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To investigate the application prospect of MSW oxy-enriched incineration technology in China, the tech-
nical and economical analyses of a municipal solid waste (MSW) grate furnace with oxy-fuel incineration
technology in comparison to co-incineration with coal are performed. The rated capacity of the grate fur-
nace is 350 tonnes MSW per day. When raw MSW is burned, the amount of pure oxygen injected should
be about 14.5 wt.% under 25% O2 oxy-fuel combustion conditions with the mode of oxygen supply deter-
mined by the actual situation. According to the isothermal combustion temperature (Ta), the combustion
effect of 25% O2 oxy-enriched incineration (a = 1.43) is identical with that of MSW co-incineration with
20% mass ratio of coal (a = 1.91). However, the former is better than the latter in terms of plant cost, flue
gas loss, and environmental impact. Despite the lower costs of MSW co-incineration with mass ratio of 5%
and 10% coal (a = 1.91), 25% O2 oxy-enriched incineration (a = 1.43) is far more advantageous in combus-
tion and pollutant control. Conventional combustion flue gas loss (q2) for co-incineration with 0% coal,
20% coal, 10% coal, 5% coal are around 17%, 13%, 14% and 15%, respectively, while that under the condition
of 25% O2 oxy-enriched combustion is approximately 12% (a = 1.43). Clearly, q2 of oxy-enriched inciner-
ation is less than other methods under the same combustion conditions. High moisture content presents
challenges for MSW incineration, therefore it is necessary to dry MSW prior to incineration, and making
oxy-enriched incineration technology achieves higher combustion temperature and lower flue gas loss. In
conclusion, based on technical and economical analysis, MSW oxy-enriched incineration retains obvious
advantages and demonstrates great future prospects for MSW incineration in China.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Social development and the improvement of living standards
through urbanization and the expanding Chinese population has
lead to an increasing yield of MSW in recent years. The growing
accumulation of municipal waste has created serious environmen-
tal and social problems. MSW in China reached 180 million tons in
2010 and the amount is projected to reach up to 210 million tons in
2015 (Lei, 2011; Liu et al., 2012).

Incineration is an efficient technology for MSW disposal as it
operates to reduce waste while realizing a resource in an environ-
mentally sound manner through MSW incineration power genera-
tion (Cheng and Hu, 2010; Lu and Peng, 2010). Challenges
encountered in the process relate to MSW characteristics such as
high moisture content, high ash content and low heating value.
Problems like combustion instability, complex pollutants, and
unsuitability for plateau areas (Nie, 2008; Zhang et al., 2010) bring
additional challenges.

Oxy-enriched incineration technology presents effective meth-
ods for overcoming these difficulties as a result of its high combus-
tion efficiency and low pollutant emission (Masaharu, 2001;
Gohlke and Busch, 2001). Martin Corporation (Gohlke and Busch,
2001) developed a process for enriching primary air with oxygen
called Synthetic Oxygen-enrichment Combustion (SYNCOM).
Industrial scale demonstration plants have been implemented in
Coburg (Oberfanken, Germany) and Oita (Kyushu Island, Japan).
The main benefits in use of oxygen-enhanced combustion can be
summarized as follows: (a) increase of flame temperature and sta-
bility, (b) enhancement of combustion efficiency, (c) reduction of
flue gas and pollutants (Martin and Helmut, 2000; Lacava et al.,
2006; Liuzzo et al., 2007; Verdone et al., 2008). Gohlke and Martin
reported that an oxy-enhanced waste-to-energy system would be
progressive innovation for waste-to-energy technology (Gohlke
and Martin, 2007).

Past studies have mainly focused on coal combustion with only
a few research studies based on the promising technology of Oxy-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.wasman.2014.12.026&domain=pdf
http://dx.doi.org/10.1016/j.wasman.2014.12.026
mailto:shzhang@mail.hust.edu.cn
mailto:lixiangpeng15@126.com
http://dx.doi.org/10.1016/j.wasman.2014.12.026
http://www.sciencedirect.com/science/journal/0956053X
http://www.elsevier.com/locate/wasman


150 Z. Fu et al. / Waste Management 38 (2015) 149–156
fuel as applied within the MSW incineration industry. The oxygen
enrichment condition presented by thermo gravimetric analysis
(TGA) is a useful technique for studying the decomposition reac-
tions of a solid fuel yet, combustion and pyrolysis characteristics
of MSW as related to TGA have few research studies. Lai et al. stud-
ied the combustion behavior of MSW in a TGA under different N2/
O2 and CO2/O2 atmospheres with temperatures ranging from
100 �C to 1000 �C (Lai et al., 2011). Liu et al. also investigated the
MSW oxygen-enriched combustion characteristics in N2/O2 atmo-
sphere (Liu et al., 2009). Huang et al. explored the oxygen-enriched
gasification process for MSW in South China (Huang et al., 2013).
Several research studies have centered on combustion or pyrolysis
characteristics and kinetics of typical components in MSW such as
plastics, cotton (Liu et al., 2010; Lai et al., 2012; Chen et al., 2013;
Meng et al., 2013). Chin et al. performed a pilot plant experiment to
evaluate the effect of oxygen enrichment on the co-incineration of
MSW and organic sludge from a wastewater treatment facility
(Chin et al., 2008). Adequate and effective research for practical
application of MSW oxygen-enriched combustion technology in
China is to be completed.

The entire life cycle of a MSW oxy-fuel incineration power plant
was evaluated using the method of Life Cycle Assessment (LCA) to
identify and quantify the fossil energy requirements and environ-
mental impacts (Tang et al., 2013). Yan et al. took a circulating flu-
idized bed boiler with a handling capacity of 1100 tons per day as
the research objective and performed the technical and economical
analysis based on power consumption and economic calculation
under the oxygen-enriched combustion condition with flue gas
near zero emission (Yan, 2013). However, similar technical and
economical analyses of MSW grate incineration boilers, the most
widely used in the Chinese MSW incineration industry, have not
been conducted. Consequently, the analyses of a MSW grate incin-
eration furnace with a rated capacity of 350 tons per day are car-
ried out in this study with effects of oxygen concentration, co-
incineration percentage of coal, and moisture content in MSW
investigated. Results obtained in this study may be utilized for
advancement of MSW oxy-fuel incineration technology in China.
2. Objective

A MSW incineration power plant with a grate furnace rated
capacity of 350 tonnes per day and located in Wuhan, China, is
investigated in this study. A schematic diagram of the oxy-
enriched incineration system used in this study is presented in
Fig. 1. As shown in Fig. 1, the oxy-enriched incineration system
mainly consists of 5 systems; a combustion system, heat exchange
system, flue gas treatment system, oxygen injection system, and
flue gas recirculation system. Pure oxygen is supplied by a liquid
oxygen tank, as delivered by tankers from an oxygen factory.
Liquid oxygen must be vaporized by an air evaporator to be gas-
eous, injected into hot air heated by high temperature steam.
Oxy-enriched air with 30% O2 is injected into the combustion sec-
tion of the grate. Recirculated flue gas branched at the exit of the
bag filter is transferred to front and rear walls using a recirculation
fan and is then injected into the furnace through nozzle rows.
Recycled flue gas is used to control flame temperature and make
up the volume of missing N2 to ensure there is adequate gas to
carry heat through the boiler due to a reduction of primary air.

Currently, MSW co-incineration with coal operates as a primary
method to ensure combustion temperature and efficiency in Chi-
na’s MSW incineration industry, therefore co-incineration with dif-
ferent coal mass ratios (5%, 10% and 20%) are compared with
oxy-enriched incineration in different aspects. Huangling (HL)
bituminous coal is selected for this study to simulate actual coal
co-incineration with MSW and the fuels of oxy-enriched
incineration are raw MSW from different regions in Wuhan. The
proximate and ultimate analyses of HL bituminous coal and
MSW are shown in Table 1. As presented in Table 1, the combusti-
ble fraction of the raw MSW was less than 25%, while the contents
of moisture and ash nearly reached 48% and 28%, respectively. The
lower heating value (LHV) of MSW was about 4.645 MJ/kg, similar
to that of the average MSW in central China (Zhang et al., 2010).
According to Table 1, the raw MSW in Wuhan possessed typical
characteristics of high moisture content, high ash content, and
low heating value.

3. Methods

3.1. Oxygen consumption of raw MSW oxy-enriched incineration

Based on the ultimate analysis of the raw MSW in Table 1 and
mass balance, the oxygen consumption (kg) of burning 1 kg raw
MSW on as received basis can be calculated as:

WðO2Þar ¼ ðCar=12þHar=4þ Nar=28þ Sar=32� Oar=32Þ
� 0:32 kg=mol ð1Þ

According to Eq. (1), the approximate oxygen consumption of
burning raw MSW is 50 wt.%. Excess air factor is commonly near
1.9 with conventional combustion to guarantee sufficient burning
in a MSW incineration power plant. Excess air ratio will be reduced
with the injection of pure oxygen. Excess air ratio, for this study, is
set at 1.43 (Gohlke and Busch, 2001) due to concentration of O2 in
the air at approximately 25% (Masaharu, 2001; Gohlke and Busch,
2001). The volume ratio of pure oxygen injected in total oxy-
enriched air is considered x, and the equation is as follows:

½xþ 0:21 � ð1� xÞ�=1 ¼ 0:25 ð2Þ

x ¼ 0:051

If Y represents the ratio of oxygen injected in total oxygen con-
sumption, the equation is shown below:

Y ¼ x=½xþ 0:21 � ð1� xÞ� ¼ 0:203 ð3Þ

Therefore, the consumption of pure oxygen injected into pri-
mary air when raw MSW is burned should be 14.5 wt.%. For the
350 t/d MSW oxygen-enriched incineration power plant, the con-
sumption of pure oxygen is 51 t/d (40,700 m3/d gaseous oxygen).

3.2. Isothermal combustion temperature

Isothermal combustion temperature (Ta) is an integral parame-
ter during the heat transfer process. The method of calculation was
referred to the Principles of Boiler (Chen and Chen, 1981) and Boi-
ler Principle and Calculation (Feng et al., 2003). According to heat
balance, Ta can be calculated as follows:

Ta ¼ ðQ ar;net;p � 1000þ Qair;inÞ=ðcf � V f þ cash � Aar%Þ ð4Þ

Qair;in ¼ a� V0 � qair � hha ð5Þ

V0 ¼ 0:0889 � ðCar þ 0:375SarÞ þ 0:265Har � 0:0333Oar ð6Þ

cf ¼ cO2 �WO2 þ cN2 �WN2 þ cRO2 �WCO2 þ cH2O �WH2O ð7Þ

WO2 ;N2 ;RO2 ;H2O ¼ VO2 ;N2 ;RO2 ;H2O=V f ð8Þ

V f ¼ V0
f þ ða� 1Þ � V0 þ 0:0161 � ða� 1Þ � V0 �Wair ð9Þ

where Qar,net,p (MJ/kg) is the lower heating value, measured and cal-
culated through oxygen bomb calorimeter; Qair,in (kJ/kg) is the heat-
ing value of hot air in the furnace; cf (kJ/(m3 �C)) and cash (kJ/(kg �C))



Fig. 1. Oxy-enriched incineration system of a grate furnace.

Table 1
Proximate and ultimate analyses of HL bituminous coal and MSW (as received basis).

Sample Proximate analysis (wt.%) Ultimate analysis (wt.%) Qar,net,p

Mar Var Aar FCar Car Har Nar Sar Oar MJ/kg

HL coal 7.27 19.94 26.48 46.31 53.06 2.88 0.81 0.71 8.79 20.89
MSW 47.76 20.13 27.85 4.26 14.06 1.99 0.36 0.37 7.95 4.645
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are the specific heat capacities of flue gas and ash, respectively; Vf is
volume of flue gas (m3) and Aar comes from proximate analysis in
Table 1; a is the excess air coefficient and V0 (Nm3/kg) is the theo-
retical volume of feed air required for 1 kg as-received fuel burning;
qair (kg/Nm3) is the density of feed air and hha (kJ/kg) is the enthalpy
of feed air, because the primary air temperature in MSW power
plant is about 150 �C and the value of qair and hha can be found
through density-temperature and enthalpy-temperature tables,
respectively. Car, Sar, Har, and Oar are presented in Table 1. cf (kJ/
(m3 �C)) is the average specific heat of flue gas including RO2, N2,
O2 and H2O in the case of 1500 �C which is a flame temperature
(Williams, 1985). Wair (%) is the ratio of conventional air in the total
oxy-enriched air; VO2 ;N2 ;RO2 ;H2O (Nm3/kg) is the actual volume of RO2,
N2, O2 and H2O in flue gas. Specific heating values of O2, N2, RO2,

H2O and ash are shown in Table 2, under condition of 1500 �C .
Table 2
The specific heating values of O2, N2, RO2, H2O and ash.

Components Value (at 1500 �C) kJ/(m3 �C) Value (at 170 �C) kJ/(m3 �C)

O2 1.5294 1.3352
N2 1.4440 1.2996
RO2 2.3354 2.7873
H2O 1.8527 1.5223
Ash 1.0000
3.3. Flue gas loss

Oxy-enriched combustion technology can reduce exhaust flue
gas volume and flue gas loss which is a chief loss throughout the
MSW incineration process. Flue gas temperature in the stack is
commonly 170 �C in Chinese MSW incineration power plants. Flue
gas loss (q2) was calculated according to Principles of Boiler (Chen
and Chen, 1981).

q2 ¼ hf;out=ðQ air;in þ 1000 � Q ar;net;pÞ �% ð10Þ

hf ;out ¼ T f ;out � cf ;out ð11Þ

cf;out ¼ cO2 ;out �WO2 þ cN2 ;out �WN2 þ cRO2 ;out �WCO2 þ cH2O;out �WH2O

ð12Þ

where hf,out (kJ/kg) and cf,out (kJ/(m3 �C)) respectively are the
enthalpy and the average specific heat of flue gas at the exit of
the economizer including RO2, N2, O2 and H2O. The specific heat val-
ues of O2, N2, RO2 and H2O at 170 �C are displayed in Table 2.

3.4. Economic evaluation

Economic evaluation and comparison between oxy-enriched
incineration and co-incineration with coal in MSW power plants
take into account the following: (1) government subsidy for
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Fig. 2. Isothermal combustion temperature Ta of MSW incinerations with different
coal proportions or oxygen concentrations.
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MSW management; (2) costs associated with oxy-enriched air or
coal consumption; (3) without consideration of initial investment
and operation costs. Considering these factors, plant costs can be
calculated as:

DCP ¼ cO �mO;c þ cC �mC;c � s �mW;u ð13Þ

where DCP (USD/d) is the increment of plant cost per day; cO and cC

(USD/t) are the cost of liquid oxygen and coal per ton; s (USD/
tMSW) is the government subsidy for MSW management per ton,
respectively; mO,c and mC,c (t/d) are the mass of liquid oxygen and
coal consumption per day; mW,u (t/d) is the mass of untreated waste
caused by co-incineration with coal. Table 3 provides the associated
costs through market investigation and fuel consumption together
with actual MSW treatment capacities by calculation.

4. Results and discussions

4.1. Isothermal combustion temperature (Ta)

Based on Table 1, the isothermal combustion temperature (Ta)
of MSW incineration with different coal proportions and different
oxygen concentrations is calculated. The curves that Ta varied with
excess air ratio (a) under the different combustion conditions are
displayed in Fig. 2. Fig. 2 illustrates that Ta is obviously influenced
by a. Under the conventional combustion condition (21% O2), Ta of
MSW incineration is about 1120 �C where a is 1.2, while that drops
to 865 �C when a increases to 2.0. Meaning that combustion tem-
perature goes down with the increase of excess air ratio during the
MSW conventional incineration process. When MSW is burned
with coal in the coal proportion ranging from 0% to 20% (mass
ratio), Ta will increase nearly 50 �C with the increase of 5% coal pro-
portion where a is 2.0. Additionally, the increase of Ta will rise up
with the reduction of a, for example Ta will increase by almost
80 �C with the increase of 5% coal proportion when a is 1.2. When
MSW is burned under the condition of enriched oxygen (21% to
29% volume ratio), Ta will rise up to approximately 20 �C with
increase of 1% oxygen concentration in the case of the same a.

According to the Technical Code for Projects of Municipal Waste
Incineration CJJ90-2009 (Construction, 2009), to control pollutant
emission, combustion temperature should exceed 850 �C, resi-
dence time should be greater than 2 s, and oxygen concentration
in furnace outlet gas should be about 6–10%. Fig. 2 indicates that
Ta of MSW combustion is just about 860 �C under conventional
combustion when a is 2.0. Proving that combustion of raw MSW
struggles to achieve the demanded combustion temperature when
a is more than 1.9 along with heat exchange and heat loss during
the actual MSW incineration process. However, the reduction of a
can guarantee neither sufficient combustion nor the oxygen con-
centration in furnace outlet gas. Hence, MSW is usually co-inciner-
ated with coal in the MSW power plant to ensure sufficient
combustion temperature.

According to the Technical Code referred to above, the maxi-
mum coal proportion of MSW co-incineration with coal is 20%.
Fig. 2 indicates that Ta can reach up to 1100 �C when MSW is
Table 3
Fuel consumption, actual MSW treatment capacities and associated costs.

Mass ratio Calorie ratio Capacity of MSW treatment
% % t/d

0 0.00 350
5 19.14 283
10 33.32 233
20 52.93 165

Associated costs O2 (liquid, 100%)
80.6 USD/t (in large scale: more th
co-incinerated with 20% HL coal in the case that a is 1.9, mean-
while, oxygen concentration in furnace outlet gas can reach
approximately 7.5%. When MSW combustion is applied with oxy-
enriched combustion technology, Ta can reach up to 1100 �C only
through injection of 25% O2 in the case that a is 1.5 or less. The
combustion effect and pollutant emission levels of MSW oxy-
enriched incineration are improved over MSW co-incineration
with 20% coal (Gohlke and Busch, 2001). Furthermore, oxygen con-
centration in combustion section can reach up to 30%, promoting
combustion efficiency and restraining the formation of dioxins
and other gas pollutants.

The Standard for Assessment on Municipal Solid Waste Inciner-
ation Plant, CJJ/T 137-2010 (Construction, 2010), the latest policy,
reveals that mass ratio of fossil fuels mixed with MSW during
the incineration process will be reduced to only 5% from 20% in
the near future. Obviously, Ta of MSW oxy-enriched incineration
with 25% O2 is higher compared to MSW co-incineration with 5%
coal in the same a. The policy verifies that oxy-enriched incinera-
tion is advantageous over MSW co-incineration coal.
4.2. Flue gas loss (q2)

As expressed in Fig. 3, flue gas loss of different combustion
methods varies with varying excess air ratios a. Obviously, there
is an increase in q2 with an increase in excess air in the same con-
dition. Flue gas loss of MSW conventional combustion is around
13% when a is as low as 1.2 and when a increases to 2.0, q2 will
reach up to more than 17%. The variation tendency is caused by
an increase in flue gas rate with a rise in excess air. Under the con-
dition of MSW oxy-enriched incineration, q2 will rise with the
reduction of oxygen concentration in the same a; co-incineration
with coal presents the same tendency with the reduction of coal
ratio. The difference is that variation between q2 and a under the
oxy-enriched incineration is more evident than under the co-incin-
eration with coal. As indicated in Fig. 3, q2 under the condition of
Coal consumption Cost of coal consumption
t/t(MSW) USD/d

0.000 0
0.053 1441.5
0.111 2509.5
0.250 3986.1

Coal Subsidy
an 20 tons/d) 97.0 USD/t 9.7 USD/tMSW
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25% O2 oxy-enriched combustion with 1.43 of excess ratio is
approximately 12%. In the same case that a is 1.91, q2 in the con-
ditions of conventional combustion, co-incineration with 20% coal,
co-incineration with 10% coal, co-incineration with 5% coal are
around 17%, 13%, 14% and 15%, respectively. Flue gas loss of oxy-
enriched incineration is then comparatively lower than the other
methods to achieve the same combustion effect.

4.3. Influence of moisture percentage and the related treatment

High moisture content presents challenges for MSW incinera-
tion and must be considered, especially in China’s rainy season
and in areas rich in water resources. The influence of moisture per-
centage in MSW on lower heating value (LHVar), Ta and q2 during
oxy-enriched incineration and co-incineration processes must be
analyzed.

Figs. 4–6 present the influence of moisture content (Mar) in
MSW on LHVar of fuel, isothermal combustion temperature (Ta)
and flue gas loss (q2) under varying combustion conditions. As is
indicated in figures, Mar in MSW has a significant impact on LHVar

of fuel, for instance, LHVar of pure MSW is less than 4.5 MJ/kg when
Mar in MSW is as much as 50%, while that is approximately 8.5 MJ/
kg when Mar decreases to 20%, almost twice as much as the former.
Ta and q2 under different Mar of MSW vary widely. If Mar levels are
20% and 50%, Ta levels are about 1150 �C and 850 �C under conven-
tional combustion (a = 1.91), respectively. Likewise, q2 levels are
around 12.7% and 17.4%, respectively. In addition, the differences
of Ta and q2 produced by Mar in MSW are more obvious especially
in the condition of oxy-enriched combustion.
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Reducing moisture content in MSW, as specified, improves the
lower heating value of mixed fuels, enhances boiler efficiency
and controls pollutant emissions. MSW power plants must partic-
ipate in MSW dehydration prior to MSW incineration to gain these
advantages (A and Zhang, 2004; Yan et al., 2005; Li and Hu, 2007;
Li et al., 2008, 2012; Velis et al., 2009; Zhang et al., 2009; Shao
et al., 2010).

Three common methods to dehydrate MSW before entering into
boiler include; sorting, biodrying, and heating (A and Zhang, 2004;
Jia et al., 2004; Li and Hu, 2007; Li et al., 2008, 2012; Zhuang et al.,
2008; Tai et al., 2011). Source separation has been considered an
effective method of MSW management (López et al., 2010). How-
ever, an effective source-separated collection system has not been
established in China because of defects in legislation, coordination
mechanisms and public awareness (Tai et al., 2011). Li et al.
advised two effective methods, bio-waste source separation and
biodrying, based on the properties of MSW in China (Li et al.,
2008). Jia et al. compared the drying efficiency of several different
dehydration schemes. Exhaust gas utilized as a drying medium can
increase heat recovery efficiency as moisture content of MSW dis-
tinctively decreased, however the flue gas purification system is
challenged with complexity as the drying medium still need to
manage. Heated air from the air pre-heater adopted as drying med-
ium, slightly improved the calculated heat recovery efficiency
while the area of the heat exchange equipment will be increased
because the drying medium must be heated by flue gas (Jia et al.,



Table 5
Cost of 2000 m3/h PSA oxygen generator.

Items Value

A Energy consumption 0.45 kW h/m3O2

B Energy consumption of auxiliary system 0.045 kW h/m3O2

C Electricity price 0.103 USD/kWh
D Oxygen consumption 40,700 m3/t
E Equipment investment 2,600,000 USD
F Depreciation years 10
G Residuals rate 10%
H Amount of depreciation = (1–G) E/365F 641 USD/d
I Maintenance cost = 0.025E/365 178 USD/d
J Cost per day = EC(A + B)+H + I 2894 USD/d

Table 6
Cost of liquid oxygen supply.

Items Value

A Liquid oxygen cost 80.6 USD/t
B Oxygen consumption 51 tons/d
C Equipment investment 150,000 USD
D Depreciation years 10
E Residuals rate 10%
F Amount of depreciation = (1–E) C/365D 37 USD/d
H Maintenance cost = 0.025C/365 10.3 USD/d
I Cost per day = AB + F + H 4158 USD/d

Table 7
Comparison of two oxygen supply modes.

PSA oxygen generator Purchase liquid oxygen

Initial investment (USD) 2,600,000 150,000
Construction cycle

(Month)
6–9 3

Floor area (m2) 1500–2000 50–100
Oxygen cost (USD/d) 2075 4113
Facilities Complex Simple
Dependence Electricity None
Management Difficult Easy
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2004). MSW dehydration occurs most efficiently, then, through
mechanical drying. Leachate from the process can be disposed by
sewage treatment system, retaining efficiency while being cost
effective (A and Zhang, 2004).

4.4. Oxygen supply

Oxygen is supplied by three main technologies: cryogenic distil-
lation (CD), pressure swing adsorption (PSA) and membrane sepa-
ration (MS) (Häring and Ahner, 2008). Table 4 presents a
comparison of the three methods. (Bhide and Stern, 1991; Chou
et al., 1994; Cornelissen and Hirs, 1998; Budner et al., 1999;
Belaissaoui et al., 2014) Cryogenic distillation and pressure swing
adsorption (PSA) are currently the greatest utilized.

Membrane separation (MS) does not possess the ability to eco-
nomically attain high purity O2 in a large scale production com-
pared to the other two techniques, thus is not suitable for MSW
oxygen-enriched incineration on a large scale. Cryogenic distilla-
tion (CD) and pressure swing adsorption (PSA) do, however, retain
efficient methods for oxygen supply. Liquid oxygen produced by
cryogenic distillation is available for purchase from oxygen facto-
ries due to high equipment investment or the MSW power plant
is able to be equipped with several PSA oxygen generators accord-
ing to the requirements (2000 m3/h PSA oxygen generator in this
research). Cost calculations of these two schemes for 350 t/d
MSW oxygen-enriched incineration power plant are displayed in
Tables 5 and 6 with the comparison of the two modes listed in
Table 7.

Tables 5 and 6 data indicates the cost of oxygen produced by the
PSA oxygen generator per day (2894 USD/d) is obviously lower
than the liquid oxygen supply (4158 USD/d). However, utilizing
the liquid oxygen supply system has significant advantages in
the aspects of initial investment, construction cycle and floor area.
PSA oxygen generation systems, though lower in production cost,
will greatly increase operation burden of the MSW incineration
power plant. MSW incineration power plants with sufficient condi-
tions and located long distances from oxygen producing factories
are more suited for PSA oxygen generator use, while plants absent
necessary conditions or with locations near oxygen producing fac-
tories are best suited for purchase of liquid oxygen.

4.5. Economic analyses

According to Eq. (13) and Table 3, the economic indices of MSW
co-incineration with different mass ratio of coal are presented in
Fig. 7. According to Fig. 7, MSW co-incineration with coal effects
plant costs by increasing them from two aspects: cost of coal con-
sumption and reduction of government subsidy. Because coal
removes capacity for MSW treatment as it replaces a portion of
the waste stream, thereby decreasing treatment efficiency and
driving costs up, additionally allowance of MSW treatment will
decrease correspondingly.

Through the analyses of Ta and q2 above, the combustion effect
of 25% O2 oxy-enriched incineration is identical with that of MSW
co-incineration with 20% mass ratio of coal. However, DCP of the
MSW co-incineration with 20% coal (5778.3 USD/d) is significantly
Table 4
The comparison of three processes.

Technology CD PSA MS

Process scale 100–300 tons/d 20–100 tons/d 10–25 tons/d
Oxygen purity >99% Around 95% 25–40%
System Complicated process, difficult operation Simple process, convenient operation Simple process, easy operation
Requirement High pressure, low temperature Atmospheric pressure, normal temperature Atmospheric pressure, normal temperature
Security High-risk Low-risk Low-risk
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higher than that of the 25% O2 oxy-enriched incineration
(4158 USD/d). Increasing energy consumption and depletion of tra-
ditional fossil fuels will drive the price of coal upward. Compara-
tively, liquid oxygen production costs will decrease with
enhanced development of oxygen manufacturing, storage and
transportation. Thus, 25% O2 oxy-fuel incineration costs are advan-
taged over MSW co-incineration with 20% mass ratio coal.

Currently, Chinese MSW power plant feedstock is mixed with
10% coal during operation. As previously discussed, the cost of
25% O2 oxy-fuel incineration (4158 USD/d) is slightly higher than
that of co-incineration with 10% coal (3638 USD/d). Combustion
effects and pollutant emission controls of 25% O2 oxy-fuel inciner-
ation, however, provide advantages to help offset costs. Addition-
ally, according to the Standard for Assessment on Municipal Solid
Waste Incineration Plant, CJJ/T 137-2010 (Construction, 2010), in
the future, daily processing capacity of a MSW power plant should
be above 80% of the rated capacity. Co-incineration with 10% coal is
unable to meet the requirement as the actual combustion propor-
tion of MSW is less than 70% in this method. Growth in demand for
25% O2 oxy-fuel incineration as an energy source in China is quite
possible.

Coal mass ratio at just 5% (as required), retains costs (2090 USD/
d) far below that of 25% O2 oxy-enriched incineration (4158 USD/
d). Inferiority of the 5% coal co-incineration, however, as opposed
25% O2 oxy-enriched incineration, arises in combustion tempera-
ture, flue gas loss and pollutant emissions. Coal co-incineration
at 5% ratio cannot meet future needs for improved MSW combus-
tion conditions as can oxy-enriched incineration with 25% O2.

For different model of oxygen supply, the price of liquid oxygen
(in large scale: more than 20 tonnes/d) is steady at 80.6 USD/ton
because cryogenic distillation has been very mature and the oxy-
gen market is stable. And the mainly cost of PSA is power con-
sumption. In general, oxygen costs will be stable in a extended
period and even decrease with enhanced development of oxygen
manufacturing, storage and transportation. Currently, the profits
of Chinese MSW power plant depend on on-grid price and govern-
ment subsidy. These can ensure the plant using oxy-enriched (25%)
incineration to improve combustion. Additionally, the government
subsidy may increase with the adoption of new technology. How-
ever, conventional incineration can hardly meet the demand of lat-
est environmental standard so that the plant may be shut down.
For co-incineration with coal, mass ratio of coal mixed with
MSW during the incineration process will be reduced to only 5%.
Otherwise, the on-grid price will decrease (nearly 30%) as coal-
fired power plant. Therefore, MSW oxy-enriched incineration can
achieve better benefits in both economic and environmental
aspects. With an increase in the collected residue scale, the oxygen
consumption, on-grid electricity and government subsidy will
increase in proportion. In this case, PSA (2894 USD/d) is the best
model of oxygen supply due to economical efficiency and energy
consumption. Oxy-enriched incineration can reduce the scale of
the flue gas cleaning system, reducing equipment investment
and operating costs. Meanwhile, by reducing flue gas rate, boiler
efficiency improves, decreasing flue gas loss. Abilities to meet
capacity requirements, improve environmental conditions, and
produce cost savings combine to create a superior MSW incinera-
tion method with the oxy-enriched version.
5. Conclusions

Technical, economical and environmental analyses of a MSW
grate incineration furnace from different aspects were performed
in this study. It was discovered that:

Application of 25% O2 oxy-enriched incineration in MSW grate
boiler with a rated capacity of 350 t/d demands the injection of
20.3 vol.% pure gaseous oxygen in total oxygen consumption, and
the most suitable excess air ratio (a) should range from 1.4 to
1.5. Accordingly, the consumption of liquid oxygen injected is
around 14.5 wt.% when raw MSW is burned with an approximate
cost of about 11.6 USD/ton MSW.

According to the isothermal combustion temperature (Ta), the
combustion effect of 25% O2 oxy-enriched incineration (a = 1.43)
is similar to that of MSW co-incineration with 20% mass ratio of
coal (a = 1.91). However, the former is superior to the latter in
terms of plant cost, flue gas loss and environmental impacts.
Despite plant costs of MSW co-incineration with mass ratio of 5%
and 10% coal (a = 1.91) being less than 25% O2 oxy-enriched incin-
eration (a = 1.43), the 25% O2 oxy-enriched incineration retains
advantages in combustion effect and pollutant emission controls.

In terms of flue gas loss (q2), q2 under the condition of 25% O2

oxy-enriched combustion with 1.43 of excess ratio is approxi-
mately 12%. In the same case (a = 1.91), q2 in conventional com-
bustion, co-incineration with 20% coal, 10% coal, 5% coal are
around 17%, 13%, 14% and 15%, respectively. Clearly, the q2 of
oxy-enriched incineration is less than other methods in the same
combustion effect. The scale of the flue gas cleaning system can
be reduced due to the reduction of flue gas rate in oxy-enriched
incineration. Accordingly, both equipment investment and opera-
tion costs will experience a drop.

High moisture content imposes difficulty for MSW incineration,
creating a need for MSW drying prior to MSW incineration.
Mechanical drying is the superior dehydration method.

Technical, economical and environmental advantages of MSW
oxy-enriched incineration are significant, rendering a great poten-
tial for future expansion to meet the needs of China and its expand-
ing municipal solid waste stream.

Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (No. 51276075), and State Key Laboratory of Coal
Combustion in Huazhong University of Science & Technology
(No. 201303095), and the Research Foundation of Huazhong Uni-
versity of Science & Technology (No. 2014TS118).

References

Belaissaoui, B., Le Moullec, Y., Hagi, H., Favre, E., 2014. Energy efficiency of oxygen
enriched air production technologies: cryogeny vs membranes. Sep. Purif.
Technol. 125, 142–150.

Bhide, B.D., Stern, S.A., 1991. A new evaluation of membrane processes for the
oxygen-enrichment of air. I. Identification of optimum operating conditions and
process configuration. J. Membr. Sci. 62, 13–35.

Budner, Z., Dula, J., Podstawa, W., Gawdzik, A., 1999. Study and modelling of the
vacuum swing adsorption (VSA) process employed in the production of oxygen.
Chem. Eng. Res. Des. 77, 405–412.

Chen, X., Chen, T., 1981. Principles of Boiler. China Machine Press.
Chen, L., Wang, S.Z., Meng, H.Y., Zhao, J., Wu, Z.Q., 2013. Experimental study on

pyrolysis and combustion characteristics of PVC and PP. Adv. Mater. Res. 781,
2017–2021.

Cheng, H., Hu, Y., 2010. Municipal solid waste (MSW) as a renewable source of
energy: current and future practices in China. Bioresour. Technol. 101, 3816–
3824.

Chin, S., Jurng, J., Lee, J.H., Hur, J.H., 2008. Oxygen-enriched air for co-incineration of
organic sludges with municipal solid waste: a pilot plant experiment. Waste
Manage. 28, 2684–2689.

Chou, C.-T., Wu, C.-L., Chiang, A.S.T., 1994. A complementary pressure swing
adsorption process configuration for air separation. Sep. Technol. 4, 93–103.

Construction, P.M., 2009. Technical Code for Projects of Municipal Waste
Incineration.

Construction, P.M., 2010. CJJ/T 137-2010 Standard for Assessment on Municipal
Solid Waste Incineration Plant. China Building Industry Press, Beijing.

Cornelissen, R.L., Hirs, G.G., 1998. Exergy analysis of cryogenic air separation.
Energy Convers. Manage. 39, 1821–1826.

Feng, J., Shen, Y., Yang, D., 2003. Boiler Principle and Calculation. Science Press.
Gohlke, O., Busch, M., 2001. Reduction of combustion by-products in WTE plants O2

enrichment of Under�Re air in the MARTIN SYNCOM. Chemosphere 42, 545–
550.

http://refhub.elsevier.com/S0956-053X(15)00007-0/h0010
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0010
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0010
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0015
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0015
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0015
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0020
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0020
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0020
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0025
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0025
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0025
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0035
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0035
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0035
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0040
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0040
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0040
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0045
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0045
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0055
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0055
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0060
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0060
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0065
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0175
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0175
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0175
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0175


156 Z. Fu et al. / Waste Management 38 (2015) 149–156
Gohlke, O., Martin, J., 2007. Drivers for innovation in waste-to-energy technology.
Waste Manage. Res. 25, 214–219.

Häring, H.-W., Ahner, C., 2008. Industrial Gases Processing. Wiley-VCH.
Huang, H., Yuan, H., Kobayashi, N., Gupta, A.K., Zuhong, X., Chen, Y., Kitagawa, K.,

2013. Examination of oxygen-enriched gasification process for municipal solid
wastes in South China. Cleaner Combust. Sustain. World, 801–809.

Jia, Q., Chen, D., Zhang, H., 2004. Rational arrangement of flue gas purification
system and recovering heat from incineration of high moisture refuses. Environ.
Eng. 22, 34–37.

Lacava, P.T., Carvalho Jr, J.A., Pimenta, A.P., Ferreira, M.A., 2006. Thermal analysis of
an enriched flame incinerator for aqueous residues. Energy 31, 528–545.

Lai, Z., Ma, X., Tang, Y., Lin, H., 2011. A study on municipal solid waste (MSW)
combustion in N2/O2 and CO2/O2 atmosphere from the perspective of TGA.
Energy 36, 819–824.

Lai, Z., Ma, X., Tang, Y., Lin, H., Chen, Y., 2012. Thermogravimetric analyses of
combustion of lignocellulosic materials in N2/O2 and CO2/O2 atmospheres.
Bioresour. Technol. 107, 444–450.

Lei, B., 2011. The status and development of waste incineration power generation.
Sci. Technol. Innovat. Herald 04, 100–101.

Li, X., Hu, M., 2007. Effective approach to improving heat value of domestic waste:
primary probe into heat value of municipal domestic waste in Xiamen City.
Environ. Sanitation Eng. 15, 46–49.

Li, A., Li, D., Xu, X., 2008. A discussion on pretreatment to improve MSW
incineration. Chinese J. Environ. Eng. 2, 830–834.

Li, Q., Gan, C., Meng, A., Zhang, Y., 2012. Experimental study on effect of drying on
heating value of spent waste. J. Tsinghua Univ. (Sci & Tech) 51, 1865–1868.

Liu, G.H., Ma, X.Q., Yu, Z., 2009. Experimental and kinetic modeling of oxygen-
enriched air combustion of municipal solid waste. Waste Manage. 29, 792–796.

Liu, K., Ma, X.Q., Xiao, H.M., 2010. Experimental and kinetic modeling of oxygen-
enriched air combustion of paper mill sludge. Waste Manage. 30, 1206–1211.

Liu, J., Lei, T., Yang, S., Li, Z., He, X., 2012. Garbage-fired power generation in china
today and development trends. Sino-Global Energy 17, 29–34.

Liuzzo, G., Verdone, N., Bravi, M., 2007. The benefits of flue gas recirculation in
waste incineration. Waste Manage. 27, 106–116.

López, M., Soliva, M., Martínez-Farré, F.X., Fernández, M., Huerta-Pujol, O., 2010.
Evaluation of MSW organic fraction for composting: separate collection or
mechanical sorting. Resour. Conserv. Recycl. 54, 222–228.

Lu, Y., Peng, X., 2010. Problems existing in MSW power generation and the
countermeasures. Power Equipment 24, 138–141.
Martin, M.-R., Helmut, R., 2000. Studies on the high-temperature incineration of
polymer-containing special waste with oxygen enrichment. Chem. Eng.
Commun. 23, 1069–1072.

Masaharu, K., 2001. Development of new stoker incinerator for municipal solid
wastes using oxygen enrichment. Tech. Rev. 38, 78–81.

Meng, H.Y., Wang, S.Z., Chen, L., Zhao, J., Wu, Z.Q., 2013. Pyrolysis characteristics of
pine powder and polyvinyl chloride of municipal solid waste in
thermogravimetric analyzer. Adv. Mater. Res. 781, 2009–2012.

Nie, Y., 2008. Development and prospects of municipal solid waste (MSW)
incineration in China. Front. Environ. Sci. Eng. China 2, 1–7.

Shao, L.-M., Ma, Z.-H., Zhang, H., Zhang, D.-Q., He, P.-J., 2010. Bio-drying and size
sorting of municipal solid waste with high water content for improving energy
recovery. Waste Manage. 30, 1165–1170.

Tai, J., Zhang, W., Che, Y., Feng, D., 2011. Municipal solid waste source-separated
collection in china: a comparative analysis. Waste Manage. 31, 1673–1682.

Tang, Y., Ma, X., Lai, Z., Chen, Y., 2013. Energy analysis and environmental impacts of
a MSW oxy-fuel incineration power plant in China. Energy Policy 60, 132–141.

Velis, C.A., Longhurst, P.J., Drew, G.H., Smith, R., Pollard, S.J.T., 2009. Biodrying for
mechanical-biological treatment of wastes: a review of process science and
engineering. Bioresour. Technol. 100, 2747–2761.

Verdone, N., Liuzzo, G., De Filippis, P., Mazzoni, F., 2008. Oxygen-enhanced
combustion in waste incineration: economic and environmental
considerations. Waste Manage. Environ. 109, 299–308.

Williams, F., 1985. Combustion Theory.
Yan, W., 2013. Technical and economical analysis on a oxygen-enriched combustion

condition with flue gas near-zero emission. Ther. Power Generat. 42, 1–5.
Yan, J., Shen, X., Li, X., 2005. Key problems and pretreating measures for MSW

fluidized bed incineration. Chinese J. Power Eng. 25, 1–6.
Zhang, A.S.H., 2004. Some approaches to raise thermal-electricity utilization

efficiency of refuse incineration plant. J. Saf. Environ. 4, 38–40.
Zhang, D.-Q., He, P.-J., Shao, L.-M., 2009. Sorting efficiency and combustion

properties of municipal solid waste during bio-drying. Waste Manage. 29,
2816–2823.

Zhang, D.Q., Tan, S.K., Gersberg, R.M., 2010. Municipal solid waste management in
China: status, problems and challenges. J. Environ. Manage. 91, 1623–1633.

Zhuang, Y., Wu, S.-W., Wang, Y.-L., Wu, W.-X., Chen, Y.-X., 2008. Source separation
of household waste: a case study in China. Waste Manage. 28, 2022–2030.

http://refhub.elsevier.com/S0956-053X(15)00007-0/h0070
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0070
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0075
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0080
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0080
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0080
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0085
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0085
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0085
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0095
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0095
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0100
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0100
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0100
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0100
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0100
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0100
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0100
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0105
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0105
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0105
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0105
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0105
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0105
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0105
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0110
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0110
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0125
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0125
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0125
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0115
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0115
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0120
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0120
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0130
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0130
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0140
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0140
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0135
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0135
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0145
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0145
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0090
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0090
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0090
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0150
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0150
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0155
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0155
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0155
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0160
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0160
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0165
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0165
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0165
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0170
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0170
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0180
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0180
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0180
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0185
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0185
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0190
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0190
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0195
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0195
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0195
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0200
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0200
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0200
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0215
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0215
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0210
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0210
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0005
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0005
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0220
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0220
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0220
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0225
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0225
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0230
http://refhub.elsevier.com/S0956-053X(15)00007-0/h0230

	MSW oxy-enriched incineration technology applied in China: Combustion temperature, flue gas loss and economic considerations
	1 Introduction
	2 Objective
	3 Methods
	3.1 Oxygen consumption of raw MSW oxy-enriched incineration
	3.2 Isothermal combustion temperature
	3.3 Flue gas loss
	3.4 Economic evaluation

	4 Results and discussions
	4.1 Isothermal combustion temperature (Ta)
	4.2 Flue gas loss (q2)
	4.3 Influence of moisture percentage and the related treatment
	4.4 Oxygen supply
	4.5 Economic analyses

	5 Conclusions
	Acknowledgements
	References


