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Abstract

As the world’s largest agricultural production country, China has abundant straw resource for
bioenergy utilization. Plenty of studies have explored that straw pellet is relatively clean, with lower
greenhouse gas as well as air pollutant emissions than coal, whereas how to make it more affordable
for low-income rural families is eager for a plausible and practical solution. Therefore, barter mode is
proposed as an institutional innovation, and it is working successfully in Meihekou city, Northeast
China. Under this mode, rural families can supply 3-ton straw feedstock in return for 1-ton straw pellet.
The results from the life cycle assessment illustrate that greenhouse gas emissions from barter mode
are remarkably lower than straw pellet in commercial mode and coal heating mode. The economic
evaluation indicates that the benefits for the consumer and the producer could be promoted
dramatically. In addition, the experiences that how barter mode can work in Meihekou city are
summarized systematically. Barter mode gives a unique angle on how to achieve SDG7 (affordable and
clean energy) in China, and the experiences and lessons learned are particularly useful for policymakers
to alleviate rural energy poverty in developing countries.
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1. Introduction

Many environmental issues are resulted from or related to the production, conversion as well as
consumption of energy. Conventional fossil fuel is a finite resource and its continued consumption
leads to a remarkable environmental burden. The most globally significant environmental issues, in
which energy plays a crucial role, are global climate change, stratospheric ozone depletion and acid
precipitation [1]. The hazard caused by these environmental issues threatens the life of human-being
and property. Therefore, mitigating the reliability and dependency on fossil fuels is crucial. McGlade
and Ekins (2015) [2] estimated and suggested that more than 80% of coal, 50% of gas, and 33% of oil
reserves should not be consumed from 2010 to 2050, in order to restrict average global warming to
2°C. In front of the global crisis, the power and force of every nation should be united together, and
the United Nations (UN) have made the most prominent effort in proposing sustainable development
goals (SDGs), which require all UN members to adopt. In total, 17 Sustainable Development Goals
(SDGs) were proposed to protect the planet, end poverty and ensure prosperity [3-5]. In particular,
energy is crucial for achieving almost all of the SDGs, from its role in the eradication of poverty through
advancements in health, education, water supply and industrialization, to combating climate change
[6,7]. Hence, to phase out fossil fuels and achieve SDG7: Affordable and clean energy, sourcing
alternative energy, such as bioenergy, is of paramount importance.

Among renewable energy sources, bioenergy is the largest, and it accounted for 70% of renewable
energy consumption in 2017 [8]. The contribution of bioenergy to final energy demand across all
sectors is five times higher than wind and solar PV combined, even when the conventional utilization
of biomass in developing countries, such as direct combustion of firewood and straw for cooking and
heating, is excluded [9]. The feedstock of bioenergy is biomass, which includes all molecular and
macromolecular compounds arising from agricultural products (foods), forestry products as well as
residues, etc. [10], and the selection of the different types of biomass feedstock for bioenergy is
distinct, which is based on the national food and energy strategy. Major food export countries (US,
Brazil, etc.) utilize food (e.g., corn, sugarcane) as feedstock to produce bioethanol, which is also an
important means to reduce the surplus, thereby maintaining the sale price of food and protecting the
interest of farmers. In developing countries with vast amount of populations, national food security is
the top priority for food production, and projects that use food for bioenergy are not encouraged. So,
the advantage of straw-based cellulosic bioethanol is that it uses agricultural waste as the primary
feedstock, which does not threaten national food security as compared with bioethanol production
[11]. In addition, planting energy crops, such as miscanthus and switchgrass, is another popular way
of bioenergy production [12,13]. But planting energy crops also brings about the debate on land use
impacts. In general, land-use change has usually been regarded as negative, referring to environmental
impacts of deforestation and expansion of energy crops plantations on uncultivated land, including
habitat destruction, greenhouse gas (GHG) emissions, soil erosion and degradation, as well as non-
point source pollution [14—17]. For developing countries where agriculture has profound development
(e.g., China, India), the marginal land is limited [18], which is uneconomical for supporting energy
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crops. Therefore, the use of straw, the by-product and waste from agricultural production, is more
attractive, from the perspective of little negative impact on the environment.

There is huge potential to use straw for bioenergy. The worldwide estimation from Ref. [19] indicates
that theoretical energy potential for utilizing straw could represent 15% of global primary energy
consumption. The enhancement of agriculture by modern technology lays a good foundation for
straw-based bioenergy. With the continuous increase of global crop yield, the quantity of straw is rising
correspondingly [20], and there is little worry about the shortage of feedstock provision. China is the
world’s largest agricultural production as well as straw production country, and abundant straw
resource has great potential for bioenergy utilization. Apart from biodiesel, electricity and biogas,
straw briquetting pellet is also a considerable form of bioenergy utilization. National Energy
Administration in China has promulgated two “five-year plans” to support the development of straw
pellet production [21,22]. Until the end of 2020, the annual consumption of pellet fuel can reach 20
million tons [22], which could substitute 10 million tons of standard coal.

The utilization of straw pellet for bioenergy is one of the major contributors to fossil fuel substitution
and achieving SDG7. There have been plenty of studies to explore that straw pellet is relatively clean,
because their GHG as well as air pollutant emissions are lower than coal [23-28]. However, although
there has been some financial assessment (by calculating net present value) to elucidate that biomass
pellet production is lucrative [29-31], from the perspective of return on investment, there is little
research trying to explore how to make it more affordable, especially standing for the consumer’s
point of view. The corresponding concept of affordable is energy poverty. An estimation of 1.25-3
billion people in the world lack access to beneficial energy for their living, demonstrating that energy
poverty is a persistent problem [32,33]. The high and rising fuel price exacerbates poverty, and worse
still, some families are labelled with “fuel-cost-induced poverty” because fuel cost accounts for a
significant proportion of family income [34,35]. This phenomenon can be observed and measured with
Engel’s Coefficient, where fuel expenditure is estimated instead. In developed countries, energy
poverty can be defined as fuel expenditure representing above 10% of family income [36]. In
developing countries like China, the situation of energy poverty is also very serious. In particular, rural
families (smallholder farmers) are more vulnerable because of the huge urban-rural income gap and
disparities [37]. Urban residents have more options for consuming clean and stable energy sources,
such as electricity, LGP and so on. But for poor rural families, in order to reduce fuel expenditure, they
have no alternative except to use straw directly for energy proposes or coal.

However, there are several remarkable disadvantages of straw direct utilization. Due to low
combustion efficiency, straw direct use has significantly higher pollutants emission than straw pellet
[38,39]. Straw is scatter-distributed with low energy density, which is very inconvenient for
transportation [24]. In addition, the high volume of straw occupied a large space for storage [40]. Due
to cold weather in winter, carrying straw from warehouse to stove is both labor-consuming and feeling
uncomfortable for rural residents. Especially the dominant population in rural China are elderly people
and adolescent (adult labor force migrate to urban for more employment opportunities), and they are
more vulnerable to loading straw. Besides, the traditional use of biomass is not only appeared in China,
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but also popular primary energy consumption in developing countries. Globally, Sub-Sahara Africa
(SSA) and India have the greatest percentage of population relying on the traditional use of biomass
[41]. Over 80% of the population in SSA is dependent on traditional biomass use, and in India, about
32% of primary energy use depends upon biomass [42], but it is still derived from traditional biomass
use to a large extent. Furthermore, the prediction from Fig. 1 indicates that the number of people
using traditional biomass is still increasing in India and SSA. So, more actions should be taken to alter
such a trend. With the development of modern energy utilization of biomass, the technique is no
longer the bottleneck. In front of the low-income rural families in developing countries, how to reduce
the accessible obstacle of modern biomass utilization is more challenging but meaningful. Such an
issue is not only crucial in China, but it has a wider interest with a worldwide common concern.

Using straw pellet, which is a high-density and high-value solid fuel [24], has the advantages of being
easier for transportation, storage and utilization. However, the instant energy transition from straw to
straw pellet may put financial burden on poor rural families, because straw pellet procurement and
replacement of coal stove with biomass stove are both required higher and extra expenditure.
Therefore, the institutional innovation, barter mode, is proposed by Meihekou city, which is located
in Jilin province, Northeast China (see Fig. 2). Currently, three demonstration towns are conducted,
and the experience and running mode will soon expand to every town of Meihekou city. In barter
mode, participating rural families can supply 3-ton straw feedstock in return for 1-ton straw pellet,
and the Meihekou city government provides and installs biomass stove for free. This mode has been
working in Meihekou city for several years, which significantly alleviates financial burden for
participating rural families while everything is free. However, this mode has not been studied and
assessed before, and its innovation and contribution to SDG7 require a scientific and quantitative
explanation. So, by using the life cycle assessment (LCA) and economic evaluation, the performance of
barter mode, from the perspective of GHG emission reduction (which is ‘clean’) and benefit for
participating rural families (who can be ‘affordable’), is going to be revealed. The findings from barter
mode can be referenced by other developing countries to provide affordable and clean energy for the
rural population, and reduce energy poverty as well.

Fig. 1. Number of populations using traditional biomass (in millions) [43—45].
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Fig. 2. The geographical location of lJilin province in China and the deployment of straw pellet
briquetting factories in Meihekou city (squares represent the locations of briquetting factories and
circles represent the hypothetical locations in the future).
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The aim of this paper is to establish a LCA model and an economic model which are suitable for the
evaluation of straw utilization for heating in barter mode. They can be applied to investigate the
achievement pathway of SDG7 in barter mode through a case study of a straw pellet project in
Meihekou city, Jilin province in Northeast China. And also, they can improve the understanding of
energy poverty mitigation as well as a benefit-sharing mechanism among stakeholders of the
consumer, the producer and the government. The rest of this paper is structured as follows. Section 2
describes system boundary and inventory of LCA in barter mode, and clarifies the scenario design for
economic evaluation. Section 3 describes the results from LCA and economic evaluation, especially
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emphasising how participating rural farmers could be beneficial from barter mode. Section 4 discusses
and elaborates on the secrets of the successful operation of barter mode in Meihekou city. The
important notions should be noticed when other areas want to reproduce barter mode. Section 5 gives
the conclusion of this paper.

2. MATERIAL AND METHOD

2.1. SYSTEM BOUNDARY AND LIFE CYCLE INVENTORY

LCA and economic evaluation are conducted for barter mode in Meihekou city with an aim to

identify its optimality and advantages from economic, environmental and social perspectives. The
system boundary of barter mode is illustrated in Fig. 3 (a). Prior to modeling and assessing, all
adjustments and improvements while calculating GHG emissions and cost for producing 1-ton straw
pellet and a comprehensive inventory of emission factors of GHG emissions have been shown in Table
S4.
Meihekou city is consist of 24 towns. Barter mode is in operation in three towns at present, and soon
will expand to every town (see Fig. 2 (b)). Herein, the running project of barter mode in Niuxinding
town is chosen as the case study. The average yield of corn in Meihekou city is 5.80 tons/ha. Based on
straw to grain ratio (1.86), theoretical collectable corn straw yield on average is 10.44 tons/ha. During
harvesting, corn and straw are cut by a combined harvester, and straw is cut 15 cm from the ground
(low stubble). So, collectable coefficient of straw feedstock is about 85% (15% of straw has remained
as stubble), and the ultimate collectable corn straw yield on average is 8.87 tons/ha, without
considering utilization competition forfodder, fertilizer etc. The required data for LCA is collected and
summarized from a series of administrative documents, industry reports, environmental impact
assessment (EIA), academic literature and field survey. In this analysis, Niuxinding town is first selected
as a case study area, and then expand the knowledge into Meihekou city.

Fig. 3. The diagram of system boundary and major activities of barter mode and commercial mode for
straw pellet and coal mode for heating.



Published in : Biomass and Bioenergy (2023), vol. 170, n°03 h
DOI: 10.1016/j.biombioe.2023.106725 1 ’ L I EG E

Status : Postprint (Author’s version)

I

Farmland ‘ | (Manual) Straw feedstock supply chain |

| Straw feedstock |
Corn pruduction&+ (E::::::z;) H Loading HTranspur(alinn

Rural families |

Briquetting
factory

(a)

Barter mode

(Manual) Straw pellet distribution chain |

Straw pellet
Family stove { Unloadi }-7 Transportation H Loading JL

Briquetting
factory

Straw feedstock
\Corn producti raw fecstoe J‘ Raking ‘7-{ Baling }7{ Loading ;—v Transportation [————————
(b)

Commercial mode

Farmland I (Mechanized) Straw feedstock supply chain I

i

Dl

Rural families | (Manual) Straw pellet distribution chain I Briquetting
Straw pellet [ ‘
Family stove ‘ Unloadi Transportation Loading ’-
Coal mine I (Mechanized) Coal fuel supply chain |
Coal feedstock i } _’ |
Raw coal ———————— Mining > Washi g
(©) I

Coal

Rural families

Coal fuel

Family stove

Transportation

A

2.1.1. Straw feedstock in the farmland

In barter mode, the scale of corn straw briquetting plant is 24,000 tons of straw pellet per yearin
Niuxingding town, Meihekou city. Considering loss during the briquetting process, the ultimate
demand for straw feedstock is 26,000 tons per year. In Niuxinding town, the corn sown area is 7278
ha, which could annually produce 64,585 tons of straw feedstock in total. However, such quantity
excessively exceeds the production capacity of the straw briquetting plant in Niuxinding town. In
regards to characteristics of non-profit and social welfare in barter mode, the amount of rural families
that could participate in this mode is restricted. The government is the leader in this institutional
innovation, and it could determine the priority of rural families that could first be selected and
benefited from barter mode. The selection criteria include family income, family size, the distance
between farmland and straw briquetting plant etc. It is reported that, each rural family in Meihekou
city would require 3.5-ton straw pellet on average for heating demand during winter. Hence, it could
be further estimated that, 2286 rural families (25% of the total rural families) in Niuxinding town have
an opportunity to participate in barter mode.

2.1.2. Straw feedstock supply chain

Currently, the major straw feedstock supply chain in China has been fulfilled with mechanization.
In other words, almost all activities in straw feedstock supply chain, including collection with baler, and

université
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loading & unloading with forklift or loader are operated with machines. On the contrary, in barter
mode, manpower from participating rural families is the major input in straw feedstock supply chain.
Collection, loading and unloading activities are no longer relied on machines, where participating
farmers carry and drop (unload) straw feedstock manually. In such a situation, energy consumption
and GHG emissions in collection, loading and unloading activities are neglected in this analysis.

Transportation activity is the only source of energy consumption and GHG emissions in straw feedstock
supply chain. According to a field survey and personal communication with local farmers in Meihekou
city, nearly all the farmers have chosen to use tricycle (brand: Shifeng, e.g.)in barter mode. The tricycle
is affordable for 20,000 RMB on average, and very convenient for transportation and it is owned by
every rural family in Northeast China. Moreover, straw feedstock supply chain in barter mode only
occupies a short period during farmers’ free time, so accounting-related issues, such as depreciation,
and maintenance, are not included in estimation. In straw feedstock supply chain, it all boils down that
fuel consumption by tricycle is the only factor that is considered with energy consumption and GHG
emissions. Based on the field survey and Fu et al. (2007) [46], the carrying capacity, and fuel
consumption is 0.7 ton, 0.07 L/(t*km) in full loading mode as well as 0.04 L/km in empty mode.
According to the geographical conditions and village distribution in Niuxingding town, it can be
assumed that the transportation distance between each rural family to the briquetting plant is 15 km.

2.1.3. Straw pellet distribution chain

Compared to straw feedstock that is scattered in the farmland, and farmers need to spend much
higher manpower in gathering and collection, straw pellet is concentrated and manual force input in
collection and loading is much lower. For the same reason in straw feedstock supply chain, only fuel
consumption in straw pellet transportation is the unique factor in energy consumption and GHG

emissions.

2.1.4. Briquetting process

The briquetting process, which converts straw feedstock into straw pellet, is the most energy
consumption and GHG emissions contributor among others. In accordance with similar study in China
[24], it could account for over 93% of overall energy consumption. The power source of the briquetting
process is electricity. Here in this analysis, the energy consumption and GHG emissions in the
briquetting process are 68 kWh/ton [24] and 89.93 kg CO; eq./ton respectively.

2.1.5. Carbon neutrality in straw feedstock production and straw pellet combustion

Straw feedstock is a renewable and sustainable resource. In theory, the CO; released from straw
pellet combustion is absorbed previously from atmosphere during corn growth by photosynthesis.
Hence the CO, emission from straw pellet combustion in stove is equivalent to CO; captured during
corn growth in the farmland, and direct CO, emissions are neutralized to zero in two stages. In this
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analysis, corn straw feedstock is regarded as a by-product from corn production. Therefore, the energy
consumption and GHG emissions have belonged to corn production process, which is not considered.
However, GHG emissions with other GHG criteria variables including CHj, N,O etc. in straw pellet
combustion should be taken into account, where they are 5.2 kg CH4/ ton and 0.13 kg N,O/ton
respectively [47], and they are equivalent to 248 kg CO, eq./ton in total.

2.2. SCENARIO DESIGN AND ECONOMIC EVALUATION

For a better interpretation of the results obtained, horizontal and vertical comparisons are
conducted. In horizontal comparison, like similar studies for biomass pellet for heating, the outcomes
of GHG performance of straw pellet utilization are collected and summarized from literature. The
feedstocks of pellet are mainly straw as agricultural waste, wood as forestry waste and other biomass.
In vertical comparison, the results from barter mode will be compared with two popular and practical
modes for heating provision: commercial mode and coal- for-heating mode, and the system boundary
of these modes are illustrated in Fig. 3 (b,c) separately. The distinctions between commercial mode
with barter mode are in straw feedstock supply chain and straw pellet distribution, whereas the rest
of the activities for briquetting as well as straw pellet combustion are identical. The commercial mode
is the application of StrawFeed mode [48]: the straw feedstock supply chain is completely mechanized
and the briquetting factory needs to purchase straw feedstock from local brokers. The calculation
procedure of GHG emissions in the mechanized straw feedstock supply chain is shown in the
supplementary, and the economic indicators are from Hu et al. (2014) [24]. In coal-for-heating mode,
rural families use coal for heating, and the outcome of GHG emissions is from Wang et al. (2017a) [49].
The functional unit in economic evaluation is fuel demand of rural families for heating during winter,
which could be 3.5-ton straw pellet in barter and commercial modes, and 2-ton coal fuel in coal-for-
heating mode. In barter mode, biomass stove is paid for and installed by the government, and the
entire cost is around 4000 CNY for each rural family. Assuming that the lifespan of the biomass stove
is 10 years, then it could be further estimated that the government should spend 400 CNY for each
rural family during each winter. The cost of straw feedstock procurement, briquetting as well as the
selling price of straw pellet is from a field survey.

3. RESULT

3.1. THE WHOLE AND COMPONENTS OF GHG EMISSIONS IN BARTER MODE

As illustrated in Fig. 4 (a), GHG emissions of straw pellet in barter mode are estimated at 10.15 g
CO, eq./MJ. The energy conversion in briquetting process contributes the most GHG emissions
(57.24%) in straw pellet production because electricity is indispensable in briquetting. Emissions of
straw feedstock supply, as well as straw pellet distribution, are only 0.43 and 0.09 g CO, eq./MI
respectively, which occupy a small amount of GHG emissions (5.13%). On the contrary, straw pellet
combustion (fuel consumption stage) occupies a significant proportion of GHG emissions, which is in
line with Song et al. (2017) [26] but is different from Wang et al. (2017a) [49]. The benefits of the use
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of straw for bioenergy production in terms of GHG mitigation should not be overestimated [10]. There
is no doubt that straw-based bioenergy can be regarded as carbon neutrality: direct CO;released in
the pellet combustion stage can be absorbed during the straw planting stage [50]. However, other
short-lived climate pollutants, particularly CH4and N,O, have a stronger impact on global warming
potential (GWP) and are neglected in the calculation of GHG emissions. According to the latest
coefficients published by IPCC, the GWP-100 of CH;and N,0 are 29.8 and 273 respectively [51]. Hence,
the results of this analysis echo the opinion from the 26th UN Climate Change Conference of Parties
(COP26) that the mitigation of CH4and N,O should pay higher attention [52,53], especially in bioenergy
that GHG emissions may be underestimated.

3.2. HORIZONTAL COMPARISON

Fig. 5 compares the results in barter mode with other similar studies from China and other
countries, and feedstock (raw material) is all from biomass, such as straw, wood residue etc. It should
be emphasized that, the results from LCA cannot be compared directly. On one hand, differences come
from many aspects, including geographic circumstance, the technique used as well as management
level. On the other hand, diversity from LCA methods, such as inconsistent system boundaries,
coefficient selection as well as the quality of data, can have a notable influence on the outcome [54].
But the comparison is still useful and necessary because it can check the reliability and robustness of
the results, if the results fall into the same order of magnitude as other similar studies. The results in
barter mode appear reasonable, and outperform the outcomes from most of the studies. The results
are in line with the outcomes and argument from Wang et al. (2017b) [27] that straw pellet is much
more environmental-friendly than other types of biomass pellet (GHG emissions are 11 g CO,eq./MJ).
The results in barter mode are different with Hu et al. (2014) [24], where it has a lower estimation of
GHG emissions (7 g CO, eq./MJ) by incorporating straw planting stages in LCA. In fact, unlike biomass
feedstock such as corn or popular energy crops (switchgrass, miscanthus) that are planted
intentionally, straw is the by-product of agricultural production, and its GHG emissions are out of scope
in bioenergy utilization [55]. Therefore, it should be further emphasized that the selection and
determination of system boundary should be done with caution and comprehensive understanding.

3.3. VERTICAL COMPARISON

The results in barter mode further compare with the commercial mode of straw pellet production
as well as coal mode for heating (see Fig. 4 (b)). The results indicate that, the GHG emissions of manual
straw feedstock supply in barter mode are slightly lower than mechanized straw feedstock supply in
commercial mode. That is because barter mode takes advantage of physical activity from participating
farmers, which does not count for GHG emissions. If the GHG emissions of physical activity are taken
into account (2.83 kg CO; eq./(person x day), [72]), the GHG emissions in barter mode would rise
dramatically to 97 g CO2 eq./MJ. In fact, the GHG emissions of physical activities in conventional
manual labor are not analogies with a participating rural family, because the labor marginal cost is
close to zero. After crop harvesting, rural families are in slack season. Apart from being recruited
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temporarily for some simple physical work, most farmers are free. With the help of the use of
agricultural machines [73-75], farmers can have more spare time. They can be available for
participating in barter mode and earning free straw pellet for heating. So, when taking into account
the labor marginal cost from GHG emissions, manual straw feedstock supply is neither economic [76]
nor environmental-friendly. But as for social welfare project, barter mode can mobilize rural families’
enthusiasm to participate in energy provision for heating, and it alleviates the government’s financial
burden and administrative resource if the government undertakes every responsibility of providing
affordable and clean energy. The components of GHG emissions between barter and commercial
modes are shown in Table S5. GHG emissions of briquetting and combustion activities in barter mode
are equal to commercial mode, because they are identical in system boundary. The differences are in
straw feedstock supply and straw pellet distribution activities. GHG emissions of straw feedstock
supply in barter mode are remarkably lower than in commercial mode, because only transportation
stage has fuel consumption with GHG emissions. On the contrary, in commercial mode, raking, baling,
loading and transportation require a series of machines, including raker, baler, forklift and truck.
Hence, the GHG emissions in mechanized straw feedstock supply are nearly 6 times greater than in
manual straw feedstock supply. As for straw pellet distribution stage, the GHG emissions in barter
mode are also lower than in commercial mode. That is because transportation frequency has been
increased in straw feedstock supply with low carting capacity of tricycle, and GHG emissions of empty
transportation have been allocated to straw feedstock supply activity.

Fig. 4. (a) The components of GHG emissions in barter mode; (b)The comparison of GHG emissions
between barter mode, commercial mode and coal mode for heating.
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Fig. 6. The results of economic evaluation in different modes (CNY).
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£
ﬁ}i The government ~ Cost 400 - -

The results in barter mode are consistent with all studies exploring GHG emissions of biomass pellet

production and utilization when they took coal as an object reference. GHG emissions of barter mode
are around 5% of coal mode for heating. Even including leftover straw pellet outside boundary of
participating rural families (utilized by other consumers), GHG emissions of barter mode are still
significantly lower than coal mode for heating. Furthermore, when the substitution effect of avoided
straw burning in the farmland as well as avoided GHG emissions from displaced coalis concerned, GHG
emissions abatement potential could be larger. The net GHG emissions can be estimated from straw
pellet consumption including provision and production minus avoided GHG emissions from burning
straw in the farmland and minus avoided GHG emissions from coal consumption for heating [77,78].
On one hand, if farmers decide to burn the corn straw in the farmland, it will emit GHG criteria
variables including CO, and CH,, and the emission factor of corn straw burning is 1489 g CO;eq./kg
[79]. Barter mode can be helpful for farmers who have a low capacity to dispose of straw effectively.
On the other hand, straw pellet instead of another type of fossil fuel can achieve emission reduction.
Hence, the overall GHG emissions reduction can be 282 g CO,eq./MJ. Therefore, if rural families utilize
straw pellet that substitutes coal for winter heating, it can make a remarkable contribution to GHG
emissions reduction as well as non-renewable resources saving. Coal can be used for more important
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applications (e.g., chemicals, materials), and straw pellet utilization for heating can build up a positive
beneficent cycle in agriculture, rural as well as energy sectors.

3.4.THE COMPARISON OF AIR POLLUTANT EMISSIONS IN THREE UTILIZATION MODES

Furthermore, the emissions of air pollutants in barter, commercial and coal modes are also
assessed, and details on calculations and inventory of emission factors of air pollutants are provided
in Table S2. Based on the comprehensive inventory of emission factors of air pollutants, air pollutant
emissions on straw pellet utilization with barter and commercial mode as well as coal utilization are
estimated, and the results are shown in Table 1.

Table 1. The air pollutant emissions on three energy utilization modes (g/kg).

Mode\ Indicator PM2.5 co NOx S02

Barter mode 0.049 0.121 0.426 0.008
Commercial mode 0.050 0.127 0.446 0.008
Coal mode 0.498 5.627 0.136 0.474

The results demonstrate that, the air pollutant emissions in straw pellet utilization are remarkably
lower than in coal utilization mode, except for NOx. Even including leftover straw pellet outside
boundary of participating rural families, air pollutant emissions of barter mode are still significantly
lower than coal mode for heating. Based on the environmental impact assessment report of the
surveyed briquetting factory in Meihekou city, the major pollution is noise and dust. The briquetting
factory is far away from residents, so the noise has little impact on people’s life. As for dust, the
briquetting factory has installed bag dust collector, and the dust emission is ata very low level. Hence,
in comparison with the high pollution activities of coal mining and washing, straw feedstock supply
and briquetting are relatively clean, because only diesel and electricity are consumed in operation. As
for SO,, the gap between straw pellet and coal s significant. That is because the emission factor of coal
combustion is 5.5 g/kg, whereas SO, from straw pellet combustion is below the equipment detection
limit [80]. However, NOx emission in straw pellet utilization is greater than in coal mode. With the
construction of railway system in China, coal transportation is mainly relied on train and truck
transportation between station and terminal is neglected [49]. Compared with other types of
renewable energy, straw pellet has higher air pollutant emissions, because renewable energy like
hydropower [81], solar [82] and wind energy [83] does not directly emit air pollutant into atmosphere.
Hence, straw-based bioenergy is a relatively clean source, and also has great potential for exploring
air pollutant emissions reduction (e.g., NOx) in the future.

3.5. UNCERTAINTY ANALYSIS

In order to assess the uncertainty of barter mode, uncertainty analysis with Monte Carlo
simulation is employed [84-86]. The parameters of RASF (required amount of straw feedstock), FCR
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(fuel consumption rate of tricycle), distance as well as ECB (energy consumption for briquetting) are
selected for uncertainty analysis. Assuming that these uncertain parameters follow triangular
distribution [87], and their lower and upper limits are set to be +25% of predefined values. Monte
Carlo simulation runs 10,000 times, and coefficient of variance [88,89] of GHG emissions as well as air
pollutant indicators are estimated (shown in Table S3). The results generally indicate that the
coefficient of variance is of very low value. It further indicates that, barter mode is robust and reliable
in supplying straw pellet for a rural family from the perspective of environment and sustainability.

3.6. ECONOMIC EVALUATION

In economic evaluation, the function unit is the annual energy demand for heating in a rural
family, it could be 3.5-ton straw pellet in barter and commercial modes, or 2-ton coal fuel in coal mode.
For barter mode, there is no feedstock charge as straw is by-product of farmers’ crop production. For
straw collection cost in barter mode, the participating farmers are using their free time after crop has
been harvested. So, the straw collection cost with manual labor is zero in barter mode. As for the
transportation vehicle, according to field survey and personal communication with local farmers in
Meihekou city, nearly all the rural families have tricycle because it is cheap and convenient. Hence,
farmers do not need to buy a new and specific vehicle for delivering straw feedstock and returning
straw pellet. Besides, biomass stove is paid for and installed by the government. To sum up, the only
monetary expenditure for the farmers is diesel for transportation by tricycle. Assuming that the diesel
price is 6 CNY per litre and the distance between market and rural families is 15 km on average, it can
be estimated that the monetary expenditure for eachrural family in transportation is 135 CNY, 40 CNY
and 25 CNY annually (the transportation frequencies are 30, 10 and 6 trips), in barter mode,
commercial mode and coal mode respectively.

As for rural families, according to the aforementioned discussion of cost components, the acquisition
cost is transportation expenditure. The product cost is rural families paid for buying straw pellet or
coal, which are 2450 CNY and 1400 CNY in commercial mode or coal mode respectively. The total cost
is the sum of acquisition cost and product cost, which are 135 CNY, 2490 CNY and 1425 CNY
respectively. The results demonstrate that barter mode has a great economic advantage with free
straw pellet in return.

As for cost-benefit analysis in briquetting factory, the parameters of business operation are from Hu
et al. (2014) [24] by concerning inflation. They also conducted an economic evaluation of a fully-
operating 20,000-ton corn straw briquetting factory in China. These parameters can be useful for
supporting economic evaluation because conditions and circumstances are similar. The only difference
between barter mode and commercial mode is the exclusion and inclusion of straw feedstock purchase
cost. Feedstock (purchase) costs are 0 and 1083 CNY, whereas other production cost is equivalent
(1039 CNY) between barter mode and commercial mode. The total production cost is the sum of
feedstock and other production, which are 1039 CNY and 2122 CNY respectively. The revenue for
selling straw pellet to the market is 2450 CNY from each rural family. Hence, by taking the advantage
of free straw feedstock provided by farmers, the briquetting factory can make a great saving cost on
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feedstock, and thereby profit can be raised from 328 CNY in commercial mode to 1411 CNY in barter
mode.

Besides, the economic evaluation also illustrates that, using coal for heating is much cheaper than
using straw pellet in commercial mode (1425 versus 2490 CNY/year), and this cost does not
incorporate the cost of replacing coal stove with biomass stove. As for the government, the
expenditure is supporting rural families with new biomass stove. Assuming that each biomass stove is
4000 CNY and the lifespan is 10 years, then the government should spend 400 CNY for each
participating rural family annually. These results reflect the dilemma of the campaign to “phase out
coal for heating” in China. Even under the administrative force, the consumer still prefers to use coal
because of the cost. On the contrary, rural families can receive free straw pellet from briquetting
factory in barter mode, and the government helps to clear up the worry by providing free biomass
stove. In barter mode, rural families can make great saving from heating expenditure, and the
utilization of clean bioenergy can reduce the air pollutants from coal burning that could impair their
health. In general, their sense of happiness raises significantly.

4. DISCUSSION: THE SECRETS OF THE SUCCESSFUL OPERATION OF BARTER MODE IN
MEIHEKOU CITY

4.1. NORTH CHINA HAS STRONGER HEATING DEMAND THAN SOUTH CHINA

The heat generated from straw pellet can satisfy pluralistic energy demands, mainly for cooking,
heating as well as boiling water. The energy consumption by rural families has the character of
selectivity. Apart from the expenditure, availability, convenience and cleanliness should also take into
account [90,91]. From the perspective of convenience, the consumer is more prefers to use electricity,
natural gas for cooking or boiling water, because they can provide heat energy within a very short
period, whereas straw pellet should wait for a longer time. On the other hand, the territory of China
covers a broad span of latitudes, and thus the regions in the north are colder than in the south.
Correspondingly, regions in the north have stronger winter’s heating demand than in the south. And
the drawbacks of straw pellet for cooking and boiling water is no longer significant in heating, because
straw pellet combustion can provide long and sustainable heat energy in the winter, whereas the cost
of using electricity for heating is much more expensive and uneconomical. Therefore, straw pellet has
better market potential and acceptance in north China. Meihekou city is located in Northeast China,
and barter mode is attractive to rural families.

4.2. THE WORLD-FAMOUS CORN BELT CAN SUPPLY PROFOUND STRAW FEEDSTOCK IN CHINA

There is no strict threshold for determining which type of straw is more suitable for straw
briquetting. Considering the quantity of straw feedstock, crop straw has a wide application prospect
in bioenergy utilization. In straw feedstock supply chain, transportation is one of the major obstacles
to impacting the profitability of bioenergy production [92—94]. Therefore, these bioenergy projects
and investments are usually successful in major crop-sown areas. Among these areas, the corn belt in
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China [95] has great potential for bioenergy production. The corn belt in Northeast China is one of the
two largest corn belts in the world (the other one is the corn belt in the Midwest, U.S., [96]). This corn
belt is made up of over 40% of total corn production in China [97]. Meihekou city is located in the corn
belt in Northeast China, and barter mode can be beneficial from its abundant feedstock and
sustainable supply.

4.3.THEGOOD ENVIRONMENT AND ECONOMIC FOUNDATION IN MEIHEKOU CITY CAN
SUPPORT INSTITUTIONAL INNOVATION

Northeast China is one of three famous industrial recession areas in the world (the other two are
the Ruhr Industrial Base and the Rust Belt in the Great Lakes). According to the latest national
population census data, population decline in Northeast China is the most serious area in China [98].
Negative population growth may accelerate ageing and population migration [98]. And these negative
impacts further result in the decline of financial revenue and a rise in the government debt.
Extraordinary, Meihekou is a minority of city where it can attract population inflow in Northeast China
[99]. And it also receives the honour of being one of the most beautiful cities (counties) in China [100].
Barter mode can reduce the straw burning in farmland as much as possible, thereby reducing air
pollution and promoting the living environment. In barter mode, both free straw pellet and free
biomass stove are necessary. The absence of either component would make rural families
unaffordable for clean bioenergy. In addition, a good economic foundation in Meihekou city also can
alleviate rural families’ burden and make straw pellet genuinely affordable. Considering straw pellet
production capacity and straw yield, 20% of rural families can be beneficial from barter mode. The
government’s expense for providing free biomass stove will occupy a portion of the government
annual revenue. Such expense is valuable, the Meihekou city government and residents, participating
rural families as well as straw pellet briquetting factory all can be beneficial from barter mode.

4.4 THE CONSTRUCTION OF A BENEFIT-SHARING MECHANISM AMONG THE CONSUMER, THE
PRODUCER AND THE GOVERNMENT

The construction of a benefit-sharing mechanism among the consumer (rural families), the
producer (briquetting factory) and the government is the determinant that can make barter mode
successful and efficient. Inthe benefit-sharing mechanism, the responsibility of each object is clarified,
and they are not only the beneficiary, but also the benefactor of the cooperation. The interaction
relationships between each pair of objects are shown in Fig. 7, and they are further elaborated in the
following paragraphs.

(1) What the government can gain from rural families: eliminate straw burning in farmland and make
a contribution to the carbon neutrality goal

What the government can gain from rural families can be split into two aspects: official promotion of
eliminating straw burning in the farmland and contribution to carbon neutrality goal. The initiative of
barter mode is not for providing affordable and clean energy for rural families, but for eliminating a
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problem that harasses China for decades: straw burning behavior. Even though China has
implemented strict straw burning ban, the execution level has great spatial variety. Fire accidents still
can be observed in Northeast China [102,103].

Fig. 7. The diagram of a benefit-sharing mechanism among stakeholders (the consumer, the producer
and the government) in barter mode.

The government

ol
@ % W

Cooperation and all-win

(3)
Rural % % Briquetting
families n factory

@

1)

The estimation from Zhang et al. (2019) [101] indicates that fire accidents are clustered in Northeast
China, which could represent 56.37% of overall fire accidents in China. Worse still, some fire accidents
are close to airports and highways, which are threatening transportation safety [104]. Therefore, local
government in Northeast China has strong pressure from the central government [105]. Some officials
are dismissed because they are too feeble to prevent straw burning [106,107]. Meihekou city is located
in Northeast China, and in order to entirely control straw burning, Meihekou city government has very
strong motivation and willingness to design and implement institutional innovation. So, if the
government can gain assurance for rural families that are used to burning straw in the farmland
because of low disposal capacity, they can make better performance in straw burning control than
other adjacent areas. The externality of straw burning can be annihilated, and the air quality, as well
as the environment, can be improved, which can promote a sense of happiness for both rural families
and urban citizens. Such achievement in environmental protection can provide an advantage for
official promotion.

Rural families utilizing straw pellet for heating can reduce GHG emissions from straw burning as well
as substitution of coal consumption, which can contribute to the carbon neutrality goal. In order to
realize the goal of the Paris Agreement, President Xi announced the goal of GHG emission mitigation
of “China will achieve a peak in carbon emissions by 2030 and carbon neutrality by 2060” [108], and
this is important progress that China contributes to combating global warming as well as the transition
of energy structure. The achievement of this “macro strategic goal” requires top-down allocation of
emission reduction tasks [109].

(2) What rural families can gain from the government: environmental & health benefits

Apart from direct monetary expenditure savings, rural families can gain indirect environmental and
health benefits from participation in this government-driven project. To begin with, the smoke from
straw could threaten people’s health, harmful air pollutant is emitted from straw burning [110-112].



Published in : Biomass and Bioenergy (2023), vol. 170, n°03 h
DOI: 10.1016/j.biombioe.2023.106725 < P L I EG E
Status : Postprint (Author’s version) b universite

Specifically, it could damage health by impairing the function of the lung [113,114], and raising the
illness of bronchial asthma [111,115,116]. PAHs from straw burning are potential carcinogens
[111,117-120], and result in lung cancer [121]. Singh [122] summarized the illness of cough, pulmonary
symptoms, irritation and dryness of the eyes that could be attributed to smoke during straw burning
season. The empirical study from He et al. (2021) [123] demonstrated a relationship with the increase
in cardiorespiratory disease in China. The smoke-related illness would end up raising the medical cost
and putting a burden on rural families [113]. Hence, the participating rural families can prevent straw
burning in the farmland voluntarily by exchanging this straw feedstock for energy production, thereby
protecting them from harmful air pollutants.

Besides, the substitution of coal consumption can reduce indoor air pollutant, which is also an
important threat to people’s health. Apart from air pollutants [124,125], coal burning can also
generate poisonous substances including arsenic [126] and fluoride [127,128]. Diseases related to
household coal consumption incorporate respiratory illnesses, pneumonia, chronic obstructive
pulmonary disease, coronary syndromes, weakening of the immune system and chronic arsenic
poisoning [126,129-131]. Evidence from medical experiments demonstrated that long-term
consumption of fossil fuel may increase the health risk to families’ members, and children and women
are more relatively vulnerable [130,131]. In addition, higher mortality in women and infant groups
could be identified, compared with non-coal users or non-winter months [132,133]. Therefore, the
government has vigorously promoted the policies of energy transition from the “coal-to-gas” [134—
136] and “coal-to-electricity” [137,138] policies in North China. Barter mode can be regarded as
supplementary to the “coal-to-biomass” [139] policy that serves energy transition in China with health
benefits [140-142]. In addition, unlike using gas or electricity which raises the consumer’s expenditure
for energy because gas and electricity are usually more expensive than coal, barter mode can be
genuinely beneficial for low-income rural families with free straw pellet supply, which can be helpful
for achieving energy transition.

(3) What briquetting factorycan gainfrom rural families: free straw feedstock supply and production
cost reduction.

Compared to the commercial mode, the producer should pay for local brokers to supply straw
feedstock (300 CNY/ton), whereas a briquetting factory can be beneficial for reducing production cost
from free raw feedstock (see Fig. 6). In addition, under the 3:1 exchange rate of straw feedstock to
straw pellet, the remaining straw feedstock is free for briquetting factory to produce more straw pellet
that can be for sale. Hence, with the advantages of these two aspects, briquetting factory can earn a
larger profit than in commercial mode, and this is interesting for financial assessment in the future,

from the perspective of the producer.
(4) What rural families can gain from briquetting factory: free straw pellet

Rural families are the major beneficiary in barter mode, and free straw pellet provided by straw
briquetting factory can reduce expenditure for heating and mitigate energy poverty. Rural families can
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save money and add other necessary expenses, such as education, food procurement, leisure and so
on, which their welfare level can be promoted substantially.

(5) What the government can gain from briquetting factory: increase employment opportunity

As for utilizing the feedstock from the local community, the social benefit of bioenergy utilization is
also an important concern by the government [143], because it can reflect the social contribution that
bioenergy investment can make to local welfare improvement. The employment opportunity creation
is the direct and substantial social benefit that straw briquetting brings [144—146]. For developing
countries, with the help of relatively cheap labor cost, briquetting work is still labor-intensive [147],
and straw briquetting factory can recruit a lot of labor and increase their income [148]. In particular,
Pradhan et al. (2019) [149] assessed and concluded that, straw pellet project has significantly better
performance of employment creation than biomass co-firing power stations, by increasing a maximum
of 10 times more job opportunities with the same amount of investment. Hu et al. (2014) [24]
estimated that over 30 jobs were created with the 20,000-ton scale straw briquetting factoryin China.
Therefore, the promotion of barter mode can help Meihekou city by creating more employment
opportunities and increasing income, especially being beneficial for rural areas.

(6) What briquetting factory can gain from the government: expansion of the consumer group and
supportive policy

Energy poverty is the bilateral characteristic of “difficulty of accessing and using energy” [151].
Without intervention from the government, the demand for straw pellet is facing great challenges and
obstacles in substituting biomass stove (it requires extra expense from the low-income rural families,
which is unaffordable). Free straw pellet provision solves the obstacle of “energy access”, and the
Meihekou city government provides free biomass stove, which can solve the obstacle of “energy use”
for combating energy poverty. From the perspective of the producer (briquetting factory), barter
mode is helpful for the expansion of market size, and this motivation can alter the consumer’s habits
to prefer bio-products.

As for the bioenergy production project, straw briquetting factory is strongly supported by the
government including direct monetary subsidy. The government subsidizes investors according to
their scale of yield and investment (see Table 2), and the other areas of Northeast China refer to this
subsidy standard. Such direct monetary subsidy can significantly alleviate the financial burden of
investors, and can also encourage and mobilize their enthusiasm for incremental investment and
stable operation. In addition, in front of thousands of smallholder farmers, straw briquetting factory
demands administrative support, including liaison and mediation of conflicts and disputes, by the
government involvement.

5. CONCLUSION

Achieving SDG7: Affordable and clean energy is very challenging for developing countries, they
not only lack access to a reliable and efficient energy source, but also cannot afford it. Therefore, the
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solution for reducing energy poverty and consuming clean energy will be extremely attractive and
meaningful. This paper describes the institutional innovation for providing affordable and clean
bioenergy to rural families in Meihekou city, Northeast China: barter mode. In this mode, the
participating rural families can supply 3-ton straw feedstock in return for 1-ton free straw pellet, and
the Meihekou city government provides and installs free biomass stove. The results of LCA indicate
that straw pellet utilization for heating in barter mode is relatively clean, and the estimation is
consistent with the previous LCA results. The results of economic evaluation illustrate that the benefits
of the participating rural families (the consumer) as well as straw briquetting factory (the producer)
are promoted significantly. The secrets of how this mode is working successfully in Meihekou city are
discussed and systematically summarized, especially a benefit-sharing mechanism among
stakeholders is proposed. Also, the research framework of this paper can enlighten other researchers
on how to assess the institutional innovation of energy utilization, from the perspective of
methodology.

In conclusion, apart from SDG7, barter mode can also serve for other related SDGs simultaneously
[152]. Using straw pellet instead of coal can reduce indoor air pollution and improve health
circumstances (SDG3: good health and well-being). The consumption of straw pellet (clean bioenergy)
can be helpful for GHG emissions reduction thereby assisting with SDG13: climate action.

Table 2. The subsidy standard for straw briquetting investment in Heilongjiang province, Northeast
China [150].

Yield Subsidized proportion of  Maximum subsidy scale
(ton) investment (%) (10 thousand CNY)
2500 70% 70

10,000 50% 150

20,000 30% 177

>30,000 30% 88.5 per 10,000 tons

And finally, the recycling of straw feedstock for bioenergy utilization can alleviate the dependency on
firewood or energy crops, thereby reducing deforestation, land degradation as well as desertification
(SDG15: life on land). Barter mode gives a unique angle on how to achieve SDG7 in China, and the
experiences and lessons learned are particularly useful for policymakers to alleviate energy poverty of
rural families in developing countries.
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