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Rice straw (RS) is the residue obtained during the rice processing process, and is
recognized as one of the most abundant biomass resources in the world.
Approximately 800 million to 1 billion tons of rice straw are produced globally
every year, and most of them are considered general waste and typically end up in
landfills or incineration. This approach wastes resources and can also lead to
environmental pollution. In the current study, the RS was used as the source of
biodiesel production and a comprehensive process model of the RS valorization
process was developed to evaluate the energy flow, production efficiency,
production costs, and greenhouse gas emissions in Hunan Province, China. The
evaluation results showed that the energy efficiency of biodiesel production from
rice straw and the overall energy efficiency of the rice straw valorization process are
reported as 52.1% and 56.1%, respectively. The minimum selling price of biodiesel,
which is CNY 3.03/kg, is considerably lower than the current market prices for
similar products in China. The largest proportion of the production cost of biodiesel
is the cost of natural gas, followed by utilities, capital, transportation, plant
maintenance and overheads, consumables, labor, and waste disposal. For the
current RS valorization plant with a 5000 kg/h RS feed rate, the investment
payback times are 8.9 yr and 7.1 yr when the biodiesel is sold at the lowest (CNY
4/kg) and highest (CNY 4.6/kg) market price, respectively. Environmental analysis
shows that the greenhouse gas emissions intensity of biodiesel production is 75.8 g
CO2eq/MJ, which is only about 52% of traditional fossil diesel and indicating that
biodiesel is an environmentally friendly energy source.
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1 Introduction

Developing clean and renewable energy and reducing greenhouse gas emissions is amatter of
great concern worldwide. Biomass energy is considered an environmentally friendly option due
to its green and carbon-neutral properties. The biomass reserves are enormous, and 200 billion
tons of biomass can be formed annually through photosynthesis on Earth, but the current
utilization rate is still very low. Biomass has the potential to produce biofuels such as bioethanol,
biosyngas, biodiesel, biogas, biochar, biohydrogen. These biofuels are produced through the
fermentation process of wheat, corn, sugar beet, crop residues (Singh and Chaudhary, 2017).
From the perspective of environmental and economic benefits, liquid biofuels are particularly
suitable for the transportation sector, and strengthen the national energy security and
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international stability by reducing the risk of excessive dependence on
fossil fuel imports (Hassan et al., 2021). Both the Kyoto Protocol and the
Paris Agreement strongly emphasize the use of liquid biofuels to replace
gasoline, diesel, and jet fuels. Biodiesel is one of the most common
liquid biofuels and a typical “green energy” with good environmental
performance, good engine starting performance, excellent fuel
performance, a wide range of raw material sources, and renewable
characteristics. Vigorously developing biodiesel has important strategic
significance for sustainable economic development, promoting energy
substitution, reducing environmental pressure, and controlling urban
air pollution. Biodiesel is mainly produced from vegetable oils and
animal fats using conventional technology (Dias et al., 2009). however,
this is unacceptable in terms of production costs and ensuring food
supply. Therefore, alternative feedstock is urgently needed to enable
biodiesel production from cheaper and non-food materials, and a lot of
research effort has been targeted to find cheaper and non-foodmaterials
to produce biodiesel, such as microalgae (Huang et al., 2010) and waste
grease (Mustafa, 2007; Gui et al., 2008; Kumaran et al., 2011), among
others.

RS is the byproduct of rice production. It is estimated that the
world produces approximately 800 million to 1 billion tons of RS
annually, with Asia accounting for nearly 90% of the total production
(IRRI, 2022). The annual production of RS in China is as high as
230 million tons (Liu et al., 2021a). Such a considerable amount has
great potential for bioenergy production. RS has advantages such as
high photosynthetic carbon fixation efficiency, fast growth and
development, high specific calorific value, low ash concentration,
and low production cost, which has a very high potential for
energy production. The production of biodiesel from RS has great
development prospects (Das et al., 2020). Biodiesel can be synthesis by
the transesterification process (Tabatabaei et al., 2019). In order to
understand the technical and environmental feasibility, it is necessary
to conduct technical, economic, and environmental analyses on the
process of producing biodiesel from RS.

Many studies involve the technical and economic evaluation of
producing biodiesel from different raw materials. Ahmad et al. (2011)
introduced the source and production process of biodiesel in detail,
including pyrolysis, dilution, micro lotion, transesterification process,
biodiesel fuel characteristics, engine emissions, combustion
characteristics and engine performance, as well as the economic
feasibility of biodiesel. Research has shown that biodiesel is a choice
to overcome energy crises and environmental hazards. Kamil et al.
(2020) conducted a techno-economic evaluation on an 8,000 t/a
biodiesel production process from spent coffee grounds. Research
has found that the annual capital cost and annual operating cost
were $15.12 million and $1.91 million, respectively. The cost of
biodiesel production as $0.24/kg. The authors claim that the process
could generate a positive internal rate of return of 45%, indicating that
the spent coffee grounds to biodiesel production project could be worth
investing in. Gengiah et al. (2022) explored the techno-economic
analysis of biodiesel production from marine macroalgae Codium
tomentosum. It was found that the maximum biodiesel conversion
rate was 90.5% at optimum conditions. For the plant with a production
capacity of 20MT/batch, the payback period for the plant investment is
8.59 years with a positive NPV of 1.381 billion USD per year. Juneja
et al. (2022) developed a process simulation model to study the flow of
phosphorus in soybean biodiesel processes. The study showed that
phosphorus can be economically recovered from soap residue and

wastewater streams, with an estimated operating cost of $1.65 and
$3.62 per kilogram of recovered phosphorus. Lee et al. (2020) evaluated
the production of biodiesel from waste cooking oil using solid biochar
as the catalyst for transesterification. The author concluded that the
total investment of the plant was 54.4 M$ and the production cost of
biodiesel was $1.8/kg. Szulczyk and Badeeb, 2022 used a partial
equilibrium model called the Malaysian Agriculture and Plantation
Greenhouse GasModel to evaluate three potential rawmaterials: hemp,
jatropha, and kenaf. The research results indicated that hemp and kenaf
biodiesel are sustainable and economically feasible. Hemp and kenaf
producers can produce and sell biodiesel, competing with the diesel
price of $0.51 per liter. Riayatsyah et al. (2017) assessed the feasibility of
using Reutealis trisperma, and the results indicated that the life cycle
cost and payback period of the 50 kt Reutealis trisperma biodiesel
production plant are $710million and 4.34 years, respectively. Sun et al.
(2023) performed an economic and environmental assessment on
biodiesel production from crude glycerol. The results showed that
the bioconversion of crude glycerol to biodiesel can not only increase
economic value by 48% compared to the sale of crude glycerol, but also
reduce the CO2 and SO2 emissions. Jingura and Kamusoko (2016)
conducted an analysis of the life cycle assessment (LCA) analysis of
jatropha biodiesel, and the results showed that although the jatropha
biodiesel has a positive energy and GHG balance, there are location-
specific differences and many opportunities for improvement.
Wahyono et al. (2022) assessed the environmental performance of
simulated multi-feedstock biodiesel production and compared it with
palm oil biodiesel production in Indonesia. The authors do not
recommend using soybeans, rapeseed, and sunflowers to produce
biodiesel as they have a higher environmental burden than palm oil
biodiesel.

Although many studies addressed the techno-economic or
environmental analysis of producing biodiesel from biomass,
research on the production of biodiesel from RS is still rare. In this
study, a modelled RS valorizing process for biodiesel production in
China is proposed and comprehensively evaluated for the techno-
economic and environmental feasibility. Themodelled process provides
a detailed description of the RS conversion process, including raw
material treatment, drying, oil extraction, and conversion into biodiesel.
The study contributes substantially to the in-depth analysis of the
economic performance and identification of key factors that can affect
feasibility and plant viability. The overall mass balance and energy flow
were developed based on carefully selected data from high-quality
literature. The system performance and production efficiency results
were incorporated into the economic performance evaluation model to
calculate the MSPs of the products and their sensitivity to a range of
factors. The internal rate of return and expected investment payback
were analyzed to provide practical recommendations for the process’s
development. Lastly, the study calculates and compares the full life cycle
carbon emissions of biodiesel from RS during production and use with
those of traditional diesel.

2 Material and methods

2.1 Material definition and characteristics

In this study, RS was sourced from Hunan Province, one of the
rice main production region in China. Table 1 presents the results of
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proximate and ultimate analyses of the typical RS and the dried RS
(DRS). RS usually contains 10–15 wt% water (Huang et al., 2010b)
and the water content is taken as 11.7% in this work.

2.2 RS valorization system

The RS valorization system, which was shown in Figure 1,
includes five sub-systems: feedstock pre-treatment, pyrolysis,
purification of biodiesel, waste treatment and disposal, and heat
supply. The system boundary of the process model encompasses all
the processing steps from RS reception to biodiesel production and
waste disposal. As shown in Figure 1, RS is first collected and stored
in storage tanks for a week. This storage process can remove some
moisture. The RS coming out of the storage tank is then fed into a
grinding machine to grind into particles with a particle size of
15 mm, which can achieve a good balance between energy
consumption during grinding and pyrolysis performance. After
grinding, the RS is sent to a torrefaction room and torrefied at
240°C for 30 min, resulting in the removal of approximately 9.7% of
the moisture and obtaining DRS. The DRS is then transferred to the
pyrolysis chamber for pyrolysis, producing three main products:
bio-oil, fuel gas, and biochar. Bio-oil primarily consists of two types:
biodiesel and glycerol, which can be easily separated through
physical methods. The initial biodiesel can be further purified to

obtain high-quality biodiesel by adding methanol and conducting
transesterification in an alkaline environment. The wastewater
generated during the purification process of biodiesel and
glycerol is treated as waste effluent.

2.2.1 Feedstock handling and drying
RS is characterized by a high oxygen content, high water content,

low energy density, strong hydrophilicity, and difficulties in storage
and grinding. These characteristics limit the application of RS
pyrolysis. Therefore, RS usually requires treatment before pyrolysis
to enhance its energy conversion efficiency (Chew and Doshi, 2011).
Torrefaction, an effective biomass pretreatment process, involves low-
temperature pyrolysis and the removal of water and some light volatile
components in an anaerobic or anoxic environment at 200°C–300°C
(Buratti et al., 2018). It increases the energy density of RS and reduces
water and oxygen content. In this study, N2 is used as the carrier gas,
with a torrefaction temperature of 240°C and a torrefaction time of
30 min. Figure 2 illustrates the energy and mass flow in the
torrefaction process. From Figure 2, it can be observed that the
heat required during the torrefaction process is provided by natural
gas (4000 MJ/h), torrefaction gas generated during the torrefaction
process (9694 MJ/h), and a small portion is also provided by the
pyrolysis gas (6852 MJ/h). This maximizes the utilization of the straw’s
own energy, reduces the reliance on natural gas, improves economic
efficiency, and minimizes CO2 emissions.

TABLE 1 Proximate and ultimate analyses of the RS and DRS.

Samples Ultimate analysis (wt%) Proximate analysis (wt%) HHV (MJ/Kg)

C H N S Moisture Volatile Fixed carbon Ash

RS 36.1 5.2 0.6 0.3 11.7 78.1 6.9 15.0 15.07

DRS 38.0 5.4 0.3 0.2 9.3 79.3 7.3 12.3 18.5

FIGURE 1
Schematic diagram of the RS utilization system.
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2.2.2 Pyrolysis process
In this study, the fluidized bed is chosen as the pyrolysis reactor.

The DRS is fed into the pyrolysis chamber using a screw feeder.
Nitrogen is used as the pyrolysis atmosphere, with a pyrolysis
temperature of 550°C, a heating rate of 10°C/min, and a solid
residence time of 10 min. Under these operating conditions, the
pyrolysis process yields pyrolysis oil, biochar, and fuel gas,
accounting for 45%, 42%, and 12% respectively. The biochar
produced from pyrolysis is directly separated at the bottom of the
pyrolysis chamber, while the gas and liquid obtained from pyrolysis are
separated in the cyclone separator. The pyrolysis process requires a total
energy input of 29,309MJ/h, derived from natural gas combustion
(32.8%) and the utilization of pyrolysis product biochar (67.2%).

2.2.3 Production of biodiesel
The production of biodiesel involves three steps:

transesterification, biodiesel purification, and MeOH recovery.
Transesterification requires the use of alkaline catalysts. In
commercial biodiesel applications, common alkaline catalysts
include KOH and NaOH, among others. In this study, NaOH has
been chosen as the catalyst. The RS pyrolysis oil undergoes
transesterification with MeOH under the promotion of NaOH
catalyst, generating methyl oleate (C19H36O2) and glycerol (C3H8O3):

C57H104O6+3CH3OH → C3H8O3+3C19H36O2 (1)
For the transesterification process described above, the optimal

reaction temperature is 60°C, and the mass of NaOH catalyst is 1.5% of
the RS pyrolysis oil (Lin and Li, 2009). Two main products can be
obtained from transesterification: biodiesel and glycerol. The generated
biodiesel floats at the top of the reactor, while the glycerol layer remains
at the bottom. After the glycerol completely settles under gravity, a
decanter is used to separate the two layers. Since the separated biodiesel
contains impurities such as NaOH, MeOH, soap, and glycerol ester, a
multi-stage water washing process is employed for biodiesel
purification. This process includes static washing and two rounds of
foam washing, which requires a water consumption of 5% of raw

biodiesel. Before sending the mixture of glycerol and MeOH to a
distillation column for MeOH and glycerol separation, the soap in the
mixture is first removed by a nozzle centrifugal separator.

2.2.4 Waste disposal
Wastewater, flue gas, and ash are the main process wastes from

the plant. Wastewater, which is the primary process waste, is mainly
generated during RS drying and purification of biodiesel and
glycerol. It generally contains biodiesel, glycerol, NaOH, MeOH,
and soap. Typically, the wastewater is treated by the industrial
sewage plant, which incurs a high treatment cost due to its high
chemical oxygen demand. The flue gas generated by the combustor
is treated to fully comply with local emission regulations before
being discharged into the atmosphere. The ash from the combustion
chamber can be utilized as raw materials for fertilizer or cement
production. Therefore, it is accepted and taken away by local
fertilizer or cement production plants without any additional cost.

2.3 Process mass and energy balances

To determine the overall production efficiency of the entire
process, a spreadsheet model is used to calculate the process energy
flow and mass balance of the conversion process. All the key process
parameters are presented in Table 3. Based on the mass of DRS, the
yields of the main products in the process are as follows: 44.0% RS
pyrolysis oil, 41.8% biodiesel, 6.9% glycerol, and 42% biochar. The
energy efficiencies of the heat exchanger, fluidized bed dryer, and
combustor used in this study are 85%, 60%, and 80%, respectively
(Shah et al., 2012; Yahya, Al-Qodah, and Ngah, 2015). The total
energy input for the process comes from RS and natural gas. The
production efficiencies are then calculated as follows:

ηBiodiesel �
EBiodiesel

ERS + ENG
× 100% (2)

where ERS and ENG are the energy of RS and natural gas, kW/a
(shown in Table 2); EBiodiesel is the power outputs of biodiesel, kW/a.

FIGURE 2
The energy and material flow of torrefaction process.
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3 Economic evaluation

3.1 General assumptions

Before conducting an economic evaluation of the proposed
process, certain assumptions have been made as follows: 1) The
plant is assumed to be constructed in an area with complete
infrastructure facilities available for electricity, water, and
industrial sewer access. The prices of all products are assumed to
be acceptable to consumers, ensuring that all products can be sold. 2)
The plant is assumed to have a lifespan of 20 years, with a salvage
value of 15% of the equipment cost calculated at the end of the
project (Liu et al., 2021b). 3) During the plant’s lifespan, the annual
operating time is assumed to be 335 days, with an availability rate of
95%. In China, the construction time for such plants is typically
3 years (Kookos, 2018). The corporate tax rate for company profits
and the industrial capital loan interest rate are taken as 32% and
4.9%, respectively.

3.2 Capital cost

The Total Plant Cost (TPC) of the plant includes all capital
required for the entire production process until it can be officially
put into operation, including expenses incurred in the early
development and construction stages. The Equipment Cost (EC)
is the total cost of purchasing new equipment delivered to the plant
gate for installation and is the basic part of the TPC. All equipment
prices used to calculate ECs in this study were selected from
published data. The Direct Factory Cost (DPC) comprises ECs
and other incremental factors such as installation,
instrumentation, piping, electrical equipment, structure and
architecture, civil engineering, and hysteresis. TPC consists of
Installed Plant Cost (IPC), commissioning cost, contractor cost,

interest during construction, and contingency cost. IPC is obtained
by adding management costs and engineering design costs.
Generally, TPC can be obtained by multiplying DPC by a factor,
which, for the plant in this study and other similar plants, was set at
1.69 (Bridgwater et al., 2002; Rogers and Brammer, 2012). The
calculation results for EC, DPC, IPC, and TPC are shown in Table 3.

Annual Capital Cost (ACC) refers to the amount of capital that a
company needs to repay annually after borrowing the TPC at a
certain interest rate:

ACC � TPC
i 1 + i( )n
1 + i( )n−1 (3)

where TPC is Total Plant Cost, CNY; n is the project lifetime in
years; i is the interest rate of the capital loan.

3.3 Operating cost

3.3.1 Consumables and utility costs
In the process proposed in this paper, the consumables mainly

include rice-straw, methanol, sodium hydroxide and natural gas,
with a price of CNY 34/t, 1765/t, 2211/t, and 3.49/m3, respectively.
Water and electricity are the main utilities. Based on the estimated
average electricity price and water price for industrial users in China
in 2021, the electricity price and water price are approximately CNY
0.725/kWh and CNY 4.1/t. It is estimated that 25.2 kWh electricity
and 1.26 tons water are used for processing 1 ton of RS. Taking a
plant that processes 38190t of RS annually as an example, the costs of
the consumables and utilities required for the process are presented
in Table 4.

3.3.2 Labor costs
To determine the operating labor cost, we first determined the

number of workers required for each shift and equipment, and then
calculated the total number of workers needed for factory operation.
It is estimated that the plant requires 15 staff members per day,
including a daily shift with one factory manager, one administrator,
and one technical manager, as well as three shifts with one
supervisor and three operators. The average annual wage per
person for chemical plants in China is CNY 76,125 (State
Statistical Bureau, 2019), resulting in a total annual labor cost for
the plant of CNY 1,141,875.

3.3.3 Plant maintenance and overheads costs
The annual maintenance costs and indirect expenses (including

insurance, rent, taxes, etc.) are calculated as a percentage of annual
TPC. Based on previous similar work (Bridgwater et al., 2002), the
annual cost of plant maintenance and the plant overheads are taken
to be 2.5% and 2.0% TPC, respectively.

3.3.4 Waste disposal cost
According to China’s “ordinance of Pollutant Discharge Feeing

Collection, Use and Management,” the cost of industrial wastewater
discharge (CIWD) can be calculated by:

CIWD � PET × ∑
3

i�1

TEPi

PEAi
(4)

TABLE 2 Key process parameters used in the spreadsheet model.

Product yields Unit Value

RS pyrolysis oil wt% 44.0

Biodiesel wt% 41.8

Glycerol wt% 6.9

Biochar wt% 42.0

Energy content Unit Heating value

RS MJ/kg 15.07

DRS MJ/kg 18.5

Pyrolysis oil MJ/kg 30

Biodiesel MJ/kg 39.6

Glycerol MJ/kg 18.1

Biochar MJ/kg 20.24

Flue gas MJ/m3 14.8

Natural gas MJ/m3 43.5
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where PET is unit pollution equivalent tax at a fee of CNY 0.7;
TEPi is the annual total emission of the pollutant i, kg/a; PEAi is
the pollutional equivalent amount of the pollutant i.

In this work, biodiesel, NaOH and glycerol are the first three
pollutants in wastewater. the PEA of biodiesel, glycerol
and NaOH are 0.1 kg, 0.16 kg and 0.13 kg, respectively. By
calculation, the cost of industrial wastewater discharge is CNY
10.1/t.

3.3.5 Transportation cost
The cost of transportation (CT) is related to the transportation

distance and truck cargo capacity:

CT � D + Ft( ) × K

AFC × W
(5)

where D and Ft are the retail prices of diesel and fuel tax, CNY/L,
respectively; K is the transportation distance, km, and W is the load,

TABLE 3 List of equipment and associated costs for the 5 t/h RS valorization plant.

Equipment or type of cost Capacity Cost (CNY) Reference

Weighbridge 50t 139,091 Rogers and Brammer (2012)

Storage Tank 3,500t 230,673 Bok et al. (2013)

Loading shovels 2t 391,576 Bok et al. (2013)

Hammer grinder 15 t/h 334,250 Wright et al. (2010)

Trommel 15 t/h 603,153 Bok et al. (2013)

Screw feeder 30 m 89,350 Bok et al. (2013)

Compressive crusher 440 kW 1,439,023 Chua, Periasamy, and Goh (2020)

Fluidized bed dryer 15 t/h 2,733,454 Bergman et al., 2005; Erlach 2014

Torrefaction reactor 6.4 t/h 14,755,159 Bergman et al., 2005; Erlach 2014

Pyrolysis reactor 5 t/h 11,909,629 Bok et al. (2013)

Pyrolysis oil storage tank 672t 524,614 Bok et al. (2013)

Combustor 2950 kW 334,268 Yang et al. (2018)

Heat exchanger 26.3m3 192,778 Chua, Periasamy, and Goh (2020)

Mixing tank 76m3 604,184 Kookos (2018)

Nozzle centrifugal separator 41.2 kW 1,231,228 Kookos (2018)

Biodiesel storage tank 1400t 600,417 Kookos (2018)

Liquid waste storage tank 700t 580,417 Kookos (2018)

Glycerin storage tank 200t 600,417 Bok et al. (2013)

DPC 37,293,681

IPC 46,617,101

TPC 63,026,321

TABLE 4 Process consumables and utilities costs for the 38190t/a plant.

Consumables Consumption (t/a) Unit price (CNY) Total (CNY/a) Reference

RS 38190t 34/t 1,298,460

MeOH 1405t 1,765/t 2,479,825 Aboelazayem et al. (2021)

NaOH 191t 2,211/t 422,301 Antonio et al. (2020)

N2 2,873,513 Antonio et al. (2020)

Electricity 962,388 kw·h 0.725/kw·h 697,731 Aboelazayem et al. (2021)

Water 48119t 4.1/t 197,287 Aboelazayem et al. (2021)

NG 7538706 m3 3.49/m3 26,310,084

Total (CNY/a) 34,279,202
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t. AFC is the average fuel consumption of truck, and for the trucks
weighing 3.5 tons or more, it is 3.7 km/L.

In this work, the Chiueh PTmodel (Chiueh et al., 2012), which is
used to calculate the transportation cost of RS in Taiwan, China, is
selected, and the CT calculated using the Chiueh P-T model is CNY
80–100/t.

3.4 Product sales

Biodiesel and glycerol are the two products from the plant can be
sold for revenue. The lowest, base case and highest selling price for
biodiesel are taken as CNY 4.0/kg, 4.3/kg, and CNY 4.6/kg,
respectively. The selling price of glycerol is taken as CNY 5.6/kg.
All prices quoted here exclude the VAT.

3.5 Minimum selling price

In this work, biodiesel is the main product, and glycerol is the
by-product. Based on the assumption that customers emption
glycerol and biodiesel at the lowest market price, the MSP of
biodiesel can be calculated by:

MSPBiodiesel � ACC + OC( ) − SGlycerol
QBiodiesel

(6)

where ACC is the annual cost of capital, CNY/a; OC is the annual
operating cost, CNY/a; QBiodiesel is the quantity of biodiesel, kg/a;
SGlycerol are the annual sale of glycerol, CNY/a.

3.6 Internal rate of return

The internal rate of return, which is an effective measure for
the evaluation of project profitability, is the discount rate when the
total present value of capital inflows is equal to the total present
value of capital flows, and the net present value (NPV) is zero. The
NPV of the invested project is equal to the sum of the discounted
cash flows of each year, and the greater the NPV, the better.
Generally, when the IRR is greater than or equal to the benchmark

rate of return, it indicates that the project is feasible. The NPV is
calculated as:

NPV� −C0 +∑
T

t�1

Ct

1 + r( )t + CSV (7)

where C0 is the initial investment, CNY; C is the cash flow, CNY; r is
the discount rate; t is the year; T is the project lifetime in years;CSV is
the present values of the salvage value of the equipment at the end of
plant life, CNY.

3.7 Rate of return on investment

The rate of return on investment (ROI) refers to the value that
should be returned through investment, which is the economic
return that a company receives from an investment activity, and it
can be calculated by:

ROI � ANP
IC

× 100% (8)

where ANP is the annual net profit, and IC is the total invested
capital of the project in a year.

It should be noted that the ANP can be either pre-tax or post-
tax, sometimes defined as the net profit in the third year after the
project is launched. Investment capital can be referred to as original
total capital investment, fixed capital, depreciation investment,
average investment, etc.

3.8 Investment payback time

The investment payback time (PBT) is the time it takes for the
total income obtained after the investment project is put into
operation to reach the total investment amount invested in the
investment project, and can be calculated by:

PBT � FC

AP + AD
+ T1 (9)

where FC is the fixed capital, CNY; AP is the average profit, which is
calculated based on revenue minus OC, CNY/a. AD is the average
depreciation, CNY/a. T1 represents a 3-year plant construction period.

4 Environmental evaluation

Life cycle assessment (LCA) is an effective environmental tool
that deals with the complex interactions, recovery, and final disposal
of products or activities throughout their entire life cycle, from
cradle to grave. It quantifies the resources and effluents consumed at
various stages, including acquisition, manufacturing, use, and
resource treatment. In this work, LCA is applied to evaluate the
environmental impacts of the RS valorization process. The
framework consists of four main steps: (a) goal and scope
determination, (b) inventory scrutiny, (c) impact evaluation, and
(d) data interpretation (Guinee et al., 2002).

FIGURE 3
Research scope.
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4.1 Goal and scope definition

The goal of this study is to calculate the annual carbon dioxide
(CO2) absorption or emissions per ton of biodiesel production in
each stage of each production path. The research scope starts from
the extraction and processing of raw materials, and its boundaries
are shown in Figure 3.

4.2 Inventory scrutinization

Life cycle inventory analysis starts with the acquisition of raw
materials, and the intermediate process includes production,
transportation, production, use, recycling, and final disposal. A
functional unit is a quantitative description of the identification
function of a product system, used as a reference unit. Choosing
appropriate functional units for comparison between biofuels and
fossil fuels is crucial, as different choices may lead to different results.
The functional units used in the bioenergy system can be divided

into four types: input unit correlation, output unit correlation,
agricultural land unit and year. In this work, it is recommended
to input unit related information such as MJ calorific value biomass
and ton mass biomass.

4.3 Impact evaluation

The functional unit used in this work is 1 MJ of biodiesel,
representing the final product obtained through a series of
processes. We considered all the equipment required to
convert straw biomass into commercial biodiesel, as well as
the impact of energy input and output such as electricity and
natural gas, and have accounted for the carbon emissions of each
process.

4.3.1 Upstream emissions
The upstream emission process mainly refers to the potential

greenhouse gas emissions to the environment before obtaining

TABLE 5 Process mass balance, energy flow and system efficiencies.

Description Mass (kg/h) Energy (MJ/h)

RS Input to pre-treatment 5,000 75,350

DRS Pre-treatment product and feed to the mixing tank 3,860 71,410

Torrefaction gas Gas generated during torrefaction, used for energy supply 655 9,694

Torrefaction liquid Liquid generated during torrefaction 485 1,318.71

Biochar Fuel input for combustor 1,621 32,809

Pyrolysis gas Fuel input for combustor 463.2 6,852.4

Pyrolysis steam Disposal 77.2 108.08

Pyrolysis oil Raw materials for producing biodiesel 1,698.4 50,952

MeOH Raw materials for producing biodiesel 368.98 8,373.86

NaOH Catalysts for Transesterification 25

Biodiesel Main products 1,613.48 63,893.81

Glycerol by-product 269.2 4,872.45

MeOH recovery Recycle 184.45 4,187

Soap ang Glyceride Disposal 5 145.8

Liquid waste Disposal 153.09

NG Fuel input for combustor 987 (m³) 42,994

Relative percentage of the major energy consumption units in the overall energy consumption

Torrefaction 12,327.8 MJ/h 22%

Pyrolysis 29,309.1 MJ/h 52%

Transesterification 13,772.7 MJ/h 24%

MeOH recovery 234 MJ/h 0.4%

Energy efficiency

Biodiesel energy efficiency 52.1%

Glycerol energy efficiency 4.0%

Overall energy efficiency 56.1%
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qualified raw biomass. This includes various cultivation
techniques, crop management methods, and the use of
biofuels in harvesting equipment. Since biomass absorbs CO2

from the atmosphere during its growth process, it is considered
carbon neutral in many biofuel LCA studies, and the CO2

emitted by biomass during energy conversion and utilization
is offset by the previously absorbed CO2. The CO2 emissions
generated by biowaste are not counted, as biomass waste is also
carbon neutral. According to Sharma’s research (Sharma et al.,
2020), for every 1 kg of raw RS produced for the high-value
process, the total lifetime greenhouse gas emissions are
0.08194 kg CO2eq (CO2 emission equivalent). Among them,
the greenhouse gas emissions from the collection process and
pretreatment process of RS are approximately 0.03953 kg
CO2eq/kg and 0.04241 kg CO2eq/kg, respectively.

4.3.2 Transportation emission
When transporting straw, the transportation tool used diesel.

The Energy consumption Ei (MJ/Mg) and carbon dioxide emissions

ECO2 (kg CO2/Mg) during transportation are calculated as (Chiueh
et al., 2012):

Ei � 38.7DdP

Me
(10)

ECO2 �
2.73T
Me

(11)

whereDd is the rate of fuel consumption (L/kWh), T is the power of the
equipment (kW), Me is the efficiency of operating capacity of the
equipment (Mg/h). The energy density and carbon emission coefficient
of diesel are 38.7 MJ/L and 2.73 kg CO2/L, respectively. Thus, for road
transportation, the greenhouse gas emissions of diesel vehicles are
0.5319 kg CO2/(t·km). Referring to the experience of other biomass
plants, the average radius of the transportation route is 50 km, so the
emission of transportation t is 132 kg CO2/h.

4.3.3 Plant operation emissions
The greenhouse gas emissions generated by plant mainly come

from industrial electricity and water use, with greenhouse gas

FIGURE 4
Process mass balance and energy flow. (A) Mass balance (B) Energy flow.
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emissions of approximately 0.394 kg CO2eq/kWh and 0.678 kg
CO2eq/t. The electricity and water consumption are already
provided in Section 3.

4.3.4 Pre-treatment emissions
During the pre-treatment stage, torrefaction is an important

process, and its impact on the environment needs to be
considered. Torrefaction temperature has a very important
impact on the greenhouse gas emissions. The higher the
temperature, the higher the emissions. When the torrefaction
temperature is below 250°C, the greenhouse gas emissions are
relatively low, while when the torrefaction temperature is above
275°C, the emissions rapidly increase. Research shows that for
every 1 kg of RS torrefied, approximately 0.1469–0.2707 kg of
carbon dioxide is released (Zhang et al., 2022). In this work, the
torrefaction temperature is set at 240°C, which is lower than

250°C, resulting in approximately 734.5 kg of carbon dioxide
emissions per hour.

4.3.5 Thermochemistry emissions
As the carbon in the pyrolysis gas and biochar is captured from

the atmosphere by plant photosynthesis, the greenhouse gases
produced during the combustion of pyrolysis gas and biochar in
the burner are not included in the total greenhouse gas emissions of
the system. During the pyrolysis of DRS, the main sources of carbon
emissions are methanol and NaOH. The greenhouse gases emitted
by the chemical plant for every 1 kg of methanol and catalyst NaOH
produced are 1.32 kg CO2 and 2.04 kg CO2, respectively. The energy
consumed for their production is 38.1 MJ and 21.7 MJ, respectively.
For the plant in this work, the consumption of methanol and NaOH
is 166 kg/h and 25 kg/h, respectively, resulting in a total CO2

emissions of 270.12 kg/h.

FIGURE 5
The MSP of biodiesel and its breakdown.

FIGURE 6
Effect of the sale price of biodiesel on IRR, ROI and PBT.
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4.3.6 Biodiesel usage emissions
When biodiesel is used, it emits CO2, with an emission intensity

of approximately −274 to 155 gCO2/MJ (Sharma et al., 2020).
Generally, the carbon intensity caused by the industrial
production process of biodiesel is about 14 gCO2/MJ. In this
work, the calorific value of the biodiesel produced is 39.6 MJ/kg.
This means that for every 1 kg of biodiesel used, approximately
0.554 kg of CO2 will be emitted.

5 Result and discussion

5.1 Overall production efficiencies

The process mass and energy balances and the energy
efficiencies of the individual and overall RS valorization process
for the base case scenario are presented in Table 5. In addition, the
process mass and energy flow in the form of Sankey diagrams is

illustrated in Figure 4. As shown in Table 5 and Figure 4, for the
plant with an RS feed rate of 5,000 kg/h (75350 MJ/h), 1,140 kg/h
(22.8 wt%) of the RS was torrefied during the pre-treatment process,
and 3,860 kg/h (77.2%) of DRS was fed into the pyrolysis and
activation system for biodiesel production. Based on the mass of
DRS fed, the yields of the main products from the process are:
41.99% biochar, 41.79% biodiesel, 12.99% pyrolysis gas, and 6.96%
glycerol. The rate of biodiesel production is 1613 kg/h.

The data presented in Figure 4 was converted from the actual
data presented in Table 5, and 100.0 is employed as the starting value
for the RS energy content. The gas generated during torrefaction
process can provide 9694 MJ/h for torrefaction and other processes.
All the torrefaction gas (655 kg/h), pyrolysis gas (463 kg/h) and
biochar (1621 kg/h) generated during pyrolysis process were
combusted on site to generate 39661 MJ/h heat, and meets 72%
of the total heat requirement for RS torrefaction, pyrolysis and
transesterification. The energy contents of biodiesel and glycerol
accounted for 52.1% and 4% of the total energy input, respectively,
and the overall production energy efficiency of the system was
calculated as 56.1%.

5.2 Minimum selling price of the products

TheMSP of biodiesel and its breakdown are presented in Figure 5.
In this figure, the positive bars represent the direct costs, while the
negative bar indicate the incomes from glycerol sales. It can be found
from Figure 5 that the cost of natural gas is the most significant
contributing factor in the MSP of biodiesel, followed by ACC,
consumables, utilities, CT, plant M&O, labor costs, and waste
disposal cost. CT, plant M&O, consumables are at a similar level.
Labor costs rank second to last, which differs from the conclusions of
many similar studies conducted in developed countries, where
equipment and labor costs are usually much higher than in China.
Waste disposal costs are relatively insignificant in the current study.

In terms of product sales revenue, the sales of glycerol have a
significant impact on the MSP of biodiesel. As a byproduct,
increasing the selling price and production of glycerol can reduce
the MSP of biodiesel and improve the economic feasibility of the

FIGURE 7
Effect of the sale price of NG on the MSP of biodiesel.

FIGURE 8
Effect of the sale price of glycerol on IRR, ROI, PBT and the MSP of biodiesel.
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process. When the selling price of glycerol is CNY 5/kg, the MSP of
biodiesel is CNY 3.03/kg. The current market price of biodiesel is
CNY 4.0–4.6/kg, indicating that the plant has a certain profit margin
for biodiesel production.

5.3 IRR, ROI, and PBT

IRR, ROI, and PBT are the basis for revenue and profitability
analysis. Figure 6 shows the IRR, ROI, and PBT of the plant when
the sale price of biodiesel is at the lowest, middle, and highest price in
the Chinese market with a sale price of glycerol CNY 5/kg. It can be
seen from Figure 6 that the plant can have an IRR of 15.9% when the
biodiesel sold at lowest market price (CNY 4.0/kg). When the
biodiesel sold at an middle market price (CNY 4.3/kg), IRR is
increased to 18.9%. When sold at the highest market price (CNY
4.6/kg), the plant can have an IRR of 20.7%, which is 4.8% higher
than that at the lowest market price. Overall, at the current market
price, the IRR is higher than the capital interest (8%), confirming
that the project can generate positive internal revenue and is
profitable.

If biodiesel can only be sold at the lowest market prices (CNY
4.0/kg), the plant can achieve a marginal profit with an ROI of 10.1%
and a payback of 8.9 years. When sold at the highest market prices,
the ROI increases to 16.2% with a payback of 7.1 years. Generally, if
the ROI is higher than 10%, the project performance is satisfactory.
Obviously, the current RS valorization plant is feasible to be
implemented when the sold price of biodiesel is higher than
CNY 4.0/kg. For large petrochemical and refining plants, the
PBT is generally 7–12 years, and the results illustrated in
Figure 6 show that the PBT of this project is satisfactory.

5.4 Sensitivity analysis

The sensitivity analysis can provide a reasonable economic
forecast for changes in biodiesel production cost. The price of
nature gas and the sale price of glycerol are the two factors that
have the greatest impact on the MSP of biodiesel. The price of NG
varies considerably in different regions in China, being CNY
1.9–4.98/m3 (Tian et al., 2021). Figure 7 presents the impact of
NG cost on the economic indicator of the MSP of biodiesel when

glycerol is sold at a price of CNY 5/kg. It can be observed from
Figure 7 that MSP is linearly correlated with NG prices, and a 61.8%
reduction in natural gas costs can lead to a 47.7% reduction in the
MSP of biodiesel. Therefore, plant operators are highly interested in
optimizing process routes, more effectively utilizing process heat to
reduce natural gas consumption, and identifying suitable but low-
cost fuels to replace on-site NG usage.

The impact of the sale price of glycerol on the economic
indicators of IRR, ROI, PBT, and the MSP of biodiesel is
illustrated in Figure 8. When the glycerol is sold at a price of
CNY 5/kg, IRR, ROI, PBT and the MSP of biodiesel are 15.9%,
10.1%, 8.9 years and CNY 3.03/kg, respectively. As the sale price of
glycerol increased from CNY 5/kg to 6/kg, the IRR, ROI gradually
increased, reaching 17.6 and 11.7 respectively. The PBT is shortened
to 8.3 years, and the MSP of biodiesel has also been reduced to CNY
2.86/kg. However, it is not that the higher the price of glycerol, the
better the economic performance of the plant. The model applied in
this work is based on the premise that all products can be sold.When
the sale price increases, it will inevitably reduce the sales volume, so
it must also be considered comprehensively based on the actual
situation.

5.5 Impact on environment

Figure 9 shows the annual emissions and their proportions of
greenhouse gases in the various processes involved in producing
biodiesel from rice straw. It can be observed from Figure 9 that the
process of using biodiesel has the highest greenhouse gas emissions,
with an annual emission of 25048969 kg of CO2, accounting for 68%
of the total greenhouse gas emissions. Nevertheless, the use of
biodiesel is still considered environmentally friendly. Compared
to traditional fossil diesel, burning 1 kg of biodiesel emits only
2.03 kg CO2, and the lifetime total greenhouse gas emissions
from producing 1 kg of biodiesel are only 3.0 kg CO2, which is
only 48% of the emissions generated by diesel. The calorific value of
biodiesel is slightly lower than that of fossil diesel. After conversion,
the greenhouse gas emission intensity of biodiesel is 75.8 g CO2eq/
MJ, accounting for only 52% of the greenhouse gas emission density
of fossil diesel 145.5 g CO2eq/MJ. The pre-treatment stage generates
annual carbon emissions of 5610111 kg, which is second only to the
use of biodiesel and accounts for 15% of the total emissions. This is
because a large amount of natural gas needs to be consumed during
the torrefaction process to maintain a certain torrefaction
temperature. Due to the numerous evaluation indicators involved
in environmental analysis, it is challenging to accurately quantify the
impact of biofuels on the environment. To better support policy
evaluation and formulation in China and globally, LCA research
with standardized methods is needed. In addition to evaluating
energy consumption and greenhouse gas emissions, more
comprehensive impact categories need to be assessed.

6 Conclusion

In this work, the valorization process of rice straw (RS) for
biodiesel in China is presented, and its techno-economic and
environmental performance are comprehensively evaluated.

FIGURE 9
Annual greenhouse gas emissions of each process.
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Based on the analysis of the process using wet raw materials, the
current plant, with a 5,000 kg/h RS feed rate, is capable of
producing 1,613 kg of biodiesel and 269 kg of glycerol per
hour. The fuel gas and biochar generated during the pyrolysis
process are utilized for process heat generation, but additional
natural gas is required to fully meet the heat demand. The energy
efficiency of biodiesel production and the overall energy
efficiency of RS valorization process are 52.1% and 56.1%,
respectively, which are higher than those of other similar
chemical plants.

From the economic analysis, the minimum selling price
(MSP) of biodiesel is calculated to be CNY 3.03/kg, which is
significantly lower than the current market price of these
products. The cost of natural gas constitutes the largest
proportion of the production cost of biodiesel, followed by
utilities, ACC, CT, plant M&O, consumables, labor costs, and
waste disposal cost. The post-tax return on investments (ROIs)
for the current plant are 10.1% and 16.2% when biodiesel is sold
at the lowest (CNY 4/kg) and highest (CNY 4.6/kg) market prices,
respectively.

The environmental analysis reveals that the full life cycle
greenhouse gas emissions intensity of biodiesel production is
only about 52% of those associated with traditional fossil diesel,
indicating that biodiesel is indeed an environmentally friendly
energy source.
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