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Abstract

To increase the waste heat recovery (WHR) efficiency of gas boiler and decrease
NOx emissions, a flue gas total heat recovery (FGTHR) system integrating direct contact heat
exchanger (DCHE) and combustion air humidification (CAH) is put forward. The
experimental bench and technical and economic analysis models are set up to simulate and
evaluate the WHR performance and NOy emissions in various operation situations. The
results show that when the air humidity ratio elevates from 3 g/kgary air to 60 g/kgary air, the
dew point temperature increases by 7.9 °C. When the flue gas temperature approaches the
dew point temperature, the rate of improvement of the FGTHR system's total heat efficiency
notably rises. With spray water (SW) flowrate and temperature of 0.075 kg/s and 45 °C, the
WHR efficiency relatively increases by up to 8.4%. The maximum sensible and latent heat
can be recovered by 4468 w and 3774 w, respectively. The flue gas temperature can be
reduced to 46.55 °C, and the average NOx concentration is 39.6 mg/m>. Compared with the
non-humidified condition, the NOx and CO: emissions relative reduction of the FGTHR
system are 61.2% and 8.7%. The payback period of FGTHR system is 2 years. Through
simulation, it can be concluded that the decrease in exhaust flue gas temperature and velocity,
as well as the increase in exhaust flue gas humidity, has a negative impact on the diffusion of
NOx in the atmosphere.

Keywords:

air emissions from fossil fuel combustion, energy conversion/systems, energy systems
analysis, fuel combustion, natural gas technology

1 Introduction

Due to global warming, climate issues are receiving increased attention from people [1].
More and more countries are announcing improvements in energy efficiency and reductions
in greenhouse gas emissions to fulfill their obligations under the Paris Agreement [2].
However, increased CO> emissions from burning natural gas can lead to global warming [3].
In China, the demand for natural gas is expected to reach (5500-6500) x 10® m? around 2040,
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an increase of 70% over 2020 [4,5]. The flue gas temperature without waste heat recovery
(WHR) is about 150 °C [6], which consists of a sizable portion of water vapor with a
significant quantity of latent heat [7,8]. Meanwhile, NOx emissions in exhaust flue gas can
cause negative environmental impacts such as acid rain, photochemical smog, and visual
pollution [9,10].

Heat exchangers and heat pumps are utilized commonly in WHR systems [11,12]. Shang et al.
[13] presented a non-direct contact heat exchange (non-DCHE) system whose energy
conservation rate was 12.97% higher than an original boiler. Fluoroplastic non-direct heat
exchange is used to overcome the corrosion problem, but it needs a bigger surface [14].
Conversely, the material consumption of DCHE 1is considerably less [15]. Due to the
difficulty of cold sources at low temperatures faced by heat exchangers, the improvement of
WHR efficiency is very limited [16]. Compared to the heat exchange technology, heat pumps
utilize a low-grade heat source for recovering waste heat [17]. The lower the temperature of
the cold source, the higher the WHR rate [18,19], which can rise to about 14% [20]. However,
the coefficient of performance (COP) of absorption heat pumps decreases in cold regions due
to the influence of evaporation temperature [21], and their initial investment is high [22].

At present, the methods for low-NOyx combustion technologies include premixed combustion
[10], flue gas recirculation [23], staged combustion [24,25], and oxy-fuel combustion [26].
The inlet combustion air of the boiler is typically excessive to ensure adequate combustion.
As a result, a significant amount of N> reacts with the remaining O in the furnace to produce
NOx. By changing the state conditions of the gas inlet, such as premixed combustion, the
problem of uneven furnace temperature caused by poor mixing can be effectively solved, and
NOx emissions can be reduced [27,28]. Injecting CO> [29], flue gas [30], H>O [31], and other
gases into the combustion chamber can inhibit the formation of NO.. However, compared
with water, the specific heat capacity of carbon dioxide and flue gas is large, and the thermal
diffusivity is low. Excessive injection of CO; and flue gas can lead to combustion instability
[32]. In contrast, water is a good choice, the increase in H,O content effectively reduces the
concentration of N2 and Oz in the air [33]. The endothermic process of H>O in the furnace
converts a large amount of combustion heat into latent heat for storage, reduces the
combustion temperature in the furnace [34], and significantly inhibits the generation of NOx.
In addition, although the NOx pollutant concentration reaches the gas boiler emissions
standard, terrible diffusion conditions can lead to NO: peak concentration exceeding air
quality standards. The United States Environmental Protection Agency (EPA) used the 1-h
standard indicator to protect public health by limiting people's exposure to short-term peak
concentrations of NOz. The EPA set a 1-h NO; standard of 100 parts per billion [35]. The
Chinese ambient air quality standard (GB 3095-2012) allowed the maximum 1-h average
value of NO; in residential ambient air functional area to be 250 ug/m? [36]. Compared to
traditional boilers, changes in exhaust flue gas temperature, velocity, and humidity in the
WHR system will affect the diffusion of pollutants.

In this paper, a collaborative flue gas total heat recovery (FGTHR) system was implemented
to reduce NOx emissions and improve WHR performance. The mathematical energy,
environment, and economics models were established to compare different systems. The
WHR efficiency and NOx concentration effects under different air conditions were
investigated by experimental setups. Quantitative comparative analysis was conducted on the
DCHE system (single SW tower) and FGTHR system (double SW tower) to obtain suitable
operating parameters for the SW tower. Subsequently, the effects of NOx diffusion in the
exhaust gas at the stack exit were studied at different temperatures, velocities, and humidity.
For the DCHE system, the temperature difference between the SW (spray water) and the flue
gas was large, resulting in a decrease in the grade of recovered heat. The FGTHR system
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consisted of DCHE and combustion air humidification (CAH) units to reduce each section's
heat transfer temperature difference and the reduced grade of recovered heat. On the one
hand, the FGTHR system solved the problem of finding a continuous low-temperature cold
source and provided stable and sufficient environmental conditions for air preheating and
humidification. On the other hand, air humidification changed the combustion temperature
field, thus controlling pollutants.

2 Experiment and Method

2.1 System Description.

Figures 1 and 2 show the experimental system, which is composed of a gas boiler, two water
tanks, a DCHE unit, a water—water heat exchanger, a CAH unit, and a water pump. The
operating mode of the system could be adjusted using valves. The experimental system
consists of four parts: the combustion air, the flue gas, the SW, and the heating water.
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Fig. 1. Flow diagram of system
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Fig. 2. Schematic chart of system and test point layout

FGTHR system mode: Valve 2 is closed, and valves 1 and 3 are opened.

1. Combustion air part: The air first enters the CAH unit, where it is converted to raise
temperature and humidity before entering the gas boiler for natural gas combustion.

2. Flue gas part: Natural gas and air burn to form flue gas, which is entered into the
DCHE unit to transfer heat. Then, the flue gas is discharged through the demist net.

3. SW cycle: As the SW reaches the DCHE unit, it is heated by the flue gas. Then, it
enters the CAH unit to humidify the combustion air, and finally gain heat to the heat
network's backwater via the heat exchanger.

4. Heating water part: The heat network is represented by a thermostatic water tank. The
heat network's supply water recovers the heat of the SW via a heat exchanger, before
being heated by the boiler and returned to the heating network to transfer heat to the
consumer.

DCHE system mode: Valves 1 and 3 are closed, and valve 2 is opened. The flow of the flue
gas, heating water, and combustion air parts is the same as in the FGTHR system mode.

1. SW cycle: As the SW reaches the DCHE unit, it is heated by the flue gas. Then, it
gains heat to the heat network's backwater via the heat exchanger.

2.2 Test Methods and Instruments

2.2.1 Test Methods.

The arrangement of experimental instruments and test points are shown in Fig. 2. This
experiment adopts the variable control method to explore the influence on the WHR quantity
and NOx emissions of the FGTHR system and DCHE system under different combustion air
conditions, and water tank and water pump to control the DCHE unit SW temperature and
flowrate. The SW flowrate of the DCHE and CAH units is the same. The experimental
operating parameters are presented in Fig. 3.
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Fig. 3. Experimental conditions of system

2.2.2 Test Instruments.

This experiment was conducted in Beijing with an atmospheric pressure of 101.325 kPa.
Instead of a gas boiler, this experiment used a Yingxue brand gas water heater (JSQ20).
Table 1 lists the experimental gas boiler's basic parameters. This experiment used natural gas
from Beijing city pipelines, where the low calorific value ranged at 35.34 MJ/Nm®. The
parameters of test apparatuses are listed in Table 2.
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Table 1 Basic parameters of gas boiler

Equipment parameters Value

The rated heat load 58 kW

Natural gas consumption 5.2 Nm?/h

Flue gas temperature 180 °C

Rated inlet/outlet water temperature 85 °C/65 °C

Feedwater temperature 18 °C

Boiler load 90%

Heat transfer area 2.1 m?

Excess air ratio 1.4

Table 2 Test bench major apparatuses and precision

Table 2 Test bench major apparatuses and precision

Measure parameters Apparatuses Type Manufacturer Precision
Flue gas temperature (ias analyzing device Testo 340 Testo, Germany +00.5%
5W Temperature Thermocouple Omega K OMEGA Engineering Inc., America +{.75%
Air temperature Thermocouplé Omega K OMEGA Engineering Inc., America +.75%
MO Concentration (Gias analyzing device Testo 340 Testo, Germany +5 ppm
KO, Concentration (ias analyzing device Testo 340 Testo, Germany =10 ppm
0; Concentration (Gias analyzing device Testo 340 Testo, Germany +0.2%
5W Flowrate Rotameter SKLIBY-15MT Jiangsu Suke Instrument Inc., China =45
Air Aowrate Onfice Howmeter IRIS 100 Emile Egger, Switzerland +1.5%
Air humidity ratio Humidity self-recording instrament WWEZLY-1 Beijing Hongou Chengyun Instrument Inc.. China =25
Data collection Data receiver Agilent 34970A Agilent Technologies Inc., America 0004 5

2.3 Technical and Economic Analysis

2.3.1 Energy Models

(1) Gas composition models

To clarify the use of moist air in boilers, main gas composition equations are used to calculate:



1-"r|'E = Vs + L.EF' + L'HEIH.':I; + Vo, (1)

WE

Ve, =0.01IN; + [J-T‘Jul"'r'l'E (2)

Viep = 0.01{(2CH; +4C3Hg + 0.12d,) + 0.001 6, Vo3

g
oo, = 0.01(CO2 + CHs + 3C:Hs) )
Vor =(ox=— ]_:I'lr'r:l'c (5)

where Vig, VR02? , and Voo are the volume of flue gas, triatomic gas, and oxygen gas,
m’/m?; Viyp and Vi © are the water vapor volume at the inlet and outlet of the flue gas,
m’/Nm?; a is the excess air ratio; dng and d, are the natural gas and combustion air humidity
ratios, g/kgary air.

(2) Thermal efficiency models

To better measure the heat and mass exchange of the system, the thermal efficiency equations
have been established as follows:

Oin = Oy + EI’E -sw + E:'E + Qo (6)
E ) Eﬂl:'r.dl"
. 7
On = 3500 L
Ot = - Eng (%)
Org-sw = cumy(f: = 1y) (9)
Osw-ca = Gty (f3 = I2) {10}
Ehw
= (11)
o Ein

- E"h.'l.l.' + El:'n_: 11
- Ein.



where Qi 1s the heating power, kW; Onw is the heat intake by the heating network, kW; Of,.
sw 1s the heat gain from SW from the flue gas, kW; Oy is the heat emitted from exhaust flue
gas, kW; Quoss 1s the system's heat loss, kW; B is the natural gas consumption,

Nm?/h; Onet ar is the low calorific value of natural gas, kJ/Nm?; #b is the boiler

efficiency; #t is the total heat efficiency of the gas boiler system; cw is the specific heat
capacity, kJ/(kg - °C); mw is the mass flowrate of SW, kg/s; #1 and t, are the inlet and outlet
SW temperatures of the DCHE unit, °C; #3 is the outlet SW temperature of CAH unit, °C.

2.3.2 Environmental Emissions Models.

Because natural gas for experiments does not contain sulfur, the environmental emissions of
the system mainly include NOx and COx». The calculation equations are as follows:

mj = Vg - Cj (13)

O, =— ' (14)

where mi is the total emissions of i, mg/m>; Ci is the mass concentration of i, mg/m>; Mi is
the relative molecular mass of i; Cppm,i 1S the parts per million (PPM) concentration of i,
mg/m?>.

2.3.3 Economic Model.

The calculation equation for the payback period is as follows:

P.=— (15)

where Pt is the payback period, a; Et is the cost of electricity, CNY; St is the cost-savings of
natural gas, CNY; /¢ is the initial investment of system, CNY.

2.4 Uncertainty Analysis.

The main uncertainty calculation formulas are shown in Table 3. According to the theory of
error and data processing [37], the principal sources are the WHR quantity and

NOx concentration. The precision of test apparatuses is listed in Table 2. The following
uncertainty is calculated based on the experimental condition of combustion air moisture
content of 60 g/kgary air:
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Table 3 Uncertainty calculation formulas

Uncertainty formula

v=jlx, X, Xy, K,
I = i_ =+ ﬂ.l.'| , X3 =-i': + ﬂ-'-':- EE -i.n * £""'.ll
Ay= | {[i;u--_}l + {i;;u:) + (.'.—qu} oo [l'T m..)
’ '||' [l g X i J O,
l_l »
. = T"'x 100%

The measurement uncertainty of inlet and outlet SW temperature are 0.3 °C and 0.4 °C. The
relative uncertainty is 3.7%. Based on the measurement uncertainty of the mass flowrate of
4.0%, the related uncertainty of WHR is 5.6%. When the system was running steadily, the
concentration NOx was tested every 5 s. The measurement uncertainty of NO and NO> ppm
concentration are 1.4 ppm and 1.6 ppm. The uncertainty of the NOx concentration is 2.1
mg/m>. The minimum and maximum NOx concentrations are 38.3 mg/m® and 44.98 mg/m?,
respectively, with a relative uncertainty of 5.5%. Considering instruments and measurement
errors, the mathematical models established in this study were dependable.

3 Results and Discussions
3.1 Energy Analysis

3.1.1 Dew Point Temperature Analysis.

The water dew point temperature in flue gas is mainly determined by the partial pressure of
water vapor in the flue gas. The proportion of water vapor in the flue gas determines the
partial pressure of water vapor. This section will mainly discuss the impact of air temperature
and relative humidity on the water dew point of flue gas. The dew point temperature of flue
gas under different combustion air conditions is shown in Fig. 4.
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Fig. 4. Effect of air humidification on dew point temperature

Water produced during combustion makes up a portion of the water vapor, which also
includes water from the air and natural gas. With the air humidity ratio increase, the water
vapor volume, the corresponding pressure of water vapor, and the dew point temperature also
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increase progressively. The dew point temperature was 49.3 °C under non-humidification
conditions. The air humidity ratio varied greatly with the increase in air temperature. The dew
point temperature goes up by 7.9 °C as the air humidity ratio reaches 60 g/kgary air.

The change in dew point temperature is only somewhat affected by the rise in air relative
humidity. The change in dew point temperature is less affected by the air's relative humidity.
The dew point temperature barely rises by 1 °C when the air's relative humidity is increased
to 90%. Therefore, to increase the dew point of flue gas water, it is necessary to use a higher
temperature water to humidify the combustion air.

3.1.2 Flue Gas Temperature Analysis.

In order to calculate the potential for WHR from boiler flue gas, the experimental boiler was
used as an example to calculate the system heat efficiency of flue gas reduction to different
temperatures after passing through a DCHE. Figure 5 depicts the outcomes of the calculations.
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Fig. 5. Impact of flue gas temperature on total heat efficiency

Using the water vapor condensation rate (f) can also explain this phenomenon:

1_.' _ '|r.r||
fi=— "0 (16)
Vip

The f is zero at its dew point temperature (55 °C), and it remains constant as the flue gas
temperature increases, both of which are zero. The total heat efficiency rises slowly at first
(85-55 °C) and then quickly (55-30 °C). The turning point temperature is approximately
55 °C. The flue gas cooling process only releases its sensible heat above the dew point
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temperature, and the quantity is lower. In contrast, the process releases a sizable amount of
latent heat for temperatures below the dew point temperature. Therefore, raising the dew
point temperature of flue gas by increasing the temperature and humidity of the air is a cost-
effective method to achieve condensation of water vapor at higher temperatures, release a
large amount of latent heat of vaporization, and then deeply recover the WHR of flue gas.

3.1.3 Waste Heat Recovery Performance Analysis

(1). WHR quantity of the DCHE system
First, research is conducted on the DCHE system under non-CAH conditions.
Figure 6 describes the relation between WHR quantity changes under different SW

temperatures and SW flowrates. The WHR quantity gradually increases with the increase of
SW flowrate.
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Fig. 6. Influence of WHR under different spary water temperatures and flowrates of DCHE
system

When the SW flowrate is low, only a small portion of the sensible heat in the flue gas can be
recovered. Increasing the SW flowrate can recover more heat from the flue gas, including
latent heat in the flue gas. As the SW temperature increases, the WHR quantity gradually
decreases, decreasing the latent heat recovery to zero. When the combustion air is not
humidified, the WHR mainly recovers the sensible heat in the DCHE system. Considering the

need for deep WHR, the FGTHR system is studied in the WHR quantity in the following
section.

(2) WHR quantity of the FGTHR system
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The relation between WHR quantity changes under different SW temperatures and SW
flowrates of the FGTHR system was studied, as shown in Fig. 7. The overall trend of WHR
quantity change is the same as that of the DCHE system. In contrast, the WHR rate of the
FGTHR system is increased compared with the DCHE system. For example, at an SW
temperature of 45 °C, the WHR rate of the FGTHR system has increased by 30%. Under the
same SW rate, the FGTHR system can achieve the WHR that the DCHE system can recover
at higher SW temperatures when the SW temperature is lower. As the SW temperature
increases, latent heat reduces, indicating that a lower SW temperature can have a better WHR
effect. When the SW temperature is the same, the rate of increase in latent heat becomes
faster as the SW flowrate increases. But as the SW flowrate increases too much, the growth
rate of WHR gradually slows down, and the effect on improving the WHR is limited.
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Fig. 7. Influence of WHR under different spray water temperatures and flowrates of FGTHR
system

To better quantify the WHR quantity of the FGTHR system, we proposed using the moisture
content of combustion air for analysis. Figure 8 shows the relationship between combustion
air conditions under different SW flowrates and temperatures. As the SW flowrate and SW
temperature increase, the temperature and humidity of the combustion air also increase. The
maximum temperature of the combustion air can be increased to 47 °C, with a moisture
content of 73 g/kgary air, notably increasing compared to the original indoor air.
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Fig. 8. The relationship between combustion air conditions under different spray water
flowrates and temperatures

Figure 9 shows the influence of the combustion air humidity on WHR quantity. The latent
heat recovery and flue gas dew point temperatures gradually rise as the combustion air's
moisture content rises. Compared to the non-CAH condition (3 g/kgary air), the latent heat
recovery and total WHR increased by 15% and 26%, respectively, at 60 g/kgdry air humidity.

(3) System heat efficiency analysis
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Fig. 9. The relationship between the waste heat recovery and the humidity of the combustion
air

System heat efficiency is an essential assessment index. The heat efficiency of the different
systems when generating 1 GJ of heat is listed in Table 4. Compared with the original system,
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the FGTHR system saves 2.8 Nm?® of natural gas, and the total heat efficiency relatively
increased by 8.4%. The FGTHR system used 1.4 Nm? less natural gas than the DCHE system
while increasing the heat efficiency by 3.9%. The experimental results show that air
humidification can raise the WHR efficiency, and the FGTHR system has better energy
efficiency.

Table 4. Comparison of three systems when generating 1 GJ of heat

Component Original system | DCHE System | FGTHR System
Air humidity ratio (g/kgary air) 3 3 60

'WHR efficiency (%) 0.0 3.9 8.4

System total heat efficiency (%) 88.0 91.9 06.4

Natural gas consumption (Nm?) 32.2 30.8 29.4

Operating cost (CNY) 80.5 77.3 73.6

3.2 Economic Analysis.

The economic analysis compared operating costs when the different systems generated 1 GJ
of heat. The electricity consumption of water pumps and fans and natural gas combustion
account for the majority of the operating costs. Currently, the natural gas price in Beijing is
2.50 CNY/m? [38]. The economic comparison of the three systems is listed in Table 4. The
operating expense of the FGTHR system is 6.9 CNY lower than that of the original system,
which is a relative reduction of 8.6%. The operating cost of the FGTHR system is 3.7 CNY
lower than that of the DCHE system, a relative reduction of 4.8%.

Compared to conventional boilers, FGTHR has additional WHR equipment. The costs of
initial investment are shown in Table 5. According to Beijing's 120-day heating season, the
natural gas savings and electricity cost for the entire heating season can be calculated, and the
above two, along with the initial investment in the system, can be combined to obtain the
payback period under the current operating condition. Figure 10 describes the economic
analysis of different systems. The FGTHR system has twice the fuel savings and the same
power consumption as the DCHE system. The FGTHR system's economic advantages will be
greater if financial subsidies for clean combustion are taken into account.
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Fig. 10. System economic analysis

Table 5. Initial investment in equipment

FGTHR system
System form

Equipment Quantity Total price (CNY)
SW Tower 2 4000

Water—water heat exchange 1 500

Water pipes and fittings Several 500

Water pump 1 750

Control system 1 850

Other — 500

Total — 7100

3.2 Environmental Emissions Analysis

(1) NOx emissions

According to the different mechanisms, NOx generated during combustion can be divided
into fuel type, thermal type, and prompt type. The generation of fuel type NOx is directly
related to the N content in the fuel. The experimental natural gas with a 0.52% nitrogen




content can be ignored [39]. Temperature plays a decisive role in the production of thermal
NOx [40]. The thermal NOx accounts for more than 90% of the total NOx emissions [41].
Figure 11 shows the results, which reflect the trend of NOx content in flue gas with time
under different air humidity ratios. The NOx emissions is 101.6 mg/m? under non-humidified
condition. The NOx emissions of the FGTHR system under the four air moisture levels are
less than the emission standards. The NOx concentration gradually decreases as the air
humidity ratio rises. As the air humidity ratio is 60 g/kgary air, the NOx emissions range from
38.3 mg/m> to 45.2 mg/m>. The NOy emissions average 39.6 mg/m> which is relatively
reduced by 61.2%. The standard deviation of NOx emissions is 1.3, indicating that the
NOx emissions are relatively stable.
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Fig. 11. Test chart of NOx emission variance over time

The total NOx emissions of the three systems when generating 1 GJ of heat are shown in
Fig. 12. The NOx emissions of the FGTHR system are 31.1 g lower than the original system,
which is a relative reduction of 64.5%. The NOx emissions of the FGTHR system are 28.7 g
lower than those of the DCHE system, which is a relative reduction of 62.7%. The main
reasons for the decrease in NOx concentration are as follows: First, the fuel consumption of
the FGTHR system is less than the original system. The FGTHR system has a better energy-
saving performance. Second, the SW can purify the flue gas, which can eliminate the
majority of NO;. This is because NO is more easily soluble in water, but the NO> in flue gas
is lower, accounting for about 5% of total NOy [42]. Third, the SW in the combustion air
evaporates and absorbs heat during combustion, which decreases the maximum flame
temperature [31]. When the combustion air is not humidified, the maximum combustion
temperature is 2250 K, and the furnace outlet temperature is 1620 K. When combustion air
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humidity ratio is 60 g/kgary air, the highest combustion temperature is 2100 K, and the furnace
outlet temperature is 1650 K.

(2) CO; emissions
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Fig. 12. Comparison between NOx emissions and CO: emissions of three systems when
generating 1 GJ of heat

The total CO2 emissions of the different systems are shown in Fig. 12. The CO2 emissions of
the FGTHR system are 5.85 kg lower than the original system, which is a reduction of 8.7%.
The CO; emissions of the FGTHR system are 2.93 kg lower than those of the DCHE system,
which is a reduction of 4.5%. The reduction of CO; emissions in the FGTHR system is major
caused by the energy savings of the FGTHR system. As can be seen above, the FGTHR
system has better environmental benefits.

3.4 Comparison With Existing Waste Heat Recovery and Low-NOx Technology.

The different technical methods of boiler WHR and low-NOx emissions are shown in
Fig. 13 for better comparisons. The recent research on gas boilers is compared with the
results obtained for the proposed system in Table 6. It can be seen from Fig. 13 and
Table 6 that the use of heat pump and the non-DCHE can achieve higher energy efficiency
improvement, but the initial investment of the heat pump is high, and the non-DCHE also has
corrosion problems, and neither of them can achieve NOx emissions reduction. Commonly
used low-NOx combustion technologies can significantly reduce NOx emissions with low
initial investment, but hard to achieve energy efficiency improvements, and even reduce
boiler efficiency. Comprehensively, the FGTHR system performs quite well among these
systems.
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Table 6 Comparison between FGTHR system and the existing system of gas boilers

Researchers

Technology methods

Efficiency

NOx emissions|

Li et al. [43]

Absorption heat pump and DCHE

Improved 11.54%

34 ppm

'Yang et al. [44]

Full-open absorption heat pump

[Improved 0.436—0.632

Shang et al. [13]

Non-DCHE+ air humidification

[mproved 13.4%

de Almeida and Lacava [45]Double-stage swirl combustor - 23 ppm
Lee et al. [46] Multi-hole premixed — 40 ppm
This paper DCHE+ air humidification Improved 8.4% 39.6 mg/m’

3.5 Case Analysis for Waste Heat Recovery System Pollutants Diffusion

3.5.1 Case Description.

Since NO is unstable and ultimately oxidized by Oz to NO2, NOs is calculated approximately

as NOx. We took a WHR gas boiler as a model to analyze, which has the following

characteristics:

1. The heating capacity of the boiler is 15 MW;
2. The emission rate of flue gas is 28,230 m*/h;
3. The boiler outlet NOx concentrations are 40 mg/m? (low-NOx combustion mode) and

80 mg/m> (non-nitrogen combustion mode);
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4. The chimney height is 8 m;
5. The chimney outlet diameter is 1.1 m; and
6. The area is a residential community in Beijing, China.

3.5.2 Exhaust Flue Gas Temperature Analysis.

The relationship between concentration and distance under different exhaust flue gas
temperatures is shown Fig. 14. As the exhaust flue gas temperature is decreased from 90 °C

to 30 °C, the max ground concentration of NOx is increased from 157.7 ug/m? to 265.3 ug/m?,
and the ground distance is shortened from 33 m to 28 m. At the distance of 1200 m, the
ground concentration of NOx under different exhaust gas temperatures is basically the same,
tending to a lower value. When the concentration of NOx at the outlet is 80 mg/m?>, the
exhaust gas temperature of 30 °C causes the ground concentration to exceed the standard.

This is because the decrease in exhaust flue gas temperature will lead to a decrease in
diffusion uplift capacity, which is not conducive to the diffusion of pollutants.
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Fig. 14. The relationship between concentration and distance under different exhaust flue gas
temperature

3.5.3 Exhaust Flue Gas Velocity Analysis.

Figure 15 shows the simulation results for the variation in exhaust flue gas velocity. As the
exhaust flue gas velocity was decreased from 4 m/s to 2 m/s, the max ground concentration of
NOx increased from 216.2 ug/m> to 381.9 ug/m?, and the ground distance increased from 31
m to 33 m. At the distance of 1100 m, the ground concentration of NOx under different
exhaust flue gas temperatures is basically the same, tending to a lower value. When the
concentration of NOx at the outlet is 80 mg/m?, the exhaust flue gas velocity of 2 m/s and 3
m/s causes the ground concentration to exceed the standard. As a result, when the
concentration of NOy is 80 mg/m?, the exhaust flue gas velocity of the SW tower should be
kept above 4 m/s, and a gradually shrinking port should be retrofitted at the top of the SW
unit to appropriately increase the velocity to ensure that the ground concentration less than
250 pg/m’.
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Fig. 15. The relationship between concentration and distance under different exhaust flue gas
velocity

3.5.4 Exhaust Flue Gas Humidity Analysis.

A high SW flowrate can increase the flue gas humidity, and higher relative humidity is
conducive to haze and smoke [47,48]. An increase in exhaust flue gas humidity will increase
its density, weaken its vertical diffusion, and lead to the accumulation of pollutants in the
near-surface layer. Humidity also hinders the diffusion of smoke and reduces the self-
clearance rate of aerosols, leading to continuous haze weather. Similarly, excessive flue gas
humidity can shorten the service life of pipelines and chimneys, leading to unstable operation
of fans.

3.5.5 Countermeasures of Pollutants Diffusion Analysis.

To address the above issues, many countries have mandated the minimum exhaust flue gas
temperature [49]. For instance, Japan requires exhaust flue gas temperatures to be between
90 °C and 100 °C, and practically all thermal power stations have flue gas reheaters installed.
In the United States, some thermal power plants also use natural gas to preheat flue gas for
emissions, but the increase in gas consumption leads to higher operating costs. All power
plants have adopted high-temperature emissions, and some have added flue gas reheaters.
Flue gas reheaters were frequently used for heating in the UK, where the temperature of flue
gas emissions must not be lower than 80 °C. Gas—gas and water—gas heaters are the two types
of flue gas heaters. The goal is to raise the flue gas's lifting height and stop low-temperature,
wet flue gas from corroding the chimney's inner walls and flue. The emission temperature
must not be less than 72 °C in Germany. Other flue gas heating techniques were encouraged
in addition to building flue gas reheaters, and the flue gas is heated by leftover heat from
cooling towers. Unlike conventional reheater methods, flue gas is not discharged through the
chimney and is sent to a naturally ventilated cooling tower. The use of hot and humid air to
form a gas curtain can generate huge thermal buoyancy and elevate the lifting height of the
exhaust flue gas [6]. Heating the flue gas with residual heat from the cooling tower can
eliminate the costly reheating system and significantly reduce the ground's average
concentration of emissions.

4 Conclusion and Future Work

To collaboratively decrease high NOyx emission concentrations and increase boiler thermal
efficiency of gas-fired boilers, the FGTHR system is put forward, which can decrease
NOy emissions without reducing heat efficiency. The conclusions can be given as below:
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. For the DCHE system, the dew point temperature of flue gas is 49.2 °C. When the

combustion air humidity ratio is 60 g/kgar air, the dew point temperature of flue gas
reaches 57.2 °C. Raising the temperature and humidity of the combustion air helps to
increase the dew point temperature of the flue gas.

The quantity of WHR falls as the temperature of the SW rises and rises as the mass
flowrate of the SW does. SW temperature has less of an effect on WHR than does SW
quality flowrate. With SW flowrate and temperature of 0.075 kg/s and 45 °C, the
WHR efficiency relatively increases by up to 8.4%.

Under the combustion air humidity ratio is 60 g/kgdw air, the NOx emissions averages
39.6 mg/m>. NOyx and CO; emissions are reduced by 61.2% and 8.7% compared to
non-CAH conditions.

The operating costs of the FGTHR system are 8.6% and 4.3% lower than the original
system and DCHE system under generating generating 1 GJ of heat. The payback
period of the FGTHR system is 2 years.

The decrease in exhaust flue gas temperature and velocity and the increase in exhaust
flue gas humidity harm the diffusion of NOx in the atmosphere. Flue gas heaters and
cooling tower waste heat for heating flue gas are two techniques that can lower the
average ground concentration of NOx.

In the future, the research will mainly focus on the combustion mechanism (combustion
temperature, combustion field stability, and combustion area). Meanwhile, air humidification
technology will be combined with other low nitrogen methods such as air staged combustion
to obtain a better low nitrogen emission effect.
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Nomenclature

CAH =combustion air humidification

CH4 =methane

CsHg =propane

CO; =carbon dioxide

DCHE =direct contact heat exchanger

fg =flue gas



FGTHR =flue gas total heat recovery
hw =heating water

ng =natural gas

N> =nitrogen

NOx =nitrogen oxides

NO =nitric oxide

NO> =nitrogen dioxide

RH =relative humidity

RO, =triatomic gas

SO, =sulfur dioxide

SW =spray water

wp =water vapor

WHR =waste heat recovery
Symbols

d =humidity ratio, g/kgdry air

m =mass flowrate, kg/s

t =temperature, °C

B =natural gas consumption, m>/s
C =mass concentration, mg/m?
M =relative molecular mass

O =heat transfer, kw
V =volume of gas, m*/m?

C\, =constant pressure specific heat, kJ/kg - °C
E; =cost of electricity, CNY

I; =investment, CNY

P, =payback period, a

St =cost-savings, CNY

net,ar =low calorific value

PPM =PPM concentration

o =excess air ratio



S =condensation rate of water vapor
nb =boiler efficiency

nt =total heat efficiency of boiler
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