
 

 

 University of Groningen

Quantifying and mapping bioenergy potentials in China
Zhang, Bingquan

DOI:
10.33612/diss.168012388

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Zhang, B. (2021). Quantifying and mapping bioenergy potentials in China: Spatiotemporal analysis of
technical, economic and sustainable biomass supply potentials for optimal biofuel supply chains in China.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.168012388

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.168012388
https://research.rug.nl/en/publications/adf674ab-e61a-4039-b3c5-324b1e8cc44c
https://doi.org/10.33612/diss.168012388


 

 

 
 
 
 

Chapter 6 
 

Summary and conclusions 

 



Chapter 6 

186 

6 

6 Summary and conclusions 

6.1 Research context 

The human world has heavily relied on fossil fuels such as oil, coal, and natural gas for the 

industrialization needs of our modern society for more than two centuries. When fossil fuels 

have made such unprecedented contributions, the massive and rapid use has also brought 

far-reaching and negative impacts on our planet. The extraction, refinery, and consumption of 

fossil fuels not only result in increased concentrations of carbon dioxide and other GHG in the 

atmosphere but also lead to air and water pollutions and geological damage [1–3]. As a 

consequence of the steep rising of GHG concentration, the global climate has been changed 

with negative consequences such as increased temperatures, rising sea level, more extreme 

weather, and natural disasters, which can affect human society and ecosystems for instance 

through reduced food security, increased poverty, and destroyed habitat of other lives [4,5]. 

Other consequences such as air and water pollutions and geological damage can greatly 

damage the health of humans and other lives and ecosystems. 

To mitigate further negative impacts of using fossil fuels on global climate, environment, and 

human health, it is imperative to reduce dependence on fossil fuels as soon as possible by 

using other renewable and sustainable energy resources. Parties around the world have 

worked together and adopted the Paris Agreement that proposed a goal to limit global 

warming and entered into force in late 2016 [6]. To fulfill this goal, energy transitions away 

from fossil fuels to low-carbon energy such as solar power, wind power, hydropower, nuclear 

power, bioenergy, and green hydrogen has been taking place globally. As the world’s biggest 

GHG emitter, China plays a critical role in curbing GHG emissions and slowing global warming 

[7]. At the 75th Session of the UN General Assembly in 2020, China pledged to peak its CO2 

emissions before 2030 and reach carbon neutrality before 2060 by adopting more vigorous 

policies and measures [8]. More recently, China committed to a number of new climate targets 

at the Climate Ambition Summit 2020 including reducing CO2 emissions per unit of GDP by 65% 

from 2005 levels, increasing the share of non-fossil fuels in primary energy consumption to 

around 25% by 2030, increasing forest stock by 6 billion cubic meters above 2005 levels, and 

scaling up the total installed capacity of wind and solar power to over 1,200 GW by 2030 [9]. 

China had installed 728 GW of renewable power capacity by the end of 2018 [10] and 

generated 2,399 TWh of renewable power accounting for 31.9% of total electricity generated 

in 2019 [7]. 
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Modern bioenergy, i.e. energy carriers such as electricity and transport fuel converted from 

biomass, is promoted as it can provide energy with much lower GHG emission than fossil fuels. 

Although power generation from biofuels only accounts for 1.4% of the total electricity 

generated in 2019 [7], biofuels will still expand in the coming decades considering the 

substantial amount of unused biomass resources and its positive impact on rural economic 

growth and job creation in China [11]. Several studies and reports have projected future 

bioenergy utilization under different scenarios in China with a conclusion that biofuel would 

make a contribution to the future energy system and account for 5–15% of the total primary 

energy supply by 2050 [10,12–16]. 

However, biofuel can also have negative impacts on such as food security, soil health, and GHG 

emissions. Excessive utilization of cereal food such as maize to produce bio-ethanol via the so-

called first-generation technology rapidly depleted the national food reserves and led to 

potential damage to food security in China [17]. Therefore, non-food biomass such as 

lignocellulosic biomass and oil-based crop and biomass conversion technologies including 

hydrolysis with fermentation, gasification with synthesis, pyrolysis with hydrogenation, and 

transesterification are promoted to address the food security issue [18]. However, the 

production of such non-food biomass should not occupy arable land considering the scarce 

arable land resources in China [19]. Furthermore, any land-use change from forestry land and 

grassland with high biodiversity should not be considered as cropland for the cultivation of 

non-food energy crops. To deal with the food security and land-use change issues brought by 

biofuel production, it’s necessary to locate and quantify where suitable spare land could be 

available for non-food energy crop production that would avoid land-use conflicts with food 

production and estimate the economic viability of energy crop production on these lands in 

China [20–23].  

In addition to dedicated energy crops, agricultural residues are another potential non-food 

biomass feedstocks for biofuel production as they are easily accessible and less contentious, 

of low cost and low risk, with a large agricultural production base in China [24–26]. However, 

agricultural residues also play a significant role in maintaining soil health by providing 

sufficient soil organic carbon (SOC) [27,28], preventing soil erosion [29], improving soil 

physical properties [30], and preserving biodiversity, thus enable sustainable development in 

the agricultural system and ecosystem [31]. Excessive removal of agricultural residues for 

bioenergy production or other purposes may come at a cost of reduced soil quality [32,33]. In 
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addition to agricultural residues, land management such as conservation tillage could 

significantly reduce the decomposition rate of SOC, and prevent soil erosion, consequently 

reducing the volume of residues returning to soil [34]. To utilize agricultural residues for 

biofuel production, it’s critical to estimate what share of residues is required to be retained in 

the soil when conservation tillage is involved for sustainable agricultural production and 

investigate the availability of collectible agricultural residues for energy purposes in China. 

Besides, the economic viability of collecting agricultural residues from fields is crucial for 

biofuel production and needs to be evaluated as well. 

Compared to the traditional fossil fuels industry, the supply chain of the biomass-to-biofuels 

industry is much more complex and full of uncertainties, such as the scattered distribution of 

biomass resources, uncertain availability of biomass resources, logistical challenges (biomass 

feedstock is bulky and low density), and immature biorefinery technologies [35,36]. Besides, 

biofuel production still emits GHG at almost every stage of the supply chain. Therefore, it is 

crucial to carry out strategically economic optimization of the biofuel supply chain including 

the supply chain configurations (centralized or distributed), locations, numbers, and scales of 

facilities, biomass logistics, and biomass flow patterns while simultaneously taking into 

account the GHG emission performance of the biofuel supply chain.  

6.2 Objectives and research questions 

Considering the preceding knowledge gaps, this thesis aimed to substantially improve the 

methods that can solve the research gaps on biofuel production in China. The main objectives 

of this thesis are to spatially quantify the technical and economic potential of energy crops 

from marginal and degraded land and agricultural residues for biofuel production in relation 

to sustainability constraints and propose a modeling approach that can strategically design an 

economically optimal biofuel supply chain in China while simultaneously taking the GHG 

emission, soil health, and land management into account. 
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To meet this objective, the following research questions were answered in this thesis: 

I. What is the supply potential and its spatial distribution of energy crops from 
marginal land and agricultural residues for biofuel production for the current and 
future situations in China while maintaining agricultural soil health is considered?  
 

II. What is the economic potential and its spatial distribution of energy crops from 
marginal land and agricultural residues for biofuel production for the current and 
future situations in China?  
 

III. How can the biofuel supply chain be economically optimized in relation to future 
various biomass availability on the premises of reaching a certain GHG reduction 
criterion and maintaining soil health? 

Table 6.1 gives an overview of the research questions that were addressed in each chapter 

and the spatial resolution of each chapter. 

Table 6.1 Overview of the topics, research questions, and spatial resolution of each chapter of this thesis 

This chapter continues with a summary of the key findings of the studies reported in the 

preceding chapters. Then, the three main research questions are answered and conclusions 

are drawn. Finally, recommendations for policymakers, industry, and future research are 

provided. 

6.3 Summary of chapters 

Chapter 2 addressed research question I by conducting a spatiotemporal analysis of the 

productivity and technical potential of three types of energy crops including Miscanthus, 

switchgrass, and Jatropha on marginal land using various crop growth models. Different 

Chapter Topic Research question Spatial resolution 

  I II III  

2 Modeled spatial assessment of biomass productivity and 
technical potential of energy crops on marginal land in China ●   1×1 km grid cell 

3 Spatiotemporal assessment of farm-gate production costs 
and economic potential of energy crops on marginal land in 
China 

 ●  
1×1 km grid cell 

4 Spatially explicit analyses of sustainable agricultural residue 
potential for bioenergy in China under various soil and land 
management scenarios 

● ●  
1×1 km grid cell 
10×10 km grid cell 

5 Economic optimization of supply chain for dual-feedstock 
lignocellulosic-based renewable jet fuel production in China 
considering soil carbon stock and greenhouse gas emission 

  ● 
25×25 km grid cell 
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models including MiscanFor, GEPIC, and GAEZ for projecting yields of the three energy crops 

were compared in this chapter. The area and spatial distribution of available marginal land for 

energy crop cultivation in China were identified by using high-resolution land-use data and 

GIS analysis according to the working definition of marginal land used in this chapter. The 

productivity of each energy crop on the available marginal land was modeled on a grid cell 

basis for the current (2017) and future (2040) situations. The optimal distribution of the 

technical potential of the three energy crops simultaneously cultivated on marginal land was 

obtained by using overlay analysis. 

The comparison between the three yield projection models indicates that MiscanFor is the 

best option among GAEZ and MiscanFor for Miscanthus simulation. GEPIC is the most 

appropriate model for switchgrass between GAEZ and GEPIC, and GAEZ is the only suitable 

model for Jatropha among the selected three models. 

The finding shows that a large amount of marginal land (185 Mha) was technically available 

for energy crops’ cultivation, accounting for 19.19% of the total land area in China. It is found 

that Sichuan, Yunnan, Gansu, Guangxi, and Guizhou are the top 5 provinces with high-density 

and concentrated distributions of marginal land while not considering Xinjiang, Tibet, and 

Qinghai because of their unsuitability for crop growth. The former areas have great potential 

to develop bioenergy production due to the considerable resources and suitability of available 

marginal land. It should be pointed out that the technically available marginal land for energy 

crop production in this study is not all currently available for perennial energy crops. Before 

the land-use transition to perennial bioenergy crops can occur at a large scale, there are 

further actions and factors that need to be taken and considered including 1) multi-year trials 

in different environments with year on year measurements of yield in commercial sized fields, 

2) policies supporting industrial users that can pay an attractive price for the biomass, 3) 

cultural/societal acceptability and impact on traditional regional livelihoods, and 4) national 

afforestation plans using marginal land.  

GIS analysis and MiscanFor estimated more than 120 Mha marginal land was technically 

available for Miscanthus with a total potential of 1761 dry weight metric million tonnes (DW 

Mt)·yr-1 and an average yield of 14.6 DW t·ha-1·yr-1 in 2017. A total of 284 DW Mt·yr-1of 

switchgrass could be obtained from 30 Mha marginal land, with an average yield of 9.5 DW 

t·ha-1·yr-1 in 2017. More than 35 Mha marginal land was technically available for Jatropha, 
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delivering 9.7 Mt·yr-1 of Jatropha seed, with an average yield of 0.3 DW t·ha-1·yr-1 in 2017. In 

2040, the total production of energy crops will increase to 2113, 449, and 17 Mt·yr-1 for 

Miscanthus, switchgrass, and Jatropha seed from the same area of marginal land of 2017, 

respectively.  

The total technical potential from available marginal land was calculated as 31.7 EJ·yr-1 for 

Miscanthus, 5.1 EJ·yr-1 for switchgrass, and 0.13 EJ·yr-1 for Jatropha in 2017. In 2040, the total 

technical potential was estimated to be 38.0, 8.1, and 0.23 EJ·yr-1 for Miscanthus, switchgrass, 

and Jatropha, respectively. A total technical bioenergy potential of 34.4 and 41.8 EJ·yr-1 was 

calculated for 2017 and 2040, respectively, by identifying the best-suited crop for each 1km2 

grid cell based on the highest energy value among the three crops. The results indicate the 

technical potential per hectare of Jatropha is unable to compete with that of the other two 

crops in each grid cell. According to the higher total and average technical potential of these 

provinces, Yunnan, Guangxi, Guizhou, Fujian, Hunan, Hubei, Jiangxi, and Guangdong are the 

top 8 provinces suitable for bioenergy production. The spatial distribution of the technical 

potential of energy crops shows that most of the potential is distributed in the south and 

southeast of China, especially in Yunnan Province, which has the greatest potential for large-

scale production of Miscanthus and switchgrass on marginal land from the perspective of 

productivity. 

Chapter 3 built on chapter 2 to address research question II by conducting a spatiotemporal 

assessment of the farm-gate production costs and economic potential of three types of energy 

crops including Miscanthus, switchgrass, and Jatropha on marginal land. The spatial 

distribution of energy crop yields from marginal land was extracted from the results of the 

previous chapter and used to calculate the farm-gate production costs of energy crops for the 

current (2017) and future (2040) situations using a spatial accounting method coupling cost 

calculation formulas. The spatial variations in farm-gate costs were visualized at 1×1 km grid 

resolution. The economic potential of energy crops on marginal land was demonstrated by 

cost-supply curves. 

The average farm-gate cost from all available marginal land was calculated as 32.9 CNY·GJ-1 

(4.8 $·GJ-1) for Miscanthus Mode, 27.5 CNY·GJ-1 (4.0 $·GJ-1) for Switchgrass Mode, 32.4 CNY·GJ-

1 (4.7 $·GJ-1) for Miscanthus & Switchgrass Mode, and 909 CNY·GJ-1 (132 $·GJ-1) for Jatropha 

Mode in 2017 (1 US $2017 = 6.89 CNY2017). The ranges of the farm-gate production costs are 
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18.9–116.6 CNY·GJ-1 (2.7–16.9 $·GJ-1) for Miscanthus Mode and Miscanthus & Switchgrass 

Mode and 21.4–31.3 CNY·GJ-1 (3.1–4.5 $·GJ-1) for Switchgrass Mode in 2017. The cost of 

Jatropha varies significantly from 193 to 9477 CNY·GJ-1 (28–1375 $·GJ-1) across regions 

because of the huge differences in yield across regions. The costs of Miscanthus and 

switchgrass were predicted to decrease by approximately 11%‐15%, whereas the cost of 

Jatropha was expected to increase by 5% in 2040. The average farm-gate production costs of 

Miscanthus and switchgrass are also attractive compared with the price of crude oil in 2017, 

which was 61.3 CNY·GJ-1 excluding tax and transportation costs, and they are similar to the 

prices of natural gas and coal in 2017, which were 23.1 and 32.0 CNY·GJ-1, respectively, 

excluding tax and transportation costs. For Jatropha, the average production cost of 909 

CNY·GJ-1 cannot compete with the price of any fossil fuels. Considering the relatively high 

production costs and low technical potential of Jatropha, it is not feasible to develop Jatropha 

production on marginal land in China based on existing technology. According to the spatial 

distribution of the costs, Guangdong, Guangxi, Fujian, Jiangxi, and Yunnan Provinces have 

great potential to develop large-scale biomass production in China considering their relatively 

low farm-gate costs with high technical potential. 

The majority of the farm-gate production cost of Miscanthus and switchgrass is represented 

by harvesting cost, followed by land rent cost, and planting cost. However, the land rent cost 

of Jatropha accounts for the majority of the total production cost, followed by harvesting cost 

and planting cost.  

The economic potential was calculated as 28.7 EJ·yr-1 (90.5% of its total technical potential) at 

a production cost of 25 CNY·GJ-1 (3.6 $·GJ-1) or less for Miscanthus Mode, 4.0 EJ·yr-1 (78.4% of 

its total technical potential) at a production cost of 30 CNY·GJ-1 (4.4 $·GJ-1) or less for 

Switchgrass Mode, 29.6 EJ·yr-1 (87.1% of its total technical potential) at a production cost of 

25 CNY·GJ-1 (3.6 $·GJ-1) or less for Miscanthus & Switchgrass Mode, and 0.1 EJ·yr-1 (76.9% of 

its total technical potential) for Jatropha Mode at a production cost of 500 CNY·GJ-1 (72.6 $·GJ-

1) or less in 2017. 

The sensitivity analysis shows that the reduction in yield has the greatest impact on the farm-
gate production cost for Miscanthus and switchgrass among all the uncertainties, followed by 
harvesting cost, land rent, and increase in yield. For Jatropha, the yield reduction is the most 
significant uncertainty affecting the farm-gate production cost, followed by land rent cost, 
yield increase, and harvesting cost. This indicates that the farm-gate production cost will be 
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greatly reduced as the yield increases and harvesting cost decreases with the improvement of 
management, breeding, and harvesting technologies. The land rent cost of marginal land will 
increase if more marginal land is demanded for biomass production.  

Chapter 4 addressed research questions I and II by developing a method to assess the 
sustainable availability and on-farm collection cost of agricultural residues for biofuel 
production for the current (2009) and future (2050) situations in China while taking into 
account soil health and land management. The sustainable potential was estimated on a grid 
cell basis by using a GIS-based soil carbon balance simulation model (RothC) that calculated 
the volume of residues required for maintaining certain SOC levels (above 2%, above 1%, and 
current level). The residues required for protection against soil erosion and the impact of no-
tillage management on SOC stock were considered as well. A cost calculation method was 
developed to estimate the spatially explicit on-farm collection cost of the collectible residues. 
Cost-supply curves were constructed to demonstrate the economic potential of the 
sustainable agricultural residues. 

It was found that 226 Mt (3.9 EJ) of agricultural residues could be collected annually to 
maintain the current SOC level (MCSS scenario), as compared to 116 Mt (2.0 EJ) for 
maintaining at least 1% (MSS scenario) and 24 Mt (0.4 EJ) for maintaining at least 2% (HSS 
scenario) of the SOC level at current. With increased crop yield and no-tillage management in 
2050, the resource potential can be increased to 514 (8.9 EJ), 383 (6.6 EJ), and 117 Mt (2.0 EJ) 
under IMCSS, IMSS, and IHSS scenarios, respectively. No-till cultivation combined with 
improved crop yields could significantly reduce the amount of residue input to the soil, and 
increase residue yields, leading to a higher sustainable potential of these residues. The spatial 
distribution of residues shows that residues resources with high sustainable potential are 
primarily concentrated in the middle-east of China, where Shandong and Henan provinces are 
located, for all scenarios other than HSS and IHSS. Residues are mainly distributed in 
Heilongjiang and Jilin provinces in the north-east of China under HSS and IHSS scenarios. In 
contrast, there is a relatively low potential for sustainable residues in the south of China due 
to the higher returning rate of residues in the south. 

On average, sustainable residues in China are collected at a cost of 108.3 CNY⋅t-1 by wet weight, 
106.7 CNY⋅t-1, 105.9 CNY⋅t-1, 106.2 CNY⋅t-1 , 104.7 CNY⋅t-1 , and 104.4 CNY⋅t-1 under HSS, MSS, 
MCSS, IHSS, IMSS, and IMCSS scenarios, respectively. The costs are approximately equal to 
1.0-1.1 $⋅GJ-1 (1 US $2017 = 6.89 CNY2017). The distributions of low costs are consistent with 
those of high residue yields. Five provinces, Shandong, Henan, Jiangsu, Heilongjiang, and 
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Hebei, are suggested with high supply potential and low collection costs. 

The economic potential was calculated to be 0.37 EJ⋅year-1 (90% of its total energy supply) 

under the HSS scenario, 1.84 EJ⋅year-1 (92% of its total energy supply) under the MSS scenario, 

3.67 EJ⋅year-1 (94% of its total energy supply) under the MCSS scenario, 1.88 EJ⋅year-1 (94% of 

its total energy supply) under the IHSS scenario, 6.35 EJ⋅year-1 (96% of its total energy supply) 

under the IMSS scenario, and 8.57 EJ⋅year-1 (97% of its total energy supply) under the IMCSS 

scenario at collection costs of 6.8 CNY⋅GJ-1 (0.98 $⋅GJ-1) or less. Around 98-99% of total energy 

could potentially be supplied at collection costs of 8.0 CNY⋅GJ-1 (1.16 $⋅GJ-1) or less, under all 

scenarios presented. 

However, when competing use of residues for other purposes are considered, the available 

potential of residues in China was corrected to be 15 Mt⋅year-1 (0.25 EJ⋅year-1), 72 Mt⋅year-1 

(1.23 EJ⋅year-1), 139 Mt⋅year-1 (2.39 EJ⋅year-1), 72 Mt⋅year-1 (1.24 EJ⋅year-1), 236 Mt⋅year-1 (4.07 

EJ⋅year-1), and 317 Mt⋅year-1 (5.47 EJ⋅year-1) under HSS, MSS, MCSS, IHSS, IMSS, and IMCSS 

scenarios, respectively. 

Chapter 5 built on the preceding three chapters to address research question III by developing 

a three-step MILP-based modeling approach to strategically design an economically optimal 

biofuel supply chain on a grid cell basis on the premise of reaching a certain GHG reduction 

criterion (70% reduction compared to fossil jet fuel) and maintaining soil health. This approach 

was applied to a case-study to optimize a three-stage renewable jet fuel (RJF) supply chain via 

the Gasification-Fischer-Tropsch (FT) conversion pathway in the Jing-Jin-Ji region of North 

China under three biomass availability scenarios (Min, Inter, and Max) that are determined by 

target SOC level, biomass sources, and competing use of agricultural residues in 2050. A few 

numbers of biomass supply sites were excluded from the original dataset according to the 

GHG emission criterion based on the GHG emission performance of each grid cell that was 

calculated from the first-step environmental optimization. Then the economic and 

environmental performance including production cost and GHG emission on a grid cell basis 

and optimal supply chain configuration (distributed or centralized), biomass flow, and the 

optimal numbers, location, and scales of SP and biorefinery facilities were identified by the 

model under the second-step economic optimization. The economic and GHG emission 

performances of the optimized biofuel supply chain were investigated by constructing cost-

supply and GHG-supply curves based on the results of the economic optimization. 
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It was found that the supply chain configuration tends to be more centralized with large-scale 

biorefineries when a supply region has an intensive and centralized distribution of resources, 

whereas a region with low-density and dispersed resource distribution normally suggests a 

distributed supply chain. The RJF supply chain yields an average cost at 24.7, 30.2, and 29.2 

$·GJ-1, and achieves an average GHG emission at 17.6, 4.8, and 8.8 kg CO2-eq·GJ-1 under Min, 

Inter, and Max scenarios, respectively. Biorefinery related costs account for the majority of 

the total production costs; whereas biomass provision and biorefinery related GHG emissions 

are the main contributors for the total positive and negative GHG emissions, respectively.  

Almost all jet fuel could be obtained at a production cost of less than 35 $·GJ-1 for Inter and 

Max scenarios and less than 30 $·GJ-1 for Min scenario. The majority (77% and 61%) of jet fuel 

could be provided at a GHG emission of less than 5 kg CO2-eq·GJ-1 under Inter and Max scenarios, 

respectively. For the Min scenarios, all the jet fuel could be obtained with a GHG reduction 

potential of more than 70%. The breakdown of cost-supply curves and GHG-supply curves by 

biomass category indicates that agricultural residue-derived jet fuel achieves lower 

production cost but higher GHG emissions compared to energy crop-derived jet fuel.  

Given the large potential of GHG emission reduction of renewable jet fuel, the production cost 

of RJF will start to be cost-competitive compared to fossil fuel if a carbon price of 184.9 

$·tonne-1 CO2-eq reduction is implemented or the crude oil price reaches 145.7 $·barrel-1 in the 

future. The Max scenario achieves the highest RJF production that accounts for 73% of the 

projected demand for jet fuel in the Jing-Jin-Ji region in 2050. The Inter scenario is the most 

suitable and realistic for RJF production in the future due to its GHG reduction benefit and the 

consideration of competing demand of agricultural residues. However, if maintaining the SOC 

content at 2% or more is a priority, the Min scenario should be seriously considered even 

though it could only meet 5% of jet fuel demand in the Jing-Jin-Ji region in 2050. 

The sensitivity analysis shows that the residue allocation factor has a modest impact on the 

total GHG emission of the supply chain. The future GHG reduction potential of the biofuel 

supply chain could be improved by implementing Carbon Capture and Storage (CCS) 

technology and using carbon-neutral inputs such as renewable diesel for machinery and low-

carbon fertilizers at the stage of biomass feedstock production.   
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6.4 Main findings and conclusions 

The findings in chapters 2 to 5 are used to answer the three research questions of this thesis. 

6.4.1 Research question I 

What is the supply potential and its spatial distribution of energy crops from marginal land 

and agricultural residues for biofuel production for the current and future situations in China 

while maintaining agricultural soil health is considered?  

The productivity and technical potential of energy crops including Miscanthus, switchgrass, 

and Jatropha on marginal land for the current and future situations in China were spatially 

assessed by crop yield projection models combined with GIS technology in chapter 2. The 

collectible volume of agricultural residues for biofuel production in China on a grid cell basis 

was estimated while considering maintaining different levels of SOC content by using a soil 

carbon model (RothC) in chapter 4. The main findings related to the productivity and technical 

potential are shown in Table 6.2 and Figure 6.1. 

Table 6.2 Figures of productivity and technical potential of energy crops from marginal land and agricultural 
residues in China 

Biomass type Year or scenarios Productivity 
range 
(Mg·ha-1) 

Average 
productivity 
(Mg·ha-1) 

Total production 
(Million Mg·yr-1) 

Total technical 
potential  
(EJ·yr-1) 

Miscanthus 2017 1–31 14.6 1761 31.7 

 2040 1.2–37.2 17.6 2113 38.0 

Switchgrass 2017 6.8–18.3 9.5 284 5.1 

 2040 10.7–28.9 15.0 449 8.1 

Jatropha 2017 0–1.6 0.3 9.7 0.13 

 2040 0–2.9 0.5 17 0.23 

Miscanthus & 
switchgrass a 

2017 1–31 14.1 1889 34.0 

2040 1.2–37.2 17.3 2322 41.8 

Agricultural residues HSS (2009) 0–14.1 1.6 24 0.4 

 MSS (2009) 0–22.1 1.5 116 2.0 

 MCSS (2009) 0–22.4 2.0 226 3.9 

 IHSS (2050) 0–28.5 2.1 117 2.0 

 IMSS (2050) 0–32.2 2.7 383 6.6 

 IMCSS (2050) 0–32.2 2.9 514 8.9 

a is the optimal combination of the three energy crops on marginal land according to their technical potential. 
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Figure 6.1 Total technical potential and its range of energy crops from marginal land and agricultural residues 
in China for the current and medium-long term future. The red column represents the definite total technical 
potential of energy crops and the maximum total potential of all biomass, while the blue column represents the 
range of the total technical potential of agricultural residues. 

As shown in the table, Miscanthus yields the highest productivity and technical potential 

among all energy crops, followed by switchgrass and Jatropha. When all energy crops were 

simultaneously cultivated on marginal land, an optimal crop zonation map was determined by 

identifying the best-suited crop for each 1km2 grid cell based on the highest technical potential 

among the three crops in each grid cell. The optimal zonation of energy crops shows that 

Jatropha was unable to compete with that of the other two crops in each grid cell, thus not 

selected on marginal land. The total technical potential from the optimal zonation was 

estimated to be 34.4 EJ in 2017 and 41.8 EJ in 2040 with 92% of the potential contributed by 

Miscanthus. When maintaining soil health is considered, the availability of residues for biofuel 

production is contracted significantly. Maintaining at least 2% of SOC content (HSS scenario) 

requires much more residues to be returned to the soil than maintaining at least 1% (MSS 

scenario) and current SOC content (MCSS scenario). The availability will increase dramatically 

in 2050 when no-tillage management and improved crop yields are considered.  

According to several studies and reports that have projected future bioenergy utilization 

under different scenarios in China, the demand or primary consumption for biofuel would fall 

in the range of 5.9–17.2 EJ·yr-1 between 2035 and 2050 [10,13,14]. If an energy conversion 
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efficiency of 50% is assumed, the demand or consumption for biomass feedstock would reach 

11.8–34.4 EJ·yr-1 between 2035 and 2050. The total technical potential (41.8 EJ) provided by 

Miscanthus and switchgrass from marginal land could fulfill the maximum demand (34.4 EJ) 

for biofuel in the future energy system in China in the case that all available marginal land 

could be used in practice. However, the utilization of marginal land for energy crop cultivation 

faces large uncertainty and heavily depends on the intention of farmers, policies, markets, and 

cultural/societal acceptability. Although the technical potential of energy crops from marginal 

land is huge and able to meet the future demand, whether they will come true is still unclear. 

For the agricultural residues, even the highest technical potential (8.9 EJ) with the most lenient 

soil conservation target (IMCSS) cannot reach the minimum demand (11.8 EJ) for biofuel. If 

the highest SOC target (HSS) is prioritized, the energy provided by agricultural residues is far 

to reach the future demand for biofuel. Therefore, to fulfill the future biofuel demand in China, 

a variety of biomass feedstocks including but not limited to Miscanthus, switchgrass, and 

agricultural residues need to be incorporated and integrated. It should be noted that the 

projected future biofuel demand in China by previous studies could be corrected and updated 

in turn by using the results of this thesis as input data for energy system simulation models.  

The Miscanthus and switchgrass with high resource density are mainly distributed in South 

China, especially in Yunnan, Guangxi, Guizhou, Fujian, Hunan, and Jiangxi provinces, while the 

high-density agricultural residues are primarily concentrated in the middle-east and north-

east of China, specifically in Shandong, Henan, Jiangsu, Hebei, Heilongjiang, and Jilin provinces 

(Figure 6.2). Therefore, the energy crop-derived biofuel production should be located in South 

China, while the residue-derived biofuel should be produced in the middle-east and north-

east of China.  
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Figure 6.2 Production of (a) Miscanthus and switchgrass from marginal land in 2040 and (b) agricultural residues 
under the IMCSS scenario. The provinces within the blue circles are recommended for biofuel productions 
considering their high-density of biomass resource distributions. The provinces within the red circles are 
recommended for biofuel productions considering their high-density of biomass resource distributions and low 
biomass procurement costs. 

6.4.2 Research question II 

What is the economic potential and its spatial distribution of energy crops from marginal land 

and agricultural residues for biofuel production for the current and future situations in China?  

The farm-gate production costs and economic potential of energy crops including Miscanthus, 

switchgrass, and Jatropha on marginal land for the current and future situations in China were 

assessed in chapter 3 by using the results from chapter 2. The on-farm collection costs and 

economic potential of agricultural residues in China under different soil scenarios were 

estimated in chapter 4. The main findings related to the production costs and economic 

potential are shown in Table 6.3. 

As shown in the table, Jatropha yields the highest production cost and thus is not a cost-

effective feedstock for biofuel production. The average farm-gate production costs of 

Miscanthus and switchgrass are attractive compared with the average price of crude oil in 

2017, which was 8.9 $·GJ-1 excluding tax and transportation costs, and they are similar to the 

average prices of natural gas and coal in 2017, which were 3.4 and 4.6 $·GJ-1, respectively, 

excluding tax and transportation costs. The agricultural residues yield the lowest average 

procurement cost around 1 $·GJ-1 with a maximum cost of 1.7 $·GJ-1, which has almost no 

difference between scenarios. This procurement cost is very attractive compared with other 

crude fossil fuels. However, it should be noted that the international crude oil price has 

fluctuated significantly from 2000 to 2020 with a range from 2.7 to 21.2 $·GJ-1 and is still 

(a)                                      (b) 
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uncertain in the future [37]. Besides, the implementation of CO2 price also affects the fossil 

fuel price in the future. Therefore, the market competitiveness of Miscanthus and switchgrass 

heavily depends on the future crude oil price and CO2 price. In addition to the attention on 

the crude oil price, the production costs of the selected biomass feedstocks are affected by 

many elements, such as yields, harvesting method, land rent, and competing use of residues 

for alternative purposes. For instance, biomass yields can increase significantly if novel 

technologies such as gene-modification technology are implemented to improve crop yields, 

thus will reduce production costs. If Jatropha seed is fully harvested by machinery instead of 

manual labor, it will reduce the harvest cost. The land rent for energy crop cultivation would 

increase with the growing demand for marginal land in the future. Similarly, the compensation 

costs to farmers to obtain agricultural residues would get higher as well if the competing use 

of residues is getting more popular.  

As shown in Table 6.3, most of the total technical potential of Miscanthus, switchgrass, and 

agricultural residues could be obtained at comparable costs compared to the crude oil price, 

although the conversion of lignocellulosic biomass to liquid fuel is more costly than fossil oil 

refining. It shows high techno-economic viability for large-scale biofuel production in China 

from the perspective of feedstock supply. For Miscanthus and switchgrass, areas with a cost 

of less than 3.6 $·GJ-1 are mainly distributed in South China, especially in Yunnan, Guangxi, 

Guangdong, Fujian, Hainan, and Jiangxi Provinces, where also have a high technical potential. 

For agricultural residues, the distributions of low costs are consistent with those of high 

residue yields. Through comprehensively considering the technical potential and procurement 

costs of the selected biomass feedstocks in each region, Guangxi, Yunnan, Guangdong, Fujian, 

and Jiangxi are the most suitable provinces for large scale production of Miscanthus and 

switchgrass on marginal land, while Shandong, Henan, Jiangsu, Heilongjiang, and Hebei 

provinces are suggested for large scale residue-derived biofuel production in China. Moreover, 

further detailed selections of regions within each province based on the high-resolution 

gridded results are required for a successful design of the biofuel supply chain. 
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Table 6.3 Figures of production costs and economic potential of energy crops from marginal land and 
agricultural residues in China 

 

Figure 6.3 On-farm costs of (a) the optimal combination of Miscanthus & switchgrass from marginal land in 
2040 and (b) agricultural residues under the IMCSS scenario. The provinces within the red circles are 
recommended for biofuel productions considering their high-resource density and low procurement costs. 

Biomass type Year or scenarios Production 
cost range 
($·GJ-1) 

Average 
production 
cost ($·GJ-1) 

Economic potential (EJ·yr-1) 

    ≤ 3.6 $·GJ-1 ≤ 5.1 $·GJ-1 

Miscanthus 2017 2.7–16.9 4.8 28.7 30.7 

 2040 2.6–13.7 4.2 35.7 37.1 

    ≤ 3.6 $·GJ-1 ≤ 4.4 $·GJ-1 

Switchgrass 2017 3.1–4.5 4.0 1.7 4.0 

 2040 2.8–3.7 3.4 6.4 8.1 

    ≤ 73 $·GJ-1 ≤ 145 $·GJ-1 

Jatropha 2017 28–1375 132 0.10 0.12 

 2040 28–1375 139 0.18 0.22 

    ≤ 3.6 $·GJ-1 ≤ 5.1 $·GJ-1 

Miscanthus & 
switchgrass a 

2017 2.7–16.9 4.7 29.6 33.1 

2040 2.6–13.7 4.1 38.7 40.8 

    ≤ 1.0 $·GJ-1 ≤ 1.2 $·GJ-1 

Agricultural residues HSS (2009) 0.93–1.69 1.07 0.37 0.40 

 MSS (2009) 0.93–1.69 1.05 1.84 1.97 

 MCSS (2009) 0.93–1.70 1.05 3.67 3.84 

 IHSS (2050) 0.93–1.70 1.05 1.88 1.98 

 IMSS (2050) 0.93–1.70 1.03 6.35 6.55 

 IMCSS (2050) 0.93–1.70 1.03 8.57 8.81 

a is the optimal combination of the three energy crops on marginal land according to their technical potential. 

(a)                                      (b) 
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6.4.3 Research question III 

How can the biofuel supply chain be economically optimized in relation to future various 

biomass availability on the premises of reaching a certain GHG reduction criterion and 

maintaining soil health? 

To optimize the biofuel supply chain, a MILP optimization model (BioScope) was adapted and 

applied in chapter 5. To minimize the supply chain cost while reaching a certain GHG reduction 

criterion, the model should be able to not only minimize the total cost but also the total GHG 

emission. Firstly, a GHG emission criterion that represents the GHG reduction potential of the 

biofuel supply chain compared to fossil fuel could be set by users to exclude biomass supply 

regions with a high GHG emission of biofuel production. Therefore, the model should be 

capable to calculate the GHG emissions of the supply chain on a grid cell basis. Then the whole 

optimization could be carried out by the following steps: 1) estimating the minimum GHG 

emission of the supply chain on a grid cell basis using the modified BioScope model by 

minimizing the total GHG emission as the objective; 2) excluding grid cells that have a GHG 

emission of biofuel production higher than the GHG emission criterion (user-defined) from 

the original biomass supply sites, and keeping the rest of grid cells for further economic 

optimization; 3) conducting economic optimization of the biofuel supply chain using the 

modified BioScope model by minimizing the total production cost as the objective.  

The three-step optimization approach was applied to a case study to optimize a three-stage 

renewable jet fuel (RJF) supply chain via the Gasification-Fischer-Tropsch (FT) conversion 

pathway in the Jing-Jin-Ji region in North China in 2050. In the case study, economies of scale 

and two supply chain configurations (centralized and distributed) that could address the 

conflicts between transportation cost and economies of scale were considered and 

investigated. The case study was conducted under three biomass availability scenarios (Min, 

Inter, and Max) that are determined by the target SOC content of agricultural land, land 

management, and competing demand of agricultural residues for alternative use. The findings 

of the case study show that the supply chain tends to be more centralized with large-scale 

biorefineries when a supply region has an intensive and centralized distribution of resources, 

whereas a region with low-density and dispersed resource distribution normally suggests a 

distributed supply chain. The economic and GHG emission performance of the RJF supply 

chain is shown in Figure 6.4 and 6.5, respectively. 
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Figure 6.4 Breakdown of the average unit cost of RJF supply chain and the total volume of jet fuel for three 
scenarios under cost optimization. (a) Before excluding grid cells; (b) After excluding grid cells with a GHG 
reduction potential lower than 70%. The lines in color purple represent the up and down production costs of 
fossil jet kerosene with a crude oil price range of 16.5–133.9 $/barrel from 2006 to 2020. The line in color black 
represents the average production costs of fossil jet kerosene with a 15-year average crude oil price of 70.9 
$/barrel from 2006 to 2020. The lines in color blue represent the up and down production costs of fossil jet 
kerosene with a carbon tax ranged from 50 to 150 $/tonne CO2-eq based on the 15-year average production 
costs of fossil jet kerosene.  

 

Figure 6.5 Breakdown of the average unit GHG emission of RJF supply chain for three scenarios under least-cost 
optimization. (a) Before excluding grid cells; (b) After excluding grid cells with a GHG reduction potential lower 
than 70%. The line in color purple represents the life-cycle GHG emission of the fossil jet kerosene. 
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Figure 6.4 shows that if a carbon tax with a range from 50 to 150 $/tonne CO2-eq is 

implemented, the up and down production costs of fossil jet kerosene will be 16.3 and 24.9 

$·GJ-1, respectively, based on the 15-year average production cost of fossil jet fuel (12 $·GJ-1) 

from 2006 to 2020. The least average cost of RJF production still exceeds the maximum 

production cost of fossil jet fuel with or without the demonstrated carbon taxes. It was found 

that the price of RJF will not be cost-competitive compared to fossil jet fuel until the carbon 

tax reaches 184.9, 224.0, and 222.8 $·tonne-1 CO2-eq under Min, Inter, and Max scenarios, 

respectively.  

As shown in the figures, the reductions in GHG emissions only paid a small increase in cost for 

the Inter and Max scenarios. Compared to the Max scenario, the Inter scenario has a much 

lower GHG emission with a negligible higher production cost. Therefore, the Inter scenario is 

the most suitable and realistic for RJF production in the future due to its GHG reduction 

benefit and the consideration of competing demand of agricultural residues. However, if 

maintaining soil health is a priority, the Min scenario should be seriously considered because 

both Inter and Max scenarios do not consider the SOC stock balance of agricultural land. 

The case study demonstrates the capability of this modeling approach for the economic 

optimization of the layout of the biofuel supply chain under local biofuel development 

schemes or regulatory frameworks, especially including GHG emission reduction and soil 

carbon stock balance goals. It can be adapted to other kinds of biofuel supply chain 

optimization with different feedstocks and conversion pathways by incorporating related 

input spatial, techno-economic, and environmental data and parameters. 

6.5 Recommendations 

• There are some limitations regarding data quality in this thesis. The land use data for 

the identification of marginal land does not include grazing area. Therefore, the 

grazing area was excluded from marginal land inaccurately in chapter 2. The spatial 

resolution of the meteorological data used for the MiscanFor model is 0.5° × 0.5° 

which is lower than other input data. The cost data of most of the production cost 

items remain constant, regardless of changes in space or time for the farm-gate cost 

estimation in chapter 3. The data of competing use of agricultural residues used in 

chapter 4 does not have spatial distinction due to data availability. If such new high-

resolution and high-quality data are made available, higher quality results can be 
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obtained in the future. 

 

• The technical and economic potential of biomass resources assessed in this thesis 

could be also as new inputs to energy system simulation models to project the 

demand for biofuel in China’s future energy system. The spatially explicit results at 

a high resolution could help improve the quality and accuracy of the outcomes 

generated from energy system models on different spatial scales.   

 

• The yield projection of energy crops and agricultural residues for the future did not 

consider the impacts of climate change because 1) significant reductions of crop 

yields might be avoided under 1.5 °C global warming by adaptions to increase 

resilience; 2) crop yields are affected by various climate variables, including 

temperature, precipitation, extremes, and non-climate variables including the 

concentration of atmospheric CO2 and ozone. However, to achieve reliable and 

comprehensive yield projections of energy crops for future situations, more 

variables including climate change scenarios and land-use change scenarios should 

be applied to the estimations in future research. 

 

• The GHG emissions from the land-use change (LUC) from the previous land cover of 

marginal land to cropland for energy crops were not considered in this thesis. 

Whether the land-use change contributes to extra GHG emissions depends on the 

original vegetation cover of marginal land. For example, a land-use transition from 

forestry land or grassland to Miscanthus cultivation may result in a lower soil organic 

carbon (SOC) sequestration rate, thus cause positive GHG emission compared to 

previous vegetation cover. On contrary, a land-use change from bare land to 

Miscanthus cultivation may contribute to a higher SOC sequestration rate, thus 

cause negative GHG emission. Therefore, the impacts of LUC from different types of 

marginal land on GHG emissions and SOC stock balance for the current and future 

conditions should be investigated in further research. The modeling approach 

developed in chapter 5 could combine with different LUC modeling and scenarios 

related to possible land-use including food production and nature protection by 

using marginal degraded lands to optimize the biofuel supply chain while 

considering LUC-related GHG emissions and SOC stock balance and uncertainty in 

biomass availability in further research. 
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• The procurement costs of agricultural residues are affected by the competing use 

based on market rules, thus face large uncertainties. In addition to the feedstock 

price, the biomass supply and biofuel demand are also uncertain considering policies, 

competing use, and unstable production of biomass due to weather fluctuations. 

These uncertainties introduce significant risk in the decision-making process. 

However, the optimization of the biofuel supply chain in this thesis focuses on the 

strategic level rather than a tactical level. Seasonal variations and uncertainties in 

biomass supply, biofuel demand, and procurement costs are not within the scope of 

this thesis. Future research should develop stochastic models to address these 

uncertainties at a tactical level in supply chain optimization, where robust decisions 

are made concerning the key logistics variables in a stochastic environment. 

 

• In this thesis, we assumed that all available biomass resources are used to produce 

as much renewable jet fuel as possible in the future to explore the maximum 

potential of RJF production. However, the amount of biomass resources used for RJF 

production depends on future policy, local fuel demand, and demand for alternative 

biomass applications such as biochemical and biomaterial production. To explore the 

impact of different RJF demands on the RJF supply chain, and consider the 

distribution of jet fuel to consumers, it is necessary to carry out the optimization of 

a complete four-stage supply chain with different demands for RJF in further study. 

Furthermore, the competition between the demands for biofuel, biochemical, and 

biomaterial could be dealt with by energy system modeling in further research. 

 

• Carbon capture and storage (CCS) is a promising technology for GHG emission 

reduction of fuel (fossil fuel and biofuel) production and consumption in the future. 

It could also be applied to more alternative technological options such as using 

biomass for biochemical and biomaterial production. If CCS technology could be 

implemented in the future production of biofuel, biochemical, and biomaterial, the 

GHG emission of these biomass-based supply chains could be further reduced 

significantly. However, introducing the CCS technology will bring extra costs to the 

whole supply chain. How to optimize the biomass-based supply chains with CCS 

technology and deal with the trade-offs between the extra costs and GHG reduction 

credit should be considered in further research. 
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• The gridded data with spatial variations at a high resolution can help stakeholders 

and policymakers precisely exclude areas that are not techno-economically feasible 

and identify the optimal project locations for large-scale biofuel production. 

Nevertheless, investment in the field investigations of the current status and real 

vegetation coverage of the identified marginal land is necessary to figure out which 

marginal land is practically viable for energy crop cultivation because not all marginal 

land identified in this thesis could be used in reality due to its complicated land-use 

situation. Furthermore, the modeling approach helps companies to economically 

design an optimal supply chain under local biofuel development schemes or 

regulatory frameworks related to GHG emissions. 

 

• Knowing the overall technical and economic potential of biomass supply at a 

national level is very important for the government to propose a national scheme 

and goal for biofuel development as a contribution to the future low carbon energy 

system development. The thesis provides a national overview of the techno-

economic viability of biomass supply in a spatially explicit way, which will help 

policymakers to draw up regional and local plans and policies for biofuel 

development and help companies to guide the strategic positioning of future regions 

for biofuel production. Policymakers would issue incentive policies to support 

biofuel production in regions with high biomass supply potential and low supply cost 

based on the investigation in this thesis. Companies can also select suitable regions 

for further building a successful biofuel supply chain. 
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