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Biomass energy is becoming more and more popular, and agricultural waste has attracted
attention. The “waste to energy” technology has good economic and market potential. The
traditional treatment method of agricultural waste is to burn or discard directly on site, and
a large amount of harmful substances are directly discharged into the atmosphere. It can
cause global warming, eutrophication of water bodies, and damage to the ozone layer. In
this study, three thermal treatment methods of direct incineration, pyrolysis and
gasification are combined with three energy recovery methods (steam turbine, gas turbine
and internal combustion engine) to form 7 treatment systems for comparison. The data
involved is collected according to the four main processes of the system: pretreatment,
thermal treatment, energy recovery and ash management. The pyrolysis-steam turbine
system is the best because of its higher energy production and lower energy consumption.
A sensitivity analysis of the efficiency of the treatment plant was conducted, and it was
confirmed that the plant efficiency had a crucial impact on the thermal treatment system. It
is to use high-efficiency energy conversion systems such as CCGT to improve efficiency.
New technologies such as pyrolysis and gasification processes combined in one plant and
indirect gasification methods are used to further process the products into higher value
products. Optimizing the flue gas treatment system to effectively reduce the emissions of
heavy metals, particulate matter and PCDD.
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LIST OF SYMBOLS

n

amount of substance

[mol]

p

pressure

[bar], [Pa]

m

mass

[kg]

R

universal gas constant

[J/molK]

T

temperature

[ºC], [K]

V

volume

[m3], [Nm3]

W

water content

[%]

Q

heat

[KJ]

C

heat capacity

[KJ/kgC]

η

efficiency

[%]

α

air ratio supplied

Subscripts
fg

flue gas

Abbreviations
LCA

Life cycle assessment

WTE

Waste to energy

LCI

Life cycle inventory

LCIA

Life cycle impact assessment

GWP

Global warming potential (GWP 100 years)

AP

Acidification potential

EP

Eutrophication potential

ODP

Ozone layer depletion potential

HTP

Human toxicity potential

FAETP

Freshwater aquatic ecotoxicity potential

TETP

Terrestric ecotoxicity potential

MAETP

Marine aquatic ecotoxicity potential
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1 INTRODUCTION
With the scarcity of coal, oil and other fossil resources, there are more attention on the
use of renewable energy. Biomass such as agricultural waste is an ideal renewable
resource. Agricultural waste is an organic substance that is discarded during the whole
agricultural production process. It includes leftovers such as wheat straws, leaves and
weeds thrown away from agricultural production grounds; manure from poultry and
livestock; residues from the processing of agricultural products and household waste.
Agriculture accounts for half of the land area of the European Union. The average
annual production of agricultural biomass from 2006 to 2015 is estimated to be 956
million tons of dry matter (excluding pastures) in Europe. 54% of these agricultural
biomasses is produced in the form of primary products and the remaining 46% is
residues. When looking only at the residual biomass, cereals and oil-bearing crops
reach respectively 78.8 and 18% of total residual biomass production (EU
Commission. 2018). Millions of tons of agricultural biomass are wasted every year in
Europe. For example, burning straw on the spot will produce a lot of harmful gases,
smoke and dust. Animal feces are randomly placed, which contains many pathogens,
parasite eggs, heavy metals and so on. The "waste-to-energy" (WTE) has good
economic and market potential. The potential of agricultural residues class (manure,
straw and cutting and prunings from permanent crops) to generate energy is greatest
compared to other types of biomass (S.K.Sansaniwala. 2017).

Waste incineration is a traditional method of waste disposal, and it is also a disposal
technology widely used in countries around the world. The waste incineration plant
will produce a lot of harmful substances, so it needs to be equipped with flue gas
treatment equipment. Even if the incineration plant uses a flue gas treatment system to
reduce the emissions of fly ash, toxic gases and heavy metals, the accumulation of
these harmful substances may still pose a threat to the environment and human health
after long-term accumulation. The energy recovery efficiency of incineration plant is
low, which greatly wastes biological waste resources (EU Commission WI, 2006).
Hence other thermal treatment alternatives are needed.
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The main alternative technologies are pyrolysis and gasification. Biomass pyrolysis
refers to the conversion of biomass into tar, charcoal, syngas and other products
through thermochemical reaction under the condition of air isolation. Different
pyrolysis reaction parameters such as reaction temperature, heating rate and residence
time, will result in the generation of products with different quality. Pyrolysis
converts biomass with lower calorific value into gas, liquid and solid products with
higher calorific value, which greatly improves the energy utilization rate of waste.
Some special treatments can also extract higher calorific value products from tar.
(Nachenius, R.W.et al. Biomass pyrolysis chapter 4).

The difference between gasification and pyrolysis is that gasification requires oxygen
and reacts with organic matter in waste at a higher temperature. The main product of
gasification is combustible gas. Tar and char generally account for a small proportion
of the product. The specific proportion of the product after gasification depends on the
type of agricultural waste and operating conditions. In both waste pyrolysis and
gasification plants, the waste is pretreated, which greatly reduces the impact on the
environment. And the syngas produced is widely used. It can be burned in a burner
for heating, or through a steam turbine, gas engine, or internal combustion engine to
generate electricity (Abdelmalik M. S. 2013). The syngas from gasification process
also has a good calorific value. Compared with direct incineration, pyrolysis and
gasification produce different products. If these products are further processed, higher
value products can be obtained. The flue gas treatment system may be cheaper.

The EU's climate goal and energy frame for 2030 is to cut greenhouse gas emissions
by at least 40 % from 1990 levels; to make renewable energy 32 % of total energy
consumption; energy efficiency increases by at least 32.5% (EUR-Lex, 2013). Life
cycle assessment (LCA) can help us observe whether the system has potential
environmental hazards and how to effectively reduce these environmental impacts, it
through the input and output data of the life cycle system of a product from its raw
material to final disposal. Life cycle assessment is a very useful environmental
management tool that can be applied to the assessment of any product. LCA can help
the government make better decisions, companies do more effectively manage and
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system performance is greatly improved. Its results depend greatly on the quality of
the data and the complexity of the system. (ISO14040).
The goal of this study is to provide detailed information for the three thermal
treatment methods of agricultural wastes and make favorable suggestions for system
improvement. Several treatment systems for agricultural waste were created to
consider all the advantages and disadvantages of different waste treatment plants. This
study collected data on possible thermal treatment technologies and made an
environmental impact assessment based on the life cycle inventory results. The
environmental impacts assessment is from the perspectives of global warming
potential (GWP 100 years), acidification potential (AP), eutrophication potential (EP),
ozone layer depletion potential (ODP) and toxicity impacts. The most relevant
influencing factor can be found out from the results of environmental impact analysis.
In addition, sensitivity analysis is conducted. Based on all the analysis results, it
provides potential development suggestions for the agricultural waste thermal
treatment system.

2 MATERIALS AND METHODS
2.1 System boundary definition
The geographical scope of the project is in Europe. The functional unit of the model is
one metric ton of mixed agricultural waste received by the treatment plant. The whole
system boundary is shown in Figure 1. All processes included in the system are within
the solid line box, and main emissions. Other processes and emissions outside the
system boundary are not considered. The economic outlook is also excluded.

The studied system has 4 main processes which are shown in figure 1. (1) Pretreatment. Agricultural waste sent to the treatment plant needs to be pre-treated before
pyrolysis and gasification process. Waste is directly burned does not require a pretreatment process. (2)

Thermal treatment. Waste is processed in combustion

chambers, pyrolysis furnaces and gasifiers. (3) Energy conversion. Energy recovery
of waste is carried out by steam turbine, gas turbine and internal combustion engine.
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(4) Ash management. Seven scenarios were formed through the combination of
different thermal treatment methods and different energy conversion methods:

-

Scenario 1: agricultural waste – incineration – steam turbine – electricity and heat

-

Scenario 2: agricultural waste – pre-treatment – pyrolysis – steam turbine –
electricity and heat

-

Scenario 3: agricultural waste – pre-treatment – pyrolysis – syngas cleaning– gas
turbine – electricity and heat

-

Scenario 4: agricultural waste – pre-treatment – pyrolysis – syngas cleaning – gas
engine – electricity and heat

-

Scenario 5: agricultural waste – pre-treatment– gasification – steam turbine –
electricity and heat

-

Scenario 6: agricultural waste – pre-treatment – gasification – syngas cleaning –
gas turbine – electricity and heat

-

Scenario 7: agricultural waste – pre-treatment – gasification – syngas cleaning –
gas engine – electricity and heat

Figure 1. System boundary with scenarios.

Incineration, utilized in S1, is the most common energy recovery process. S2-S4 are
using steam turbines, gas turbines and gas engine to generate electricity and heat after
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the pyrolysis process of agricultural waste. S5-S7 is the use of steam turbines, gas
turbines and gas engine to generate electricity and heat after the agricultural waste
gasification. Pre-treatment is required before the pyrolysis and gasification processes.
Crushing, washing, and drying mixed agricultural waste are considered in the pretreatment process. The required heat and electricity are supplied internally by the
system. The gas purification process is under consideration before using gas turbines
and gas engine for energy recovery. The sewage water is produced in the syngas
cleaning process. The main pollutant considered is the discharge of nitrogen, and it is
assumed that the discharge of sewage meets the European emission regulations. The
char and tar produced by pyrolysis are assumed to burn in the same boiler with syngas
or in a separate boiler without syngas in the system for energy generation, as it is
commonly preferred in industrial applications (Iribarren et al., 2012). Because tar and
char produced by gasification process have low yield and low calorific value, they are
not considered in this study. The bottom ash and air pollution control (APC) residues
from the treatment plant are transported to the landfill.

The final valuable products electricity and heat are accounted for through the method
of system expansion. The recovered electricity can replace European average
electricity mix, and the recovered heat can replace the average district heat mix
generated by natural gas. In Europe 2017, the largest proportion of energy used to
generate electricity was the use of renewable energy (30.5%), followed by the use of
nuclear energy, gas and coal. The less used energy sources are petroleum and nonrenewable waste. The highest proportion of energy used for heating is natural gas and
synthetic gas (39.2%), followed by renewable energy and solid fossil fuels. (Eurostat
Statistics Explained. 2020).

The data sources of this study mainly come from literature, official website data,
reports and standards issued by the organization. The rest of the data comes from
education database of Gabi 9.1. This study analyzes the input and output data of each
scene through energy conservation and mass conservation. Models of seven thermal
treatment systems for agricultural waste are created in GaBi 9.1 Education software.
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2.2 Agricultural waste
Agricultural residues are mostly lignocellulosic biomass. Lignocellulosic biomass like
straws and grass are mainly composed of five components: cellulose, hemicellulose,
lignin, extracts and ash. The proportions of cellulose, hemicellulose and lignin are
almost equal, but varies with the type of biomass (Jennifer Ruth Dodson, 2011).
Wheat production is the highest of all crops in Europe, the following product is corn.
Wheat production is almost twice that of corn （EU statics, 2019）. And some high
lignin grass is also removed from farmland. The mixture of wheat straw, corncob and
switch grass are selected as the research object for the following comparison in this
study. There is no exact data on the composition of agricultural residues, the
assumption of mixing ratio is based on the crop yield ratio. Assume that the treatment
plant receives 1 ton of mixed agricultural waste, wheat straw (WS), corncob (CC),
and switch grass (SG) with a mixing ratio of 60: 35: 5.

The same biomass in different regions would have different components. In this study,
the characteristics of agricultural residues are obtained from some literature. All
masses of agricultural waste fractions and dry weights are calculated in table 1. Dry
weights for waste fractions are obtained with the equation:
(1)
Where

- total solid of waste [kg]
- moisture content of the waste [%]
- mass of the waste [kg]

Moisture content of the agricultural waste can be calculated with following equation:
(2)

Table 1. The basic information of mixed agricultural waste

WS

CC

SG

Mixed waste

12

Waste share (%)

60.00

35.00

5.00

100

Mass of waste fraction (kg)

600

350

50

1000

Moisture (%)

7.02

6.3

6.7

6.8

Total solid (%)

92.98

93.7

93.3

93.2

Total solid (kg)

558

328

47

932

Ash (% of TS)

6.06

2.10

6.73

4.7

Data source: wheat straw from Peng Fu et al., 2019; corncob from Jale Yanik et al.,
2007; and switch grass from Greenhalf C.E. et al. 2012.

The composition of organic fraction will be calculated so ash is not considered.
Elemental composition of waste fractions is obtained from the references which are
same as in table 1.

Table 2. Chemical composition of mixed agricultural waste

dry

C

weight
Kg

％

H
Kg

％

O
Kg

％

N
Kg

％

Ash
Kg

％

Kg

WS

557.88

42.21 235.48 5.36

29.90

45.78 255.40 0.59

3.29

6.06

33.81

CC

327.95

42.00 137.74 6.27

20.56

49.05 160.86 0.58

1.90

2.10

6.89

SG

46.65

43.10

20.11

5.41

2.56

44.39

20.71

0.37

0.17

6.73

3.14

Mixed

932

42.2

393

5.7

53

46.8

437

0.6

5.37

4.7

44

Amounts of elements and normalized mole percentage are calculated as the table 3
show. The energy content of mixed agricultural waste is calculated using the Dulong
formula (W.A. Selvig and I.H. Gibson. 1945) based on the organic composition in
Table 2. The calculation formulas are shown below.
(3)
(4)
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(5)
(6)
Where

- higher heating value of mixed waste on dry and ash free

[kJ/kg]
- heating value for solid matter [kJ/kg]
- lower heating value for the solid matter [kJ/kg]
- lower heating value for mixed waste [kJ/kg]
C, H, O, S - mass percentage of carbon, hydrogen, oxygen and sulfur [%]
- ash content of the total solid [%]
- mass percentage of hydrogen from the total solid [%],
- moisture content of the mixed agricultural waste [%]
- vaporization heat of water
The calculation results are shown in table 3.

Table 3. Amounts of normalized mole percentage and energy content of mixed agricultural waste

Amounts of normalized mole percentage
Element

Dry weight

M

n

Normalized mole content

kg

kg/kmol

kmol

N=1

C

393.33

12.01

32.75

86

H

52.99

1.008

52.57

138

O

436.96

16.0

27.31

72

N

5.37

14.01

0.38

1

The chemical composition of waste total solid is: C86H138O72N1.
Energy content (kJ/kg)

14

HHVdaf

14708

LHVdry

14004

HHVdry

14016

LHVar

12894

2.3 The main process
2.3.1 Pre-treatment

The physical characteristics such as water content, particle size and density of
agricultural waste can affect the energy utilization efficiency, product yield and
composition of products. Pretreatment is to improve the physical properties of
agricultural residues by physical or chemical treatment (Benjamin Bronson et al.
2012). Too much or too little water content will affect the pyrolysis and gasification
process and reduce the overall thermal efficiency of the system. If the next process is
pyrolysis reaction, the water content should be less than 10% after pretreatment (Eke
J et al., 2019). A certain amount of water will promote the gasification process. It is
necessary to add water to agricultural waste, the moisture content after pretreatment is
generally 10-20% (Shumin Fan et al., 2017). Many agricultural biomass wastes such
as wheat straw and grass are large in volume and high in fiber content, and direct use
will form excessive slag and ash. The most suitable particle size is 0.2–2 mm (Karel
Svoboda et al, 2009). In addition, agricultural residues contain a large amount of
alkali and alkaline earth metal substances. Scrubbing can remove 50% of potassium,
60% of magnesium, and 25% of calcium. This can greatly improve product quality.
(Jose Antonio Mayoral Chavando. 2017).

Pretreatment in this study included flushing, drying and shredding. The mixed
agricultural waste is washed with water. Then the water in mixed waste is removed by
mechanical dewatering (centrifugal or press dehydration) and drying to the optimum
moisture content. The water content of mixed waste after mechanical dehydration is
40%. When drying agricultural waste, the temperature is usually kept near 100°C to
minimize volatile emissions from biomass. Then the mixed waste is ground to 1.5 mm
by crushing and shredding. The power consumed by different pretreatment processes
varies. The consumption of electricity before pyrolysis and gasification is set to 92.3
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kWh/t in this study. The process water for flushing mixed waste is 2.83 kg/kg-waste
(Jose Antonio Mayoral Chavando. 2017).

The water content of the mixed agricultural waste after pretreatment is 8% for the
pyrolysis process and 15% for the gasification process. The heat required for drying
can be calculated according to the difference in water content and temperature. The
heat capacity of water is 4.2 kJ/kg*℃ and the latent heat of vaporization of water is
2257.3 kJ/kg. The heat capacity of mixed waste can be calculated by formula 7 (Drew
F. Schiavone. 2016). The temperature change is from 20 °C to 100°C. The efficiency
of the heat exchanger in the drying process is set to 92%, and it will be changed in the
sensitivity analysis part. The total heat consumption of pre-treatment process is
calculated by formula 8, and the results are shown in table 4.

The heat capacity of agricultural mixed waste:
(7)
Where

– the water content of mixed waste after pre-treatment [%]

The total heat consumption in pre-treatment process:

(8)
Where

dry –

total heat consumption of pre-treatment process [kJ]
– the heat consumption by evaporated water [kJ]
– the heat consumption by evaporated water [kJ]
– the specific heat capacity of water and mixed

waste after pre-treatment [ kJ/kg*℃]
– the mass of evaporated water and mixed waste
after pre-treatment [kg]
– the temperature difference (80) [℃]
– the latent heat of vaporization of water [kJ/kg]
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– heat transfer efficiency in the drying process (92) [%]

Table 4. Pre-treatment process data (per functional unit)

Before pre-

After mechanical

treatment

dehydration

After pre-treatment
Pyrolysis

Gasification

Share,

Mass,

Share,

Mass,

Share,

Mass,

Share,

Mass,

%

kg

%

kg

%

kg

%

kg

Moisture

6.752

67.52

40

621.65

8.00

81.09

15.00

164.56

TS

93.248

932.48

60

932.48

92.00

932.48

85.00

932.48

100

1000

100

1864.96

100

1013.57

100

1097.04

Mixed

The mass of evaporated water, kg

540.57

457.10

Heat consumption for drying, MJ

1619.83

1404.92

The heat supply comes from its own system in the actual treatment plant. The heat
supply for the pretreatment process is used steam from boiler in the scenario which
use steam turbines (S2 and S5). The heat comes from the sensible heat of the syngas
cooling in cleaning process for the scene where gas turbine and gas engine are used
(S3，S4，S6 and S7). The temperature of the gas discharged from the pyrolysis and
gasification furnace is very high, and the heat is used for the heat required for
pretreatment through the high-temperature waste heat recovery device. Sensible heat
recovery rate is set at 75% (Dong Jun et al., 2018). Excess heat is used in district
heat.

2.3.2 Thermal treatment

1) Incineration
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Direct incineration is the simplest and most widely used heat conversion method. The
waste is burned in the boiler and the water is heated to produce steam. The steam
drives the turbine to rotate and the generator produce electricity. Heat loss from
combustion is not considered in the calculation, it is reflected in the efficiency of the
entire incineration plant in the table 7.

2) Pyrolysis
This study selected the fast pyrolysis, which is most commonly used pyrolysis process
in Europe. Agricultural waste produces solid, liquid, and gas products through rapid
pyrolysis when it is isolated from air or a small amount of air. The rapid pyrolysis
reaction requires reaction conditions such as normal pressure, the temperature at
450~550℃, high heating rate is 100~105℃/s, and the vapor residence time at
0.2~0.6s（Huiyan Zhang et al.,2011）. When agricultural waste particles are at a
temperature below 300 °C, the process of free radical formation, water evaporation
and deagglomeration occur. When the temperature is between 300℃ and 400℃, the
glycosidic bond of the polysaccharide is broken. When the particles are heated to
temperatures above 400 °C, the sugar units undergo dehydration, rearrangement, and
fission reactions. When the temperature is around 500 °C, more bio-oil is produced.
Other flammable by-products from the pyrolysis process are pyrolysis gases and
biochar (Han Jeongwoo and Elgowainy Amgad, 2013).

Pyrolysis syngas is used for electricity and heat production. Pyrolysis is endothermic,
the required heat is provided internally by the system. Bio-char and bio-oil are burned
in boiler which is to meet the heat demand for the pyrolysis process. Nine percent of
the heat generated by tar and char is used for pyrolysis (Baggio Paolo et al., 2008)
and the remaining heat goes to district heating. Through the data obtained from the
literature and the proportion of the three types of waste in it, the distribution ratio of
the products obtained in the pyrolysis process can be calculated. The process data is
shown in table 5. The data source of syngas composition is same as the product
distribution. Cold gas efficiency is the ratio of the chemical energy of the dry gas to
the energy content of the dry feedstock; while hot gas efficiency is the ratio of the
chemical energy of the dry gas plus the sensible energy of hot gas to the energy
content of the dry feedstock.
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Table 5. Pyrolysis process data of mixed agricultural waste (per functional unit)

Product distribution (%)
Tar

Char

Gas

Water

Reference

34.97

28.05

26.9

10.08

Peng Fu et al., 2019.

35.00

20.00

39.00

6.00

Jale Yanik et al., 2007.

40.9

15.88

34.14

9.08

Greenhalf C.E. et al., 2013.

Average

36.96

21.30

33.35

8.39

-

CC

41

23

30

6

Jale Yanik et al., 2007.

46.7

22.3

23.5

7.5

Greenhalf C.E. et al., 2013.

Average

43.85

22.65

26.75

6.75

-

SG

57.9

20.3

16.57

5.5

Greenhalf C.E. et al., 2013.

Mixed

40

22

30

8

(WS: CC: SG = 60:35:5)

WS

Syngas composition (%) by volume
H2

2.4

CO

27.8

CH4

6.1

CO2

37.3

CxHy

26.3

N2

0.00

Other data
Hot gas efficiency (%)

66

Seo Dong Kyun et al., 2010.

Cold gas efficiency (%)

47

Seo Dong Kyun et al., 2010

LHVsyngas (MJ/Nm3)

8.0

Jose Antonio Mayoral Chavando. 2017
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LHVbio-char (MJ/kg)

18.8

Jose Antonio Mayoral Chavando. 2017

LHVbio-tar (MJ/kg)

20.9

Jose Antonio Mayoral Chavando. 2017

Note: CxHy includes C2H2, C2H4, and C3H6.

3) Gasification
The type of process selected in this study is air gasification, which is the most widely
used gasification process in Europe. The gasification process is a process in which
agricultural waste undergoes a thermochemical reaction under the action of a
gasifying agent to generate synthesis gas. The main products after gasification are
syngas, tar and biochar (S.K.Sansaniwala et al., 2017). The reaction process in the
gasifier includes drying, thermal cracking, reduction reaction, and oxidation process.
When the treated agricultural wastes enter the gasifier, it is first heated and then water
is evaporated at 100~150°C. When the temperature exceeds 200 °C, the pyrolysis
process begins and the composite polymer is decomposed. During the pyrolysis stage,
the volatile component of biomass becomes a mixture of syngas, water vapor and a
small amount of tar and char. The volatiles produced by thermal cracking are complex
mixed gases, some of which can be condensed into liquid called tar at normal
temperature. Non-condenser gas can be used as gas fuel. When the temperature is
above 900°C, the primary tar generates more combustible gas, coke or secondary tar.
The temperature in the oxidation reaction zone of the gasifier can be as high as 1000
~1200°C. Here the coke formed by the pyrolysis reaction is gasified by the reaction
with the oxygen in the gasifier. Synthetic gases include combustible components,
non-combustible gases and non-reacting gases N2 carried by gasifiers (Chanchal Loha
et al., 2017).

The energy utilization of gasification liquid oil and char is not considered since their
low heating value, which is consistent with the practical application of many
gasification plants in reality. The heat released from partial oxidation can meet the
heat required for the gasification reaction. Equivalence ratio (ER) is the ratio of actual
oxygen (air) / mixed waste used in gasification to stoichiometric oxygen (air) / mixed
waste for combustion. When ER is in the range of 0.28 to 0.31, the syngas has a
higher calorific value (Xianjun Guo et al., 2009). The process data of gasification is
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shown in table 6. Lower heating value of syngas can be calculated using formula 9
(Chen Guanyi et al., 2017).
MJ/Nm3
(9)
Where H2, CO, CH4, CxHy - the volume percentage of H2, CO, CH4, CxHy in syngas

Table 6. Gasification process data of mixed agricultural waste (per functional unit)

Product distribution on wet basis (%)

Mixed

Tar

Char

Gas

Reference

8.2

9.0

82.8

Ye Tian et al., 2018

Syngas composition (%) by volume
H2

8.0

CO

19.6

CH4

4.2

CO2

12.8

CxHy

1.5

N2

54.0

Hot gas efficiency (%)

79

Narnaware Sunil L, 2017.

Cold gas efficiency (%)

66

Murakami Takahiro, 2013.

ER (equivalence ratio)

0.28

Xianjun Guo et al., 2009

Gas yield (Nm3/kg)

1.63

Xianjun Guo et al., 2009

LHVsyngas (MJ/Nm3)

5.85

-

Other data

Note: CxHy includes C2H2, C2H4, and C3H6.
Data sources of syngas composition are from Kai Zhang et al., 2013 and Xiang Guo
et al., 2019.
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4) Syngas cleaning
Syngas cannot be used directly in gas turbines and gas engines after a high
temperature waste heat recovery unit. Because the syngas produced by the
pyrolysis/gasification process contains various impurities such as tar, solid particles
and harmful chemicals, which can cause obstruction and wear on downstream
equipment. It can make overall efficiency of the plant decrease and the operating costs
increase. The gas cleaning process removes as much tar, particulate matter, and other
non-tar impurities as possible. There are usually physical and chemical ways to clean
syngas. In this study, physical methods were used to separate the syngas and
impurities. The cyclone separator removes excess ash and carbon particles, and then
tar is removed by a filter. The recovered carbon particles and tar are sent to the
pyrolysis furnace / gasifier for reuse. A scrubber is used to remove ammonia
(S.K.Sansaniwala et al.,2017). Sewage treatment is included in the syngas cleaning
process.

In this process, only the reaction of hydrogen and nitrogen to synthesize ammonia
(reaction equation 10) is considered, while the synthesis of ammonia by hydrocarbon
gas is not taken in account. Hence there is no ammonia produced in the pyrolysis
system. 15% of hydrogen reacts to synthesize ammonia gas under the condition of
high temperature, high pressure and catalyst (Roger Norris. 2015). The actual mass of
hydrogen reacted should be less than 15%, but this value is still used to estimate the
sulfuric acid demand in this study. The ammonia removal rate of the scrubber is 95%
(Zisopoulos, Filippos K et al., 2018). The absorbent selected for the scrubber is 30%
dilute sulfuric acid. The chemical reaction equation between sulfuric acid and
ammonia is shown as the equation 11. The required mass of sulfuric acid is 49.5 kg.
The process water for gas cleaning is 115.4 kg. The density of 30% dilute sulfuric
acid is 1.28 kg/L. The volume of sewage discharge is 128.8 L for gasification system
and for pyrolysis gas is 115.4 L. The discharge standard of nitrogen is 15 mg/L
(UWWTD, 91/271/EEC). The electricity consumption of the syngas conditioning
process is 194 kWh/t (Torretta, V et al., 2014).

N2 + 3H2 = 2NH3
NH3 + H₂SO₄ = NH₄HSO₄

(10)
(11)
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Where

- the mass of the mixed waste undergoing the gasification

reaction [kg]
A - the mass percentage of mixed waste used to generate syngas [kg]
B - gas yield [Nm3/kg]
H2 - the volume percentage in syngas [%]

2.3.3 Energy recovery

Steam turbines, gas turbines, and internal combustion engines are used for energy
recovery in this study. Steam turbines and steam turbines produce nearly 70% of
energy in Europe (EUTurbines, 2020). The steam vane machine is not in direct
contact with fuel. Its components include rotors, turbine blades and bushings. Excess
steam provides energy for the rotation of the blades to produce electricity. Gas
turbines are a type of internal combustion engine. The three main parts of the
compressor, combustion chamber and turbine are connected to the shaft. Syngas is
injected into the combustion chamber and ignited in the combustion chamber together
with the compressed air. Gas expansion at high temperatures rotates the blades in the
turbine. The temperature of these gases is much higher than that of steam turbines.
And the types of fuels that can be used are more restricted than steam turbines
(Atmaca M, 2009). The internal combustion engine uses synthesis gas to burn in the
cylinder and pushes the piston after expansion. The piston is transmitted to the
crankshaft through the crank cam mechanism, and the crankshaft rotates to drive
power generation (Sun Bai-Gang, 2013). In this study, the combined heat and power
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system capacity is used. After power generation, the heat in the exhaust gas is
recovered for district heating.

Bio-oil can be refined into high grade products of vehicle oil, and biochar can be used
as soil improver. But the refining process of bio-oil is complex and the percentage of
carbon sequestration in biochar is very uncertain (Han, Jeongwoo, 2013). Only onsite combustion is considered for them in this study. Tar, char and syngas are burned
in one boiler in the system of energy conversion by steam turbine after pyrolysis (S2).
In case of the energy produced by using gas turbine or gas engine (S3 and S4), tar and
char are burned in a separate boiler from the syngas.

The combustion thermal efficiency of boiler is set at 81% (Ian M. Shapiro. 2016). The
CHP plant efficiency of using gas turbines is set at 85%, for steam turbines and gas
engine is set at 75% (Gvozdenac, Dušan et al., 2017). In reality, the energy
efficiency of each treatment plant is very inconsistent. In order to estimate the
efficiency of different treatment plants more transparently, some related literature was
found and their average value was taken to set the electricity efficiency. The power
generation efficiency and heat production efficiency of plants are shown in Table 7.
The plant efficiency is crucial to the generation energy, and the sensitivity analysis
will be carried out by changing the efficiency of the treatment plant in following part.
Different plants have different internal power consumption. It is set that 20% of the
total electricity produced by the plant is used internally (DEFRA UK, 2004).

Table 7. The plant efficiency by using different energy recovery device (per functional unit)

Plant

Energy recovery

Efficiency (%)

Reference

13

Francesco Di Maria et al.,
2016

Electricity
Direct

22 - 30

R. de Vries & E. Pfeiffe.
2002.

incineration
17

Haoxin Xu et al, 2018.

24

Boiler-

Average of electricity

21

-

Heat

40

Turconi, Roberto et al,2011

34.8

Nuss Philip et al., 2013

15 - 24

Arena Umberto, 2012

29.5

Baggio Paolo et al., 2008

28

Lu, W & Zhang, Tz. 2010.

Average of electricity

26

-

Heat

49

-

56

Teresa J.Leo et al., 2003

35 - 40

S.C. Bhatia. 2014.

39.5

He Fen and Robvan den

Electricity

steam
turbine

Electricity
Gas turbine

Berg. 2017.
20 - 30

Arena Umberto, 2012

18.6

Baggio Paolo et al., 2008

Average of electricity

34

-

Heat

51

-

37

Jerald A.Caton. 2012.
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Szybist James et al., 2012

14 - 26

Arena Umberto. 2012

20.5 - 22.9

Huang, Y et al., 2011

27

-

Electricity

Gas engine

Average of electricity

25

Heat

48

-

2.3.4 Ash and APC management

1) Emissions to air
Any flue gas treatment system is suitable for incineration plants, pyrolysis plants or
gasification plants to achieve air pollution control. Therefore, the data of emission
factors are uniformly selected from one plant for better comparison. The technologies
flue gas treatment system involved in the selected plant are electrostatic precipitator
for the fly ash; treatment with sodium bicarbonate to neutralize the acid gasses; tube
filter to catch the dust formed during the previous treatments; SCR unit for reduction
of nitrogen oxides (Silla 2, 2008).

Biogenic CO2 from biomass is generally regarded as neutral since it has been captured
by plant. The carbon dioxide emissions from burning agricultural mixtures are set to 0.
The emission factors of CO2 equivalent of avoided electricity and heat are 0.12 kg
CO2 eq./MJ and 0.07 kg CO2 eq./MJ respectively. Tar and char are burned in the
pyrolysis plant, assume that the flue gas volume is same as that from incineration
plant in this study. Emissions are calculated based on emission factors. The amount of
flue gas can be calculated by formula 12~16 (Dong Jun et al., 2018). From the
emission factor and the total amount of flue gas, the mass of the main emission of a
ton of mixed waste can be calculated. The emission factors and calculated results are
shown in table 8 and table 9.

The total amount of flue gas:
(12)
Where

- total amount of flue gas [Nm3/kg]
- theoretical flue gas volume [Nm3/kg]
- theoretical air for combustion [Nm3/kg]
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- excessive air ratio supplied for combustion, =1.6 for incineration;
=1.2 for syngas combustion.
0.0161 - the water vapor in 1Nm3 of dry air

The flue gas volume and theoretical air demand for incineration can be calculated by
the following equations:

(13)
(14)
Where C, H, O, N, S, M - the mass percentage of elemental carbon, hydrogen, oxygen,
nitrogen, sulfur and moisture in mixed waste [%]

The flue gas volume and air for syngas combustion:

(15)
(16)
Where CO2, CO, H2S, CxHy, H2, O2 - the volume percentage in syngas [%]

Table 8. Calculation results of flue gas volume, theoretical air demand for combustion and total
amount of emissions (per kg of mixed agricultural waste as plant received)

Incineration

Pyrolysis

Gasification

Vair

4.39

-

1.3

Vfg

3.62

-

2.2

Vtoatl, Nm3/m3-syngas

-

-

2.4

VSyngas, m3-syngas / kg-waste

-

-

1.63
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Vtoatl, Nm3/kg-waste

6.6

6.6

4.0

Table 9. Calculation results of major pollutant emissions (per functional unit)

Incinerator
Emission
emissions factor,
mg/Nm3

mass,
kg

Gas turbine/Internal combustion
engine
pyrolysis gasification Emission pyrolysis gasification
Steam-turbine

mass, kg

mass, mg

factor,
mg/Nm3

mass, kg

mass, mg

CO
SO2
NOX
HCL
PM
PCDD/Fs

6
1
50
2
0.1

0.0396
0.0066
0.33
0.0132
0.0007

0.0396
0.0066
0.33
0.0132
0.0007

0.024
0.004
0.2
0.008
0.0004

6
1
50
0
0

0.0396
0.0066
0.33
0
0

0.024
0.004
0.2
0
0

(ngTEQ/m3)

0.005

3.30 x
10-11

3.30 x
10-11

2.0 x 10-11

0.005

3.30 x
10-11

2.0 x 10-11

2.8 x 10-5

0.007

2.8 x 10-5

1.6 x 10-5

0.004

4.62 x
10-5
2.64 x
10-5

4.62 x
4.62 x
-5
10
10-5
2.64 x
2.64 x
Cd
0.004
-5
10
10-5
Emission factors is from Silla 2, 2008.

Hg

0.007

1.6 x 10-5

The emission factor of HCL and PM in the pyrolysis/gasification treatment plant
which use gas turbine/internal combustion engine are set to 0 since the gas cleaning
process.

2) Ash management
The treatment plant produces solid residues/bottom ash from the reaction furnace, and
the air pollution control system has a small amount of fly ash and absorbent. Solid
residues can be used as road construction materials or concrete aggregates (Sakai
S.I and Hiraoka M., 2000). But in this study the solid residues together with APC
residues are sent to a landfill 50 km away. Assuming that APC residues has been
stabilized before being sent to the landfill.

Solid residue yields in agricultural waste to energy systems range from 5 to 15 percent
of the total waste (Adrian K. James et al., 2012). In this study, the amount of solid
residue in all plants is set to 100 kg/t-waste. The APC residues are 20 kg/t-waste for
all kinds of treatment plants (DEFRA UK, 2004). The truck model chose is “GLO:
Truck-trailer, Euro 3, 28- 34t gross” in Gabi.9.1 database. The payload capacity of
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truck is 22t. The landfill model choose is “EU-28: Glass/inert waste on landfill ts”
from Gabi.9.1 database.

Table 10. The process data of ashes and APC residues management (per functional unit)

Solid residues from the reaction furnace

Mass, kg

Incineration

Pyrolysis/gasification

plant

plant

100

100

Distance, km
Mass to landfill, kg

APC residues
stabilization

20

50
120

120

-

Diesel, L

0.16

0.16

3.10

Electricity, kWh

0.42

0.42

36.00

Diesel for truck, kg

0.0237

0.0237

-

Energy consumption

The energy consumption data in plants is from DEFRA UK, 2004.

2.4 Life cycle inventory
Based on the above data and assumptions, the table 11 shows the inputs and outputs data of three thermal treatment of mixed agricultural
waste.

Table 11. Inputs and outputs data of seven scenarios (per functional unit)

S1

S2

S3

S4

S5

S6

S7

Mass of mixed agricultural waste, kg

1000

1000

1000

1000

1000

1000

1000

Process water for pre-treatment, kg

-

2830

2830

2830

2830

2830

2830

Heat for pre-treatment, MJ

-

1620

1620

1620

1405

1405

1405

Electricity for pre-treatment, kwh

-

92.3

92.3

92.3

92.3

92.3

92.3

Heat for reaction, MJ

-

909

909

909

-

-

-

Electricity for syngas cleaning, kwh

-

-

194

194

-

194

194

Inputs
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Process water for gas cleaning, kg

-

-

115.4

115.4

-

115.4

115.4

Sulfuric acid, kg

-

-

-

-

-

49.5

49.5

Electricity for ashes management, kwh

36.4

36.4

36.4

36.4

36.4

36.4

36.4

Diesel for ash and APC management, L

3.26

3.26

3.26

3.26

3.26

3.26

3.26

Diesel for transportation, kg

0.0237

0.0237

0.0237

0.0237

0.0237

0.0237

0.0237

120

120

120

120

120

120

120

Net electricity power, MJ

2645

3926

203

-

2288

2416

1684

Net heat energy, MJ

5382

5599

10978

10858

3690

5559

5245

CO, kg

0.0396

0.0396

0.0396

0.0396

0.024

0.024

0.024

SO2, kg

0.0066

0.0066

0.0066

0.0066

0.004

0.004

0.004

Outputs
Mass of ashes to landfill, kg
Energy production

Emissions
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NOX, kg

0.3299

0.3299

0.3299

0.3299

0.2

0.2

0.2

HCL, kg

0.0132

0.0132

-

-

0.008

-

-

PM, kg

0.0007

0.0007

-

-

0.0004

-

-

PCDD/Fs, kg

3.30 x 10-5

3.30 x 10-5

3.30 x 10-5

3.30 x 10-5

2.0 x 10-11

2.0 x 10-11

2.0 x 10-11

Hg to air, kg

4.62 x 10-5

4.62 x 10-5

4.62 x 10-5

4.62 x 10-5

2.8 x 10-5

2.8 x 10-5

2.8 x 10-5

Cd to air, kg

2.64 x 10-5

2.64 x 10-5

2.64 x 10-5

2.64 x 10-5

1.6 x 10-5

1.6 x 10-5

1.6 x 10-5

Nitrogen to water, kg

-

-

-

-

-

1.93 x 10-3

1.93 x 10-3

2.5 Life cycle impact assessment
The environment impact categories used in life cycle impact assessment (LCIA) are
CML2001-January 2016, Global warming potential (GWP 100 years), acidification
potential, eutrophication potential, ozone layer depletion potential and four toxicity
impacts. According to the results of LCI, the results of LCIA are shown in following part.

3 RESULTS AND DISCUSSION
In this chapter, the results of LCIA are presented. Based on the results of LCI and LCIA,
the most important factors affecting the environment can be determined and a sensitivity
analysis of this factor were conducted. The limitations and uncertainties of the project were
discussed. According to the previous analysis, some suggestions for improving the thermal
treatment system of agricultural wastes were made.

3.1 Environmental impact categories
3.1.1 Global Warming Potential

The global warming potential category is related to the greenhouse gas emissions
especially CO2. The unit of that is kg CO2 eq. /t agricultural waste. As can be seen from
figure 2, the total emissions of all systems have a negative impact on global warming
potential. The most value of total emissions is S5, and the smallest is S2. In pyrolysis
plants tar, char and syngas are used together to generate energy, while in gasification plants
only syngas is used to generate energy. The total values of pyrolysis plants are lower than
gasification plants, and direct incineration plants are in the middle. The pyrolysis plants
avoid more CO2 emissions by recovering energy than gasification plants. The power
generation efficiency of plants that use gas turbines (34.2%) to recover energy are
relatively high compared to plants that use steam turbines (26.3%) and internal combustion
engines (27.2%). The heat production efficiency of them are similar. The emissions
avoided in the pyrolysis plant systems are similar, but the energy consumption by S3 and
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S4 is higher than that of S2. Therefore, S2 has the smallest environmental impact among
the total emissions.

Figure 2. Global Warming Potential (GWP 100 years) of each scenario

3.1.2 Acidification Potential

The acidification potential category is related to the emission of acidic substances, such as
sulfur dioxide and nitric oxides. Its unit is kg SO2 eq. /t agricultural waste. Acidic gas will
enter the water and soil with rain and snow, causing acidification of the water environment
and soil. This has a serious impact on human life and the ecological environment. The total
emissions of all systems have a negative impact on acidification potential. The largest total
emission is S4 and the smallest is S2 in figure 3. The value of the incineration system is
still in the middle. It can be seen from S3 and S4 that the avoided emissions are more
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affected by the recovered power. Electricity consumption and sulfuric acid consumption
account for a large proportion of positive emissions.

Figure 3. Acidification Potential (AP) of each scenario

3.1.3 Eutrophication Potential

The eutrophication potential category is related to the emission of nitrogen (NOx) and
phosphorus. Eutrophication potential’s unit is kg Phosphate eq. /t agricultural waste. Too
much nutrition will promote the mad growth of algae and other plants in the water, and fish
and other organisms in the water will die in large numbers. It results an imbalance in the
distribution of species in the water ecosystem. The total emissions of all systems are in a
negative impact in eutrophication potential from the figure 4. The most value of total
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emissions is S4, and the smallest is S2. In this category, the effect of electricity recovery
on avoiding emissions is still greater than that of heat recovery. The direct emissions and
electricity consumption of the treatment plant account for the main proportion of positive
emissions.

Figure 4. Eutrophication Potential (EP) of each scenario

3.1.4 Ozone Layer Depletion Potential

The ozone layer depletion potential is related to HCFC emissions (especially Freon). Its
unit is kg R11 eq./t agricultural waste. The stratospheric ozone layer can absorb short-wave
ultraviolet rays, avoiding carcinogenesis and death of animals and plants. Energy can also
be stored in the upper atmosphere to regulate the earth's climate. The total emissions of all
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systems are at negative emission values in figure 5. The largest total emission is S5, and
the smallest is S3. Different from the three categories before, thermal recovery has a
greater impact on avoiding emissions than electricity recovery. The heat consumption of
the treatment plant account for the main proportion of positive emissions.

Figure 5. Ozone Layer Depletion Potential (ODP, steady state) of each scenario

3.1.5 Toxicity impacts

The effects of toxicity are associated with heavy metal, particulate, and PCDD/Fs
emissions. The unit of that is kg DCB eq./t agricultural waste. Heavy metals Heavy metals
released into the atmosphere, water, and soil, causing a series of environmental pollution.
And these heavy metals cannot be degraded in the environment, which further aggravates
the harm to the human body. Particulate matter suspended in the air and inhaled by people
can seriously damage lung function. When a person is exposed to an environment
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containing PCDD, it can cause skin sores, headaches, insomnia and other symptoms, and
may lead to heart failure and cancer. In this part, the toxicity impacts are analyzed from
four aspects of human toxicity potential (HTP), freshwater aquatic ecotoxicity potential
(FAETP), terrestric ecotoxicity potential (TETP) and marine aquatic ecotoxicity potential
(MAETP).

Both HTP and FAETP have a negative effect on total emissions shown in figure 6 and 7.
The maximum value of total emissions is S5 and the minimum is S3 on HTP. And heat
recovery accounts for a large proportion of negative emissions. While the most value of
total emissions is S4, and the smallest is S2 on FAETP. In this category, the effect of
electricity recovery on avoiding emissions is greater than that of heat recovery.

Figure 6. Human Toxicity Potential (HTP inf.) of each scenario
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Figure 7. Freshwater Aquatic Ecotoxicity Pot. (FAETP inf.) of each scenario

Different from the first two types of toxic environmental category, the total emissions of
all systems are at positive emission values in figure 8. It can be seen that the highest total
emission is S4, and the lowest S2 for TETP category. Direct emissions account for a large
proportion of the total impact. And the direct emission has a huge impact on total
emissions compared to HTP and FAETP. The role of power recovery in reducing
emissions is greater than thermal recovery.
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Figure 8. Terrestric Ecotoxicity Potential (TETP inf.) of each scenario

All of the systems have negative values for MAETP from the figure 9. The highest value
of the total emission is S4 and the lowest is S2. This environment category is affected by
energy consumption and recovery, especially electricity recovery. For pyrolysis plants, S2
is optimal because it generates the most electricity. For gasification plants, S6 is the best
since the power production efficiency of S6 is bigger than S5 and S7. MAETP is most
affected by electricity recovery compared with other toxic impacts. The direct emissions
hardly affect total emissions.
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Figure 9. Marine Aquatic Ecotoxicity Pot. (MAETP inf.) of each scenario

3.2 The most relevant life cycle phases
Scenario 2 is the best from the above LCIA results. All environment impact categories
have negative values except on TETP. The negative value indicates that it offsets
emissions from fossil fuel energy production through the energy recovery. The most
important stage of agricultural waste thermal treatment is energy recovery on the
environmental impact. Energy recovery impact accounts a large proportion of total
emissions for almost all environmental impacts. Producing heat and electricity requires
huge resources, such as coal and natural gas. Other than that, the major pollutant emissions
come from these fossil fuels. The pressure on the environment is greatly reduced by
recovering energy. For most environmental impact categories, the more energy is
recovered, the smaller the overall impact. Direct emissions accounted for a large
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proportion of the total impact for TETP. This also indicates that energy recovery cannot
greatly alleviate the pressure on some environmental impact, which requires strict control
of the emission of heavy metals, particulate matter and PCDD.

The environmental impact of other phases of the life cycle of agricultural waste thermal
treatment is much less than that of the two previously mentioned phases. For example,
truck transportation, process water and landfill do not even form observable columnar
blocks in the bar result graph.

3.3 Sensitivity analysis
Sensitivity analysis can identify key influencing factors and help the system find
potential improvements. From the results of LCIA, we can know that for most
environmental impact categories, the energy recovery stage has the greatest impact on
the overall environment. Therefore, the treatment plant efficiency is the most important
factor affecting the life cycle of agricultural waste heat treatment. Conduct sensitivity
analysis for each environmental impact category and each program. It is very intuitive to
see the difference between each scenario. The sensitivity analysis is done by changing
the efficiency of plants (± 5% electricity production efficiency and ± 5% heat production
efficiency). The results of sensitive analysis are shown in table 12.

Table 12. Sensitivity analysis by changing the plant efficiency by ± 10% (± 5% electricity and ± 5% heat)

S1

S2

S3

S4

S5

S6

S7

GWP, %

± 18.3

± 18.5

± 4.7

± 4.9

± 18.8

± 15.0

± 17.9

AP, %

± 29.6

± 24.7

± 40.4

± 87.8

± 25.8

± 36.4

± 71.1

EP, %

± 42.5

± 30.7

± 301.5

± 60.7

± 34.4

± 30.3

± 50.3

ODP, %

± 16.8

± 17.5

± 3.5

± 3.7

± 17.5

± 13.1

± 15.1

HTP, %

± 19.2

± 19.4

± 4.2

± 4.4

± 19.5

± 14.8

± 17.7
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FAETP, %

± 25.8

± 22.2

± 22.3

± 31.7

± 24.7

± 29.7

± 48.8

TETP, %

± 6.8

± 9.6

± 1.7

± 1.6

± 9.4

± 9.5

± 8.4

MAETP, %

± 25.5

± 21.5

± 55.5

± 238.1

± 23.3

± 22.3

± 32.2

The results in table 12 show that when the treatment plant efficiency rate changes, the
value of the environmental impact category changes to a maximum of ± 301.5%. The next
value appears in MAETP (± 238.1). These two relatively fluctuating values appear in the
pyrolysis plant system (S3 and S4). Among the results, all environment impact categories
showed relatively changes. These changes are mainly related to the energy recovery stage.
Through energy recovery, it can avoid the discharge of many pollutants such as CO2, SO2,
nutrients and so on. The TETP is least affected by changes in plant efficiency compared to
other categories. This is because it is mainly related to direct emissions like heavy metal,
and by changing the plant efficiency cannot reduce them discharge. It requires better air
pollution control equipment. The results of sensitivity analysis show that the efficiency of
the plant is critical to the environmental impact categories of almost all agricultural waste
thermal treatment, which is consistent with the previous LCIA results.

3.4 Uncertainty analysis
In this study, the data collected is the average of data from different literatures or plants,
taking into account the high uncertainty of certain data. For example, the product
distribution ratio during the pyrolysis process and the plant efficiency are affected by many
factors. Some assumptions in the project are based on actual factory processing, while
other assumptions are for better comparison of different systems. The technology selected
for the pyrolysis and gasification processes is currently the most popular in the plant, but
the actual specific treatment plant may use different technologies. Although these data,
assumptions and selected technologies may affect the accuracy of the results, the deviation
from actual plants with similar processing conditions will not be too large. The research
results have reference significance.
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3.5 Discussions
The net carbon dioxide reduction of pyrolysis treatment plant by fast pyrolysis technology
is 800 kg CO2 eq./t straw in literature (Simon Shackley et al., 2013), that of S2, S3 and S4
in this study are 840, 783, 743 kg CO2 eq./t mixed waste respectively. There is a small
difference between these values, this difference may be due to the characteristics of the
raw materials. As stated in the uncertainty analysis part, the results of this study have
reference meaning for treatment plants with similar treatment conditions.

Direct incineration is the most widely used thermal treatment method, and this technology
is also the most mature. Pyrolysis and gasification technologies are mostly in the
experimental stage or demonstration stage, and have not yet been applied to commercial
areas on a large scale (IEA Bioenergy, 2010). CHP technology greatly improves the
conversion of energy compared to only heat or electricity generation. One of the factors
that affect the overall efficiency is the energy conversion equipment selection. The CHP
plant can use steam turbines, gas turbines, internal combustion engines, and combined
cycles to convert energy. The highest conversion efficiency is CCGT among them, which
combines steam turbine and gas turbine. Its power generation efficiency is as high as 60%.
It should also be noticed that the heat loss caused by the cooling system in the plant, so
additional heat exchangers are needed (European Commission SETIS, 2011). The waste
pre-treatment process makes the biomass fuel more consistent, facilitating the subsequent
thermal reaction. The syngas cleaning process removes corrosive substances and enables
the equipment to operate efficiently. All of these contribute to overall efficiency.

Higher-value products can be obtained by further processing tar and syngas from pyrolysis
/gasification plants, thereby generating more energy for recovering. A new technology
which combines pyrolysis and gasification was developed by KTI in Germany. It is after
the biomass pyrolysis, the bio-oil is sent to a gasification furnace to generate synthetic
diesel. The lower heating value of synthetic diesel (44 MJ/kg) is much higher than tar from
pyrolysis plant (21 MJ/kg) (IEA Bioenergy, 2010). The recent new technology indirect
gasifier called MILENA appeared in ECN company of Australia. The technology includes
gasification and methanation of syngas. The tar and char are recycled into the gasifier to
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react until there is no carbon available in the residue. The synthesis gas has a low nitrogen
content. The end product is medium calorific biomethane, which can be used directly in
cars. It has been proved that this technology has good gasification efficiency by experiment
on brown coal. The company is trying to use this technology on biomass fuels. The
challenges are in gas condition process and the separation of excess products like ethanol
(Vreugdenhil B.J. et al., 2014).

The heavy metals, particulate matter and PCDD/Fs have significant effect on the toxic
impact category, so it is necessary to control their emissions strictly for the entire thermal
treatment system. Although the proportion of heavy metals in agricultural waste is small, it
is not negligible when it is in ash. The ashes of pyrolysis and gasification plant mainly
comes from the bottom ash (64%) under reaction furnace, the ash (34%) separated from
syngas cleaning process, and ash (2%) in flue gas. Ni-Ca catalyst can absorb heavy metal
efficiently and heavy metals can be more fixed in the ash below 1000 degrees (Zhou Xc et
al., 2016). Oxygen molecules have great influence on the production of dioxin and furan, it
is necessary to make the reaction hypoxic. In addition, calcium oxide can also effectively
prevent the production of dioxins and furans (Lopes Ej et al., 2015). For reducing these
pollutants, it can use cyclone separator/ESP, filters and some chemical absorbents in the
gas cleaning process.

For reducing the energy consumption of the synthesis gas condition process, the number of
operations of the process can be reduced, and the impurities to be removed are considered
as a whole. But this needs to consider many factors, such as avoiding side reactions of
some pollutants with chemical absorbents, as well as to minimize the impact on the
efficiency of the entire treatment plant. Therefore, the optimization of the gas cleaning
process is a challenge in the actual treatment plants (Chiche D. et al., 2013).
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4 CONCLUSIONS
The amount of agricultural waste cannot be ignored, and their use in energy production has
received increasing attention. In this task, the mixtures agricultural wastes of wheat straw,
corncob and switch grass were selected to complete the life cycle assessment of the
agricultural waste thermal treatment system. Seven thermal treatment systems are formed
by combining different heat treatment processes and energy recovery processes. The data
of the main processes were collected for LCI analysis. Multiple environmental impact
categories were selected for LCIA analysis. The most important stage was energy recovery
from the LCIA results.

In this study, it is determined that pyrolysis with steam turbine (S2) is the most
environmentally friendly in these thermal treatment systems according the results of LCI
and LCIA. Energy recovery and direct emissions are the two main factors on the
environment impacts. A sensitivity analysis was done by changing the plant efficiency and
its results are consistent with the LCIA analysis results. Selecting high-efficiency energy
conversion device such as CCGT can improve the efficiency of the plant. Further
processing tar and syngas through new technologies into products with high calorific value,
which can avoid more emissions. The flue gas treatment process is very effective for the
control of heavy metals, particulate matter and PCDD/Fs emissions. How to reduce the
energy consumption of gas cleaning process is still a challenge for thermal treatment plants.
Even small technical improvements may bring about huge changes for overall thermal
treatment system.
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