methods
chosen for this research, and the other two can be found in [23]. The selected method
depends on the elementary fraction of the composition of the MSW and its energy content
(calorific value) in addition to the oxygen fraction, as shown:

B 227.2 H(O/o) +95.5 % (Co/o) + 35.6 S((yo) + 8.7 % N((yo) — 28.7 * O(O/o)

F v (13)
- 2 * C ((70)
Fe=—ev— (14)
o 1o Fe 209 (%) — 02(%)
CO2(%) = 100 — 209 (%) (15)

where, F is the fraction of flue gas flow per unit of energy [m3/M]]. F. is the fraction of
carbon flow per unit of energy [m3/M]]. GCV is the higher calorific value [M]/kg].

The percentage of the volumetric flow of oxygen in the flue gas can be calculated
depending on the calculation of the theoretical flue gas volume or based on the data
available from real waste incineration plants. Some of the available data shown were
adapted from [23].

Regarding the gross calorific value (GCV), this can be found in two ways; either by
laboratory analysis using the bomb calorimeter, or by using the available equations model
to calculate the value. Both were used here, and it was found that the value was in the
range 17,000-24,000 kJ /kg. The equation used to calculate this value is as follows [27]:

VM AC FC
GCV =19.2880 — 0.2135 <FC> —1.9584 (VM) +0.0234 (AC) (16)

where, VM is the volatile matter (%), AC is the ash content (%), and FC is the fixed carbon
(%). Table 6 shows the CO, emissions from real incinerators.

Waste normally includes oxygen and different organic compounds such as cellulose
(CsH190Os)), which is the main component of paper. In the previous calculations for burning
1 kg of carbon, the required air was all used for the complete combustion of carbon. No ex-
cess air was discharged from the interaction, (this amount of air is known as stoichiometric
air), and as a result, 11.43 kg of air was required as stoichiometric air for burning 1 kg of
carbon. The fraction of air considered as stoichiometric air implies a burning process of
100% efficiency, which means that air is in full contact with the waste surface such that none
of it is wasted. In reality, the amount of stoichiometric air is not sufficient to achieve the



Appl. Sci. 2022,12, 5236

10 of 27

complete burning process, and therefore, the amount of air must be increased. For burning
solid waste, excess air of 100 to 200% stoichiometric air is required [20]. The chemical

equation for the cellulose combustion process is shown below (according to [20]):

CeH190s5 + 60, + (6 * 3.76)N2 — 6CO, + 5H,0 + 22.56N,

Table 6. Characteristics of real incineration facilities (adapted from [23]).

Facility Waste Type Flow Rate CO, (0)) Auxiliary Fuel Amount of Daily Gross Calorific
(m3/h) Volume %  Volume % (m3/day) Waste Input Value (KJ/kg)
A MSW 50,888 8.56 10.6 2779 176 14,690
B MSW 57,250 9.75 9 1390 213 13,840
C MSW 57,423 10.2 8.79 236 14,650
D MSW 36,120 9.72 10 114 13,540
E w 62,371 6.95 12.7 173 32,260
F W 32,712 8.68 10.8 90 25,470
G w 15,082 8.29 114 66 31,460

As can be seen in Table 7, 5.09 kg of air is required to burn 1 kg of cellulose. This
amount is less than the required amount of air for elementary carbon in the previous
explanation, and is due to the existence of oxygen in the composition of cellulose. This led
to a reduction in the amount of CO, emissions produced from cellulose. It illustrates the
effect of the diversity of the chemical compounds that exist in the MSW on CO, emissions
and how difficult it is to predict the CO, emissions from waste.

Table 7. The chemical properties of cellulose interacting with air.

Reactants Resulting Material
CeH19O5 0, N, CO, H,0 N,
No. of moles 1 6 (6 x 3.76) 6 5 22.56
Atomic weights 162.16 32 28.02 44.01 18.02 28.02
Molecular weights 162.16 192 632.13 264.06 90.1 632.13
Material weight to 1 119 3.9 1.63 0.56 3.9

carbon weight

2.6. Nitrogen Oxide (Nox) Emissions and Reduction

Nitrogen oxides (NOxs) are the main cause of acid rain and smog and are formed by a
burning process known as oxidation. NOx is formed in two ways, either by oxidation of
fuel-bound nitrogen compounds called fuel NOx, or by oxidation of the nitrogen present in
the air at high temperatures, known as thermal NOx. Consequently, the NOx produced by
combustion remains in the range of 250-450 mg/Nm? at 11% dry O, [13,24]. See Table 8
for the new directives regarding NOx emissions, where the average NOx for new and
old plants is around 135 mg/Nm?. Normally, NOx emissions are reduced by reaction
with ammonia by using the selective non-catalytic reduction (SNCR) DeNOx type. The
ammonia comes from an aqueous ammonia solution or from the thermal decomposition
of a solid or aqueous urea solution. The following reduction reactions take place in the
temperature range of 850-1050 °C [28]:

4NO + 4NHj3 + O, — 4N, + 6H,O

2NO; + 4NH3 + O, — 3N»+ 6H,O
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Table 8. Applicable emissions for waste-to-energy (WtE) plants in Europe [13,28].

BREF WI Final Draft 2018
Pollutant IED (2010) BAT-AEL

New Plant Old Plant

NOx (mg/Nm? at 11% Oy) 200 50-120 50-150

NH3 (mg/Nm? at 11% O,) 2-10 2-10

PCDD/FI-TEQ (ng/ Nm? at 11% O5) 0.1 <0.01-0.04 <0.01-0.06
PCDD/F + Dioxin like PCBs - <0.01-0.06 <0.01-0.08

Hg <5-20 <5-20

Industrial Emissions Directive (IED), BREF: is the best available technique (BAT).

It should be noted that the maximum reduction in NOx emissions is limited to between
60 and 70%. This is because of the NHj slip at the stack prevention. Ammonia is usually
dosed at a maximum molecular ratio (f3) of between 1 and 1.25 [28].

Sometimes, the SNCR technique is not adequate to raise the concentration of NOx
emissions to the required level of the BAT; therefore, an advance reduction phase is required
by adding a selective catalytic reduction (SCR). In the SCR, the DeNOx reactions take place
with a high efficiency on the surface of the catalyst, at a lower temperature range of around
350 °C. To increase the required oxygen atoms, vanadium pentoxide (V,05) is used as
a catalyst because it can recover oxygen from the flue gas content. As mentioned, SCR
working with a low temperature field can be erected either at the end-tail of the flue
gas treatment and filtering unit or in an in-between position (between a filter unit and
electrostatic precipitator [ESP]) (as shown in Figure 3).

SCR wet

bag
filter
reactor

boiler

tail-end hot SCR arrangement in between SCR arrangement

Figure 3. Arrangement of an SCR system in the flue gas treatment of the plant [28].

For the SCR tail-end arrangement, there are two possible options; hot, 220-260 °C, or
cold, 190 °C. These two options provide some flexibility for working in different tempera-
ture profiles of the flue gas treatment stream. The working environment for this technology
depends on different factors which must be considered. The hot tail-end scenario depends
on the SO3 concentration, and when the temperature of the flue gas drops, it needs to be
reheated by using a gas burner or steam heat exchanger. In such cases, operational costs
increase. For the cold tail-end scenario, sodium bisulfate or a high specific surface (HSS) is
required to eliminate bisulfate and sulfate ammonium salt deposits. The in-between option
requires a reheating process and risks the formation of dioxin in the ESP due to its high
operating temperature. These SCRs are disadvantaged by their high capital costs, due to
the cost of the catalyst and the volume and complexity of the implementation. It is for these
reasons that in this study, the SNCR concept was adapted.
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2.7. Post-Combustion Flue Gas Cleaning Technology

Dry sorbent injection is an approved technology that can be applied to the controlling
system. A reactive sorbent is injected into the upper part of the furnace (high tempera-
ture) or in the duct downstream from the boiler (low temperature) to react directly with
the products of combustion. This technology has economic advantages including lower
equipment costs (first cost) as well as decreases in the ongoing operation and maintenance
costs. It also has a lower life-cycle cost than other technologies. Many gas pollutants can be
removed depending on the sorbent use. Commonly used sorbents in dry sorbent injection
systems include [29]:

e  Calcium hydroxide to mitigate HCl, HE, SO,, SO3, and Se.
e  Sodium bicarbonate to capture HCI, SO,, and SOj3, and to some extent, HF.
e Powdered activated carbon to adsorb heavy metals and organics compounds.

Reaction products are gathered in a downstream particulate control device together
with the fly ashes and unreacted sorbent, which can be used as feedstock to cement plants
or for stabilization of earthen structures, and can achieve 90% removal efficiency [29].

The development of emission restrictions for acidic gases from 2010 until the updated
regulations in 2018 is shown in Table 9. The regulations have become more restrictive with
requirements for increased concentrations of cleaning and reducing pollutants.

Table 9. Evolution of the emission limit value for waste incineration between the industrial emission
directive (IED) and the latest waste incineration (WI) best available technique reference (BREF)
document (for heavy metals the average is taken over the sampling period) [29].

Emission Limit mg/Nm? Dry

(Corrected at 11% O,) IED 2010 BREF 2018
SO; daily average 50 5-30
HCl daily average 10 2to6
HF daily average 1 1<
Dust - <2-5
Cd+TI - 0.005-0.02
Sb +As + Pb + C? +Co+Cu+Mn + ) 0.01-0.3
Ni+V

The selected sorbent to reduce acidic gases can be directly injected in the boiler at a
temperature range of between 850-1000 °C. Many operating plants (in operation mode)
have been developed to adapt and meet the requirements of the new regulations for acidic
gases by using the method of directly injecting sorbent using silo, a screw for injection
needs, and a dosing control system, after scaling-up the concentration of gases at the stack
effluent for a precise dosing process.

2.8. CO, Emissions and Capturing

A comprehensive economy requires an enormous amount of energy, which is primarily
produced by the combustion of fossil fuels. Many different chemical compounds are
released accompanied by the synthesis gas produced from the combustion of fuel, the
most concerning of which is CO;. Carbon dioxide emissions are considered a significant
negative side effect of this activity. The cumulative emission of CO, contributes to climate
change and is considered to be the greatest single contributor to the greenhouse effect [6].
Waste incineration plants are definitely emitting CO,. Ebsilon’s intensive numerical model
measures the emissions generated according to the designed MSW flow rate capacity of
plants. It is worth mentioning here that the average concentration of CO; in the Earth’s
atmosphere in 2018 was 407 ppm, which is about 40% higher than in the preindustrial
age [30]. Therefore, worldwide efforts to reduce CO, emissions are important for both
the global economy and the environment. In the past decades, many technologies and
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methodologies appear to have helped to achieve this goal. A summarized definition of
three technologies with the highest maturity levels is shown in Appendix A.

However, in this study, it was assumed that carbon particles were already activated
and injected in the stream flow of the flue gas of the simulated plant. It must be remembered
that the temperature of the flue gas has to be decreased as much as possible before it enters
the separation process of the CO, unit. It was noticed from the available data in [30]
that the adsorption efficiency of CO, emissions increased by decreasing the temperature.
The adsorption process decreased by 25-30% for each gram of activated carbon when the
temperature of the reaction increased from 0 °C to 25 °C at constant pressure.

MSW landfilling is also a major source of methane emissions in the form of landfill
gas. Methane is 25 times more potent of a greenhouse gas than CO,. WtE plants avoid the
formation of landfill gas by incinerating the organic methane-producing compounds in
MSW and can, therefore, improve net emissions savings.

According to the inserted data in Ebsilon regarding the MSW composition and com-
bustion chamber properties, the flue gas volumetric flow was around 760 m?/s, and the
CO, emissions was around 117,715 ppm, equivalent to 0.2 kg/m3, which means that there
was approximately 152 kg /s for the mass flow of CO,. It could be concluded that each kg
of incinerated MSW generates 30 m® of flue gas and that this volumetric flow holds around
6 kg of CO,. This amount is directly related to the combustion chamber zone.

3. Results
3.1. Model Calculations

A set of the model equations was used to find the volumetric flow rate of the flue
gas, the excess air needed, and the gas fractions forming the flue gas itself. The results
from this model were compared with the results achieved by Ebsilon as a first step in the
design of the proposed flue gas cleaning system. The reason for using this equation model
and inserting the governing parameters of the suggested waste incineration plant was to
validate Ebsilon’s results and to build a comprehensive emission calculation model that
can be used easily and for free. However, careful consideration must be given to specifying
the constitution of the elements of the waste and the capacity of the incineration facility.
The findings showed that the results from the equations model were close to Ebsilon’s.
Furthermore, Equations (2) and (4) perfectly matched the mass flowrate of air in Ebsilon’s
and could be considered for the calculation of air mass flow required for the incineration
of MSW. The CO; specification methodology also matched Ebsilon’s results, where the
percentage of CO, was calculated as a function of O,. These matches were validated
for different values of excess air ratios and different MSW mass flows. In all cases, the
results from the calculated air mass flow, oxygen volume, and CO; percentage matched
Ebsilon’s results.

Note: O, volume must still be divided by the calculated flue gas volumetric flowrate
to get the percentage of O,. According to the calculation model, the theoretical flue gas
volumetric flow rate was 2.55 m?/kg for 25 kg/s with MSW mass flow and an excess air
ratio of 1.5. Thus, the percentage of O, in the flue gas volume was around 5%. The source
of water vapor in the flue gas was attributed to the presence of water content in the MSW,
meaning that dry air was considered (see Figure 4). To validate this calculation model with
the results from Ebsilon, the governing parameters of the emission fractions (mass flow
of MSW and excess air ratio) were checked for each step change as seen in Table 10. As
can be seen from the model calculations, the CO; volume had the major fraction of the flue
gas volume constitution at around 21%, which makes sense since carbon formed around
11% of the combustible fraction of the analyzed sample of MSW taken in Jordan. At the
same time, the SO, volume and N had the lowest contribution in the flue gas volume with
0.00035 and 1.48%, respectively.
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Waste loaded with 25 kg/s and 7 MJ/kg as LCV,

Flue gas
Waste —
=0.115
€013 CO,  Vg,,=0214
H=0.01625
$=0.0005 S0, Vso, =0.00035
= Furnace m3of flue gas
0=0.114625 L
N'=0.00225 B0 Vi =049 kg of MSW
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Air,}>] —— -
0,
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Figure 4. Results of CO,, O, and air mass flow obtained from the calculation model.

Table 10. Volumes of O, and CO; in flue gas and the air mass flow required in the furnace (verified
using the model calculation and Ebsilon simulation).

Calculated
Excess Air MSW Mass Volumetric . .
o Flow (kg/s) Flue Gas Flow Model Calculations Ebsilon Results
(m3/kg Fuel)
o o Air Mass o o Air Mass
0, (%) CO;y (%) Flow (kg/s) 0, (%) CO; (%) Flow (kg/s)
1.5 25 2.55 5 15 54 5.4 14.4 51.5
2 25 2.67 8 12 69.4 8.8 11.6 68.7
2.5 25 2.78 12 8 86 11.2 9.7 85.8
1.5 30 2.55 5 15 62.4 5.4 14.4 61.8
2 30 2.67 8 12 83.3 8.8 11.6 82.4
2.5 30 2.78 12 9 104 11.2 9.8 103

The findings from both methodologies (model equations and Ebsilon) showed approx-
imately the same results for O,, CO,, volumes in flue gas, and air mass flow as required
in the furnace. Any deviations in the results were small. The volume portions of O, and
CO, were not affected by the change in the mass flow of the MSW, but did change with
the excess air ratio. The volume of CO, decreased when the excess air ratio increased, and
as previously mentioned, this is what should happen. The mass flow rate of air required
to achieve the combustion process in the furnace was affected by both the excess air ratio
and the MSW mass flow. The air mass flow rate was proportional to the excess air ratio
and the MSW mass flow. This makes sense, as increasing the mass flow of MSW requires
more excess air to match the increment in the MSW loaded into the furnace which requires
an increase in the amount of air pumped into the furnace (air mass flow) and vice versa.
The results from the model equations can be considered and adapted for the pre-design
steps of any waste incineration plant to be erected when the MSW composition (elementary
analysis), LCV, and plant capacity are specified.

3.2. Flue Gas Density Effect (Checked by Ebsilon)

The effect of flue gas density is important for the specification of the amount of CO,
emissions. It is well-known that the density of flue gas decreases with increases in its
temperature, which leads to an increase in CO, emissions (see Figure 5). This has a direct
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Air Ratio

77

effect on the air ratio (excess air/stoichiometric air) in the combustion chamber (furnace),
where the emissions decrease when the air ratio is increased. It can be said for any waste
incineration process that working at 800 °C is better than working at 1000 °C in terms
of emissions, specifically CO, emissions; on the other hand, it is preferable to work with
higher temperatures in terms of energy.

kg/s

CO2 emissions

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperature °C

Density e (CO2 emissions

Figure 5. Flue gas temperature and density with CO, emissions (simulated in Ebsilon).

The results showed that when the temperature of the flue gas was around 70 °C, its
density was 1.3 kg/ m?3, while the CO; emissions were at a minimum value of 77 kg/s. On
the other hand, when the flue gas temperature reached 1200 °C, the density was 0.24 kg/m?3
and the CO, emission was at 203 kg/s.

Figure 6 is a theoretical illustration of how when the air ratio was increased to 8, the
CO; emissions reached their lowest value of 77 kg/s, and the highest of 203 kg/s was
reached when the air ratio was around 1.2. The optimum air ratio for the operation of a
real waste incineration plant is 2-2.5 to keep the flue gas temperature at around 900 °C in
the furnace, which is the ideal temperature value required to meet regulations.

89 109 120 128 144 155 170 190 203
CO, Emissions (kg/s)

Figure 6. Air ratio and CO, emissions.
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A waste incineration plant in Klemetsrud (Oslo, Norway) was used as the bench mark
when analyzing the results. This plant works with three lines of grate firing technology;
two emit different compositions of flue gas to the third. The mixture entering the treatment
facility consisted of 23% of flue glass for two lines and 54% for the third line [31].

3.3. NOy Emission Reduction Using SNCR Technology (Simulated in Ebsilon)

The available elementary analysis from the waste sample data taken in Jordan was
inserted in Ebsilon to simulate the NOy emissions (and other emissions such as CO,,
Sox, etc. (each is explained in its related part)). All the inserted parameters are shown in
Figure 7 and Table 11.

XNO2 62.325 ppm
NH3 ammonia /

1.000 bar  |83.249 kJ/kg
40.000 °C | 0.017 kg/s

D - SNCR XNO2 191.450 ppm

Flue gas Temperature
T 931.083 °C

Ash
Combustion chamber D | s

P 1.000 bar |H 381.712 kJ/kg
T 400.000 °C__|[M_ 3.750 kg/s

MSW _
M 25.000 kg/s Air
T 50.000 °C A | M 150.000 Kkg/s
Iz T 25.000 °C
YAN

Figure 7. Simulated selective non-catalytic reduction (SNCR) technology for NOyx emissions in
Ebsilon (190 ppm = 357.5 mg/Nm®).

Table 11. Input and output parameters of the combustion chamber.

Combustion Chamber (Input)

MSW
value unit
Mass flow 25 Kg/s
Temperature 50 °C
LCV 7 M]/kg
Air
Mass flow 150 Kg/s
Temperature 25 °C
Combustion chamber (output)
Flue Gas
Mass flow 171 Kg/s
Temperature 931 °C
Pressure 0.8 bar
Ash
Mass flow 3 Kg/s
Temperature 931 °C
NO;
Concentration 190 ppm

The concentration of NOx was around 360 mg/ Nm?3. The results of the simulation
showed that it is possible to meet BAT requirements with SNCR technology where the NO,
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concentration was reduced to 62 ppm (which is equal to 116 mg/Nm? and is a little bit less
than the target BAT value). This depended on the mass flow of injected ammonia NHj in
the flue gas treatment stream, where 116 mg/Nm? was reached by injecting 0.02 kg /s of
ammonia into the flue gas, and where approximately 0.8 kg/Ton of MSW was required.

3.4. Adopted Flue Gas Cleaning System for the Proposed Plant

Two main categories are available for flue gas cleaning; either dry or wet [27]. The
main issue which must be considered if using the wet cleaning facility is water usage. For
example, if NaOH suspension is applied, the scrubber system must have an additional
water treatment plant in which the sulfate ions of the Na;SO4 solution are precipitated as
gypsum. As the MENA region is one of the most water-scarce areas in the world [32,33], the
dry cleaning system would be much better than the wet system despite the corresponding
increase in operational costs because of the increased consumption of chemicals.

Dry and semi-dry flue gas cleaning systems are similar. In both systems, the acid
gases react with hydrated lime (Ca(OH);). In this process, the gases are converted to solid
substances such as calcium chloride, calcium sulfite, and calcium fluoride. The reaction
products are precipitated in a subsequent bag house filter. The difference between the two
systems is that in dry flue gas cleaning, the lime is injected in a solid form, whereas in
semi-systemes, it is injected in the form of an aqueous suspension.

To calculate the amount of lime required to interact with the emitted amount of acids
and sulfate emissions (HCl, SO,, and HF), the molar weight of these compounds was used.
According to [34], hydrated lime and one mole of Ca(OH), captures two moles of HCI and
one mole of Ca(OH), captures one mole of SO, (see the chemical equations below).

Ca(OH), + 2HCI — CaCl, + H,O

SO, + Ca(OH), — CaSO3; + H,O

According to the simulated results in Ebsilon for emissions and the molar weights of
the related compounds, the amount of lime required to reach a certain level of emissions
(see Table 12) matched the limitations on emissions stated in the 2018 BREF, which is 293 g
of lime. The lime is injected as dry material into the flue gas stream in the reactors. It should
be noted that the flue gas mass flow rate was around 340 m3/s where the temperature of the
flue was around 1000 °C, which decreases the flue gas density and increases its mass flow.

Table 12. Molar weights and emissions concentrations of sulfur oxides and hydrochloric acids.

. Ebsilon Emissions Ebsilon Emissions
Compound Molar Weight (g/mol) Before Treatment (mg/m?) After Treatment (mg/m?)
Ca(OH), 74.093 reagent Reagent
SO, 64.06 451.96 22.53
HCl1 36.45 364.07 3.64

In recent years, the international community has paid more attention to climate change.
It has promoted the study of technologies to reduce the emission of greenhouse gases such
as CO,, SOy, HCI, and HF, among others, which is said to be responsible for contamination
of the atmosphere and climate change. The increase in CO, has been generated by the
growth in demand for energy, which makes it difficult to reduce. In the short term, one of
the most viable options to reduce emissions is capture and storage, as agreed by the IPCC,
which has set an ambitious objective of reducing CO, emissions by 50% by 2050 [35].

There are three main technologies currently available on the market to treat and reduce
CO, emissions (an explanation about each of them can be found in Appendix A). Post-
combustion technology was chosen to be simulated in Ebsilon and to ascertain the results
of any potential CO, reduction. It is most important when using this technology to select
an efficient sorbent, so in this model, spherical nano carbon materials were used.
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The governing chemical equation for the interaction between the solid spherical carbon
materials and CO, gas is as follows:

COy(g) + C(s) = 2CO(g)

As can be seen, the chemical molar equality states that each mole of carbon grabs
one mole of carbon dioxide, and as a result, this interaction produces two moles of carbon
monoxide (CO). It is important to mention that carbon monoxide does not directly con-
tribute to global climate change, but it does react in the atmosphere to produce methane and
ozone [30]. Methane and ozone are similar to carbon dioxide in the contribution they make
to human-caused climate change. Despite this, carbon monoxide was not identified in the
suite of greenhouse gases addressed by the Kyoto Protocol or in most other international
agreements aimed at reducing climate change. Carbon monoxide has not been targeted as
a greenhouse gas in part because its effects on the climate depend on the locations from
which it is emitted.

The generated carbon monoxide can reproduce carbon dioxide by interacting with
the oxygen in the atmosphere, and while CO is both formed and oxidized in the upper
atmosphere, the rate of oxidation of CO in the dense lower atmosphere is not known with
certainty [36]. It has been indicated that no direct chemical oxidation of CO by oxygen
in sunlight has ever been observed. The concentrations of atomic oxygen (O) and the
rate coefficients, particularly in the lower atmosphere, are too low to cause appreciable
loss. Carbon monoxide is chemically oxidized slowly by molecular oxygen in the lower
atmosphere via the process:

CO+0; =+CO+0O

Additionally, via the water gas reaction:
CO + Hy0 < CO, + H

As can be seen, the reaction of carbon monoxide with water vapor is a reversible and
unfixed reaction. Both the above-mentioned reactions require a massive amount of energy
to be accomplished in nature (atmosphere), where 213,384 KJ/mol of energy is required
for interacting carbon monoxide with oxygen and 280,328 KJ /mol is required to react with
water vapor [36]. The enormous amount of energy required is the main barrier to achieving
these reactions in the atmosphere, due to which reproducing carbon dioxide by oxidation
of carbon monoxide seems to be difficult in the lower part of the atmospheric wrap.

In nature, many sinks probably exist for carbon monoxide gas, and large-scale at-
mospheric mixing is sufficient to move the CO to an upper atmospheric sink. Another
possible sink is when the CO is in contact with soil that may be oxidized and converted by
commonly found specific anaerobic methane-producing soil microorganisms. The ocean
may also serve as a potential sink for CO. Carbon monoxide is soluble to a degree in sea
water to the order of 0.032 to 0.017 (volume of gas, absorbed by a unit volume of water
when the pressure of the gas equals 1 atm) at a temperature range of —2 to 30 °C [36].

Table 13 shows the results from the simulated spherical carbon injection to reduce the
CO; emissions of the flue gas in Ebsilon.

Table 13. CO, emissions before and after the reactor of CO, purification.

. Ebsilon Emissions Ebsilon Emissions
Compound Molar Weight (g/mol) before Treatment (mg/m®) after Treatment (mg/m?3)
CO, 44.01 180,960.66 4014.7

As can be seen in Table 13, the CO, emissions before the reactor were 180.9 g/m3
which is equivalent to 35 kg/s, where the mass flow rate of the flue gas according to
Ebsilon’s results was 195.25 m3/s. This means that there are around 1.4 tons of CO,
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emissions generated from this facility, which matches the values for CO, emissions in
the literature [37], where the range is around 0.7-1.7 tons for each ton of waste burned
in WtE systems. It should be noted that before the obligated abatement stated by the
IPCC, the Kyoto Protocol, and other agreements, laws, and regulations issued to reduce the
amount of CO, emissions, which make a direct contribution to climate change, this amount
of pollution (CO, emissions) was directly released into the atmosphere. All European
countries and those that have waste incineration techniques are now issuing regulations to
reduce the amount of emissions from or with flue gas. For example, the waste incineration
plant in Oslo in Norway (klemetsrud) was the source of 385,000 tons of CO, emissions each
year, and therefore, Oslo’s goal of a 95% reduction in emissions by 2030 is necessary [38].

A successful pilot project in 2011 to capture 90% of the CO, from a small flue gas
stream is now a full-scale carbon capture project [38]. The project will capture 400,000 tons
of CO, every year in an amine-based absorption capture plant. Although this is an early
example of large-scale capture of WE, the capture process is well understood and has been
tested in other capture applications [39].

According to the simulation results, 9.4 kg/s of spherical carbon was required to verify
91% of CO; reduction (as shown in Table 13). This means the equivalent CO; for each ton
of waste is to be reduced to 0.03 tons for each ton of waste.

The results of the model calculations for CO; and O, were validated by comparing
them with Ebsilon’s results and the available data from the literature which were adapted
from real incineration plants. The model is viable to be used in the design phase and to
predict the amount or percentage of CO; emissions in the generated volumetric flue gas. An
integrated flue gas cleaning system was also simulated in this study. The results depended
on an elementary analysis of the data which was prepared to build a comprehensive model
(simulated) of a waste incineration plant with its related emission cleaning system. The
proposed cleaning system for flue gas starts with SNCR to control and reduce the emission
of NO, and ends with the reduction process for CO,. The model is illustrated in Figure 8.

Five points were made on the stream line of the flue gas to illustrate the important
stages that the flue gas passes through during the cleaning process (see Figure 8). The
heat exchangers 1 and 2 have the same role as the boiler in the simulated facility. Point 1
is the effluent from the combustion chamber where the flue gas holds the total amount
of thermal energy and the whole volume of gas emissions. Point 2 gives the data for the
flue gas emissions just after the SNCR to scale-up the NO,. Point 3 is after the first heat
exchanger (the first stage of the boiler) and electrostatic precipitator (which works to reduce
the amount of the particulate matters in the flue gas). Point 4 is after lime injection to
measure the reduction in SO, and HCI. Point 5 is the most important, and comes after the
injection of carbon (spherical carbon material) to capture CO, and reduce its concentration
in the flue gas stream.

Splitter is a component of Ebsilon which is used to separate compounds and materials.
Two different mass flowrates of MSW (25 and 30 kg/s) were inserted in the simulated model
of the cleaning system. This produced the same emission values for both mass flowrates
loaded into the furnace, and as they were the same, only the results for the 25 kg /s MSW
are presented in Table 14. The effect of excess air was clear, as shown in Figure 9. For CO,
emissions at 1.5 excess air ratio, the first value for the CO, concentration emitted from the
furnace was 258,514 mg/Nm? which could be reduced to 6000 mg/Nm? before the stack. To
achieve this reduction, around 9.4 kg /s of spherical carbon should be injected. For the 2 and
2.5 excess air ratio, CO; emissions reduced from 209,294 mg/ Nm? to 4728 mg/ Nm? and
from 175,855 mg/Nm? to 3892 mg/Nm?, respectively. The same outcome was observed
for all emitted gases. The SO, with 1.5 excess air was 890.2 mg/Nm? before treatment and
44.5 mg/Nm? after treatment. With 2 excess air, SO, emissions dropped to 720.5 mg/Nm?
before treatment. After exposure to lime particles, it was 35.8 mg/ Nm?, and finally, with
2.5 excess air, it was 604.7 mg/Nm? before lime injection and 30.3 mg/Nm? after interaction
with lime particles.
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Figure 8. Flue gas cleaning system for the proposed incineration facility (simulated in Ebsilon).

Table 14. Results of the simulated flue gas cleaning emissions system for 25 kg/s of MSW.

Emissions [mg/Nm?]

. Air Flow Rate of Flue Gas

MSW Mass Air Mass Excess .

Flow [kg/s]  Flow [Kg/s] Tempoe(rjature Air Ratio Fl[l::slcs;i;ls Tempoecrature CO, NO, SO, HCL  Point
25 51.5 120 1.5 310.5 1146 258,514.40 749.90 890.20 717.00 1
25 515 120 15 310.5 1146 258,514.40 180.00 890.20 717.00 2
25 51.5 120 15 1374 325 258,514.40 180.00 890.20 717.00 3
25 51.5 120 1.5 1374 325 258,514.40 180.00 44.50 7.16 4
25 51.5 120 1.5 85 129 6023.90 180.00 44.50 7.16 5
25 68.6 180 2 337 998 209,294.70 606.80 720.50  580.00 1
25 68.6 180 2 337 998 209,294.70 145.40 720.50  580.00 2
25 68.6 180 2 166 325 209,294.70 145.40 720.50  580.00 3
25 68.6 180 2 166 325 209,294.70 145.40 35.80 5.60 4
25 68.6 180 2 104 129 4728.20 145.40 35.80 5.60 5
25 85.8 190 2.5 375 931 175,855.40 509.40 604.70  486.00 1
25 85.8 190 25 375 931 175,855.40 122.30 604.70  486.00 2
25 85.8 190 2.5 195 325 175,855.40 122.30 604.70  486.00 3
25 85.8 190 2.5 195 325 175,855.40 122.30 30.30 4.80 4
25 85.8 190 2.5 124 129 3892.30 122.30 30.30 4.80 5
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Figure 9. Emission concentrations (5O, NO,, HCL, and CO,) before and after the treatment process
as a function of excess air. (a) Excess air 1.5. (b) Excess air 2. (c) Excess air 2.5. (d) CO, emissions
before exposing to reduction process. (e) CO, emissions after exposing to reduction process.

Regarding the NO; emissions, for the 1.5 excess air ratio, it could be reduced from
749 mg/ Nm? to 180 mg/ Nm?3, and from 606 mg/ Nm? to 145 mg/ Nm?3 for 2 excess air
ratio. With 2.5 excess air ratio, the reduction was from 509 mg/Nm? to 122 mg/Nm?.

Table 15 summarizes the emission values of the flue cleaning system after the furnace
at point 1 and before the stack at point 5.

Table 15. Summary of results of the flue gas emission cleaning system.

Emissions [mg/Nm?]

Excess Air Ratio CO, NO, SO, HCL Point
258,514.40 749.90 890.20 717.00 1
15 6023.9 180 445 7.16 5
209,294.7 606.8 7205 580 1
2 47282 145 4 35.8 5.6 5
175,855.4 509.4 604.7 486 1
25 3892.3 1223 30.3 48 5

As previously mentioned, gases emitted from waste incineration facilities must adhere
to the laws and regulations in each country. For example, in Europe, they follow the EC
BAT 2010 techniques which can be adapted for MENA region countries since there are no
incineration plants. Flue gas emission requirements affect capital investment and plant
operation costs which is why the economic analysis of waste incineration is so varied
and changeable. The analysis of flue gas emissions in this study highlights the need for
future research into the detailed costs of the chemical compounds required, such as lime
and spherical carbon, to achieve reductions in emissions. Regarding the polychlorinated
dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzo-furans (PCDFs), as mentioned
before, the design temperature of the furnace was taken at 850 °C, and the recommended
temperature for the combustion zone to achieve complete combustion process and reduce
formation possibility of PCDDs is in the range between 850-1000 °C, and therefore, this
range of temperature hampers the rearrangement reaction of chlorinated precursors such
as chlorophenols (CPs) and chlorobenzenes (CBs) in the gas phase. Furthermore, the end-
of-pipe treatment technique from which 95% of dioxin and furan removal can be achieved,
which can be formed in the post-combustion zone at low temperatures due to de novo
process (the surface catalytic effect of fly ash), and this technique consists of a wet scrubber
and a bag filter coupled with carbon injection at a temperature between 120-150 °C. Inject-
ing carbon at 50 mg/ Nm? burns it in the incinerators [40]. The concentration and reduction
of PCDDs and PCDFs were beyond the scope of this research.
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4. Discussion

In our previous work [12] which used Jordan as a case study, a waste incineration
plant was simulated to produce power and desalinated water, from which analysis of
the MSW sample taken in Jordan was achieved. The proposed system was also analyzed
economically. The previous work was essential for this research in relation to air emissions
from waste incineration plants since such waste incineration technology is at an earlier
stage in the MENA region.

There are many studies on the topic of waste incineration emissions, particularly since
the introduction of new regulations and agreements to reduce the emissions from waste
incinerations plants, specifically CO, emissions which are considered the main driver of
climate change. Sevilla et al. [41] prepared highly porous carbons and tested three materials
as sorbents for CO; capture.

Jones et al. [42] suggested four different methods to ascertain the amount of carbon in
waste combusted in Sweden. They took real samples from erected waste incineration plants
including 42 solid samples, 21 flue gas samples, 3 sorting analyses, and 2 investigations
using the balance method.

Clerens et al. [43] studied the greenhouse gas (GHG) emissions from MSW manage-
ment in EU countries, mainly in waste incineration facilities, and found that one of the
best techniques for improving the performance of waste incineration, as well as reducing
emissions, was to improve the efficiency of the incineration plants. After a comprehensive
analysis of current and emerging techniques, they concluded that if proven techniques and
supporting measures are properly implemented, the amount of energy recovered from
waste can be increased by 35%, using the same amount of waste as feedstock.

Hwang et al. [44] studied the effect of country-specific, plant-specific, and operational
conditions on the emissions from real waste incineration plants in Korea, based on data
gathered from real plants. The selected incineration plants had different operating systems
(i.e., stoker, fluidized bed, moving grate, rotary kiln, and kiln and stoker), and different
nitrogen oxide (NOx) removal systems (i.e., selective catalytic reduction (SCR) and selective
non-catalytic reduction (SNCR)) to treat municipal solid waste (MSW), commercial solid
waste (CSW), and specified waste (SW). The total mean emission factors for MSW inciner-
ation were found to be 134 + 17kg CO, ton~! and 69 + 16 g N,O ton~! while those for
CSW incineration were 259.76 g N,O ton 1, and for SW incineration, the emission factors
were 2959 kg CO, ton~! and 401.21 g N,O ton~ L. In the case of Korea, it could be con-
cluded that MSW incinerators have the lowest CO, emissions. Choi et al. [45] continuously
measured the emissions from five MSW incinerators and four industrials for N,O and
CO;. The climate-relevant CO, emission factors ranged from 0.45 to 0.72 tons of CO,/ton
waste combusted in modern waste incinerators (MWI). According to the Bellona Europa
report [46] the CO, produced by burning municipal solid waste can be captured, trans-
ported, and permanently stored at geological storage sites to prevent the emission of CO,
into the atmosphere. Some researchers have investigated the effect of waste incineration
plants as electricity generators on climate emissions in terms of life cycle assessment [47].
Trilling et al. [48] investigated the life cycle climate change impact of waste incineration.
Their sensitivity analysis indicated that the non-biogenic fraction of the waste significantly
influences the life cycle assessment.

However, the novelty of this study is to introduce a comprehensive methodology
through a validated model to pre-assess the potential CO,, SO, and NO; emissions from
a waste incineration plant during the design phase. Waste composition (the elementary
fractions of the waste), LCV, and incarnation design capacity were the most important
values to be investigated and specified to activate the model.

5. Conclusions

Converting waste to power and generating water (WtE) is a unique process which can
be carried out in many countries, particularly those with chronic waste management and
water scarcity problems. However, WtE must become more efficient. Climate change is the



Appl. Sci. 2022,12, 5236

24 of 27

responsibility of all sectors that contribute to increases in CO; in the atmosphere, including
transportation and power generation. Waste incinerators are one source of CO, emissions
and other gases, but they are currently using promising technologies to mitigate their
emissions. As previously mentioned, there are a range of regulations issued by different
authorities including the EC that state an acceptable level of emissions from incineration
facilities to reduce the effect on climate change. This research presented two available
methodologies that predict emissions from a waste incineration plant either by applying a
set of equations in Excel or by using Ebsilon software. Findings from the first methodology
were validated using Ebsilon. There were three main factors that needed to be well-defined
beforehand; (i) waste composition (elementary definition), (ii) waste energy content (LCV),
(iii) and designed plant capacity. As this paper was integrated with our previous work,
where a waste to energy to water plant was suggested for a case study in Jordan, the
previously mentioned factors were precisely defined and evaluated, and an elementary
analysis of the waste is presented in Table 1, where 7 MJ/kg annual LCV was assumed
as well as a 25 kg/s designed capacity of the plant. It was found that excess air plays a
major role in the concentration of emissions, especially CO;. According to the results, CO,
could be reduced from 258 x 10° mg/ Nm?® with excess air of 1.5 to 209 x 103 mg/ Nm?
with 2 excess air ratio; it could be decreased further to 175 x 10> mg/Nm? but this also
reduced the energy content of the flue gas itself. In addition, spherical carbon materials
were used in the simulation as absorption materials for CO, emissions. The results showed
that the spherical materials were effective where CO; could be reduced by 90%.

The effect of excess air could also be seen on the concentrations of the other gases,
and SO,, NO;, and HCL emissions decreased around 33% by increasing the excess air
from 1.5 to 2.5. The simulations results showed that the carbon particles were effective to
mitigate the CO; emissions, and at the same time, SNCR achieved 76% removal in terms
of NO, emissions. On the other hand, the results of O, and CO; volumes in the flue gas
calculated by the Excel model were perfectly matched with Ebsilon, which means that the
set of equations used (Excel model) can be adapted especially in the early design steps as
long as the elemental composition of the waste is available.
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Appendix A
Post-Combustion Capture:

The capture of CO, from flue gases made by the combustion of fossil fuels and biomass
in air is known as post-combustion capture. The flue gas is passed through equipment
which separates most of the CO,. The CO; is fed to a storage tank and the remaining flue
gas is relinquished into the atmosphere. The separation process is achieved using a specific
chemical sorbent. This technology is mature and is applicable on an industrial scale. Many
existing plants around the world are working with post-combustion chamber techniques
and approve of this technology including 2261 GWe capacity oil, coal, and natural gas
power plants [49], and in particular, 155 GWe supercritical pulverized coal-fired plants [50].
Furthermore, with over 60% of the electricity in the United States (US) produced from
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fossil fuel power plants, the deployment of post-combustion capture technologies is vital
to reduce CO, emissions [51].

Oxy-fuel Combustion Capture:

With this type of capturing, almost pure oxygen is used for combustion as an alter-
native to air, resulting in a flue gas that is mainly CO, and H;O. If fuel is burnt in pure
oxygen, the flame temperature is excessively high, but CO,- and/or HyO-rich flue gas
can be recycled to the combustor to justify this. Oxygen is typically produced by low-
temperature (cryogenic) air separation and novel techniques to supply oxygen to the fuel,
such as membranes and chemical looping cycles. The disadvantage of this process is that it
needs a huge amount of oxygen to become separated. This increases operational costs. It is
not widely used in MSW incineration plants due to the existence of water inside the waste
composition [30,52].

Pre-combustion Capture:

This technique is more complicated, and includes reacting a fuel with oxygen or
air and/or steam to give mainly a “synthesis gas” (syngas) or “fuel gas” composed of
carbon monoxide and hydrogen. The next stage is the reacting of carbon monoxide with
steam in a catalytic reactor called a shift converter, to give CO, and more hydrogen. CO,
is then separated, usually by a physical or chemical absorption process, resulting in a
hydrogen-rich fuel which can be used in many applications, such as boilers, furnaces,
gas turbines, engines, and fuel cells [50]. It can be concluded from the brief information
mentioned above about post-combustion technology that it is more mature than the other
two technologies. There is much detailed research in the literature about the differences
between these technologies [50,53], both technically and economically, but these are beyond
the scope of this study.

Post-combustion technology was chosen to be simulated in Ebsilon and to capture the
results of any potential reduction in CO,. The most important point about this technology
is the selection of an efficient sorbent. There are a number of criteria that must be met
for a successful sorbent material, specifically high selectivity and adsorption capacity for
CO,, fast adsorption and desorption kinetics, efficient regeneration of sorbents, and low
cost [54]. Different materials have been investigated as solid-state adsorbents for CO,,
such as zeolites, silica, porous polymer materials, metal organic frameworks, and carbon
materials [55-57]. The most efficient for CO, adsorption are carbon materials, which exhibit
a high surface area, large porous volume, chemical stability, affinity for carbon dioxide, low
cost, and the possibility of modification with heteroatoms [58]. The weak aspect of carbon
sorbents is their poor selectivity.

There are many behaviors that can overcome this undesirable feature and convert the
carbon element into activated carbon with a high rate of selectivity. Polymers, biomass,
or resins are widespread and used to produce or to convert these sources of carbon into
activated carbon by using potassium compounds, namely, potassium hydroxide or potas-
sium oxalate chemical activators. This leads to increasing selectivity and also enhances the
surface area and porous volume. For example, according to the results in [59], chemical
activation with potassium oxalate resulted in a large increase in the surface area of carbon
materials (from 680 m?/g to 1490 m?/g) and an increase in CO, uptake from 3.03 mmol/g
to 7.67 mmol/gin 0 °C at 1 atm.

The use of spherical nanocarbon materials as a desirable structure is the optimum.
Different technologies have been used to achieve this goal, and the most popular is the
Stober method which is used to obtain porous nanocarbon spheres, using resins as a carbon
source and microwave-assisted solvothermal.
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