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1 Introduction 

1.1 The need for biofuel in China 

Since humans started to use fossil fuels in the mid-18th century, the concentration of CO2 and 

other greenhouse gases (GHG) in the atmosphere has increased rapidly over this time, 

specifically from the 20th century onwards [1]. Energy-related emissions account for 74% of 

global anthropogenic GHG emissions [2]. As the world’s biggest GHG emitter since 2007 and 

largest energy consumer since 2010 [3], China was responsible for 28% of global CO2 emissions 

in 2019 [2]. The rising concentration of GHG has changed the global climate with 

consequences such as increased temperature, rising sea level, more extreme weather, and 

natural disasters, which cause great uncertainties of livelihoods and human security and well-

being, and economic growth [4,5]. Not only the GHG emissions but also the pollutant emission 

and geological damage caused by the extraction, production, and consumption of fossil fuels 

have had substantial negative impacts on human health and the ecological systems [6,7]. 

To tackle these negative impacts of using fossil fuels on global climate, environment, and 

human health, states around the world have to stand together and conduct collaborations on 

this topic. The Paris Agreement, which is a legally binding international treaty on climate 

change to limit global warming to well below 2 °C and preferably to 1.5 °C compared to pre-

industrial levels, was adopted by 196 Parties at COP 21 in Paris, on 12 December 2015 and 

entered into force on 4 November 2016 [8]. China, which is no exception, updated its 

Nationally Determined Contribution (NDC) under the Paris Agreement at the 75th Session of 

the UN General Assembly in 2020 and pledged to peak its CO2 emissions before 2030 and 

reach carbon neutrality before 2060 by adopting more vigorous policies and measures [9]. 

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 [10]. To fulfill its goal to 

reach net-zero carbon emissions before 2060, China needs to make a rapid transition away 

from fossil fuels to renewable energy including wind power, solar power, hydropower, nuclear 

power, and bioenergy. Such energy transition is taking place and has achieved satisfactory 

progress in China. China had installed 728 GW of renewable power capacity by the end of 

2018 [11] and generated 2,399 TWh of renewable power accounting for 31.9% of total 
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electricity generated in 2019 [3]. Although power generation from biofuels only accounts for 

1.4% of the total electricity generated in 2019 [3], biofuels still have growth potential in the 

future considering the substantial amount of unused biomass resources and its positive 

impact on rural economic growth and job creation in China [12].  

Several studies and reports have projected future bioenergy utilization under different 

scenarios in China. A report from the International Energy Agency (IEA) estimated that 

bioenergy could account for 7% of the total primary energy demand, with electricity 

production by bioenergy accounting for 4% of the total electricity generation of China in 2030 

under a so-called “Bridge Scenario” [13]. The “World Energy Outlook 2019” from IEA projected 

that the primary demand for bioenergy would be 7.4 EJ, 8.4 EJ, and 11.9 EJ, which accounts 

for 4%, 5%, and 10% of the total primary energy demand in China in 2040 under the so-called 

“Current Policies Scenario”, “Stated Policies Scenario” and “Sustainable Development 

Scenario”, respectively [14]. A study conducted by [15] simulated that biofuels will account for 

6.0–22.5% of the total transport energy consumption in 2050 under different scenarios 

depending on different levels of carbon emission tax by using the TIMES model (The 

Integrated MARKAL-EFOM System). A most recent report “China Renewable Energy Outlook 

2019” projected that China will achieve a total bioenergy supply of 7.46 EJ in 2035 and 5.86 

EJ in 2050 which accounts for 6.1% in 2035 and 5.5% in 2050 of the total primary energy supply 

of China under the “Below 2 °C” scenario [11]. Apparently, the projections of future biofuel 

demand and supply vary significantly between studies due to different models and scenarios 

implemented. Overall, biofuels would make a minor contribution to the future energy system 

of China and account for at least 5% of the total primary energy supply by 2050 according to 

the current knowledge. However, all these projections modeled by the studies above are 

based on the previously estimated input data of bioenergy potential in China. These data 

might be out of date and inaccurate due to knowledge gaps on methods of bioenergy potential 

assessment. Therefore, the projection of future bioenergy demand in China could be 

improved and updated by using recalculated input data of bioenergy potential. Nevertheless, 

the need for biofuel in the coming decades in China should not be underestimated taking into 

account its potent GHG reduction potential and the substantial distribution of biomass 

feedstock resources.  

1.2 Cautious production of biofuel in China 

However, the production of biofuel should not be launched without any control because 
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biofuel can also have negative impacts such as on food security, soil health, and GHG 

emissions. Cereal food such as maize was ever used to produce bio-ethanol in China decades 

ago. Such biofuel production via the so-called first-generation technology rapidly depleted the 

national food reserves [16]and led to potential damage to food security [17]. Besides, biofuel 

production might cause environmental issues such as loss of ecological and cultural diversity 

and soil degradation from the land-use change as cultural and natural reserves and forestry 

land are used for the cultivation of annual energy crops [17]. To avoid the conflict between 

biofuel production and ensuring food security, the Chinese government decided to change 

from food-based biofuel production to non-food-based biofuel production without using 

arable land taking into account the scarce arable land resources in China [18]. Furthermore, 

any land-use change from forestry land and grassland with high biodiversity to cropland for 

the cultivation of annual energy crop should be seriously considered and evaluated in advance.  

To deal with the food security issue brought by biofuel production, innovations in biomass 

feedstock selection and biomass conversion technologies have been burst in the past decades 

[19]. 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 some of the most promising biomass 

feedstocks and technologies to address the food security issue [19]. Although dedicated 

energy crops such as Miscanthus, switchgrass, willow, cassava, sweet sorghum, Jatropha, etc. 

are good options for biofuel production, the land for their cultivation should be carefully 

selected considering the scarcity of arable land in China. Therefore, it’s necessary to locate 

and quantify where suitable spare land could be available for bioenergy production that would 

avoid land-use conflicts with food production in China [20–23]. Spare land is largely “marginal 

land”, which is poorly suited for conventional crops but suitable for energy crops or other 

functions according to edaphic, climatic, environmental, and economic criteria [24]. The term 

“marginal land” has been related to bioenergy because it is regarded as a potential land 

resource for bioenergy feedstock production. A general definition of marginal land related to 

bioenergy is “those poorly suited for food crops because of low productivity due to inherent 

edaphic or climatic limitations or because they are located in areas that are vulnerable to 

erosion or other environmental risks when cultivated” [22]. However, what kind of land is 

identified as marginal land for energy crop cultivation depends on the criteria adopted, 

national land-use regulations, and the type of target crops. Taking into account the hostile 

natural conditions of marginal land characterized by low water availability, poor chemical and 



Introduction 

5 

1 

physical soil characteristics, poor climatic conditions, and the non-food principle, few 

dedicated energy crops could be considered as the main feedstocks for bioenergy production 

on marginal land on a large scale in the mid and long-term plan in China. Besides, the marginal 

land suitable for energy crops may also be suitable for afforestation which is a campaign that 

the Chinese government is currently vigorously carrying out in Northwest China to improve 

the local ecological environment, prevent soil erosion and sandstorm, and sequester more 

carbon dioxide from the atmosphere for combating climate change. Therefore, the effect of 

energy crops on improving the ecological environment should be taken into account when 

selecting energy crops for planting on marginal land. Perennial herbaceous energy crops, 

including Miscanthus, switchgrass, and woody oil-based crops, including Jatropha and 

Pistache chinensis, could play an important role in the future sustainable bioenergy 

production in China due to not only their potent adaptability to poor eco-environmental 

conditions but also their ability to improve the ecological environment of degraded land [25–

31]. Therefore, it’s essential to identify and quantify the marginal land suitable for the 

cultivation of these energy crops, and to estimate the techno-economic feasibility of energy 

crop cultivation on marginal land for the current and medium-term future.  

In addition to dedicated energy crops, agricultural residues are another ideal 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 [32–34]. Apart from 

using residues as livestock feed, rural household fuel, paper pulp, and substrate for mushroom 

cultivation, agricultural residue-based bioenergy production has been a popular practice in 

many countries, such as the US, Denmark, Sweden, the UK, Spain, and China [35]. However, 

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

sufficient soil organic carbon (SOC) [36,37], generating a residue cover to prevent the soil from 

water and wind erosion [38], thus improving soil physical properties, such as water infiltration 

[39], evaporation rates of soil moisture, and preservation of biodiversity, which enable 

sustainable development in the agricultural system and ecosystem [40]. Therefore, excessive 

removal of agricultural residues for bioenergy production or other purposes may come at a 

cost of reduced soil quality [41,42]. Not only the residues but also land management, such as 

crop rotation and tillage have an impact on soil health. Appropriate crop rotation and 

conservation tillage could significantly reduce the decomposition rate of SOC, and prevent soil 

erosion, consequently reducing the volume of residues returning to soil [43]. To mobilize 

agricultural residues for biofuel production while taking into account maintaining soil health, 
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it’s critical to investigate the availability of agricultural residues that could be collected for 

energy purposes when a part of residues is required to be retained in the soil and appropriate 

soil management is involved for sustainable agricultural production for the current and 

medium-term future. Besides, the economic viability of collecting agricultural residues from 

fields is crucial for biofuel production and needs to be evaluated as well. 

However, biofuel production is not just a matter of feedstock availability and economic 

performance. The successful production of biofuels heavily depends on a secure supply chain. 

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 problems (biomass 

feedstock is bulky and low density), and immature biorefinery technologies [44,45]. To 

eliminate the negative impacts of these uncertainties on the biofuel industry and realize large 

scale biofuel production, it is crucial to carry out strategically economic optimization of the 

biofuel supply chain by making decisions on the supply chain configurations (centralized or 

distributed), locations, numbers, and scales of facilities, biomass logistics, and biomass flow 

patterns. It should be noted that like the fossil fuel supply chain, biofuel production still emits 

GHG at almost every stage of the supply chain, including feedstock cultivation, collection, 

transportation, pretreatment, and conversion process. To maximize the GHG reduction 

potential of biofuel, the GHG emission performance of the biofuel supply chain should be 

evaluated and optimized as well. In addition to GHG performance, maintaining soil health 

related to SOC stock balance needs to be taken into account in the supply chain optimization 

when agricultural residues are mobilized from fields to biorefineries as the target SOC stock 

significantly affects the availability of collectible residues. To design an economical and 

sustainable biofuel supply chain, it’s indispensable to economically optimize the supply chain 

while simultaneously meeting a certain criterion of GHG emission reduction and considering 

soil health for the medium-term future. 

1.3 Gaps in knowledge 

There are several gaps in the current knowledge base that need to be addressed to provide 

further insight into the spatiotemporally explicit biomass resource potential and economic 

performance and economic optimization of a sustainable biofuel supply chain in China. The 

following subsections describe three main knowledge gaps that are addressed in this thesis. 
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1.3.1 Energy crops from marginal land 

To map the spatial distribution of potential biomass production, an increasing number of 

studies have applied some geographic information system (GIS)-based models to quantify and 

locate marginal land for energy crops in China. Some studies have focused on a specific region 

with one or more types of energy crops on marginal lands [46–54]. Other studies have 

evaluated the potential of energy crops on marginal land on a national scale, while only one 

typical energy crop was considered. For instance, a study [29] estimated yield potential of 

aboveground Miscanthus of 2.1–32.4 DW t·ha-1·yr-1 and total production potential of 135 DW 

Mt·yr-1 on 7.7 Mha of suitable marginal land in China by using a modified Monteith radiation 

yield model [55] combined with GIS techniques. A study carried out by [30] using the GEPIC 

model assessed that there is 59.4 Mha marginal land suitable for switchgrass production, 

which can achieve a yield potential of 6.8–18.5 DW t·ha-1·yr-1. FAO and IIASA developed a 

generic crop model named GAEZ to estimate yield potentials for 49 types of crops, including 

some kinds of energy crops, in different climate scenarios on a global scale [56]. Besides, a 

study carried out by [31] mapped the explicit spatial distribution of five kinds of energy plants 

growing on marginal lands on a national scale. However, which crops are best grown on which 

land is not known. Based on the review of different studies about assessments of marginal 

lands and bioenergy potential from marginal lands in China, it can be concluded that the 

majority of studies have a strong focus on a regional scale or few types of energy crops, and 

they did not provide an optimally spatial explicit yield distribution of multiple energy crops 

simultaneously cultivated on marginal land at a high spatial resolution. 

For the economic assessment, many studies have evaluated the economic performance of 

perennial grass production with a focus on the spatial aspect and huge variations in results 

across studies because of the different biomass yields adapted and the cost items included in 

different studies, especially for Miscanthus and switchgrass for Canada, European countries, 

and the US [57–64]. For example, some studies estimated farm-gate production costs of 

Miscanthus or switchgrass without considering land rent cost or land opportunity cost with a 

cost range from 35 to 104 $·tonne-1 [58–60,63], while others considered the land opportunity 

cost with a production cost range from 53 to 272 $·tonne-1 [57,62,64]. However, these studies 

were carried out at a low spatial resolution and no similar study has been conducted in China. 

In addition to the assessments of Miscanthus and switchgrass, some studies estimated the 

production cost for Jatropha [65,66]. However, these studies lack spatially explicit estimates 
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of Jatropha production costs. Therefore, it is not possible to derive the regional differences 

that are important for decision-makers tasked with setting up biomass supply chains in China. 

Although some studies identified the production cost and economic potential for forestry 

biomass production in a spatially explicit way [67,68], to date, no spatially explicit analysis has 

been performed in China to assess the production cost and economic potential of energy 

crops grown on marginal land at a high spatial resolution.  

1.3.2 Agricultural residues and soil organic carbon 

In recent decades, an increasing number of studies estimating the potential of biomass 

feedstocks have been carried out on global, national, or regional scales by using different 

research methods, i.e., either statistical [35,69–77] or GIS-based methods [33,78–83]. 

However, the estimated volume of available biomass residues for bioenergy production varies 

greatly between different studies due to differences in the types of crop residues analyzed, 

residue to product ratios, and constraining factors taken into account. Besides, only a few of 

them offered a methodology for assessing the supply potential of agricultural residues, while 

taking into account the effects of sustainability criteria and land management.  

Sustainability criteria represent constraining factors that impact the availability of agricultural 

residues and can be applied to identify the volume of residues required to be returned to the 

soil for maintenance of soil nutrients, SOC levels, and prevention of soil erosion. However, 

most studies did not consider the sustainability criteria and consequently overestimate the 

availability of residues for bioenergy production. A few studies considered sustainability 

criteria of soil health by using a simple constant value as a factor to determine the volume of 

residues [37,84–87]. As the quantity of retentive residues for ensuring soil health depends on 

climate and soil conditions, sustainability criteria should be specific to the environmental 

conditions prevailing. The use of constant sustainability criteria cannot accurately represent 

the real conditions of an entire region with spatial differences. Only a limited number of 

studies applied multiple sustainability criteria with spatial differences rather than a constant 

value for the estimation of sustainable residues removal rate [35,80]. Sustainability criteria 

were determined using models based on soil and climate conditions of the region evaluated. 

However, no study has been carried out with spatial explicit modeling for SOC retention 

concerning China so far. Besides, very few works ever considered the below-ground residues, 

which are important contributors to the maintenance of SOC levels [88,89]. Although some 

studies also have analyzed the impact of land management on the availability of residues 
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[35,82], no such study has been conducted concerning China yet. Overall, no study has 

assessed the availability of agricultural residues while simultaneously considering the impact 

of maintaining soil health and land management. 

For the assessment of the economic performance of agricultural residues, some studies such 

as Cosic et al. (2011) [87] assessed the economic bioenergy potential of crop residues in 

Croatia while considering sustainability criteria and the costs of the entire supply chain. Such 

assessments are helpful for policymakers and industries to evaluate the economic viability of 

agricultural residues for bioenergy production. However, current studies regarding China have 

not estimated the on-farm collection costs or the economic potential for residues collection 

based on the assessment of sustainable availability of agricultural residues on a national scale.  

1.3.3 Biofuel supply chain 

To optimize the biofuel supply chain, many studies have utilized the mixed-integer linear 

programming (MILP) models integrating with the GIS, which are popularly used for solving 

optimization problems [90]. The GIS-based MILP model enables the identification of the 

optimal biomass flow and the numbers, location, and scales of storage & pretreatment (SP) 

and biorefinery facilities [91]. Previously, a GIS-based MILP model called BioScope has been 

developed and applied by many studies to minimize the total cost of biofuel supply chains 

with various feedstocks and conversion pathways [92–96]. Similar GIS-based MILP 

optimization models have been developed and deployed by the following studies: maximizing 

the profit of biofuel production in the Western United States [97]; minimizing the total cost of 

a bioethanol supply chain based on switchgrass in the North Dakota state (USA) [98]; 

identifying optimal cellulosic feedstock supply sites for biorefineries in the North Dakota state 

(USA) [99]; economic optimization of biofuel supply chain in Sweden while taking into account 

the effects of economies of scale, intermodal transport, integration with existing facilities, and 

centralized or distributed supply chain configurations [96]; and least-cost optimization for 

biodiesel and bio-jet fuel supply chain under various oil price scenarios in the California state 

(USA) [100]. However, these studies have not considered the environmental performance of 

supply chains. 

The environmental performance including GHG emissions and soil health needs to be taken 

into account in the supply chain optimization. Many studies have used the Ɛ-constraint 

method, one of the most popular methods for solving multi-objective optimization problems, 
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to create the Pareto-optimal curves revealing the trade-off between the economic and 

environmental performances [42,95,101–107]. Some studies, such as Osmani & Zhang 

developed a two-stage stochastic optimization model to maximize the profit and minimize the 

carbon emission of a dual-feedstock lignocellulosic-based bioethanol supply chain under 

uncertainties in biomass supply, ethanol demand, and ethanol price [108]. However, when the 

cost optimization of the biofuel supply chain is carried out on the premise of reaching a certain 

GHG reduction criterion, the Ɛ-constraint method used by these studies is not efficient to 

solve this problem since creating the Pareto-optimal curves is time-consuming and not 

necessary. Furthermore, most of these studies were carried out without spatial analysis or 

with spatial analysis at a county level. They didn’t calculate the unit biofuel production cost 

and GHG emission from different biomass supply regions and analyze the spatial variations in 

the unit biofuel production cost and GHG emission.  

In addition to the GHG emission performance, the target SOC level and land management 

affect the availability of agricultural residues for biofuel production, which is uncertain. For 

the perennial lignocellulosic energy crop from marginal land, the large-scale cultivation of 

energy crops has not yet appeared in China, thus its supply is uncertain in the future and may 

change with time, policy, and marginal land availability. The uncertainty of biomass supply 

affects the optimal design of the biofuel supply chain. However, to the best of our knowledge, 

no comprehensive work has been conducted on grid-based optimization of the biofuel supply 

chain where the economic objective is achieved by simultaneously meeting a certain criterion 

of GHG emission reduction and considering soil health and the uncertainty of biomass supply 

in China. 

1.4 Objective, research questions, and thesis outline 

In the context of the preceding knowledge gaps, this thesis aims 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 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 these objectives, the following research questions will be 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 1.1 gives an overview of the research questions that are addressed in each chapter and 
the spatial resolution of each chapter. 

Table 1.1 Overview of the topics, research questions, and spatial resolution of each chapter of this thesis 

Chapter 2 addresses 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 

models for projecting yields of the three energy crops are compared in this chapter. The area 

and spatial distribution of available marginal land for energy crop cultivation in China are 

identified by using high-resolution land-use data and GIS analysis according to the definition 

of marginal land. The productivity of each energy crop on the available marginal land is 

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 is obtained by using overlay analysis. 

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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Chapter 3 builds 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 are 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 are visualized at a high 

resolution. The economic potential of energy crops on marginal land is demonstrated by cost-

supply curves. 

Chapter 4 addresses 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 is estimated on a grid 

cell basis by using a GIS-based soil carbon balance simulation model (RothC) that calculates 

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 are considered as well. A cost calculation method is 

developed to estimate the spatially explicit on-farm collection cost of the collectible residues. 

Cost-supply curves are constructed to demonstrate the economic potential of the sustainable 

agricultural residues. 

Chapter 5 builds 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 and maintaining soil health. This approach is applied to a case-

study to optimize a three-stage renewable jet fuel supply chain via the Gasification-Fischer-

Tropsch (FT) conversion pathway in the Jing-Jin-Ji region of North China under three scenarios 

that are determined by the availability of energy crops on marginal land and agricultural 

residues in 2050. The optimal supply chain configuration (distributed or centralized), biomass 

flow, and the optimal numbers, location, and scales of SP and biorefinery facilities are 

identified by the model. The economic and GHG emission performances of the optimized 

biofuel supply chain are investigated by constructing cost-supply and GHG-supply curves 

based on the results of the economic optimization. 



Introduction 

13 

1 

Chapter 6 summaries the findings of chapter 2 to 5, provides answers to the research 

questions, and give recommendations for further research activities and policymakers and 

industry. 
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