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Abstract: In the context of global energy shortage and climate change, developing local biogas plants 
coupled with agricultural systems can become an important strategy for cleaner rural energy and 
sustainable agriculture. In this research, a Life Cycle Assessment (LCA) method was applied to 
compare the climate impact of two essentially different systems: 1) Scenario I: an agricultural system 
based on the cultivation of 11 hectares of energy tobacco primarily for seed production; 2) Scenario II: 
a hypothetical Scenario Investigating the climate impact concerned with a crop variety – a higher 
yielding variety cultivated for both seed and biomass - and introducing biogas production. Both 
scenarios focus on the energy tobacco biomass residues. The overall aim of the study was to evaluate 
the climate impact of these two scenarios in the agricultural and energy system in Marble Hall, 
Limpopo Province, South Africa. The biogas was used for electricity production, replacing coal-based 
electricity on the grid. Biomass residues were chosen as feedstock for biogas production since this crop 
presently receives much attention in the region as the oily seeds can be used to produce sustainable jet 
fuel. Results from the modelling show that Scenario II would provide a positive climate impact: a 43% 
reduction of greenhouse gases compared to Scenario I. The higher yielding crop variety in Scenario II 
means that there is also potential to produce more sustainable jet fuel to replace conventional aviation 
fossil fuel. Taking this into account, the biogas scenario can reduce emissions by 79% compared to the 
base case. An analysis of the results indicates that there are several variables in the system model that 
are uncertain and sensitive to change, proving that more research is necessary to make robust 
conclusions about the validity of the presented results. 

Keywords: Sustainable development, crop variety, agriculture and energy systems, biogas, energy 
tobacco, South Africa 

Frode Öckerman, Department of Earth Sciences, Villavägen 16 SE-752 36 Uppsala, Sweden 
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Summary: In an era of global climate change, developing local initiatives to reduce human impact on 
the environment can become an important strategy. In terms of agricultural and energy systems, one 
way to reduce environmental impact is to improve the system to create sustainable solutions. In this 
research, Life Cycle Assessment (LCA) was applied to measure the climate impact of two essentially 
different agricultural and energy systems. The main difference between the two systems is that one 
focused on the status quo of cultivating energy tobacco primarily for seed production, where the 
second, hypothetical Scenario Investigated the climate impact concerned with a crop variety – a higher 
yielding variety cultivated for both seed and biomass – and introducing biogas production. Both 
scenarios focus on the energy tobacco biomass residues. Previous research on coupling biogas projects 
with agricultural systems from an LCA perspective in South Africa, and Sub Saharan Africa in general, 
based on energy tobacco, has been scarce. Thus, this project investigates the climate impact concerning 
modifications in agricultural and energy systems, focused on mitigating greenhouse gas emissions by 
comparing two scenarios. Results show that a scenario based on biogas production and crop variety 
could provide positive climate impact compared to the status quo scenario. An analysis of the results 
indicates that there are several variables in the system model that are uncertain and sensitive to change, 
proving that more research is necessary to make robust conclusions about the validity of the presented 
results.  
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1. Introduction

In an era of global warming, the ongoing rise in global average temperature, developing local 
initiatives to reduce human impact on the environment can become an important strategy for mitigating 
climate change. This change is mainly due to increasing concentrations of greenhouse gases (GHG) in 
the atmosphere, causing climate patterns to change.  

IPCC projected that climate change would severely compromise agricultural production and access to 
food in Africa (IPCC, 2007). South Africa’s geography makes it particularly vulnerable to climate 
change, as a large part of the population relies on rain-fed agriculture for their livelihoods. South Africa 
is likely to experience higher temperatures, less rainfall and thus increased drought as a result of 
climate change (Calzadilla et al., 2014). It is therefore crucial to investigate the climate impact of 
agricultural systems in South Africa, and how local initiatives could potentially mitigate the impact.  

About 98% of all provided electricity in South Africa is coal-based (Boadzo et al., 2011). The 
electricity market is almost a complete monopoly: Eskom Holdings SOC Ltd. provides 95% of the 
country’s electricity (Crowley, 2015). As of 2016, the South African power company will seek 
significantly higher electricity tariffs: a rise of 22%. The rise is due to a massive debt burden that needs 
to be serviced, as the company had to impose managed blackout almost daily in the first half of 2015 to 
keep up with demand after over a decade of under investment in power generation (Allen, 2015; 
Crowley, 2015). This price increase can sprout strong incentives to regulate and decrease power prices 
and local energy production. 

In December 2014, SkyNRG, Sunchem SA, Boeing and South African Airways (SAA) launched a 
project to develop sustainable jet fuel (SJF) from the energy tobacco crop Solaris in the district of 
Marble Hall, South Africa. The project consists of over 50 hectares planned cropland; 11 hectares is the 
current cultivation area. The goal of the project is to support SAA’s environmental agenda as well as 
national objectives for economic and rural development. Launching a local biogas production and 
distribution system in Marble Hall could potentially reduce the climate impact of the agricultural and 
energy system in the area (Bartle, 2014). 

Bartle (2014) studied the possible effects and viability of introducing Solaris in Marble Hall using 
System Dynamics. The present research intends to complement and add value to her research. Bartle 
(2014) projected increases in national fuel and electricity supply, suggesting that there will be 
significant value in increasing local cultivation and procession for SJF and power generation. 
Moreover, she argues that community concerns point towards the need for taking control of their own 
energy needs through farming, where biogas generation can be a driving factor for “increased energy 
profit, energy independence [and] emissions avoidance” (Bartle, 2014, p. 56) 

When processing Solaris seeds to produce SJF, excess biomass residues1 are generated. These residues 
have since the initiation of the Solaris project undergone several test runs, mostly focused on pellets 
production for animal feed. This could potentially be the case in the future, if it proves to be 
economically viable for the Solaris project. As such, in this research, the biomass residues are assumed 
to be used for pellets production, when, currently, most of the biomass is left in storage until it is too 
dry to use and then disposed of.  

To battle rising energy prices from Eskom, local biogas production from Solaris residues could 
contribute to socio-economic development and possibly mitigate GHG emissions from the agricultural 
and energy system in Marble Hall. This research project focuses on assessing the climate impact of the 
agricultural and energy system based around a crop variety of Solaris, mapping out a new hypothetical 
biogas scenario with the potential to mitigate climate change and enhance energy security in the region.  

1 Henceforth, biomass residues are defined as the Solaris crop without seeds, which have been 
separated fro SJF processing.  
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Following the research of Bartle (2014), a limited LCA evaluating the agricultural and energy system 
in Marble Hall in terms of climate impact can be a starting point for novel data that can serve to 
address concerns outlined above and results changes in the system could provide. To quantify this, the 
aim of this study was to assess the climate impact concerned with the systematic change from using 
Solaris biomass residues for pelletizing, to a mixed system based on pelletizing and biogas. In the 
mixed system, a crop variety of Solaris is cultivated for both seed and biomass yield, consequently 
experiencing a significant increase in total harvest potential. The same amount of biomass residues 
dedicated to pelletizing was assumed for both scenarios. The produced biogas is then converted into 
electricity that can be fed back into the system and provide an alternative source of energy compared to 
the emission-intensive coal-based system currently in place.  
 
This limited LCA study is focused on assessing the climate effect of cultivating a higher yielding crop 
variety of Solaris, where excess biomass residues dedicated to biogas production, and, ultimately, 
electricity, may have the potential to reduce GHG emissions from the system. Furthermore, the study 
aims to lay ground for further research in the field of local, sustainable energy and crop residue 
utilization, to spread knowledge and know-how of how biogas and changes in agricultural systems can 
challenge conventional (coal) energy systems in South Africa in general, Marble Hall in particular, and 
other regions of Sub-Saharan Africa and reduce the climate impact from such systems. 

2. Theoretical Framework 

2.1 Anaerobic digestion and biogas 

Anaerobic digestion (AD) of energy crops, residues, and organic wastes in order to reduce GHG 
emissions and facilitate sustainable development of energy supply is of increasing interest (FAO, 2015; 
Weiland, 2010). Concentrations of GHGs in the atmosphere is rapidly increasing, with fossil fuel CO2 
emissions being the most important contributor (Eggleston et al., 2006). The mitigation of global 
climate change needs more sustainable and renewable energy systems. Biogas can serve to answer such 
needs, being regarded as a green energy source and an efficient way of dealing with organic waste 
products (Yimer, 2014).  
 
Biogas production through anaerobic digestion provides a versatile carrier of renewable energy and 
supports more robust, stable and secure energy systems, as most convention fossil oil and gas reserves 
are concentrated in politically unstable regions and geographically scattered. In this regard, biogas 
from wastes, residues and energy crops can play a vital role in future energy systems by utilizing 
locally available resources (Parawira, 2009; Weiland, 2010).  
 
Besides being an efficient way to treat organic waste and develop renewable energy strategies, biogas 
production has an essentially valuable co-product: digestate. This can act as rich nutrient fertilizer that 
can enhance crop yields and soil fertility, promoting closure of the global energy and nutrient cycles 
(Arthurson, 2009). Consequently, the digestate can substitute synthetic fertilizer, and hence, drastically 
reduce the use of, and emissions related to, synthetic fertilizers (Eggleston et al., 2006; Shcherbak et 
al., 2014). 
 
Any form of organic biomass such as forest residues, agricultural residues and municipal wastes can be 
used to produce biogas. Biogas is produced through the decomposition of these wastes in the absence 
of oxygen, when anaerobic bacteria ferment biodegradable matter into methane and carbon dioxide 
(Boadzo et al., 2011; Chen and Chen, 2013; Gregg and Smith, 2010; Weiland, 2010). This process is 
called anaerobic digestion (AD) (Boadzo et al., 2011; Nitsos et al., 2015; Weiland, 2010). It is the 
process of degrading organic material without oxygen, involving metabolic reactions between various 
microorganisms and occurs in four main stages: hydrolysis, acidogenesis, acetogenesis and 
methanogenesis (Fig. 1). 
 
Biogas contains 50-70% methane and 30-50% carbon dioxide, depending on the substrate, as well as 
small amounts of other gases (Weiland, 2010). Methane is the main component responsible for the 
typical calorific value (Table 37). In order for the methane releasing biochemical chain (Fig. 1) to 
function, activities of at least three bacterial communities are required. Biogas cannot be solely based 
on Solaris residue biomass (Tommasini, 2016). Feedstocks with high bacterial content (such as animal 



 3 

manure) are a suitable complimentary feedstock, and other agricultural residues or wastes from locally 
available resources can be included. This makes Solaris residues and the studied area lucrative for 
biogas production, as Marble Hall is a region dependant on agricultural practices and with abundant 
residual organic biomass available.   
 

Fig. 1. Flow diagram of anaerobic digestion stages (Boadzo et al., 2011). Anaerobic digestion is the process of 
degrading organic material in the absence of oxygen, involving metabolic reactions between various 
microorganisms. This occurs in four stages: hydrolysis, acidogenesis, acetogenesis and methanogenesis. 
Hydrolysis is where proteins, fats and carbohydrates are broken down into smaller molecules; acidogenesis is the 
stage where the fermentative bacteria produce an acidic environment; acetogenesis is the creation of acetate, the 
stage where biomass is broken down and methanogens can use material to create methane; methanogenesis is the 
final stage where methane and carbon dioxide is created. 
 

2.2 LCA and biogas in developing nations 

Achieving “sustainable development” requires tools that can quantify and compare environmental 
impacts of providing goods and services to societies. Such “products” are created and used because 
they fill a need, be it an actual or perceived need (Rebitzer et al., 2004). Every product has a life cycle, 
and all activities and processes in a product’s life have environmental impacts due to resource 
consumption, emissions of substances into the natural environment, and other environmental 
exchanges.  
 
Life Cycle Assessment (LCA) is a methodological framework that estimates and assesses 
environmental impacts attributable to the life cycle of a certain product (Chen and Chen, 2013; 
Cherubini et al., 2009; Rebitzer et al., 2004). The aim of an LCA can be the improvement or a 
comparative analysis of such a product.  
 
In the search for more and cleaner sources of energy in the wake of fossil fuel exhaustion and 
population growth, tools such as LCA can be used to assess environmental advantages, or 
disadvantages, with current energy systems (Chen and Chen, 2013). In the context of agricultural 
industries and strategies to cope with increasing pressure from deteriorated local environments and 
global climate change, the construction of biogas plants is sprouting in various parts of the world due to 



 4 

its overall feasibility and adaptability (Chen and Chen, 2013; Cherubini, 2010; Cherubini and Ulgiati, 
2010; Okello et al., 2013; Walekhwa et al., 2014; Yimer, 2014).  
 
Since the 1970s, research on biogas production has developed rapidly, especially in parts of Asia, but 
also parts of Sub-Saharan Africa is gaining academic attention (Chen and Chen, 2013; Orskov et al., 
2014). In China, up to 2010, about 65,000 household biogas digesters have been put in use, where 
about 90% of all biogas-involved households use resources from agriculture or forestry (Chen and 
Chen, 2013). This has been an important alternative for increasingly scarce traditional energy (e.g. 
gasoline, coal, and wood burning) and has played a salient role in achieving the country’s objective to 
reduce GHG emissions and adjusting the energy system (Chen and Chen, 2013; Chen et al., 2012).  
 
Sub-Saharan Africa has not, despite similar trends in traditional energy use, experienced the same 
boom. However, many authors have raised concerns for the energy crisis facing the area and the 
devastating effects it can have on all aspects of development, such as “social, economic, political and 
environmental, including access to health, water, agricultural productivity, education and other services 
that improve quality of life” (Parawira, 2009: 188). There is also an increasing concern for climate 
change effects on the Sub-Saharan Africa region, where droughts and the increase of seasonal and 
extreme temperature events have become a severe issue limiting food production and the livelihoods of 
millions of people (Fisher et al., 2015). Other authors have outlined the need for alternative energy 
sources and the biomass potential in the area which could be a starting point to address these concerns 
(Allen, 2015; Mwirigi et al., 2014; Orskov et al., 2014; Parawira, 2009; Smeets et al., 2012). 
 
This presents a versatile opportunity to adopt a life-cycle perspective for the evaluation of biogas 
system that can broaden the understanding of especially environmental aspects vis-à-vis the interplay 
between energy and agricultural systems, which could in turn respond to the concerns outlined above. 
A life-cycle perspective for such evaluations have been adopted in recent years (Chen and Chen, 2013; 
Nitsos et al., 2015; Weiland, 2010), but with limited focus on Sub-Saharan Africa and South Africa.  
 
Chen et al. (2012) and Qu et al. (2013) explored biogas energy utilization and digestate reuse in a 
biogas system in China, focusing on the trade-offs between energy production and environmental 
condition improvement. Such analyses are vital procedures to determine biogas performance and 
potential. Boadzo et al. (2011); Mwirigi et al. (2014) and Orskov et al. (2014) explored similar 
pathways for biogas potential in Sub-Saharan Africa. Conclusions portrayed that affordable and 
sustainable energy is a key component for improving the livelihood of millions of people and also has 
potential to meet many national, as well as global, environmental agendas of reduced GHGs. However, 
despite potential benefits, the widespread adoption of biogas technology in Sub-Saharan Africa has 
been slow and efforts have been scarce.  
 

2.3 Energy and agricultural systems in South Africa  

In South Africa, approximately 98% of the electricity is produced from coal (Boadzo et al., 2011; 
Crowley, 2015). As a result, the country has high GHG emissions; almost double the world’s average 
CO2 per capita (Boadzo et al., 2011; Worldbank, 2016). One strategy to reduce emission levels is to 
turn agricultural wastes into a useful resource such as biogas. This can reduce GHG emissions as 
energy produced from biogas can replace traditional energy systems. Rather than burning coal, which 
is emission intensive and a fossil fuel resource, biogas can produces clean energy by burning gas that 
can be easily converted into heat or energy. Thus, implementing biogas production systems, especially 
in relation to agricultural systems, can potentially significantly reduce emissions. This could not only 
decrease climate impact overall but also create an agricultural system less dependant on conventional 
fossil fuel and enhance livelihoods in areas which are facing increasingly high energy prices (Crowley, 
2015).   
 
Both commercial and small-scale farm biogas plants have immense potential for energy production 
from agricultural residues in South Africa, considering the existing agricultural activities practices in 
the country (Boadzo et al., 2011; Mwirigi et al., 2014; Orskov et al., 2014). Livestock manure has been 
the major topic for research and implementation. However, as feedstock for the digestion process can 
vary, other types of bioorganic matter (such as agricultural residues) can serve as a suitable 
supplementary feedstock (Arthur and Baidoo, 2011; Bartle, 2014; Boadzo et al., 2011).  
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South Africa has a highly competitive agricultural industry. Thus, farmers can use biogas production 
systems to make their agricultural activities more profitable and more environmentally sound (Boadzo 
et al., 2011). Electricity and heat generated from biogas can be implemented on small-scale for 
household purposes, as well as used for cultivation and processing of crops. However, there is still a 
need for techno-economical assessments to identify the most ideal and efficient biogas production 
system (Boadzo et al., 2011; Qu et al., 2013; Rajendran et al., 2012). There is also a need to evaluate 
and quantify the environmental consequences provided by such biogas systems.  
 
Research presented above outlines the need to further study the linkage of biogas production with the 
agro-industry in order to increase the utilization of biogas resources in rural areas of Sub-Saharan 
Africa in general, and South Africa in particular. This does not only address environmental concerns 
but development issues in a holistic manner. Progress in this field can serve as a crucial theoretical 
cornerstone in choosing efficient routes for energy- and agro-system optimization and further 
promotion in other areas, especially when all aspects of biogas projects have been taken into account 
(Chen and Chen, 2013). 
 

2.4 Energy tobacco and Project Solaris 

Tobacco (Nicotiana tabacum) is an industrial crop traditionally used for the manufacturing of 
cigarettes. Due to a recent decline in smoking habits and restriction of EU subsidies, there are 
opportunities for alternative use of the traditional tobacco crop (Grisan et al., 2016; Martin, 2015; 
World Health Organization, 2015). Despite this, there is limited literature research on alternative uses 
of tobacco.  Grisan et al. (2016) argue that tobacco can be considered an oilseed crop, providing an oil 
yield ranging from 30 to 40% of dry seed weight. This can see the product be used for the production 
of biofuels for transport, where residue biomass can be suitable for biogas or pellets production.   
 
Planting tobacco for energy production, as opposed to traditional cultivation for the tobacco industry, 
maximizes the production of flowers and seeds in comparison to the production of leaves. The 

remaining leaves can be used as biomass for biogas production (Sunchem, 
2011a). “Solaris”2, an energy tobacco crop developed by Sunchem, is 
extremely robust, able to grow in various climatic and agricultural condition 
and can be cultivated on marginal lands, which cannot be used for food 
production (Baiphethi and Jacobs, 2009; Sunchem, 2011a).  
 
Solaris energy tobacco contains no nicotine in the leaves; instead 
maximizing flower and seed production with reduced leaf growth. The crop 
can give multiple harvests per year due to the re-sprouting from the stump 
after threshing. In addition, significant amounts of biomass residues3 result 
from the seed separation process (capsules and remaining green tissues), 
providing an opportunity for alternative use of that biomass (Tommasini, 
2016).  
 

Solaris trials to produce SJF, lead by project 
partners of Project Solaris, have to-date 
resulted in a significant accumulation of data 
and experience regarding Solaris cultivation in 
the Marble Hall region (Fig. 3). The area was 
chosen as the focus for Project Solaris due to 
the continuous decline of tobacco cultivation 
globally, and specifically in Marble Hall, over 
the past decades. Moreover, the aim was to 
stimulate the development of a robust local 

                                                             
2 Sunchem Holding holds the exclusive rights to the enjoyment and development on an international 
level of the new industrial patent “seed tobacco” (Italian patent RM2007A000129 and international 
patent PCT/IB/2007/053412)  
3 About 45% of the harvested plant are biomass residues.  

Fig. 2. Solaris tobacco plant (Sunchem, 2011b) 
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bioenergy industry whilst prompting rural economic development in an area facing between 55-65% 
unemployment (Project Solaris, 2014). These reasons, joined with the effort to mitigate global GHG 
emissions and enhance energy security in a region and era where coal-derived energy is dominant, 
serves as underlying motives for the need to study the environmental consequences related to the 
Solaris project, particularity focused on the end-use of biomass residues. Fig. 2. Solaris tobacco plant 
(Sunchem, 2011b)) 
 

 
Fig. 3. Map of studied region: Marble Hall, South Africa. Google Map coordinates: S 24°58.558, E 29°19.038 

3. Materials and methods 
 

3.1 Life Cycle Assessment (LCA) 

3.1.1 Background 
 
LCA is standardized in ISO 14040 and 14044 (ISO, 2006a, 2006b). An LCA is done in three main 
phases (Fig. 4). In the first phase “goal and scope of study” the goal and intention for the study is given 
as well as reasons for carrying out the study and the intended audience for the study. Selection of 
relevant indicators of environmental performance, including measurement techniques, is also stated. 
The scope definition should be accordance with the goal definition, outlining the product system 
studied, system boundaries and the functional unit(s). The functional unit is the core of the assessment, 
to which all inflows and outflows can be related (such as resource consumption, energy use and 
emissions). Life Cycle Inventory (LCI) is the second phase where data collection is conducted 
concerning all environmentally relevant in- and outflows related to the functional unit defined earlier. 
The third phase, Life Cycle Inventory Analysis (LCIA) is where the emissions quantified in the LCI is 
translated to environmental impact and placed in environmental impact categories. In order to 
summarize emissions that affect an environmental impact category, the emissions are converted to 
potential environmental impact using equivalent factors. The phase, interpretation, presents the results 
of the study in a holistic manner, identifies vital environmental aspects and draws conclusions with 
regards to the entire study.  
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Fig. 4. Stages of an LCA (visualized based on ISO, 2006a) 
 

3.2 Goal and scope of study 

3.2.1 Goal 
This limited LCA study aims to assess the climate impact concerned with different uses of Solaris 
biomass residues. The study is focused on assessing the climate effect of cultivating a higher yielding 
crop variety of Solaris, where excess biomass residues dedicated to biogas production, and, ultimately, 
electricity, may have the potential to reduce GHG emissions from the system.  
 
Producing biogas from biomass residues from this crop variety for energy purposes is the primary 
focus. Secondly, digestate produced from this process can replace part of synthetic fertilizer used. The 
overall goal is to assess the climate impact of the agricultural and energy system related to Solaris 
biomass residues in Marble Hall. Reason for this is to assess whether climate benefits can be generated 
from such a change. Climate impact is reported in CO2-equivalents (CO2e) per functional unit.  

3.2.2 Audience  
One part of the audience includes the academic sphere concerned with sustainable development, 
renewable energy, biogas production, crop residue utilization and rural development. The other side of 
the audience spectrum is aimed at individuals and organizations related to the Solaris project and those 
concerned with the climate impacts a biogas scenario could provide. This includes stakeholders outside 
the academic sphere, who could use the study results for other purposes, such as investigating the 
environmental potential of a biogas scenario. This study can then act as a cornerstone for such 
discourses and projects. 
 

3.2.3 Functional unit 
The functional unit (FU) of an LCA is a measure of the function of the studied system and the unit 
which all in- and outflows can be related to in terms of emissions; i.e. the core unit of the LCA study. 
The functional unit is the same for both scenarios, thus enabling comparison of two essentially 
different systems. Biomass residues from 11 ha Solaris over the course period of one year4 was 
selected as the functional unit.  
 
11 ha was the chosen size for the study as this is the current scale of cultivation in Marble Hall. Scaling 
this could, theoretically, alter system parameters and have unknown effects on the study. The chosen 
                                                             
4 In this context, one year includes two harvests. 

Interpretation 

Goal and scope of study 

LCI 

LCIA  
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scale is also suitable for audiences deeming to interpret the results in relation to Project Solaris. 
Therefore, it is representative to keep the reference size the same for the purpose of this research. 
Generated electricity from biogas is primarily planned to fuel processing machines, but supplement 
biogas can be supplied to local electricity grid systems or households in the area. The co-product 
digestate was assumed to substitute part of synthetic fertilizers. 
 

3.2.3 Scope 
The scope is limited to investigating the climate impact concerned with the crop variety of Solaris. To 
measure this, GHG emissions were calculated for both scenarios as it is widely used as a tool to 
quantity climate impact. Furthermore, assessing the climate impact of the studied system is important 
due to South Africa’s vulnerability to climate change. Mitigating the climate impact from this system 
can lead to positive changes in weather patterns in Marble Hall in particular, and South Africa in 
general, with the possibility to improve rural livelihoods and reduce climate impact.  
 
This study is focused on two scenarios. Scenario I is the base scenario and Scenario II is a crop variety 
and biogas scenario. These scenarios are further detailed and described below.  

3.2.3.1 Scenario I 
This LCA study evaluates the potential change of an existing system, therefore the base Scenario Is 
necessary as a reference point to the hypothetical change presented in Scenario II. Scenario I is a 
descriptive representation of the status quo of the agricultural and energy system in Marble Hall (Fig. 
5). Here, the plant is grown for seed production. The main inputs in this system are irrigation, 
fertilizers and pesticides. The output for biomass residues is focused on pellets processing for animal 
feed. Outputs for seeds are focused on processing SJF. SJF and pellets products are outside the system 
boundary and excluded. The effect of SJF is however discussed terms of climate impact, as this differs 
between the scenarios due to a change in harvest potential in Scenario II. 
 
Planting, harvesting and fertilizer application is done by hand and is assumed to have no significant 
GHG emissions related to these processes. There are, however, emissions related to the use of N 
fertilizers from managed soils according to IPCC (Eggleston et al., 2006). This is taken into account.  
 
Processing is done in two steps, first with a thresher machine that crushes and grinds the total harvested 
biomass (including seeds). This is then fed into a seed separator where the seeds are separated from the 
rest of the biomass (Fig. 5). The biomass after the latter process defines the biomass residues central to 
this study.  
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Fig. 5. Flow diagram Scenario I 
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Fig. 6. Processing machinery. Left picture: thresher and crusher; right picture: seed separator 
 

3.2.3.2 Scenario II 
This is based on a hypothetical scenario where a biogas digester is installed to produce biogas from 
biomass residues defined earlier (Fig. 7). The co-product digestate was assumed to be used as organic 
fertilizer and replace part of the fertilizer needed for the system. The input variables are similar to those 
in Scenario I, where irrigation, fertilizers and pesticides are the main variables. These inputs vary 
because a higher yielding crop variety is used in Scenario II, meaning that the plant is grown 
differently: not only to maximize seed yield, but also biomass. This allows for the combined 
production of pellets (the same dedicated amount as in Scenario I) and biogas from the biomass 
residues.  
 
What differs significantly in Scenario II is the crop variety of Solaris and the production of biogas via 
AD. This change supposes that parameters in the model using coal-based electricity can be replaced 
with electricity presumably more sustainable from the created biogas. Surplus electricity from the 
process, once electricity within the system boundaries has been replaced, can extend beyond the system 
boundaries to, for instance, local electricity grids or households in Marble Hall.  
 
Planting, harvesting and fertilizers application is assumed to be done in a similar manner to Scenario I. 
Processing assumes the use of existing machinery in Scenario I. Pellets processing is included in both 
scenarios and assumed to be equivalent to one another. The outputs, within the system boundary, are 
pellets and biogas processes. Similar to Scenario I, SJF and pellet products are however outside the 
system boundary and not included in the study. Also, SJF is included in terms of climate impact as this 
differs between scenarios.  
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Fig. 7. Flow diagram Scenario II. System expansion is done for digestate and electricity. System expansion co-
products are considered alternatives to other products on the South African market. This is further explained in 
3.2.7 System expansion and allocation procedures  
 

3.2.4 Environmental impact categories 
In order to compare emissions of different GHG gases, several methodologies have been developed, 
including Global Warming Potential (GWP) and Global Temperature Potential (GTP). GWP metrics 
compares the radiative forcing following a pulse emission at time zero of a GHG, i.e. the warming 
effect, expressed as increase of trapped radiating heat, per unit mass of a gas emitted into the 
atmosphere (Reisinger et al., 2010). The GWP is then normalized by dividing the gas’ GWP by the 
GWP of the equivalent mass of CO2, such that the GWP of CO2 is always 1 (Fuglestvedt et al., 2010).  
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In a similar manner, the GTP measures the actual temperature difference a certain mass of a gas-
emitted causes. However, due to difference gases having different residence times5, the GWP and GTP 
values differ depending on the time horizon one choses to observe (Reisinger et al., 2010). A short-
lived gas, such as CH4, will have a higher climate impact on a short time horizon than CO2, which is a 
more long-lived gas, and vice versa.  
 
The environmental impact category included in this study is climate impact, compiled of GHG (CO2, 
N2O and CH4) emissions. This is calculated using the Global Warming Potential (GWP) factors based 
on IPCC data (Table 1) and converted to CO2e. The IPCC and its protocols use the GWP methodology 
with a 100-year time horizon (GWP100) as their standard metric. Therefore this is also the metric 
chosen for this study. 
 
Common name Chemical Formula Lifetime GWP100 
Carbon dioxide CO2 Varies 1 
Methane CH4 12 34 
Nitrous oxide N2O 114 298 
 
Table 1. GWP of studied GHG based on IPCC data (Myhre et al., 2013) 
 

3.2.5 Data quality requirements 
For Scenario II, biogas data was gathered from contacts of the Solaris Project that have run tests in 
Italy on the biogas potential of Solaris. Data obtained was used to estimate a suitable digester type and 
organic fertilizer potential. Figures regarding biomass calorific values, biogas production and 
conversion efficiency to electricity are largely based on data gathered from the same sources, supported 
by academic literature, research reports and fieldwork in South Africa. Changes in agricultural inputs 
and harvest figures was mainly retrieved from the Solaris project partners Sunchem Ltd in Italy (Di 
Lucia, 2016a, 2016b; Tommasini, 2016) and documents (Fabbri and Piccinini, 2012). Some data for 
Scenario II was based on data collected for Scenario I (for instance, regarding agricultural inputs, 
harvesting and processing steps). 
 
Data for local inputs into the system regarding harvest, processing of crop and agricultural inputs6 were 
collected based on field investigation and interviews with local experts in the field and project partners 
in South Africa. Harvest data includes harvested biomass for the previous season (2014-2015) and 
harvest data from the current season (2015-2016). This was used to calculate an average harvest 
potential. The calculated potential was then compared to the expected potential7. This was used to 
calculated average seed and residue ratio, in turn depicting reliable figures on total obtainable biomass 
residues from the studied number of hectares.  
 
Processing data and agricultural inputs were collected based primarily based on the same sources for 
Scenario I. For Scenario II, processing data collected for Scenario I was used, assuming the use of the 
same machinery. Agricultural input data was gathered from biogas potential figures provided by 
Sunchem. Emissions from the production of agricultural inputs (pesticides and fertilizer) were retrieved 
from Biograce (2016); Eggleston et al. (2006) and IPCC (2014). N2O emissions from managed soils 
was calculated based on IPCC standard values of emission factors and equations (Eggleston et al., 
2006).  
 
For national electricity and diesel emission factors, standardized values were used, based on various 
academic and official documents. More specific data representing regional inputs, such as emission 
factors from fieldwork and processing, was gathered from documents and field data in Marble Hall.  
 

                                                             
5 Life times attributed to CH4 and N2O are 12 and 121 years respectively (Myhre et al., 2013). No exact 
lifetime can be given to CO2 due to the complexities of the carbon cycle but its time scale can be 
considered in terms of centuries to millennia (Reisinger et al., 2010).  
6 Agricultural inputs refer to pesticides (insecticides, fungicides, nematodes), fertilizers and irrigation.  
7 The expected potential are numbers the Solaris project received from biogas trial runs in Italy by 
Sunchem. 
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3.2.6 System boundaries 
The flow diagrams (Fig. 5; Fig. 7) represent the system boundaries of the studied system: what is 
included and what is not in both scenarios. It should be noted that production emissions from building 
facilities, processing machinery or other physical structures that are already in place in the study area 
are excluded. This includes emissions related to the construction of a biogas digester in Scenario II. 
The study is limited to emissions from the units and in- and out-flows presented in the systems’ flow 
diagrams, over the one-year period indicated. The following variables were not included: 
  

: Human labour 
: Transport of fertilizers and pesticides to Marble Hall 
: Planting, harvesting and fertilizer application as this is done by hand and assumed no related 

emissions  
: Emissions related to processes and logistics of pressing SJF from Solaris seeds 

 
Processing, transportation and logistics emissions from the Solaris seed that produce SJF via the HEFA 
technology are excluded, as this is not considered part of the biomass residues. Once the seeds have 
been separated from the biomass, the seeds are not part of the analysed system. They are, however, 
included in the LCI and LCIA as the outputs are essentially different in the compared scenarios. 
Everything related to the Solaris biomass residues up until end-use, is included in the study. In 
Scenario I this is limited to pellets production where Scenario II is focused on pellets production and 
biogas. 
 

3.2.7 System expansion and allocation procedures 
System expansion and allocation is used when it is necessary to divide environmental impacts from the 
process between two products, in cases where a system produces more than one product (Nguyen and 
Hermansen, 2012). The ISO standard (ISO, 2006b) recommends, if possible, to avoid allocation by 
using system expansion. This methods seeks to capture change in climate impact as the result of a 
certain activity (Nguyen and Hermansen, 2012).  
 
System expansion was used for the two outputs that are produced in Scenario II but not Scenario I: 1) 
the generated electricity from biogas and, 2) digestate from AD. These outputs were assumed to 
replace products available on the South African market: the electricity-mix and synthetic fertilizers, 
respectively.  
 
To avoid allocation between biogas and digestate, emissions related the production of digestate is 
assumed to be included in the production of biogas. The digestate can be used to replace part of the 
synthetic fertilizers. This means that, in Scenario II, there is an avoided production of synthetic 
fertilizers, resulting in a negative contribution to GHG cycle from these flows. In other words, biomass 
residues produce a certain amount of biogas, thus replacing a) electricity and b) synthetic fertilizer 
from the system, which in turn “saves” a certain amount of CO2e (Fig. 7). This scenario and the related 
products are part of system expansion. 
 
The planned biogas digester is not fed solely with Solaris residues. Calculation of the total energy 
needed for the biogas digester is done based on total feedstock needed. Subsequently, allocation of the 
electricity related to run the digester was based on the ratio of biomass residues compared to the total 
feedstock, i.e. the total energy needed to run the digester was multiplied with the percentage of biomass 
residues present in the feedstock mix (about 5%).  

3.3 Life Cycle Inventory (LCI) 

3.3.1 Harvest data 

3.3.1.1 Scenario I 
Harvest data for Scenario I was based on data from seasons 2014-2015 and 2015-2016. Data was 
gathered based on fieldwork in Marble Hall (Venter, 2016a, 2016b, 2016c). Data from the first season 
was used as a basis to calculate a seed/residue ratio, in order to estimate the amount of biomass 
residues available after seeds have been separated from the harvested product. Two agricultural fields 
(Kopano and Jannie) were used for these calculations (Table 2).  
 



 14 

  HARVEST DATA '14-'15   
Land Value Unit Specification 
Kopano 

  
 

2.5 ha 
 

 
3180 kg total biomass (w. seed) 

 
1272 kg tot biomass/ha 

 
1740 kg clean seed 

 
696 kg clean seed/ha 

 
1440 kg biomass residues 

 
576 kg residues /ha 

 
45.3% 

 
residue ratio 

 
54.7% 

 
seed ratio 

    Jannie 
   

 
11 ha 

 
 

22337 kg total biomass (w. seed) 

 
2031 kg biomass/ha 

 
12222 kg clean seed 

 
1111 kg clean seed/ha 

 
10115 kg biomass residues 

 
920 kg residues/ha 

        
Table 2. Harvest data season 2014-2015 
 
Data from the fields during season 2014-2015 and 2015-2016 (Table 2; Table 3) were used to calculate 
an average harvest potential and seed/residue ratio central to calculations for Scenario I (Table 4). 
Jannie’s land was the land studied when comparing both scenarios and core to system calculations 
because these are the 11 hectares currently used to cultivate Solaris in Marble Hall and part of the 
functional unit. !
 

HARVEST DATA '15-'16     
Value Unit Specification 
2636 kg biomass/ha 
58000 kg biomass/yr 
1443 kg seed/ha 
31736 kg seed/yr 
1194 kg residues/ha 
26264 kg residues/yr 
      

Table 3. Harvest data season 2015-2016 
 

HARVEST DATA 
Value Unit Specification 
2.0 t average biomass/ha 
43.6 t average biomass/yr 
1.1 t seed/ha 
23.8 t seed/yr 
0.9 t average residue/ha 
19.7 t average residues/yr 
      

Table 4. Harvest data Scenario I 
 
Before Solaris cultivation started in Marble Hall, field trials carried out by Sunchem indicated a harvest 
potential of about four ton fresh biomass/ha (Bartle, 2016). However, the illustrated harvest data from 
both seasons portrays different results. For Scenario II, only field trial was available and no larger 
cultivation scale. Therefore, a realistic harvest percentage was calculated and used to estimate the 
potential harvest yield for both scenarios. The realistic harvest percentage is 49%. This was used 
because it is a more realistic representation of harvest data for both scenarios. It takes into account 
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unexpected uncertainties like drought and other unforeseen factors. The harvested biomass was based 
on initial inputs from the amounts of plants/ha, and the total plants cultivated on Jannie’s 11 ha (Table 
5).  
 
Jannie's Land       
Field Ha Plants/ha Plants/land 
Standard - 36000   
A 1 19500 19500 
B 3 36000 108000 
C 4 36000 144000 
D 0.5 18500 9750 
E 1 36000 36000 
F 0.5 36000 18000 
G 0.5 36000 18000 
H 0.5 36000 18000 
Total 11   371250 

 
Table 5. Overview of Jannie’s land. The Field column outlines different sections of the land 
 

3.3.1.2 Scenario II 
Harvest data for Scenario II was based on the same seed/residue ratio as Scenario I, due to lack of data 
regarding how the ratio would change in Scenario II. Values concerning harvest potential was provided 
by Di Lucia (2016a). It is assumed that the cultivation is done on Jannie’s land, with the same amount 
of hectares and with a planting capacity of 36,000 plants/ha. The plant is grown differently in Scenario 
II, as it is not only grown to maximize flower production, but also biomass (Table 6). Total assumed 
harvested biomass is multiplied with the realistic harvest percentage to generate harvest data for 
Scenario I (Table 7). 
 

PLANT AND BIOMASS     
Value Unit Specification 
0.60 kg min weight/plant 
1.50 kg max weight/plant 
1.05 kg average weight/plant 
37800 kg/ha total biomass 
      

Table 6. Plant and biomass calculations 
 

HARVEST DATA      
Value Unit Specification 
18.7 t biomass/ha 
205.8 t biomass/yr 
10.2 t seed/ha 
112.6 t seed/yr 
8.5 t residues/ha 
93.2 t residues/yr 
      

Table 7. Harvest data Scenario II 
 

3.3.2 Fertilizer production 
 
Climate impacts from the production of agricultural inputs (fertilizer and pesticides) were derived from 
standardized values from BioGrace’s GHG calculation database (Table 8). This was used for both 
scenarios. The data presented is based on total quantities per year, for 11 hectares, unless stated 
otherwise. 
 
The Solaris Project is certified under the Roundtable on Sustainable Biomaterials (RSB), an 
independent and global multistakeholder coalition working to protect the sustainability of biomaterials 
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(RSB, 2016). As such, certain agro inputs (fertilizers and insecticides) considered harmful to the 
environment have been banned to use for the cultivation of Solaris. The agro inputs used for this study 
are assumed to follow the guidelines of the RSB certifications.  
 
Standard values agro inputs       
Agro input type  gCO2/kg gCH4/kg gN2O/kg gCO2e/kg 
N-fertiliser (kg N) 2827 8.7 9.6 5881 
P2O5-fertiliser (kg P2O5) 965 1.3 0.05 1011 
K2O-fertiliser (kg K2O) 536 1.6 0.01 576 
CaO-fertiliser (kg CaO) 119 0.2 0.02 130 
Pesticides 9887 26 1.7 10971 

Table 8. Standardized emission values from the production of agro inputs (BioGrace, 2016) 
 

3.3.2.1 Scenario I 
Synthetic fertilizer data in Scenario I was gathered from conducted fieldwork (Table 9). Nutrient 
content in each type of fertilizer was partly found from fieldwork investigating label tags on bags, and 
otherwise from alternative sources (IPNI, 2014a, 2014b; Venter, 2016a). The amount of nutrient 
content was used was then multiplied by the agricultural input emission factor to result in climate 
impact. 
 

  FERTILIZERS         
  Product Ingredients Quantity  Nutrient content Unit 

 
MAP 33 Plain 50kg MAP 11%  2,600   260  kg 

 
Ureum 50Kg N 46%  830   382  kg 

 
AN0 + A/F 20L N 15,6%  1,900   296  l 

 
BG Boost/BGTE MIX N 3.75%  50   2  kg 

  
CaO 4.5% 

 
 2  kg 

 

Keystone Calsium 
20kg Calsium  5   5  kg 

 
BG KS 25kg KNO3 13%   700   91  kg 

 
AN0 + A/F 20L 18,2 % N  4,900   892  l 

 
Micromix 20L Mixture  420   -    l 

 

Amoniac Nitrogen 
Gass 

82% N/18% 
Am  49   40  kg 

TOT N  8,849   1,703  kg 

  
P  2,600   260  kg 

  
CaO  5   7  kg 

            
Table 9. Synthetic fertilizers used in Scenario I  
 
Organic fertilizer was limited to 30kg of chicken manure and assumed to have climate impact from 
production. This is however included and calculated in 3.3.3 Direct and indirect N2O emissions from 
managed soils. 

3.3.2.2 Scenario II 
Emissions from synthetic fertilizers production used in Scenario II were based on similar calculations 
from Scenario I. Data for fertilizer application was provided by Di Lucia (2016b) (Table 10). The 
rather large difference in quantity is due to the fact the Solaris plants in Scenario II are grown 
differently, as explained earlier.  
 

  FERTILIZERS          
  Product Ingredients Quantity  Nutrient content Unit Agro input 

 
Fertilizer N 841 841 kg N 

  
P 990 990 kg P2O5 

  
K 1320 1320 kg K2O 

              
Table 10. Synthetic fertilizers used in Scenario II 
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Organic fertilizers derived from the AD process were assumed to replace part of synthetic fertilizers in 
Scenario II (Table 11). This was calculated based on the concentration of N of Solaris dry matter, 
obtained from laboratory data (Nuti, 2011a).  
 
Mineral N is mainly present in ammonium form (NH4) in digestates due to anaerobic conditions in the 
biogas digester. High pH levels in the digestate can facilitate gaseous losses of N as ammonia (NH3) 
(Zirkler et al., 2014). However, it is unknown whether the digestate in this system is acidified8 prior to 
storing it, which would lead to higher concentration of N. A loss value of 3% was assumed for N 
during storage/drying, based on values under Swedish climatic conditions due to lack of more specific 
data. There would most likely be a difference due to the climatic differences between Sweden and 
South Africa. An additional N loss of 3% was assumed for the digestion process itself (Liu et al., 
2002).  
 
The total organic fertilizer available was then calculated based on the ammonium nitrate (NH4-N) 
content available for uptake by plants per total nitrogen available in the digestate (NH4-N/total N). The 
result of these calculations were cross-referenced against several academic publications; stating the 
available N for uptake by plants from digestate can vary from 25-75% depending on feedstock (ADAS 
and SAC, 2007; Tampere and Viiralt, 2014). A value of 40% was chosen based on fieldwork data (Di 
Lucia, 2016b) – a value similar to research using ley and manure as feedstock for biogas production 
(Strid et al., 2012). 
 

DIGESTATE DATA     
Value Unit Specification 
93.2 t residues 
2.6% % % N in dry matter Solaris 
3% % drying/storage loss 
3% % digestion loss 
40% % of total N available for uptake 
0.92 t organic fertilizer from digestate 
      

Table 11. Digestate data Scenario II 
 

3.3.3 Direct and indirect N2O emissions from managed soils 
Nitrous oxide (N2O) is naturally produced in soils via the process of nitrification (the anaerobic 
microbial oxidation of ammonium to nitrate) and denitrification (anaerobic microbial reduction of 
nitrate to nitrogen gas) (Eggleston et al., 2006). N2O is a gaseous intermediate that leaks into the soil, 
and ultimately into the atmosphere, from the microbial cells. This natural process is controlled mainly 
by the availability of inorganic N in the soil (Eggleston et al., 2006). Therefore, estimates of N2O 
emissions from human-induced N additions to soils (such as synthetic or organic fertilizer), or 
mineralization of N in soil organic matter (SOM) following the management of organic soils needs to 
be calculated (Eggleston et al., 2006). This can occur in directly from the soils to which the N fertilizer 
is added or indirectly through a) volatilisation or b) leaching and runoff.  
 
For both scenarios the same calculation methods were used for direct and indirect N2O emissions from 
managed soils. Synthetic and organic fertilizers were calculated to kgN/ha/year and divided into direct 
and indirect N2O emissions, according to methods and equations provided by IPCC (Eggleston et al., 
2006). Emissions were calculated based on applied synthetic fertilizer (FSN), organic fertilizer (FON), 
crop residue (FCR), mineralized N from loss of SOM (FSOM) and fractions of volatilized and leached 
N2O (Table 12 provides an expanded glossary of N2O emission variables). 
 
 
 
 
 
 
 

                                                             
8 Acidification is done to lower pH levels and reduce N loss (Zirkler et al., 2014) 
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Glossary           

FSN Applied synthetic fertilizer       
FON Applied organic fertilizer       
FCR Crop residue N returned to soils (including N-fixing crops and pasture renewal) 
FSOM Mineralized N resulting from loss of soil organic C stocks in mineral soils  
  through land-use change or management practices     
Frac 
LEACH(H) 

Fraction of all N added to/mineralized that is lost through leaching and runoff, in kg N  

Frac GASM Fraction of applied organic N fertilizer materials (FON) and of urine,etc, that 
  volatilizes as NH3 and NOx, in kg N volatilized      

Frac GASF Fraction of synthetic fertilizer N that volatilizes as NH3 and NOx, kg N volatilized (kg of N 
applied)-1  

           
 
Table 12. Glossary table for direct and indirect N2O emissions (Eggleston et al., 2006) 
 
Direct N2O emissions were calculated using fertilizer inputs from the respective scenarios. Calculations 
were made using IPCC’s default emission factors used to estimate direct N2O emissions from managed 
soils (Table 13) and the equation necessary to calculate this (Fig. 8).  
 

  average min max 
EF1 1.0% 0.3% 3.0% 

 
Table 13. Default emission factors for direct N2O emissions from managed soils (Eggleston et al., 2006). EF1 
stands for N additions from mineral fertilizers, organic amendments and crop residues, and N mineralised from 
mineral sol as a result of loss of soil carbon 
 

Fig. 8. Direct N2O emissions from managed soils (Eggleston et al., 2006) 
 
Indirect N2O emissions were calculated using fertilizer inputs for both scenarios, respectively. IPCC’s 
default emission factors for volatilization and leaching nitrogen (Table 14) and the equations necessary 
(Fig. 9; Fig. 10) were used for the calculations (Table 16). 
 

  average min max 

EF4   1.0% 0.2% 5.0% 
EF5  0.75% 0.1% 2.5% 

 
Table 14. Default emission factors for volatilisation and leaching from indirect soil N2O emissions (Eggleston et 
al., 2006). EF4=emission factor for NH3 volatilization; EF5=emission factor for Nitrate leaching. 
 

 
Fig. 9. Indirect N2O emissions from atmospheric deposition of N volatilised from managed soils (Eggleston et al., 
2006) 
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Fig. 10. Indirect N2O emissions from N leaching from managed soils (Eggleston et al., 2006) 
 
Direct and indirect N2O emissions from managed soils were then summed to result in total N2O 
emissions for each scenario (Table 15).   
 

  kg N2O_N/ha/year kg N2O/ha/year 
Scenario I average min max average min max 
N2O_N N inputs 1.58 0.47 4.73 2.48 0.74 7.43 
N2O(ATD)-N 0.16 0.01 2.39 0.25 0.02 3.76 
N2O(L)-N 0.35 0.01 3.15 0.56 0.01 4.95 
Total per ha 2.09 0.49 10.27 3.28 0.77 16.13 
Total per kg dm 1.15 0.27 5.64 1.80 0.42 8.86 

       
Total Scenario I       36.13 kg N2O/year 

       Scenario II       
N2O_N N inputs 1.60 0.48 4.80 2.51 0.75 7.54 
N2O(ATD)-N 0.24 0.01 3.24 0.38 0.02 5.08 
N2O(L)-N 0.36 0.01 3.20 0.57 0.01 5.03 
Total per ha 2.20 0.50 11.24 3.46 0.79 17.66 
Total per kg dm 0.13 0.03 0.65 0.20 0.05 1.03 

       
Total Scenario II       38.09 kg N2O/year 

 
Table 15. Calculated total (direct and indirect) N2O emissions from both scenarios. N2O_N N inputs= calculated 
direct N2O emissions; N2O(ATD)-N= N2O from atmospheric deposition of N volatilized; N2O(L)-N=emission of 
N2O from nitrate leaching effect 
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Volatilization (Eq.11.9) N2O(ATD)-N 
  average min max 
Scenario  I II I II I II 
FSN 154.80 76.46         
FON 2.73 83.54         
Frac GASM 20% 20% 5% 5% 50% 50% 
Frac GASF 10% 10% 3% 3% 30% 30% 
kg NH3&NOx /ha/yr 16.03 24.35 4.78 6.47 47.80 64.71 
              
EF4 1.0% 0.2%  5.0% 

            
Leaching (Eq.11.10) N2O(L)-N 
  average min max 
Scenario  I II I II I II 
FSN 155 76         
FON 2.73 83.54         
FCR 0 0         
FSOM 0 0         
Frac LEACH(H) 30% 30% 10% 10% 80% 80% 
kg NO3/ha/yr 47.26 48.00 15.75 16.00 126.02 128.00 
              
EF5 0.75% 0.05% 2.50%  

              
Table 16. Indirect N2O emissions (Volatilization and Leaching) from both scenarios 
 

3.3.4 Pesticides 
Pesticides in this study were used to protect the crop from weeds (herbicides), insects and nematodes 
(insecticides) and fungus (fungicides). Pesticides are, by nature, toxic to living organisms. This can 
result in agricultural land damage by harming beneficial insect species, soil microorganisms and 
worms, which naturally limit pest populations and maintain a healthy soil (IFOAM, 2016). Pesticides 
may also accumulate in water systems and pollute the environment. However, these effects were not 
included in this study as it is a limited LCA. Emission factors were based on standardized values from 
BioGrace (Table 8). Pesticide application is with a sprayer connected to a tractor. Emissions regarding 
the application of pesticides are outlined in 3.3.5 Diesel. The data presented is based on total quantities 
per year, for 11 hectares, unless stated otherwise. 

3.3.4.1 Scenario I 
The amount of pesticides used was based on data gathered during fieldwork (Table 17). The nutrient 
content in the pesticides was used to calculate the climate impact resulting from the production. Data 
was gathered from both fieldwork and alternative sources (Dupont, 2016, n.d.; Pan-UK, 2002). 
Emissions were calculated using standard value for agro inputs (Table 8).  
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  PESTICIDES           
  Product Ingredients Quantity  Nutrient content Unit Agro input 

 
Roundup Turbo 20Lt Glyphosate 36% 15 5.4 l Pesticides 

 
Fenamiphos 400 20Lt Fenamiphos 40% 27 10.8 l Pesticides 

 
Kalif 480 20L Clomazone 48% 20 9.6 l Pesticides 

 
Lamdex 1L Lambda cialotrine 5% 28 1.4 l Pesticides 

 
Imidor 350SC 1L Imidacloprid 35% 5 1.8 l Pesticides 

 
Kickback 700WP 5kg Metalxyl 10% 24 2.4 kg Pesticides 

  
Mancozeb 80% 

 
19 kg Pesticides 

 
Vydate / Oxadate 5L Oxamyl 31% 123 38.1 l Pesticides 

 
Ridomil gold 1L Mefenoxan 48% 1 0.5 l Pesticides 

 
Demethoate 5L Demethoate 35% 41 14.4 l Pesticides 

 
Coragen 1L Rynaxypyr 20% 4 0.8 l Pesticides 

 
Steward 1L indoxacarb 30% 8 2.3 l Pesticides 

 
Tozeb 25kg Mancozeb  80% 25 20 kg Pesticides 

 
Methomex 1kg Methomyl 20% 9 1.8 kg Pesticides 

 
methamidifos 20L methamidiphos 58.5% 60 35.1 l Pesticides 

 
Cypermethrin 1L Cypermethrin 20% 8 1.5 l Pesticides 

 
Mancozeb 25kg Mancozeb 80% 65 52 kg Pesticides 

  TOT   461.2 216.7 kg  Pesticides 
 
Table 17. Pesticides used in Scenario I 
 

3.3.4.2 Scenario II  
Pesticides used in Scenario II assumed the use of the same products as in Scenario I, but in different 
quantities (Table 18), based on information gathered from Di Lucia (2016b) and Venter (2016c). 
Additional to this data, an extra 30% pesticide use was added to the calculations due to the fact that 
during a season there are always unexpected reasons for pesticide use (Venter, 2016d).  
 

  PESTICIDES           
  Product Ingredients Quantity  Nutrient content Unit Agro input 

 
4 fungiside 

     
 

Ridomil Gold mefenoxan 48% 1 0.5 kg Pesticides 

 
Mancozeb 25kg mancozeb 80% 28 22 kg Pesticides 

 
Kickback 700WP metalxyl 10% 22 2.2 kg Pesticides 

  
mancozeb 80% 

 
17.6 kg Pesticides 

 
Tozeb mancozeb 80% 28 22 kg Pesticides 

       
 

12 insectiside 
     

 
Roundup Turbo 20Lt Glyphosate 36% 17 5.9 kg Pesticides 

 
Fenamiphos 400 20Lt Fenamiphos 40% 33 13.2 kg Pesticides 

 
Kalif 480 20L Clomazone 48% 22 10.6 kg Pesticides 

 
Lamdex 1L Lambda cialotrine 5% 2.8 0.1 kg Pesticides 

 
Vydate / Oxadate 5L Oxamyl 31% 44 13.6 kg Pesticides 

 
Demethoate 5L Demethoate 35% 11 3.9 kg Pesticides 

 
Coragen 1L Rynaxypyr 20% 1 0.2 kg Pesticides 

 
Steward 1L indoxacarb 30% 2.8 0.8 kg Pesticides 

 
Methomex 1kg Methomyl 20% 1.5 0.3 kg Pesticides 

 
methamidifos 20L methamidiphos 58.5% 11 6.4 kg Pesticides 

 
Cypermethrin 1L Cypermethrin 20% 2.8 0.6 kg Pesticides 

 
Mancozeb 25kg Mancozeb 80% 28 22 kg Pesticides 

  TOT   329.9 184.5 kg  Pesticides 

       Table 18. Pesticides used in Scenario II  
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3.3.5 Diesel  
Diesel emission factors were used to calculate GHG emissions for diesel-use inflows in the system 
(Table 19) based on data gathered from fieldwork and documents holding information on used field 
equipment (Appendix A). The data presented is based on total quantities per year, for 11 hectares, 
unless stated otherwise. 
 
Emission factors vehicles       
Type  l/km gCO2/l gCH4/l g N2O/l 
Rural Euro 1, Pick up, rural 0.107 2615 0.011 0.0341 
Truck Euro 1, Rural (8t) 0.197 2615 0.0334 0.0805 
Harvester   2615     
Tractor  0.432 2615 0.0334 0.0805 
Emission factors field equipment         
Type l/ha gCO2/l gCH4/l g N2O/l 
Spray Ewald 2.65 2615 0.0334 0.0805 
Boomspray Jannie 2.1 2615 0.0334 0.0805 
Tractor + Ripper 13.6 2615 0.0334 0.0805 
Tractor + Disc 7.3 2615 0.0334 0.0805 

 
Table 19. Diesel emission factors for vehicles (EPA, 2014, 2011; NTM, 2010; Appendix A).  
 

3.3.5.1 Scenario I  
In this scenario, four diesel categories were defined:  
 

1) Land to storage: Diesel emissions from transporting the harvested product from the land 
(Jannie’s land) to the storage in Marble Hall. The distance was estimated from personal trips 
made between the locations during fieldwork and the estimated load of the truck was provided 
by Venter (2016d). The total distance per year was then calculated based on yearly yield of 
the harvest, reported in total diesel consumption. 

 
TRANSPORT      
Route Value Unit 
Distance Jannie - Store 20 km 
Estimated load 4 t/trip  
Distance 363.3 km/year 
Total diesel consumption 71.6 l 

   Table 20. Diesel use from transport to storage Scenario I 
 

2) Store to pellets: The second diesel category is transportation from the storage to the pellets 
production facility. The same calculation method was used as in category 1 to generate 
numbers of total diesel usage.  

 
TRANSPORT      
Route Value Unit 
Distance store - Pellets (Hercules) 20 km 
Estimated load 4 t/trip 
Distance 197.2 km/year 
Total diesel consumption 38.9 l 
      

Table 21. Diesel use from transport to pellets production facility Scenario I 
 

3) Mechanic work: this concerns tillage of the farmland; ripping and discing. Tillage is assumed 
to be done twice after a season, with a 98kW tractor (Venter, 2016b). Diesel consumption was 
calculated based on the type of tractor connected the appropriate attachment (Appendix B). 
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  MECHANICAL WORK        
  Type Value Unit  Used Vehicle 

 
Tillage 

  
Tractor 

 
     Ripping 299.2 l/yr w. CLG ripper 

       Discing 160.6 l/yr w. Disc harrow 
TOT   459.8 l/yr   

     Table 22. Mechanical work diesel usage from tillage Scenario I 
 

4) Spreading of pesticides: the spraying of pesticides was mostly done using Spray Ewald: a 
170kW boom spray consuming 2.65l/ha (Venter, 2016f). Some sprays were done with 
Jannie’s boom spray: an attachable boom spray on a tractor consuming 2.1l/ha. This was used 
to calculate overall diesel consumption for the spreading of pesticides (Table 23).  

 
  SPREADING OF PESTICIDES       
  Spray  Amount of sprays Ha affected Value Unit 

 
Spray Ewald 31 268.5 711.5 l 

 
Boomspray Jannie 2 10 21 l 

TOT 33 278.5 732.5 l/yr 

      Table 23. Diesel usage from pesticides spreading Scenario I 
 

3.3.5.2 Scenario II 
For this scenario, four main diesel categories were defined: 
 

1) Land to storage: this was based on the same estimations and calculations as in Scenario I. 
 

 
 
 
 
 
 
 
 

Table 24. Diesel use from transport to storage Scenario II 
 

2) Store to pellets: this was calculated similarly to Scenario I.  
 

TRANSPORT      
Route Value Unit 
Distance store - Pellets (Hercules) 20 km 
Estimated load 4 t/trip 
Distance 197.2 km/year 
Total diesel consumption 38.9 l 
      

Table 25. Diesel use from transport to pellets production facility Scenario II 
 

3) Mechanical work emissions: this was based on data gathered for Scenario I. Assumptions 
and calculations were the same. 

 
 
 
 
 
 
 

 

TRANSPORT      
Route Value Unit 
Distance Jannie - Store 20 km 
Estimated load 4 t/trip 
Distance 1716.5 km/year 
Total diesel consumption 338.2 l 
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  MECHANICAL WORK        
  Type Value Unit  Used Vehicle 

 
Tillage 

  
Tractor 

 
     Ripping 299.2 l/yr w. CLG ripper 

       Discing 160.6 l/yr w. Disc harrow 
TOT   459.8 l/yr   

     Table 26. Mechanical work diesel usage from tillage Scenario II 
 

4) Speading of pesticides: assumptions and calculations were made similarly to those in 
Scenario I, except for the use of spray and the amount of sprays. As most sprays in Scenario I 
was done by Spray Ewald, this was the chosen variable for calculations due to lack of data 
regarding pesticide-spreading techniques. 

 
SPREADING OF PESTICIDES       
Spray  Amount of sprays Ha affected Value Unit 
Spray Ewald N/A 153.5 406.8 l 
          

Table 27. Diesel usage from pesticides spreading Scenario II 
 

3.3.6 Electricity 
Emissions resulting from electricity usage was based on figures for standardized emission factors for 
electricity in South Africa (BioGrace, 2011). This was used to calculate the climate impact resulting 
from electricity used in both scenarios. The data presented is based on total quantities per year, for 11 
hectares, unless stated otherwise. 
 
 
Emission factors electricity South Africa    

 Type  gCO2/kWh gCH4/kWh g N2O/kWh 
Electricity South Africa 1231.3 1.6 0.06 

 
Table 28. Electricity emission factors for South Africa (BioGrace, 2011) 
 

3.3.6.1 Scenario I 
The following three processes used electricity: 
 

1) Storage processing: figures were based on data gathered in the field (Venter, 2016g), 
providing information on design load and motor capacity. This was used to calculate power/t, 
and consequently, total amount of energy consumed in the process. The processes occurred in 
two steps. First, a thresher machine is used to crush the biomass. This is then fed into a seed 
separator where the biomass residues and seeds are separated. The electricity consumption 
includes both these steps (Table 29).   

 
PROCESSING      
Action Value Unit 
Thresher & separator 

       design load 0.7 t/h 
     motor capacity 12.6 kW 
     power per ton 18.3 kWh/t 
     total used 798.2 kWh 
      

Table 29. Electricity consumption from processing Scenario I 
 

2) Pellet production: the production of pellets was calculated similarly to that of processing 
emissions from threshing and seed separation. Design load and motor capacity was based on 
fieldwork data (Venter, 2016h).  
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PROCESSING      
Action Value Unit 
Pellets machine 

       design load 0.1 t/h 
     motor capacity 20.6 kW 
     power per ton 164 kWh/t 
     total used 3242 kWh 
      

Table 30. Electricity consumption from pellets processing Scenario I 
 

3) Irrigation: Irrigation application techniques were assumed to the same for both scenarios. 
Fieldwork data collected for Scenario I served as the base for this assumption (Venter, 2016c). 
A 9.2kW pivot was used for irrigation in both scenarios. Pumping of water is included in the 
calculations.  
 
For Scenario I, 400ml irrigation with 5-600ml of rain was assumed over the course of a year 
(Venter, 2016d). Watering was calculated to occur 19 times per year. Motor drive capacity 
was estimated to 80%. !

 
IRRIGATION     
Action Value Unit 
Motor capacity 7.4 kW 
Efficiency 9 hr/watering 
Waterings per year 19 watering/yr 
Total consumption 1259 kWh 
      

Table 31. Electricity consumption from irrigation Scenario I 
 

3.3.6.2 Scenario II 
Similar to Scenario I, electricity was used for threshing and seed separation (Table 32) and pellets 
production (Table 33). 
 

PROCESSING      
Action Value Unit 
Thresher & separator 

       design load 0.7 t/h 
     motor capacity 12.6 kW 
     power per ton 18.3 kWh/t 
     total used 3146 kWh 
      

 Table 32. Electricity consumption from processing Scenario II 
 

PROCESSING EMISSIONS     
Action Value Unit 
Pellets machine 

       design load 0.1 t/h 
     motor capacity 20.6 kW 
     power per ton 164 kWh/t 
     total used 3242 kWh 
      

Table 33. Electricity consumption from pellets processing Scenario II 
 
The same calculation method from Scenario I was used to calculate electricity used for irrigation. Data 
suggests that 300ml of irrigation was the standard, with 400ml of rain (Di Lucia, 2016a). However, due 
to the recent draught experienced in the area and forecasts for next season, the irrigation value was 
changed to 500ml.    
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IRRIGATION 
Action Value Unit 
Motor capacity 7.4 kW 
Efficiency 9 hr/watering 
Waterings per year 24 watering/yr 
Total consumption 1573 kWh 

Table 34. Electricity consumption from irrigation Scenario II 

Available biomass after the processing step was used to estimate the digester size and appropriate 
annual intake, based on assumptions from Fabbri and Piccinini (2012) and Tommasini (2016).  The 
digester was estimated to run all year with a running capacity of 75%. From this, the total running time 
of the digester was calculated. Based on the total feedstock per year and the ratio of the biomass 
residues of that feedstock, an allocation of power was designated to processing biogas from biomass 
residues (Table 35). Tommasini (2016) argued that 30% of the total feedstock would be biomass 
residues. However, based on the data gathered, about 5% is the ratio of biomass residues. 

PROCESSING BIOGAS 
Action Value Unit 
Motor capacity 100 kW 
Autoconsumption 7% % 
Running capacity 75% % 
Operating time 8760 hrs 
Allocation  5% % 
Electricity consumed 2143 kWh 

Table 35. Electricity consumption from biogas production 

From this, calculations were made regarding the biogas potential per tonne of fresh biomass residues 
provided by Fabbri and Piccinini (2012) and Tommasini (2016)9.  This was re-calculated to methane 
content per tonne (kgCH4/t), based on methane content data (52%) provided by Tommasini (2016) and 
methane density and calorific values. Biogas (presented in CH4) production potential from the residues 
was then calculated (Table 36), with an estimated 75% conversion efficiency. Based on literature, 
methane slip from the biogas plant was estimated at 2% of total production (Bruun et al., 2014; 
UNFCCC, 2012). After accounting for leakage, the total methane produced was used to determine the 
power production potential based on CH4 calorific values (Table 37). 

POWER GENERATED  
Action Value Unit 
Methane content in residues 131 kgCH4/t 
Biomass residues 73 t residues/yr 
Produced methane 3759 kg CH4 
     - 2% CH4 slip 3684 kg CH4 
Total electricity generated 15902 kWhel 

Table 36. Electricity generated from produced biogas 

Biogas Unit Value Comments 
Calorific value CH4 kWh/kgCH4 15.4 
     + conversion loss kWh/kgCH4 4.3 28% efficiency 

Table 37. Calorific value methane "#ö$%&''()!*)+!#&$,-.)+/!01123!4)&$,56&+7*/!01829 

9 200 m3 biogas/t was the calculated biogas potential from Tommasini (2016). 
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3.3.7 SJF 
The production and process flows related to SJF are excluded from the study, as outlined in goal and 
scope. However, due to the change in harvest in Scenario II, a larger yield would result in not only 
increased amount of biomass residues, but also seeds. Hence, the seed yield was used to calculate the 
total amount of produced SJF in each scenario, respectively. These calculations were based on seed oil 
yield data (Nuti, 2011b; Sunchem, 2011b), standardized emission factors for aviation fuel (EPA, 2014) 
and GHG emission avoidance (70%) from using SJF as opposed to conventional fossil-based aviation 
fuel (Project Solaris, 2014; Sunchem, 2011b).  
 
Standard emission values       
Type gCO2/kg gCH4/kg gN2O/kg 
Fossil-based aviation fuel  2192.60 0.10 0.02 
SJF 657.78 0.03 0.01 

 
Table 38. Standard emission factors for aviation fuel and SJF 
 

3.3.7.1 Scenario I 
The total seed yield was used to calculate the SJF potential.  
  

SJF      
Value Unit Specification 

23.8 t seed/yr 
33% % oil yield 

7.9 t SJF 
      

Table 39. Produced SJF Scenario I 
 

3.3.7.2 Scenario II 
The same calculation method was used for Scenario II.  
 

SJF      
Type Value Unit  

112.6 t seed/yr 
33% % oil yield 
37.2 t SJF 

      
Table 40. Produced SJF Scenario II 

4. Life Cycle Impact Assessment (LCIA) 
 
The impact assessment is aimed at evaluating the significance of potential climate impacts based on 
LCI flow results. Based on the impact categories defined in goal and scope, the results presented here 
are based on the impact measurement into common equivalence units (in this case CO2e) that are 
summed to provide an overall impact category total per FU (Fig. 11). There are also CO2e emissions 
related to the use of SJF produced in both scenarios (Fig. 15).  
 
According to ISO 14044 (ISO, 2006b) this is the last compulsory stage of the LCIA. However, 
weighing can also be done to compare the different environmental impacts relative to each other in a 
way that they can be summed to get a single number for the total environmental impact. Data 
formatting was consistent with ISO 14040 and 14044 (ISO, 2006a, 2006b) standards for performing 
LCA.  
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4.1 Climate impact within system boundaries 

 
 
Fig. 11. Overall climate impact: scenario comparison for different emission life cycle steps. * = Total emission 
savings from produced biogas. A more detailed climate impact table can be found in Appendix C.  
 
The results portray that Scenario II provides significantly lower CO2e compare to Scenario I: 43% of 
CO2e is saved compared to Scenario I. 52% of the total emissions in Scenario II are saved through the 
production of biogas and the related flows to this parameter. There are added parameters in Scenario II 
due to the production of biogas, but overall the total emissions are less (Fig. 12).  
 
The emission savings from produced biogas have not been allocated to any parameters in particular 
when presenting the data; it simply states the emission reduction potential it has. In reality, the 
produced electricity is presumed to feed electricity back to system processes. Results show that there is 
sufficient electricity from the biogas process to support feedback loops to parameters within the 
system. Total emissions from electricity in Scenario II equals to 14 t CO2e. Saved emissions from 
biogas production are 20.8 t CO2e. This creates surplus electricity worth t 6.8 CO2e: i.e. about 5172 
kWh. This can potentially be fed to a local electricity grid or households to further save emissions 
outside system boundaries.  
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Fig. 12. Scenario comparison total emissions 
 
The overall contribution to the climate impact results by the various parameters is expressed as 
percentages of the total ( Fig. 13; Fig. 14). In Scenario II it should be noted that 52% of the total CO2e 
contribution is compensated when the biogas produced replaced coal based electricity. Scenario II has 
more parameters than Scenario I and has a larger contribution of CO2e overall. The difference in the 
parameters contribution to the system in Scenario II is mainly based on the biogas production and 
differences in harvest. The higher harvest potential in Scenario II has an impact on several parameters 
such as agricultura1 inputs, processing, and flows related to the biogas potential. Scenario I ( Fig. 13) 
depicts a situation where no CO2e is saved, whereas Scenario II (Fig. 14) shows higher emissions from 
the system as a whole, but where emissions are saved due to the production of biogas.  
 

 
 Fig. 13. Emissions intra-scenario Scenario I 
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Fig. 14. Emissions intra-scenario Scenario II 
 

4.2 Climate impact outside system boundaries 

The SJF production differed between the scenarios. The climate impact of this was not included in the 
results above but the effect of increased SJF production is further elaborated here by comparing SJF to 
conventional aviation fuel. This was set to occur outside the system boundaries because it assesses the 
climate impact associated with the Solaris seed, and not the biomass residues, as this study focused on. 
 
The calculation of potential SJF production was based on the yield of seeds in both scenarios. As 
Scenario I has a lower harvest yield, the SJF potential is lower, meaning it would replace less aviation 
fuel and can therefore save less emissions compared to Scenario II. Scenario II has a higher harvest 
yield and, hence, a higher seed yield and overall SJF potential.  
 
Regarding the climate impact of SJF overall, Scenario II saves about 45 ton of CO2e compared to 
Scenario I: about 79% (Fig. 15). The large difference in emissions between scenarios is mainly due to 
the higher yielding crop in Scenario II. Differences in emissions between the fuels are due to the 70% 
GHG savings that SJF has compared to conventional aviation fuel. The saved emissions equal to about 
8 t of SJF in Scenario I and 37 t in Scenario II (Table 39; Table 40). Even though this is outside the 
system boundary of this study, it is vital to mention as emissions differs significantly between the 
compared scenarios.!
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Fig. 15. Overall saved emissions from SJF for both scenarios. A more detailed SJF climate impact table can be 
found in Appendix D. 

4.3 Sensitivity analysis  

Carrying out a sensitivity analysis is standardized to most LCA’s. To be able to use LCA as a tool for 
decision-making, information is needed to test the robustness of the results. This section evaluates the 
influence on the results from variations in data by recalculating outcomes under alternative 
assumptions to in turn determine the impact of variables. The results of an LCA study can be affected 
uncertainties in the data used and the modelling sections. This is mainly due to methodological choices, 
assumptions such as system allocation, system boundaries and the quality of available data. To assess 
the impact of data uncertainties, a sensitivity analysis scenario was applied, where the parameters 
chosen were based on their uncertainty and inconsistency in the system as well as considerations arisen 
by subjective experience and personal knowledge.  
 
About 61% of total calculated CO2e emissions in Scenario II derived from uncertain variables or have 
assumptions associated with them, as opposed to Scenario I where about 32% of the results are 
associated with uncertainty. The chosen variables were based on the most uncertain variables in the 
model; i.e. variables where data gathered illustrated that data was either susceptible to significant 
change, or where data gathered was challenged by academic data. For example, fieldwork data from 
South Africa stated that certain variables, such as harvest yield could change depending on seasons and 
climate, which, in turn, would mean that processing capacity might change due to the need of larger 
machinery to handle more biomass. Where assumptions are present, such as digestate values based on 
Swedish climate, numbers would most likely change if crop and specific climate data was available. 
Type of biogas digester and CH4 values are included as uncertainties because academic literature 
stresses the possible variability of such figures. Other uncertainties were based on IPCC standard 
values of maximum and minimum values for emission factors. The sensitivity of these uncertain 
variables are calculated based on the base emission value for Scenario II (Fig. 16).  
 
The poor and optimistic scenarios, based on variations of data, show the variability of the total base 
emission value in Scenario II. The poor scenarios are assumed to have a negative impact on the final 
results, i.e. increased climate impact, while the optimistic scenario portrays a positive change to the 
system where the climate impact could decrease if the parameter was to change in favour of the results. 
The variations (+/-) of the different parameters were estimated based on representative assumptions as 
discussed earlier. This is outlined in the sections below.  

4.3.1 N2O emission factors  
The N2O emission factors were chosen as a parameter of the sensitivity analysis as emissions related to 
added N to managed land was a large contributor the CO2e in both scenarios. Another reason was due 
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to the fact that there was a lack of data regarding country and climate specific data in South Africa 
concerned with direct and indirect N emissions from fertilizer use. The values for poor and optimistic 
scenarios were taken from IPCC’s standard maximum and minimum values. It can be argued that the 
N2O emission factors are a large contributor to the system as a whole, and the tornado chart also shows 
the variation of CO2e contribution that a change in emission factor can have. Therefore, country 
specific data regarding N2O emissions would provide a more accurate understanding of the emissions 
related to this parameter.  

4.3.2 Organic fertilizer 
Storage loss for organic fertilizer was chosen as a parameter of uncertainty because of a lack of 
accurate data. The chosen value for the study was therefore based on Swedish climatic conditions, but 
academic literature suggests that losses can be larger. This depends on the treatment of the digestate, 
usually in terms of acidification to lower pH levels. The effect of uncertainties on this parameter does 
not alter the total CO2e significantly. 
 
The other organic fertilizer parameter, available N for uptake by plants, can be associated with 
uncertainty as this depends mainly on the digestion process and used feedstock. Since the feedstock 
mix is uncertain in this scenario (regarding the total feedstock to the digester besides Solaris residues), 
this could be an inconsistency in used data. The effect on the total CO2e is evident, where the available 
N in the processed digestate can have an impact on the total emissions of the system due to a decrease 
in synthetic fertilizer production. However, this does not alter the total climate impact significantly 
compared to other parameters.  

4.3.3 Processing capacity 
Processing capacity was chosen as a variable in the sensitivity analysis as it is realistic to assume that 
the processing machines would be different if the harvest yield potential was higher. Processing 
capacity, in terms of feedstock intake per hour, can therefore assume to increase as harvest increases. 
Results showed that processing emissions was a moderate part of the total CO2e. The sensitivity 
analysis depicts that a relatively large increase in processing capacity would decrease the total CO2e 
amount moderately. The rather moderate change is mainly caused by the high emission factors used for 
electricity in South Africa, due to the dominance of coal in the energy system. The change could 
potentially be even greater if energy produced from biogas could be fed back into he system and 
provide electricity to this process.  

4.3.4 Biogas 
Biogas plants emit small quantities of methane. This is not only an unwanted emission from the 
process, but also a problem due to the increased danger of explosion. Methane slip can be reduced to a 
large extent with proper management, by having a suitable digester appropriate for the feedstock and 
climate. The sensitivity analysis depicts a severe Scenario If methane leakage was to increase. This 
demonstrates that it is vital to build a suitable and sustainable digester, and with proper management 
and control leakage issues can be reduced.  
 
Methane content of the produced biogas was chosen as a sensitive parameter due to the uncertainty of 
data. It is uncertain because data was obtained from laboratory and field-data. The real case with co-
digestion with other feedstocks would possibly show different numbers; the total feedstock mix is 
unknown in this case. Authors have argued that the methane content of biogas can vary from 50-70%, 
hence the chosen variability in data for this analysis. The potential to achieve a higher content of 
methane in biogas shows significant decreases in CO2e. 

4.3.5 Harvest 
Harvest was chosen as a sensitive parameter because there were inconsistencies with the yield over the 
previous seasons from collected field data. Laboratory data and field tries suggested a much larger 
yield than what was being harvested in Marble Hall, mainly due to the extreme drought and lack of 
reliable rain periods. There are also discrepancies between what laboratory data shows and what is 
happening on the fields of Marble Hall. This is the reason why a realistic harvest percentage was 
calculated and adapted to both scenarios. If the yield would be as high as in the field trials, there would 
be a significant reduction of CO2e from the total emission results. If this were the case, however, 
experiencing such an increase in yield would probably change other parameters in the systems (such as 
digester size, processing machines and storage). This could affect the system in different ways and the 
potential reduction of CO2e is thus uncertain.  
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From gathered data, harvest variability can alter significantly depending on, especially, climatic 
conditions. The current season, ’15-’16, is experiencing an extreme drought due to the presence of El 
Niño. Particularly the first harvest was extremely low and under expectations. As such, Marble Hall is 
experiencing unpredictable harvests due to dramatic changes in climate patterns. This affects the 
sensitivity of this parameter further, making it difficult to predict harvest potential.  
 
 

 
Fig. 16. Tornado chart on uncertain parameters Scenario II. The change is relative to the emission base value in 
Scenario II: 19.54 t CO2e.  

5. Discussion 
 
In line with ISO 14043 standards, discussion is where the results of the assessment and all choices and 
assumptions made during the course of the assessment are evaluated in terms of soundness, robustness, 
and overall conclusions are drawn (Guinée, 2002; ISO, 2006a). The main parts of the discussion are an 
evaluation of the results (consistency and completeness), an analysis of results (in terms of robustness, 
for instance), and conclusions and recommendations of study. The key purpose is to determine the 
level of confidence in the final results; to communicate them in an unbiased, complete and accurate 
manner and ensure these results meet the goal of the study.  
 
It is important to check the consistency of a model to determine whether assumptions, methods, models 
and data are consistent with the goal and scope of the study. In terms of basic consistency, data 
terminology has been standardized for both scenarios and compared in an unbiased manner. 
Elementary flows are measured in a similar manner. This is especially true for inputs. Since the 
scenarios have different outputs, this may not be as consistent, and hence more difficult to compare. 
This has however been included as a part of the study due to the difference in scenarios. This displays 
consistency and overall representative of the system as a whole, including flows outside system 
boundaries. 
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The research strived for unbiased data collection. Methods for data gathering have varied, mainly due 
to the nature of the study. Fieldwork data was gathered to generate a full and realistic understanding of 
Scenario I. The data was collected through fieldwork as this was the only attainable method, and vital 
to understand the flows essential to Scenario I, which, in turn, lay ground for several flows in Scenario 
II. For Scenario II, data was a hybrid of fieldwork, academic research and laboratory data. This may 
cause some inconsistencies. Due to such inconsistencies, some uncertainty related to flows can be 
assumed. As Scenario II is a hypothetical scenario, assumptions were especially present when 
estimating the biogas potential and the flows related to this.  
 
Temporal aspects of reference flows may cause some inconsistency, as fieldwork data gathered was 
novel data, whereas data for Scenario II was older and may not fully represent the full potential. 
Geographical aspects were consistent because the data gathered for both scenarios was based on the 
same geographical location and practices present in this area.  
 
There were several assumptions related to standardized data used. For instance, N2O emissions from 
managed agricultural lands was an important factor in both scenarios. IPCC default values were used. 
Although this is used widely, specific values adapted to the climatic conditions and the crop would 
make numbers more accurate and reduce inconsistency. The same is true for using Swedish values 
regarding N losses during storage of the digestate. Hence, such data might not fully represent a realistic 
Scenario In Marble Hall. Nonetheless, as the same values were used for both scenarios it maintains 
internally consistent.  
 
Standardized data was also used for emission factors related to electricity in South Africa. This would 
be different if it the electricity used was not coal based. So, the total production of biogas would most 
likely not decrease the climate impact as it did in this study where the electricity from biogas replaced 
coal. However, as it is calculated within the current system, this is assumed to replace the power 
currently available on the market. Standardized values were mostly used due to the lack of country- 
and crop-specific data. 
 
The functions and flows defined were ensured consistency by using the same set of functions for both 
scenarios within the system boundaries. Flows were to some extent different. The flows were different 
because the systems ultimately had different outputs. System differences were handled using system 
expansion. The output of SJF in both scenarios were included in reference flows and represented in the 
results. 
 
There are several uncertain parameters regarding SJF assumptions. Primarily, the seed/residue ratio 
that was calculated based on previous harvest might not be entirely representative because Solaris 
cultivated for both seed and biomass could potentially have a different ratio. This has however been an 
assumption throughout the research. The seed yield would most likely be lower in Scenario II since 
Solaris would be grown for seed and biomass, as opposed to only seed as is the case in Scenario I. 
Hence, the amount of CO2e saved from SJF potential is uncertain. The reason it is included in the study 
but outside system boundaries is because the main focus was on biomass residues. It is nonetheless 
necessary to include SJF in LCI and LCIA and discuss it since the outputs differ between scenarios.  
  
One of the main inconsistencies is the different use of data sources throughout the system modelling. 
Hence, the technological representativeness can be associated with inconsistencies, as most of the data 
collected for Scenario II was based on laboratory, field-scale data. Due to the lack of data this was 
necessary for the model building. The influence on the results from using different types of data is 
difficult to quantify. There are also inconsistencies with using default values for some calculations, 
rather than country-, climate- or crop specific data. This was unachievable at times and then default 
values have instead been applied for both scenarios. These inconsistencies are difficult to avoid due to 
lack of data. Therefore, the use of such data and the methods are justified. The completeness of the 
study is still sufficient, and no data had to be discarded due to high uncertainties. 
 
A completeness check was done to ensure all relevant info and data needed for interpretation phase are 
available and complete, verifying whether information from the system is sufficient to reach 
conclusions in accordance with the goal and scope definition. The goal and scope of this study outlines 
the aim to assess the climate impact of two essentially different systems; the completeness of this study 
is thus confirmed as results show findings that are in accordance with the goal and scope.  
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From the results, it can be concluded that Scenario II has a significantly lower climate impact 
compared to Scenario I. There are, however, a multitude of uncertainties and sensitivities with the data 
collected and conclusions drawn from there, as presented in the sensitivity analysis and discussed 
above. The need for more accurate and representative data is evident to make a more robust conclusion 
of the benefits related to the biogas scenario. It is difficult because there are two essentially different 
systems being compared: Scenario I, which is an existing system, and Scenario II, which is a 
hypothetical future scenario. Because the systems are different, different types of data are available. 
Nevertheless, despite these data uncertainties, the results indicate that Scenario II would reduce the 
climate impact of the agricultural and energy system in Marble Hall.  
 
Providing a valuable end-use of biomass residues, while investing in renewable energy in a country and 
region where coal-based energy is dominant, is a positive step forward for the bio-economy in South 
Africa. Not only can such a system provide environmental benefits on a local and global scale, it may 
also serves as a role model for an environmental movement in the country with the potential to extend 
to other regions of Sub-Saharan Africa. This can be accompanied with other positive ripple effects, 
such as technological development, energy security and socio-economic benefits. In South Africa, and 
Marble Hall in particular, labour opportunities can arise from the biogas scenario explored in this 
study. This would in turn nurture sustainable development in a region experiencing high 
unemployment rates; lower the country’s CO2 per capita, one amongst the highest worldwide; and 
provide economical and environmentally feasible alternatives for agricultural residues for small and 
large-scale farmers.  
 
Making the agricultural and energy system more climate friendly, by reducing total GHG emissions, 
was the main goal of this study. Comparing the two scenarios solely based on climate impact, Scenario 
II provides significant emissions reductions. As the results were calculated based on several 
assumptions, the total climate impact of Scenario II is uncertain. This may be one of the major flaws of 
this research, and of LCA studies in general. Unless vital parametric sensitivities and assumptions can 
be avoided or reduced greatly, conclusions maintain inadequate to represent an accurate scenario. Still, 
the aim of the research was to compare the climate impact of two essentially different systems. This 
study has done that, and with positive results for the biogas scenario. Hopefully projects such as this 
can be presented as novel ways to make agricultural and energy system more climate friendly.  
 
Overall, conducting an LCA is an appropriate method to measure climate impact from a system. 
Results from this research show that coupling biogas production to existing agricultural and energy 
systems can significantly decrease climate impact. With the right research, decision-making tools and 
strategies, GHG emission avoidance, as those outlined in this research, can decrease the climate impact 
of the Solaris Project in Marble Hall. This can also extend to the rest of South Africa and Sub-Saharan 
Africa, and act as a model for any system aiming to create climate friendly scenarios.  

6. Conclusion 
 
This research has explored the field of sustainable development, specifically agricultural adaption in an 
era of biotechnology novelties and GHG mitigation strategies on a local level. Research aims 
flourished from previous publications (Bartle, 2014) stating the possible GHG emission reductions 
could be obtained by producing biogas for electricity from energy tobacco Solaris biomass residues. 
An LCA, traditionally a tool used to quantify environmental impact, was applied to assess the climate 
impact of introducing such a system. The main aim was to compare GHG emissions from the two 
scenarios by evaluating the agricultural and energy system in Marble Hall, South Africa. 
 
Scenario I was the base case scenario, where Solaris was cultivated for seeds to produce SJF. Biomass 
residues from the seed separation process were pelletized. Scenario II introduced a crop variety and the 
production of biogas with the primary goal to replace coal-based electricity and, secondly, fertilizers 
from the agricultural and energy system. Pelletizing in equivalent amounts as for Scenario I was also 
part of Scenario II. In Scenario II, a Solaris crop variety was assumed to be cultivated for both seeds 
and biomass. 
 
Results show that Scenario II saved 43% GHG emissions, reported in CO2e, compared to Scenario I. It 
can thus be concluded that a biogas scenario would reduce emissions from the agricultural and energy 
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system in Marble Hall significantly. The generated results show that the hypothesis of the research was 
true. On the other hand, due to a large number of uncertainties and assumptions, the validity and 
robustness of these results may vary.  
 
Sensitive parameters in the study were responsible for a large part of the total climate impact in both 
scenarios: about 32% in Scenario I, and 61% in Scenario II, respectively. Thus, the sensitivity analysis 
and the considered uncertainties constitute a large part of drawn conclusions. Despite uncertain 
parameters vital to the system, the sensitivity analysis illustrates that even for the variability in data that 
resulted in the largest GHG emission increase possible, the climate impact would still be less in 
Scenario II compared to Scenario I. This shows that results from this study can be acknowledged as 
robust. The thesis also recognizes ripple effects that could arise from such a scenario. It may affect 
areas such as energy security, rural development and fossil fuel independence positively.  
 
Recommendations for further research in this field should be focused on decision-making strategies 
and policy recommendations aimed to implement scenarios such as Scenario II. Prior to this, however, 
sensitivities and assumptions that contribute essential input data to such models must be researched 
further to reduce uncertainties and increase robustness of conclusions. In Marble Hall, the next step of 
research and implementation should be aimed at growing Solaris with methods outlined in Scenario II. 
This could enhance legitimacy of questionable parameters and increase the validity of further research. 
A biogas plant should be installed to generate more representative data regarding biogas potential, and, 
in turn, the potential of reducing GHG emissions from the agricultural and energy system in Marble 
Hall such a change could bring.   
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8. Appendix 
 



Frode Öckerman
A) Diesel tillage; tractor



Frode Öckerman
B) Electricity boom spray
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C) Detailed total climate impact

D) Detailed SJF climate impact

Parameter t CO2 t CH4 t N2O t CO2e 
Scenario I II I II I II I II 
Fertilizer 5.07E+00 4.04E+00 1.51E-02 1.07E-02 1.64E-02 8.18E-03 1.05E+01 6.84E+00 
N2O 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.61E-02 3.81E-02 1.08E+01 1.14E+01 
Pesticides 2.14E+00 1.82E+00 5.53E-03 4.71E-03 3.64E-04 3.10E-04 2.44E+00 2.08E+00 
Power - Irrigation 1.55E+00 1.94E+00 2.04E-03 2.54E-03 7.78E-05 9.73E-05 1.64E+00 2.05E+00 
Diesel - storage 2.24E-01 1.06E+00 2.87E-06 1.35E-05 6.91E-06 3.26E-05 2.27E-01 1.07E+00 
Diesel - pellets 1.02E-01 1.02E-01 1.30E-06 1.30E-06 3.13E-06 3.13E-06 1.03E-01 1.03E-01 
Diesel - tillage 1.20E+00 1.20E+00 1.54E-05 1.54E-05 3.70E-05 3.70E-05 1.21E+00 1.21E+00 
Diesel - pest 1.92E+00 1.06E+00 2.45E-05 1.36E-05 5.90E-05 3.27E-05 1.93E+00 1.07E+00 
Power - storage 9.83E-01 4.64E+00 1.29E-03 6.10E-03 4.94E-05 2.33E-04 1.04E+00 4.92E+00 
Power - pellets 3.99E+00 3.99E+00 5.24E-03 5.24E-03 2.00E-04 2.00E-04 4.23E+00 4.23E+00 
Power - biogas - 2.64E+00 - 3.47E-03 - 1.33E-04 - 2.80E+00 
Methane leak - 0.00E+00 - 7.52E-02 - 0.00E+00 - 2.56E+00 
*Power - biogas - -1.96E+01 - -2.57E-02 - -9.83E-04 - -2.07E+01 
Total 1.72E+01 2.92E+00 2.93E-02 8.23E-02 5.34E-02 4.64E-02 3.41E+01 1.95E+01 

Parameter t CO2 t CH4 t N2O t CO2e 
Scenario I II I II I II I II 
Aviation fuel 1.72E+01 8.15E+01 7.47E-04 3.53E-03 1.42E-04 6.69E-04 1.73E+01 8.18E+01 
SJF 5.17E+00 2.44E+01 2.24E-04 1.06E-03 4.20E-05 2.01E-04 5.19E+00 1.21E+01 
Saved emissions 1.21E+01 5.70E+01 5.23E-04 2.47E-03 9.90E-05 4.68E-04 1.21E+01 5.73E+01 
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