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Abstract: The greatest challenge in accelerating the realisation of a sustainable and competitive bioe-
conomy is to demonstrate that enshrining sustainability principles at the very heart of a production
line can generate value and improve its overall system. Strategies for reducing emissions, pollutants,
indirect land use change or soil depreciation are all perceived as costs or necessary inconveniences
to comply with stringent, climate change-focused policy frameworks. System dynamics modelling
and competitive priorities are tools that can accurately and intelligently expand on the cross-value
chain approach, which integrates both technical and environmental performances, to address the
issue of harmonising sustainability and technical operations as one overall dimension of performance.
A stock-and-flow model is developed to map a full biofuel value chain and quantitatively and
coherently integrate factors of emissions, carbon, land, production, and technology. As such, envi-
ronmental and operational impacts of innovative practices are measured, and subsequently linked
to a qualitative framework of competitive priorities, as defined by transparency, quality, innovation
and flexibility. Sustainability and productivity functions are found to reinforce each other when
all competitive priorities are optimised. Equally, the framework provides a clear understanding of
trade-offs engendered by value chain interventions. Advantages and limitations in the accessibility,
scope and transferability of the multi-pronged analytical approach are discussed.

Keywords: value chains; advanced biofuels; sustainability; competitive priorities; system dynamics

1. Introduction

Sustainable advanced biofuels can provide a continuous and steady flow of energy
services and high-grade renewable heat [1], and as such have the potential to make way
for a resource-efficient, competitive and low-carbon market [2]. However, certain biomass
streams, such as food/feed crops with low yields and not cultivated as part of carbon farm-
ing practices generate high indirect land use change emissions [3,4]. In response, advanced
biofuel value chains that avoid direct or indirect land use change are being developed both
as a viable alternative to traditional fossil-based streams, as well as to mitigate climate
and preserve natural resources. With a continuously growing stock of global atmospheric
carbon [5] and renewed political commitments for net zero carbon solutions by 2050, there
is an urgent need to foster novel biofuel value chains that can deliver on environmental
sustainability, resource efficiency and economic competitiveness. Indeed, many innovations
are possible along these value chains, for instance converting marginal, low-productivity
land into net carbon sequestering production areas, implementing sustainable farming
and crop management practices, or reducing processing and conversion time lag through
available technological improvement. Full value chain analysis informs and empowers
decision makers to optimise performance through awareness of challenges, limitations and
opportunities behind operational configurations and characteristics [6]. The approach this
paper takes includes full value chain analysis of advanced biofuel production as well as a
combination of metrics reflecting both technical and environmental performance.
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In order to display the functioning of multi-sector, integrated value chains, system
dynamics modelling is employed to provide a map of all input-output interactions [7],
clarify assumptions, define the topic space, and control for unexpected impacts following
an intervention [8]. A deterministic, bottom-up, stock-and-flow system dynamics model
is used to accurately monitor changes as defined by performance indicator-backed inter-
ventions. System dynamics modelling has been found to improve the understanding of
supply chains in renewable energy [9] through visualising individual flows and stocks
and whether these optimise or disturb a whole system [10]. The ‘measurable’ performance
of enacted practices is then linked to competitive priorities [11] of transparency, quality,
innovation, and flexibility, which are assessed qualitatively. Thus, the framework aims
to equip decision makers with a tool to optimise value chain sustainability and competi-
tiveness [12] by articulating both the biophysical assets (such as land, soil, vegetation and
climate) and market factors (including competition for land and natural resources, new
technologies and valorisation of end- and co-products). An umbrella indicator that all
other indicators inform and that serves as a key structural guide of the system dynamics
model in this paper is life cycle GHG emissions, whose calculation is based on the Recast
of the Renewable Energy Directive (RED II) methodology [13]. This paper analyses how
to overcome constraints inherent in the RED II framework, which is limited in including
heat and electricity, advanced biofuels, up-to-date sustainability criteria for agriculture
and forest biomass, avoidance of risks associated with poor forest management, and the
protection of natural resources [14].

The aims of this paper are first to use a system dynamics model to assess impacts of
innovative practices based on environmental, energy efficiency and technology change
indicators within two advanced biofuel value chain case studies, and second to study
their performance through competitive priorities. It is structured as follows: a literature
review firstly isolates research gaps and needs, while a methods section then outlines two
advanced biofuel case studies and their respective model data input, defines a framework
combining value chain stages, performance indicators and competitive priorities, and links
this framework to a set of value chain practices. Thirdly, the results and analysis present
the system dynamics model and analyse quantitative results of indicators for seven (7)
scenarios, which incorporate selected practices for each value chain stage in both case
studies. Finally, this section also assesses how competitive priorities perform based on their
qualitative ranking from indicator results.

2. Literature Review

Sectors, stakeholders or policies often pursue sustainability and efficiency goals in iso-
lation and neglect interactions than can bring opportunities or help overcome challenges [6].
This study aims to apply advanced biofuel value chain analysis through a deterministic,
stock-and-flow system dynamics model to analyse both quantitative technical/operational
and environmental factors, and later define these through competitive priorities. It does so
through real-world evidence to identify pathways that can optimise advanced biofuel value
chains and address key challenges, including sustained and reliable production for efficient
alignment with markets and investment mechanisms, improvement of biomass resource to
production plant connectivity, and leveraging of existing fossil-based infrastructure [15].

The biofuel or bio-based value chain literature spans many studies seeking to har-
monise sustainability and performance dimensions, with some employing innovative mod-
elling techniques. [16] used mixed methods and multi-objective optimisation to measure
trade-offs within biofuel production between costs and environmental impacts, while [17]
evaluated the production of biofuel taking both carbon emissions and energy use into
consideration through an advanced biofuel supply framework, including value chain costs,
biofuel demand and market price. Additionally, both [18] and [19] employed interactive
multi-objective closed-loop value chain models to equip decision makers with tools to
optimise the inter-relation of financial and operational assets along biomass value chains.
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Various studies have employed system dynamics modelling to optimise sustainability
and technology pathways, however their scope remains at sectoral, regional or economy-
wide level with external market, demographic or government drivers. There has been
less emphasis in system dynamics literature on incorporating logistical operations and
individual value chain variables to support the roll-out of biomass as a source of energy [20],
which may be due to a data availability issue. [21] established a multi-layered model to
determine the potential impact of biodiesel technological and supply chain development on
sustainability, while [22] combined key sectors of the biofuels industry, including each value
chain stage (biomass production, conversion, transport and end use distribution) to study
biomass-to-energy technology and cost pathways. Ref. [23] analysed policy mechanisms
supporting the market roll-out of biofuels in the transport sector, ref. [10] mapped stock-
and-flow relationships among health, food security and environment sectors, and both [24]
and [25] incorporated country-scale market, sustainability and demographic factors for
supply chains using agricultural or forestry residues to generate electricity. Lastly, Ref. [26]
modelled the impacts of government intervention, biodiesel-diesel ratio, production ca-
pacity, oil palm cultivation, population displacement, poverty and pollutant emissions on
biodiesel production and [27] assessed the potential of biofuel commercialisation through
both market and value chain factors.

The literature comprises to a lesser extent stock-and-flow system dynamics modelling
with bottom-up data input to assess operational aspects of a bio-based value chain. Ref. [28]
generated multiple scenarios detailing policy interventions on the production of fuel
ethanol compared with advanced biofuels, integrating feedstock supply and logistics,
conversion and end use industries, while [29] evaluated coordination strategies among
various supply chain actors to optimise efficiency and profitability of bioenergy and [20]
simulated value chain production of coffee pulp to produce biogas and electricity, including
land use, harvest level, biomass yield, and use-efficiency of coffee by-product.

The number of studies leveraging stock-and-flow system dynamics modelling with
bottom-up data input to survey both the environmental and operational aspects of a bio-
based value chain is limited [9]. One simulates the impacts of increased productivity of a
bioethanol value chain on water footprint [30], while another simulates carbon emissions
per product to optimise management interventions and incentives behind supply chain
performance through an agro-waste case study [31]. Finally [32] explores how upgrading
transport and conversion technologies can impact sustainability of a feedstock that has
potential to cause both direct and indirect land use change. This paper attempts to com-
plement this body of work with an added component of linking quantitative modelling
simulation to a qualitative competitive priority framework to enhance the accessibility and
versatility of decision-making.

3. Materials and Methods
3.1. Value Chain Case Studies

Two value chains with advanced biofuel production characteristics and distinct cli-
mate, soil, feedstock, processing and product types are used. They are comparable to
the extent that they can be simulated within near-identical system dynamics modelling
configurations—Figure 1 highlights their overall similarity. The first value chain (VC 1)
starts at a local forestry plantation in Northern Europe with a Continental climate, where
wood is harvested and shipped to a pulp-and-paper mill, which generates a by-product
of crude tall oil (CTO). This CTO is then converted into biodiesel (as blend-in or stan-
dalone fuel) at a separate conversion facility. This configuration was chosen based on
the potential environmental benefits provided by the integration of forestry and biofuel
industries [33]. Co-location brings a wide range of benefits, starting with the availability
of the by-product (CTO) itself, to owning a profitable feedstock base, to the possibility of
industrially producing a commercially viable share of biofuel [19].

The second value chain (VC 2) starts at a plot of marginal land in Southern Europe
with Mediterranean climate, where miscanthus is grown, harvested and shipped to be
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thermochemically treated into fast pyrolysis bio-oil (FBPO). A final stage involves the
conversion of FBPO into hydrocarbon fuel (or pyrolysis gasoline). The pairing of marginal
land and miscanthus was based on findings that perennial lignocellulose crops can be cost
efficient [34] and are more environmentally advantageous since they can be bred specifically
to withstand lands with biophysical constraints (marginal lands) such as drought, salinity
or cold [35,36]. Additionally, the value chain configuration offers significant socio-economic
benefits [37].
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Figure 1. Integrated advanced biofuel value chain (adapted from [38]).

Data were assembled through a robust literature review representing accurate, real-
world measurements of the stated advanced biofuel value chain activities and innovative
practices. They do not form an exhaustive life cycle analysis of the value chains. Overall,
data originate from academic journals, industrial leaders, and research projects consulting
both academic, policy and industry leaders. Appendix A includes all data variables
for environmental footprint, production and energy values, logistics and consumption
incorporated in the system dynamics model for both value chains under each main emission
category. Variables in blue represent value chain practices—these will be described in detail
in the next sub-sections.

3.2. Indicators and Competitive Priorities per Value Chain Stage

The value chains are organised by stage and respective activity as shown in Table 1
(adapted from [12]). Following this, a set of indicators is suggested that is relevant to the
environmental and technical performance of the value chains, can address competitive
priorities, and is based on the Specific, Measurable, Achievable & Attributable, Relevant,
Timely (SMART) principle [39].
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Table 1. Indicators and competitive priorities per value chain stage (relevance of indicator per value
chain stage illustrated by green background).

Value Chain Stage Land Use Biomass Production Transport Conversion End Use

Indicators

Main Activities Land
Acquisition

Crop
Establishment &

Management
Harvest Transport

Storage,
Pre-Treatment &

Processing

Conversion
Operations

Consumer
Use

Direct/indirect land use
change (ha) Transparency

Bioenergy carriers per unit of
cultivated area (MJ/ha) Innovation; Flexibility

Cumulative energy demand
(energy ratio) (MJ input/MJ
output)

Innovation; Flexibility

Life cycle GHG emissions
(gCO2eq/MJ, including CH4 and
N2O)

Transparency; Quality

Sustainable harvest level (% of
net annual biomass growth) Quality

Vegetation and soil carbon stock
(gCO2eq) Quality; Innovation

Technology improvement (%) Innovation; Flexibility

Advanced biofuel production begins at the land use stage, where biomass feedstock is
sourced either from agricultural or forestry systems, then to biomass production, where
feedstock is grown, harvested and supplied to conversion plants. Conversion consists
firstly of storage, pre-treatment and processing of feedstock, followed by biochemical or
thermochemical conversion. The end use stage of the biofuel value chain is defined by
distribution, market uptake and acquisition by a consumer base. Transport operations are
needed between each main facility, or all middle points within the value chain. Indicators
are defined and impact different value chain stages as follows:

1. Direct or indirect land use change (LUC) is a key environmental impact indicator
measured in hectares and can evaluate the extent of avoiding either type of land use
change. A low indirect LUC risk status for biofuels, bioliquids and biomass fuels
as defined by the Commission Delegated Regulation (EU) 2019/807 of 13 March
2019 [40], supplementing Directive (EU) 2018/2001, is “that which is produced under
circumstances that avoid indirect LUC effects, by virtue of having been cultivated on unused,
abandoned or severely degraded land or emanating from crops which benefited from improved
agricultural practices” [41,42]. GHG emissions associated to land use changes form
part of life cycle monitoring (measured in gCO2eq/MJ).

2. Productivity is used to evaluate the amount of land required to produce a final amount
of bioenergy (measured in final MJ per hectare of land) and thus ties the start and end
of the value chain.

3. Energy is measured as cumulative energy demand through the ratio of MJ input/MJ
output and is used for biomass production (to prepare soil, sowing/planting, fertilis-
ing and harvesting crops), transport logistics (to haul product between plantations,
processing units and distribution outlets) and conversion operations.

4. GHG emissions are based on the RED II emissions calculation and apply to land
use (annualised emissions from carbon stock changes caused by land-use change,
including actual and reference soil and vegetation carbon stock changes, savings
from accumulated soil organic carbon through the use of innovative agriculture man-
agement and benefits of using marginal land), biomass production (extraction or
cultivation of raw material, including planting, fertilisation, and harvesting), con-
version (including pre-treatment processing, storage, and conversion processing),
transport (including transport from biomass production to processing, processing to
conversion, and conversion to fuelling stations), and end use (combustion from the
fuel in use).
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5. Improvements in agricultural or forestry practices include adjusting the harvest level
(measured as % of net annual biomass growth) to optimise either or both sustainability
and productivity.

6. Gains or losses in vegetation and soil carbon stock is measured in gCO2eq and
concerns both land use and biomass production.

7. Technological improvement is possible for the stages of biomass production, trans-
port and conversion processes, and includes innovation such as fuel efficiency in
machinery, automation, AI, state of the art applications, etc.). It is shortened to TRL
for Technological Readiness Level [43].

Indicators per value chain stage can inform performance for competitive priorities,
leading to optimised strategies and policy, which can maintain integrated support across
value chain stages and exploit competitive advantages and specific regional characteris-
tics [12]. The competitive priorities have been selected to articulate biophysical assets (e.g.,
land, soil, vegetation and climate) and market factors (e.g., competition for land and natural
resources, new technologies and valorisation of end- and co-products) of the value chains
and assist in delivering an overall optimised performance.

• Transparency derives from the availability of up-to-date information surrounding the
state of a system [11] to maximise awareness around the benefits (and risks) in the
development of biomass systems as well as to foster trust among the consumer base. It
informs the first value chain stage about land use patterns, displacement impacts and
growth opportunities. It is equally informed by compliance to emissions standards
across the life-cycle operations of the value chain [12].

• Quality aims to improve process and product performance and compliance with
industry or policy standards across the value chain [44] to mitigate potential nega-
tive impacts on people and the environment. Biophysical components of the value
chain should be safeguarded and ensuring a high-quality end-product is key for driv-
ing acceptance from markets and consumers. It is relevant across the whole value
chain [4,45] being informed by life cycle greenhouse gas emissions, and earlier stages
through the sustainable harvest levels, and vegetation and soil carbon stock indicators.

• Innovation targets the development of novel equipment and processes [11], concerning
cultivation and conversion processes, and modes of transport that can increase in
efficiency. Relevant indicators include bioenergy carriers and carbon stock, which
are driven by innovations in land use productivity, feedstock novelty and innovative
management applications [12]. Additionally, innovations are reflected through change
in energy use from efficiency, grid connectivity, and TRL.

• Flexibility is defined as the ability to expand or adjust product type, scope and func-
tion [43]. Converting raw materials into biofuel products requires ensuring a reliable
supply of raw materials, adjusting modes of conversion and regulating capacity of
production. Indicators that inform flexibility include bioenergy carriers as defined
by their type and capacity volume, cumulative energy demand as reflected by strate-
gic allocation of energy inputs and outputs, and technology improvement through
improved types and scales of application [43,46].

3.3. Value Chain Practices

The environmental and technical performances of selected practices listed in Table 2
are evaluated for both value chains through indicators integrated within a system dynamics
model, and competitive priorities. Data from Table 1 create a base simulation and basis
from which introduced practices can innovate. Seven (7) scenarios are studied: (1) land
use (LU), (2) LU + biomass production (BP), (3) LU + BP + transport (T), (4) LU + BP + T +
conversion (C), (5) BP + T + C, (6) T + C and (7) C.
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Table 2. Practices evaluated, indicators as model inputs and outputs, and competitive priorities.

Value Chain Stage Practices Input Indicators Output Indicators Competitive Priorities

Land use - Expansion of land area
- VC 1: Replacement of young

forest and low canopy cover
with forest plantation [47]

- VC 2: Use of marginal
land [37]

Land use change
Carbon stock

Land use change
Bioenergy carriers
GHG
Carbon stock

Transparency (2)
Quality (2)
Innovation (2)
Flexibility

Biomass production - Improving agricultural
management schemes (tillage
factor, harvesting rate and
technology improvement) [48]

- Recycling
processing/conversion
residues as soil
amendments [19,49]

Harvest level
TRL

Land use change
Bioenergy carriers
Energy ratio
GHG
Harvest level
Carbon stock
TRL

Transparency (2)
Quality (3)
Innovation (4)
Flexibility (3)

Transport - Optimising distance through
localised/integrated value
chain configuration [50]

- Increasing technology
improvement (through a
higher load capacity and fuel
efficiency) [51]

TRL Energy ratio
GHG

Transparency
Quality
Innovation (2)
Flexibility (2)

Conversion - Increasing processing and
conversion efficiency
[35,48,49]

- Increasing co-location factor
for surplus energy (VC 1:
industrial pulp and paper mill
co-location, VC 2: processing
energy outputs for in-situ
conversion process)

TRL Bioenergy carriers
Energy ratio
GHG

Transparency
Quality
Innovation (3)
Flexibility (3)

Positive or negative quantitative deviations from the base case are reflected through a
colour code and respectively transcribed into a point-value system (plain colour = 0; light
green = 0.5; green = 1; dark green = 1.5; red = −1) in order to assess the impact of value
chain practices on competitive priorities.

3.4. System Dynamics Model

The application of a system dynamics model in this study follows best practice guide-
lines [52,53]: (1) a coherent mapping of value chains and practices across different sectors
and entities; (2) a structuring of an endogenous and measurable model verified through
a transparent, bottom-up data input-output approach with clearly defined metrics and
functional equations harmonising different units of measurements; (3) the iteration of two
case studies with varying configurations; and (4) the reflection of real-world dynamics
through data tables, software-verified equations and a sensitivity analysis.

The Vensim® software (https://vensim.com, accessed on 15 September 2021) is used
to design and operate a stock-and-flow system dynamics model composed of different
variables harmonising various units of measurements to simulate environmental and
technical impacts of practices along advanced biofuel value chains. The main value chain
production stocks (biomass and biofuel) are represented by blue squares and are calculated
through flows that are illustrated as black arrows. Cloud symbols represents the source
of these flows whose values are externally-determined. Cloud symbols are sources of
flows and stocks that lie outside of the model scope. These given rates (biomass growth
and biofuel processing and conversion) are illustrated by orange boxes. Constant (e.g.,
coefficients) or auxiliary variables link stocks and flows through blue arrows, while light
grey variables in angle brackets replicate existing variables in order to facilitate model
layout. Large circles represent the stocks of emission categories, while green shapes reflect

https://vensim.com
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enacted practices. Repeated variables are hidden for overall legibility purposes. The full
list of variables and equations can be found in Appendices A and B.

4. Results
4.1. System Dynamics Model and Quantitative Analysis

Practices are evaluated based on the order of value chain stages, combined one after
another to analyse the system as a whole. Each practice targets a specific sector, stakeholder
or policy, while the model (Figure 2) links all value chain stages together.
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pathways.

Results from Table 3 highlight that when land use area is increased by 30%, natural
carbon stock increases: in the case of VC 1, with a growth of 120% (or 6,046 gCO2eq) due
to converting a young forest with low canopy cover to a forest plantation, and in the case
of VC 2, a growth of 33% (or 202 gCO2eq) from establishing crops on marginal land. The
use of marginal lands combined with a certain crop type, such as a lignocellulosic crop,
can lead to GHG emissions savings thanks to soil remediation processes and mitigation
of emission-causing land use change [54]. Although production increases substantially
with a larger planting area, the bioenergy carrier (in MJ/ha) indicator does not increase
substantially, thus productivity remains largely unchanged.

When biomass production practices (including improving harvesting efficiency, low-
ering the harvesting rate, incorporating residues from later processing stages back into
the soil, and softening the tillage regime) are put in place, the carbon stock in VC 1 shifts
from producing net emissions in the base case to significantly sequestrating carbon. Studies
have shown that significant amounts of carbon can be sequestered in a no-tillage produc-
tion system [55]. VC 2 demonstrates similar results with a tripling of carbon stock under
biomass production practices. Forest systems (VC 1) sequester more carbon than grass
systems (VC 2) under an expansion of land. However, relative to biomass practices, VC 2
sequesters more carbon due to its higher productivity.
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Table 3. Indicator-based impacts of value chain practices for 7 scenarios (BASE: no practices imple-
mented; LU: practices implemented at the land use stage; BP: practices implemented at the biomass production
stage; T: practices implemented at the transport stage; C: practices implemented at the conversion stage).

Indicators

Practices
BASE LU LU + BP LU + BP + T LU + BP + T + C BP + T + C T + C C

LUC (ha)
VC 1 100 150 150 150 150 100 100 100

VC 2 50 75 75 75 75 50 50 50

Bioenergy carriers
(MJ/ha)

VC 1 3860 3856 3085 3085 5214 5219 6523 6523

VC 2 165,604 165,597 132,478 132,478 223,887 223,896 279,870 279,870

Energy ratio
VC 1 9.86 9.86 9.88 9.85 5.95 5.95 5.94 5.96

VC 2 1.54 1.54 1.54 1.52 0.98 0.98 0.96 0.97

GHG (gCO2eq/MJ)

VC 1

Carbon stock: 94 −713 −1780 −1780 −1053 −164 56 56
Biomass prod.: 479 479 586 586 347 347 283 283
Transport: 4.6 4.6 4.6 1.8 1.2 1.2 1.2 3
Conversion: 39 39 39 39 24 24 24 24
Total (excluding
end use): 616 −191 −1149 −1152 −681 208 364 366

GHG (gCO2eq/MJ)

VC 2

Carbon stock: −18 −69 −206 −206 −134 −47 −11 −11
Biomass prod.: 3.8 3.8 4.4 4.4 2.6 2.6 2.2 2.2
Transport: 2.3 2.3 2.3 1 0.6 0.6 0.6 1.5
Conversion: 62 62 62 62 21 21 21 21
Total (excluding
end use): 50 28 −108 −110 −81 −23 13 14

Harvest level 100% 100% 80% 80% 80% 80% 100% 100%

Carbon stock (gCO2eq)
VC 1 978 −5128 −10,504 −10,504 −10,504 −2606 978 978

VC 2 −404 −606 −2514 −2514 −2514 −1676 −404 −404

Technology improvement
Biomass production: 0% 0% 30% 30% 30% 30% 0% 0%
Transport: 0% 0% 0% 30% 30% 30% 30% 0%
Conversion: 0% 0% 0% 0% 30% 30% 30% 30%

While the energy ratio changes little, bioenergy carriers start to decline under biomass
production practices. This is due to the imposition of a lower harvesting rate in favour of
generating more soil carbon.

Emissions align with carbon stock trends. The relatively moderate increase of emis-
sions in VC 1 may be due to the integrated supply factor of pairing industrial roundwood
production with the extraction for biofuels [56]. Indeed, in land use and primary biomass
production, a large portion of life cycle GHG emissions depends on savings from the share
of biomass grown and its effect on soil carbon changes [36].

When improving transport through fuel efficiency and co-location, there are no major
changes for any indicator, with the exception of a marginal improvement in emissions
and energy ratio. Nie and Bi [57] demonstrate that converting biomass to biofuel before it
is transported can significantly lower emissions. This requires removing the distance of
biomass production to the processing plant altogether. In the model, the localisation factor
was increased to 50% (total distance is reduced by half). The sensitivity analysis included in
this study provides additional insights as to the impact of different reductions in distance.

Following transport, conversion improvements (increased efficiency both for pro-
cessing and conversion, and industrial co-location for energy use) significantly increase
productivity as well as improve the energy ratio. Site selection for new facilities is a key
factor. Using existing fossil fuel infrastructure for instance can contribute to scaling-up
advanced biofuel production facilities by reducing initial start-up risks [48]. Under ad-
vanced biorefinery configurations, power generation can incorporate excess electricity back
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into conversion processes in order to reduce GHG emissions [58]. Jin and Sutherland [25],
Benavides et al. [59], and Zetterholm et al. [60] advocate for having both processing and
conversion steps integrated within the same site and leveraging benefits of co-location
to reduce energy demand and increase the generation of surplus electricity. In the case
of VC 2, this is measured through integrating surplus electricity and non-condensable
gas derived from the FBPO production process (processing stage) into the hydrocarbon
production process (conversion stage). One study [61] demonstrates that a share of 5% of
excess energy reduces emissions by one third in spite of a concurrent rise in efficiency and
production. VC 1 is based on a co-location with a pulp and paper mill and thus includes
a 30% bonus of excess energy inputs in the base case. A rise to 60% contributes to lower
emissions at the processing and conversion stages. However, such practices also cause
total (cross-value chain) emissions to increase by 40% for VC 1 and 30% for VC 2, due to
carbon stock change emissions being calculated per MJ of biofuel product and correlating
positively with productivity.

If no practice at the land use level is enacted, the potential for carbon sequestration
drops. With biomass production practices removed as well, emissions increase to 50% in VC
1 and 20% in VC 2 of the base case, while carbon stock returns to its base level. However,
the combination of transport and conversion practices generates the highest levels of
production and efficiency. This highlights the challenge of optimising both sustainability
and productivity dimensions of the value chain. Although advanced processes such as
torrefaction can decrease wasted material and energy, additional feedstock is required,
which potentially results in higher land use change, cultivation and storage emissions [58].

4.2. Assessment of Competitive Priorities

Through the following framework of analysis, decision-makers can be made aware of:
(1) which competitive priority is optimised, (2) which value chain practice determines this
optimisation, (3) which aspect (e.g., emissions, land use) defines competitive priority, and
(4) which stage(s) of the value chain is concerned.

The findings from Table 4 and Figure 3 indicate that when practices are enacted
across the value chain, competitive priorities (as defined by indicators of sustainability and
productivity) improve. More specifically, competitive priorities working in concert lead to
system-wide optimisation. For instance, higher quality or more reliable biomass will result
in lower energy and material inputs needed at the conversion stage [62]. Leban et al. [63]
confirm how professionals in the forestry systems care most about managing forests for
several functions simultaneously within a given area and in an integrative manner.

When not all value chain stages are targeted, enhancements at the land use and
biomass production stages contribute to stronger transparency and quality, while having
a marginal effect on innovation and flexibility (land use practices on their own worsen
these). Conversely, transport and conversion practices contribute to stronger innovation
and flexibility, with a marginal effect on transparency and quality. This indicates that
compliance with standardisation schemes and enhancing process and product performance
for environmental assets are more responsive to chosen indicators of the first two stages.
Indeed, for both VC 1 and 2, there is limited optimisation of innovation and flexibility from
bioenergy carriers and energy ratio. Furthermore, while land use expansion, sustainable
harvesting and carbon stock preservation practices lead to optimisation of transparency and
quality, biomass production activities themselves generate significant emissions. Thus, land
use practices alone are fundamental to optimising transparency. The discussion section
further explores how decision-makers can be better equipped with additional indicators to
balance land use carbon stock sequestration with cultivation emissions.
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Table 4. Qualitative transcription of indicator results ranking competitive priorities per scenario compared to a base case (colour codes are defined as having:
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Once land use and biomass practices are removed, quality and transparency underper-
form. Innovation also starts to decrease, which highlights the effects that these two value
chain stages have on the competitive priority (such as carbon stock growth following the
introduction of a novel crop species). Overall, upgrades in conversion efficiency, proximity
to infrastructure, and technological readiness level (innovation) as well as adjustment of
scales of implementation and strategic allocation of energy inputs and outputs (flexibility)
are more responsive to indicators of the latter two stages.

It is important to underline that results show several examples of how transparency
and quality do not solely determine sustainability, and conversely, innovation and flexibility
do not solely determine productivity or resource efficiency. In fact, any competitive priority
can affect either or both sustainability and productivity dimensions. Key determinants of
competitive priority performance are the cross-value chain approach—enacting practices
that impact one or more stages across the whole value chain—and indicators defining such
competitive priorities.

4.3. Sensitivity Analysis

A set of alternative practices and their impact on indicators and priorities were studied
as a sensitivity exercise. These are presented in Table 5 and results similarly highlight the
importance of the conversion stage for competitive priorities, however they additionally
underline the innovative practices of co-location, renewable energy sourcing and residue
recycling practices for the processing and conversion stage as key drivers of emissions
abatement, and thus key contributors to transparency and quality optimisation. A key en-
during finding is the trade-off between transparency and quality priorities and innovation
and flexibility. Finally, this exercise demonstrates the various options that decision-makers
can leverage to guide their focus and management of competitive priorities across the
value chain.
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Table 5. Impact of alternative practices.

Alternative Practices Relevant Value Chain Stage Impacts on Indicators Impacts on Competitive
Priorities

Smaller land area (75 ha for
VC 1 and 50 ha for VC 2)

LU Slight improvement in energy
to land ratio (bioenergy
carriers) compared to the base
case, however there is less
carbon sequestration potential
(in the case of VC 2, it drops
below the base case).

Marginally positive impact is
observed on innovation and
flexibility, with a compromise
on transparency and quality.

Lower or equal harvest level
(70–80%) combined with
either higher or equal
technology improvement
(30–50%)

LU + BP Findings confirm trade-off
between sustainable
harvesting and improved
technology, where the former
promotes higher carbon
sequestration potential and
the latter improves energy
ratio and the bioenergy
carrier factor.

Trade-off is observed between
transparency and quality, and
innovation and flexibility.

Shorter transport distance
(localisation factor of
90%) [57] and no fuel
efficiency improvement

T Significantly lower emissions
in transport are observed.

Transparency and
quality improve.

Higher technology
improvement (40%)

LU + BP + T + C Bioenergy carriers and energy
ratio significantly improve.
Emissions decrease across the
value chain for VC 1.
However for VC 2, they
decrease only for biomass
production and transport, and
increase for conversion and
processing. Carbon
sequestration also decreases.

In the case of VC 1, there is a
more favourable balance
between output and emissions
with more pronounced
technology change, whereby
the net effect is an
improvement in innovation
and flexibility; however in the
case of VC 2, this
improvement is accompanied
with lower quality and
transparency.

VC 1: removing co-location
benefits (0%)

LU + BP + T + C A worse emission profile
similar to the base case is
observed.

Transparency and
quality worsen.

VC 2: basing hydrogen and
electricity emission factors on
non-renewable sourcing

C This practice causes twice as
many emissions as in the
base case.

Transparency and
quality worsen.

VC 2: higher share of surplus
energy (10%)

C Negative emissions for
processing and conversion
stages are observed
highlighting the importance
of recycling energy outputs.

Transparency and
quality improve.

5. Discussion

The goal of integrating competitive priorities into a biofuel value chain framework
with system dynamics is to harmonise historically disparate dimensions of management
or policy focus: sustainability and operational efficiency. Decision-makers can be better
equipped to optimise value chain performance when ensuring both that biomass value
chains operate under a sustainable footprint while remaining robust enough to compete
with conventional production streams.

While findings from both quantitative and qualitative assessments highlight trade-
offs between sustainability and productivity interventions, they provide a framework
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that informs decision-makers of their prioritisation options. Optimisation pathways are
apparent, for instance through enacting co-location, energy sourcing and residue recycling
practices at the transport and conversion stages to increase both innovation and flexibility,
and emissions reduction (linked to quality and transparency). In VC 2, integrating surplus
electricity and non-condensable gas leads emissions to drop by one third along with a
concurrent rise in efficiency and production.

The impact analysis has allowed to focus on specific opportunities for every value
chain stage that can accelerate sustainable deployment of advanced biofuels in a whole
systems manner. For instance, when combining land use with biomass production improve-
ments, carbon stock actually doubles in the case of VC 1. As decision-makers incorporate
additional indicators, they can find ways to ensure competitive priorities reinforce one
another through cross-value chain practices. An expanded set of indicators can better
define competitive priorities and more accurately represent their cross-cutting nature.

While results show that land use and biomass production practices strongly impact
the competitive priorities of quality and transparency, indicators that measure consumer
awareness and sustainability standards can also inform product novelty (innovation).
Indicators such as ash content, ash-melting temperature, nitrogen content and chlorine
content inform lignocellulosic biomass feedstock suitability for conversion processes [64]
and can measure transparency and quality across the value chain. With regards to transport
and conversion practices and their limited impact on quality and transparency, additional
indicators or standardisation policies can help measure sustainability [6,65], including fuel
which can be analysed through technical compatibility with engine technologies used in
various transport sectors based on their property characteristics [66].

This model may also benefit from integrating carbon cycling mechanisms such as
net primary production, local heterotrophic respiration and net ecosystem production,
considered key sustainability accountability measures in biofuel value chains [67]. Eco-
logical detail can shed light on trade-offs between technology and sustainability, such
as the emissions footprint of VC 2 which suffers in light of conversion technological im-
provement, contrary to the footprint of VC 1, whose forest system proves more resilient
under technology improvements. Decision-makers also have an opportunity to select
value chain configurations and practices to address indirect LUC. In order to improve on
this transparency measure, future studies employing this type of modelling can include
certification and accountability systems to control for externalities. The Finnish company
UPM for instance works with the Forest Stewardship Council certification to ensure that
old growth trees are left alongside riverbeds and a minimum radius for deforestation is
maintained [68]. Additionally, the modelling scope can be broadened by including research
and development facilities, nurseries, baling/loading, construction and fuelling stations,
and expanding on environmental indicators to include particulate reduction or ecological
impacts on biodiversity (as a factor of indirect LUC).

Finally, system dynamics as a modelling tool can be greatly expanded beyond the
scope of this study. When increasing or decreasing the co-location factor, data such as
feedstock and biofuel capacity which in this study are inherently determined can be
evaluated explicitly. Additionally, time horizons can be introduced to expand the real-
world, dynamic factor of simulations [20,32]. Financial viability and feedstock value of
recycled waste product or soil inputs in a second-generation biofuel value chain have
been demonstrated through fuzzy multi-objective optimisation methods under states of
uncertainty [69].

6. Conclusions

The basis of the analytical framework employed in this paper is a bottom-up system
dynamics model, which structurally links value chain performance and environmental
components to simulate the impact of innovative practices on competitive priorities. This
approach facilitates the process of bridging historically disparate spheres of focus and
performance for decision-makers. These include stages of a bio-based value chain that
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deal predominantly with natural resources, and others with more infrastructure-based
processes, as well as broader spheres of sustainability and productivity. The clear, accurate
and functional mapping of a biofuel value chain through system dynamics integrates these
spheres of focus and performance to inform decisions around more integrated optimisation
pathways. Furthermore, a unique linkage of quantitative indicators based on coherent and
functional mathematical relationships with qualitatively ranked competitive priorities can
provide decision-makers with a more versatile approach when assessing their enactment of
innovative value chain practices.

The framework demonstrates that competitive priorities of transparency, quality,
innovation and flexibility can reinforce one another, and that when integrated into a
cohesive system, improved environmental and operational interventions can benefit each
other. Additionally, in line with much of the literature, co-location, renewable energy
sourcing and residue recycling practices are overall beneficial for advanced biofuel value
chains. Moreover, land use and biomass production stage practices contribute to stronger
transparency and quality, while transport and conversion practices contribute to stronger
innovation and flexibility. Finally, trade-offs are clearly portrayed and decision-makers can
leverage the cross-value chain approach to manage these.

The use of system dynamics in this paper presents both advantages and drawbacks
for decision-makers looking to optimise their operational and environmental value chain
performances. On the one hand, this type of modelling allows a clear and accurate mapping
of all value chain activities and inter-related components. Managers can toggle a variable
in the Vensim framework to simulate a value chain intervention and immediately witness
the system-wide impact it engenders. System dynamics thus provides both shortcuts in
handling mathematical calculations and clarity for decision-makers to work with observable
value chain interventions and designs. Such visual information of quantitative variations
behind key performance indicators effectively provides managers with the understanding
of how different competitive priorities perform.

On the other hand, one key limitation is the bottom-up data collection process, which
demands a high degree of research capacity and is often hindered by commercial data
confidentiality. These data were meticulously and independently assembled to effectively
build hypothetical, innovative biofuel value chains. The study demonstrates however, that
it is feasible to utilise a near-identical model to compare two advanced biofuel value chains
with varying characteristics and numbers. The degree of transferability is advantageous to
continue simulating additional advanced bio-based value chains while expanding mod-
elling capabilities and features to include market (e.g., cost), socio-economic (e.g., full-time
jobs), and ecological (e.g., farmland birds) characteristics, time horizons and a variety of
end-products (e.g., bioplastics).
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refers to assessed value chain practices.



Energies 2022, 15, 627 16 of 23

Carbon Stock Changes Emissions Cultivation and Extraction Emissions

Variable VC 1 VC 2 Variable VC 1 VC 2

Biomass growth
rate

3.6 t/ha/yr [70] 17 t/ha/yr [37,71]
Biomass moisture

content
40% = 0.6

tdm/t [70,72,73]
15–33% [74,75]

Plot area 100–150 ha 50–75 ha
Biomass energy
content (LHV)

15,000
MJ/tdm [76]

17,500 MJ/kg [77]

Living biomass
aboveground
carbon stock

5.11 t/ha [47] 5 t/ha [47]
Soil preparation
/harrowing fuel

use
53 L/ha [70] 38 L/ha [73]

Belowground
carbon stock

1.89 t/ha 5 t/ha Fertiliser input 150 kg N/ha [70] 40 kg N/ha [37,71]

Carbon fraction in
deadwood

0.5 g/tdm [47] 0.4 g/tdm [47]
Emission factor for

N2O emissions
from N inputs

10,928 gCO2eq/kg N [78]

Tillage regime (full,
reduced, none) on

soil carbon
stock factor

1.08–1.15 [47] 1–1.1 [47]
Herbicides and
other pollutants

0 kg/ha [79]
20,592

gCO2eq/ha [73]

Carbon stock from
reference land use

2–14 t/ha [47] 3.1 t/ha [47]
Harvesting

productivity
4.3–9.9 t/ha [80,81] 17 t/ha [73]

Soil organic carbon 117 t/ha [47,82] 38 t/ha [47] Fuel use 30–43 L/ha [80–83] 23.30 L/ha [73]

Molecular weight
of CO2 to carbon

3.664 [13]
Technology

improvement
0–30%

Marginal land
bonus

0 gCO2eq/MJ
0–29

gCO2eq/MJ [11]

Harvest level 80–100%

Harvesting diesel
fuel factor

2660 gCO2eq/L [84]

Processing and conversion emissions

Variable VC 1 VC 2

Storage emissions factor 8000 gCO2eq/tdm [85]

Residue recycling rate 5–50%

Processing rate 0.050 t/tdm [86] 0.6–0.7 t/tdm [37,87,88]

Processing energy demand 15,000 MJ/t [61] 144 MJ electricity/tdm [89]

Processing emission factor(s) 550 kgCO2eq/t [61]
0.03 kgCO2eq/MJ electricity [61]

131 kgCO2eq/tdm N2 [61]

Co-location surplus heat and electricity 30–60% of conversion energy inputs
0–5%

518 MJ electricity/t FBPO [89]
1.8 t NCG/t FBPO [89]

Technology improvement 0–30% (processing and conversion rates)

Conversion rate 0.54–70% [90,91] 37% [89]

Conversion energy demand
382 MJ electricity/t biodiesel [90]

1111 MJ heat/t biodiesel [90]
50 kg hydrogen/t biodiesel [90]

0.5 t methane/t FBPO [89]
83 MJ electricity/t FBPO [89]

0.69 MJ/MJ hydrogen [92]

Conversion emission factor(s)

33–66 gCO2eq/MJ electricity [90]
99 gCO2eq/MJ heat [90]

11,500 gCO2eq/kg hydrogen [90]
684 gCO2eq/MJ composite

electricity + heat [93]

2726 kgCO2eq/t methane [89]
0.03 kgCO2eq/MJ electricity [89]

28–181 gCO2eq/MJ hydrogen (renewable
vs. non-renewable ex-situ) [89]
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Transport emissions Consumption emissions

VC 1 VC 2 VC 1 VC 2

Fossil fuel
emission factor

2697
gCO2eq/l [84]

2319
gCO2eq/l [94]

Advanced biofuel
energy content

44 MJ/kg [13] 45 MJ/kg [11]

Fossil fuel energy
content

36 MJ/l 32.55 MJ/l
Fossil fuel energy

content
43 MJ/kg [11]

Transport fuel
efficiency

0.0212 l/tkm
(90-ton

lorry) [95,96]; 0.061
l/tkm (10-ton

lorry) [97]

0.036 l/tkm (20-ton
lorry); 0.061 l/tkm
(10-ton lorry) [97]

Advanced biofuel
density

0.815 t/m3 [98]

Technology
improvement

0–30% Fossil fuel density 0.840 t/m3 [99] 0.755 t/m3 [99]

Vehicle capacity
10, 20, 90-ton lorries (loaded capacity =

25–60% [100])

Advanced biofuel
combustion

emission factor

2,496,427
gCO2eq/m3 [94]

0.49
gCO2eq/MJ [101]

Distance 20–50 km 10–50 km
Fossil fuel

emission factor
2,697,197

gCO2eq/m3 [94]
2,319,432

gCO2eq/m3 [94]

Localisation
(reduction) factor

10–50%
Advanced biofuel

N2O emission
factor

1770
gCO2eq/m3 [102]

Fossil fuel N2O
emission factor

2.23–3.33
gCO2eq/l

(HDV) [102]

8.22–12.26
gCO2eq/l

(HDV) [102]

Fossil fuel N2O
emission factor

13,990
gCO2eq/m3 [99]

Fossil fuel CH4
emission factor

0.20–0.30
gCO2eq/l [102]

1.27–1.90
gCO2eq/l [102]

Advanced biofuel
CH4 emission

factor

74.29
gCO2eq/m3 [102]

Technology
improvement

0–30% (rigid vs. articulated HDV)

Appendix B

List of all variables in addition to those in Table 1 used in the model for both value
chains with respective units, equations and causes.

Variable Unit Equation and Cause

To
ta

lE
m

is
si

on
s

fr
om

C
ar

bo
n

St
oc

k
C

ha
ng

es

Dead Biomass Stock t/ha (Returned Residues × Carbon Fraction)/Plantation area

Total Vegetation Carbon Stock t/ha
Aboveground Carbon Stock − (Aboveground Carbon Stock
× Harvest percentage) + Belowground Carbon Stock
+ (Soil Organic Carbon × Tillage Regime)

Carbon Stock from Reference
Land Use

t/ha Soil Organic Carbon + Reference Vegetation Carbon Stock

Carbon Stock Difference gCO2eq
((Carbon Stock from Reference Land Use − Total Actual
Vegetation Carbon Stock − Dead Biomass Carbon Stock) ×
CO2 to carbon quotient) × Plantation area

Productivity MJ/ha Biofuel Energy/Plantation area

Emissions from Carbon
Stock Change

gCO2eq/MJ Carbon Stock difference × (1/Productivity)

Total Emissions from Carbon
stock changes

gCO2eq/MJ
Emissions from Carbon Stock Changes − Marginal Land
Use Bonus
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Variable Unit Equation and Cause

C
ul

ti
va

ti
on

an
d

Ex
tr

ac
ti

on
Em

is
si

on
s

Stock of Primary Biomass t Biomass Growth Rate × Plantation area

Harvested Weight t Stock of Primary Biomass × Harvest percentage

Total Harvesting Hours h
Harvested Weight/(Harvesting Productivity + (Harvesting
Productivity × Harvesting TRL))

Total Harvesting Litres L
(Harvesting Fuel Use Factor − (Harvesting Fuel Use Factor
× Harvesting TRL)) × Total Harvesting Hours

Fuel Input MJ
(Plantation area × Soil Preparation and Harrowing Fuel Use
× Fuel Energy Content) + (Total Harvesting Litres × Fuel
Energy Content)

Harvest Emissions gCO2eq Total Harvesting Litres × Diesel Fuel Emissions Factor

Soil Preparation and Harrowing
Emissions

gCO2eq
Soil Preparation and Harrowing Fuel Use × Diesel Fuel
Emissions Factor × Plantation area

Fertiliser Emissions gCO2eq Fertiliser Input × N2O Emissions Factor × Plantation area

Total Cultivation and Extraction
Emissions

gCO2eq
Harvesting Emissions + Fertiliser Emissions + Soil
Preparation and Harrowing Emissions + Herbicide Emissions

Biomass Energy MJ
Harvested Weight × Moisture Content × Biomass
Energy Content

Fuel Biomass Factor Biomass Energy/Biofuel Energy

Cultivation and Extraction
Emissions

gCO2eq/MJ
(Total Cultivation and Extraction Emissions/Biomass
Energy) × Fuel Biomass Factor

Tr
an

sp
or

tE
m

is
si

on
s

Transported Biomass t Harvested Weight

Vehicle 1 Loads loads Transported Biomass/Vehicle 1 Capacity

Vehicle 1 tkm tkm

(Transported Biomass + (Vehicle 1 Unloaded Capacity ×
Vehicle 1 Total Loads)) × (Biomass Sourcing Roundtrip
Distance − (Biomass Sourcing Roundtrip Distance ×
Localised Value Chain Factor))

Vehicle 1 Fuel Consumption l
Vehicle 1 tkm × (Vehicle 1 Fuel Efficiency − (Vehicle 1 Fuel
Efficiency × Fuel Improvement Technology))

Fuel Energy MJ Fuel Energy Content × Vehicle 1 Fuel Consumption

Vehicle 1 Emissions gCO2eq

(Vehicle 1 Fuel Consumption × Fuel Emissions Factor) +
((Fuel CH4 Emissions Factor − (Fuel CH4 Emissions Factor
× Fuel Improvement Technology)) × Vehicle 1 Fuel
Consumption) + ((Fuel N2O Emissions Factor − (Fuel N2O
Emissions Factor × Fuel Improvement Technology)) ×
Vehicle 1 Fuel Consumption)

Transported Processed Biomass t Processed Biomass

Transported Biofuel T Produced Biofuel

Vehicle 2 Loads loads
(Transported Processed Biomass/Vehicle 2 Capacity) +
(Transported Biofuel/Vehicle 2 Capacity)

Vehicle 2 tkm tkm

((Transported Processed Biomass + (Vehicle 2 Unloaded
Capacity × Vehicle 2 Total Loads)) × (Processing to
Conversion Distance − (Processing to Conversion Distance
× Localised Value Chain Factor))) + ((Transported Biofuel +
(Vehicle 2 Unloaded Capacity × Vehicle 2 Total Loads)) ×
(Biofuel Distribution Distance − (Biofuel Distribution
Distance × Localised Value Chain Factor)))

Vehicle 2 Fuel Consumption l
Vehicle 2 tkm × (Vehicle 2 Fuel Efficiency − (Vehicle 2 Fuel
Efficiency × Fuel Improvement Technology))
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Variable Unit Equation and Cause

Vehicle 2 Emissions gCO2eq

(Vehicle 2 Fuel Consumption × Fuel Emissions Factor) +
((Fuel CH4 Emissions Factor − (Fuel CH4 Emissions Factor
× Fuel Improvement Technology)) × Vehicle 2 Fuel
Consumption) + ((Fuel N2O Emissions Factor − (Fuel N2O
Emissions Factor × Fuel Improvement Technology)) ×
Vehicle 2 Fuel Consumption)

Transport Emissions gCO2eq/MJ (Vehicle 1 Emissions + Vehicle 2 Emissions)/Biofuel Energy

C
on

ve
rs

io
n

an
d

Pr
oc

es
si

ng
Em

is
si

on
s

Stored Biomass tdm Transported Biomass × Storage drying rate

Returned Residues tdm Stored Biomass × Residue Recycling Rate

Total Processing Emissions gCO2eq
(N2 Emissions × Stored Biomass) + (Electricity Emissions
Factor × Electricity Input × Stored Biomass)

Processed Biomass t Stored Biomass × (Processing + (Processing × TRL Efficiency))

Produced Biofuel t
Transported Processed Biomass × (Conversion +
(Conversion × TRL Efficiency))

Energy Input MJ
(Stored Biomass × Electricity Input) + (Produced Biofuel ×
Electricity Energy Input) + (Produced Biofuel × Heat
Energy Input × Heat Energy Content 2)

Co-location Surplus Electricity MJ
(Processed Biomass × Processing Electricity Output) ×
Industrial Co-Location Factor

Co-location Surplus Heat MJ
(Processing Heat Output × Processed Biomass × Heat
Energy Content) × Industrial Co-Location Factor

Energy Emissions Savings gCO2eq
(Co-Location Surplus Heat + Co-Location Surplus Electricity)
× Composite Electricity and Heat Emissions Factor

Total Conversion Emissions gCO2eq

((Electricity Emissions Rate × Electricity Energy Input ×
Produced Biofuel) + (Heat Emissions Rate × Heat Energy
Input × Produced Biofuel) + (Hydrogen Emissions Rate ×
Hydrogen Energy Input × Biofuel Energy)) − Energy
Emissions Savings

Conversion and Processing
Emissions

gCO2eq/
MJ

(Total Conversion Emissions + Total Processing
Emissions)/Biofuel Energy

C
on

su
m

pt
io

n
Em

is
si

on
s

Sa
vi

ng
s

Biofuel at Fuelling Stations t Transported Biofuel

Total Avoided Fossil Fuel Volume m3 ((Biofuel at Fuelling Station × Fossil Fuel Density)/Biofuel
Density)/Fossil Fuel Density

Total Avoided Fossil Fuel
Consumption Emissions

gCO2eq

VC1: (Fossil Fuel Combustion CO2 Emissions Factor × Total
Avoided Fossil Fuel Volume) + (Fossil Fuel N2O Emissions
Factor × Total Avoided Fossil Fuel Volume) + (Fossil Fuel
CH4 Emissions Factor × Total Avoided Fossil Fuel Volume)
VC2: (Fossil Fuel Combustion CO2 Emissions Factor ×
Total Avoided Fossil Fuel Volume) + (Fossil Fuel N2O
Emissions Factor × Total Avoided Fossil Fuel Volume)

Avoided Fossil Fuel Energy
Comparator

MJ
((Biofuel at Fuelling Station × Fossil Fuel Energy
Content)/Biofuel Energy Content) × Fossil Fuel Energy
Content

Biofuel Energy MJ Biofuel at Fuelling Station × Biofuel Energy Content

Biofuel Emissions gCO2eq
(Biofuel at Fuelling Station/Biofuel Density) × Biofuel
Consumption Emissions Factor

Biofuel Consumption Emissions gCO2eq/MJ Biofuel Emissions/Biofuel Energy

Consumption Emissions Savings
gCO2eq/
MJ

Avoided Fossil Fuel Consumption Emissions − Biofuel
Consumption Emissions
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Variable Unit Equation and Cause

Energy Balance
(Biomass Energy + Energy Input + Fuel Energy + Fuel
Input)/Biofuel Energy

Total Value Chain Emissions gCO2eq/MJ

(Conversion and Processing Emissions + Transport
Emissions + Emissions from Carbon Stock Changes
+ Cultivation and Extraction Emissions) − Consumption
Emissions Savings
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