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Na Sodium 
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1. Introduction 

1.1. Sustainability context 

Our human society with its 7 billion members [1] exists on a planet which we 

share with countless other species. Our existence depends on the synergy 

between all the species and the natural resources that are present in this world. It 

is vital that we proactively maintain this ecological balance and effectively use 

natural resources to ensure the sustenance of our society in the long term. In the 

past centuries we have made significant strides in enhancing the quality of life for 

an increasing proportion of people across the globe. Continuing this progress in a 

society with increasing members and a resource constrained world while ensuring 

long term sustainability will test the limits of our ingenuity, cooperation and 

resolve. Throughout history a variety of philosophies [2-5] in different parts of the 

world have aimed to maintain the balance between humans and our 

environment. These philosophies resulted in societal attributes like 

vegetarianism, animal rights and protection, forest protection movements among 

others. Ecologically oriented beliefs such as the one in which every human is born 

with a fixed quota of resources and hence is supposed to use them wisely, can 

also be attributed to such philosophies. Although these philosophies are still 

followed to some extent their influence diminished over the past couple of 

centuries through the almost global pursuit of anthropogenic control over natural 

environment [6-8]. With this pursuit, new indicators and goals for societal 

progress such as production output and income among others came to 

prominence. In recent decades however, recognition of the problems caused by 

this pursuit have led to a global awakening and discussion around the issue of 

progress and sustainability. A prominent milestone was the establishment of the 

‘World commission on environment and development’ in 1983 under the auspices 

of United Nations. The commission’s report, Our common future, delivered in 

1987, articulated sustainable development as ‘development that meets the needs 

of the present without compromising the ability of future generations to meet 

their own needs’ [9]. The commission’s work has helped to ingrain the concept 

and the need for sustainability in our current societal psyche. Since then, we as a 

society have continuously improved our understanding of sustainability and have 

strived to implement it in practice as we engage in technological and social 

developments. Nevertheless, recent work on planetary boundaries [10] shows 

that the current growth and consumption patterns are still unsustainable in the 
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long run. It demonstrates that our society is exceeding the limits of available 

natural resources and is disturbing the ecological balance. By some estimates [11] 

if all members of our society were to have similar lifestyles as the ones with 

currently the highest standards of living, meeting our needs would require 

multiple Earths which we clearly do not have. One might wonder what would it 

take to address this issue? 

An essential point here is that the issue of sustainability is a multi-dimensional 

one and one that needs to be addressed at a local, regional as well as global level. 

Successfully meeting the challenge of sustainability requires almost 

unprecedented global cooperation and coordinated action by all members of our 

human society.  Although different articulations are possible, sustainability has 

three main dimensions, society, environment and economy which are also 

referred to as people, planet and profit. 

 

Economy

Society

Environment

 

 
Parallel consideration and intertwining of these three dimensions is important 

to bring sustainability into practice. Recognition of this need has led to various 

global and regional initiatives in recent decades. Some of these initiatives address 

the technical-industrial system and focus on improvement of existing services, 

products and production systems. Examples of such initiatives include the United 

Nations Environment Programme (UNEP) [14] and the Sustainable Commodity 

Initiative [15]. Some other initiatives like the UNFCCC [16] and the Montreal 

protocol [17] address the natural environment. These programmes are quite 

mature and have managed to bring a variety of stakeholders onboard. But they 

face the challenge of having to change well established existing systems and 

therefore usually focus on incremental changes. Hence already in the 90’s of the 

last century new thinking emerged [18,19] to incorporate sustainability in the 

development process of future products, services and production routes.  An 

early stage focus provides significant flexibility to experiment with new concepts 

Figure 1.1: Dimensions of sustainability [12,13] 
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and create opportunities for ushering in completely new systems. Hence ex-ante 

sustainability assessment became a key component of major national and 

international research initiatives such as FP7 [20], Horizon 2020 [21], CBiRC [22] 

etc. A key aspect of these initiatives is that in-line with sustainability goals, they 

aim to connect individual technology developments with the wider systemic 

(economic, environmental, social) context and goals. The work presented in this 

thesis was a part of one such effort (CatchBio project [23]), that aims to develop 

sustainable routes to produce liquid transport fuels and commodity chemicals 

from biomass. 

1.2. Fuel and Chemical sector 

The availability and use of energy and material resources plays a major role in 

our day-to-day lives. Access to these resources has played a major role in the 

progress of our society. These resources help to meet a variety of human needs 

ranging from food, shelter and clothing to mobility etc.  Partly reflecting our 

societal needs, in just more than a century, transport fuels and commodity 

chemicals have become the cornerstones of improved standards of living in our 

society. Transportation fuels power mobility via a wide range of vehicles from 

motorbikes to airplanes. This mobility has helped us knit a connected world that 

enables effective transportation of people and goods around the globe which in-

turn drives the world economy. Commodity chemicals have played a major role by 

enabling a wide range of materials from plastics to surfactants which are 

converted into products that have transformed our day-to-day lives. This 

importance of fuels and chemicals is reflected in the colossal historical production 

volumes. Moreover, as we improve living standards for an ever wider proportion 

of our society the growth in fuel and chemical use is inevitable. Liquid transport 

fuels and commodity chemicals are nowadays primarily produced from fossil 

resources [24-28]. About 98% of the liquid transport fuels and about 70% of the 

chemicals are derived from fossil oil [26]. Figure 1.2 shows primary energy 

demand for different types of fuels in terms of million tonnes of oil equivalent 

(Mtoe) and share of different end-use sectors responsible for this demand. Fossil 

oil resources constitute a significant fraction of global primary energy demand 

and it is expected that this will continue to be the case in the coming decades. The 

world primary energy demand was about 12.5 billion tonnes of oil equivalent 

(523.4 exa joules) in 2012 with a 33% share of fossil oil resources [29,30]. IEA 

estimates [30] that transport fuels and chemicals will be the key drivers behind 

the increase in global fossil oil demand from 12 Mtoe per day in 2013 to about 14 

Mtoe per day in 2035.  
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Figure 1.2: Historical and expected future global primary energy demand by resource type [31] 

and overview of energy use in different end-use sectors [25] 

Use of liquid transport fuels accounted for about 2422 Mtoe of primary 

energy demand [25] in 2012 while the use of chemicals constituted 88 Mtoes of 

primary energy demand [25]. An increase in demand to about 3112 Mtoe for 

transport and 125 Mtoe1 for chemicals is expected by 2035 [25]. The production 

of these fuels and chemicals plays an important role in today’s world economy 

and thereby has a huge societal impact [32-34]. In view of the large societal 

importance, it is important to ensure long term sustainable production and use of 

these transport fuels and chemicals. Sustainable transport fuels and chemicals 

would thus be ones which can be continuously produced and used for a long time 

(almost forever) in future, in a manner which is in synergy with the natural 

environment on this planet. 

 

 

Figure 1.3: Transport fuels by types and feedstocks used for production of chemicals. 

                                                           
1
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Figure 1.3 demonstrates the almost complete dependence on fossil resources 

for the production of transport fuel and chemicals in the year 2010 [24,26]. Over 

the past decades, through system studies and consideration of life cycle aspects, 

we have developed a better understanding of the drawbacks of this reliance on 

fossil resources. These fossil resources have been formed via slow microbial and 

atmospheric processes over millennia and store a huge amount of carbon inside 

the earth’s crust. As such these resources are effectively non-renewable and at 

the current rate of consumption it is highly likely that these resources will not be 

available to meet the needs of our future generations [30,35]. Estimates [30] 

show that the proven reserves of fossil oil (about 231,924 Mtoe) would last for 

about 54 years. Although the remaining recoverable resources (about 813,779 

Mtoe) are expected to last for 178 years, their cost of recovery could be much 

higher. Hence the development and use of alternate renewable and sustainable 

resources is the key to meet the future needs of our society [35]. 

Regardless of the long term availability issue, even the current use of these 

fossil resources causes negative impacts. The use of these resources is 

contributing to the rapid release of buried carbon into the earth’s atmosphere in 

the form of greenhouse gases. The greenhouse gases are so called because of 

their ability to entrap energy from solar radiation entering the earth’s 

atmosphere. Usually a significant proportion of the solar energy is reflected back 

into the space. Similar to the effect observed in greenhouses, the partial trapping 

of this energy contributes to increasing the earth’s temperature and thus leads to 

global warming [36]. The increase in atmospheric concentration of greenhouse 

gases is disturbing a delicate atmospheric balance that has existed throughout 

human history [36]. This phenomenon is widely referred to as climate change. 

Studies [36] have shown that the current and expected increased concentration 

of greenhouse gases in the atmosphere due our reliance on fossil resources 

[36,37] is unprecedented in human history (see figure 1.4) [36,38]. 
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Figure 1.4: Historic trends in atmospheric CO2 concentration [38]. 

This increase has led to an atmospheric carbon dioxide concentration of 398 

ppm by February 2014 which represents a 42% increase from the pre-industrial 

levels (~280ppm) [39].This abrupt increase can be attributed primarily to the fact 

that greenhouse gas emissions from use of fossil energy increased from about 3 

giga tonnes in the year 1900 to about 31.5 giga tonnes in 2012 [30]. According to 

the IPCC [40] this atmospheric change can lead to adverse changes in our natural 

habitat and thereby disturb the synergy on this planet that has allowed our 

society to flourish. Studies [40] have shown that this discord can lead to a variety 

of effects such as sea level rise, ocean acidification and erratic weather patterns 

among others. These effects will certainly test our ability to sustain our society 

while meeting the growing needs of all its members. In addition to the longer 

term effects such as resource depletion and climate change our current use of 

these fuels and chemicals is also causing problems such as pollution and 

destruction of ecosystems. Oil spills are just one example of the cause of such 

effects. Also fossil resources are often concentrated in specific regions of the 

world and are hence susceptible to supply disruptions for geo-political reasons. In 

the wake of such problems, it is important that we develop alternatives to our 

reliance on fossil resources. Given the extent of our reliance on fossil resources 

and the major role they play in today’s society, it will take several decades to 

change the systems of production and use. Taking a step in this direction the 

European Union (EU) has established a roadmap to reduce fossil carbon emissions 

by 2050 [41]. The objective is to take implement a series of measures [41] in 

different sectors of the EU economy to reduce domestic emissions of fossil carbon 

by 80% (from 1990 levels) by 2050. 
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1.3. Biobased system 

Fossil resources are basically millennia old biomass (plant and organic matter) 

that was transformed via natural processes. Hence a key alternative to fossil fuels 

and feedstocks is to instead use recent biomass resources. Recent biomass 

includes resources from farming, forestry etc. that offer a more rapidly available 

(e.g. on an annual basis) renewable source of carbon based feedstocks. With 

development of appropriate processing techniques, it is technically possible to 

convert such biomass resources into renewable fuels and chemicals that can 

replace fossil based ones. This possibility of using renewable feedstock is reflected 

in the growth and developments in the field of bioenergy and biobased chemicals 

[42]. Demonstrating a growth opportunity, the technical supply potential of 

biomass is estimated between 50 - 500 exa joules (1194 - 11942 Mtoe) per year 

by 2050 [42]. It is estimated that use of biomass accounted for about 1300 Mtoe 

of primary energy demand in 2011 and this is projected to increase to about 1850 

Mtoe by 2050 [30]. It is important however to note that about 60% of the biomass 

use is for traditional uses such as cooking and heating by direct burning and the 

rest is modern biomass use for conversion to liquid fuels, electricity etc. It is 

estimated that over time the fraction of modern biomass use will increase as new 

technologies spread to more regions in the world. The production of liquid 

biofuels like biodiesel and bioethanol which constitute modern biomass uses has 

increased from 11.8 Mtoe in 2002 to 60.22 Mtoe in 2012 [29]. Bioethanol has also 

been used to produce bulk chemicals like ethylene and mono-ethylene glycol [43]. 

Despite this impressive increase in the use of biomass resources, biomass 

accounts for only about 10% of the total primary energy use in the world [42]. 
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Figure 1.5: Conversion routes from biomass to chemicals and fuels [44,45] 
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Over the past century the use of fossil based feedstocks has been perfected. 

Hence regardless of the potential, moving towards biobased feedstocks calls for 

major systemic changes. These systemic changes imply establishment of new 

value chains characterized by various technical, economic, environmental and 

social issues that need to be resolved. A good example of this change is the 

potential to replace the conventional fossil fuel refinery with a biorefinery. The 

biorefinery could be considered as the heart of a biobased system. It includes 

utilizing the various fractions originating from different types of biomass to 

optimally produce a mix of fuels, chemicals and also potentially feed and food 

products [44,45]. 

Figure 1.5 provides a snapshot of the large number of process routes that 

have been envisioned for conversion of biobased feedstocks to different potential 

fuels and chemicals [44,46]. Large national and international programs for R&D, 

demonstration and implementation of technological solutions based on these 

routes have been put in place [21-23]. Although the possible feedstock-

technology-product combinations indicate a huge potential opportunity, they also 

add an enormous complexity in actually realizing a sustainable biobased system. 

The variety of feedstocks raises the question of which ones are more preferable 

to produce as well as convert. The potential products raise the question of which 

ones should be targeted based on the wider product system. The large number of 

competing technology options, raises the issue of which options are the most 

preferable to convert a specific feedstock into a specific product. To have an 

optimal system these three aspects need to be considered together to figure out 

which feedstock-technology-product combinations are promising from an 

economic, environmental and societal perspective. 

Further increasing the complexity is the fact that merely moving towards a 

biobased system does not guarantee sustainability [42]. A good example here is 

the various sustainability issues surrounding the use of so called first generation 

(e.g. corn, soybean) biomass resources to produce biofuels like bioethanol and 

biodiesel [42,47-50]. Studies show that use of biobased resources for production 

of transport fuels and chemicals can lead to a potential reduction in direct 

greenhouse gas emissions [26,37,42,51]. However, these benefits are coupled 

with drawbacks such as deforestation due to land requirements, increased 

fertilizer requirements and lower energy conversion efficiencies among others 

[42,47,48]. On average our global primary energy demand for transport fuels and 

chemicals was about 360 kg oil equivalents per person in 2011. At a crude oil price 

of about 100 USD per barrel, this demand translates to a cost of about 260 USD 

per person per year just for crude oil. Significant further costs are incurred in 
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further transforming this crude oil to transport fuels and chemicals that we use to 

meet our mobility and material needs. The affordability of fuels and chemicals 

becomes a serious issue when we consider that about a third of our society earns 

less than 2 USD per day [1,52]. Thus apart from environmental aspects, a future 

biobased system has to deal with issues of economic and social sustainability such 

as economic viability and equality of access to resources. 

Following the principle of ex-ante sustainability assessment, it would be 

desirable to ensure, by means of targeted R&D and implementation, that any new 

biobased system is actually sustainable from all three dimensions (economy, 

environment and society). The relatively nascent stage of biobased systems 

presents a unique opportunity to incorporate sustainability considerations. The 

European Union’s bioenergy directive [53], which stipulates a 60% GHG emission 

reduction goal for transportation biofuels from 2018 onwards, represents a step 

in this direction. Steps such as these are increasingly being coupled with more 

comprehensive sustainability considerations such as land use change and 

biodiversity. For example, a sustainable biobased system will need to utilize 

second generation ligno-cellulosic feedstocks [47,53,54] that do not compete with 

food production and are produced without causing harm to the environment or 

people along the supply and use chain while still being economically viable. 

Another example is to use this opportunity to replace toxic chemicals and 

hazardous production processes with safer biobased alternatives. 

The different members of our society and its institutions are key stakeholders 

in this systemic change and can have differing objectives and opinions about 

enabling a sustainable future. The successful consideration of these stakeholder 

perspectives will be essential in order to ensure the transition to a sustainable 

biobased system. A value chain and issue matrix is presented in Table 1.1 which 

shows the various segments of the biobased value chain. While working on 

specific solutions, the matrix can be used to visualize and understand the whole 

system along with different stakeholders and to develop suitable solutions. The 

information presented here is an example and by no means complete. Even 

though the matrix shows issues in different boxes, it is important to bear in mind 

that the boundaries are fluid and many issues span different types of issues and 

various value chain segments. 
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Table 1.1: Value chain and issue matrix for biobased system 

Biobased value 

chain segments> 

and issues 

Agriculture and 

forestry 

Feedstock 

transport 

Feedstock 

conversion 

Transformation to 

fuels and 

products 

Market supply 

chain 

Marketing, sales 

and use 

Recycle and 

waste processing 

Technical 

Crop productivity, 

maintaining soil 

health 

Low volumetric 

density 

Separation of 

lignin and sugars 

Development of 

effective catalysts 

and advanced 

biotechnology 

Product transport 

characterisitics 

Technical 

performance 

Separation, 

reprocessing, 

downcycling 

Economic Farm income 
Low volumetric 

energy density 

Product losses, 

Capital 

requirements 

Co-product 

valuation, 

operational 

feasibility 

Utilization of 

conventional 

infrastructure, co-

product market 

access 

Price parity 

Feasibility of 

collection & 

competition with 

virgin materials 

Environmental 
Land use change, 

pollution 

Transport 

emissions 

High feedstock 

use and overall 

energy use 

Energy use, 

pollution 

Transport 

emissions, 

product losses 

Emissions and 

product hazards 

Loss of material 

and inputs for 

recycling, 

hazardous 

emissions from 

incineration 

Social 

Competition with 

food production, 

land grabs 

Investment risk of 

new transport 

systems 

Workplace 

hazards, jobs, 

market 

uncertainty 

Workplace 

hazards, jobs, 

market 

uncertainty 

Investment risk 

perception due to 

low volumes, 

equity aspects 

Product 

perception, 

reliability of 

environmental 

benefits 

Location of 

recycling or waste 

incineration 

facilities 

Specific 

stakeholders 

Farmers, land 

owners, seed 

providers, 

harvesters 

Logistic providers, 

infrastructure 

companies 

Technology 

providers, 

chemical and fuel 

companies, plant 

owners 

Technology 

providers, 

chemical and fuel 

companies, plant 

owners 

Traders, 

warehouse 

providers, 

intermediaries 

Consumers, 

retailers, 

advertisers, 

transport mode 

manufacturers 

Cities, waste 

collection 

companies, 

recyclers, waste 

processors 

Common stakeholders 
Financial institutions, governments, NGO’s, advocacy groups, research and 

development groups 



Introduction 

 

12 

The work in this thesis focusses on solutions in the feedstock conversion and 

transformation stages by considering assessment of feedstock-technology-

product combinations. The focus is on technical, economic and environmental 

aspects along with partial consideration of social aspects. 

1.4. Knowledge gaps and Research needs 

1.4.1. Need for Technology-System assessment 

In order to successfully develop a sustainable biobased system it is important 

that the existing solutions and the ones that are under development are analyzed 

by placing them in a wider system context. This requires an assessment of how 

these solutions would fit in a mature biobased system and an understanding of 

the consequences of their interaction with the wider system. The goal of such an 

analysis is to understand the potential of these solutions in enabling a sustainable 

future, identify potential bottlenecks and more importantly, to provide feedback 

for future development. To meet this goal the analysis needs to shed light on the 

technical, economic, environmental and social aspects of the proposed solutions. 

Over time a variety of assessment techniques have been developed/suggested to 

evaluate the interconnection between the proposed solution and different parts 

of the value chain and wider system and to analyze their effectiveness. The table 

1.2 provides a brief overview of such techniques. 

An important consideration when applying such assessment techniques is 

availability of quality data, objectivity of analysis and the resources (time, human 

and capital) required for analysis. Reliance on more quantitative evaluation 

techniques provides more objective analysis, however these require increasing 

amounts of data and resources for assessment. Moreover, without the use of 

high-quality data, the analysis cannot provide the required information for an 

objective evaluation of the sustainability of the proposed solution. Now these 

techniques are to be used to evaluate the large number of feedstock-technology-

product combinations that can be part of a future biobased system. Hence a 

critical challenge before us is to effectively use the limited human and financial 

resources in order to objectively evaluate all the potential process routes from a 

sustainability perspective and to select the most promising ones. 
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Table 1.2: Assessment techniques for technology-system sustainability assessment 

Assessment techniques Description Sustainability aspects 

Green chemistry principles 

Qualitative. Promotes 

development of green 

chemical routes 

All aspects  

Energy and exergy analysis 

Quantitative. Enables 

evaluation of energy 

conversion and utilization 

efficiency of a proposed 

solution 

Technical 

Techno-economic analysis 

Quantitative. Enables 

evaluation of the technical 

and economic feasibility of 

a proposed solution 

Technical and 

Economic 

Environmental life cycle 

assessment 

Quantitative. Considers 

the complete life cycle of a 

solution across the whole 

value chain and enables 

evaluation of the 

environmental impact and 

feasibility 

Environment 

Social life cycle 

assessment 

Qualitative-Quantitative. 

Considers the complete 

value chain to enable 

evaluation of the societal 

impact and feasibility 

Social 

Environment-Health-

Safety (EHS) hazard 

assessment 

Quantitative-Qualitative. 

Considers the hazard 

aspects of a solution 

which form a part of the 

social as well as 

environmental aspects 

Environment-Social 

Multi-criteria analysis or 

cost-benefit analysis 

Quantitative-Qualitative. 

Enables integrated 

evaluation based on all 

the different sustainability 

aspects 

All aspects 
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1.4.2. Need for early-stage feedback 

Merely analyzing a proposed solution, after significant investment of time and 

resources in its development, is not enough to usher in sustainability. Keeping in-

line with the ex-ante sustainability approach, it is important to provide an early-

stage feedback from a system perspective to develop inherently sustainable 

solutions. As shown in Figure 1.6, two types of ex-ante assessment can be 

distinguished: First is the early stage assessment (ESA) which utilizes the process 

information available at the conceptual or laboratory experiment stage of process 

development and its combination with system level sustainability. Second is the 

detailed sustainability assessment (DSA) which utilizes the more in-depth process 

information available at the process design stage and its combination with system 

level sustainability. This detailed assessment involves process simulation, techno-

economic analysis and life cycle assessment. 

 

Figure 1.6: Development stages of a process from concept to commercialization and types of ex-

ante sustainability assessment 

The development efforts for biobased technological solutions to produce 

fuels and chemicals are still in a nascent stage with very few commercial 

implementations. In theory, this provides the flexibility required to integrate 

sustainability into the development process. In practice, however, the nascent 

stage of these solutions and in general of the biobased value chain, make it 

particularly challenging to analyze their potential from a system perspective and 

to provide feedback for further development. The challenges include 

understanding of the various factors affecting sustainability, use of appropriate 

analytical techniques and availability of the data required for analysis among 

others. As an example, very limited experimental data is available for a particular 

process route early on in process development (process concept and laboratory 

experiment stages) which makes it difficult to implement sustainability analysis. 

On the other hand, even though more data is available at later stages in process 

development, the opportunities to incorporate the learning from sustainability 

assessment diminish progressively. Moreover, apart from the analytical challenge 
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a key issue is to facilitate effective interaction between people engaged in the 

activities of technology development, data collection for analysis and 

sustainability assessment. Enabling coordinated actions from these different 

actors is a pre-requisite for developing inherently sustainable solutions. 

1.5. Research questions 

The challenge of analyzing the sustainability of novel biobased production 

processes and providing feedback for future development underlies the research 

questions that this thesis aims to answer. The following three research questions 

are addressed: 

 

1) How can we assess the sustainability of novel biobased chemical 

conversion routes which are still at the laboratory stage? 

a. Which categories and sustainability dimensions can be covered while 

balancing data needs for comprehensive sustainability assessment 

with faster analysis and feedback for decision making in laboratory 

research? 

b. Is it possible to use this approach in a reliable manner to objectively 

analyze alternative process routes being developed in a research 

consortium? 

2) How do the findings of the early-stage sustainability assessment (ESA) 

compare with detailed sustainability assessment (DSA) involving process 

simulation (flowsheeting), techno-economic and life cycle assessment?  

3) How can detailed sustainability assessment (DSA) be used to assess a 

variety of conversion reactions, downstream processing and product 

types for a particular process route, with the goal of providing feedback 

for R&D decisions? 

 

These research questions have been dealt with in this sustainability 

assessment research project which was performed within the CatchBio (Catalysis 

for Sustainable Chemicals from Biomass, www.catchbio.nl) consortium. A variety 

of catalytic routes are being developed within this consortium to convert biomass 

into fuels and chemicals. This research project entailed close cooperation and 

interaction with the different consortium members engaged in laboratory 

development. The first phase involved developing, testing and applying ESA 

methodology to analyze a range of different process routes from biomass. The 

second part of this research project involved applying DSA for assessment of two 

specific biobased routes for production of high value chemicals and fuels. In the 
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context of information requirement, sustainability dimensions and value chain 

issues, the assessment involved in this thesis is represented in the figure 1.7. The 

early-stage sustainability assessment (ESA) applied in this thesis covers the 

economic, environmental and partial societal dimensions of sustainability on the 

basis of the minimum required technical information for analysis. The detailed 

sustainability assessment (DSA) relies on more in-depth information and hence 

based on the availability of required assessment methods and data, mainly covers 

the economic and environmental aspects of sustainability. 

 

 

Figure 1.7: Assessments applied in the thesis in the context of information required for analysis, 

sustainability dimensions and value chain issues 

The results of this work have been presented in chapter 2-6 of this thesis. 

Table 1.3 provides an overview matrix of chapters and research questions covered 

in different chapters of this thesis. 
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Table 1.3: Overview matrix of chapters and research questions in this thesis 

Chapters 
Research questions 

❶ ❷ ❸ 

① 
Introduction: Enabling sustainable fuels and 

chemicals 
◊ ◊ ◊ 

② 

Sustainability assessment of novel chemical 

processes at early stage: Application to biobased 

processes 

◊   

③ 
Early-stage comparative sustainability assessment of 

novel biobased processes 
◊   

④ 

Analysis of sustainability metrics and application to 

the catalytic production of higher alcohols from 

ethanol 

◊ ◊  

⑤ 
Comparative technical process analysis for catalytic 

and thermal pyrolysis of lignocellulosic biomass 
  ◊ 

⑥ 

Comparative economic and environmental 

assessment of catalytic and thermal pyrolysis 

processes 

  ◊ 

⑦ Summary, conclusions and recommendations ◊ ◊ ◊ 

 

1.6. Chapter overview 

The first sub-question of the first research question of this thesis (see 

previous section, No. 1a) is dealt with in chapter 2. An ESA methodology (5-pillar 

approach) for analyzing novel chemical processes at an early stage is proposed in 

this chapter. Relying on mass balance information from the reaction process, the 

proposed method combines key indicators from green chemistry, techno-

economic analysis, life cycle assessment and hazard assessment using a 5-pillar 

approach. The utility of these indicators for sustainability assessment is discussed 

in the chapter. In the proposed method, the sustainability of a novel process 

route is analyzed in comparison with an existing conventional process. The 

application of this methodology to biobased processes is discussed using the case 

study of butadiene production from ethanol. Aspects of laboratory decision 

making that are critical to the use of such a methodology are also highlighted. 

System boundary plays an important role in the sustainability assessment process. 
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Hence, the critical issue of selecting an appropriate system boundary when using 

this methodology for early-stage assessment is also discussed.  

To address the second sub-question of the first research question (i.e. No. 

1b), the methodology discussed in chapter 1 was utilized for a wide range of 

process routes. Chapter 3 demonstrates a working framework in which the ESA 

methodology is applied within a research consortium to analyze and compare a 

variety of novel biobased processes. The approach for selection of routes for 

analysis and an iterative approach involving data collection, analysis and feedback 

were important aspects of this working framework and hence have been 

discussed in the chapter. The analyzed processes target production of fuels and 

chemicals from different types of biobased feedstocks. Following the 

methodology each novel process is benchmarked against conventional fossil fuel-

based counterparts. The analyzed processes are still under development and 

hence a distinction has been made in the current and expected future 

performance. Also the effect of various scenarios such as high crude oil prices, on 

the assessment outcome is discussed. Finally the use of such a framework for 

decision making purposes is discussed in the chapter.   

One of the findings of the analysis discussed in chapter 3 was that the 

conceptual process for producing higher alcohols from bioethanol could be an 

attractive option. Hence using this conversion route as a case study, chapter 4 

demonstrates the application of sustainability assessment in parallel with 

laboratory developments. With the goal of answering the second research 

question, early-stage sustainability assessment (ESA) and detailed sustainability 

assessment (DSA) (involving process simulation, techno-economic and life cycle 

assessment) were performed on the laboratory process for higher alcohols 

production. While presenting laboratory development for this process, the results 

from ESA and DSA are also presented and compared in this chapter. The results of 

this comparison, suitability of ESA and pitfalls to be avoided in the analytical 

approach are discussed in this chapter. 

Taking a step further from ESA, the issue of integrating DSA in the 

development of a process route is also considered in this research. As discussed 

earlier on, an important aspect in this integration is to understand how a 

particular solution (process route) will fit in a mature biobased system. Based on 

the assessment reported in chapter 3 and the lack of relevant assessments, the 

process of catalytic pyrolysis was used to demonstrate this integration approach. 

The process of pyrolysis can be used to convert solid biomass into liquid transport 

fuels and chemicals. In a detailed sustainability assessment, the first step involves 

simulating (by means of flowsheeting) the large-scale technical performance of a 
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process that is still being developed in the laboratory.  Thus, with a focus on partly 

addressing the third research question, chapter 5 presents a unique coupling of 

laboratory experiments for pyrolysis with detailed technical process simulation 

models to produce a liquid fuel product from pinewood chips. Hydrogen is 

produced as a co-product from this process. The analytical model for this study 

relies on a wide range of representative components and serves the two following 

goals: First is to assess the technical performance of three catalytic and one 

thermal pyrolysis routes based on the same reaction setup. Second is to use the 

simulation model to provide technical feedback for development of future 

catalysts. The results of this comparison study are discussed in this chapter.  

Following the simulation step reported in chapter 5, the next step in the 

direction of integrating sustainability is the addition of economic and 

environmental perspectives. This next step is reported in chapter 6 and addresses 

the third research question. Thus, with the goal of placing the pyrolysis process in 

a wider system context using DSA, the technical models in chapter 5 were coupled 

with detailed process economics and life cycle environmental assessment models. 

Different technical product scenarios are used to evaluate the potential of three 

catalytic and one thermal pyrolysis routes and to provide feedback for catalyst 

development. The concept of abatement cost is used to partially combine the 

economic and environmental aspects. The pros and cons of these conversion 

routes, key bottlenecks and future possibilities are discussed in this chapter.  

Chapter 7 summarizes the research work reported in this thesis and discusses 

the insights gained in reference to the research questions. Practical applications 

of this research work, the potential societal implications and future use by some 

key stakeholders are also discussed. To provide directions for future research and 

development, this chapter also presents important aspects that have not been 

covered in this thesis. These aspects need to be addressed by future research in 

the pursuit of more sustainable fuels and chemicals. Finally, based on the 

experience acquired during this thesis and insights gained, recommendations are 

provided for researchers, industry and policy makers. 
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1.7. Appendix 

Table A1.1 Energy unit conversion factors 

Tonne oil equivalent 1 

GJ 41.87 

PJ 41.87*10-6 

EJ 41.87*10-9 

BTU 39683205.41 

Barrels 7.33 

MWh 11.63 
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2. Sustainability Assessment of Novel Chemical Processes at Early-

stage: Application to Biobased Processes2 

2.1. Abstract 

Chemical conversions have been a cornerstone of industrial revolution and 

societal progress. Continuing this progress in a resource constrained world poses 

a critical challenge which demands development of innovative chemical processes 

to meet our energy and material needs in a sustainable way. This challenge forms 

the basis for this chapter. We report a method for quick preliminary assessment 

of chemical processes at the laboratory stage. The proposed method enables 

review of chemical processes within a broader sustainability context. It is inspired 

by green chemistry principles, techno-economic analysis and some elements of 

environmental life-cycle assessment (LCA). This method evaluates a proposed 

chemical process against comparable existing processes using a multi-criteria 

approach that integrates various economic and environmental indicators. An 

effort has been made to incorporate quantitative and qualitative information 

about the processes while making the method transparent and easy to implement 

based on information available at an early stage in process development. The idea 

is to provide a data-based assessment tool for chemists and engineers to develop 

sustainable chemistry. This paper describes the method in detail and examines 

plausibility of the results. A biobased process for the production of but-1,3-diene 

has been analyzed using this method. This biobased process is compared with a 

conventional process for the production of but-1,3-diene from petroleum sources. 

The effects of uncertainty in the underlying model parameters and assumptions 

are also analyzed, along with the effect of system boundary selection on the 

assessment outcome. Analysis and testing of the method shows that it can be 

used as a valuable tool for sustainable process development. 

  

                                                           
2
 This chapter is a slightly adapted version of the article: Sustainability assessment of novel 

chemical processes at early stage: application to biobased processes, A.D. Patel, K. 

Meesters, H. den Uil, E. De Jong, K Blok, M.K. Patel, Energy and Environmental Science, 

2012, 5 (9), 8430-8444 
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2.2. Introduction 

Sustainability is a key challenge for the twenty-first century. Over the past 

couple of centuries, we have significantly improved our standard of living through 

increased use of fossil resources. However, our reliance on fossil resources poses 

critical questions in view of finite resources and environmental impacts. These 

concerns become even more crucial in the wake of increasingly resource-intensive 

consumption patterns across the world and have to be balanced against the 

growing needs of the world population. It is hence imperative to strike a balance 

among our economic, environmental and societal interests to achieve 

sustainability. 

In recent years, an increasing awareness of sustainability issues has led to an 

impetus for efficiency improvement, hazard minimization and utilization of 

renewable resources such as biomass. As we develop novel chemical conversions, 

it is important to analyze these processes within a broader economic, 

environmental and social context. Such an assessment helps us to identify 

promising alternatives and channel capital accordingly. The flexibility of early-

stage process development offers unique opportunities for chemists and 

engineers to use this assessment and make new pathways inherently sustainable. 

A critical challenge while performing an early-stage assessment is to work 

with the limited information available. Green chemistry principles laid down by P. 

Anastas [1] have pioneered sustainability thinking in process development. 

Although useful, these principles are qualitative in nature and fail to consider 

trade-offs between the economic feasibility, environmental impacts, risks and 

benefits associated with the chemical process. There have been other 

quantitative and qualitative assessment techniques based on specific product and 

process attributes, such as E-factor [2], GME[3], EcoScale [4] and ProSuite [5]. 

More comprehensive methods such as BASF eco-efficiency [6] and the 

Sustainability Consortium Open IO [7] rely primarily on data from existing 

processes or rigorous process and supply chain modeling efforts. The 

comprehensive methods incorporate features such as techno-economic analysis, 

environmental and social life cycle assessment, and so forth. Most of these 

methods are either qualitative and very broad (based on brand image or final 

product characteristics) or extremely information intensive, which demands 

significant investment of time and resources. Hence there is a need for a tool that 

provides a rather quick but informative assessment that can aid key decision-

making at the laboratory stage of a process. For such an assessment, it is 

important to utilize as much quantitative and qualitative information as is 
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available at an early stage in process development. The work by H. Sugiyama [8] 

represents an important step in this direction. His approach takes into 

consideration factors such as raw material costs, environmental impacts and 

hazards and is primarily targeted toward petrochemical processes. In this paper 

we continue in the direction of H. Sugiyama’s work. We modify his approach by 

incorporating more practical aspects and propose a comparative assessment 

method for chemical processes at the laboratory stage. Figure 2.1 shows the stage 

in the process development pipeline at which the proposed methodology could 

be applied. In its current form it is primarily targeted at processes for fuels and 

bulk chemicals. However, the flexibility of the proposed method could enable 

additional applications with some minor modifications. 

 

 

Figure 2.1: Process development pipeline and methodology application 

The proposed assessment incorporates basic reaction mass balance 

information along with data such as raw material prices, greenhouse gas (GHG) 

emissions and qualitative indicators. This information is integrated by means of 

weighting factors. In this chapter we use the method to analyze a biobased 

process and a comparable fossil-based process. This comparison gives us an 

important indication of the potential benefits that a proposed new process can 

offer over a conventional process in terms of sustainability. We also assess the 

robustness of this outcome in light of uncertainties in the input information. 

This method has been developed and applied within the CatchBio program in 

the Netherlands, which focuses on the development of catalytic processes for 

conversion of biomass to fuels and chemicals. In this paper we apply this method 

to a catalytic process for the production of but-1,3-diene from ethanol, which is 

being developed within the CatchBio program. This process is compared with the 

dominant conventional method for production of but-1,3-diene from naphtha in a 

steam cracker. Using the results of this assessment, we analyze the plausibility of 

the results and explore various details regarding application of the methodology. 

This method has already been tested for approximately a dozen different 

processes and the results will be published in the near future. 
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2.3. Methodology 

The method evaluates an innovative new chemical process and a comparable 

conventional process based on selected parameters that are used as proxies for 

economic feasibility, environmental impact, human health, and risks and 

opportunities. This method combines quantitative information about the raw 

materials and the process with qualitative indicators that reflect the sustainability 

of the process. The system considered by the assessment method includes the 

reaction and a separation process that is assumed to be ideal due to the lack of 

real process data (see figure 2.2). Figure 2.2 shows the level of process detail, 

where S represents the mass flow of various streams. S1 is the mixed input 

stream while S5 and S6 represent the product and co-product streams. S4 is the 

recycle stream and S7 is the waste stream.  

 

Reactions 

(main and side)

Separation

(ideal)

S4

S3

S5

S6

S7

S1 S2

 

Figure 2.2: Scope and level of detail 

For this analysis, the parameters that contribute to the final score are as 

follows: 

1) Economic constraint 

2) Environmental impact of raw materials 

3) Process costs and environmental impact 

4) EHS index 

5) Risk aspects 

This method uses basic reaction data in conjunction with other information 

such as the physical and chemical properties of the chemicals, prices, the 

cumulative energy demand (CED), greenhouse gas (GHG) emissions, market 

availability and so forth. The first parameter, economic constraint, provides 

information about the raw material costs relative to the market value of the 

products. The second parameter combines proxies for the environmental impacts 

associated with the raw material consumption for the process. While the first two 

parameters concern raw material requirements, the third parameter represents 

an indication of the expected costs and environmental impacts associated with 
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the processing of raw materials into final products. The fourth parameter 

provides information about the hazards associated with the process and can help 

in the development of inherently safer chemical processes. The final indicator 

incorporates information about the external market risks and potential technical 

aspects associated with the process. The first four mid-point parameters are 

based on the work of H. Sugiyama [8] and have been modified for our assessment 

method. The fifth parameter is an addition to the basic framework proposed by H. 

Sugiyama. Based on input from these five parameters, this method enables 

analyses of a conversion process in terms of its raw material costs and 

environmental impacts, processing costs, impacts and hazards, risk aspects. In this 

assessment scheme, lower values are desirable for each parameter. Figure 2.3 

provides an overview of the proposed methodology. The following sections 

explain each of these parameters in detail. 

2.3.1. Parameters 

2.3.1.1. Economic constraint (EC) 

Economic feasibility is critical for the practical implementation and economic 

sustainability of a chemical process. It is essential that the market price of a 

product covers the raw material costs and leaves room for processing costs. 

Economic constraint as defined here represents the raw material costs as a 

fraction of the value of the products and co-products. This parameter, which is 

based on quantitative information, is a function of the market prices of the 

products and co-products, raw material prices and practical yields. The yields are 

based on complete conversion of raw materials assuming recycle. It is calculated 

as a ratio of the economic value (market price × mass flow) of raw material inputs 

to the combined economic value of the products and co-products. The 

mathematical formulation can be described as follows: 
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Figure 2.3: Overview of the assessment methodology 
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In equation 2.1, am and bm are the respective prices and mass flows of the mth 

raw material and xn and yn are the respective prices and mass flows of the nth 

product. In the case of multiple reaction steps, the raw materials and products 

across all the steps are taken into account. This formula for EC also includes 

economic allocation for analyzing the main product without co-products. Please 

refer to appendix for details regarding the derivation of equation 2.1. 

For economic constraint, a lower ratio (<1) indicates higher opportunity in the 

form of lower feedstock costs relative to the market value of the products. A ratio 

higher than 1 indicates that the market value of the products and co-products 

does not cover the raw materials costs. A process with a lower ratio allows more 

room to accommodate other capital and processing costs. 

Challenges and solutions 

Fluctuations in prices can lead to variations in the parameter value. To reduce 

uncertainty and ensure a consistent assessment, prices at a similar point in time 

or for a similar time period should be used for calculations. Also, historical prices 

if available should be used as an input for uncertainty analysis. A cut-off criterion 

could be applied to leave out lower-value co-products that may be difficult to 

recover. However, implementation of a cut-off criterion is based on the decision 

to recover lower-value co-products with additional capital investment, which will 

be dictated by the size of the plant. It is difficult to take the size of the plant into 

consideration at this stage, in view of offering a fair comparison between 

processes as well as higher data requirements. 

In this method, the cost of a heterogeneous catalyst is assumed based on 

catalyst specifications provided by J.P. Lange [9]. Based on this reference, it has 

been assumed that catalyst consumption is below 1 kg catalyst/ton of product, 

above which catalyst costs can be critical for process feasibility. For homogenous 

catalysts, if the data indicates that catalyst is lost through side reactions or with 

the product, then that is accordingly taken into account. Based on further catalyst 

studies, more accurate information about the consumption of catalysts can be 

incorporated. 
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2.3.1.2. Environmental impact of raw materials (EI) 

This parameter represents the environmental impacts of the raw materials 

required for the production of a unit mass of product. H. Sugiyama proposes the 

cumulative energy demand (CED) of all raw materials as an indicator of this 

impact. The raw material CED represents the total energy requirements from 

cradle to the relevant system boundary. In the context of this assessment this 

system boundary is the inlet factory gate (i.e., the gate to which raw materials are 

delivered). It represents the total of renewable and fossil energy inputs along with 

the feedstock energy content. The CED can be a good representative first 

indicator for a wide range of environmental impacts [10]. In this assessment 

method, we have also included (with weight equal to the CED) the GHG (eqv. CO2) 

emissions associated with all the raw materials. GHG emissions function as an 

indicator of non-renewable resource use and climate change, which is an 

increasingly important long-term sustainability issue [11]. Only the fossil GHG 

emissions have been taken into account, thereby also including fossil carbon 

embedded in the product, i.e. following a cradle-to-grave approach. This choice 

represents the conservative assumption that the embedded carbon will be 

released at a later point in time, through utilization in the case of fuels and either 

waste incineration or the action of micro-organisms in the case of chemicals. The 

reasoning is that fossil-based carbon will only be recycled after a long time span 

of millions of years, while contributing to global warming and depleted useful 

carbon resources in the meantime. Biobased carbon, on the contrary, is recycled 

rather quickly (on a perennial or biennial basis) and causes a significantly lower 

global warming effect if it is sustainably harvested and converted. The global 

warming potential is estimated based on a 100-year timeframe using the IPCC 

2007 GWP 100 method [12]. 

Economic allocation is used to distribute process impacts over all the products 

and co-products. Allocation enables comparison on the basis of one unit of main 

product, which in essence is the functional unit for the assessment. Given the 

nature of this calculation, the assessment can be applied to any product from the 

process, regardless of its mass or economic value. Economic allocation has been 

used as opposed to mass or energy allocation because it accounts for the fact that 

the process is being operated primarily for economic reasons. This is because the 

target of a chemical conversion process is usually to achieve certain functionality 

in the product which is reflected in the price of the product. It avoids assigning a 

substantial share of the overall process impacts to low-value by-products 
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(especially relevant if these are produced in large quantities). The relevant 

equations for this parameter are as follows. 

Calculation of allocation factor 

 

     
        
∑       
 
   

                    (   ) 

 

In equation 2.2, fn stands for the main product, which is the functional unit 

for our calculations. xfn and yfn are the price and mass flow, respectively, of the 

main product, while xn and yn are the respective price and mass flow of the nth 

product. The product mass flows are based on complete conversion of raw 

materials. Afn is the allocation factor for allocating the impacts to the main 

product.  

 

Calculation of CED (P) and GHG (Q) 

To estimate the CED of raw materials, the following two steps are taken: first 

the feedstock energy component of the raw material CED is removed by 

subtracting the calorific value of the raw material from the CED. The remaining 

part then represents the total renewable and non-renewable process energy for 

raw material production from cradle to factory gate. Economic allocation is 

applied to this value in the second step. In contrast, the part representing the 

feedstock energy content flows through the process and ends up in the energy 

content (calorific value) of the products from the process. Thus, the CED of raw 

materials for the main product is estimated by adding the process energy 

allocated to the main product and the energy content (calorific value, Efn) of the 

main product. 

By analogy with CED, the GHG emissions of the raw materials refer to the 

system cradle-to-factory gate. However, contrary to CED, the cradle-to-factory 

GHG emissions do not include the portion originating from the feedstock. 

Hence,no subtraction is required, i.e. the raw material GHG emissions are 

allocated directly using economic allocation. These allocated GHG emissions and 

the potential GHG emissions from the fossil carbon embedded in the main 

product (e.g. petrochemical product) are added, to estimate the raw material 

based GHG emissions for the main product. 
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In equation 2.3 and 2.4, ym is the mass flow of the mth raw material. Pm, Em 

and Qm are the CED, calorific value and the GHG emissions, respectively, 

associated with the mth raw material. yfn is the mass flow of the main product and 

Afn is the allocation factor. Efn and FCfn are the calorific value and embedded fossil 

carbon, respectively, for the main product. Pfn and Qfn are the estimated CED and 

GHG emission values for the main product. 

Estimation of process environmental impact 

Both the CED and the GHG emission values of the new process are normalized 

against the respective values for the comparable conventional process. The 

normalized scores are then added using an equal weighting factor of 0.5. 

Challenges and solutions 

For calculation of CED and GHG emissions, allocation (here: economic 

allocation) can be applied in various ways. The most straightforward way is to 

apply alloction to the total CED and GHG emissions of the raw materials. 

However, a low allocation factor (reflecting a product with a low price and mass 

flow) can, however, lead to violation of the mass and energy balance principles, 

e.g. by resulting in a lower allocated energy requirement than the raw material’s 

calorific value. To avoid this effect, economic allocation is applied in the specific 

way as described above.  

The CED and GHG emissions are good first proxies for environmental impacts, 

but there are certain limitations for factors such as toxicity. If the required data is 

available, other factors such as water use and land use can also be incorporated 

into the method. 

2.3.1.3. Process costs and environmental impacts (PCEI) 

Given the early stage in process development, it is difficult to obtain 

quantitative information regarding the costs and environmental impacts involved 

in conversion of raw materials to products and subsequent downstream 

processing. Hence this parameter serves as a proxy to give an indication of costs 
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and impacts based on quantitative data inherent to the reaction and products. 

This index builds upon the energy loss index (ELI) suggested by H. Sugiyama [8] 

and is based on the notion that energy loss in the reaction and separation section 

of the processing sequence can be used as an indicator for the expected costs and 

environmental impacts [13]. 

The PCEI parameter aggregates seven different indicators, the scores for 

which are based on the data from the reaction. The individual scores vary from 0 

to 1 or from -1 to 0, based on the value of the underlying parameter. The 

description for the first five parameters follows from H. Sugiyama [8]. The last two 

indicators are our proposed additions to the ELI, due to their relevance for new 

processes (esp. biobased) and in line with other modifications to the method.  

Presence of water at the reactor outlet 

The presence of water at the reactor outlet has been considered because 

water can cause difficulties in the separation process and has a high heat of 

vaporization. Water that is distilled to the top of the distillation column is given a 

higher index value. This is determined based on the difference in the boiling 

points of water and the product (Scheme 1). [8] 

 

Water content at reactor 
outlet (discrete scale)

Index value

= 0% > 0%
>>0% 

(to distill)

0 0.5 1

Scheme 1 

Product concentration (molar concentration of the main product at the 

reactor outlet) 

The second indicator is the molar concentration of the product at the reactor 

outlet, and is based on the inverse relationship between product concentration 

and the efforts required in separation (Scheme 2). [8] 

Molar concentration of 
product at reactor outlet

Index value

> 25% 5% < 1%

0 0.5 1

Scheme 2 

Boiling point (minimum difference between the main product and the 

substances at the reactor outlet) 
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The third indicator is the difference in boiling point between the main product 

and other substances at the reactor outlet. These other substances may be co-

products, auxiliary inputs or water. The boiling point of each substance at the 

reactor outlet is compared with that of the product, and the minimum difference 

is used for index calculation. The index value increases as the difference in boiling 

points decreases because that increases the difficulty of separation (Scheme 3). 

[8] 

Minimum boiling point 
difference between 

substances at reactor outlet

Index value

>20K 10K <5K

0 0.5 1

Scheme 3 

Inherent reaction mass loss (measured by mass loss index) 

As a fourth indicator, the mass loss index [14] (MLI) for a reaction step is 

determined. This index serves as a proxy for mass loss related to the formation of 

waste and unconverted reactants in the reaction [8]. This index is a ratio of the 

total mass of all components at the reactor outlet other than the main and co-

products to the mass of the main and co-products from the reaction. The 

unwanted outputs from a reaction inherently end up in the waste treatment 

process. This index quantifies the efforts required in waste treatment and 

additional separation requirements (Scheme 4). 

Inherent reaction mass 
loss measured by MLI

Index value

<0.1 1 >10

0 0.5 1

Scheme 4 

Reaction enthalpy (heating or cooling duty) 

Typically, a higher heat of reaction requires more utilities (e.g., steam, fuel) in 

an endothermic reaction, or cooling water in an exothermic reaction. When the 

exothermic reaction occurs above 200 °C, the generation of useful process energy 

(e.g., steam) becomes possible. In this case, a negative value is applied using the 

secondary scale, to credit the energy recovered (Scheme 5). [8] 
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Heating/cooling duty

Index value

<100 kJ/mol 200 kJ/mol >300 kJ/mol

0 0.5 1

Recovered energy (exo-
thermic over 200oC)

Index value

Reaction enthalpy

<100 kJ/mol 200 kJ/mol >300 kJ/mol

0 - 0.5 - 1

Scheme 5 

Number of co-products 

Extending the approach proposed by H. Sugiyama, we also consider the value 

of the co-products generated in the reaction. These co-products will need 

additional separation and purification if they are to be recovered. This indicator 

serves as a proxy for the increased processing requirements for co-products 

which will need to be separated from the main product and purified to achieve 

economic potential (Scheme 6).  

Number of co-products

Index value

1 3 >7

0 0.5 1

Scheme 6 

Pre-treatment of feedstock 

This indicator is a further addition to the ELI as proposed by H. Sugiyama. In 

many processes, especially ones that start from biomass, additional pre-

treatment of feedstock is necessary to either enable the reaction or to increase 

conversion efficiency. This indicator is used as a proxy for the additional efforts 

(ex. cutting, grinding, washing etc.) required in the pre-treatment of feedstock. It 

assumes discrete values of 0 (no pre-treatment) or 1 (pre-treatment required) 

(Scheme 7). 

Pre-treatment require-
ment (discrete scale)

Index value

No pre-treatment Pre-treatment required

0 1

Scheme 7 

 

As a default, equal weights are assigned to each of these indicators 

contributing to the ELI. The scores of all the indicators are added up to derive the 
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ELI of the process. For processes with multiple reaction steps, a separate ELI is 

calculated for each reaction and separation step, and the scores of all steps are 

added to arrive at a single ELI for the whole process. 

Challenges and solutions 

As an alternative to the use of equal weights, another approach would be to 

vary the weights based on the relative contribution of each parameter to the 

intensity of the processing requirements. Since the determination of specific 

weighting factors would require a separate in-depth study, we have chosen to 

apply equal weighting as the default, which could be complemented by a 

sensitivity analysis using different weighting sets based on expert judgment. 

The use of the mass loss index might seem to penalize low conversions 

without consideration of selectivity. However, low conversions inevitably lead to 

additional processing which needs to be considered. Other parameters in the 

method, such as the EC and the EI, take into account the yield of the product 

based on complete conversions and selectivity, thus justifying the use of the MLI. 

Depending on the availability of data, in addition to the above indicators, 

catalyst performance could also be included. This could be based on either of the 

catalyst characteristics, such as turnover frequency, weight hourly space velocity, 

on-stream time and regeneration time. These characteristics of a catalyst can 

potentially play a crucial role in the capital and operating costs associated with a 

project. However, further work is required to develop an operational indicator for 

catalyst performance. 

As an alternative to reaction enthalpy, exergy change in the reaction can also 

be a useful indicator regarding the energy use and the impacts of processing. The 

challenge with its use as an indicator is that the calculation involves more steps 

and certain assumptions have to be made regarding the process heat flows. This 

can lead to an increase in the difficulty of calculation for this indicator. Hence, 

considering ease of implementation, reaction enthalpy is used instead of exergy 

change. 

The total energy loss in the process [LHV(feed + fuel) - LHV(product)] can also provide 

an indication of the capital costs [15]. This has not been included because the fuel 

input for the process is not yet known at the laboratory stage. 

2.3.1.4. EHS index (EHSI) 

Hazards are an integral part of chemical processing. It is essential to develop 

inherently safer chemical processes to minimize hazards and try to prevent 

incidents such as the Bhopal tragedy [16].  Inherently safe processes allow for the 
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reduction of hazard control costs. This index proposed by H. Sugiyama [17] and 

based on G. Koller et al. [18] considers the safety, health and environmental 

(ecological toxicity) aspects of a chemical process and is suitable for an early stage 

assessment [19]. The individual categories and contributing indicators that are 

aggregated to the EHS index are shown below. The weights for the environment, 

health and safety categories are 0.4, 0.2 and 0.4, respectively. The calculation of 

this index is based on the indicator value for each chemical present within the 

process. Refer to the appendix section 2.7.2 and H. Sugiyama [17],[8] for a 

detailed explanation of the calculation.  

 

1) Environment (E) (0.4) 

o persistency (half-life in water) 

o air hazard (index value of chronic toxicity) 

o water hazard (L(E)C50 aquatic, R-codes) 

o solid waste (based on substance class) 

2) Health (H) (0.2) 

o irritation (EU-class, R-codes, LD50dermal) 

o chronic toxicity (EU-class, GK, R-codes) 

3) Safety (S) (0.4) 

o mobility (partial pressure, boiling point) 

o fire/explosion (flash point, R-codes) 

o reaction/decomposition (NFPA reactivity, R-codes) 

o acute toxicity (IDLH, EU-class, GK, R-codes) 

The property parameters and hazard classifications of each chemical 

compound are taken into account to assign index values to each of the 

parameters. The weights are assigned in such a way that each category within 

environment, health and safety has equal importance. As originally proposed, the 

hazards in a process are calculated on the basis of mass flows and indicator values 

for the chemicals present in the system. In the case of multiple products, we 

modify the approach suggested by H. Sugiyama by implementing economic 

allocation to distribute the burden of process hazards over the main product and 

co-products. Consequently, in the calculation of the category values, the mass 

flows represented in figure 2.2 should be used instead of the ones used by H. 

Sugiyama.  
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In equation 2.5, E, H, S and wE, wH, wS are the scores and weights for each 

category, respectively, while Af is the allocation factor derived in equation 2.2 and 

EHSI is the score for the EHS index.  

In the case of a process with multiple reaction steps, the methodology to 

determine the hazard potential can be applied in two different ways: the first 

approach is to apply the methodology separately for each of the process steps. 

This results in a higher value for the EHS index because the hazard potential of the 

intermediate product is considered twice—once as the output from one 

conversion step and once more as the input to the subsequent step. This seems 

an adequate approach for a non-integrated facility requiring separate storage, 

transportation and handling of intermediate raw materials and products. In 

contrast, twofold consideration of the hazard potential seems inadequate in the 

case of an integrated facility combining the multiple steps. Thus in the second 

approach for integrated operation, the EHS methodology is applied jointly over all 

the conversion steps.  

Challenges and solutions 

The calculation of the EHS index is rather data intensive and can be the most 

time-consuming aspect of the methodology. It requires information on certain 

hazard parameters for each of the chemical compounds present in the process. 

However, not all the required information may be available for all the 

compounds. To address this issue, we recommend using indicator values for 

compounds with similar functional groups or molecular structure. In the case of 

product streams with a mixture of chemicals (e.g., bio-oil), representative 

chemical compounds can be used for preliminary hazard assessment. As more 

processes are analyzed using this method, more chemicals will be added to the 

database with the required hazard information, thereby significantly reducing 

time requirements.  

2.3.1.5. Risk aspects 

This parameter is based on the external economic aspects and technical 

aspects of the product molecule or reaction pathway, which can play a crucial role 

in the practical implementation of a new process. It takes into account factors 

that are not covered explicitly by prices. This parameter has been developed in 

the context of the CatchBio project framework. The time frame envisioned for the 

first large-scale implementation of new lab-scale processes is 10-15 years. The 

indicators have been chosen accordingly and are targeted at processes for 

commodity chemicals and fuels. The indicators considered are shown below. The 
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respective weights (the numbers after each indicator) are based on expert 

opinion within the CatchBio project team (socio-economic assessment). Each 

process is assessed based on scoring statements (qualitative phrases) for each 

indicator. The overall parameter score is obtained by weighted addition of 

indicator scores.  

 

Feedstock supply risk – 0.25 

Regional feedstock availability – 0.15 

Market risk – 0.25 

Infrastructure (availability) risk – 0.2 

Application-technical aspects – 0.15 

 Chemicals: functional groups – 0.5 

 Chemicals: retention of raw material functionality – 0.5 

 Fuels: high energy content – 0.5 

 Fuels: engine compatibility – 0.5 

 

Inherent functional and pathway (application-technical) aspects can play an 

important role in unwrapping future potential for the molecule or pathway. These 

aspects can open up new markets with greater added value or can act as critical 

potential barriers. Moreover, the sustained availability of feedstock and a larger 

market will definitely play a major role in the practical implementation of the 

process. A process compatible with current infrastructure generally implies a 

lower risk and investment associated with it. Regional feedstock availability 

represents local growth opportunities and the avoidance of strategic risks that 

arise from wars or resource protectionism. 

The details of the scoring scheme and qualitative phrases are as follows. 

Feedstock supply risk 

0.0: Large-scale availability (commodity chemical or fuel) and the major 

current application is of a lower value than the one targeted.  

0.5: Potential for near-term bulk availability. Multiple equivalent or lower-

value applications in sight. Feedstock under development. 

1.0: Conceptual feedstock (needs fundamental development). Potential 

applications have a higher value than the one proposed.  

This indicator takes into account the global feedstock availability. Technically 

speaking, a bulk of the available feedstock is only “available” if the proposed 

application is of a higher value than the current application. For a lower-value 

proposed application, additional feedstock needs to be produced, since the 
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currently available feedstock will not be diverted from a higher-value application. 

Hence it is important to take into account the value of the proposed application 

when feedstock availability is considered.  

Regional feedstock availability 

0: Feedstock available in bulk quantities within a trade region (e.g., the 

European Union). 

0.5: Feedstock available in other parts of the world in free and open markets. 

1: Feedstock primarily available in regulated markets with limited global 

market access. 

This indicator is used to incorporate feedstock security issues and local 

growth opportunities.  

Market risk 

0.0: Existing bulk chemical/fuel market. 

0.33: Existing commodity (e.g., lactic acid). 

0.66: Near-term bulk chemical/fuel market potential. 

1.0: Long-term market potential, possibly accelerated by interesting 

properties. 

Infrastructure (availability) risk 

0.0: The process can be integrated or retrofitted into existing processing 

infrastructure. Also, the existing target product is part of existing processing and 

supply chains.  

0.33: New processing plants are required based on known technologies. Also, 

the existing target product is part of existing processing and supply chains. 

0.66: New processing plants are required based on known technologies. Also, 

the target product is new and would need new processing and supply chains. 

1.0: New greenfield process plants built with new technologies. Also, the 

target product is new and would need new processing and supply chains. 

Application-technical aspects 

Chemicals 

Functional groups 

(defined as the number of same or different functional groups on the 

hydrocarbon backbone) 

0: Between 2 and 4 functional groups. Platform molecule. Wider potential 

applications. 
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0.5: More than 4 functional groups. Difficult platform molecule to work with, 

which can narrow down potential applications. 

1: One functional group. Limited potential for platform chemical. 

Retention of raw material functionality 

0: Complete functionality is preserved. Fundamentally efficient approach, that 

can offer future improvement potential.  

0.5: Limited modification of functionality.   

1: All functionality stripped off. Lower theoretical improvement potential. 

Fuels 

Energy density 

0: High energy density. Greater than or equivalent to gasoline/diesel(as 

applicable) 

0.5: Energy density 80-90% that of gasoline/diesel. 

1: Energy density below 80% that of gasoline/diesel. 

Engine compatibility 

0: Perfectly compatible. Gasoline/diesel equivalent. No engine modification 

required for use.  

0.5: Potential for use in existing engines when mixed with gasoline/diesel. 

1: Engine modification necessary for use. Will be a critical application barrier.  

Challenges and solutions 

In the case of functional groups, exceptions can be found wherein fewer 

functional groups are desirable or more functional groups create problems. 

However, it is impossible to know this about a compound when the applications 

are unknown. Hence, even though a bit vague, the indicator is useful to ensure 

consideration of new molecules. For some different contexts (e.g. when the 

process does not target a bulk chemical) the scoring statements (e.g. for market 

risk) might not be exactly applicable. In such cases the scoring statements can be 

appropriately modified to reflect the circumstances. 

2.3.2. Normalization and weighting 

The parameters considered in this assessment fall into different categories 

and as such their scores cannot be added together directly. For this reason, the 

scores for the new process are normalized against the respective scores for the 

comparable conventional process. The scores are normalized to 1, meaning that 

each score is divided by the maximum of the two. Thus the process with a higher 
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raw score gets a 1 and the other process gets an accordingly lower score. Table 

2.1 explains this using the economic constraint (EC) score as an example.  

Table 2.1: Normalization of scores 

 New process Conventional process 

Raw EC score B P 

Normalized EC score    
 

    (   )
    

 

    (   )
 

 

The normalized scores for each parameter are added together using their 

respective weighting factors. The proposed weights for the five different 

parameters are as shown in table 2.2.  

 

Table 2.2: Parameter weights 

Parameter Weight 

Economic constraint (EC) 0.3 

Process costs and environmental impact (PCEI) 0.2 

Environmental impact of raw materials (EI) 0.2 

EHS index (EHSI) 0.2 

Risk aspects (RA) 0.1 

 

The reasoning leading to these weights is as follows: 

In today’s market-economy-driven and competitive world, a process will not 

be implemented on a commercial scale unless it is economically feasible. 

Therefore economic constraint is assigned a relatively high weight. The next 

parameter, the process costs and environmental impact, can play a significant 

role in the economic feasibility of the process while also contributing to the 

environmental life-cycle impacts of the process. We assume that the PCEI 

parameter contributes equally to the cost and the environmental impact 

parameters (i.e., 0.1 each), effectively increasing the weight of cost-related 

aspects to 0.4.3 If the process makes economic sense, then—with the goal of long-

term sustainability and the minimization of environmental impact—life-cycle 

environmental impacts have to be taken into account. Hence the environmental 

                                                           
3
 0.1 (from the parameter “Process costs and environmental impact”) + 0.3 (from the 

parameter “Economic constraint”) = 0.4. 
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impact of raw materials has an effective overall weight of 0.3,4 which is lower 

than the weight for costs. The EHS index represents relatively short-term or 

immediate hazards associated with the process. Even though these are extremely 

important, especially in a social context, these hazards can be controlled, albeit at 

an increased cost. Hence the EHS index has a relatively lower weight of 0.2 and 

this argument also supports the higher weight for costs. The risk aspects can 

potentially be crucial; however, the uncertainty in quantifying the effects of these 

parameters is quite high. Hence this factor has the lowest weight of 0.1 based on 

the uncertainty coupled with the lack of definite information regarding the 

importance of these factors at an early stage of development. 

2.3.3. Total score and sustainability index ratio 

Following the multi-criteria approach, a total score is estimated based on the 

normalized scores for the process for each parameter and the corresponding 

weighting factors. The following equations detail the calculation. 

 

    ∑         

 

   

                       (   ) 

              

    ∑         

 

   

                         (   ) 

 

In equations 2.6 and 2.7, NB/P, j is the normalized score of each parameter for 

the new (B) or conventional (P) process. j represents each of the five individual 

parameters used as proxies for the estimation of economic feasibility, 

environmental impact, hazards, risks and opportunities. TB and TP are the total 

scores for the new and the conventional process, respectively, while wj is the 

weight for parameter j (table 2.2) in contribution to the total score.  

 

      
  
  
                                         (   ) 

The index ratio IB,P, calculated using equation 2.8, is a ratio of the total score 

for the new process to that for the conventional process. This is the final outcome 

for the model and gives an indication of the potential benefits associate with 

                                                           
4
 0.1 (from the parameter “Process costs and environmental impact”) + 0.2 (from the 

parameter “Environmental impact of raw materials”) = 0.3. 
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proposed novel process. As such, a lower index ratio (< 1) indicates that the new 

process can provide certain benefits compared with the conventional process. 

2.3.4. Uncertainty and sensitivity analysis 

The index ratio that we calculate is based on a model with a variety of data 

inputs and assumptions. There is always uncertainty associated with the data 

inputs (e.g., the yields can change in practice, and market prices change all the 

time). Subjectivity is involved, especially in the weighting, and hence different 

people in diverse situations can have different opinions about them and may 

change them accordingly. In light of these uncertainties it is important to analyze 

the variation in outcome and its robustness. This is a crucial step in the utilization 

of any model outcome for decision-making purposes. For this method, we analyze 

the effect of these uncertainties using the Monte Carlo analysis technique. This 

provides us with the distribution of results for a wide range of possible scenarios. 

A quick analysis of this distribution can give us a good indication of the robustness 

of the outcome and its usefulness for decision-making. We consider the effect of 

variations in factors such as prices, yields, the CED and GHG emissions. For this 

purpose we take into account historical variations in prices and price correlations 

for key raw materials and products. For information about uncertainties in the 

CED and GHG emissions, alternative datasets and values from the Ecoinvent 

database [12] have been used. The software @RISK [20] has been used to 

examine the effect of random variations in these inputs on the index ratio. Given 

the semi-quantitative proxy nature of other parameters (e.g., PCEI) it is difficult to 

objectively include the uncertainty in such parameters for Monte Carlo analysis. 

Hence only the aforementioned parameters and inputs are taken into account for 

the uncertainty assessment.   

In a multi-criteria assessment such as the one conducted here, the use of 

weights for different categories can have a profound effect on the outcome and 

the conclusions that are subsequently drawn. Thus we analyze the effect of 

variations in the weighting factors for the five different parameters on the 

outcome. To this end, 1000 different randomly generated weighting sets within 

the ranges specified in table 2.3 are used. Given the selection and nature of the 

parameters (e.g., cost aspect covered by two parameters) under consideration, 

these ranges enable us to generate plausible as well as varied weighting sets. 

These random weighting sets, in which the sum of weights is always ‘1’, are 

generated using an excel based algorithm that we developed specifically for this 

purpose. While generating these weighting sets, the environmental impact 

parameter is broken down into the CED and the GHG emissions. Separately 
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varying the weights for the CED and GHG emissions enables us to incorporate 

viewpoints that place higher importance on some environmental impacts than 

others. 

In future, a scheme of weights based on parameter or specific indicator scores 

can also be envisioned to better incorporate and reflect the assessment context 

and different viewpoints (e.g. the importance of cumulative energy demand 

compared to GHG emissions within the parameter EI). 

Apart from uncertainty analysis, to incorporate the focus on yields, the 

sensitivity of the outcome to different yield scenarios is also considered. This 

gives an indication of the change in outcome with changes in yields of the main 

product under consideration. Two scenarios, one positing a 20% decrease in 

yields and one positing theoretical yields, are considered in this assessment. 

Table 2.3: Range for variation in weights of individual parameters 

Parameter 
Default 

weights 

Weight ranges 

 Min           Max 

Economic constraint (EC) 0.3 0.25 0.60 

Process costs and environmental impact (PCEI) 0.2 0.15 0.35 

Cumulative energy demand (CED) 0.1 0.05 0.30 

Greenhouse gas emissions (GHG) 0.1 0.05 0.30 

EHS index (EHSI) 0.2 0.05 0.30 

Risk aspects (RA) 0.1 0.05 0.25 

2.3.5. Laboratory decision making 

The primary goal of this work is to provide an assessment tool for processes 

that are in an early development stage. It should be used carefully so as to avoid 

stifling innovation. Rather, it should be used to guide innovation toward 

sustainability. At an early stage it can be used to pinpoint bottlenecks and set 

research targets in process development. It can aid in analyzing potential 

alternatives being considered in the laboratory, within a broader context. As an 

example, the tool can provide a basis to evaluate the costs and benefits of using a 

certain toxic solvent that leads to higher yields against those of using a greener 

solvent with lower yields and potentially useful by-products. Thus, using such an 

assessment, key decisions that are made as the process is being developed can 

result in a sustainable process.  
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2.4. Results and Discussion 

2.4.1. Comparison of ethanol and naphtha routes for but-1,3-diene 

production 

To assess the methodology and examine the plausibility of the results, it has 

been applied to a biobased and a petrochemical but-1,3-diene production 

process. The biobased process under consideration involves the production of 

but-1,3-diene from bioethanol over heterogeneous chemical catalysts [21,22]. 

This process is compared with its dominant petrochemical counterpart in which 

but-1,3-diene is produced by steam cracking of naphtha[23]. Further details for 

the processes can be found in the supporting information. The method is 

simultaneously applied to both processes and the individual parameter scores are 

normalized. The results for each of these parameters are examined in detail in the 

following sections.  

2.4.2. Parameter assessment results 

 

 

Figure 2.4: Economic constraint comparison for but-1,3-diene from bioethanol and naphtha
+
 

+ The scores presented in this figure have not been normalized 

Figure 2.4 shows a comparison of the parameter “Economic constraint” for 

the two processes. It indicates feedstock costs for the process as a fraction of the 

market value of the products and co-products. The result is based on European 

market prices [24] for ethanol (0.78 €/kg), naphtha (0.63 €/kg), ethylene (0.98 

€/kg) and but-1,3-diene (1.32 €/kg) in November 2010 and average 2010 prices 

[24] for other chemicals. The naphtha-based process offers greater economic 
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leeway for processing, compared with the bioethanol-based process. However, it 

is important to note that the market prices change continuously based on supply 

and demand. A process developer needs to realize that an economic constraint 

above 1 does not necessarily mean that the process is not worth pursuing. An 

uncertainty and sensitivity analysis in conjunction with an evaluation of the 

market outlook should be used for decision-making based on this information. For 

example, if, even after considering theoretical yields and optimistic market 

scenarios, the economic constraint is above 1.5-2, that is a strong indication for 

exploring alternatives. In this particular case of but-1,3-diene production 

processes, there have been wide variations in the price of but-1,3-diene over time 

[24]. On the supply side, greater steam-cracking capacity is expected to be put 

into operation in the Middle East. This capacity will be increasingly based on 

lighter feedstocks (ethane, propane). This could decrease co-production of C4s 

and thus but-1,3-diene. On the other hand, there is an increasing demand for but-

1,3-diene from China, India and other growing markets. With this market outlook, 

one could expect favorable economic opportunities for an bioethanol-based but-

1,3-diene process. 

 

 

Figure 2.5: CED and GHG emissions for but-1,3-diene from ethanol and naphtha route 

Figure 2.5 shows the comparison of the CED and GHG emissions associated 

with the bioethanol- and naphtha-based but-1,3-diene production processes. The 

CED and GHG emission data for raw materials is obtained from the Ecoinvent 

database [12] and EU directive 2009/28/EC [25]. Bioethanol-based but-1,3-diene 
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has a higher overall CED compared with naphtha-based but-1,3-diene. This is 

primarily due to the fact that the CED includes both renewable and non-

renewable energy. The naphtha process has undergone extensive process and 

supply chain optimization in the past decades, thus making it more efficient. In 

comparison, the bioethanol process is relatively new and involves energy inputs 

to agriculture and the harvesting of crops in addition to chemical conversion. It is 

also more process-intensive to make a product from solid biomass compared with 

liquid crude oil. In a way, this higher CED also supports the opposite outcome 

observed for the PCEI (see Figure 2.6), since the energy inputs included in the CED 

occur outside of the system boundary of the PCEI. It is important to note that the 

allocation approach also plays a role in the final CED value for but-1,3-diene.  

In contrast to the CED, the GHG emissions are higher in the case of naphtha-

based but-1,3-diene. This deviation from the CED trend is observed because the 

emissions associated with the naphtha-based route include future emissions from 

fossil carbon embedded in the but-1,3-diene product, which will eventually be 

released into the atmosphere as CO2. The GHG emission value of ethanol is based 

on the EU directive 2009/28/EC [25] for biofuels. The value used is based on a 

mandated 35% reduction in GHG emissions of bioethanol compared with 

gasoline. In this directive, the current 35% reduction requirement is set to be 

reduced further to 60% by 2018. Thus further reductions in ethanol GHG 

emissions can be expected in the coming years.  

 

 

Figure 2.6: PCEI scores for bioethanol- and naphtha-based but-1,3-diene processes 
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Figure 2.6 shows a comparison of potential process costs and environmental 

impacts for but-1,3-diene production based on the energy loss index and the 

various contributing factors. In this case, both processes are based on only one 

reaction and a subsequent separation step. The scores compared in figure 2.6 are 

raw scores for each process and have not been normalized. The bioethanol-based 

process involves one reaction step and three co-products. This makes it a 

relatively simple conversion process with lower separation requirements. The 

naphtha-based process involves a large number of products (>9), some with fairly 

close boiling points, which need to be separated. On a mass basis, but-1,3-diene is 

only 5% of the output stream from the steam cracker. In general, steam cracking 

is also a strongly endothermic reaction, thus demanding large additional energy 

inputs. In line with expectations, the model indicates that the naphtha-based 

process needs relatively more intensive processing compared with the 

bioethanol-based process. Thus relatively lower processing costs and 

environmental impacts can be expected in the case of an ethanol-based but-1,3-

diene process.  

 

 

Figure 2.7: Comparison of process hazards for bioethanol- and naphtha-based but-1,3-diene 

Figure 2.7 shows the comparison of the EHS index (EHSI), which is based on 

the hazard scores of the processes as allocated to the but-1,3-diene product. It is 

evident that the naphtha-based but-1,3-diene process carries a moderately higher 

hazard compared with the ethanol-based but-1,3-diene process. The hazard index 

is based on the specific mass flows of the chemicals per unit of product within the 

process. Both processes lead to one metric ton of but-1,3-diene, which carries an 

identical hazard potential in both cases. The difference in scores shown in figure 
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2.7 therefore originates from the hazard potential of the respective inputs and 

other co-products. The more hazardous characteristics of naphtha and steam-

cracking co-products compared with ethanol explain the higher EHS index.  

 

 

Figure 2.8: Risk aspects index comparison 

In this method, we also assess certain risk aspects associated with a 

conversion process. Figure 2.8 shows a comparison of this parameter for the two 

routes of but-1,3-diene production. In figure 2.8, not all the indicators are 

displayed on the bar chart, since some indicators have a score of 0 for the 

processes being compared. Given the timeframe considered, both feedstocks can 

be expected to be widely available in large quantities. The market value of but-

1,3-diene is higher than the value of ethanol for fuel use. Thus there is a good 

probability that bioethanol will be available for processing to but-1,3-diene 

through an economically feasible process. This indicates a low feedstock supply 

risk (therefore zero score for both routes). 

But-1,3-diene has a well-established commodity-scale market that is expected 

to grow further. Thus we expect a low market risk. In the case of the ethanol-

based process, new infrastructure and logistics will need to be developed for 

processing, which entails additional risks. In comparison, the addition of new 

capacity based on existing naphtha-based technology has considerably lower 

risks. 
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availability in the EU will be dependent upon imports from countries outside the 

EU, which would more or less be classified under free markets. However, ethanol 

production in the EU is increasing, which will enable the benefits of regional 

feedstock availability for but-1,3-diene production. In this case, since the target 

molecule is same, the technical aspects associated are similar.  

Overall, based on the weighting factors, the bioethanol-based process has a 

comparatively lower score for this parameter. For the given timeframe and 

context, this parameter gives a good indication of the risk aspects associated with 

the biobased process. For different contexts, such an indicator or the respective 

weights can be modified accordingly and used to incorporate external qualitative 

information in the assessment scheme.  

2.4.3. Integrated score 

Integrating the scores for each parameter, Figure 2.9 shows the overall 

comparison of bioethanol- and naphtha-based but-1,3-diene processes using the 

baseline weights which are indicated in parenthesis. As lower scores are better, 

the figure indicates that the bioethanol-based process has an edge over the 

petrochemical process. Table 2.4 shows the raw scores for each of the parameters 

considered. For an ethanol-based process, one can expect comparatively lower 

processing costs,  process hazards and marginally lower risks. However, the 

ethanol-based process has a comparatively higher economic constraint and a 

similar environmental impact of raw materials. The total score of the ethanol-

based route is 0.81 compared with 0.90 for the naphtha route. Thus the index 

ratio for the ethanol-based process is 0.90. This indicates that the bioethanol-

based process may be beneficial. Apart from its use for evaluating and improving 

the new process, the index ratio can also be used to rank different process 

options. If one were to evaluate the potential benefits in terms of magnitude of 

contribution to the society, then in addition to the beneficial index ratio, the 

market size of the product could also be explicitly considered. 
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Figure 2.9: Bioethanol- and naphtha-based but-1,3-diene process comparison 

Table 2.4: Bioethanol- and naphtha-based but-1,3-diene process scores for each parameter 

Parameters+ 
Ethanol- 

based 

Naphtha- 

based 

Economic constraint (index) 1.00 0.83 

Environmental impact of raw materials (normalized 

index)# 
0.81 0.76 

Process cost and environmental impact (index) 1.93 3.60 

EHS hazard potential (index) 1.95 2.67 

Risk aspects (index) 0.14 0.15 

+ Lower values are better for the respective processes. 

# Cumulative energy demand ( MJ/kg but-1,3-diene): 118.96 (bioethanol); 61.17 (naphtha). 

# GHG emissions (kgCO2 eq./ kg but-1,3-diene): 2.45 (bioethanol); 3.98 (naphtha). 

2.4.4. Uncertainty and sensitivity analysis 

The index ratio gives a good first indication of the sustainability of a biobased 

process option. To evaluate the robustness of this result and aid in decision-

making, an uncertainty and sensitivity analysis has been carried out. A 20% 

decrease in the yield from ethanol would lead to an index ratio of 0.91. In the 

case of theoretical yields of but-1,3-diene from ethanol, the resulting index ratio 

is 0.89. The relatively minor change in the index ratio can be attributed to the fact 

that the combined value of all the products and co-products from the reaction is 
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considered. Thus a 20% yield decrease for but-1,3-diene production results in a 

corresponding increase in production of co-products. It is important to note that 

this change depends on the value of the co-products. If the co-products produced 

are of low economic value, then a change in yields can lead to significant 

variations in the index ratio.  

 

 

Figure 2.10: Histogram of Monte Carlo simulation results for base-case weighting set (N = 10000) 

Table 2.5: Results of Monte Carlo analysis for base-case weighting set 

Parameter Value 

Mean 0.87 

Standard deviation 0.10 

Minimum 0.60 

Maximum 1.46 

Kurtosis 4.3 
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emissions has been incorporated. In the case of economic data, the uncertainty in 

prices for bioethanol, naphtha, ethene, propene and but-1,3-diene has been used. 

Quarterly prices from January 2007 to November 2010 have been taken into 

account [24,26]. This range incorporates the wide variation in chemical and fuel 

prices that was experienced during this time frame. The results indicate that in 

terms of the index ratio, the ethanol-based process can be expected to provide 

benefits in 90% of the scenarios. These statistics support the outcome, which 

indicates that ethanol-based but-1,3-diene can provide certain benefits compared 

with the naphtha-based process.  

 

 

Figure 2.11: Histogram of Monte Carlo simulation results with variation in weighting sets and 

default parameter set for ethanol to but-1,3-diene (N = 1000) 

However, the uncertainty analysis reported in figure 2.10 is based on a 

particular weighting set, which represents a viewpoint in a general context. As an 

example in some regions of the world, the risk aspects might carry a high weight. 

Figure 2.11 shows the distribution of the index ratio for a wide range of randomly 

selected different weighting sets, within specified ranges. These index ratios are 

estimated for the default set of parameter values. The mean value of this 

distribution is 0.92, while the standard deviation is 0.05. This reaffirms the validity 

of the outcome over a wide range of different viewpoints. 
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2.4.5. System boundary discussion 
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Figure 2.12: Information flows using a smaller system boundary 
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Figure 2.13: Information flows using an extended system boundary 

For this assessment method one could use different system boundaries, 

which involves consideration regarding which raw material to start with and 

where it lies along the value chain. To assess the effect of a change in system 

boundaries on the model’s outcome, we consider the biobased but-1,3-diene 

production process. The two respective system alternatives have been shown in 

figures 2.12 and 2.13. In both figures, solid dark arrows represent quantitative 

information based on the market data or detailed modeling efforts. The hatched 

arrows represent qualitative information based on indices, which is used in the 

absence of quantitative information. The width of an arrow represents the weight 

assigned to that particular aspect. The bubbles represent information that is 
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implicitly incorporated in the information carried by the arrows and the model in 

general. We combine these information flows using weights into a total score. 

The results presented earlier for the ethanol-to-but-1,3-diene process (figure 

2.9) are represented by the system shown in figure 2.12. Alternatively, instead of 

using ethanol as our starting point, we could start with glucose. This second 

alternative is represented in figure 2.13. In this case, we analyze the glucose-to-

ethanol and the ethanol-to- but-1,3-diene conversion steps. The integrated scores 

for the comparative assessment of glucose-based and naphtha-based but-1,3-

diene are shown in Figure 2.14. The total scores in this case are 0.82 and 0.95, 

respectively, for the glucose- and naphtha-based processes. Thus the index ratio 

works out to 0.87. Please refer to the appendix section 2.8.2 for additional 

explanation about the interaction and interdependence of different parameters in 

reference to the system boundary. 

 

 

Figure 2.14: Glucose- and naphtha-based but-1,3-diene process comparison 

The key question here is how to select the system boundary. Life-cycle 

assessment follows the approach of extending the system back to the cradle in 

order to include the environmental impacts of the entire process chain; a more 

complete analysis ensures more accurate results. Based on this example, one may 

consider the approach in figure 2.13 with an extended system boundary to be 

more accurate than the one in figure 2.12. However, the opposite is valid for this 

assessment because we utilize a mix of background and foreground information. 

The approach for this method is based on the assumption that the price, the CED 
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and the GHG emissions of raw materials carry quantitative information regarding 

the costs, hazards and environmental impacts involved in the production of the 

raw materials. For the extended system represented by figure 2.13, quantitative 

and rather accurate information is obtained for the glucose raw material. This 

information is then complemented with qualitative and semi-quantitative 

information (PCEI, EHSI) for the glucose-to-ethanol and ethanol-to-but-1,3-diene 

conversion steps. In the case of the system represented by figure 2.12, 

quantitative and again relatively accurate information is obtained for the ethanol 

raw material. This information is then complemented with qualitative and semi-

quantitative information for only the ethanol-to-but-1,3-diene conversion step. 

Hence in the case of a smaller system boundary, the assessment relies more on 

external quantitative information and less on qualitative and semi-quantitative 

information about the process.  

As an example, to get an indication of the energy demands of but-1,3-diene 

production from ethanol, both the CED value for ethanol and the energy loss 

index (ELI) are used. The latter can be seen as a proxy (qualitative information) for 

the energy requirements related to the conversion of ethanol to but-1,3-diene. 

The combination of this information with the CED of ethanol can be seen as a 

proxy for the CED of but-1,3-diene. The CED for ethanol represents definite 

information based on detailed modeling efforts and data. This information is 

complemented with indicative information using the energy loss index for the 

process cost and environmental impact to get an indication of the CED of but-1,3-

diene without detailed modeling. In the case of an extended system boundary, 

however, in addition to quantitative information on the CED of glucose, the 

outcome relies on two sets of proxies (qualitative information): first for the 

glucose-to-ethanol and then for the subsequent ethanol-to-but-1,3-diene 

conversion step. Thus a smaller system boundary ensures that the outcome from 

the model is based on higher-quality quantitative information. Hence a system 

boundary representing exclusively the conversion of ethanol to but-1,3-diene 

(figure 2.12) should provide the most accurate evaluation. However, in the case of 

a category such as EHS hazards, there is a tradeoff involved in having a smaller 

system boundary. To some extent, it can be assumed that hazard costs are 

estimated and priced into the product price through insurance and investments 

into hazard control mechanisms. However, the internalization of hazard costs into 

the price of the product depends on local governmental laws and the regulatory 

framework in the region where the product is produced. If there is only limited 

legal enforcement in countries representing a substantial part of global 

production, this could explain lower production costs and hence lower prices; in 
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this case, prices would not properly reflect good practice in hazard control. It also 

relies on the very definition of hazards, which can vary across regions. Some 

aspects might not be viewed as hazards in some regions, while they might be 

classified as hazards in others. In such a scenario, a smaller system boundary can 

be less desirable because it increases the reliance of the outcome on externally 

estimated hazards built into prices rather than on concrete hazard indices 

estimated within the model. Nevertheless, given the uncertainty in hazard 

classification and estimation, combined with the weight for each hazard category, 

we believe the outcome from the model would be more plausible in the case of a 

smaller system boundary. 

2.5. Conclusions 

The proposed method builds upon existing methodologies and combines 

aspects of techno-economic analysis, life-cycle assessment and green chemistry. 

Results from the model give a good preliminary indication regarding the 

sustainability of a new process compared with a similar conventional process. The 

results from a preliminary assessment seem plausible and fairly in line with reality 

and practical expectations. The base-case assessment of but-1,3-diene production 

gives an indication of the benefits of a biobased process over a petroleum 

process. Sensitivity and uncertainty analysis indicate the robustness of the model 

and aid in decision-making. However, it is imperative that the prices used for 

assessment fall within a similar time range for all the chemicals and that they are 

based on balanced markets (i.e., no particular shortage or excess of any of the 

core chemicals). 

Expansion of the system boundary may not seem to have a profound effect 

on the outcome from the model for the analyzed case. However, given the 

structure of the model and the underlying assumptions, we consider the approach 

based on a smaller system boundary to be more accurate. In making this choice 

some acceptable tradeoffs have to be made, as in the case of hazard estimation.  

The use of allocation enables a fair comparison of the costs and impacts 

associated with a product from a particular process. The role of economic 

considerations as the driver for decisions about the process design and its 

operation justifies the use of an economic allocation methodology. Studying the 

contribution of specific inputs (e.g., chemical hazard indices) within the model can 

aid in highlighting opportunities for modifications in the process to enhance 

efficiency and sustainability.  

In any model-based assessment, the quality of the outcome is dependent on 

the quality of the data input. This model requires a multitude of preliminary data 
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inputs in the form of practical yields, prices, life-cycle data, and the physio-

chemical and toxicological properties of chemicals. It is important to ensure that 

good quality data are efficiently collected to enable a quick and informative 

assessment of various new conversion processes. In cases where exact data are 

not available for a process or chemical, these should be substituted with data 

based on reasonable assumptions that are clearly explained. Based on the 

availability of data, the model can be modified to include additional information 

(e.g., land use, water use) regarding the sustainability of the pathway under 

consideration.  

This method has been applied and tested for a number of processes within 

the CatchBio program. Assessment of additional processes using this method will 

be useful in establishing the broad applicability of this assessment method. The 

results from further assessments using this methodology will also provide an 

opportunity to fine-tune the qualitative aspects of the scoring methodology. In-

depth examination of the model inputs and an assessment of its calculation 

techniques can be crucial in establishing plausibility of results. In future it can be 

worthwhile to further improve the method by developing operational indicators 

for some aspects like catalyst costs and performance.  

At initial stages of process development, this method provides a good 

alternative to assessment based on full process design as in the case of techno-

economic or life-cycle assessment. Overall, this method forms a basis for a rather 

quick preliminary assessment of novel chemical processes. It can aid in laboratory 

decision-making, thus proving useful in guiding innovation towards a sustainable 

future.  
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2.7. Appendix 

2.7.1. Economic constraint 

In the EC parameter, in effect gives an indication of the ratio of the raw 

material cost of the main product to the market price of the main product. This is 

achieved by use of allocation which enables comparison on the basis of one unit 

of main product which in essence is the functional unit for the assessment. Given 

the nature of this calculation, any of the products from the process could be 

chosen as the main product regardless of its mass or economic value. In our case 

economic allocation is used to distribute raw material costs over all the products 

and co-products. In the special case of the EC parameter the use of economic 

allocation leads to the simplified calculation as represented by equation 2.1 in the 

chapter 2. The steps leading to equation 2.1 are as follows: 
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In equation A2.1, A2.2 and A2.3, fn stands for the main product which is the 

functional unit for our calculations. xfn and yfn are the price and mass flows 

respectively of the main product while xn and yn are the respective price and mass 

flow of the nth product. Afn is the allocation factor for allocating the costs to the 

main product. am and bm are the price and mass flows respectively of the mth raw 

material respectively. rfn is the allocated raw material cost of the main product. 

Thus, EC gives the ratio of raw material cost of the main product to that of the 

market price of the main product. If one combines the three equations, one can 

see that the use of economic allocation results in the equation 2.1, which is used 

in the chapter.  
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2.7.2. EHS index calculation 

The EHS index is used to evaluate the inherent hazards associated with the 

chemical conversion. In estimation of the EHS index, the mass flows of all the 

chemicals (or representative chemicals) within the process are considered. This 

estimation methodology follows from the thesis of H. Sugiyama17. The process 

streams considered are as shown in figure 2.2 in the chapter. So overall the 

chemicals present in each of these 7 streams and their mass flows are taken into 

account.  

 

Equation 2.4 in this chapter represents the final calculation of the EHS index 

value. The estimation of E, H and S scores in this equation is based on the 

following equations and chemical hazard indices. These equations and hazard 

indices are based on the thesis of H. Sugiyama17 and have been reproduced with 

permission.  

 

The calculation of environment index (E) is based on four sub-categories (cE) 

that include persistency, air hazard, water hazard and solid waste. In equation 

A2.4,   
  is the specific mass flow of kth chemical in the flow F. The specific mass 

flow is the mass flow of the particular chemical per unit mass of the main product 

(flow F6) (kg/kg product).   
   is the hazard index value of the kth chemical in the 

relevant sub-category. z is the fraction of overall mass emitted to the 

environment in case of an accident.    
    is the specific mass flow of the kth 

chemical leaving the process as waste through flow F7.  
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The hazard index value in different environment sub-categories is calculated 

based on the scales shown in figure A2.1. 
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Figure A 2.1: Hazard index values for sub-categories in environment index (E) 

The health index (H) is based on two sub-categories (cH) that include irritation 

and chronic toxicity. In equation A2.5,   
   is unit mass (un) and is equal to 1, 

while   
   is the hazard index value of the kth chemical in the relevant sub-

category.  
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The hazard index value in different health sub-categories is calculated based 

on the scales shown in figure A2.2. 
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Figure A 2.2:Hazard index values for sub-categories in health index (H) 

The estimation of safety index (S) is based on four sub-categories (cS) that 

include mobility, fire/explosion, reaction/decomposition and acute toxicity. In 

equation A2.6,   
 is the specific mass flow of the kth chemical and   

   is the 

hazard index value of the kth chemical in the relevant sub-category.  
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The hazard index value in different health sub-categories is calculated based 

on the scales shown in figure A2.3. 
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Figure A 2.3:Hazard index values for sub-categories in safety index (S) 

The values of E, H and S calculated using the equations A2.4, A2.5 and A2.6, 

respectively, are substituted in equation 2.4, in the chapter 2, to calculate the EHS 

index for the process. 

2.7.3. Process description 

The case study presented in the chapter involves production of but-1,3-diene 

via biobased and petrochemical processes. In the biobased process, ethanol is 

converted to but-1,3-diene over heterogeneous catalyst in a gas phase reaction at 

around 400 oC. The table A2.1 shows the relevant inputs and outputs along with 

the stream mass fractions for this reaction that are considered in the preliminary 

assessment. The chemicals with zero fractions (e.g. ethoxyethane mass fraction in 

table A2.1) do not play a direct role in the presented results for the case study. 

However, the physiochemical properties of these chemicals are included in the 

model to be used when the process information indicates their presence in the 

reaction. Some other studies for this conversion report the presence of these 

compounds.  
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Table A 2.1:Ethanol to but-1,3-diene conversion reaction 

 

 

In the reference petrochemical process, but-1,3-diene is produced as a co-

product in steam cracking of naphtha at around 800 oC to produce ethene. The 

table A2.2 shows the relevant inputs and outputs for this conversion that are 

considered in the preliminary assessment.  

Table A 2.2:Steam cracking of naphtha 

Inputs Outputs 

Chemical 

name 

Mass fraction 

(wt%) 
Chemical name 

Mass fraction 

(wt%) 

Naphtha 100 Ethene 32.4 

  Propene 16.8 

  But-1,3-diene 5.0 

  Benzene 10.4 

  Hydrogen 1.1 

  Methane 13.9 

  
Other C4 (Butane, But-1-ene, 2-

Methylpropene) 
6.2 

  

Other aromatics 

(Methylbenzene, 

dimethylbenzene) 

0 

  Pentane, Hexane 4.0 

  C7+ non aromatics (Heptane) 1.2 

  Fuel oil 9.0 

 

Inputs Outputs 

Chemical 

name 

Mass fraction 

(wt%) 
Chemical name 

Mass fraction 

(wt%) 

Ethanol 100 But-1,3-diene 41.2 

Water 0 Ethene 6.6 

  Ethanal 8.6 

  Hydrogen 1.9 

  Ethoxyethane 0 

  But-1-ene 0 

  Ethanol 10 

  Water 31.7 
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PCEI inputs 

Based on the mass balances reported in table A2.1 and A2.2, the subsequent 

values for PCEI calculation are reported in table A2.3. 

 

Table A 2.3:Source and index values of the PCEI parameter for the but-1,3-diene production case 

study 

Indicators Bioethanol process Naphtha process 

 Process value Index value Process value Index value 

Presence of 

water 
Yes (distill) 1 No 0 

Product 

concentration 
18.47 0.047 3.94 0.6 

Minimum 

boiling point 

difference 

25.2 K 0 1.9 K 1 

Reaction mass 

loss 
0.71 0.38 0 0 

Reaction 

enthalpy 
47.75 kJ/mol 0 

384 kJ/mol 

(avg)5 1 

Number of co-

products 
3 0.5 9 1 

Pre-treatment 

of feedstock 
0 0 0 0 

Total  1.93  3.60 

 

2.7.4. Raw material environmental impacts 

Bio-Ethanol 

Considering the context of the but-1,3-diene case study, the bioethanol being 

used for this assessment is assumed to be produced in the European Union (EU). 

Hence, a general European feedstock mix for bioethanol is used for this 

assessment. This feedstock mix is based on the process ‘Ethanol (at distillation, 

RER/U, biomass)’ in the ecoinvent database12.  

In the case of greenhouse gas (GHG) emissions associated with bioethanol a 

range of different values can be found in literature. Considering this variability, 

                                                           
5
 T. Ren, M. Patel and K. Blok, Energy, 2006, 31, 425-451 
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the European Union Directive 2009/28/EC represents a good benchmark for GHG 

emissions associated with bioethanol in the EU. This directive stipulates a 35% 

GHG savings per unit energy content, from a biofuel in comparison to its fossil 

counterpart. These GHG savings are the minimum requirement for a fuel to be 

classified as ‘biofuel’ for a variety of compliance purposes. Since, all bioethanol 

producers in EU are expected to comply with this directive, this was used as a 

reference for bioethanol GHG emissions in this study. The calculation procedure is 

as follows: 

 

GHG emissions associated with reference fossil fuel (including both 

production and use of fossil fuel): 83.8 gCO2/MJ 

GHG emissions associated with bioethanol based on 35% reduction: 54.1 

gCO2/MJ 

Energy content of bioethanol: 26.9 MJ/kg 

Based on the above values, associated GHG emission value of 1.46 kg CO2/kg 

bioethanol is used for the case study. It should be noted that this value represents 

only the fossil CO2 emissions from the bioethanol production process. The 

biogenic CO2 emissions are not considered since the biogenic CO2 is recycled into 

biomass in a rather short time frame.  

 

The cumulative energy demand (CED) associated with bioethanol is derived 

from the mean value associated with the above mentioned ‘Ethanol (at 

distillation, RER/U, biomass)’ process in the ecoinvent database12. Based on this 

reference a value of 71.4 MJ/kg is used for the case study. 

 

Naphtha 

Considering the EU context, the GHG emissions and CED associated with 

naphtha production are based on the process ‘Naphtha (at refinery, RER/U)’ in 

the ecoinvent database12. This represents an average for naphtha production in 

the EU. The corresponding mean values for GHG emissions and CED are 0.42 kg 

CO2/kg naphtha and 53.1 MJ/kg naphtha respectively. 

 

As evident, the GHG and CED values for a feedstock are based on 

benchmarked or average data. Hence, the inherent uncertainty has been 

considered in the uncertainty analysis. 
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2.7.5. Uncertainty parameters 

The values presented in tables A2.4 and A2.5 are used for uncertainty 

analysis.  

Table A 2.4:Uncertainty analysis data 

 Units Distribution Mean 
Std. 

Dev.  
Max Min 

CEDethanol MJ/kg Normal 71.4 8.92   

CEDnaphtha MJ/kg Normal 53.1 1.66   

GHGethanol kgCO2/kg Lognormal 1.46 0.52   

GHGnaphtha kgCO2/kg Normal 0.42 0.04   

SelectivityEtOH2butadiene  Triangular 0.78  0 1 

Prices       

 Ethylene Euro/MT Normal 951 182   

 Butadiene Euro/MT Normal  1292 498  0(trunc) 

 Naphtha Euro/MT Normal  679 208  0(trunc) 

 Propylene Euro/MT Normal  767 213   

 Benzene Euro/MT Normal  927 288   

 Ethanol Euro/MT Normal  666 71.6   

 

Table A 2.5:Price correlations for uncertainty analysis 

 
Ethylene 

Butadi-

ene 

Naph-

tha 

Propyl-

ene 
Benzene 

Ethan-

ol 

Ethylene 1.0 
     

Butadiene 0.6 1.0 
    

Naphtha 0.8 0.5 1.0 
   

Propylene 0.8 0.7 0.6 1.0 
  

Benzene 0.9 0.5 0.9 0.7 1.0 
 

Ethanol 0.3 0.2 0.3 0.4 0.2 1.0 

 

2.7.6. System boundary discussion 

Table A2.6 shows the raw scores for the glucose-based process case, which 

lead to figure 2.14 in the chapter. Table 2.4 in the chapter 2 shows the raw scores 

for the ethanol-based process; these raw scores form the basis for index ratios 

presented in figure 2.9 in the chapter 2. In both these cases (figure 2.14 and figure 



 

 

71 

2.9) the system boundary for the naphtha-based process is the same and thus 

parameter scores for naphtha-based process are identical. A comparison of these 

two cases with different system boundaries for the biobased process illustrates 

the interdependence and interaction between the different parameters which 

have been considered in the assessment model. 

Table A 2.6:Glucose- and naphtha-based but-1,3-diene process scores for each parameter 

Parameters+ 
Glucose- 

based 

Naphtha- 

based 

Economic constraint (index) 0.88 0.83 

Environmental impact of raw materials (normalized 

index)# 
0.64 0.93 

Process cost and environmental impact (index) 4.05 3.60 

EHS hazard potential (index) 1.38 2.67 

Risk aspects (index) 0.14 0.15 

+ Lower values are better for the respective processes. 

# Cumulative energy demand (MJ/kg but-1,3-diene): 70.43 (glucose); 61.17 (naphtha). 

# GHG emissions (kg CO2 eq./ kg but-1,3-diene): 1.10 (glucose); 3.98 (naphtha). 

 

The economic constraint of glucose-based process is lower as compared to 

the ethanol-based process because glucose as a raw material is located earlier in 

the value chain as compared to ethanol. Nevertheless, the end product is same 

(but-1,3-diene) in both the cases. Hence, this difference in economic constraint is 

reflected in the PCEI and EHSI parameters which respectively are a proxy for the 

process costs and represent process hazards. The PCEI value for the glucose-

based process is relatively higher as compared to that for the ethanol-based 

process, since it accounts for the extra processing requirements. Thus, by itself 

the economic constraint does not give a good idea about the process economics. 

However, in combination with the PCEI it can give an indication, albeit 

preliminary, of the process economics.  

In the case of EHSI, as expected, the score before allocation is higher for the 

glucose-based process (2.50) as compared to that for the bioethanol-based 

process (2.05). However, the extended system yields more co-products (2-

hydroxypropanoic acid, butanedioic acid). Hence, the allocated hazards indicated 

in table A2.4 are lower. However, the additional co-products also result in an 

increase in the PCEI parameter which compensates for the lower allocated EHSI 

score.  
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The glucose-based process shows a lower environmental impact of raw 

material as compared to the ethanol-based process. However, this results in a 

comparatively higher PCEI parameter which acts as a proxy for the environmental 

impacts associated with the process. These aspects explain the significantly higher 

PCEI score for the glucose-based process as compared to the ethanol-based 

process. Thus the interaction between the system boundary and different 

parameters plays an important role in the outcome of this assessment.  
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3. Early-stage comparative sustainability assessment of novel 

biobased processes6 

3.1. Abstract 

Our increasing demand for materials and energy has put critical roadblocks on 

our path towards a sustainable society. To remove these roadblocks, it is 

important to engage in smart research and development (R&D). We present an 

early-stage sustainability assessment framework that is used to analyze 8 novel 

biobased process alternatives developed within the CatchBio research consortium 

in the Netherlands. This assessment relies on a multi-criteria approach, 

integrating the performance of chemical conversions based on five indicators into 

an index value. These indicators encompass economics, environmental impact, 

hazards and risks thereby incorporating elements of green chemistry principles, 

techno-economic and life cycle assessment. The analyzed novel bio-based options 

target the production of fuels and chemicals through chemical catalysis. For each 

biobased process, two R&D stages (current laboratory and expected future) are 

assessed against a comparable conventional process. The multi-criteria 

assessment in combination with the uncertainty and scenario analysis shows that 

the chemical production processes using biomass as feedstock can provide 

potential sustainability benefits over conventional alternatives. However, further 

development is necessary to realize the potential benefits from biomass 

gasification and pyrolysis processes for fuel production. This early stage 

assessment is intended as an input for R&D decision making, to support optimal 

allocation and utilization of resources to further develop promising biobased 

processes.  

  

                                                           
6
 This chapter is a slightly adapted version of the article: Early-stage comparative 

sustainability assessment of novel biobased processes, A.D. Patel, K. Meesters, H. den Uil, 

E. De Jong, E Worrell, M.K. Patel, ChemSusChem, 2013, 6 (9), 1724-1736 
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3.2. Introduction 

As we move towards a common future for over 7 billion inhabitants we are 

posed with ever increasing long and short term sustainability challenges like 

security of energy and food supply. These challenges have to be met with limited 

resources. The production of fuels and chemicals represents an important societal 

need. While the present system for their production has its own benefits, it faces 

serious sustainability issues. Hence, it is essential to develop this production 

system in a way that the benefits are preserved and the drawbacks are reduced or 

eliminated. Production of fuels and chemicals from renewable biomass resources 

via chemical process innovation represents a potentially important pathway to 

achieve this objective. Efficient utilization of renewable resources through 

biorefineries can help eliminate some of the key drawbacks of fossil based 

production systems like resource depletion and global warming [1]. Thousands of 

different chemical process options can be envisioned to enable the 

transformation to a biorefinery based production chain. It is imperative that these 

new biobased process options compare well with conventional petrochemical 

processes based on a variety of short and long term sustainability criteria. Hence 

it is necessary to conduct a comprehensive sustainability assessment for biobased 

processes. To this end, a variety of methods [2-5] which encompass ex-ante life 

cycle assessment and techno-economic analysis have been employed [6-14]. 

While being highly informative, these methods need a significant investment of 

time and resources as they rely on detailed information which is only available 

beyond the process design stage in the process development cycle. Also many of 

these studies deal separately with a specific sustainability domain (viz. economics 

or environmental) and do not provide an integrated assessment. The large 

number of biobased process alternatives and sustainability constraints makes it 

challenging to identify optimal pathways. Thus a quick and objective early-stage 

evaluation method can play an important role in providing the means to screen 

and prioritize alternative options and to effectively utilize R&D resources.  

Taking first steps in this direction, we applied an early-stage sustainability 

assessment within a large research consortium in the Netherlands, which targets 

development of chemo-catalytic processes for production of biobased chemicals 

and fuels. The main objectives of this study are as follows: 

To test and provide a methodologically sound assessment of novel individual 

processes and use it to gain technical insight from a broader sustainability 

perspective.  
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To use this assessment methodology and provide a working framework which 

offers a fair comparison across a wide range of novel biobased process options 

which start from different raw materials and end up in a variety of products.  

Test the viability and broader applicability of this framework for decision 

making purposes.  

Within the framework we apply the methodology reported by Patel et al.[15] 

for individual early-stage process assessment. This framework has been used to 

evaluate eight novel biobased processes being developed within the CatchBio 

(Catalysis for Sustainable Chemicals from Biomass) research consortium 

(www.catchbio.com). In the assessment methodology, each of the chemical 

process options is evaluated in comparison to a conventional alternative based on 

five indicators that represent economic feasibility, environmental impacts, 

hazards and risk aspects. Using an iterative approach, the framework combines 

this assessment methodology with process inputs and a common set of 

background data to enable a fair comparison of potentials and benefits across 

each of these process options. Within this framework we assess both the current 

status of a process using the latest laboratory results and the expected future 

status.  The outcome of this assessment serves to provide a quick feedback about 

how the new process options stack up against conventional alternatives. 

Significant variations in the background data for this assessment can be expected 

over different temporal and geographical contexts. To highlight the effect of 

changed circumstances, different scenarios have also been investigated. 

Uncertainty analysis has been used to study the subsequent expected variations 

in the outcome of this assessment. These scenarios explore facets like the 

availability of lignocellulosic ethanol, criticality of global warming and high crude 

oil prices. The outcome of this assessment framework is intended to provide a 

balanced overall early stage assessment which can serve as an input for decision 

making within the CatchBio project.  This paper first provides an overview of the 

comparative assessment results for the process options and follows up with a 

detailed discussion of the findings for each process separately.  

3.3. Assessment framework and Data collection 

This framework uses the early stage assessment methodology for which Patel 

et al.[2] (open access) provide a detailed explanation with the example of an 

assessment for production of butadiene from bioethanol and naphtha. In this 

methodology the novel biobased process is compared with the dominant existing 

conventional process for the production of the same or a functionally similar 

product. The processes are evaluated on the basis of five quantitative and 
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qualitative cumulative indicators for process economics, environmental impacts, 

EHS hazards and risks. The indicators are as follows: 

 

EC – Economic constraint (0.3) 

EI – Environmental impact of raw materials (0.2) 

PCEI – Process costs and environmental impacts (0.2) 

EHSI – Environment, health and safety index (0.2) 

RA – Risk aspects (0.1) 

 

Using the weighting factors[15] given in brackets a total score is calculated for 

both the novel and the conventional process; dividing these two total scores gives 

the ‘Sustainability Index Ratio (IR)’. This ratio gives an indication of the potential 

benefits from a novel process in comparison to the existing conventional process. 

According to the methodology a low score (as close as possible to zero) for the 

individual indicators and a low IR (less than one) represents a favorable process; 

in contrast, an IR higher than a value of one represents a process that is 

unfavorable compared to the conventional counterpart. The effect of uncertainty 

in data on the results has been assessed with Monte Carlo analysis using the 

@Risk software[16] for data inputs and an internally developed stochastic 

algorithm for variation in weight factors. To apply this methodology in the 

CatchBio context, it has been assumed that all processes will be commercially 

implemented at a very large scale as they produce fuels or bulk chemicals. 

Each of the process assessments is based on a variety of data inputs (3 data 

inputs for EC up to 11 data inputs for EHSI). Two main types of data are needed 

for this assessment, namely i) chemical reaction data (e.g., reaction mass 

balances, temperature) that is derived from laboratory results ii) background data 

about raw materials, products and the process system derived from a variety of 

literature data sources and databases.  

Chemical reaction data has been collected through a collaborative and 

iterative approach. This approach has involved discussions with principal scientists 

and researchers, responsible for development of the processes within CatchBio. 

Understanding the information from laboratory experiments and converting it 

into a form which can be used for this assessment represents the first step in this 

approach. The information has been collected and organized using a data 

collection form (sample can be found in the supporting information, section S4). 

Given the early stage of assessment it has been assumed that catalyst lifetime and 

regeneration will be resolved by future R&D. Expected catalyst losses have been 

considered for cases where appropriate information is available.  
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The external data includes cumulative energy demand and greenhouse gas 

emissions for raw materials, prices of raw materials, products and co-products, 

physico-chemical properties[17] and chemical hazard information[18-20]. It is 

required within the framework of the methodology that the inputs are consistent 

and harmonized.  For example, it is important that the chemical prices used for 

assessment come from the same time period. All the prices used for this 

assessment are from the second half of 2011 and refer to European market 

prices[21-23]. Also it is imperative that the prices, cumulative energy demand 

(CED) values[23,24] and greenhouse gas (GHG) emissions[23,24] of raw materials 

are consistent with the chosen geographic scope.  

In this framework, the first results from the assessment model were 

communicated to the researchers. These model results helped to start an 

iterative approach wherein the assumptions, laboratory data and results were 

refined based on key insights from the researchers and from literature on further 

process developments. The interaction has ensured consideration of a variety of 

viewpoints from CatchBio researchers and repeated internal review of the 

assessment results at each stage of the assessment. The outcome of this 

approach is the assessment of current and future variants of biobased processes 

reported in this study.  

3.4. Processes analyzed 

The eight biobased processes selected for this study represent a range of 

important chemical catalytic conversion routes from biomass, covering Guerbet 

chemistry starting from bioethanol, hydrogenation, dehydration, Fischer-Tropsch, 

pyrolysis, trans-esterification and decarboxylation. The processes were selected 

based on discussions between academic and industrial experts within CatchBio 

consortia (www.catchbio.com), thereby considering technical and economical 

merits, maturity of the process including availability of appropriate laboratory 

data for analysis and availability of biomass feedstock next to some other aspects. 

The analyzed processes result in nine comparative process assessments. Five of 

these target production of biofuels by conversion of lignocellulosic and vegetable 

oil feedstock (B5-B9); while the other four target production of chemicals from 

ethanol and lignocellulosic biomass (B1-B4). Figure 3.1, shows a schematic 

overview of the processes by depicting the main raw material and product. Table 

3.1 gives the important characteristics of the biobased processes while table 3.2 

gives information about the conventional processes which are used to compare 

and evaluate the performance of novel biobased processes.  In this assessment 

each biobased process (e.g. B1) is compared to its conventional counterpart (e.g. 
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C1) leading to the analyzed comparisons (e.g. B1:C1, B2:C2 and so on). More 

information about the processes can be found in the supporting information. 

 

 

Figure 3.1: Overview of the novel biobased (B) and conventional (C) processes analyzed in this 

study 

It is important to note that each of these processes produce a variety of 

valuable co-products. Following the assessment methodology [15] a fraction of 

the economic, environmental, health and safety impacts of this process is 

allocated to these co-products. This ensures a fair allocation of costs and impacts 

to the main product. The wide selection of processes targeting both chemicals 

and fuels production from biomass, allows us to cover a wide range of features 

and characteristics of these conversion technologies and enables us to highlight 

their strengths and challenges. This assessment also allows us to screen promising 

processes for further in-depth assessment.  
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Table 3.1: Novel bio-based conversion routes 

Novel 

bio-

based 

process 

No. of 

reaction 

steps 

Conversion route Major auxiliary inputs Major co-products 

B1[25] 2 Aquathermolysis and pyrolysis Water, nitrogen Furfural, bio-oil, fuel gas 

B2[26] 1 Heterogeneous catalysis  n-butanol, ethylene, acetaldehyde 

B3[27] 1 Heterogeneous catalysis Hydrogen n-butanol, n-hexanol 

B4/5[28] 1 Homogeneous catalysis 
Potassium hydroxide, 

mesitylene 
n-hexanol, 2-ethyl butanol 

B6[29,30] 1 Catalytic pyrolysis, hydrotreatment Hydrogen Diesel, light ends, char (+ash) 

B7[31,32] 3 
Gasification, water gas shift and 1-

step Fischer Tropsch.  
Steam Diesel, methane, light ends. 

B8[33] 1 
Solid acid catalyzed 

transesterification 
Methanol Glycerol 

B9[34] 1 
Combined catalytic decarbonylation 

and decarboxylation 
 

Fuel gas (main product is olefinic 

biodiesel) 
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Table 3.2: Conventional process routes used for comparison 

Conventio-

nal process 

No. of 

reaction 

steps 

Conversion route Major auxiliary inputs Major co-products 

C1[35] 1 Hydrolysis Water 
Mono propylene glycol, tri-

propylene glycol 

C2[36] 1 Steam cracking Steam Ethylene, propylene, benzene 

C3[37] 3 
Homogenously catalyzed 

hydroformylation reaction 

Syngas (CO:H2-1.1:1), 

sodium hydroxide, water 

Iso-butanal, n-butanol, 

butane 

C4[37] 2 
Homogenously catalyzed 

hydroformylation reaction 

Syngas (CO:H2-1.1:1), 

hydrogen, water 
Iso-butanal, 2-ethyl hexanol 

C5/6/7[38-

40] 
3 

Atmospheric distillation, 

hydrotreating, catalytic reforming 
Hydrogen 

Kerosene, diesel, 

atmospheric residue, fuel oil 

C8/9[41] 2 
Homogenous acid and base 

catalysis 
Methanol Glycerol 
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The processes analyzed for this assessment are at an early stage in 

development. The comparable conventional processes have undergone extensive 

development over many years, even decades in many cases. Hence, when 

comparing with an existing conventional process, it is important to also take 

expected near-future term development potential into account in addition to the 

current stage of development. In this study, we analyze two variants of novel 

biobased processes and compare them with the conventional process. The 

variants are as follows: 

1) Biobased-Current [C]: This variant incorporates the currently achieved 

early results from the laboratory, as obtained within the CatchBio project 

(with some approximations and assumptions where needed). Table 3.1 

includes the individual references for the different processes.  

2) Biobased-Future [F]: This variant is used to estimate future potential for 

the process being studied. The data used is based on expert estimate of 

the principal scientist in the CatchBio subproject regarding the target 

which can/should be achieved for such a process with approximately 5 

years of R&D efforts.  

The future scenarios, even though theoretical, can give us an idea about the 

potentials of novel biobased processes. In combination with the current 

scenarios, it is important to use the results from these variants to pinpoint specific 

bottlenecks throughout the biobased process chain. An in-depth study of these 

bottlenecks is necessary to understand them better.  

For processes where appropriate data is available, a third variant (Biobased-

Literature) is analyzed. It is based on some of the best results observed in 

literature for the process being developed within the CatchBio project. The results 

for this variant are not shown in the graphs and are presented in the discussion 

section for each applicable process.  

3.5. R&D decision making 

This framework is intended to assist in incorporating information from a 

variety of different sources and enable a comparative assessment of various 

process routes. While using the results, it is important to bear in mind that the 

analysis is based numerous specific data inputs and assumptions. Before drawing 

conclusions, it is important to examine the validity of these inputs. Also one 

should note that with this methodology an IR greater than ‘1’does not 

automatically entail that the process is not worth pursuing. It is important to 

study the expected variations in outcome and the expected outcome in probable 
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scenarios. One should also consider the individual indicator scores and determine 

the applicability of the weighting factors. 

3.6. Results and Discussion 

In this section, we first provide the base case and uncertainty analysis results 

for each of the nine process comparisons with a short general interpretation. 

Following this the results for each process are discussed in detail. Finally the 

effects of some potential scenarios on the overall outcome are also discussed. 

3.6.1. Overall results 

Figure 3.2 shows the final comparison results based on the individual 

indicator and total scores (left axis) and the sustainability index ratio (IR) (right 

axis) for each of the processes analyzed. Please refer to the supporting 

information section S1 for more information regarding the individual indicator 

results for each process. In figure 3.2, as explained earlier, an IR score of less than 

one indicates that the new biobased process can provide benefits over the 

conventional process. Biobased processes start from solid biomass which must be 

grown and converted into liquid chemicals and fuels. This fact in combination with 

the nascent state of biomass based conversion chemistry, leads to higher overall 

energy use and results in unfavorable economics for biobased processes. As can 

be observed from figure 3.2, with the particular set of assumptions and inputs, 

there are no processes with an IR below ‘1’ in the current variant and there are 

four processes with an IR below ‘1’ for the future variant. Thus it is important to 

note that in spite of the less favorable feedstock compared to petrochemical 

processes, some of the future variants for biobased processes can indeed offer 

potential benefits over conventional processes. This underscores the need for 

further investment in R&D to help realize this potential. 
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Figure 3.2: Sustainability Index Ratio (IR) of current [C] and future [F] variants for each comparison is represented on the right axis. Individual indicator 

based total scores for novel biobased (left bar stack) and conventional (right bar stack) in each comparison is represented on the left axis. The total 

score is determined by weighted summation of the following individual indicators; EC: Economic constraint, EI: Environmental impact of raw materials, 

PCEI: Process costs and environmental impacts, EHSI: Environment, health and safety index, RA: Risk aspects. Refer to supporting information section S5 

for data values associated with this graph. 
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When interpreting the results it is important to bear in mind that this 

assessment is based on a variety of data inputs and assumptions which can vary 

based on a multitude of factors. The geographical and temporal context is one 

such critical factor which can determine the outcome and shape its 

interpretation. With the analysis presented in figure 3.3, an attempt has been 

made to study the effect of variations in some of the major factors (e.g., prices, 

CED and GHG emissions) on the final outcome. This variation has been studied 

using the Monte Carlo analysis technique with the @RISK software. The results 

presented are for 10000 simulations. The input distributions used for this 

assessment are specified with a constant standard deviation and normal 

distribution for each category (e.g. prices) of data. Please refer to supporting 

information S2 for the type of input deviations used. This gives us an idea about 

the range of variation that can be observed. For each comparison in figure 3.3, 

the lower and upper limits indicated by the ‘error’ lines, represent the minimum 

and maximum values possible under the given set of assumptions. The rectangles 

indicate that the values for 50% of 10000 outcomes for that scenario are within 

the range shown by the height of the boxes. In figure 3.3 the current (e.g. B1:C1-

C) and future (B1:C1-F) variants for each comparison are presented next to each 

other. 
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Figure 3.3: Data based uncertainty in IR for current [C] and future [F] variants of each comparison. 

Error bars show minimum and maximum outcomes and box height shows distribution of 50% of 

the outcomes. 
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From figure 3.3 it can be observed that for quite some comparisons, there can 

be cases where the novel biobased processes are expected to be favorable. 

However, when looking at these cases one should also consider the height-spread 

of the associated boxes for that scenario and the distance of these cases from the 

lower and upper limits of these boxes. Outcomes which are farther away from the 

median represent extreme cases that are only possible with significant deviations 

from the base case mean values. Although such deviations can occur, they can be 

considered to be low probability events, at least in the near future. Wider 

observed ranges in figure 3.3 indicate that the outcome for those particular 

processes is more sensitive to variations in the factors like prices, CED and GHG 

emissions. In figure 3.3, significant changes can be observed in the median and 

spread between the current and future variants for certain comparisons (e.g. 

B2:C2, B6:C6). This difference indicates that improvements in the respective 

processes can have a significant effect on the overall outcome.  

The figure 3.4 shows the variation in IR with a range of different (10000) 

weighting factor sets that depend on difference in opinions [15]. In some cases, 

quite some variation from the base case is found with variation in weights. Rather 

than focusing on precise numbers, this analysis serves to highlight the weight 

dependence of the outcome which should be taken into account when drawing 

conclusions. The conformity of the chosen weighting factors with individual, 

organizational or societal goals is imperative for appropriate interpretations 

within different contexts.  
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3.6.2. Process results discussion 

In this section the results reported in figures 3.2, 3.3 and 3.4 are separately 

discussed for each of the nine process comparisons. 

3.6.2.1. Levoglucosan production (B1:C1) 

In the B1:C1 comparison the process for production of levoglucosan from 

wheat straw via the pyrolysis process is compared with the conventional process 

for production of di-propylene glycol from propylene oxide. Levoglucosan does 

not have any commercial applications as of now. However certain applications 

such as polyethers that utilize the anhydro ring and multiple alcohols in 

levoglucosan in combination with alkylene oxides have been envisioned.[42] 

Hence, di-propylene glycol which has similar number of carbon atoms, ether 

linkage and polyols was chosen as the competitive conventional counterpart for 

comparison. At the current stage of development, the biobased process does not 

seem to provide potential benefits over the petrochemical process. The biobased 

process shows a significantly lower EC and EI compared to the simpler one-step 

petrochemical process. In comparison, the biobased process starting from 

biomass can be expected to have more intensive processing requirements, 

especially considering product separation and purification. These aspects are 

reflected in the higher PCEI and EHSI scores. The biobased process has a higher 

score on risk aspects because levoglucosan is a new product without an existing 

bulk market, which will need new processing and supply infrastructure to be 

produced commercially. The uncertainty analysis shows a wide variation in the 

calculated IR with some of the key inputs. Even though a maximum and minimum 

of 1.66 and 0.71 is observed, the majority of values are expected to lie between 

1.12 and 1.01. A regression sensitivity analysis, based on the results presented in 

figure 3.3 shows that the prices of propylene glycol, propylene oxide, wheat straw 

and CED of wheat straw are some of the most important factors affecting the 

outcome. Propylene glycol is a major co-product from the production process for 

dipropylene glycol and thus its price plays a major role in determining the 

economics and impacts associated with dipropylene glycol. With potential process 

developments, the future variant of biobased process can be comparable to the 

conventional process. From a practical implementation viewpoint and to realize 

potential benefits, future research in this process will have to proceed with 

coupled research in other aspects of the processing chain. Some of the major 

targets of this coupled research can be separation of levoglucosan, developing 
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applications for levoglucosan and valorization of bio-oil, which is one of the major 

co-products. 

3.6.2.2. Butadiene production (B2:C2) 

In the B2:C2 comparison we analyze the production of biobased 1,3-

butadiene from ethanol which was also discussed in detail in Patel et al[15]. The 

analysis in this study is based on different inputs that are consistent with other 

inputs for this comparative assessment. 1,3-butadiene is a widely used chemical 

for the production of synthetic rubber. Hence, a greener process for production of 

1,3-butadiene from renewable resources can be a significant step towards 

sustainability. At the current stage, the biobased process has an IR slightly higher 

than 1 at 1.05. This is also the case for the best available literature process[43] 

which has an IR of 1.04. This indicates comparable or lower potential benefits 

from the biobased process. However, the future variant (IR: 0.98) shows that with 

further process developments, potential benefits can be expected from the 

biobased process. The main difference in the two variants is observed in the PCEI 

parameter. This difference is based on the higher conversion and selectivity 

towards 1,3-butadiene. The reaction also leads to the formation of butenes with 

boiling points close to 1,3-butadiene which plays a major role in the high PCEI of 

the process. A process which significantly reduces these by-products, maybe even 

leading to more but easily separable co-products, can be more competitive as 

compared to the conventional process. The uncertainty analysis shows a fairly 

promising distribution of outcomes, with approximately 27% and 85% IR 

outcomes expected to be less than 1 for the current and future variants 

respectively. The regression sensitivity analysis shows that this outcome is most 

sensitive to the prices of naphtha, ethanol and propylene, CED of naphtha and 

GHG emissions associated with ethanol.  

Considering the increasing market demand for synthetic rubber, the demand 

for butadiene is expected to increase in the near future. Expected partial shifting 

of ethylene production capacity from naphtha to light gases[44] will reduce the 

co-production of butadiene and can create further opportunities for a viable 

biobased process. Increasing and ever efficient production of ethanol from a 

variety of sources promises to provide a long term sustainable feedstock for 

biobased butadiene. Butadiene by itself is a known carcinogen and causes chronic 

toxic effects on exposure. However, since butadiene is an intermediate, 

appropriate safety precautions and an efficient production chain can reduce 

occupational exposure to butadiene. With these precautions and the use of 
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sustainably produced ethanol, this process can help to establish renewable 

supplies for this key chemical. 

3.6.2.3. 2-Ethylhexanol production (B3:C3) 

In the B3:C3 comparison the production of 2-ethylhexanol (2-EH) from 

ethanol is compared with its conventional production from propylene and syngas. 

Figure 3.2 shows that with the current reaction data and assumptions, the 

biobased process does not indicate any potential benefits over petrochemically 

produced 2-EH (IR: 1.17). This is due to the lower conversions and a very low 

selectivity to 2-EH which is a higher value product as compared to the other 

alcohols that are produced as co-products. As shown in figure 3.3 the biobased-F 

scenario does indicate potentially favorable production of 2-EH via the biobased 

route. Although this is mainly a theoretical scenario, it strongly indicates the 

potential of this process and underscores the need for further research. It can be 

inferred that a process which progressively cycles intermediates and lower 

alcohols towards 2-EH in one reactor can be promising. A qualitative evaluation of 

the viability of achieving the future variant for the process is essential to 

determine the direction for future research efforts. A comparison of the biobased 

[C] and [F] outcomes and uncertainty analysis from figure 3.3 shows that process 

improvements are more important for improved sustainability (lower IR) as 

compared to the variations in product and feedstock prices. Regression sensitivity 

analysis shows that the outcome for the current variant is most sensitive to the 

price of 2-EH, ethanol and propylene. However, due to process improvements in 

the future variant, the outcome is more dependent on the feedstock (ethanol and 

propylene) prices followed by the CED and GHG emissions associated with 

ethanol. One of the main applications of 2-EH is for production of plasticizers. 

Some of these plasticizers can be endocrine disruptors, thus facing the risk of 

being banned in the longer term. This will lead to a decrease in demand for 2-EH 

which should be taken into account for future research. However, research into 

production of 2-EH will lead to insights in production of other higher alcohols 

from ethanol which can also be valuable. 

3.6.2.4. Butanol production (B4:C4 and B5:C5) 

Butanol is a widely used chemical solvent. It also has better fuel properties as 

compared to ethanol and hence has been proposed for fuel use as well. In this 

study, the B4:C4 comparison analyzes the production of n-butanol for chemical 

use and the production of n-butanol from propylene is used as a reference. The 

B5:C5 comparison analyzes the production of butanol from the same biobased 
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process for fuel use and hence the production of gasoline is considered as the 

reference process. For the B5:C5 comparison, considering fuel use, the price of n-

butanol is calculated based on its energy content in reference to the energy price 

for gasoline. As depicted in figure 3.2  (both for chemical and fuel use), the 

current process is not expected to provide any benefits over the conventional 

processes. However, the current process with an IR of 1.28 and 1.36 respectively 

for chemical and fuel use, does show some improvement over the best available 

literature process[45] with an IR of 1.34 (chemical) and 1.58 (fuel). The current 

process uses an inexpensive base potassium hydroxide (KOH) as compared to the 

literature process which results in a significantly lower EC for the current process. 

This gain in EC is offset to some extent by the increase in EHSI score for the 

process due to use of KOH. The value and loss of the catalyst associated ligand is 

one of the major factors affecting the EC for both the current and literature 

processes. The future variant for both, chemical (IR: 1.12) and fuel use (IR: 1.25), 

indicates substantial improvement in the sustainability index ratio but it still does 

not indicate potential benefits over the conventional process. The uncertainty 

analysis in figure 3.3 shows that for the current variant there are very limited 

expected outcomes with IR below values ‘1’, for either chemical or fuel use. For 

chemical use the outcome is most sensitive to the prices of propylene, ethanol 

and butanol. For fuel use, the outcome is more sensitive to the prices of crude oil, 

fuel oil, hexanol and ethanol. Even with future variant only 6% and 1% of the IR 

value outcomes are expected to be below one for chemical and fuel use 

respectively.  Radical improvement in the current approach combined with 

exploration of alternative routes will be necessary to develop a catalytically 

produced biobased alternative to petrochemically produced butanol. 

3.6.2.5. Biobased gasoline via pyrolysis (B6:C6) 

The production and use of biofuels is considered an important alternative to 

conventional fossil based liquid fuels. The comparison B6:C6 analyzes the 

production of biobased gasoline via the pyrolysis route from waste pinewood. 

Although available in a rather small proportion relative to gasoline demand, waste 

pinewood is an important resource which can be used to marginally replace fossil 

gasoline. It can be observed from figure 3.2 that in the current variant, the 

biobased process does not seem to provide any benefits compared to the 

conventional alternative of petroleum gasoline. However, the results for the 

future variant indicate attractive potential for this route. Figure 3.3 shows that 

50% of the results are between 1.09 and 1.28 for the current case and between 

0.92 and 1.05 for the future case. As opposed to thermal pyrolysis, this process 



Early stage comparative…biobased processes 

 

92 

aims to produce a higher quality bio-oil and reduce the hydrogen requirement in 

hydrotreating of bio-oil by using catalytic pyrolysis. Considering the large amounts 

of catalysts that are required, the assumed catalyst losses (3% per pass for current 

and 1.5% per pass for future variant) contributes to a major proportion of the 

observed IR difference in the current and future variants. It has not yet been 

possible to get a good estimate of the catalyst losses. However, this reactor 

system can be compared with the fluid catalytic cracking process in petroleum 

refineries where catalyst losses have been minimized through decades of 

development. Hence for this particular comparison the average catalyst loss with 

a 66% deviation and normal distribution is included in data uncertainty analysis. 

Apart from catalyst losses the outcome is also sensitive to the price of crude oil, 

fuel oil, waste pinewood and the requirement of hydrogen for hydro-treatment of 

pyrolysis bio-oil to produce gasoline blend. It is hence important to conduct 

further experiments and reduce the uncertainty in catalyst losses and hydrogen 

requirement for treating bio-oil. The biobased process analyzed here starts with 

solid biomass which is then converted into liquid fuels. The conversion results in 

increased processing requirements, mass loss (especially considering oxygen 

content of biomass) and higher expected energy use that leads to the relatively 

high IR. It is important to bear in mind that this assessment and results reflect the 

current general European Union (EU) context. However, even with the current 

variant this process chain might be promising in a different geographic or 

temporal context (e.g., unavailability of petroleum reserves in a region).  

In the current context, the following developments might lead to realization 

of a potentially beneficial process for biobased fuel production via the pyrolysis 

route.  

 Substantial improvements in the biomass supply side 

 Advances in processing technology (especially lower catalyst losses) 

 Exploration of other potential valorized products  

 Depletion of easily accessible low sulphur crude oil reserves 

From a process chemistry perspective, one of the main goals for such a 

conversion should be to produce a mix of chemicals, which valorize the oxygen 

content in biomass, and fuels which valorize the oxygen content to some extent 

(in this study it is assumed that the gasoline blend produced after hydro-

treatment of bio-oil with 14% oxygen has an oxygen content of 2.7%[46]) along 

with the hydro-carbon content. Such an approach, although difficult, can 

represent a research goal for this pathway. With future advances in catalysts and 

other developments, this process can represent an important pathway for biofuel 

production. 
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3.6.2.6. Biobased gasoline via gasification (B7:C7) 

Gasification of biomass and subsequent conversion in the Fischer-Tropsch (FT) 

process promises to provide greener and cleaner burning liquid fuels. The B7:C7 

comparison analyzes the conversion of corn stover into gasoline via gasification. 

The process being developed within CatchBio is an innovative approach that 

combines the hydrocarbon synthesis and cracking of the conventional Fischer-

Tropsch, leading to a one-step process using a bi-functional catalyst. This 

improvement can be useful for processing syngas from other sources. This 

assessment considers the whole chain from biomass to gasoline. According to 

figure 3.2, with the current set of data, the biobased process does not seem to 

provide potential benefits over the conventional process. The current variant has 

an IR of 1.39, which can be expected to reduce to 1.23 with some process 

improvements for the future variant. Considering the analysis in figure 3.3, the 

outcome is most sensitive to the prices of crude oil, corn stover and gasoline, and 

the CED of crude oil and corn stover. As we move towards heavier crudes, the CED 

of crude oil can be expected to increase in future. In this biomass conversion, the 

final fuel is expected to retain a significant proportion of the biomass energy 

content, thus limiting feedstock energy losses which contribute to the EI indicator 

through CED. However, one of the major bottlenecks in this process chain is the 

biomass gasification step. The gasification and water gas shift steps, cause a 

significant mass loss (especially oxygen content of biomass). The removal of 

oxygen occurred naturally over millions of years for the petroleum process. This 

entails significant processing requirements for the energy conversion (especially 

with large amounts of solids and gaseous components) which are reflected in the 

high PCEI and EHSI scores. Hence, to arrive at a potentially promising biobased 

process chain, along with energy conversion, it seems important to valorize mass 

through co-production of oxygen containing chemicals and fuel components. 

Being a relatively new process which will require new large scale processing and 

supply infrastructure, the biobased process carries a higher risk. This risk must be 

justified by an efficient and improved process chain to enable commercial 

implementation on a large scale. It is important to note that this assessment 

considers the complete biobased process chain in the EU context and that this 

process chain might be promising in other contexts. Also parts of this process 

chain, like the one being developed within CatchBio, can be coupled with other 

fossil based technologies to reduce the negative impacts from using fossil 

resources. For example, natural gas or coal gasification can be useful to meet 

conventional liquid fuel and electricity needs in a more efficient way. However, it 
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is always important to bear in mind that these are temporary solutions that do 

not help to deal with the ever important problem of climate change. One major 

advantage of FT fuels, which might play an important role in future, is its zero 

aromatic content which makes it a less hazardous and cleaner burning fuel as 

compared to gasoline from crude oil. The lower hazards associated with FT fuels 

have been taken into account in this assessment in the EHSI indicator. In future, 

regulations for cleaner burning fuels and internalization of external costs from 

vehicular emissions could lead to a favorable scenario for biobased FT fuels. 

3.6.2.7. Biodiesel production (B8:C8 and B9:C9) 

The utilization of waste vegetable oil (WVO) to produce biodiesel, represents 

an important opportunity to valorize a locally available waste resource. WVO has 

high fatty acid content and is currently converted in a 2-step homogeneously 

catalyzed process to bio-diesel. This process has a couple of drawbacks. The 

conversion of acids in the first step is a slow process and the use of homogenous 

catalysts, results in an impure glycerol by-product that needs significant further 

purification. The B8:C8 and B9:C9 comparisons analyze two alternative 

approaches to convert WVO into liquid fuels over heterogeneous catalysts with 

the conventional 2-step process for utilization of waste vegetable oil as a 

reference.  

The new process in B8:C8 comparison proceeds via a one-step conversion 

over a heterogeneous catalyst to produce fatty acid methyl esters (FAME-

biodiesel) and a relatively pure stream of glycerol co-product. This process 

focusses on the necessary utilization of waste vegetable oil. Hence, this process is 

compared with the dominant conventional process for utilization of WVO. This 

conventional process involves conversion of WVO to fuel in a 2-step process using 

homogenous acid and base catalysts in the first and second step respectively. The 

use of homogenous catalysts results in a lower value glycerol co-product with 

higher impurities. The current variant (IR: 1.14) does not show a clear benefit over 

the conventional approach. The benefits of having a one-step process and of 

cleaner glycerol co-product are offset by mainly two aspects: lower per pass 

conversion and higher methanol recycle, which lead to higher PCEI and EHSI 

scores. The new process has a higher risk aspect because of the uncertain nature 

of the new technology which will need building either first-of-its-kind greenfield 

plant or retrofitting existing plants. It is also important to consider the availability 

and quality of the WVO feedstock. A lower quality WVO feedstock with higher 

free fatty acid content can lead to different results. It is hence important to 

investigate the variation in yields with variation in the quality of WVO feedstock. 
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As indicated by the analysis of the future variant (IR: 1.03), potential 

improvements in the new process can make it comparable with the conventional 

process on an overall basis. The Monte Carlo analysis in figure 3.3 shows that the 

outcome variation is limited. This is expected because of comparison with a 

similar biobased conventional process. The outcome is most sensitive to the 

prices of refined and crude glycerol and FAME-biodiesel. This is in line with 

expectations, since the difference in glycerol qualities is one of the important 

distinguishing factor between the new and conventional routes.   

The new process in the B9:C9 comparison converts WVO to long chain alkene 

fuel (LAF-biodiesel) over solid acid catalysts. This new process involves a simple 

one-step conversion process in which WVO is converted to produce LAF-biodiesel 

with co-production of a fuel gas consisting of CO, CO2 and CH4. The LAF-biodiesel 

has a higher energy content compared to FAME-biodiesel. Therefore, a higher 

price has been used based on the price per unit energy of FAME-biodiesel. 

However, in the current variant (IR: 1.08) the benefits of this one-step process are 

outweighed by the increased processing requirements due to the lower per pass 

conversions. With further process improvements, the future variant (IR: 0.96) can 

be expected to provide some benefits over the conventional approach. From 

figure 3.3 it can be observed that most of the IR outcomes are expected to be 

between 1.05 and 1.08 for the current variant and 0.86 and 0.97 for the future 

variant. This outcome is most sensitive to the prices of WVO, methanol (an input 

for the conventional process) and crude glycerol. For the new process it is 

important to understand the combustion characteristics of the LAF-biodiesel. 

Although it does not seem that it will be a problem, it is important to take into 

account this aspect in future research. As in the case of B8:C8 comparison, it is 

also important to understand the variation in yields with variation in the quality of 

WVO feedstock. This research along with an evaluation of the feasibility of 

achieving research targets envisioned in the future variant is essential to 

determine further research efforts on this pathway. 

3.6.3. Scenario analysis 

The results of Monte Carlo analysis discussed in the above sections, gives a 

general indication of the expected variation in the outcome. To aid in decision 

making it is important to highlight specific changes in outcome in different 

expected scenarios. In this section we discuss how the outcome of the analysis 

would change in response to certain potential scenarios that might play out in 

future.  
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3.6.3.1. Climate-focused scenario 

With increasing focus on the adverse effects of global warming, reducing GHG 

emissions is expected to have a higher priority in future. In this assessment, as a 

default, GHG emissions carry 15% weight8. To analyze the effect of this scenario, 

we increase the weight of GHG emissions in the final assessment. The indicator EI 

is broken down into separate CED and GHG indicators for this purpose. The new 

weights used are as follows: 

 EC – Economic constraint (0.2) 

 EI – Environmental impact of raw materials 

o CED – Cumulative energy demand (0.1) 

o GHG – Greenhouse gas emissions (0.3) 

 PCEI – Process costs and environmental impacts (0.2) 

 EHSI – Environment, health and safety index (0.1) 

 RA – Risk aspects (0.1) 

 The increasing importance of GHG emissions will reduce the importance of 

economic aspects and EHS hazards to some extent which will be reflected in 

lower weights for EC, PCEI and EHSI indicators. However, the PCEI category also 

stands as a proxy for the GHG emissions from the conversion process and hence 

its weight remains unchanged. The risk aspects (RA) are expected to remain 

similar regardless of high GHG importance and hence carry the same weight. The 

results of this scenario are presented in figure 3.5. In this scenario, many new 

biobased processes can clearly prove to be favorable compared to the 

conventional processes. The number of processes with an IR below ‘1’ is five for 

the current variant and seven for the future variant. Along with the chemical 

processes, the important gasification and pyrolysis fuel conversion processes are 

also expected to become promising in this scenario.  

                                                           

8: 50% of the default EI weight equals 0.1 and 25% of default PCEI weight  

equals 0.05. 
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3.6.3.2. Lignocellulosic ethanol scenario 

Biobased processes in four of the comparisons analyzed in this study start 

from ethanol produced in the EU using first generation feedstock mix [24]. Use of 

lignocellulosic feedstocks for production of ethanol can help avoid the food versus 

fuel issue to some extent which is associated with first generation ethanol. Use of 

lingocellulosic ethanol will change the outcome of novel processes. Hence, in this 

scenario we use the price, CED and GHG emissions for lignocellulosic ethanol. The 

price is based on the techno-economic analysis from the National Renewable 

Energy Laboratory (NREL) in the U.S.A [47]. The GHG and CED emissions are based 

on the analysis of the same NREL model by Mu et al[48]. Although these studies 

are from the U.S., being based on models, they give good information to judge 

how a lignocellulosic ethanol scenario would play out. Figure 3.6 shows the 

results for this scenario. Out of the four ethanol based processes, two are 

expected to become beneficial with the current variant and three with the future 

variant.  
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Figure 3.5: Overall results with high GHG weight scenario. Biobased-C refers to current scenario 

and Biobased-F refers to a future scenario 
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3.6.3.3. High crude oil price scenario 

Considering the non-renewability of fossil fuels, the price of crude oil can be 

expected to increase. Such an increase will be based on demand and supply 

relationships or taxes. Taxes are a completely different domain which will not be 

taken into account in this analysis. When the price of crude oil increases, based on 

historical data one can reasonably expect the prices of all other commodities to 

go up as well. Based on lower dependencies, the proportion of price increase will 

be accordingly lower for other commodities as compared to crude oil. In analyzing 

this scenario, we take this fact into account by using price increase factors used in 

the BREW report[49]. These factors have been calculated for particular 

commodity categories using regression analysis based on historical data and 

assumptions. A list of factors used can be found in the supporting information 

section S3. The factors are specific to the base price of crude oil and the increase. 

Hence, in this analysis we assume an increase in crude oil prices from 108 USD per 

barrel to 188 USD per barrel. This increase enables us to utilize the factors 

estimated in the BREW report. The results for this scenario are shown in figure 

3.7. As shown, because of the expected price dependencies, although the IR 

scores are lower the number of favorable processes remains the same as default 

case for current variant and increases to 5 for the future variant. This shows that 

high oil prices alone may not reverse the conclusion. However, with high oil prices 
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Figure 3.6: Overall results with lignocellulosic ethanol scenario. Biobased-C refers to current 

scenario and Biobased-F refers to a future scenario 
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the role of uncertainties becomes more prominent and can lead to cases where 

biobased processes become attractive.  

3.6.3.4. Alternate ethanol and combination scenarios 

In the default case we use first generation ethanol, produced in the EU as a 

raw material. In this section we explore a combination of different ethanol 

scenarios and combinations with high GHG weights and high crude oil prices. 

Although ethanol affects only four of the processes, all nine processes are 

considered in this assessment. Table 3.3 gives a list of the scenarios and shows 

how many processes are promising (IR<1) in each scenario and figure 3.7 shows 

the results for these scenarios. Table 3.3 also shows the scenarios already 

discussed above for reference purposes. In figure 3.6 the current (e.g. B1:C1-C) 

and future (B1:C1-F) variant for each comparison are presented next to each 

other. Brazilian ethanol has lower price[50], CED[51,52] and GHG[51,52] 

emissions as compared to EU ethanol, hence we see a small change in the result 

wherein, the process for production of 1,3-butadiene also looks promising with 

the current variant. In combination, this also increases the total number of 

promising processes in the high GHG weight scenario. There are taxes on ethanol 

in EU. Although removing the taxes affects the process economics and reduces 

the overall sustainability index ratio, it makes no difference in the number of 

promising processes. In combination with lignocellulosic ethanol and high GHG 

weight, high crude oil price scenario can make biobased processes very attractive. 

Table 3.3 and figure 3.6 show that some of these scenarios indeed render many of 

the new biobased processes more promising as compared to the conventional 

processes. However, the applicability of these scenarios in specific situations 

should be considered before interpreting the results.    
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Table 3.3: Different scenario combinations 

Legend for figure 

3.7 
Scenario Biobased-C Biobased-F 

LHG Lignocellulosic ethanol + high GHG weight 7 8 

BE Brazilian ethanol 1 4 

BEHG Brazilian ethanol + high GHG weight 6 7 

EWT EU ethanol without taxes 0 4 

EWTHG EU ethanol without taxes + high GHG weight 5 7 

HC High crude oil prices 0 5 

HCHG High crude oil prices + high GHG weight 5 7 

HCHGL High crude oil prices + high GHG weight + lignocellulosic ethanol 7 8 

 Lignocellulosic ethanol 2 5 

 High GHG weight 5 7 

 Default case 0 4 
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Figure 3.7: Results with different scenario combinations for current [C] and future [F] variants of each comparison. Refer to supporting information 

section S5 for data values associated with this graph. 
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3.7. Conclusions 

In this study we have applied a framework to evaluate and compare the 

sustainability performance of novel biobased processes at an early stage of 

development. The assessment allows us to gain insights into the strengths, 

weaknesses and improvement potentials of the processes in comparison with 

their conventional counterparts. This framework enables a fair comparison across 

various novel biobased process options. The assessment methodology can also be 

applied as support tool for incremental improvement of the processes.  

From the default case results, it is evident that, at the current development 

stage, novel biobased processes face significant challenges to be overcome. We 

identified some promising options that emerge with substantial technical 

improvements in the processes. The default case indicates that the production of 

biobased chemicals can be more promising than biobased fuels. However, the 

case of catalytic pyrolysis highlights the future potential of biobased fuel 

processes if ongoing R&D delivers the expected results.   

Being a model based assessment the results are subject to many 

uncertainties, which should be taken into account when making decisions. The 

expected variation in outcomes gives an indication of the robustness of the 

results in response to changes in certain key data inputs.  

The scenario analysis shows that under changed circumstances, many novel 

biobased processes can become attractive. In our view some of these scenarios 

are quite probable in future, especially due to further technological development 

for the production of fuels and chemicals from lignocellulosic feedstocks (e.g., 

more efficient enzymatic pathways to lignocellulosic ethanol and production of 

high yielding sustainable feedstocks). However, it is important to study the 

likelihood of the various scenarios within particular geographical and temporal 

contexts in order to make sound decisions based on these results.  

Being the first application of this framework, the effort involved in data 

collection and assessment was clearly larger than expected for a quick 

assessment. However, increasing data inventory and experience has already 

significantly reduced the time required, thus ensuring faster feedback. In the 

CatchBio project these results have been taken into account in R&D planning 

decisions.  

This assessment has enabled incorporation of a variety of sustainability 

aspects in the decision making process. The CatchBio experience shows that it is 

imperative for such an evaluation to engage in an iterative feedback mechanism 

in order to ensure consideration of views from the researchers involved. We 
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would like to stress that along with the sustainability index ratios, the results for 

the cumulative indicators and, wherever relevant, also for the underlying values, 

should be considered during interpretation and in decision making. This is 

essential to understand the applicability of the data and results in a concrete 

situation. We live in a dynamic world and hence, it should be noted that such 

analysis merely shows how a future scenario would like with the existing data and 

relevant choices. With aspects like weighting factors, it is essential to understand 

the implications and reflect on the decision making system with the involvement 

of stakeholders. It is important that the decisions taken represent the interest, 

aspirations and priorities of the stakeholders. 

With the goal of ushering in a renewables based sustainable production 

system, such a comparative assessment can be used to evaluate the efficacy of 

research efforts and allocate resources appropriately. If appropriately interpreted, 

this framework can serve as a valuable input for strategic decision-making in 

academic and industrial R&D consortia thus contributing to a sustainable future.  
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3.9. Appendix 

3.9.1. Process descriptions  

The sections below provide further information about the assessment of each 

individual process. Important analysis assumptions for each process have also 

been included. Some process data has been presented directly in the form of 

results to adhere with data confidentiality. In cases where applicable, results for 

Biobased-L (best literature process reference) variant are also included in the 

results along with Biobased-C (current process) and Biobased-F (expected future 

process). The results presented in the tables are non-normalized raw scores for 

each indicator (e.g., An EC score of 0.83 indicates that the feedstock cost is 83% of 

the total expected product value. The ‘EI’ indicator has been broken down into its 

components, cumulative energy demand (CED) and greenhousegas emissions 

(GHG). Following the methodology these components are added with equal 

weights after normalization to calculate the EI indicator value.  

3.9.2. B1:C1 – Levoglucosan production from Wheat straw 

Process description 

Levoglucosan is dehydrated glucose. As of now it is only produced in minor 

quantities and has limited applications. However, given the functional properties 

of this molecule, numerous new applications have been envisioned.  

This process involves a 2-step aquathermolysis and pyrolysis process to 

produce levoglucosan. Furfural and bio-oil are some of the major co-products of 

this process. This information for this process has been published in de Wild et al 

(2009). Wheat straw is used as the raw material for this process. A solid residue is 

produced through aquathermolysis in the first step with co-production of furfural 

and acetic acid. The solid residue obtained in the first step is dried and pyrolyzed 

to produce bio-oil which contains levoglucosan along with other components.  

Levoglucosan has few existing commercial applications. Considering the 

potential large scale applications for levoglucosan in the form of polyethers and 

the carbon atoms and functional groups, this process has been compared with the 

petrochemical production of di-propylene glycol (DPG). DPG is produced as a co-

product in production of propylene glycol from propylene. It is a one step process 

which involves hydration of propylene with water.  

 

Model inputs and assumptions 

The price for levoglucosan is assumed to 1500 Eur/ metric tonne. The 

composition of bio-oil co-produced with levoglucosan is approximated based on 
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observed data. The composition of bio-oil can be found in table A3.1. This 

composition of bio-oil is used to determine separation requirements and hazard 

characteristics of the process. The co-product credit for the bio-oil is assumed to 

be 200 Eur/metric tonne.  

Table A 3.1: Bio-oil composition 

Acetaldehyde 12.7% 

Furan 10.8% 

Acetone 3.2% 

Glyoxal 6.1% 

Acetic acid 6.1% 

Phenol 19.7% 

Water 26.5% 

 

The biobased-F variant considers potential improvements in the biobased-C 

process. The theoretical maximum yield of furfural from the first step is 16% and 

the observed yield in the current process is 7%. A 50% increase in yield of furfural 

is assumed with corresponding decrease in the production of slurry. Similarly the 

theoretical maximum for yield of levoglucosan from biomass is 30%. It is assumed 

that with better technology which would involve an intermediate washing step for 

the solid residue, this can be increased to 10% with corresponding decrease in 

production of associated bio-oil. The conventional petrochemical process is based 

on existing data from literature. 

 

Indicator results 

Table A 3.2:Indicator results for levoglucosan production process 

Parameters Biobased-C Biobased-F Conventional 

EC (index) 0.42 0.34 0.83 

PCEI (index) 7.98 8.98 3.30 

CED (MJ/kg product) 33.76 29.66 97.46 

GHG (kgCO2 eq./ kg product) 0.56 0.44 5.67 

EHSI (index) 6.42 5.19 1.47 

RA (index) 0.45 0.45 0.11 
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3.9.3. B2:C2 – 1,3-butadiene production from ethanol 

Process description 

This conversion involves a heterogeneous catalytic process to produce 1,3-

butadiene from ethanol. This reaction takes place in gaseous phase over catalyst 

bed/s. Two routes exist in literature for this conversion: A one step direct route 

and a two-step route which involves ethanol to acetaldehyde conversion as the 

first step, followed by a reaction between ethanol and acetaldehyde. This analysis 

is based on the one step route in which ethylene and butanol and some of the 

major co-products.  

The literature reference process for this conversion is based on data from 

Kvisle et al. (Kvisle, A. Aguero and R. P. A. Sneeden, Applied Catalysis, 1988, 43, 

117-131) 

The biobased process is compared with the petrochemical production of 

butadiene from naphtha via steam cracking. Currently this is the dominant route 

for production of butadiene. In this process butadiene is produced as a co-

product along with ethylene and a range of other components. This process is 

based on data from T. Ren et al.(2006) 

 

Model inputs and assumptions 

 The biobased-F variant assumes a 26% higher per pass conversion and 134% 

higher selectivity as compared to the biobased-C variant. The assessment model 

for biobased process is based on 100% pure ethanol as a starting point. It is 

assumed that a 50€/kg catalyst is used for the process and 0.0002% of the catalyst 

is lost per kg of ethanol feed. 1-Butene is used a representative compound for the 

Butene isomers which are produced in the reaction.  

  

Indicator results 

Table A 3.3:Indicator results for 1,3-butadiene production process 

Parameters 
Biobased-

Current 

Biobased-

Literature 

Biobased-

Future 

Conven-

tional 

EC (index) 1.00 0.99 0.88 0.74 

PCEI (index) 3.70 3.54 2.23 3.60 

CED (MJ/kg product) 127.70 126.59 117.52 59.79 

GHG (kgCO2 eq./ kg product) 2.73 2.70 2.40 3.92 

EHSI (index) 1.74 1.79 1.76 2.45 

RA (index) 0.14 0.14 0.14 0.15 
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3.9.4. B3:C3 – 2-Ethylhexanol production from ethanol 

2-Ethylhexanol (2-EH) is a high production volume chemical and is widely used 

as a solvent and plasticizer. It is produced to the extent of 2.5 million metric 

tonnes annually. In this analysis we study a renewable route for production of 2-

EH.  

 

Process description 

This process involves the production of 2-EH from ethanol via a 

heterogeneous catalysis. This reaction is intended to take place in either one or 

two step process. The biobased pathway analyzed in this assessment is the one 

step process from ethanol. Two different catalysts for this pathway are being 

developed in parallel at ECN and UU. It is important to note that these are the 

two extremes of the catalyst system being tested. The commercial catalysts being 

investigated at ECN are surprisingly active, but selectivity needs some 

improvement (or perhaps different conditions). UU catalysts are not very stable 

yet, but do show promise, especially when metals are mixed with it. Both these 

efforts are at a rather early stage. Considering the limited availability of data, this 

assessment is based on the first results from UU. 

Considering use of 2-EH as a chemical, the biobased process has been 

compared with the petrochemical route for production of 2-EH. Conventionally 2-

EH is produced via the hydroformylation reaction from propylene and syngas. This 

is a homogenously catalyzed process which takes place in 3 steps which proceed 

via intermediate production of i-butanal and 2-ethylhexenal.  

 

Model inputs and assumptions 

The assessment model for ethanol based process is based on 100% pure 

ethanol as a starting point. The reaction is based on the Guerbet pathway for 

production of higher alcohols. Considering the ethanol starting point, very low 

conversions and yields for 2-EH have been observed and form the basis of the 

biobased-C variant. The biobased-F variant assumes a 61% higher per pass 

conversion and a 3.8 times higher selectivity towards 2-EH.  
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Indicator results 

Table A 3.4: Indicator results for 2-ethylhexanol production process 

Parameters Biobased-C Biobased -F Conventional 

EC (index) 1.16 1.01 0.65 

PCEI (index) 3.68 2.04 5.59 

CED (MJ/kg product) 138.66 126.09 82.44 

GHG (kgCO2 eq./ kg product) 3.25 2.84 4.93 

EHSI (index) 2.76 1.92 1.80 

RA (index) 0.10 0.10 0.11 

3.9.5. B4:C4/B5:C5 – Butanol (chemical use) production from ethanol 

Process description 

This project involves development of a homogenous catalytic process to 

produce n-butanol from ethanol. This process is being developed at Leiden 

University. This process already shows improved per pass yields as compared to 

the best literature process (Pat., US 2010/0298613, November 25, 2010) available 

for this conversion.  

The biobased process is compared with the petrochemical production of n-

butanol from propylene and syngas for chemical use (B4:C4). This is also a 

homogenously catalyzed process. In the first step propylene and syngas react to 

produce n-butanal (also called n-butyraldehyde) which is reacted with hydrogen 

in the second step to produce n-butanol. For fuel use (B5:C5) the process is 

compared with gasoline production. The gasoline production process has been 

described in the next B6:C6 comparison.  

 

Model inputs and assumptions 

The assessment model for ethanol based process is based on 100% pure 

ethanol as a starting point. The price of butanol product is based on chemical use 

for B4:C4 comparison and fuel use based on energy content and gasoline price for 

B5:C5 comparison. In the biobased-C variant a 100% loss of the catalyst 

associated ligand has been assumed and based on data from existing 

homogenously catalyzed petrochemical processes, it was assumed that 0.085% of 

the metal used in the catalyst reaction is lost and the rest can be recovered. For 

the biobased-L variant which was also studied in this case, the modeled process is 

based on the patent US2010/0298613 awarded to Tanaka et al. from the 

Mitsubishi Chemical Corporation. This reaction proceeds in the presence of 
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ruthenium catalyst (Ru-PPh3), hydrogen gas and with potassium tert-butoxide as 

a base and triphenylphosphine reagent. In this case 100% loss of potassium tert-

butoxide and triphenylphosphine is assumed. Also, as in the case of biobased-C it 

is assumed that 0.085% of the metal and 100% of the associated ligand goes to 

the waste stream. The improvements envisioned for the biobased-F variant are 

12.5% higher selectivity towards n-butanol which comes at the expense of lower 

selectivity towards other alcohols. Also it is assumed that the ligand can be 

recycled internally and subsequently losses of only 4% have been assumed. 

 

Indicator results – B4:C4 

Table A 3.5: Indicator results for butanol (chemical use) production process 

Parameters 
Biobased- 

Current 

Biobased- 

Literature 

Biobased- 

Future 

Conven-

tional 

EC (index) 1.51 2.45 0.84 0.70 

PCEI (index) 2.81 2.99 2.77 2.89 

CED (MJ/kg product) 97.51 124.85 100.12 79.42 

GHG (kgCO2 eq./ kg product) 2.45 3.53 2.55 4.82 

EHSI (index) 2.70 1.64 2.83 1.49 

RA (index) 0.18 0.18 0.18 0.19 

 

Indicator results – B5:C5 

Table A 3.6: Indicator results for butanol (fuel use) production process 

Parameters 
Biobased -

Current 

Biobased -

Literature 

Biobased -

Future 

Conven-

tional 

EC (index) 2.11 4.41 1.26 0.98 

PCEI (index) 2.81 2.99 2.77 2.51 

CED (MJ/kg product) 79.34 117.74 85.11 50.89 

GHG (kgCO2eq./ kg product) 1.76 3.26 1.98 3.16 

EHSI (index) 1.94 1.51 2.19 1.70 

RA (index) 0.18 0.18 0.18 0.08 
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3.9.6. B6:C6 – Gasoline production via biomass pyrolysis 

Process description 

This process targets production of fuel precursors (bio-oil) from waste 

pinewood via development of innovative catalytic biomass pyrolysis processes. 

This assessment is based on an integrated 2-step process being developed at 

University of Twente. In the first step biomass is vaporized (aerosol formation) 

and in the integrated second step this vaporized biomass yields bio-oil, char and 

fuel gas in the presence of catalysts. This process has been reported in Zabeti et 

al. (2012). For the assessment purpose, this bio-oil is hydrotreated in a third step 

to produce hydrocarbons in the naphtha, diesel and light range. This is also the 

intended future pathway for bio-oil. The data for this step is based on the tests 

conducted by UOP for hydrotreating of bio-oil and calculations based on bio-oil 

composition for estimation of hydrogen requirements. Similar results have been 

obtained for this biobased process in literature.  

The biobased process is compared with conventional production of gasoline 

from crude oil via the crude oil distillation, naphtha hydrotreating and catalytic 

reforming steps. 

 

Model inputs and assumptions 

The biobased assessment model starts with waste pinewood as a raw 

material. In the biobased-C variant, the composition of char is assumed to be 96% 

(char/carbon) and 4% inorganics (NPK). This assumption is based on the amount 

of inorganics present and the observed char formation. This assumption is used to 

estimate the value of the co-product char stream. The catalytic process produces 

a bio-oil with lower oxygen content. The analyzed bio-oil composition is combined 

with information from the UOP process to estimate a 5% hydrogen requirement. 

It is assumed that 100% excess hydrogen is needed for the process which is 

recycled. Using adjustments based on the UOP data, the hydrotreatment 

selectivity of 0.34, 0.32, 0.20, 0.1 and 0.04 to gasoline, diesel, light ends, water 

and CO2 respectively is used for analysis. The catalyst requirement is assumed to 

be 50% of the biomass input and a per pass loss of 3% is assumed.  

In the biobased-F variant a higher quality of bio-oil has been envisioned. Also 

it is assumed that due to the higher quality of bio-oil feed, 4% (wt% of bio-oil) is 

needed for the hydrotreating process with 100% excess which is recycled. Using 

adjustments based on the UOP data, the hydrotreatment selectivity of 0.34, 0.32, 

0.21, 0.1 and 0.03 to gasoline, diesel, light ends, water and CO2 respectively is 

used for analysis. The catalyst requirement is assumed to be 50% of the biomass 
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input and a per pass loss of 1.5% is assumed. The loss is assumed to be 50% of 

that for the current variant.  

Biobased-F  

No. of steps: 2 

Step -1: Per pass conversion: 1 

Step -1: Selectivity: 0.60 – for bio-oil (with 40% water) 

Step -2: Per pass conversion: 1 (bio-oil without water) 

Step -2: Selectivity: 0.34 – for naphtha/gasoline range 

 

The petroleum process starts with crude oil as the raw material. The 

assessment is based on minor approximations from existing process data from 

literature. These approximations have been made to ensure correct mass 

balances. One refinery chain has been used for this assessment. The co-products 

produced in this chain are usually utilized within the refinery and result in final 

products from the petroleum refinery for which market prices are available. To 

ensure consideration of co-products, a refinery price discount with a base value of 

10% has been used. This value stipulates that the price of co-products from the 

chain which undergo further processing in the refinery before ending up in final 

products is discounted by 10% to account for the processing costs. The 

appropriateness of this value was determined by comparing the result with 

reported refinery margins. With the base case value the result was found to be in 

accordance with reported refinery margins. It has been found that within 

reasonable ranges, this input does not have a major effect on the assessment 

outcome. The variation in this input is also used for the monte-carlo analysis 

which has been used to study the effect of variations in different inputs on the 

assessment outcome. The hazard properties of compounds in the petroleum 

process have been estimated based on MSDS data available for the complete 

group of compounds (e.g. gasoline).  

Conventional 

No. of steps: 3 

Step -1: Per pass conversion: 1 

Step -1: Selectivity: 0.19 – for naphtha 

Step -2: Per pass conversion: 1 

Step -2: Selectivity: 0.9 – for low sulphur naphtha 

Step -3: Per pass conversion: 1 

Step -3: Selectivity: 0.88 – for gasoline 
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Indicator results 

Table A 3.7: Indicator results for gasoline production via pyrolysis process 

Parameters Biobased- C Biobased- F Conventional 

EC (index) 1.12 0.70 0.99 

PCEI (index) 6.43 5.93 2.51 

CED (MJ/kg product) 60.45 57.02 50.89 

GHG (kgCO2 eq./ kg product) 0.71 0.59 3.16 

EHSI (index) 1.25 1.16 1.70 

RA (index) 0.40 0.40 0.08 

 

3.9.7. B7:C7 – Production of Fischer tropsch gasoline from biomass via 

gasification 

Process description 

This project involves the development of a novel bi-functional catalyst to 

produce gasoline range fuels from syngas in a one-step Fischer-Tropsch (FT) 

conversion process. The syngas is expected to be produced via gasification of solid 

biomass. This assessment is based on corn stover as the starting material.  This is 

a 3-step procedure which represents an improvement over the 4-step approach 

for conventional gasification and FT processing. In the first step biomass is gasified 

at high temperatures to produce CO and H2 along with a mix of other compounds. 

After separation this CO and H2 mixture undergoes water gas shift reaction with 

steam to get the right CO:H2 ratio for further processing. In the last step, the 

adjusted syngas is passed over the bi-functional catalysts to produce gasoline 

range fuels along with other hydrocarbons.  

The biobased process is compared with conventional production of gasoline 

from crude oil via the crude oil distillation, naphtha hydrotreating and catalytic 

reforming steps. 

 

Model inputs and assumptions 

The biobased process is assumed to start from torrefied corn stover. In the 

first step following data from Meerman et al., the corn stover undergoes high 

temperature gasification to yield a relatively pure gaseous stream consisting of 

syngas. In the second step this syngas undergoes water gas shift reaction with 

steam to get the correct CO:H2 ratio required for FT synthesis. In the third step 

the adapted syngas yields gasoline and diesel among other co-products. The 
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hazard properties of FT products are based on proxy compounds which represent 

the general composition of functional groups. This approach also takes into 

account the fact the FT gasoline and diesel is less hazardous as compared to 

conventional gasoline and diesel. n-octane, n-hexadecane and propane are used 

as representative compounds for gasoline range, diesel range and light end 

hydrocarbons respectively.  

For the biobased-F variant it is assumed that the FT synthesis proceeds with 

64% higher CO:H2 ratios as compared to the biobased-C variant. It is also assumed 

that the process yields 17% higher gasoline production at the expense of lower 

methane and CO2 production. The reference petroleum process is same as the 

one discussed for B6:C6 comparison. 

 

Indicator results 

Table A 3.8: Indicator results for gasoline production via gasification 

Parameters Biobased-C Biobased-F Conventional 

EC (index) 0.73 0.53 0.98 

PCEI (index) 7.51 7.22 2.51 

CED (MJ/kg product) 63.55 58.30 50.89 

GHG (kgCO2 eq./ kg product) 1.04 0.71 3.16 

EHSI (index) 7.72 5.81 1.70 

RA (index) 0.33 0.33 0.08 

3.9.8. B8:C8 – Production of biodiesel (Fatty acid methyl esters – FAME) 

from waste vegetable oil 

Process description 

This project aims at development of solid acid catalysts to produce fuels from 

waste vegetable oils with relatively higher fatty acid content. Waste vegetable oil 

(WVO) is a by-product from our consumption of vegetable oil for food purposes. 

This process aims to convert this waste resource into biodiesel to enable 

utilization as a transportation fuel. Along with a cleaner one step process, the 

current research approach promises production of cleaner glycerol which is a co-

product of this conversion.  

This process focusses on necessary utilization of waste vegetable oil. Hence, 

this process is compared with the dominant conventional process for utilization of 

WVO. This conventional process involves conversion of WVO to fuel in a 2-step 

process using homogenous acid and base catalysts in the first and second step 
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respectively. The use of homogenous catalysts results in a lower value glycerol co-

product with higher impurities.  

 

Model inputs and assumptions 

The assessment model is based on waste vegetable oil with a free fatty acid 

content of 3%. For the biobased-C variant, the assessment is based on data 

approximated from laboratory experiments. A 4-hour reaction time has been 

assumed considering the commercial processes for production of biodiesel. 

Hence, accordingly relevant observed conversions are used for assessment. In 

contrast to the conventional process, price for higher quality glycerol is used to 

estimate co-product credit in this scenario. In this scenario a WVO to methanol 

weight ratio of 2.29:1 is used. The unreacted methanol is recycled in the process. 

An average 200 km transportation distance for delivery of WVO is assumed. This 

is used to calculate the CED and GHG emissions associated with WVO raw 

material.  

For the future variant 100% per pass conversion of WVO feedstock is 

assumed. A WVO to methanol weight ratio of 4.58:1 is assumed for this scenario.  

The conventional process is based on existing data and hence the assessment 

model does not involve any major assumptions apart from the general feedstock 

assumptions.  

 

Indicator results 

Table A 3.9: Indicator results for biodiesel (FAME) production process 

Parameters Biobased-C Biobased-F Conventional 

EC (index) 0.36 0.36 0.37 

PCEI (index) 1.44 1.06 1.17 

CED (MJ/kg product) 39.67 39.67 39.73 

GHG (kgCO2 eq./ kg product) 0.11 0.11 0.11 

EHSI (index) 0.56 0.46 0.47 

RA (index) 0.10 0.10 0.04 

 

3.9.9. B9:C9 – Production of biodiesel (Long chain alkene fuels – LAF) 

from waste vegetable oil 

Process description 
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This process aims at developing solid acid catalysts for conversion of waste 

vegetable oil to long chain alkene fuels (LAF-biodiesel). These long chain alkenes 

have higher energy content as compared to conventional FAME-biodiesel. This 

approach involves a simple one-step conversion process in which WVO is 

converted to produce LAF-biodiesel with co-production of a fuel gas consisting of 

CO, CO2 and CH4.  

This process focusses on necessary utilization of waste vegetable oil. Hence, 

as in the case of B8:C8 this process is compared with the dominant conventional 

process for utilization of WVO. Please refer to B8:C8 for description.  

 

Model inputs and assumptions 

The assessment model is based on waste vegetable oil with a free fatty acid 

content of 3%. The biobased-C assessment is based on data approximated from 

laboratory experiments. Similar to B8:C8 comparison a 4-hour reaction time has 

been assumed. The price of LAF-biodiesel is derived by extrapolating from the 

price per unit energy content for FAME-Biodiesel. The price for fuel gas which is a 

co-product is also estimated based on energy content and price of natural gas. For 

the future variant 1.4 times higher per pass conversion of WVO and a selectivity 

of ‘1’ towards LAF-biodiesel is assumed. 

 

Indicator results 

Table A 3.10:Indicator results for biodiesel (LAF) production process 

Parameters Biobased-C Biobased-F Conventional 

EC (index) 0.34 0.34 0.37 

PCEI (index) 1.24 0.65 1.17 

CED (MJ/kg product) 46.65 46.65 39.73 

GHG (kgCO2 eq./ kg product) 0.03 0.03 0.11 

EHSI (index) 0.71 0.71 0.47 

RA (index) 0.10 0.10 0.04 

3.9.10. Data uncertainty analysis input deviations  

The table A3.11 lists the information about the input deviations used for 

different categories of inputs. The standard deviations are determined based on 

our perceptions of the expected variation in the input data for each category, 

considering different sources. 
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Table A 3.11: Input deviations for data uncertainty analysis 

Parameter type Standard deviation Distribution 

Prices 20% Normal 

CED 10% Normal 

GHG 10% Normal 

Pinewood and WVO transport 100% Normal 

B6:C6 catalyst loss 66% Normal 

3.9.11. Price growth factors for high crude oil price scenario  

The price of crude oil increases from a base price of 83 euro per barrel to 144 

euro per barrel. The corresponding growth factors for different commodity 

categories are as listed below. The factors indicate the corresponding growth in 

price of commodity with 100% increase in price of crude oil. 

Table A 3.12: Price growth factors for high crude oil scenario 

Commodity category Price increase factor 

Basic chemical 0.87 

Basic fertilizer 0.63 

Basic industrial gas 0.77 

Basic inorganic 0.77 

Bio-ethanol 0.82 

Bio-diesel 0.76 

Biofeedstock 0.58 

Coal 0.90 

Electricity 0.77 

End-product organic 0.84 

Petrochemical feedstock 0.96 

Food 0.58 

Intermediate 0.84 

Minerals 0.58 

Natural gas product 0.58 

Other utilities 0.96 

Petroleum product 0.96 

Polymer 0.81 

Biobased chemical 0.69 

Speciality chemicals 0.63 
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3.9.12. Data collection form  
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3.9.13. Data values for graphs in chapter 

Table A 3.13: Data values for graph presented in figure 3.2 

 

Parameters B1:C1 [C] B1:C1 [F] B2:C2 [C] B2:C2 [F] B3:C3 [C] B3:C3 [F] 

EC 0.15 0.30 0.12 0.30 0.30 0.22 0.30 0.25 0.30 0.17 0.30 0.19 

EI 0.04 0.20 0.04 0.20 0.17 0.15 0.16 0.15 0.17 0.16 0.16 0.17 

PCEI 0.20 0.08 0.20 0.07 0.20 0.19 0.18 0.20 0.13 0.20 0.07 0.20 

EHS 0.20 0.05 0.20 0.06 0.14 0.20 0.14 0.20 0.20 0.13 0.20 0.19 

RA 0.10 0.03 0.10 0.03 0.09 0.10 0.09 0.10 0.09 0.10 0.09 0.10 

IR 1.07 1.01 1.05 0.98 1.17 0.97 

 
Parameters B4:C4 [C] B4:C4 [F] B5:C5 [C] B5:C5 [F] B6:C6 [C] B6:C6 [F] 

EC 0.30 0.14 0.30 0.25 0.30 0.14 0.30 0.23 0.30 0.26 0.21 0.30 

EI 0.15 0.18 0.15 0.18 0.16 0.16 0.16 0.16 0.12 0.18 0.12 0.19 

PCEI 0.19 0.20 0.19 0.20 0.20 0.18 0.20 0.18 0.20 0.08 0.20 0.08 

EHS 0.20 0.11 0.20 0.11 0.20 0.18 0.20 0.16 0.15 0.20 0.14 0.20 

RA 0.10 0.10 0.10 0.10 0.10 0.04 0.10 0.04 0.10 0.02 0.10 0.02 

IR 1.28 1.12 1.36 1.25 1.17 0.97 

 
Parameters B7:C7 [C] B7:C7 [F] B8:C8 [C] B8:C8 [F] B9:C9 [C] B9:C9 [F] 

EC 0.22 0.30 0.16 0.30 0.29 0.30 0.29 0.30 0.28 0.30 0.28 0.30 

EI 0.13 0.18 0.12 0.19 0.20 0.20 0.20 0.20 0.13 0.19 0.13 0.19 

PCEI 0.20 0.07 0.20 0.07 0.20 0.16 0.18 0.20 0.20 0.19 0.11 0.20 

EHS 0.20 0.04 0.20 0.06 0.20 0.17 0.20 0.20 0.20 0.13 0.20 0.13 

RA 0.10 0.02 0.10 0.02 0.10 0.04 0.10 0.04 0.10 0.04 0.10 0.04 

IR 1.39 1.23 1.14 1.03 1.08 0.96 
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Table A 3.14: Data values for graph presented in figure 3.7 

Scenarios > LHG BE BEHG EWT EWTHG HC HCHG HCHGL 

B1:C1-C 1.07 1.07 0.78 1.07 0.78 1.03 0.75 0.75 

B1:C1-F 1.01 1.01 0.74 1.01 0.74 0.98 0.72 0.72 

B2:C2-C 0.89 0.99 0.86 1.02 0.96 1.00 0.95 0.65 

B2:C2-F 0.83 0.92 0.80 0.95 0.89 0.94 0.89 0.61 

B3:C3-C 0.98 1.10 0.86 1.14 0.97 1.15 0.97 0.66 

B3:C3-F 0.82 0.92 0.73 0.95 0.82 0.96 0.82 0.57 

B4:C4-C 1.18 1.25 0.95 1.27 1.01 1.26 1.00 0.84 

B4:C4-F 1.00 1.08 0.87 1.09 0.92 1.11 0.93 0.76 

B5:C5-C 1.26 1.33 1.06 1.35 1.13 1.32 1.12 0.92 

B5:C5-F 1.11 1.19 1.00 1.21 1.07 1.19 1.06 0.85 

B6:C6-C 1.17 1.17 0.98 1.17 0.98 1.02 0.89 0.89 

B6:C6-F 0.97 0.97 0.84 0.97 0.84 0.87 0.78 0.78 

B7:C7-C 1.39 1.39 1.08 1.39 1.08 1.28 1.02 1.02 

B7:C7-F 1.23 1.23 0.95 1.23 0.95 1.14 0.90 0.90 

B8:C8-C 1.14 1.14 1.12 1.14 1.12 1.14 1.12 1.12 

B8:C8-F 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 

B9:C9-C 1.08 1.08 0.88 1.08 0.88 1.08 0.89 0.89 

B9:C9-F 0.96 0.96 0.77 0.96 0.77 0.96 0.77 0.77 
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4. Analysis of sustainability metrics and application to the 

catalytic production of higher alcohols from ethanol9 

4.1. Abstract 

Use of sustainability metrics can help channel chemical research towards 

important long-term societal goals. For effective outcomes, it is important to 

understand the strengths and weaknesses of the sustainability assessment 

methods that can be applied in the chemical process development chain. In this 

paper we report the results from application of sustainability metrics in parallel 

with findings from laboratory research for production of higher alcohols from 

ethanol by application of the Guerbet reaction. 2-ethyl-1-hexanol is used as an 

exemplary compound for the targeted higher alcohols. The accuracy of early-

stage sustainability metrics using laboratory data is evaluated by comparing the 

results with metrics based on detailed process simulation models, techno-

economic analysis and life cycle assessment. The analysis has provided insights on 

pitfalls to avoid and effective application of early-stage metrics considering the 

dynamic nature of information available from laboratory research. Anticipation of 

the process configuration was found to be particularly important for effective 

application of early-stage metrics. The results from catalysis research for 2-ethyl-

1-hexanol highlights the potential opportunities for higher chain Guerbet alcohols 

from biobased ethanol. The comparison of this biobased route with conventional 

fossil based process shows the challenges for such a process from an economic 

and environmental perspective.  

  

                                                           
9
 This chapter is a slightly adapted version of the article: Analysis of sustainability metrics 

and application to the catalytic production of higher alcohols, A.D. Patel, S. Telalovic, J.H. 

Bitter, E. Worrell, M.K. Patel, Catalysis Today, 2014, DOI:  10.1016/j.cattod.2014.03.070 
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4.2. Introduction 

Chemical research has been an important contributor to our societal 

progress. The future of this progress depends on harnessing the potential of 

chemical research to address crucial sustainability issues like resource depletion, 

global warming and affordable access to renewable resources. Hence it is 

imperative to supplement laboratory research with metrics which enable 

incorporation of sustainability aspects in chemical process development, i.e. at 

early stage. Anastas’ Twelve Principles of Green Chemistry [1] were a milestone in 

this respect and since then, there have been some developments towards 

quantitative operationalization of these principles. [2,3] The renewability of 

feedstocks is one of the core characteristics of a sustainable chemical process. 

Hence there has been increased research interest in the development of new 

routes to produce chemicals and fuels from biobased resources.[4] Continuing 

research and development efforts in this direction has resulted in the 

commercialization of renewables based chemical processes for production of 

ethanol, ethylene, propylene glycol, butanol [5] among others. The production of 

these chemicals and fuels from biobased resources has been shown to offer 

environmental benefits like lower greenhouse gas emissions and non-renewable 

energy use.[6-9] However, continued progress on this path hinges on the 

development of novel inherently sustainable chemical processes which are 

optimized across economic, environmental and social parameters. 

In the past decade, there has been a significant increase in the production of 

bioethanol [10] from first generation biobased feedstocks like corn and 

sugarcane. For the medium to long term, the production from lignocellulosic 

resources offers a potentially more sustainable [11] and reliable supply of 

bioethanol. With these feedstock and chemical process developments, bioethanol 

is emerging as one of the key building blocks for production of renewable 

chemicals. This has led to identification of several conventionally produced 

chemicals for which production from bioethanol is an attractive alternative.[12] 

One such potentially interesting family of products is Guerbet alcohols which are 

widely used in the chemical industry for applications like cosmetics, chemical 

intermediates, lubricants and solvents. [13,14] The process of producing higher 

alcohols from ethanol via Guerbet reaction has already been known for over a 

century. [15] It is generally accepted that the Guerbet reaction is a sequence of 

different reactions starting from dehydrogenation of alcohol, followed by aldol 

condensation, dehydration and finally hydrogenation of the unsaturated aldehyde 

(Figure 4.1). However, there have also been studies that claim a direct 
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condensation of starting alcohol without intermediate aldol condensation step. 

[16] 

 

 

Figure 4.1: Guerbet reaction represented as a sequence of four different reaction steps: 

dehydrogenation, aldol condensation, dehydration and hydrogenation 

Depending on the starting alcohols the Guerbet alcohols are either linear or 

branched primary alcohols. One of the most widely known Guerbet alcohols is 2-

ethyl-1-hexanol (2-EH) which is used primarily for the production of plasticizers 

(dioctylphthalate) and has a global market volume of 2.5 million metric tonne per 

year.[17] Industrially, homogeneous catalysts are applied to convert starting 

alcohols containing usually more than 6 carbon atoms towards Guerbet alcohols.   

Usually corrosive bases such as potassium hydroxide with or without the presence 

of a soluble metal complex are used. The water produced is continuously 

removed by the addition of a desiccant like CaO. [18-22] Apart from reliance on 

conventional fossil feedstocks, one other disadvantage of this approach is the 

corrosive nature of soluble bases used. This leads to high initial capital costs and 

high amounts of spent catalyst per tonne of product leading to increased 

requirements for wastewater treatment. Consequently 30% of the selling price is 

product purification and waste treatment.[23] Hence a potential solution, which is 

the target of current research, is to perform this reaction in gas phase utilizing a 

heterogeneous catalyst and bioethanol as starting alcohol. There are several 

examples in the literature that utilize heterogeneous catalysts, mainly for the 

Guerbet conversion of ethanol to 1-butanol. Catalysts used are mainly MgO, MgAl 

mixed oxides and hydroxyapatites. A good review of applied heterogeneous 

catalysts for ethanol condensation towards 1-butanol is given by Kozlowski.[24] In 

our research we used alkaline earth metal oxide nanoparticles of different base 

strength supported on carbon nano-fibers (CNF) as catalysts. CNF have a relatively 

high surface area (~ 150 m2g-1) and are inert and therefore suitable as catalyst 
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support under demanding conditions. Simple base oxides are capable of, next to 

performing the aldol reaction, conducting dehydrogenation/hydrogenation 

reactions (first and last step of Guerbet reaction, see Figure 4.1). For the latter 

steps often high temperatures are required with these catalysts rendering the 

catalytic system less sustainable in terms of energy consumption.[25] A possible 

solution to decrease the amount of energy required, i.e., by lowering the reaction 

temperature is to add a metal function to the basic oxide as metals are far more 

efficient dehydrogenation/hydrogenation catalysts. [26] More elaborate 

information on the current state of the art on heterogeneously catalyzed Guerbet 

reaction has been included in the appendices section D1.[23,24,27-42] 

In this chapter we use 2-ethyl-1-hexanol (2-EH) as a representative compound 

for higher Guerbet alcohols and report the application of different sustainability 

metrics in parallel with catalyst developments. We highlight the laboratory 

developments alongside stepwise sustainability analysis at different stages. Thus, 

we present the advances in catalytic research and also analyze the accuracy of the 

early-stage sustainability assessment method and explore how it could be 

improved.  Accordingly the following facets are covered in this study: 

1) Laboratory developments for Guerbet alcohols. 

2) Primary early-stage sustainability assessment (Primary ESA) at the 

onset of laboratory research. 

3) Detailed analysis based on process design, techno-economic (TE) 

analysis and life cycle assessment (LCA) for 2-EH as an example for 

Guerbet alcohols. 

4) Updated early-stage sustainability assessment (Updated ESA) based 

on new insights gained in process design. 

An important aim of this research is to bring together quantitative 

sustainability assessment methods and laboratory research to enable effective 

development of sustainable chemical processes. Using very early stage 

information and results at the onset of this chemical research, sustainability 

assessments for nine processes were performed [43] based on the methodology 

reported in Patel et al. [2] One of these early-stage analyses was based on a one 

reactor approach for the production of 2-EH from ethanol and helped to highlight 

the potential benefits and drawbacks of this process. The assessment indicated 

that a biobased process would be potentially favorable. Following this first 

assessment, we present in this paper a more detailed analysis that was performed 

with techno-economic (TE) analysis and life cycle assessment (LCA), based on a 

conceptual process simulation model. In the course of process model 

development it was found that instead of one reactor, a scheme involving four 
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reactors is more feasible for this process which was therefore the basis for the 

simulation model (including economic assessment and LCA). Considering the 

change in lay-out, a new early-stage analysis according to Patel et al.[2] was 

performed for a four-stage reactor configuration which relied on the new insights 

gained during detailed assessment. We then investigate the conformity of results 

obtained from the different early stage analyses and the detailed analysis. This 

has enabled us to identify the suitability of early stage analysis, pinpoint the 

sources of differences in the outcomes compared to detailed analysis and provide 

guidance for future assessments.  This study highlights the learning realized by 

making use of the results of the experimental research for assessment activities 

which, in turn, allowed taking informed decisions for the next round of 

experiments. This learning is demonstrated by the progress in the catalyst 

development and assessment approaches. Thus in this chapter we present the 

results for laboratory developments, two variants of early stage assessment and 

for prospective techno-economic and life cycle assessment for the production of 

2-EH. 

4.3. Materials and Methods 

This study involves a combination of laboratory experiments and analytical 

models. In this section we present the methods and key assumptions that 

underpin each of the four facets of this study as listed earlier in the introduction. 

Appendix A lists some of the key data inputs common across all the facets of this 

study.  

4.3.1. Laboratory developments for Guerbet alcohols 

All reagents were used as received. Magnesium nitrate hexahydrate, 99+%, 

for analysis and  copper(II) nitrate trihydrate, 99%, pro-analysis were acquired 

from Acros. Barium nitrate, ACS reagent, ≥99%, was acquired from Sigma-Aldrich. 

Oxidized CNF (oxidizing agent HNO3) was used as support and was prepared as 

described elsewhere using Ni/SiO2 as growth catalyst. [44-46] 

4.3.1.1. Materials and reagents 

Supported base (alkaline earth) catalysts were prepared by incipient wetness 

impregnation  using aqueous solutions of the corresponding nitrates on oxidized 

CNF (425 - 212 μm). All samples contained the same molar metaloxide loading 

(1.5 mol %). After impregnation the samples were dried under dynamic vacuum at 

RT and stored under inert atmosphere.  

http://mastersearch.chemexper.com/cheminfo/servlet/org.dbcreator.MainServlet?query=entry._entryID%3D18574&target=entry&action=PowerSearch&searchInfo=quicksearch&format=acrosPlugin&searchValue=magnesium+nitrate&country=NULL&currency=EUR&forGroupNames=AcrosOrganics%2CFisherSci%2CMaybridgeBB%2CBioReagents%2CFisherLCMS&server=www.acros.com&language=nl
http://mastersearch.chemexper.com/cheminfo/servlet/org.dbcreator.MainServlet?query=entry._entryID%3D18574&target=entry&action=PowerSearch&searchInfo=quicksearch&format=acrosPlugin&searchValue=magnesium+nitrate&country=NULL&currency=EUR&forGroupNames=AcrosOrganics%2CFisherSci%2CMaybridgeBB%2CBioReagents%2CFisherLCMS&server=www.acros.com&language=nl
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Cu-MgO/CNF was prepared by co-impregnation of an aqueous solution of Mg-

nitrate and Cu-nitrate. The MgO (MgO 1.5 mol %) to Cu ratio was varied from 10 

to 30 thereby resulting in different weight percentage of copper (0.27, 0.41 and 

0.82). A sample containing only copper (Cu/CNF, 0.82 weight percentage of 

copper) was also synthesized by incipient wetness impregnation using copper 

nitrate.   

The alkaline earth metal oxides (AEMO) were activated at 600 °C (ramp 5 

°C.min-1,dwell 3 hours) in N2 (30 ml.min-1). In case Cu was present this treatment 

was followed by a reduction step (350 °C, ramp 5°C.min-1, dwell 5 hours) in N2/H2 

(2/1, 30 ml.min-1). After activation the catalysts were stored under inert 

atmosphere before further use. In case Cu/CNF was synthesized without the 

presence of base, this catalyst was directly reduced without prior activation step 

(350 °C, ramp 5°C.min-1, dwell 5 hours in N2/H2 (2/1, 30 ml.min-1)).  

4.3.1.2. Catalyst preparation 

Supported base (alkaline earth) catalysts were prepared by incipient wetness 

impregnation  using aqueous solutions of the corresponding nitrates on oxidized 

CNF (425 - 212 μm). All samples contained the same molar metaloxide loading 

(1.5 mol %). After impregnation the samples were dried under dynamic vacuum at 

RT and stored under inert atmosphere.  

Cu-MgO/CNF was prepared by co-impregnation of an aqueous solution of Mg-

nitrate and Cu-nitrate. The MgO (MgO 1.5 mol %) to Cu ratio was varied from 10 

to 30 thereby resulting in different weight percentage of copper (0.27, 0.41 and 

0.82). A sample containing only copper (Cu/CNF, 0.82 weight percentage of 

copper) was also synthesized by incipient wetness impregnation using copper 

nitrate.   

The alkaline earth metal oxides (AEMO) were activated at 600 °C (ramp 5 

°C.min-1,dwell 3 hours) in N2 (30 ml.min-1). In case Cu was present this treatment 

was followed by a reduction step (350 °C, ramp 5°C.min-1, dwell 5 hours) in N2/H2 

(2/1, 30 ml.min-1). After activation the catalysts were stored under inert 

atmosphere before further use. In case Cu/CNF was synthesized without the 

presence of base, this catalyst was directly reduced without prior activation step 

(350 °C, ramp 5°C.min-1, dwell 5 hours in N2/H2 (2/1, 30 ml.min-1)).  

4.3.1.3. Characterization techniques applied 

The crystallinity and particle size of the catalysts were characterized using a 

Bruker D8 Advance XRD with Co Kα radiation (λ=1.789 Å). The basicity of the 

samples assessed using CO2 chemisorption was performed on a Micromeritics 
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ASAP 2020 V4.00 system. The samples, previously activated at 600 °C under 

nitrogen for 3h were loaded in the reactor in a glove box. CO2 adsorption 

measurements were performed at 0 °C. Adsorption isotherms were obtained by 

plotting CO2 uptake versus absolute pressure. By extrapolating the linear part of 

the isotherm to zero bar pressure the total number of basic sites was determined. 

N2 physiosorption measurements were carried out using a Micromeretics 

TriStar 3000 V6.08 A system at -196° C to determine BET surface area and pore 

volume (p/p0=0.96). 

TEM analysis of the samples was performed with an FEI Tecnai 12 an FEI 

Technai 20 F. The samples were placed on a holy carbon grid, and both bright field 

and dark field TEM images were recorded. Characterization results are provided in 

appendix D1. 

4.3.1.4. Catalyst testing 

The catalysts were tested for the Guerbet reaction starting from ethanol 

(T=300 °C, using 200 mg of catalyst weighed under inert atmosphere). A plug flow 

quartz reactor with a 4 mm i.d. was used. Before testing the catalyst was heated 

to the reaction temperature in inert atmosphere (N2) and kept at that 

temperature under static conditions for 5 hours. In parallel the ethanol and 

propane (internal standard) flow was adjusted and stabilized.  Subsequently that 

stabilized mixture was introduced to the reactor. Ethanol was supplied by means 

of a HPLC pump (9 µl min-1) into a flow of 30 (ml min-1) N2 (containing 1.67 mol % 

propane as internal standard) through heat traced stainless steel tubing kept at 

177 °C. This results in an 11 vol % ethanol feed stream. Contact time in ethanol 

was 5.6 seconds or 2 h-1 WHSV.  

For the test with a physical mixture 0.5 g MgO/CNF and 0.2 g Cu/CNF were 

used (activated as described above for Cu-MgO/CNF). The reaction using this 

physical mixture was conducted at 200 °C with a contact time in ethanol of 18.3 s 

while the other conditions were the same as mentioned above. The physical 

mixture was compared to MgO/CNF also tested at 200 °C and a contact time in 

ethanol of 18.3 s.  

The conversion is calculated based on the GC areas of ethanol (AEthanol, in) and 

the internal standard propane (Apropane,in) determined before the reaction and area 

of ethanol and internal standard during the reaction (AEthanol,out, Apropane,out): 
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Selectivities are defined as the GC area of the product ‘i’ as a fraction of the 

total GC area of all products that are formed. 
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4.3.2. Primary early stage sustainability assessment (Primary ESA) 

The Primary early-stage sustainability assessment (Primary ESA) was based on 

the methodology reported in Patel et al. [2] which makes use of information from 

laboratory research like reaction yields, concentrations and reaction temperature. 

The methodology compares the performance of a novel chemical process with a 

conventional process as a reference. The methodology compares the 

performance of a novel chemical process with a conventional process as a 

reference. In this paper, only the environmental and economic aspects of this 

methodology (pillar 1 to 310) have been used to ensure a fair comparison with TE 

and LCA based detailed assessments. The categories and respective weighing 

factors (numbers associated with arrows) used for the purpose of this analysis are 

represented in Figure 4.2. Consequently the economic aspects and environmental 

impacts have an effective weighting factor of 0.55 and 0.45 respectively in the 

integrated total score. As the indicators used are impacts, the lowest possible 

total score is aimed for. The sustainability index ratio (SIR) is the ratio of the total 

score of the biobased process to that of the fossil based process. Thus a SIR of less 

than ‘1’ indicates that the biobased process is more favorable. Please refer to the 

appendix B for more information regarding the reasoning behind the weights and 

calculations based on this methodology. 
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 Refers to the 5 pillars (indicators) as described in the chapter 2. 
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Figure 4.2: Overview of early stage assessment methodology for integrated sustainability 

assessment (values represent weighting factors) 

The primary ESA was performed at the onset of the project based on the 

limited information for the biobased process available from laboratory 

experiments and assumptions at that time. This primary assessment which is 

based on a one-reactor approach has been reported under a different set of 

assumptions and data inputs in Patel et al. [2]. Based on the methodology, the 

early stage assessment analyzes a potential future process case with a one reactor 

system and a potentially ideal separation system11 which would lead to the final 

2-EH product.It is envisioned that all the unreacted raw materials and the 

intermediate alcohols and aldehydes are recycled back to the reactor for further 

conversion to higher alcohols. Figure 4.3 gives a schematic of the process 

configuration which formed the basis of the assessment. The relevant 

assumptions and mass balance data which form the basis of this assessment can 

be found in appendix C. Appendix also includes a description of the reference 

conventional fossil based process for production of 2-EH. 

 

                                                           
11

 A separation system which completely separates out the unreacted raw materials for 

recycle, the products, the co-products and the waste stream. 
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Figure 4.3: Biobased process schematic for primary early stage assessment (primary ESA) 

4.3.3. Detailed analysis 

4.3.3.1. Analysis methodology 

For the purpose of in-depth assessment, a process simulation model was 

developed for a prospective 2-EH production process from ethanol. This 

simulation was developed using ASPEN Plus process engineering software. [47] 

Pinch analysis [48] was used to estimate the optimal heat integration potential for 

this process design. The unit operations, for which it was impossible or impractical 

to implement heat integration in practice (e.g., temperature difference less than 

10 K, cooling of compressors) have been excluded from the Pinch analysis. The 

process has been modeled and sized to convert 375,000 metric tonnes of 

bioethanol into 213,000 metric tonnes of 2-EH per year while operating for 8400 

hours per year. The processing capacity is based approximately on the expected 

output of Abengoa bioethanol production plant in Rotterdam.[49] The mass and 

energy balance simulation formed the basis of TE assessment. The economic 

feasibility assessment was based on equipment price data from the SCENT tool 

[50] and raw material price data from various sources.[51-55] The year of 

reference for the economic analysis is 2011. Hence, the chemical market prices 

used in this study refer to June 2011. A discounted cash flow analysis was 

performed following the methodology of NREL [56] to arrive at a minimum viable 

product price at a fixed 10% internal rate of return and a zero net present value. 

The ratio of this minimum viable price and the market price of 2-EH produced 

from fossil resources is used an indicator for economic viability of the production 

process from ethanol. The mass and energy balances from the process simulation 

model also form the basis of LCA model for the biobased process. The LCA models 

for the biobased and the fossil based routes were prepared using SIMAPRO 

software [57] and is based on data from the Ecoinvent v2 database [57] and other 
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literature sources.[9,58,59] The geographical scope for the production is a 

potential plant in the Rotterdam area of the Netherlands. This is used as a 

reference for location specific data like the electricity and natural gas supply mix. 

A natural gas based combined heat and power (CHP) unit with an overall 

efficiency of 72% and an electricity factor (EF) of 0.61312 [60] is assumed to 

provide the steam and electricity requirements for both the biobased and 

conventional fossil based processes. It is also assumed that at the end of life, the 

energy contained in the product is recovered via waste incineration with an 

overall efficiency of 33% (11% as electricity and 22% as heat) based on lower 

heating value of the product. [61] Since the bio-based and the fossil based 

process lead to chemically identical products, the use phase13 is same for both the 

systems and hence is not considered for this comparative analysis. In contrast, 

end-of-life waste management has to be modeled due to the different origin of 

the carbon embodied in the final product (fossil versus bio-based).  
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Figure 4.4: System representation for biobased 2-EH  

 

Figure 4.5: System representation for fossil based 2-EH 
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 The heat output of the CHP unit is {(1/(1+ EF))*Input energy*Overall efficiency} and the 

remaining useful output is electricity 
13

 Use phase includes the use of this chemical to further produce other chemicals which 

are transformed into products that are then used by the consumers and at the end of 

their useful life are discarded as waste. In this study we consider that this waste is 

incinerated thus leading to energy recovery and emissions at the end of life. 
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Figures 4.4 and 4.5 show the system diagram for both the biobased and fossil 

based systems for 2-EH.  

Climate change contribution (equivalent kg CO2 units) based on greenhouse 

gas (GHG) emissions and cumulative energy demand (CED) are the two impact 

categories studied in the assessment. This choice was made to ensure consistency 

with the early stage assessment methodology and based on literature [62] 

information regarding the usefulness of these indicators. The calculation for 

climate change contribution is based on the IPCC GWP100 methodology [63] and 

the CED calculation is based on the methodology reported in Huijbregts et al. [62]. 

In line with the early stage assessment [2], we assume also for the detailed 

analysis that both the CED and GHG contribute equally to the environmental 

impact indicator. More specific information regarding the variety of data and 

assumptions used for economic analysis and life cycle assessment can be found in 

appendix D section D3 and D4. It is acknowledged that more environmental 

impact categories would need to be taken into account for a complete 

environmental impact assessment (compare Weiss et al, [64]). As reported in 

Tufvesson et al. [65], inclusion of other environmental impacts apart from CED 

and the contribution to climate change offers a more complete understanding 

about the impacts associated with the chemical process. However, this 

information should be included simultaneously in the early stage and detailed 

analysis in a consistent manner with appropriate indicators. Further studies are 

needed to pinpoint specific indicators and methods that will enable inclusion of 

such impacts without significantly increasing the data requirements for an early 

stage analysis.  

Similar to early stage assessment, a sustainability index ratio (SIR) was 

calculated for the in-depth assessment following the methodology described by 

figure 4.6. The numbers associated with the arrows represent the weighting 

factors for economic and environmental impact categories, which are in-line with 

the weights of these categories for the early stage assessment. Before applying 

the weighting factors, each of the indicators (price ratio, GHG and CED) is 

normalized internally (divided by the maximum value for biobased and fossil 

based). This ensures unit-less numbers which can be weighted and added to yield 

a total score. SIR is the ratio of the total score for the biobased process and the 

fossil based process; the method applied is identical for the early stage 

assessment and the in-depth assessment, allowing direct comparability.  
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Figure 4.6: Overview of integrated assessment based on detailed analysis  

4.3.3.2. Process description 

The conversion of ethanol to 2-EH takes place via two Guerbet reactions. The 

first Guerbet reaction involves conversion of ethanol to 1-butanol which is 

subsequently converted to 2-EH in the second Guerbet reaction step (see table 

4.1).  The Guerbet reaction takes place via dehydrogenation to aldehydes and 

hydro-condensation (involving aldol condensation, followed by dehydration and 

finally hydrogenation reactions to higher alcohols). Hence, contrary to the 

assumption of one single reactor according to the primary ESA (see Figure 4.2), it 

was found that the Guerbet reaction should be preferably carried out in two 

reactors. The first reaction can be carried out in the gas phase in a 

dehydrogenation reactor operating at low pressure to shift equilibrium towards 

the formation of aldehydes and hydrogen. The second high pressure hydro-

condensation reactor would favor the subsequent aldol condensation and 

hydrogenation reaction steps. To ensure lower by-product formation and higher 

yields in conversion of ethanol to 2-EH, we decided to use a four reactor 

configuration. In this configuration the first two reactors convert ethanol to 1-

butanol and the subsequent two reactors convert purified 1-butanol to 2-EH (see 

table 4.1). Section D2 in appendix includes more information on the reasoning 

behind a four reactor approach. Figure 4.7 shows the process flow diagram for 

the simulation. The process is divided into seven sections as indicated in the 

figure. It is assumed that the required utilities (electricity, heating, cooling and 

waste treatment) are purchased from outside the battery limits. The aim of the 

analysis is to assess a best case future scenario for this reaction scheme, hence 

high yields are assumed. Table 4.1 gives the conversions and selectivities for the 
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various reactions modeled in the four reactors. Additional detailed description of 

the process model and assumptions can be found in appendix D. 

Table 4.1: Overview of reactions taking place in the process simulation for conversion of ethanol 

to 2-EH 

Reactor Feed Conversion 

(mol/mol) 

Reaction Selectivity 

1 Ethanol 0.5 Ethanol               Ethanal + 

H2 

0.9 

   Ethanol               Ethene + 

H2O 

0.1 

2 Ethanal 1 2*Ethanal + H2              1-

Butanol + H2O  

1 

 Ethene 1 Ethene + H2                 

Ethane 

1 

3 1-

Butanol 

0.5 1-Butanol                  Butanal 

+ H2 

0.9 

   1-Butanol                  Butene 

+ H2O 

0.1 

4 Butanal 1 2*Butanal + H2              2-EH 

+ H2O  

1 

 Butene 1 Butene + H2                   

Butane 

1 
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Figure 4.7: Process flow diagram for production of 2-EH from biobased ethanol (Landscape version is provided at the end of appendices) 
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4.3.3.3. Updated early stage assessment (Updated ESA) 

The assumption of only one reactor according to the primary ESA was 

modified once the detailed process design had been developed. Hence, an 

updated ESA was carried out based on the process model assumptions to study 

the change in results of ESA. This updated ESA was based on a four reactor 

configuration and is represented in figure 4.8. The assumptions regarding the 

reactions are same as the ones for process model, while those for the separation 

sequence and subsequent evaluation are based on the methodology as described 

in the earlier section on primary ESA.  
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Figure 4.8: Biobased process schematic for updated early stage assessment 

4.4. Results and Discussion 

In this section we first present the results from laboratory research on 

catalyst development. Thereafter we put these results into a broader perspective 

by providing findings and a discussion for each of the three sustainability 

assessment facets of this study. Subsequently the results from these three facets 

are compared to understand the applicability of the assessment methods and to 

identify the preferred approach offering practically usable and reliable metrics for 

process development at the laboratory stage. 
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4.4.1. Laboratory developments for Guerbet alcohols 

 

Figure 4.9:Selectivities obtained with MgO and BaO nanoparticles supported on CNF with same 

mol % tested at 300 °C, using 200 mg of catalyst, 11 Vol% ethanol, and contact time of 5.6 s. 

Associated data values provided in appendix F 

Figure 4.9 displays the selectivities obtained (conversion levels plotted in 

Figure 4.10) over two catalysts after 1 min (MgO and BaO) and 1 hour time on 

stream (MgO-1h and BaO-1h). These selectivities are obtained with similar mol% 

of MgO and BaO supported on CNF. In general, the main products obtained were 

acetaldehyde and 1-butanol. Clearly the simple alkaline earth metal oxides alone 

are capable of catalyzing all the consecutive steps of Guerbet reaction including 

dehydrogenation/hydrogenation steps at 300 °C. Figure 4.9 also shows that 

increasing basicity of the corresponding alkaline earth metal oxides (BaO having 

higher basicity than MgO) leads to increased production of higher alcohols such as 

2-ethyl-1-hexanol and 1-octanol in the case of BaO after 1 min of reaction. In case 

of MgO after 1 min of reaction time the highest alcohol obtained is 1-hexanol. 

After 1 h of reaction time (bars MgO-1h and BaO-1h) the highest alcohol obtained 

with MgO was 1-butanol and in the case of BaO it was 1-hexanol. 

Figure 4.10 displays the ethanol conversion as function of time over MgO and 

BaO catalysts whose selectivities are depicted in Figure 4.9. Clearly both catalysts 

lost a significant part of their activity during the first hour time on stream, from 
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around 30 % ethanol conversion to 1 % in case of MgO and 5 % in case of BaO. 

Nevertheless BaO retains a low but significant activity (5%) after that.  

 

  

Figure 4.10: Conversions over time obtained using MgO and BaO supported on CNF, tested at 300 

°C, using 200 mg of catalyst, 11 Vol% ethanol, and contact time of 5 s. 

To increase the activity of supported alkaline earth metal oxides we added a 

metal (Cu) to MgO (MgO was chosen since it the best available and more 

sustainable alkaline earth metal oxide) as metals are much better 

dehydrogenation/hydrogenation catalysts than oxides. [26] Cu was chosen as 

dehydrogenation/hydrogenation catalyst based on our catalytic results (not 

shown) where Cu alone supported on CNF was highly selective towards 

acetaldehyde production from ethanol.  
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Figure 4.11: Selectivity of bi-functional copper-Magnesium oxide catalysts supported on carbon 

nanofibers and tested at 300 °C, using 200 mg of catalyst, 11 vol% ethanol, and contact time of 5 s. 

Associated data are values provided in appendix F 

Figure 4.11 shows selectivities obtained with different Cu/MgO/CNF (Mg/Cu = 

10, 20, 30 and pure MgO/CNF) catalysts after 1 min time on stream. All catalysts 

contain the same mol % of MgO. Figure 4.11 shows that adding a metal (Cu) by 

impregnation to MgO did not have a significant influence on the selectivity of the 

reaction. Also ethanol conversions were not affected by addition of Cu by 

impregnation (results not shown). 

Better results were obtained by using a physical mixture of copper and 

magnesium oxide, both supported on CNF. In this case the catalysts were tested 

at 200 °C. The lower temperature was chosen based on the fact that fast 

deactivation of Cu alone supported on CNF during ethanol conversion at 300 °C 

was observed. Initial conversion dropped in that case from 90 % to less than 5 % 

within 4 hours reaction time, acetaldehyde being the main product formed. In 

addition, alkaline earth metal oxides supported on CNF are capable of conducting 

aldol reaction (one of the steps in the overall reaction scheme (Figure 4.1) at even 

lower temperatures than 200 °C. For example, acetone aldol condensation using 

alkaline earth metal oxides supported on CNF is conducted at a temperature of 

around 0 °C. [66]  
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In Figure 4.12 selectivities obtained at a reaction temperature of 200 °C and 

different reaction times (1 and 5 hour) are depicted for MgO/CNF and physical 

mixture (PM) of MgO/CNF  and Cu/CNF (PM (MgO+Cu)) both supported 

separately on CNF. In this graph the conversions obtained are also displayed 

(secondary axis). MgO/CNF alone showed low conversion of only 1 % due to its 

low dehydrogenation/hydrogenation abilities at this low temperature.  Addition 

of Cu/CNF to MgO/CNF, thus making a physical mixture, greatly increased 

conversion of ethanol (Figure 4.12).   After 5 hours on stream the physical mixture 

of MgO/CNF and Cu/CNF showed an ethanol conversion of 12% while MgO/CNF 

was barely active at all.  

MgO/CNF was more selective towards 1-butanol than the physical mixture of 

MgO/CNF and Cu/CNF which showed the highest selectivity towards 

acetaldehyde followed by 1-butanol. In case of the physical mixture also 1-

hexanol was obtained which was not seen in case of MgO/CNF.  

 

 

Figure 4.12: Selectivities and conversions of physical mixtures of MgO/CNF and Cu/CNF tested at 

200 °C and compared to MgO/CNF at the same temperature at 1 h and 5 h reaction time, using 

500 mg MgO/CNF and 200 mg Cu/CNF, 11 vol- % ethanol and contact time of 18.3 s. Associated 

data values are provided in appendix F 
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butanol/hgcatalyst for PM (MgO+Cu) and 0.09 mmol1-butanol/hgcatalyst for MgO/CNF at t=1 

h). Addition of copper, an effective dehydrogenation/ hydrogenation catalysts 

confirms the notion that oxides, in this case alkaline earth metal oxides, are not 

efficient dehydrogenation/hydrogenation catalysts as they are efficient aldol 

condensation catalysts. 

Irrespective of the base strength of alkaline earth metal oxide (MgO vs BaO) 

or addition of a metal function (Cu) to the base catalyst, the main alcohol formed 

from ethanol was always 1-butanol. Thus, applying heterogeneous catalysis for 

the synthesis of 2-ethyl-1-hexanol based on literature study and own catalytic 

results at least two reactors are needed. In the first reactor ethanol is converted 

to 1-butanol and in the second reactor 1-butanol is converted to 2-ethyl-1-

hexanol. However, based on process design, a four reactor approach would 

enable use of more selective catalysts in conditions favorable for the reactions, 

which can reduce the formation of by-products and lead to higher yields for 

specific higher alcohols like 2-ethyl-1-hexanol.  

4.4.2. Primary early stage assessment 

 

Figure 4.13: Comparative integrated results for primary ESA of biobased and fossil based 2-EH 

Figure 4.13 shows the integrated result of the primary ESA. With a 

sustainability index ratio (SIR14) of 0.95, the figure shows that subject to relevant 

assumptions, the biobased process can be beneficial as compared to the fossil 

based process. The marginally higher economic benefits of the fossil based 

process are negated by the higher expected environmental impacts. Thus an 

ethanol based process which progressively cycles intermediates to higher alcohols 
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in one single reactor can seem to be an attractive option. However, it is important 

to note that this outcome does not take into consideration viability of the 

assumptions regarding catalyst and process performance along with other 

uncertainties such as prices of commodities. Also contrary to the analysis 

reported in Patel et al. [2] this analysis does not take into account EHS 

(Environment, Health and Safety) aspects which would be important to consider 

when assessing a chemical process. This has been done to ensure consistency 

with the detailed analysis. To analyze EHS aspects, process simulation information 

about the conventional process would also be needed which is not available.  

4.4.3. Detailed analysis 

Table 4.2 shows the mass balance results of the process simulation model for 

the biobased process for production of 2-EH from ethanol. 

Table 4.2: Mass balance for production of 2-EH from biobased ethanol 

Stream  Component Flow (metric tonnes per year) 

Input Ethanol 375,000 

 Hydrogen 2,400 

Output 2-Ethyl-1-hexanol 213,000 

 Wastewater (0.1 wt% organics) 117,000 

 Fuel gas (ethane, butane) 46,000 

 Waste gas (to flare) 1,200 

 

The overall modeled selectivity of ethanol to 2-EH is 80.5% on a carbon mole 

basis (i.e. 80.5% of the theoretical maximum). The majority of the mass losses 

occur in the two low pressure reactors along with some minor losses (1%) in the 

separation steps.  

Table 4.3: Utility requirements for production of 2-EH from biobased ethanol 

a: Electricity use remains the same as the analysis is based on process flow design 

model. The changes would be observed in a detailed piping and instrumentation 

design. 

 
Heating (MJ/kg 

2-EH) 

Cooling (MJ/kg 2-

EH) 

Electricity (MJ/kg 

2-EH) 

No heat integration 27.9 28.7 2.2 

Optimal heat 

integration 
13.3 14.0 2.2a 
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Table 4.3 shows the total energy requirements for the process with and 

without heat integration. It can be observed that the heating and cooling 

requirements can be reduced by over 50% through heat exchange.  

Table 4.4 provides a summary of the economic analysis results for this 

process. The minimum viable price (MVP) for the biobased product is about 45% 

higher than the market price of 1.56 EUR/kg for fossil based 2-EH. Using an 

ethanol price of about 0.71 EUR/kg in Brazil, the MVP for 2-EH at 2.08 EUR/kg is 

still about 33% higher than the market price. The MVP of the biobased product is 

sensitive to the price of feedstock ethanol and hydrogen which contribute 65% of 

the total MVP. Also for the fossil product, based on estimations for early stage 

assessment, the feedstocks contribute to approximately 65% of the market price. 

In the absence of an increase in the price of fossil based product, the price of 

ethanol has to drop to about 0.43 EUR/kg for the biobased product to achieve 

price parity. Following the NREL methodology for the analysis of process 

economics, 100% equity financing and modified accelerated cost recovery 

depreciation regime have been assumed. Instead, if 0% equity (and therefore loan 

financing at 8% interest rate for a 10 year time period) and straight line 

depreciation were chosen, then the results change only very marginally. The MVP 

of biobased product increases only by 2% (contribution of change in depreciation 

regime is only 0.06%) to 2.32 EUR/kg. As the price for biobased product is still 

about 48% higher (compared to 45% before) than the fossil based product, this 

would hence not influence the final conclusion. It should be noted that these 

results refer to a best case biobased process performance which assumes 

significant developments in catalyst research for this process.  

Table 4.4: Results of economic analysis for production of 2-EH from biobased ethanol 

Parameter Value Units 

Total capital investment 321.53 million euros 

Feedstock (ethanol+hydrogen) 311.82 million euros per year 

Utility costs 54.47 million euros per year 

Other operating costs 124.39 million euros per year 

Minimum viable price for 2-EH 2.27 EUR/kg 2-EH 

Feedstock associated price15 1.48 EUR/kg 2-EH 

 

Figure 4.14 shows the results for the cumulative energy demand (CED) for the 

biobased and fossil based systems for 2-EH determined with the life cycle 
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assessment model. In the figure the CED is shown as a sum of its two 

components, viz. renewable (REU) and non-renewable energy use (NREU). The 

biobased system has a higher CED as compared to the fossil based system. This is 

because the fossil based system starts from liquid crude oil as compared to solid 

biomass and also it has been optimized through decades of process chain 

improvements. However, the biobased system entails about 40% lower NREU 

thus helping to reduce dependence on non-renewable resources. The CED as a 

whole is a proxy for a variety of environmental impacts [62] and hence reduction 

of CED is an important objective for further development of a biobased process 

system. 

 

 

Figure 4.14: Comparison of cumulative energy demand for biobased and fossil based systems for 

2-EH 

Figure 4.15 shows the results for greenhouse gas emissions associated with 

the process systems. As can be observed the base case GHG emissions are about 

one third lower for the biobased system compared to the fossil based system. The 

base case value will be used for the calculation of sustainability index ratio in the 

further course of this paper. A still debated, but potentially important aspect 

associated with biobased systems [67] is land use change. It entails that 

introduction of new biobased process systems leads to changes in conventional 

land use patterns (e.g. diversion of virgin forest or peat lands for agricultural use) 

which can lead to a net increase in greenhouse gas emissions. For the biomass 

system used in this study for ethanol production, the estimates for this increase 

range between 2 (low) and 25 (high) kgCO2/GJ ethanol. [68] Hence the graph 

below also shows the effect of this uncertainty on the base case GHG emission 

estimate for the biobased process system.  
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Figure 4.15: Greenhouse gas emissions associated with biobased system for 2-EH including 

without and with additional impacts from land use change (low and high). Comparative 

greenhouse gas emissions for fossil based system for 2-EH 

Based on the above results for economic and environmental assessment, 

integrated results for the detailed analysis are shown in figure 4.16. Contrary to 

the primary ESA we now observe a SIR of 1.23 which indicates that the biobased 

system is not preferable compared to the fossil based system. The fossil based 

system scores better on the economic aspects as well as the overall 

environmental impact, considering the lower cumulative energy demand. 

However this integrated outcome is also heavily dependent on the price, CED and 

GHG emissions associated with the bioethanol feedstock. Ethanol production 

from different systems like Brazilian production or lignocellulosic resource based 

production could lead to a lower overall SIR of 1.01 and 0.78 respectively16. The 

reduction in SIR is mainly due to lower GHG emissions associated with these two 

ethanol production systems. This analysis is based on comparable assumptions, 

like combined heat and power based utilities, for both systems to ensure a fair 

comparison of metrics. However, in reality the fossil based systems with older 

technologies might not necessarily have such upgrades, thus leading to higher 
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environmental impacts. For example, the absence of a CHP unit for the fossil 

based system can lower the SIR from 1.23 to 1.17. 

 

 

Figure 4.16: Comparative integrated assessment results of biobased and fossil based systems for 

2-EH 

4.4.4. Updated early stage assessment 

Table 4.5 shows the individual indicator results for the updated early stage 

assessment based on the four reactor design which was adopted considering the 

insights gained during the detailed process modeling. Since there was no change 

in the fossil based process data, the values for the fossil based 2-EH in updated 

ESA remain same as in the primary ESA. As can be observed the biobased process 

has higher scores (less preferable) for three of the four categories. Figure 4.17 

shows the integrated results for this updated ESA. With an SIR of 1.18 the ESA 

now indicates that the biobased process is less preferable as compared to the 

fossil based process.  

Table 4.5: Individual indicator results for updated early stage assessment 

Parameter 2-EH biobased 2-EH fossil based 

Economic constraint (index) 0.89 0.65 

Process costs and environmental 

impact (index) 
6.60 5.59 

Cumulative energy demand 

(MJ/kg 2-EH) 
114.91 72.46 

Greenhouse gas emissions 

(kgCO2/kg 2-EH) 
2.60 4.69 
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Figure 4.17: Comparative integrated assessment results of updated ESA for biobased and fossil 

based 2-EH 

4.4.5. Comparative analysis 

The figure 4.18 summarizes the outcome of the three analyses. As explained 

above, an SIR of more than ‘1’ indicates that the biobased process is less 

preferable as compared to the fossil based counterpart and vice versa. The 

difference in primary ESA and the detailed analysis results are mainly due to the 

fact that the primary ESA was based on a one reactor model while the new 

insights gained in detailed analysis led to the implementation of a four reactor 

concept. The conformity of the detailed analysis results with updated ESA 

indicates the validity of the early stage assessment method. In the updated ESA 

the biobased process scores increased on all the three early-stage indicators viz. 

economic constraint, environmental impact of raw material and processing costs 

and environmental impacts. The reasons behind the specific choices made for 

primary ESA were the very limited amount of information available and more 

importantly, the lack of a process engineering perspective. Hence although the 

early stage assessment gives useful insights in the absence of a detailed process 

model, it is important that there is a good understanding of the principal design of 

the process already early on in the research. A variety of reaction and process 

information like reaction pathways, by-product formation and reaction energy are 

collected as a part of the early stage analysis. This information can also be used to 

develop an improved process layout. Such an approach can lead to a more 
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informed early stage assessment which yields more accurate results and hence 

more specific guidance for catalyst development.  

 

 

Figure 4.18: Comparison of integrated assessment results for the three different analyses 

4.5. Conclusions 

In this study we have considered the developments of catalytic process 

towards production of Guerbet alcohols from biobased resources. This biobased 

process was analyzed using techno-economic and life cycle assessment based 

early stage and detailed metrics at different points in process development 

timeline.  

Developments in the laboratory show that the alkaline earth oxide by itself 

can catalyze the Guerbet reaction, however, higher temperatures are needed 

which can lead to a higher energy demand. To lower the energy demand of the 

reaction, addition of a metal function to the alkaline earth oxides, gives better 

dehydrogenation/hydrogenation leading to much higher productivity than 

alkaline earth oxides. In addition, a bi-functional catalytic system can make it 

possible to apply a two reactor configuration for the production of 2-ethyl-1-

hexanol from ethanol; however, for this approach a more extensive catalytic 

study would be required. For future research it is important to incorporate the 

metrics into laboratory research in an iterative approach for development of 

effective catalysts.  

The detailed process analysis for a best case process performance scenario 

indicated that the biobased process might be less favorable than the fossil based 

process. However, this outcome depends on the feedstock parameters, system 
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choices and market scenarios. Alternative feedstock choices indicate a 

comparatively better outcome for the biobased process. System choices like use 

of a combined heat and power units also affect the outcome. Also this analysis 

was carried out for a specific Guerbet alcohol (2-EH). Different market scenarios 

and production systems for other higher alcohols will certainly play an important 

role. These should be investigated in future to provide specific catalyst 

development guidance for production of a variety of higher alcohols via biobased 

processes. From a methodological perspective inclusion of EHS aspects in future 

can add a new dimension to the analysis and provide additional information 

about the hazard aspects and their scalability from early-stage to detailed 

assessment. The integration approach used in this study can be used to 

incorporate such additional indicators. The same approach can also be applied for 

analysis of scaled up processes. 

At the onset of the study an early stage assessment for a future scenario 

indicated a potentially favorable biobased process. However, this was found to be 

at odds with the results from detailed analysis which was based on process 

design, techno-economic analysis and life cycle assessment.  

This difference mainly emanated from the uninformed choices which were 

made at the onset of the analysis. As demonstrated by the updated early stage 

assessment the underlying methodology led to similar findings as those from the 

detailed analysis. This strongly indicates the validity of the methodology proposed 

for early stage assessment. 

Hence, although the early stage assessment cannot be a replacement for 

detailed process analysis, it can certainly provide a quick scanning metric for 

development of more sustainable chemical processes. According to this case 

study the main challenge of the early stage assessment is to properly anticipate 

the reactor configuration. Collaboration with experienced process engineers and 

better use of the information collected during early stage analysis could make this 

task more feasible.  

Nonetheless it is important to recognize that sustainability is a complex 

subject, which makes it necessary to further improve the early stage assessment 

methodology to improve its predictive power while incorporating more diverse 

economic, environmental and social impacts. With increasing sustainability 

challenges and emergence of a wide variety of potentially interesting solutions, 

such quick analysis metrics can help to effectively utilize both human and natural 

capital to enable a sustainable future. 
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4.7. Appendix 

4.7.1. Appendix A 

Key data inputs and assumptions which remain uniform across all the three 

analytical facets of this study are provided in this section 

 

The table A4.1 provides information about the cumulative energy demand 

and greenhouse gas emissions associated with the production of various 

components used in this study along with the market price for the applicable 

components. Some cells are left blank as the specific data has not been used for 

this analysis. 

 

Table A 4.1: Key data inputs and assumptions 

Component 
CED (MJ/kg, unless 

specified) 

GHG (eq. kgCO2/kg, 

unless specified) 

Price 

(EUR/kg, 

unless 

specified) 

Bioethanol – EU 70.7 1.47 0.82 

Bioethanol – Brazil 75.1 0.34 0.71 

Bioethanol – 

Lignocellulosic  
48.2 -0.29 0.68* 

Hydrogen 225 12.7 1.8 

Propylene 73.3 1.59 1.18 

Syngas H2:CO(2:1) 43.8 1.19 0.36 

NaOH 45.6 2.2 0.46 

2-Ethyl-1-hexanol   1.56 

Iso-butanal   2.14 

1-butanal   1.02 

n-butanol   1.28 

Butane   0.68 

Natural gas   0.35 

Hexanol   2.1 

Butylene   0.98 

Ethyelene   1.19 

Electricity 

production mix, 
3.07 (MJ/MJ) 0.186 (kgCO2/MJ) 

0.1 

EUR/kWh 
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Netherlands 

Water, 

decarbonized, at 

plant, RER 

2.43E-5 7.75E-6 0.5 EUR/m3 

Water, completely 

softened, at plant, 

RER 

2.95E-4 9.07E-5 1 EUR/m3 

Natural gas, high 

pressure, at 

consumer, RER 

1.18 MJ/MJ 0.0114 MJ/MJ 7.5 EUR/GJ 

n-butanol 81 2.61  

Refinery gas 55.6 0.58  

Fuel oil 53.9 0.48  

*This is not a market price and is based on NREL (included in references) 

study results and USD to EUR conversions.  

References for the values presented above (also included in the main 

reference list) 
{1} Pre Consultants, SimaPro-Ecoinvent database. 7.3 (2011). 

{2} European Union, DIRECTIVE 2009/28/EC OF THE EUROPEAN PARLIAMENT AND OF 

THE COUNCIL of 23 April 2009 on the promotion of the use of energy from renewable 

sources and amending and subsequently repealing Directives 2001/77/EC and 2003/30/EC 

(2009). 

{3} D. Mu, T. Seager, P. Rao, F. Zhao, Comparative Life Cycle Assessment of 

Lignocellulosic Ethanol Production: Biochemical Versus Thermochemical Conversion, 

Environmental Management. 46 (2010) 565-578. 

{4} ICIS, CW Price Reports, Chemical Week (2007-2011). 

{5} Alibaba group, Chemicals (www.alibaba.com/Chemicals_p8). 2011 (2011). 

{6} World Association of Beet and Cane Growers, Flashmarkets 2011 (2011). 

{7} Dutch Association of Cost Engineers, DACE prijzenboekje, 28 ed., Dutch 

Association of Cost Engineers, Nijkerk, The Netherlands, 2011. 

{8} Eurostat, Natural gas prices for industrial consumers with annual consumptions 

between 10000 and 100000 GJ (2012). 

4.7.2. Appendix B 

This section includes the calculations for early stage assessment methodology 

 

The following indicators from the early stage assessment methodology 

reported in Patel et. al (2012) are used in this study. Together they integrate 

information regarding the life cycle of the process under consideration. 
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 Economic constraint (EC): This is the ratio of feedstock cost in the 

product price to that of the market price of the product 

 Process costs and environmental impact (PCEI): An indicator of the 

economic costs and the environmental impacts associated with the 

process.  

 Environmental impact of raw materials (EI): An indicator for the life 

cycle environmental impacts based on feedstock consumption. The 

CED and GHG emissions are the two impact categories included in this 

indicator. 

The calculation of integrated scores based on the overview provided in figure 

4.2 in this chapter, is presented below. Considering that in today’s market driven 

economy, a process has to be economically feasible to be practically 

implemented; the economic aspects have been given a higher weight (0.55) as 

compared to the environmental impacts (0.45). However, the difference between 

the two is relatively small considering the fact that economic prices, more or less 

represent current situation, while the environmental impacts bring in long term 

sustainability issues like depletion of resources and climate change among others. 

The 0.55 effective weight of the economic aspects is the sum of the 0.4 weight of 

economic constraint and half the 0.3 weight for PCEI indicator (0.3/2 = 0.15). 

Similarly the effective weight of environmental impacts is 0.45, 0.3 from EI and 

0.15 from PCEI. 

 

Economic aspects = (EC)×[weight = 0.4] + (PCEI) × [weight = 0.15] 

Environmental impacts = (EI) × [weight = 0.3] + (PCEI) × [weight = 0.15] 

 

Total score for biobased process (Tb) = Economic aspects score + 

Environmental impact score 

Total score for biobased process (Tf) = Economic aspects score + 

Environmental impact score 

 

Sustainability index ratio (SIR) = Tb/Tf 

4.7.3. Appendix C 

This section includes the assumptions and mass balance data for primary ESA 

of 2-EH production process from biobased and fossil based resources 

 

As discussed in the chapter, the primary assessment is comparison of the 

biobased and the conventional fossil based process. A detailed description of the 
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process, data and the relevant assumptions for both the biobased (at the primary 

stage) and fossil process for 2-EH is provided in this section. 

 

The biobased process as modeled at the onset of the research project is 

envisioned to start from 100% pure ethanol and proceed in a single reactor in 

which the lower intermediates are continuously recycled until we reach higher 

alcohols (2-EH). Hence, after complete recycle, 2-EH and heavies (represented by 

dodecanol) are the main products from the process. However, still the 2-EH needs 

to be separated out from all the intermediates after the reactor step. Considering 

that this analysis relies on a potential future process case, the laboratory results 

were transformed with assumptions for upcycling of intermediate aldehydes and 

lower alcohols to 2-EH. In the 1 step experiment which has been shown in the 

experimental section, several intermediates have been observed which in 

principle can lead to corresponding alcohols like 2-EH, Butanol and Hexanol on 

further reaction. Hence it is assumed that these alcohols will be the products from 

the process in addition to heavies (dodecanol is used as a proxy) and gases which 

are assumed to be ethylene and butylene. The reaction data reports a mass 

balance of 38% which documents the intermediate aldehydes and alcohols. An 

increase in the catalyst bed height was also observed after the reaction which 

indicates formation of heavies and presence of gases. Hence it is assumed that of 

the remaining 62% output, 40% goes to gases and 60% ends up in heavies. On an 

overall basis 80% of the converted ethanol (50% conversion) is assumed to end up 

in liquids and solids and the remaining 20% ends up as gases. The selectivity for 

the fraction converted to liquids and solids is approximated from the observed 

reaction data and is assumed to be 0.3, 0.28, 0.12, 0.3 for 2-EH, butanol, hexanol 

and heavies respectively. It is also assumed that 80% of the gaseous product is 

ethylene and the rest is butylene and that 7% of the produced butanol and 

hexanol are converted to heavies after each recycle to produce 2-EH. It is 

assumed that heavies can be burned for process heat and hence a fuel value is 

assigned to them.  

 

Based on these assumptions, an overview of the conversions and selectivities 

is as follows: 

No. of steps: 1 

Per pass conversion: 0.5 – refer to the assumptions below. 

Overall selectivity: 0.38 – for 2-ethylhexanol 
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The table A4.2 below provides the mass balance data of the biobased process 

used for this assessment.  

Table A 4.2: Mass balance (kg/hr) data of the biobased process for primary ESA 

  Input 
Output 

per pass 

Overall 

output 

Hydrogen 2.2 2.2  

n-butanol 0.0 90.1   

Ethyl hexanol 0.0 84.8 383.0 

Heavies: 

Dodecane 
0.0 83.2 201.9 

Ethanol 1000.0 500.0   

Hexanol 0.0 35.5   

Ethylene 0.0 48.8   

Butylene 0.0 12.2   

Water 0.0 147.7 295.3 

 

The fossil based process for production of 2-EH starts from propylene and 

syngas (2:1, H2:CO) as raw materials and proceeds via hydrofomylation using 

rhodium, tri-phenylphosphine, sodium hydroxide as catalysts. This process is 

based on information from literature sources like Ullmann’s encyclopedia 

[17,69,70] and confidential commercial process information. It is a homogenously 

catalyzed process which takes place in 3 steps and proceeds via intermediate 

production of i-butanal and 2-ethylhexenal. As this process is based on existing 

data, the assessment model does not involve any major assumptions. The 

overview of the process is as follows: 

No. of steps: 3 

Step -1: Per pass conversion: 1 

Step -1: Selectivity: 0.94 – for n-butanal 

Step -2: Per pass conversion: 1 

Step -2: Selectivity: 0.97 – for 2-ethylhexenal 

Step -3: Per pass conversion: 1 

Step -3: Selectivity: 0.98 – for 2-ethylhexanol 

 

The table A4.3 provides a mass balance for the key components in this fossil 

based process. 
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Table A 4.3: Mass balance (kg/hr) data for fossil based process 

  Step-1 Step-2 Step-3 

  Input Output Input Output Input Output 

Propyelene 808.2           

Syngas 577.0           

Triphenylphosphine 0.5 0.5         

Water 7071.6 7071.6 10.4 168.0     

n-butanal   1301.8 1301.8       

i-butanal   70.0         

Heavies: Dodecanol   13.3         

NaOH     2.6       

2-ethyl-hexenal       1103.2 1103.2   

Sodium butyrate       7.2     

hydrogen       0.1 35.0 1.5 

butanol       12.2     

butyric acid       15.1     

butyl butyrate       9.0     

2-EH           1115.5 

Butane           12.0 

Methane           9.2 

4.7.4. Appendix D 

This section contains further information about the laboratory experiments, 

process simulation model, economic analysis model and the life cycle assessment 

model. The information pertains to reasoning behind specific choices, detailed 

process descriptions, assumptions and results. The references which are used in 

the appendix are also included in the main list of references at the end of the 

chapter.  

4.7.4.1. D1: Guerbet reaction and laboratory experiments 

Current state of heterogeneous Guerbet reaction 

Even though solid bases such as acid-base mixed oxides, MgO and 

hydroxyappatites alone have been shown to be able to catalyzed Guerbet 

reaction often high temperatures are required. [1] Recently Davis et.al. applying 

steady state isotopic transient kinetic analysis (SSITKA) as well as DRIFT analysis 

for coupling of ethanol on MgO, ascribed the low turnover frequency of the 
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formation of 1-butanol to slow dehydrogenation of ethanol to acetaldehyde over 

MgO. [2] 

There are few examples in the literature employing bifunctional metal-base or 

metal-acid-base catalysts for Guerbet reaction. Studies focus mainly on the 

comparison between different metals (Ru, Rh, Pd, Pt, Ag, Ni) supported on a 

selected support such as Al2O3 and MgAlO. Also metals are used in a physical 

mixture with bases such as K3PO4, K2CO3 for the production of Guerbet alcohols. 

[3-7] All of these catalytic systems are mainly tested under liquid-phase 

conditions and autogenous pressure. 

Characterization results 

AEMO supported on CNF 

Table A4.4 below describes the surface area, pore volume and number of 

base sites as determined by CO2 chemisorption for MgO and BaO supported on 

CNF. Upon impregnation surface area is decreased by 40 m2 g-1 accompanied by a 

slight decrease of pore volume. Overall the number of base sites as determine by 

CO2 chemisorption is higher in case of BaO supported on CNF than in case of 

MgO. Eventhough same molar amount of base was supported on CNF there is a 

quite large discrepancy in the amount of base sites, discrepancy for which we at 

the moment do not have a good explanation.  

Table A 4.4: Physicochemical properties of AEMO supported on CNF 

 
BET surface 

(m2g-1) 

Pore Volume  

(cm3g-1)  

CO2 uptake 

(μmol CO2 g
-1 

catalyst) 

CNF 185-2161 0.39-0.431 n.d. 

MgO/CNF 144 0.35 231 

BaO/CNF 153 0.33 4072 

1CNF batch having BET surface area of 185 m
2

g
-1

 and pore volume of 0.39 cm
3

g
-1

 was used for 

preparation of MgO/CNF for BaO/ CNF batch was used having BET surface area of 216 m
2

g
-1

 and 

pore volume of 0.43 cm
3

g
-1

 . 

2Freshly calcined sample of BaO/CNF adsorbed  only 245 µmol CO
2
g

-1

. 
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Figure A 4.1: XRD Results of CNF, MgO and BaO supported on CNF 

According to XRD analysis (Figure A4.1) in case of MgO/CNF no other 

crystalline phase has been identified besides diffractions belonging to CNF at 32, 

52, 63 and 94 2θ degrees. This may be caused by small particles size as it is 

generally known than XRD cannot detect crystalline particles smaller than 4 nm. 

Other possible solution is that MgO is amorphous. In case of BaO/CNF, due to 

higher weight percentage, however same molar amount of base was supported 

on CNF, diffractions belonging to CNF were lower in intensity. In addition we see 

crystalline diffractions belonging to BaCO3 instead of BaO (Figure A4.1), 

eventhough precautions have been taken to avoid contact with atmosphere 

during XRD characterization. Again it does not mean that BaO is not present on 

CNF, either the BaO crystalline nanoparticles are too small or amorphous. 

Figure A4.2 depicts the representative TEM images of MgO and BaO 

supported on CNF from which particle size distribution has been obtained as can 

be seen in figure A4.3. Particle size distribution is based on counting 100 particles 

from 3 to 5 different TEM images. In case of MgO the particle size distribution as 

depicted in figure A4.2 is broader. This might be explained by the fact that the 

contrast between corresponding MgO particles and CNF is lower than in the case 

of BaO and CNF. 
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Figure A 4.2: TEM image of MgO/CNF (left) and BaO/CNF (right) 
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Figure A 4.3: Particle size distribution of MgO and BaO determined from TEM images shown in 

Figure A4.2. Based on counting 100 particles from 3 to 5 different TEM images. 

Copper supported on CNF 

Based on N2 physisorption analysis of Cu supported on CNF (Table A4.5) there 

is very low decrease in surface area and pore volume upon impregnation of Cu 

nitrate on CNF. Slight increase in surface area of Cu/CNF sample can be attributed 

to experimental error. 
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Table A 4.5: N2-physisorption results of copper supported on CNF 

 BET surface (m2g-1) Pore Volume  (cm3g-1)  

CNF 203 0.47 

Cu/CNF 210 0.42 

 

From the XRD analysis, not shown, no other diffractions have been found 

expect diffractions belonging to CNF as Cu/CNF was reduced at 350 °C under 

flowing H2 without the usual activation at 600 °C as applied for AEMO supported 

on CNF. 

In the Figure A4.4 a representative TEM image of Cu supported on CNF is 

shown as prepared by incipient wetness impregnation from corresponding 

nitrates. In Figure A4.5 resulting particles size distribution is shown for Cu/CNF 

based on counting 100 particles from corresponding 3 to 5 images. 

 

Figure A 4.4: TEM image of Cu/CNF 
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Figure A 4.5: Particle size distribution of Cu/CNF determined from TEM images shown in Figure 

A4.4. Based on counting 100 particles from 3 to 5 different TEM images 
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Bifunctional Mg/Cu catalysts supported on CNF 

From the N2 physisorption analysis (Table A4.6), there is a decrease in surface 

area and pore volume due to impregnation for all three bifunctional Mg/Cu 

catalyst. Overall, all three catalysts possess quite similar surface area as pore 

volume.  

Table A 4.6: N2-physisorption results of bi-functional Mg-Cu supported on CNF 

 BET surface (m2g-1) Pore Volume  (cm3g-1)  

CNF 203 0.47 

Mg/Cu=10 146 0.31 

Mg/Cu=20 145 0.33 

Mg/Cu=30 145 0.30 

 

According to XRD analysis of bifunctional Mg/Cu catalysts (Figure A4.6) only 

for sample containing large amount of copper Mg/Cu=10 diffractions belonging to 

metallic copper could be identified. This is most probably caused due to high 

activation temperature applied (600 °C) followed by reduction at 350 °C. For the 

bifunctional samples containing lower amount of copper no additional copper 

phases have been found. It is reported that AEMO are good “solvents” for 3d 

transition metal ions, leading to copper being incorporated in the structure of 

MgO for samples containing smaller amounts of copper.[9] 
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Figure A 4.6: XRD analysis of bifunctional Mg/Cu catalysts supported on CNF 
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Unfortunately for bifunctional Mg/Cu catalysts no CO2 chemisorption or TEM 

analysis has been obtained. 

List of references used for section D1. (also included in the main reference 

list) 

{1} J. T. Kozlowski, R. J. Davis, ACS Catal. 2013, 3, 1588-1600; W. Ueda, T.Kuwabara, T. 

Ohshida, Y. Morikawa, Chem. Commun., 1990, 1558-1559; C. A. Hamilton, S. D. Jackson, G. 

J. Kelly, Appl.Catal. A: Gen., 2004, 263, 63-70; M. León, E. Díaz, S. Ordóñez, Catal. Today, 

2011, 164, 436-422; E. Hemo, R. Virduk, M. V. Landau, M. Herskowitz, Chem. Eng. Trans., 

2010, 21, 1243-1248; M. León, E. Díaz, A. Vega, S. Ordóñez, A. Auroux, Appl Catal. B 

Environ., 2011, 102, 590-599;  J. I. Di Cosimo, C. R. Apesteguia, M. J. L. Ginés, E. Iglesia, J. 

Catal., 2000, 190, 261-275; T. Tsuchida, J. Kubo, T. Yoshioka, S. Sakuma, T. Takeguchi, W. 

Ueda, J. Catal., 2008, 259, 183-189; T. Tsuchida, T. Yoshioka, S. Sakuma, T. Takeguchi, W. 

Ueda,Ind. Eng. Chem. Res., 2008, 47, 1443-1452; T. Tsuchida, S. Sakuma, T. Takeguchi, W. 

Ueda, Ind. Eng. Chem. Res., 2006, 45, 863 -86 2;  .I.  i Cosimo,  . .    e , M. Xu, E. Iglesia, 

C.R. Apestegu  a,  . Catal., 1998, 178, 499-510; S. Ogo, A. Onda, K. Yanagisawa, Appl. Catal. 

A Gen., 2011, 402, 188-195. 

{2} T. W. Birky, J. T. Kozlowski, R. J. Davis, J Catal., 2013, 298, 130-137. 

{3} T. Riittonen, E. Toukoniitty, D. K. Madnani, A.-R. Leino, K. Kordas, M. Szabo,  A. 

Sapi, K. Arve, J. Wärnå, J.-P. Mikkola, Catalysts 2012-2-68-84. 

{4} I.-C. Marcu, N. Tanchoux, F. Fajula, D. Tichit, Catal. Lett., 2013, 143, 23-30. 

{5} R. Miller, G. Bennett, Ind. Eng. Chem., 1961, 53, 33–36. 

{6} P. Anbarasan, Z. C. Baer, S. Sreekumar, E. Gross, J. B. Binder, H. W. Blanch, D. S. 

Clark, F. D. Toste, Nature 2012, 491, 235–239. 

{7} A. J. O'Lenick, Jr., US 4767815, 1988.  

{8} M. L. Toebes, J. H. Bitter, A. J. van Dillen,  K. P. de Jong, Catal Today, 2002, 76, 32-

42. M. L. Toebes, Y. Zhang, J. Hajek, A. Nijhuis, J. H. Bitter, J. van Dillen, D. Y. Murzin, D. C. 

Koningsberger, K. P. de Jong, J. Catal., 2004, 226, 215-225. A. J. Plomp, H. Vuori, A. O. I. 

Krause, K. P. de Jong, J. H. Bitter, Appl. Catal. A: Gen., 2008, 351, 9-15.  

{9} S. Hawkins, Industrial catalysis: a practical approach, John Wiley & Sons, 2006. 

4.7.4.2. D2: Process information 

Why go for four reactors? 

Thermodynamically it would be favorable to use two reactors to implement 

the Guerbet reaction. Maintaining the first reactor at a low pressure would favor 

the dehydrogenation process. While having a second high pressure reactor would 

favor the hydro-condensation steps (involving aldol condensation, followed by 

dehydration and finally hydrogenation reactions to higher alcohols). Hence, 

initially, it was thought that two reactors would be used in the process: the low 

pressure dehydrogenation reactor and a high pressure hydro-condensation 

reactor. The ethanol, combined with any other recycled alcohols would react to a 
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mixture of aldehydes, which would be converted to higher alcohols (mostly 

butanol and 2-EH) in the second reactor. Because mixtures of aldehydes are fed 

into the second reactor, the amount of by-products can be significant. For this 

reason, a preliminary study was done where a different configuration using 4 

reactors (2 dehydrogenation and 2 hydro-condensation reactors) was tested 

against the original idea. The reaction conversions that were assumed for this 

study are as explained in the chapter. It was found that using the 4-reactor 

configuration, the theoretical yield is 16% higher than the highest theoretical yield 

in the 2-reactor configuration, because the first reactor produces only ethanal, 

giving only butanol in the second reactor, which reacts to only butanal in the third 

reactor, to form only 2-EH in the fourth reactor, thus avoiding any by-products. In 

addition, the separations will be significantly easier. Based on this reasoning, it 

was decided to target the production of 2-EH based on the 4-reactor 

configuration. 

 

Process model description 

The process flow diagram is included in the chapter (figure 4.7) 

The first process section is the reaction of ethanol to ethanal (also known as 

acetaldehyde). The majority of the ethanol reacts in the gas phase to ethanal and 

hydrogen, but a small fraction forms ethylene and water. The water is separated 

and sent to a wastewater treatment facility. The ethanal, together with hydrogen 

and some ethylene is sent to the next section where the ethanal will form 

butanol. The ethanol is evaporated and heated to 350°C and 1 bar, and fed into 

the reactor. The model reactions, and the assumed reaction conversions are listed 

in table 4.1 in the chapter. Half the ethanol does not react, and needs to be 

recycled. Next, the product mixture must be separated. The unconverted ethanol 

should be recycled, while ethanal and hydrogen will be sent to the next reactor. 

Water cannot be sent to the next reactor, and it cannot be recycled because it is 

assumed that it would poison the catalyst. Therefore it must be removed. 

Ethylene stays in the product mixture which is cooled down to 54°C (dew point), 

compressed to 2.5 bar, cooled down to its dew point again and fed to the ethanol 

recovery distillation (column 1.1) which removes ethanol and water from the 

mixture as a bottom product. The compression stage is used to increase the 

condenser temperature in the distillation. The higher pressure means that cooling 

water can be used in the condenser, instead of refrigeration.  

It is assumed that water cannot accumulate to much more than 5% in the 

feed to reactor 101, so water must be removed from the ethanol before the 

ethanol is recycled. The ethanol water bottom product is close to its azeotropic 
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composition, so a zeolite absorber is used to upgrade the ethanol concentration 

from 95wt% to 99.5wt%. The zeolite is regenerated with ethanol, producing a 

stream of 30wt% water, 70wt% ethanol, which is distilled (column 1.2), producing 

another ethanol/water azeotropic stream and pure water. The water is sent to a 

water treatment plant, and the second azeotropic ethanol stream is sent to the 

same zeolite absorber as the first stream. 

The gaseous stream of hydrogen, ethylene and ethanal is pressurized with a 

3-stage compressor with intercoolers to 23.3 bar. The reason for choosing the 

value of 23.3 bar is as follows.  

Each individual stage has a compression factor of 2.1 (going from 2.5 to 5.3 

bar, from 5.3 to 11 and from 11 to 23.3). A decision was made to keep the entire 

flow in the gaseous state, and to have the outlet temperature close to the 

practical operating temperature limit of compressors of 170°C. A higher outlet 

temperature will increase the investment costs, but reduce the energy 

consumption of the process because condensation and subsequent re-

evaporation steps are omitted. After compression, the stream is heated to 200°C, 

and fed into reactor 2. 

In the second process section, the ethanal reacts to butanol in the first hydro-

condensation reactor (reactor 201). The light fractions are removed and hydrogen 

is recycled. A mixture of butanol and water is sent to the butanol purification 

section (section 3).  

The high pressure reactor converts the ethanal to butanol. The reaction 

requires an excess of hydrogen of 4 times its stoichiometric requirements in the 

reactor inlet. The reaction proceeds at a combined partial pressure of hydrogen 

and ethanal of 20 bar. The reactor temperature is 200°C. The reactor feed must 

first be heated to the reactor temperature, but because the reaction is 

exothermic, the reactor itself requires cooling. Because the reactor operates in 

plug-flow, the cold reactants cannot be heated by the exothermic reaction. The 

model reactions and the conversion factors are as listed in table 4.1 in the 

chapter.  
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Table A 4.7: Possible side reactions in the hydro-condensation reactor 

#  Reactants  Products  Reaction conversion  

1  Butanal + Ethanal + 2 H2  1-Hexanol + H2O  All ethanal reacts  

2  Butanal + Hexanal + 2 H2  Decanol + H2O  
All butanal reacts  

(if any after 2, 3)  

3  Hexanal + Hexanal + 2 H2  Dodecanol + H2O  
All hexanal reacts  

(if any after 4)  

4  Ethanal + Ethanal + 2 H2  1-Butanol + H2O  
All ethanal reacts  

(if any after 1, 3)  

5  Butanal + Butanal + 2 H2  2-EH + H2  
All butanal reacts  

(if any after 2, 3, 4)  

6  Ethylene + H2  Ethane  100%  

7  Butene + H2  Butane  100%  

 

Table A4.7 shows the possible side reactions in the hydro-condensation 

reactors (201 and 501). Although these reactions can occur, it should be noted 

that most of these reactions will not occur in the 4-reactor concept, because the 

only reactants in the reactor feed are ethanal, hydrogen and ethylene.  

The reaction product mixture from reactor 201 contains butanol, water, 

hydrogen and ethane. Butanol and water are condensed. The hydrogen is 

recycled together with all the ethane, butanol and water that is not removed in 

the condenser. Because of the high boiling points of butanol and water, only 

ethane will accumulate in significant amounts. 

It was decided to place a purge on the recycle to remove the accumulating 

ethane. A membrane placed on the purge will recover the hydrogen from the 

purge stream. The amount of butanol and water in the purge stream is 

insignificant, and the purge is considered fuel gas (a product) without further 

treatment. 

A sensitivity analysis showed a relation between the butanol losses in the 

purge, the total heat required in this part of the process and the condenser 

temperature (which was varied from 0°C to 160°C). When we look at an 

(preliminary, simplified) optimum between heating costs and the butanol yield, 

ignoring all other economic factors, an economic optimum between butanol 

losses and heating costs was found at a condenser temperature of 35°C. This 

should be investigated in a more elaborate economic analysis in the future. For 

now, this condenser temperature is used. 
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Because it is assumed that the partial pressure of hydrogen and ethanal in the 

reactor inlet must be 20 bar, the total pressure in the reactor becomes 23.3 bar, 

also taking into account the partial pressures of the recycled ethane, butanol and 

water. 

In section 3, the butanol stream from section 2 is separated into a purified 

butanol stream, a waste water stream and a fuel gas stream, using start-of-the-art 

separations. The butanol stream from section 2 contains 19wt% water and 2wt% 

ethane. Water and ethane are removed from the butanol stream. Water is 

assumed to poison the catalyst in reactor 401 (section 4), and ethane is removed 

because it would otherwise accumulate in the recycles in this section. Butanol and 

water form an azeotrope, and have a wide immiscibility range making this a 

complicated separation. 

Prior to the butanol/water separation, a flash vessel removes a significant 

part of the ethane. This increases the condenser temperature in the 

butanol/water distillations, meaning that cooling water can be used instead of a 

refrigerated coolant. 

The setup of two distillations and a decanter, is based on an earlier re-search 

at the Energy Research Center of the Netherlands, although some modifications 

were made due to a different butanol concentration in the flow from the 

condenser, and the presence of ethane in the system. 

The condensed butanol/water stream is sent to a distillation (column 3.1), 

where butanol is the bottom product, and the butanol/water azeotrope is the top 

product. This azeotropic mixture is sent to a degasser which allows accumulating 

ethane to escape from the recycles. A decanter then splits the stream into a 

butanol rich and a butanol lean (or aqueous) stream. The butanol rich stream is 

sent back to the first distillation column (column 3.1), while the aqueous stream is 

sent to a second distillation (column 3.2) where the top product is also the 

butanol/water azeotrope, and water is the bottom product. Since this top product 

has almost the same composition as the top product of the first column, it is also 

degassed and then sent to the same decanter. 

The vapor stream from the degasser is cooled to -10°C to remove most 

butanol and water by condensation. The small butanol/water stream is recycled, 

and the gas is mixed with other fuel gas streams in section 7 before it is sold. 

Section 4 converts the butanol into butanal in the second dehydrogenation 

reactor of the process. Butanol is removed from the product mixture and is 

recycled. The butanal, together with the hydrogen, butene and water are 

compressed and sent to section 5. The butanol stream is heated to its reaction 

temperature of 350°C, at 1 bar total pressure, and fed into the reactor. The 
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reaction conversions used in the model for the second dehydrogenation reactor 

(reactor 401) are listed in table 4.1 in the chapter. 

The product stream from the reactor contains (on a weight basis) 50% 

butanol, 44% butanal, 1.2% water, 3.8% butane and 1.2% hydrogen. Butanol 

should be recycled to reactor 401, and butanal and hydrogen must be sent to 

reactor 501. When this stream is distilled, butanol will be the bottom product, 

and a butanal/water azeotrope is the top product together with the even lighter 

butane and hydrogen. Therefore, contrary to section 3, the butanol is removed 

from a mixture containing water with only 1 column. It is assumed that although 

water is a known poison for the catalyst in the second hydro-condensation 

reactor (reactor 501), the small amount in this stream is not a problem. The 

amount of water in the feed to reactor 501 is more than 3 times smaller than the 

amount of water formed in the reaction in that reactor.  

Column 4.1 has a partial condenser with a vapor distillate (top) flow. The 

bottom flow contains (nearly) pure butanol. The top has a very low butanol 

content (< 0.01wt%), because further downstream (in the 2-EH purification, 

section 6), butanol can accumulate in a recycle, and will be purged, causing 

significant product losses. An economic optimization should validate this decision 

in a future study. 

The bottom flow can be recycled directly to the reactor. The distillate flow is 

compressed to 20 bar, heated to 200°C and fed to the second hydro-condensation 

reactor (reactor 501). 

The dew point temperature of the distillate flow at 20 bar is 160°C, which is 

only a little below the practical operating limits of many compressors. During the 

compression, there is a chance that the stream would partially condense. In order 

to avoid this, a preliminary analysis of the energy consumption of two options 

resulted in the decision to equip the 2-stage compressor with an intercooler and a 

separate outlet for a liquid phase. The liquid and vapor streams are pressurized 

separately. When the streams are recombined they are evaporated. 

In section 5, the compressed stream of butanal, after it has been mixed with 

the excess hydrogen, is fed into the second hydro-condensation reactor (reactor 

501). Similar to the conditions in reactor 501, the reaction requires an excess of 

hydrogen of 4 times its stoichiometric requirements in the reactor inlet. The final 

product, 2-EH is formed in reactor 501. The reactions are as given in table 4.1 in 

the chapter. Just like in section 2, the reaction is exothermic, but the reactor feed 

must nonetheless be preheated because the reactor operates in plug-flow so the 

reaction heat cannot be used directly to heat the colder feed flow. The indirect 

use of the reaction heat through heat integration is considered. 
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The product stream contains mostly 2-EH, with smaller amounts of water, 

butane and hydrogen, and trace amounts of butanol. The 2-EH must be purified, 

while the hydrogen must be recycled. All other components (water and butane) 

must be removed from both the 2-EH and the hydrogen, either in the condensed 

phase or from the gaseous recycle. The decision was made to condense all the 

water and butane together with the 2-EH, and remove them later from the liquid 

phase. A single stage flash vessel is used to condense the 2-EH, water and butane. 

An arbitrary choice was made to select a condenser temperature of 60°C. A small 

purge is included in the design to remove small quantities of light impurities. 

In section 6, the product is purified. Water and butane are sent to the water 

treatment and fuel gas pool respectively. A small purge is required to remove 

traces of other undesirable materials such as butanol. The condensed stream of 2-

EH, water and butane from section 5 can be decanted, producing a water stream 

that contains so little 2-EH that it is sent straight to the waste water treatment, 

and a 2-EH stream which still contains some water and all the butane. The water 

and butane in the 2-EH stream are subsequently removed by distillation.  

In the first column, butane is removed as a top product. The second column 

produces pure 2-EH as a bottom product and a mixture of water and 2-EH as a top 

product, which is subsequently decanted and split into a water phase and a 2-EH 

rich phase in a second decanter. The water phase is considered waste water. The 

2-EH rich phase is sent back to the distillation column. Because there are de-

mixing effects and an azeotrope, it is recommended to investigate the binary 

system of water and 2-EH in the future, and validate the design decision made 

with more data. Because there are small quantities butane and butanol still 

present in the recycle of the 2-EH, two separate bleeds are used. The distillation 

column produces a small vapor fraction (0.003wt% is sent to a vapor flow), and in 

addition, a purge is placed on the recycle to remove butanol.  

In process section 7 the outgoing streams are mixed and cooled. The 2-EH 

product flow is cooled to 30°C. The waste water streams are of roughly the same 

temperature, so these are mixed before cooling, so that a single larger heat 

exchanger can be used rather than three smaller heat exchangers. It is assumed 

that this will reduce investment costs. The waste water stream is cooled to 30°C. 

The fuel gas streams are also combined. The fuel gas will be burned in a single 

combined heat and power (CHP) unit, outside the battery limits. A refrigeration 

unit is included in the capital cost estimate, but this was not a part of the Aspen 

Plus model. The detailed aspen flowsheet is provided at the end of the 

appendices Please write to the author of this thesis to receive associated stream 

tables in excel format. 



 

 

173 

4.7.4.3. D3. Economic analysis 

The feedstock and product market prices used for the economic analysis are 

as stated in Appendix A. Wherever applicable a EUR to USD conversion rate of  1.3 

USD/EUR based on June 2011 price levels was used. The costs of utilities and 

other auxiliaries are reported in the table A4.8. The refrigeration cost is estimated 

from the cost of electricity with a co-efficient of performance of 3. [60] 

Table A 4.8: Utility costs 

Utility Price Units Descriptors Reference 

Natural gas 7.5 EUR/GJ @38.48 MJ/m3 Eurostat 

Electricity 0.1 EUR/kWh  DACE 

Steam 27 EUR/tonne @2.26 MJ/kg DACE 

Process water 1 EUR/m3 demineralized DACE 

Cooling water (river 

water) 
0.05 EUR/m3 5 oC max heating DACE 

Wastewater 

treatment 
5 EUR/m3  DACE 

DACE: Dutch Association of Cost Engineers (included in references) 

The capital costs for the process equipment were based on data from the 

SCENT tool developed within the PROSUITE project. In this tool the installed and 

purchased equipment costs are based on a number of factors which are specific 

to each type of equipment.  

The table A4.9 provides design parameters and cost estimates for the various 

different process units. 

Table A 4.9: Process unit costs 

Process unit Design parameter 
Purchased cost 

(EUR) 

Installed 

cost (EUR) 

Reactors Surface area (m2)#   
Reactor 101  6,263  2,150,042  3,489,122  
Reactor 201  1,768  585,930  1,133,320  
Reactor 401  2,782  988,433  1,604,044  
Reactor 501  875  355,586  687,783  
    

Columns 
Product of 

(height*diameter) 
  

1.1  226.3  1,126,022  2,048,837  
1.2  47.3  316,877  576,568  
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3.1  148.7  802,662  1,460,474  
3.2  16.1  132,368  240,847  
4.1  167.2  880,345  1,601,818  
6.1  5.3  53,816  97,921  
6.2  69.3  431,764  785,609  
    

Reboilers & 

Condensers 
   

1.1 (reb + cond)   789,784  1,527,619  
1.2 (reb + cond)  350,555  678,052  
3.1 (reb + cond)  2,353,945  3,820,018  
3.2 (reb + cond)  473,432  915,723  

4.1 (reb + cond)  627,972  1,214,637  

6.1 (reb + cond)  121,302  234,624  
6.2 (reb + cond)  334,234  646,483  

    

Heat exchangers- 

sections 

Total area needed 

(m2) 
  

1  32,272  10,976,273  17,924,085  
2  2,378  884,044  1,709,938  
3  586  386,659  747,884  
4  20,440  6,867,890  11,243,376  
5  858  424,663  821,392  
6  0  0  0  
7  192  147,254  284,821  
    
Pumps Power (kW)   
Pump 401 
(centrifugal) 

3.5  4,730  6,449  

Pump 402 
(reciprocating) 

26  29,572  74,401  

Compressor (single 
stage) 

Power (kW)   

Compressor 101 
(centrifugal) 

2978  4,127,365  6,550,421  

Compressor 201 
(centrifugal) 

16  37,797  59,987  

Compressor (multi 

stage) (excluding 

intercooler) 

Power (kW)   
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Compressor 102 
(centrifugal) 

4,033  3,123,618  4,957,403  

Compressor 401 
(centrifugal) 

1,112  1,700,679  2,699,099  

Compressor 402 
(centrifugal) 

833  1,310,443  2,079,766  

    

Intercoolers Power (kW)   

Intercooler 102a  -37  6,503  12,578  
Intercooler 102b  -773  41,827  80,904  
Intercooler 401a  -4,153  225,780  436,708  
Intercooler 401b  -867  60,511  117,042  
Intercooler 402  -58  6,647  12,856  

    

Decanters    

Decanter 301   23,077  38,458  
Decanter 601   47,452  79,078  
Decanter 602   58,081  96,789  

    

Other process units    

Zeolite  Flow: 14 × 700 dm3/s  701,775  932,705  
Membrane  Flow: 1.719 Nm3/s  1,514,319  1,514,319  
Knock-out  h × d (1.5: 0.57)  6,227  10,377  
Refrigeration  Power: 4 × 4.75 MW  4,843,295  6,531,139  

# Heat exchange surface area for PFTR 

 

The table A4.10 provides CAPEX for the process. 
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Table A 4.10: Overview of capital expenditure 

Component  Estimated cost (€)  Comments  
Purchased Equipment Cost 
(PEC)  

50,431,548  from SCENT  

Installed Equipment Cost 34  81,785,475  from SCENT  
Delivery Charges (DC)  5,043,155  10% of PEC  
Instrumentation and 
Controls  

19,970,893  36% of (PEC + DC)  

Buildings incl. services: new 
plant at new site  

22,694,196  45% of PEC  

Engineering and Supervision  18,306,652  33% of (PEC + DC)  
Construction Expenses  22,744,628  41% of (PEC + DC)  
Legal Expenses  5,547,470  10% of (PEC + DC)  
Contractor's fee  5,547,470  10% of (PEC + DC)  
Contingency  24,408,870  44% of (PEC + DC)  
Start-up expenses  14,057,429  From SCENT  
Service Facilities: rough 
estimation  

28,241,667  
51% of (PEC + 
DC)35  

Depreciable Capital 
Investment  

248,347,905  sum  

Yard Improvements: many 
improvements  

5,547,470  10% of (PEC + DC)  

Land  3,328,482  6% of (PEC + DC)  
Fixed Capital Investment 
(FCI)  

257,223,858  sum  

Working Capital  64,305,964  25% of FCI  
Total Capital Investment 
(TCI) 

321,529,822  total  

 

The table A4.11 provides an overview of the annual operating expenses for 

the process. These operating costs are also calculated based on the methodology 

in the SCENT tool. However, the capital recovery is not included in this OPEX. The 

raw materials cost includes the cost for ethanol (307 million EUR/year), hydrogen 

(4.3 million EUR/year) and the catalyst (2.9 million EUR/year). Additional income 

of 16 million EUR/year is assumed to be derived from sale of co-product fuel gas 

at 7.5 EUR/GJ. At the designed capacity the process would produce 2.1 peta joules 

per year of fuel gas as a co-product. These CAPEX and OPEX form the basis of 

discounted cash flow analysis over a plant life of 20 years at 10% internal rate of 

return to yield a minimum viable price for 2-EH at zero net present value. 
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Table A 4.11: Overview of operating expenses 

Category EUR/year 

Raw materials cost  314,799,747 
Operating Labor cost  682,341  
Supervision and clerical labor  68,234  
Utilities  54,466,377  
Maintenance and repairs  26,841,343  
Operating Supplies  2,684,134  
Laboratory Charges  68,234  
Local taxes  7,716,716  
Insurance  2,572,239  
Capital recovery  69,551,848  
General plant overhead  16,555,151  
Administrative costs  136,468  
Distribution and marketing  9,623,935  
Annual production costs  442,214,919 

4.7.4.4. D4. LCA assumptions and data inputs 

 As mentioned in the chapter, the life cycle of 2-EH produced in a biobased 

system and a fossil based system have been analyzed. For both the processes a 

system expansion approach is followed based on ISO standards to give credits for 

co-products.  

Biobased system 

The system diagram in figure A4.7 shows the biobased system with the 

system boundary, background and foreground processes.  The processes inside 

the dotted line are foreground processes which were modeled. The data for 

remaining processes was mainly based on literature information and databases 

like Ecoinvent version 2.0. The ethanol is produced from starch containing 

biomass in EU. In this system a combined heat and power system based on 

natural gas is used to meet the utility requirements of the process. The CHP is 

designed to meet the heating requirements for the process and the excess 

electricity produced as a result is exported to the grid. At the end of life, the 2-EH 

product is incinerated in a waste incinerator. Based on Li et al., it is assumed that 

energy recovered is 33% of the lower heating value of 2-EH (40.6 MJ/kg), thus 

replacing natural gas. In the case of biobased process this incineration leads to 

biogenic GHG emissions which do not contribute to climate change.  
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Figure A 4.7: System diagram showing foreground and background processes for the biobased system 
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The table A4.12 gives the inventory inputs for production of 1 kg of 2-EH 

Table A 4.12: Inventory inputs for production of 1kg biobased 2-EH. 

Parameter Amount Unit 

Product   

2-EH 1 kg 

Avoided product   

Electricity production mix, NL 1.85 kWh 

Natural gas high pressure, at 

consumer, combusted 
13.40 MJ 

Inputs   

Ethanol, from biomass, RERa 1.757 kg 

Hydrogen, from natural gas,RER 0.011 kg 

Water, decarbonized, RER 670.21 kg 

Water, completely softened, 

RER 
6.87 kg 

Natural gas high pressure, at 

consumer 
22.03 MJ 

Emissions to air   

Water vapor 13.04 kg 

Carbon dioxide, fossil 1.813 kg 

Dinitrogen monoxide 3.21*10-6 kg 

Methane,fossil 6.42*10-5 kg 

Emissions to water   

Water, from cooling to river 670.9 kg 

Output to wastewater 

treatment 
0.547 kg 

NL: Netherlands, RER: Average European context 

a: The CED and GHG emissions associated with ethanol products are based on 

Patel et al. (2012), the CED and GHG emissions associated with the inputs are 

provided in the appendix A. 

Fossil based system 

The system diagram in figure A4.8 shows the fossil based system for 2-EH with 

the system boundary, background and foreground processes.  Similar to the 

biobased system the processes inside the dotted line are foreground processes. 

The data for remaining processes was mainly based on literature information and 

databases like the Ecoinvent version 2.0. The CHP in this case is also modeled 

similar to the biobased system and runs on natural gas. Also in this case the 
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product is assumed to be incinerated with energy recovery at the end of life. 

However, being a fossil based product, the GHG emissions from incineration of 

the product, contribute to climate change. Since the data is based on proprietary 

and confidential sources, a system inventory for the process can be provided on 

request. However, the CED and GHG emission values associated with each of the 

background processes and some of the foreground processes are provided in 

Appendix E.  
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Figure A 4.8: System diagram showing foreground and background processes for the fossil based system 
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4.7.5. Appendix E 

This section includes the assumptions and mass balance data for updated ESA of 2-EH production from biobased and fossil 

based resources 

As mentioned in the chapter, the updated ESA for biobased process was based on a four reactor approach and thereby 

mimicking the processes taking place in the detailed process design. The reactions taking place in the four reactors, 

conversions and selectivities are as described in table 4.1. The table A4.13 provides the mass balance which forms the basis of 

updated ESA for the biobased process. The fossil based process remains exactly the same as the one for primary ESA.  

Table A 4.13: Mass balance (kg/hr) data for updated ESA 

  

Step-1 Step-2 Step-3 Step-4 

Input 
Output 

 per pass 

Overall 

output 
Input 

Overall 

output 
Input 

Output  

per pass 

Overall 

output 
Input 

Overall 

output 

Ethanol 1000.0 500.0                 

Ethanal   430.9 861.8 861.8             

Hydrogen   19.6 39.1 43.5     8.8 17.6 19.6   

Ethylene   30.5 61.0 61.0             

Water   19.6 39.1   176.1   8.8 17.6   79.2 

Butanol         725.1 725.1 362.5       

Ethane         65.4           

Butanal             317.4 634.9 634.9   

Butene             27.4 54.9 54.9   

2-EH                   572.3 

Butane                   56.9 
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4.7.6. Appendix F 

Data values associated with graphs 

Figure 4.9 

  
Etha

ne 

Acetal- 

dehyde 

Aceto

ne 

Butyral- 

dehyde 

Ethyl- 

acetate 

Crotonal- 

dehyde 

1-But-

anol 

2-Ethyl-1-

butanol 

1-He-

xanol 

2-Ethyl-

2-hex-

anal 

2-Ethyl-1-

hexanol 

1-Oct-

anol 
Other 

MgO 0.30 13.84 0.44 3.72 1.52 1.65 46.19 2.53 3.90 -- -- -- 25.92 

MgO-1h 9.37 33.52 7.42 -- -- 4.53 32.53 -- -- -- -- -- 12.63 

BaO 0.13 15.09 -- 2.76 3.59 1.14 43.98 2.35 7.17 1.14 0.73 1.08 20.82 

BaO-1h 1.80 52.47 -- -- 2.17 -- 36.61 -- 1.00 -- -- -- 5.96 

 

Figure 4.11 

  Methane Ethane 
Acetalde-

hyde 
Acetone 

Butyr- 

aldehyde 

Ethyl- 

acetate 

Crotonal- 

dehyde 
1-Butanol 

2-Ethyl-1-

butanol 

1-

Hexanol 
Other 

MgO  0.30 13.84 0.44 3.72 1.52 1.65 46.19 2.53 3.90 25.92 

Mg/Cu=

10 
0.29 0.14 14.57 0.17 2.51 1.86 1.70 47.88 1.64 2.26 26.97 

Mg/Cu=

20 
0.07 0.41 18.73 0.51 2.39 1.40 1.68 48.92 0.96 1.96 22.98 

Mg/Cu=

30 
0.64 0.11 8.61  3.99 -- 2.30 45.87 3.38 3.19 31.92 
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Figure 4.12 

  Acetaldehyde Acetone 
Butyr- 

aldehyde 

1-

Butanol 

1-

Hexanol 
Other Conversion 

MgO-1h 18.21     52.27   29.52 1.21 

MgO-5h 21.12     50.33   28.55 0.38 

PM(MgO+Cu)-1h 56.18 1.46 6.45 29.66 1.86 4.40 18.78 

PM(MgO+Cu)-5h 61.32 2.73 3.84 26.33 0.96 4.82 11.05 
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The Aspen flowsheet is shown below, including all the names of the streams. The names of the streams in the mass 

balance file (available from author in electronic format) correspond with this figure.  

 
 

Remarks  

The model contains three subsections (hierarchy), called ZEOLITE, BUTANOL and COMPCOND. These are the zeolite 

absorber for the ethanol purification, the butanol/water separation and the butanal compression with partial conden-sation 

respectively. The flow sheets of the three subsections are shown on the next page and the respective stream tables can be 

found in the excel file which is provided as supporting information. 

The model contains several streams and units that are called “nothing” or variations to that word. These are all very small 

streams, bypassing a loop, to avoid convergence problems of the model.   
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Butanol hierarchy 
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5. Comparative technical process analysis for catalytic and 

thermal pyrolysis of lignocellulosic biomass17 

5.1. Abstract 

Availability of sustainable transportation fuels in future hinges on the 

utilization of lignocellulosic resources for production of biofuels. The process of 

biomass pyrolysis can be utilized to convert solid biomass resources into liquid 

fuels. In this study, laboratory experiments and process simulations have been 

combined to gain insight into the technical performance of catalytic and thermal 

pyrolysis processes. Waste pinewood has been used as a feedstock for the 

processes. The pyrolysis takes place at 500 °C and employs three different 

catalysts, in the case of the catalytic processes. A process model was developed 

with Aspen Plus and a wide range of representative components of bio-oil have 

been used to model the properties of the bio-oil blend. Results from the process 

model calculations show that catalytic pyrolysis process produces bio-oil of 

superior quality. Different technical process scenarios have been explored based 

on the properties of the bio-oil after separation of water soluble components, 

with the intention of producing a blendable or stand-alone product. It was found 

that – depending on the bio-oil requirements – sufficient amounts of hydrogen 

can be made available from the aqueous fraction to further treat the organic 

fraction to the desired extent. The resulting organic fractions are suitable 

candidates for blending with conventional fuels. The analysis results are used to 

provide guidance for catalyst development. 

  

                                                           
17

 This chapter is a slightly adapted version of the article: Comparative technical process 

analysis for catalytic and thermal pyrolysis of lignocellulosic biomass, A.D. Patel, M. Zabeti, 

K. Seshan, M.K. Patel, submitted for publication in a scientific journal 
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5.2. Introduction 

Motorized mobility of persons has become an essential lifestyle feature 

across the globe and the transportation of goods over large distances is 

indispensable in today’s highly differentiated and globali ed economy. Relying on 

fossil fuels, transportation times and costs have been significantly reduced in the 

past 100 years which has led to more efficient use of human capital and financial 

capital (e.g., by just-in-time solutions). While substantial progress is being made 

towards electrification, especially of passenger cars, liquid fuels are likely to retain 

an important role (at least for trucks, airplanes etc.). However, the extensive use 

of fossil fuels, currently forming the lion’s share of our transportation fuels [1], 

leads to resource depletion, global warming and other important long-term 

sustainability challenges. In consideration of these drawbacks, there has been a 

policy push towards transportation fuels from renewable sources resulting in the 

increase of global biofuels from 367 PJ in 2000 to about 2100 PJ in 2009 [2]. 

Biofuels have been broadly classified into first generation (produced from 

food crops such as sugarcane, corn, palm, rapeseed, etc) and second generation 

biofuels (from lignocellulosic feedstock, e.g., corn stover, wheat straw and wood). 

First generation ethanol and biodiesel represent the majority of today’s biofuel 

production. By utilizing readily available resources and existing knowledge on 

conversion processes, these have been “low hanging fruit” in the quest towards 

increasing production of biofuels. However, utilization of food resources for fuel 

production, especially in a world with increasing food demand, has led to 

controversies about the sustainability of first generation biofuels. To address 

these issues, major research and development efforts are ongoing to enable a 

shift towards second generation biofuels which include a broader mix of fuel 

products derived from a range of widely available [3], renewable resources. In 

contrast to the sugar or starch based first generation feedstocks, biomass 

feedstocks containing whole cellulose, hemicellulose and lignin fractions are 

classified as lignocellulosics. A recent IEA report shows that, worldwide, one 

quarter of the transportation fuels could be produced from second generation 

feedstocks by 2050 [4]. 
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Table 5.1: Technology routes for second generation biofuels 

Technology Fuel type 

Feasible processing 

scale and 

infrastructure 

Feedstock logistics Fuel logistics Energy yield in fuel 

Biochemical 

Ethanol, Butanol –  

Blendable with 

gasoline to a 

certain extent 

Medium to large 

scale process and 

new infrastructure  

Transportation of 

solid biomass over 

long distances 

Blendable fuel - 

Needs partly new 

transport 

infrastructure 

Low 

Gasification 

Alkane chains 

produced via 

Fischer Tropsch –  

Direct use in 

existing engines. 

Very large scale 

process and new 

infrastructure 

Transportation of 

solid biomass over 

long distances 

Drop-in fuel - 

Existing transport 

infrastructure can 

be used   

High 

Pyrolysis 

Mix of oxygen 

containing organics 

–  

Can be blended 

after treatment 

Medium scale 

process Existing oil 

processing 

infrastructure can 

be utilized 

Transportation of 

solid biomass over 

shorter distances 

due to smaller 

processing capacity 

Blendable or drop 

in after treatment - 

Existing 

infrastructure can 

be partially utilized 

Medium 
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Three prominent technology routes, biochemical conversion, gasification and 

thermal pyrolysis, are in principle available for conversion of these lignocellulosic 

resources to biofuels, next to numerous other combinations and routes [5]. As 

shown in table 5.1, each of these three technologies has its own benefits and 

drawbacks considering a selection of aspects which are important for today and 

for the future.[5-8] While second generation biochemical and gasification-based 

routes require relatively large scales, pyrolysis offers the potential advantages of 

medium scale and distributed liquid product generation thereby making 

transportation logistics favourable. In the past years, most attention has been 

paid to second generation ethanol, with numerous demonstration plants in place 

and first commercial plants coming online [9]. In contrast, the large upfront 

investment costs appear to be an important barrier to gasification[10]. Research 

on pyrolysis has been ongoing for two decades, however, with less intensity than 

the biochemical route. Thermal pyrolysis can be an interesting process option 

[8,11,12] wherein solid biomass is converted into liquids in the absence of oxygen, 

by rapid heating at moderate temperature around 450 °C-550 °C.[13]  

The liquids produced by pyrolysis can be further treated in dedicated 

processes [8] or they can be fed to existing refineries. The liquid is normally 

termed “pyrolysis oil” or “bio-oil”. Figure 5.1 shows a total ion chromatogram and 

some representative components of bio-oil derived from thermal pyrolysis of 

pinewood (referred to as thermal pyrolysis bio-oil). This “virgin” bio-oil is a 

complex mixture of water and oxygenated components including carboxylic acids, 

aldehydes, ketones, (substituted)-furans, sugars, (substituted)-phenols, oligomer 

sugars and oligomer phenols with a wide range of molecular weights and boiling 

points. Explanations on the role of these components for the quality of bio-oil can 

be found elsewhere [14-16].  
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Figure 5.1:Ion-chromatogram of virgin bio-oil produced by thermal pyrolysis (without further 

treatment) 

Large-scale pyrolysis facilities are almost non-existent due primarily to the 

complexities of the process, and uncertainty about the characterization and 

properties of bio-oil. KIOR, USA, recently announced production of renewable 

fuels based on wood chips [17]. A comparison of key properties of thermal 

pyrolysis bio-oil and fossil fuel oil is shown in table 5.2. The main difference in the 

properties of the two oils is reflected in the elemental composition, where 

thermal pyrolysis bio-oil contains a large amounts of oxygen (35-40 wt.%). This 

has consequences on the energy content, acidity, water content and homogeneity 

of thermal bio-oil and causes problems for the direct use of thermal bio-oil in fuel 

applications, i.e., transportation sector. One solution to this issue is to remove 

oxygen from bio-oil using catalytic deoxygenation method [12,14,15,18]. Many 

studies have been performed on the role of catalysts such as zeolites and 

mesoporous materials on the product distribution in bio-oil and its quality. So far 

no catalyst has been found to solve all the problems associated with bio-oil at 

once [14,16,19,20,20-23].  
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Table 5.2: Comparison of thermal pyrolysis bio-oil and fuel oil 

Characteristics Thermal pyrolysis bio-oil Fossil fuel oil 

Water content (wt.%) 15 ‒ 35 0.1 

H (wt.%) 5.2 ‒ 7.0 85.0 

C (wt.%) 50 ‒ 64 11.1 

O (wt.%) 35 ‒ 40 1.0 

N (wt.%) 0.05 ‒ 0.40 0.3 

S (wt.%) 0.05 ‒ 0.30 2.3 

Heating value (MJ.kg-1) 16 ‒ 19 40.0 

Viscosity (cP at 50 °C) 40 ‒ 150 180.0 

pH 2.4 --- 

 

The available techno-economic assessments of pyrolysis processes [8,24] have 

all focused on studying the potential of thermal pyrolysis and found the process 

to be an attractive option [5]. However, literature is scarce on equivalent studies 

of catalytic pyrolysis processes. Moreover, the existing pyrolysis studies have 

been performed mainly based on a limited number of representative components 

for bio-oil [8,24]. This is only adequate for a one-off assessment of technology 

potential as opposed to iterative assessment meant to provide guidance for 

further development.  

In this study we explore the technical potential of catalytic pyrolysis and 

evaluate its potential in comparison with thermal (non-catalytic) pyrolysis. To this 

end, dedicated experiments on the catalytic and thermal pyrolysis of pinewood 

have been executed at laboratory scale at Twente University in the Netherlands 

and detailed process modeling by application of the software Aspen Plus was 

conducted at Utrecht University. The pyrolysis reactions were performed using 

three different catalysts including a cesium modified amorphous silica alumina 

(Cs/ASA) and a sodium supported on gamma alumina (Na/γ-Al2O3), which were 

developed at Twente University, as well as  a commercial grade proton exchanged 

Faujasite zeolite (H-FAU). These catalysts were selected based on their previously 

reported performances for the catalytic pyrolysis of lignocellulose [14-16]. It 

should be noted that these materials are not necessarily the best catalysts for this 

process, but showed interesting results in favor of commercial applications and 
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hence were used as an example. To enable effective comparison based on the 

experiments in this study, we have tried to limit the use of external literature data 

for process operations such as hydrogen production and hydrotreating by relying 

more on theoretical models and data in the process modeling. In this paper we 

present the findings of this collaboration (in the context of the project CatchBio, 

www.catchbio.nl) and we present a comparative technical process analysis in 

order to obtain insight into the status of the technology and to provide specific 

recommendations for further development of pyrolysis catalysts. This chapter 5 is 

followed by chapter 6 in which the economic and life cycle environmental aspects 

are analyzed and used to provide further guidance for catalyst development.  

5.3. Laboratory experiments 

The Cs/ASA and Na/γ-Al2O3 catalysts were prepared using a wet impregnation 

method of CsNO3 (Acros, 99.3 %) and Na2CO3 (ACS reagent grade >99.5 %) on ASA 

(Sasol) and γ-Al2O3 (Akzo Nobel) supports, respectively, to yield 10 wt. % of the 

corresponding metals on each catalyst (based on the total weight of the catalyst). 

The two catalysts were calcined at 600 °C in a flow of air. The commercial H-FAU 

catalyst was also calcined at 600 °C prior to the reaction. Pyrolysis reactions for 

both thermal and catalytic pyrolysis were performed on a bench-scale set-up 

consisting of a digital mass flow controller, a heating coil for heating carrier gas 

prior to the reactor, an infra-red (IR) oven for fast heating (1700 °C.min.-1) of 

wood, an electrical oven for separate heating of the catalyst bed where 

deoxygenation reactions take place (in the case of thermal pyrolysis the reactor 

was filled with inert quartz sands), two sequential condensers (operating at -45 

°C) for condensation of pyrolysis vapors and a gas bag for collection of gases 

products. A quartz tube (500 mm × 9 mm) was used as the reactor with a fixed 

bed of biomass followed by the catalyst. Both temperatures of biomass bed and 

the catalyst bed were set and controlled (using thermocouples placed inside beds) 

at 500 °C. By raising the temperature in the IR oven, reactions were started and 

resulting biomass vapors were continuously carried through the catalytic bed by 

carrier gas (Ar, 70 ml.min-1); the condensable vapors leaving catalytic bed were 

collected in the condensers and the non-condensable gases (including permanent 

gases, CO2, CH4, C2 and C3 gases) were collected in the gas bag. 

Compositional analyses of the liquid and gas products were performed using 

gas chromatography (GC) technique coupled with mass selective detector (MSD) 

and thermal conductivity detector (TCD), respectively (for more details on the 

analytics see [14]). In case of liquid fraction, all the GC separable components 

were detected using MSD and were later identified by matching with a library 
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from National Institute of Standards and Technology, NIST 2010 library (supplied 

by Agilent). For this study, around 100 components which could be matched with 

80% probability and above were selected. Since a precise quantification for large 

number of components is very difficult, concentration of components in bio-oil 

was determined semi-quantitatively using response factors (using known 

concentration of fluoranthene, as the internal standard). Gas products were 

quantified using calibration curves of at least three different concentrations of 

respective standard gases. 

Karl-Fischer titration was utilized for analysis of water content of bio-oil. 

Elemental composition of liquid products was determined using a Thermo 

Scientific (Flash 2000) organic elemental analyzer instrument and was calculated 

on dry basis. The higher heating value (HHV) of bio-oil was calculated using 

Dulong equation (equation 5.1) based on the C, H, and O weight percentage 

obtained from elemental analysis. 

HHV (MJ/kg) = [(81.37×C wt%)+(345×H wt%)+ 43.125×(1 – O wt%)]×0.004186 

  (5.1) 

The temperature required for complete combustion of coke, which formed on 

the catalyst, was estimated using temperature-programmed oxidation of the 

coked catalyst (10 mg) from 30 °C to 800 °C (10 °C.min-1 increment) in a flow of air 

(30 ml.min-1). Thermal gravimetric analysis (TGA) was utilized to test the stability 

of the catalyst at the temperature of regeneration. In this regard, the pure 

catalyst (10 mg) was heated from 30 °C to 800 °C in a flow of air (30 ml. min-1) and 

the weight loss of the catalyst was recorded.  

All the experimental values reported in this study represent the average value 

of at least two experiments (experimental errors were estimated at 95% 

confidence interval). Detailed explanation of the above mentioned analytical 

methods, reaction procedure and catalyst preparation procedure can be found 

elsewhere [14]. 

As mentioned above, around 100 components were identified in bio-oil. Since 

not all of the identified components are available in the Aspen property 

databases, for the purpose of process simulations, 41 representative components 

were selected based on functional groups, bond types and the number of carbon 

and oxygen atoms in the molecular structure (see supporting information table 

A5.1). In addition to the 41 components, the simulation relies on 10 gaseous and 

3 solid components. All the experimental data which were used for the process 

simulation in this study can be found in supporting information, table A5.1.  
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5.4. Process model 

In addition to the data from laboratory experiments, the process simulation 

for catalytic and thermal processes is based on a combination of literature data 

and theoretical models based on literature. The process modeling was carried out 

in Aspen Plus software using non-random two-liquid (NRTL) model as a property 

method for estimation of phase equilibrium. Figure 5.2 shows complete process 

model. Using this process model in combination with a limited number of fuel 

specifications has enabled us to explore different technical possibilities for fuel 

production from pyrolysis processes. It is important to note that these are early-

stage process models and hence involve assumptions in cases where relevant 

literature or experimental data is unavailable. The information provided by these 

models, enables us to evaluate technology potentials and pinpoint areas for 

further improvement and experiments. 
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Figure 5.2: Process flow diagram for catalytic pyrolysis 
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5.4.1. Feedstock and pretreatment 

With the intention of exploring lignocellulosic feedstocks and in line with the 

laboratory experiments, we model the process using pinewood as a feedstock. 

The facility has been modeled to process 480 metric tonnes of biomass per day 

(20,000 kg. hr-1). It is assumed that the feedstock is available as woodchips which 

have been dried to a moisture content of 3%. The properties of the raw feedstock 

used for the process simulation model are presented in table 5.3. [14,25] 

Table 5.3: Biomass feedstock properties 

 Waste pinewood properties 

Moisture content (wt% as received) 03.00 

Volatile matter (wt% dry) 79.38 

Fixed carbon (wt% dry) 11.34 

Ash (wt% dry) 09.28 

C (wt% dry ash free) 50.15 

H (wt% dry ash free) 05.41 

O (wt% dry ash free) 44.37 

N (wt% dry ash free) 00.06 

S (wt% dry ash free) 00.01 

Cl (wt% dry ash free) 00.00 

Heating value (HHV) (MJ/kg as received) 17.50 

Average diameter (mm) 10.00 

 

Moisture content and particle size of feedstock parameters affect the 

performance of the pyrolysis process. Since the moisture content of the delivered 

feedstock is 3%, no further drying is carried out within the process. Smaller 

diameter of biomass particles has the advantage of more efficient and improved 

heat transfer in the pyrolysis section but requires more electrical energy for 

comminution. Based on recommendations for maximum particle sizes [11] we 

model size reduction of pinewood to an average diameter of 2 mm. The grinding 
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is carried out using a ball mill crusher and filter screen. The ground wood is then 

fed to the pyrolyzer.  

5.4.2. Pyrolysis 

The laboratory experiments were carried out with a fixed bed of catalyst. 

However, considering short catalyst deactivation times, we envision a fluidized 

catalytic cracker type configuration for this process [26]. The residence time in the 

fluidized bed reactor is adjusted to reach conditions similar to the fixed bed 

process. We use a residence time of 0.5 seconds based on the configuration used 

by KiOR [26]. As an alternative configuration, a moving bed of catalyst could be 

used which, however, has not been explored in this study. The pyrolysis process is 

carried out at 500 oC and 1 atm. As shown in figure 5.2, the pyrolysis section 

includes a fluidized bed pyrolyzer, cyclone separators and a catalyst regeneration 

section. The catalyst regenerator is a combustor where char and coke on the 

catalyst is burned off. The modeled combustor operates at 870 oC [7]. Based on 

temperature programmed oxidation analysis of coke on the catalyst, the coke is 

completely combusted at 650 oC (Figure A5.1). Thermo gravimetric analysis of the 

fresh and coke free catalysts in air showed no weight loss of the catalyst up to 900 
oC implying that the catalyst is stable at high temperatures (results are not 

shown). In the thermal process the char and gases are combusted in a separate 

unit. The air inlet to the catalyst regeneration/combustion unit is determined by 

the oxygen requirement to ensure complete combustion. The ash is removed 

from the bottom of the catalyst regenerator and a mesh of appropriate size is 

envisioned to retain the catalyst particles in the system. A portion of the flue gas 

from the catalyst regenerator is used as a fluidizing medium, thus reducing the 

requirements for fresh nitrogen. Three kilogram of fluidizing medium is used per 

kg of biomass. Based on literature data [11], energy requirements for pyrolysis are 

estimated at 1 MJ.kg-1 biomass for both the catalytic and thermal processes. 

5.4.3. Combined heat and power (CHP) section 

The hot flue gases from the catalyst regenerator/combustor are used in a CHP 

system which co-generates heat and electricity needed for the plant. Depending 

on the case, there is an excess of steam and electricity. Based on literature data 

for chemical plants [27] the CHP is modeled with the parameters in table 5.4. The 

electricity factor is determined by the specific configuration of the CHP system 

and governs the distribution between heat and electricity output. 
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Table 5.4: Characteristic of the CHP unit used in this process simulation 

CHP parameters Value 

Overall efficiency 72.0% 

Electricity factor 0.613 

Losses for maintenance (heat/steam prod.) 7.5% 

5.4.4. Separation 

After the pyrolysis section, the gas and bio-oil vapors are sent to the 

separation section, where all the heavy components with boiling points above 280 
oC are separated in a flash column (flash 1, operating at 280 oC). For this study, it 

is assumed that these higher boiling components which are not detected in the 

GC-MS are a waste stream due to unavailability of information about the 

properties. However, it is important to note that these heavy components can 

potentially be processed further (e.g., hydrotreating) and converted to fuels and 

other useful products. The quantity of these components was estimated using 

gravimetric analysis by heating up the total bio-oil (organics and water) up to 280 

°C. To do this, bio-oil was loaded in a small crucible and was placed in a pre-

heated (at 280 °C) cylindrical oven for 10 sec.  The very viscos material remaining 

in the crucible are the heavy components of bio-oil and account for 11% and 20% 

of organics output fraction for catalytic and thermal reactions respectively. Apart 

from the assumed flash separation method used here, methods such as 

distillation have been reported for the fractionation of bio-oil [28]. However, 

during distillation, different components are separated based on their boiling 

points by gradual temperature increment, followed by oligomerization and 

condensation reactions between some reactive components present in bio-oil 

[28]. Removal of this stream ensures that a stream with realistic properties and 

composition enters the subsequent process sections.  

In order to separate the gaseous components from the mixture, the stream 

leaving flash 1 is sent to the second flash separator (operating at 25 oC). The low 

temperature has been selected to balance the cooling requirements in this step 

with the amount of components carried along with the gaseous stream from this 

flash. This decision also affects heat duty required in the subsequent distillation 

unit and the product yield and composition (the compounds that are not 

separated via the gaseous phase remain in the liquid phase and undergo further 

processing). As the flow of gaseous components from the second flash is relatively 

small in comparison to char and coke production, it does not justify a separate 
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combustion unit. Hence the gaseous components are combusted within the 

catalyst regenerator/combustor, thereby making use of the excess heat in the 

form of steam. After the separation of gases, the cooled oil with a significant 

content of water is sent to phase separation. It has been observed from 

experiments that for effective phase separation a minimum 40 wt.% of water in 

bio-oil is needed [29]. Hence we ensure 45 wt.% water content in this step of the 

process model; if the incoming bio-oil contains less water, fresh process water is 

added. Different literature studies [29,30] have demonstrated phase separation of 

bio-oil and have documented the distribution of components in aqueous and 

organic phases. As the bio-oil composition is specific to each case and experiment, 

the bio-oil in our case studies differs from these studies. For the purpose of 

modeling we base the phase separation model on the literature mentioned above 

and the octanol-water partition co-efficients of the different components [31,32] 

and assumptions regarding process conditions. The fact that components with 

low partition coefficient are more soluble in water[31,32] and that process 

inefficiencies prevent complete phase separation of components, forms the basis 

of the assumptions in the phase separation model. Thus components with a 

partition coefficient below 1.32 have been modeled such that 95wt% end up in 

the aqueous stream and the remaining 5wt% remain in the organic stream. This 

split is reversed for the components with coefficients above 1.32 such that 95wt% 

end up in the organic stream. The results from this separation model are in-line 

with the results presented in literature [29]. The underlying coefficients and the 

composition of aqueous and organic fractions after separation can be found in the 

supporting information table A5.2.  Past modeling studies reported in literature 

[7,8] directly divert the required fraction of complete bio-oil (combined aqueous 

and organic) for hydrogen production and use the remaining for hydro-treating or 

co-refining with conventional naphtha processing. By modeling phase separation 

we take a different approach from these studies. This is because of two reasons. 

The first reason is that recent literature [29,33] has shown that the smaller 

molecules actually end up as coke in the subsequent hydro-processing to refined 

fuels while with separation, these can form an excellent source for high value 

chemical production. The second reason is that in case of catalytic pyrolysis, 

phase separation followed by purification, can already yield an oil stream which 

can be used as a fuel without further hydro-processing. Following this approach, 

the organic fraction of bio-oil from phase separation is sent to the distillation 

column in order to further reduce the water content to trace quantities. It is 

important to note that - as indicated in literature [28] - some oil losses can be 

expected in the distillation step for thermal pyrolysis oils. Oil losses at this stage 
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will lead to proportionate reduction in final oil yield. However, this factor is 

heavily dependent on the specific composition of bio-oil which varies based on 

the pyrolysis conditions and the presence or absence of catalysts as well as the 

distillation conditions. These losses can only be reliably determined with pilot 

scale tests for specific cases in the absence of empirical relationship models that 

link such losses to components in oil. Given the uncertainty in determining losses 

(from both quantitative and component fate perspective) and the proportional 

effect on oil yield, these losses have not been built into the model. The aqueous 

distillate is mixed with the aqueous fraction from phase separation and sent to 

hydrogen production (see next section). Depending on the quality of bio-oil and 

considerations related to refinery co-processing, the bottom bio-oil can either be 

directly marketed as a product or further processed by hydrotreating. 

5.4.5. Hydrogen production 

In this section the aqueous stream containing organics is used to produce 

hydrogen via steam reforming. For this technical assessment it is assumed that all 

of the organics result in production of hydrogen, which gives an estimate of the 

maximum possible hydrogen production. The CHO content of the organic fraction 

of aqueous stream is used for this calculation which follows the following 

reforming reaction (equation 5.2). As opposed to the use of experimental data 

from literature [29,34] for modeling, this theoretical approach enables an analysis 

tailored with the input stream for a particular model. This ensures a fair 

comparison across the different options evaluated in this study while still helping 

to understand the technology potential. The hydrogen produced is available for 

export and internal use in hydrotreating as required. 

 

CiHjOk + (2i – k)×H2O   i×CO2 + [2i + (j/2) – k]×H2   (5.2) 

5.4.6. Hydrotreating section 

In this section the bio-oil processed by distillation is envisioned to be 

hydrotreated using conventional hydrotreating catalysts, in order to produce an 

oil product with desired oxygen content. For the purpose of this technical 

assessment only the requirement for hydrogen and subsequent reductions in oil 

yields have been considered. To enable a fair comparison of the different options 

evaluated,  in the absence of relevant and tailored experimental information, a 

theoretical modeling approach has been used. Hence, the C, H and O fraction of 

the bio-oil from separation is used as an input for these calculations. It is assumed 

that   ‘H’ atoms are added to the oil for removal of each ‘O’ atom (a minimum of 
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2 ‘H’ atoms are required). Thus 3 ‘H2’ molecules are needed per oxygen atom 

removed (1 ‘H2’ for water and 2 ‘H2’ added to the oil). The yield of oil from the 

process is assumed to be 98% of the theoretical yield. Having this factor makes it 

possible to estimate a maximum potential while still maintaining a yield factor in 

the model which can be varied for sensitivity analysis. Depending on the source of 

bio-oil, a variety of literature studies have reported hydrotreating yields to fuel 

products in the range of 0.38 to 0.62 kg oil/kg bio-oil feed  [8,24,35,36]. After 

hydrotreating the gases are separated by flashing and phase separation. A 

potentially appealing aspect of catalytic pyrolysis is that with the right catalysts, 

hydrotreating can be done in the pyrolysis reactor itself, to directly produce an 

usable oil product after separation. 

5.4.7. Fuel specifications and properties 

A limited number of fuel specifications (table 5.5) based on EU regulations 

[37] have been used to study approximate conformity of the fuel products from 

this process.  

Table 5.5: Specifications for gasoline based on European Union standards 

 Upper Limit 

Oxygen content 3.70 wt.% 

Benzene 1.10 wt.% 

Aromatics 35.00 v.% 

Olefins 18.00 v.% 

 

It should be noted that considering the possibility of blending with 

conventional fuels, the oxygen content of any fuel product from the process does 

not necessarily have to remain within the limit on oxygen content according to 

table 5.5. If the components contributing to the oxygen content are acceptable in 

a fuel, then higher oxygen content mainly affects the fraction of biofuel that can 

be blended. To account for these aspects, we have considered some additional 

key fuel properties [38] (table 5.6) which enables us to assess the quality of 

different potential fuels through the pyrolysis process and compare them with 

conventional gasoline and diesel fuels. The higher heating value is estimated using 

the Dulong correlation shown in Eq. 1. For energy calculations, the higher heating 

value of hydrogen is taken as 141 MJ/kg. 
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Table 5.6: Properties of conventional fossil fuels 

 Gasoline Diesel Fuel oil 

Carbon content (wt%) 87 86 85.3 

Hydrogen content (wt%) 13 14 11.5 

Oxygen content (wt%) 0 0 1 

H/C molar ratio 1.79 1.95 1.62 

Higher heating value 

(MJ/kg) 
47.30 44.80 40 

Average molecular 

weight (g) 

114.23 

(Octane) 

169.83 

(Hexadecane) 

422 (based on C30 

alkane) (C7 to >C50) 

Average boiling point 

(oC) 
38-204 >150 121-600 

Acid-sugar-carbonyl 

content (wt%) 
0 0 0 

5.4.8. Product scenarios 

Based on different potential process configurations leading to different 

products, four different scenarios have been envisioned which are applicable for 

both the catalytic and thermal pyrolysis processes. 

5.4.8.1. Direct oil (DO_oil) 

In this scenario, the bio-oil produced as a result of separation is directly 

considered as a product and is referred to as DO_oil. This direct production 

obviates the whole hydrotreating section. However, depending on the 

performance of pyrolysis unit, this oil may not meet all the requirements of a fuel 

or blend component. In this case further processing will be necessary which could 

be carried out at a centrally located facility or at an existing refinery. Hence this is 

considered in three separate product scenarios (see below) and detailed product 

composition is analyzed for this scenario. 

5.4.8.2. Hydrotreated oil (HT_oil) 

For this scenario, the DO_oil is further hydrotreated, using the hydrogen 

produced internally, to an oxygen content of 3.7% in conformity with fuel 
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requirements. Depending on the quality of the DO_oil, this can significantly 

reduce or even eliminate the export of hydrogen as a co-product from the 

process. Nevertheless, this scenario has the potential to produce a product which 

is in conformity with fuel specifications and can be flexibly used in an engine 

either directly or as a blend. Considering such a final product and in absence of 

information about component specific conversions, the calculations based on the 

C, H and O fractions of DO_oil provide adequate information for this technical 

assessment. Hence, detailed product composition is not analyzed for this 

scenario. 

5.4.8.3. Selectively hydrotreated oil (SH_oil) 

In the HT_oil scenario, we aim to remove oxygen from DO_oil, regardless of 

the type of oxygen-containing molecule. As mentioned earlier, higher oxygen 

content, by itself, is not a cause of concern for a fuel product considering the 

possibility of blending with conventional fuels. In the case of pyrolysis oil 

products, one of the main concerns is the presence of acids, sugars, aldehydes 

and ketones in the product. The presence of these components causes stability 

issues for the fuel products and can lead to severe limitations regarding the use of 

such products. Hence one alternative approach is to develop hydrotreating 

catalysts which can selectively remove oxygen from the problematic components 

while preserving components such as furans and phenols. This can lead to lower 

hydrogen requirements for hydrotreating of the oil product. Contrary to the 

previous scenarios, it would not be possible to immediately implement this option 

because the required catalyst would still need to be developed. 

5.4.8.4. Selectively catalyzed oil (SC_oil) 

This scenario is only applicable in the case of catalytic pyrolysis. The same 

principle as in case of SH_oil is followed, but specific hydrotreating catalysts are 

incorporated within the catalytic pyrolysis processes and hydrogen is fed to the 

pyrolysis section. Thus, the pyrolysis catalysts are engineered in a way that they 

selectively hydrotreat the problem components. Theoretically the hydrogen 

requirements would be the same as SH_oil, however, this scenario will save 

hydrotreating costs and directly lead to a product that meets specific fuel 

requirements. Also in this case the catalysts required do not yet exist. 
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5.5. Results and Discussion 

Waste pinewood contains 44.4 wt. % oxygen, which is normally removed by 

thermal pyrolysis in the form of CO2, CO and H2O; catalytic deoxygenation can 

further enhance oxygen removal. However, this catalytic deoxygenation takes 

place at the expense of bio-oil mass yield. The goal of any biomass to liquid fuel 

conversion process is to maximize the energy yield from original biomass in the 

liquid fuel. Removal as H2O will lead to a higher mass yield while removal as CO2 

leads to a higher energy yield in the liquid fuel. Thus, in the case of catalytic 

pyrolysis the holy grail is to use internally available carbon in biomass to remove 

all the oxygen as CO2. For a catalytic pyrolysis process with the waste pinewood 

feedstock, a maximum theoretical bio-oil yield of 34.7 % is achieved with 100 % 

accompanying energy yield, if all the oxygen is removed as CO2 (Figure 5.3). 

Practical yields are however subject to losses as char, coke and gases, removal of 

oxygen as water as well as the need to provide energy for the conversion process.  
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Figure 5.3: Variation in theoretical mass yield of liquid fuel from biomass with variation in the 

final oxygen content of the fuel after biomass conversion (for theoretical mass yield, zero losses 

to char, coke and gases are assumed and all oxygen is assumed to be removed as CO2). 
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Table 5.7: Overall mass balance of the process and elemental composition of the bio-oil obtained 

from laboratory experiments (before separation of heavy and water soluble components); 

elemental analysis are reported on dry basis. 

Pyrolysis yields 

(without further 

treatment) 

Cs/ASA Na/ɣAl2O3 HY-Zeolite Thermal 

Organics (wt%) 15.79 12.48 10.30 44.09 

Water (wt%) 32.06 29.12 33.04 21.51 

Char + Coke (wt%) 18.55 25.13 28.44 11.43 

Gases (wt%) 24.61 24.27 19.22 13.98 

Ash (wt%) 9.00 9.00 9.00 9.00 

Organic fraction 

properties 
    

Carbon content 

(wt%) 
65.45 69.65 57.75 52.03 

Hydrogen content 

(wt%) 
5.35 5.27 5.06 5.69 

Oxygen content 

(wt%) 
29.20 25.08 37.19 42.28 

Heating value 

(MJ/kg) 
24.92 26.98 20.44 18.49 

 

Table 5.7 summarizes the results for mass balances and properties of bio-oils 

obtained from laboratory experiments during thermal and catalytic pyrolysis 

reactions of waste pinewood. All the three catalysts eliminate more oxygen from 

bio-oil compared to thermal reaction. Second, catalytic reactions show higher 

amount of gas and coke formation, as compared to thermal reactions. As a 

consequence of these two fundamental differences, the yield of organic fractions 

is lower for all the three catalytic reactions (e.g., 10.30 % of H-FAU vs. 44.09 % of 

thermal) as it was expected. Among the three catalysts Na/ɣ-Al2O3 was the most 

active for deoxygenation of bio-oil by reducing the oxygen content of bio-oil to 

25.08 wt. % compared to 42.28 wt. % of the thermal oil and followed by the 

Cs/ASA catalyst (29.20 wt. %). These two catalysts have been previously reported 
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to be beneficial for the pyrolysis of biomass to bio-oil [14,16]. It can also be seen 

from Table 5.7 that energy content of bio-oil was enhanced for all the catalytic 

reactions, compared to the thermal reaction and Na/ɣ-Al2O3 catalyst resulted in 

bio-oil with highest energy content. The lowest oxygen content of catalytic oil of 

25.08% (table 5.7) corresponds to a mass yield of about 12.5% (table 5.7) and a 

theoretical maximum yield of 57.8% in the absence of losses to char, coke and 

gases (figure 5.3). This difference indicates a very substantial improvement 

potential.  

Table A5.1 shows the composition of bio-oil. The bio-oil obtained from the 

two most active catalysts, Na/ɣ-Al2O3 and Cs/ASA, contains substantial amounts of 

hydrocarbons (both bio-oils contain  about 17 wt. % hydrocarbons). A larger 

fraction of hydrocarbons formed over Na/Al2O3 catalyst were aromatic (11.4 wt. % 

aromatic, 1.3 wt. % aliphatic and 5 wt. % polyaromatic) while in case of Cs/ASA 

catalysts majority of hydrocarbons formed were aliphatic (2.5 wt. % aromatic, 

10.5 wt. % aliphatic and 4 wt. % polyaromatic). Another difference between the 

composition of bio-oil of Na/ɣ-Al2O3  and Cs/ASA catalysts was in acid and 

carbonyl (aldehyde and ketones) concentrations. No acid was observed in Na/ɣ-

Al2O3 bio-oil indicating that this catalyst was active for elimination of acids. 

However, the Cs/ASA catalyst contained 3.5 wt. % acids. Regarding carbonyls, 

Cs/ASA catalyst was more active to reduce carbonyls compared to Na/ɣ-Al2O3 (9.5 

% vs. 13.5 % of Na/ɣ-Al2O3). The influence of H-FAU zeolite catalyst  and non-

catalytic reaction on the composition of bio-oil are also compared in Table A5.1. 

The thermal and H-FAU bio-oil contain large amounts of acids (5 wt. % and 9.2 wt. 

%, respectively), and low amounts of fuel compatible components, i.e., 

hydrocarbons, alkylated phenols and furans (e.g., hydrocarbons yield in traces 

amounts for thermal and about 2.5 wt. % for H-FAU bio-oil) (Table A5.1). In case 

of H-FAU bio-oil, the concentration of carbonyls (aldehyde and ketones), which 

are likewise detrimental to the quality of bio-oil [28], were also high (20 wt. %). 

Acids contribute to i) low pH bio-oil and ii) lower heating value of bio-oil since 

they have two oxygen atoms in their molecular structure; carbonyls are thought 

to be responsible for instability of bio-oil during aging time [28]. Acids and 

carbonyls can be converted to hydrocarbons via decarboxylation and 

decarbonylation reactions, respectively. Therefore, design and development of a 

catalyst which can selectively convert acids, aldehyde and ketones to hydrocarbon 

would be beneficial for the bio-oil quality improvement. The Na/ɣ-Al2O3 catalyst 

removes more acids but yields more carbonyls, i.e. 14 % [14,15]. The Cs/ASA 

catalyst in this study, on the other hand, shows activity for the reduction of 

carbonyls. Hence, a proposition can be made here that a catalyst containing both 
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Na+ and Cs+ can reduce the negative effects of the acids and carbonyls on the 

quality of bio-oil. 

So far we have shown that none of the catalysts could solve all the problems 

associated with bio-oil at once and the bio-oil obtained over the best catalyst, 

Na/ɣ-Al2O3, still contains 25 % oxygen and problem components for fuel use. 

Therefore, in the process model we propose several possible processing steps 

through which the quality of bio-oil can  be further improved. These process steps 

have been explained in experimental section and the results are discussed in the 

following. 

Table 5.8: Oil properties and process results for the DO_oil scenario 

  DO_oil scenario 

Flow rates Cs/ASA 
Na-

alumina 

HY-

Zeolite 
Thermal 

Oil production (kg/hr) 685 731 474 2141 

H2 export (kg/hr)[a] 308 192 209 910 

Combustion energy 

(Char+coke+gases) (MJ/hr) 
187660 212923 223145 133078 

Electricity export (kW)[b] 11855 13787 14568 7682 

Steam export (MJ/hr)[b] 68582 80820 85962 28888 

Overall energy yield (MJ/MJ 

biomass)%[c] 
52.5 53.1 53.0 74.3 

Oil properties 
    

Carbon content (wt%) 82.2 81.3 75.9 74.5 

Hydrogen content (wt%) 9.9 7.8 8.1 8.2 

Oxygen content (wt%) 7.9 10.8 15.9 17.3 

Higher heating value (MJ/kg) 41.05 37.19 34.86 34.28 

H/C molar ratio 1.45 1.15 1.28 1.32 

O/C molar ratio 0.07 0.10 0.16 0.17 

O/H molar ratio 0.05 0.09 0.12 0.13 

Average molecular weight (g) 139.81 122.04 140.79 146.66 
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Average boiling point (deg C) 202.42 200.04 215.04 220.49 

Acids (wt%) 0.00 0.00 0.03 0.97 

Sugars (wt%) 0.00 0.00 0.00 2.16 

Carbonyls (wt%) 1.41 1.70 2.02 2.80 

Total problem components 

(wt%) 
1.42 1.70 2.04 5.92 

Benzene (wt%) 0.00 0.00 0.00 0.00 

Aromatics (vol%) 19.90 29.25 1.22 0.74 

Olefins (vol%)[d] 11.56 4.01 1.38 2.24 

 [a] All of the H2 produced is exported, no internal consumption; [b] After 

pinch analysis; [c] Includes final energy output in oil, H2, electricity and steam. [d] 

Olefins are not hydrocarbons and are mainly oxygenated components with double 

bonds.  

 

In DO_oil scenario (refer to experimental section), the vapors leaving the 

reactor are passed through a series of separators, as depicted in figure 5.2, with 

the following sequential order: heavy fraction separator (flash 1), gas separator 

(flash 2), water soluble separator (phase sep1) and finally a distillation column 

(column separator). This allows to remove almost completely acids, carbonyls and 

sugars, that are detrimental to the quality of bio-oil, resulting in a significantly 

lower oxygen content (Table 5.8). As can be seen in Table 5.8, the total amounts 

of detrimental components in bio-oil are lower and the total hydrocarbons are 

higher for catalytic reactions as compared to the thermal reaction. These result in 

lower oxygen content of catalytic bio-oils and consequently lead to an increase in 

higher heating value. The oxygen content of bio-oil obtained over Cs/ASA catalyst 

was the lowest (7.9 wt. %) and as a consequence the energy content was the 

highest (41.05 MJ.Kg-1), compared to other catalytic and thermal reactions (Table 

5.8). Under the current laboratory conditions the yield of bio-oil is very low in the 

case of catalytic processes due to the significantly higher formation of gases (CO, 

CO2), carbonaceous deposit and water. Also as indicated earlier in the description 

of separation model, a scale up from this process model might show further 

reduction in yields due potential bio-oil losses in distillation column. It is 

noteworthy to mention that the amount of carbonaceous deposit on the Cs/ASA 

catalyst is much lower compared to the Na/ɣ-Al2O3 or the  H-FAU used in this 



Comparative technical…pyrolysis of biomass 

 

216 

study and also compared to other acid zeolite catalysts reported in literature 

[33,39]. From table 5.8 it can be seen that higher amounts of char, carbonaceous 

deposits and gas formed during catalytic reactions also increases energy available 

from combustion of these in the process scheme. Thus, the expected electricity 

and steam export are almost twice as high in the case of catalytic pyrolysis. As a 

larger fraction of biomass energy ends up in the CHP, the overall final energy 

efficiency including oil, H2, electricity and steam (about 53 %) is also lower for the 

catalytic processes (table 5.8). However, a comparison of conventional fuel 

specifications and properties (tables 5.4 and 5.5) with DO_oil properties (table 

5.8), show, in general, that the bio-oils produced via catalytic pyrolysis are of a 

higher quality. The aromatics content for catalytic pyrolysis oil is also higher, but 

still within the limits specified by fuel specifications (within 35 %).   
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Figure 5.4: Comparison of product properties and yields for different scenarios of catalytic and 

thermal pyrolysis processes. Data values for this graph are provided in the supporting 

information, table A5.8 
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Figures 5.4 and 5.5 shows the technically analyzed parameter results for 

different scenarios of the catalytic and thermal processes. For these parameters 

that are estimated in this study, the results for SH_oil and SC_oil are same 

because the technical properties of the products will remain same. The overall 

energy yield reported in Table 5.8 is a ratio of all forms of final energy outputs 

(oil, hydrogen, electricity, steam) to that of the biomass energy input. In the case 

of all scenarios, the lowest oxygen content and highest heating value of bio-oil is 

obtained using the Cs/ASA catalyst. However, the bio-oil yield obtained using this 

catalyst is very low (3 % vs. 10 % of thermal bio-oil) and hence also the energy 

yield in bio-oil (8 % vs. 21 % of thermal bio-oil). The results for the HT_oil scenario 

in figure 5.4 and 5.5 show that a relatively higher fraction of produced hydrogen is 

required in the case of thermal process to reach 3.7% oxygen content in the 

product. We also observe a subsequent reduction in the differences in bio-oil 

yields. However, it is important to note that these are maximum possible yields 

from hydrotreating and the actual yields, although case specific, are expected to 

be lower. The amount of H2 added to the bio-oil for removal of oxygen plays an 

important role in the hydrotreating calculations and also governs the H/C ratio. 

The calculations are based on theoretical maximum hydrogen production; since 

the actual H2 production in the reforming process is expected to be 10-20% lower, 

the real H2 exports will be accordingly lower than depicted in Figure 5.5 [34]. 
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stages/scenarios in the process 
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Figure 5.6: Correlation between H/C ratio and H2 export; H/C ratio is estimated based on the 

assumption for number of moles of H2 added to oil per molecule of ‘O’ removed. The values in 

graph are calculated for 0% target oxygen content in final hydrotreated oil 

As pointed out earlier, considering the possibility of blending, one option is to 

selectively hydrotreat and to reduce the oxygen associated with the problem 

components. This is explored with the SH_Oil scenario. As can be observed from 

figure 5.6, this leads to higher internal hydrogen consumption for thermal process 

in comparison with the DO_Oil scenario which is reflected in the reduced 

hydrogen export. Despite this fact a relatively higher oxygen content of about 

15% is left in the thermal oil as compared to, for example, 8% in the case of 

Cs/ASA catalyst. Selective reduction of acids, aldehydes and ketones (as 

problematic components) over hydrogenation catalysts such as transition metals 

normally results in alcohols or a mixture of alcohols and alkanes [40,41]. To 

remove oxygen to the acceptable level of fuel requirements and yet minimizing 

the hydrogen consumption, a careful choice of a catalysts with higher selectivity 

towards alkanes production is necessary.  

The results indicate that to obtain a product with comparable and acceptable 

fuel specifications, separate hydrotreating is necessary for thermal pyrolysis. The 

potential benefit of a catalytic process is that the hydrotreating can be done in 

situ, in the pyrolysis reactor, which obviates the whole hydrotreating section. A 

catalyst with selectivity for hydro-deoxygenation of the troublesome components 

would be an option in the in situ hydrotreating section. In this case, pre-reduction 

of the metal catalyst after regeneration by oxidation may have to be considered.  
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5.6. Conclusions 

Technical assessments of the pyrolysis of waste pine wood for thermal and 

catalytic processes was studied using incorporation of experimental data into a 

process simulation model prepared using AspenPlus software. Thermal and 

catalytic processes were compared in different scenarios for final products. 

Relying on a range of representative components the process simulation has 

offered a better understanding of pyrolysis product properties. The employed 

process configuration as well as the use of catalytic or thermal processing has a 

significant effect on the properties and yields of the products from this process. 

Effective separation of heavy components and of water soluble components 

can result in oil products with significantly better properties. With future research 

these components can be also be valorized into fuels and chemicals. As expected, 

the catalytic process produces an oil with better properties than the thermal 

process. This advantage of the catalytic process is stacked against a significantly 

higher oil production in the case of the thermal pyrolysis process. In the chosen 

process configuration the carbonaceous deposit formed on the catalyst is 

continuously burned off for regeneration. Hence in such a situation a catalyst 

which demonstrates slightly higher coke production along with increased oil 

production at the expense of char and gases can still be attractive. The high 

boiling fraction represents a significant proportion of the bio-oil. Further analysis 

of this stream will help pinpoint specific applications or strategies for conversion 

to low molecular weight components. 

The results of the hydrotreating scenarios serve to highlight the potential 

differences in oil properties and help understand the important issue of hydrogen 

requirement for hydrotreating of bio-oil. Assuming different scenarios for the 

employed process scheme, it was found that – depending on the bio-oil 

requirements – sufficient hydrogen is available internally for further processing of 

the pyrolysis products, thereby improving the fuel properties. This can help to 

meet given fuel requirements and leads to products comparable with 

conventional fuels. However, it is important to note that the scenarios are rather 

optimistic and the availability of hydrogen depends heavily on the yield of 

hydrogen from the reforming process and the performance of hydrotreating 

process.  

When specifying the desired properties of oil products from a bio-based 

process, it is important to consider the possibility of blending with conventional 

fuels since products with reasonably good properties and devoid of potentially 

problematic components can be blended in appropriate quantities to satisfy 
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engine requirements. To this end, highly selective catalysts would need to be 

developed which are able to perform component specific deoxygenation. 

Thus, improved catalysts hold the potential to simplify the pyrolysis process 

and bring it on par with thermal pyrolysis in terms of energy yields while leading 

to oil products with better properties. Depending on conformity with fuel 

specifications these products can either be further treated in existing refineries or 

directly used as biofuels in blends with conventional fuels. To model the product 

properties, the approach based on detailed representative components, in 

combination with a process model, can be utilized to analyze the outputs and 

shape future research efforts. The success of these research efforts hold the key 

to developing a technically feasible process that converts second generation 

biomass into liquid fuels via pyrolysis.  

Further research is needed to understand economic and environmental 

implications of these process developments. Hence chapter 6 explores the 

combination of these technical aspects with economic and environmental 

aspects. The feedback provided for further technical development can play an 

important role in making sustainable biofuels a significant fraction of our future 

transportation fuel mix. 
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5.8. Appendix 

Table A 5.1: Output data from pyrolysis reactions used for process simulations 

Name Formula Cs/ASA Na-alumina HY-Zeolite Thermal 

CHAR+COKE  18.55 25.13 28.44 11.43 

WATER H2O 32.06 29.12 33.04 21.51 

Gaseous components  24.61 24.27 19.22 13.98 

OXYGEN O2 0.00 0.00 0.00 0.00 

NITROGEN N2 0.00 0.00 0.00 0.00 

HYDROGEN H2 0.00 0.00 0.01 0.00 

CARBON-MONOXIDE CO 0.47 0.32 0.44 0.36 

CARBON-DIOXIDE CO2 0.37 0.54 0.37 0.46 

AMMONIA H3N 0.10 0.10 0.13 0.11 

ARGON AR 0.00 0.00 0.00 0.00 

NITRIC-OXIDE NO 0.00 0.00 0.00 0.00 

NITROGEN-DIOXIDE NO2 0.00 0.00 0.00 0.00 

CHLORINE Cl2 0.00 0.00 0.00 0.00 

SULFUR-DIOXIDE O2S 0.01 0.01 0.02 0.02 

METHANE CH4 0.02 0.02 0.02 0.02 

ETHANE C2H6 0.01 0.01 0.01 0.04 

ETHYLENE C2H4 0.00 0.00 0.00 0.00 

PROPANE C3H8 0.00 0.00 0.00 0.00 

Organics  15.79 12.48 10.30 44.09 

N-BUTANOL C4H10O 3.38 0.00 0.00 0.82 

CROTONALDEHYDE C4H6O 0.00 2.36 3.59 2.61 

METHYL-N-PROPYL-

KETONE 
C5H10O 5.84 1.01 1.31 0.20 

CYCLOPENTANONE C5H8O 1.53 1.35 5.54 0.00 

CYCLOPENTENONE C5H6O 0.68 4.93 8.72 2.45 

2-METHYL-2-

CYCLOPENTEN-1-ONE 
C6H8O 5.19 13.27 8.96 12.25 

FORMIC-ACID CH2O2 0.00 0.00 0.00 0.00 

ACETIC-ACID C2H4O2 4.28 0.00 13.10 6.81 

PROPIONIC-ACID C3H6O2 0.00 0.00 0.55 0.00 

C6H10O5-N1 C6H10O5 0.00 0.00 0.00 0.00 
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DEXTROSE C6H12O6 0.00 0.00 0.00 14.97 

PHENOL C6H6O 2.89 8.17 2.11 0.95 

GUAIACOL C7H8O2 1.86 0.00 7.18 6.81 

P-CRESOL C7H8O 3.30 5.91 4.09 2.86 

METHYL-PHENYL-KETONE C8H8O 0.00 0.00 0.00 0.00 

4-METHYL-2-

METHOXYPHENOL 
C8H10O2 2.56 0.84 11.52 11.98 

2,4-XYLENOL C8H10O 4.02 5.39 3.00 1.22 

VANILLIN C8H8O3 0.00 2.08 1.62 12.79 

PHENOL,-O-SEC-BUTYL- C10H14O 3.08 1.69 14.11 16.33 

MESITYL-ALCOHOL C9H12O 0.14 8.19 0.00 0.00 

FURAN C4H4O 24.82 3.80 0.00 0.00 

FURFURAL C5H4O2 5.95 3.11 8.02 3.54 

5-METHYLFURFURAL C6H6O2 3.62 1.37 2.75 3.13 

1-PENTENE C5H10 2.90 0.59 0.00 0.00 

N-OCTANE C8H18 2.76 1.74 0.00 0.00 

2,2,4-TRIMETHYLPENTANE C8H18 0.00 0.00 0.00 0.00 

N-DECANE C10H22 1.80 0.00 0.00 0.00 

N-HEXADECANE C16H34 7.05 0.00 0.00 0.00 

TOLUENE C7H8 1.13 0.00 0.70 0.00 

O-XYLENE C8H10 0.83 7.19 0.00 0.00 

ETHYLBENZENE C8H10 0.72 5.18 0.93 0.00 

1,2,4-TRIMETHYLBENZENE C9H12 0.22 0.00 0.70 0.00 

INDENE C9H8 1.11 1.52 0.42 0.00 

NAPHTHALENE C10H8 2.40 3.36 0.00 0.00 

2-METHYLNAPHTHALENE C11H10 1.71 1.94 0.00 0.00 

2,6-

DIMETHYLNAPHTHALENE 
C12H12 0.11 0.61 0.00 0.00 

PHENANTHRENE C14H10 0.00 0.00 0.00 0.00 

RETENE C18H18 0.00 0.62 0.00 0.27 

BENZENE C6H6 0.59 6.91 1.07 0.00 

2-METHYLBENZOFURAN C9H8O 2.06 2.90 0.00 0.00 

COUMARONE C8H6O 1.45 3.97 0.00 0.00 
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Figure A 5.1: Temperature-programmed oxidation of coke formed on the Cs/ASA catalyst. All the 

coke on the catalyst is removed as CO2 at 650 
o
C.  

Table A 5.2:Data and assumptions for separation model 

Component Formula CAS no.  Log Kow 

Aqueous 

stream 

fraction 

Organic 

stream 

fraction 

N-BUTANOL C4H10O 71-36-3 0.84 0.95 0.05 

CROTONALDEHYDE C4H6O 
004170-

30-3 
0.6 0.95 0.05 

METHYL-N-PROPYL-KETONE C5H10O 107-87-9 0.91 0.95 0.05 

CYCLOPENTANONE C5H8O 120-92-3 0.63 0.95 0.05 

CYCLOPENTENONE C5H6O 930-30-3 0.71 0.95 0.05 

2-METHYL-2-CYCLOPENTEN-1-

ONE 
C6H8O 

001120-

73-6 
1.26 0.95 0.05 

FORMIC-ACID CH2O2 64-18-6 -0.54 0.95 0.05 

ACETIC-ACID C2H4O2 64-19-7 -0.17 0.95 0.05 

PROPIONIC-ACID C3H6O2 79-09-4 0.33 0.95 0.05 

C6H10O5-N1 C6H10O5 498-07-7 -1.25 0.95 0.05 

DEXTROSE C6H12O6 2595-97-3 -3.24 0.95 0.05 

PHENOL C6H6O 108-95-2 1.46 0.05 0.95 

0 200 400 600 800
Temperature (°C) 
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GUAIACOL C7H8O2 90-05-1 1.32 0.95 0.05 

P-CRESOL C7H8O 106-44-5 1.94 0.05 0.95 

METHYL-PHENYL-KETONE C8H8O 98-86-2 1.58 0.05 0.95 

4-METHYL-2-METHOXYPHENOL C8H10O2 93-51-6 1.88 0.05 0.95 

2,4-XYLENOL C8H10O 105-67-9 2.3 0.05 0.95 

VANILLIN C8H8O3 121-33-5 1.21 0.95 0.05 

PHENOL,-O-SEC-BUTYL- C10H14O 89-72-5 3.27 0.05 0.95 

MESITYL-ALCOHOL C9H12O 527-60-6 2.73 0.05 0.95 

FURAN C4H4O 110-00-9 1.34 0.05 0.95 

FURFURAL C5H4O2 98-01-1 0.41 0.95 0.05 

5-METHYLFURFURAL C6H6O2 620-02-0 0.67 0.95 0.05 

1-PENTENE C5H10 109-67-1 2.66 0.05 0.95 

N-OCTANE C8H18 111-65-9 5.18 0.05 0.95 

2,2,4-TRIMETHYLPENTANE C8H18 540-84-1 5.83 0.05 0.95 

N-DECANE C10H22 124-18-5 5.01 0.05 0.95 

N-HEXADECANE C16H34 544-76-3 8.2 0.05 0.95 

TOLUENE C7H8 108-88-3 2.73 0.05 0.95 

O-XYLENE C8H10 95-47-6 3.12 0.05 0.95 

ETHYLBENZENE C8H10 100-41-4 3.15 0.05 0.95 

1,2,4-TRIMETHYLBENZENE C9H12 95-63-6 3.63 0.05 0.95 

INDENE C9H8 95-13-6 2.92 0.05 0.95 

NAPHTHALENE C10H8 91-20-3 3.3 0.05 0.95 

2-METHYLNAPHTHALENE C11H10 91-57-6 3.86 0.05 0.95 

2,6-DIMETHYLNAPHTHALENE C12H12 581-42-0 4.31 0.05 0.95 

PHENANTHRENE C14H10 85-01-8 4.46 0.05 0.95 

RETENE C18H18 483-65-8 6.35 0.05 0.95 

BENZENE C6H6 71-43-2 2.13 0.05 0.95 

2-METHYLBENZOFURAN C9H8O 
004265-

25-2 
3.22 0.05 0.95 

COUMARONE C8H6O 271-89-6 2.67 0.05 0.95 

Water H2O   0.95 0.05 
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Table A 5.3:Key stream names and descriptions for the streams reported in tables A5.4-A5.7 

Stream name Description 

Pyro-In Feed stream entering the process 

Pyro-Out Stream coming out of the Pyrolyzer 

GASBIO 
Stream coming out of cyclone separators and containing 

gas and bio-oil 

LitStr Light stream after separation of heavy oil in Flash 1 

PyGas Gaseous stream after gas separation in Flash 2 

WatOil 
Oil stream after gas separation in Flash 2 and input to 

Phase sep 1 

OrgOil Oil stream going to distillation after phase separation 

AqOil 
Aqueous stream going to hydrogen production after phase 

separation 

DistAq 
Distillate going to mixing with AqOil and hydrogen 

production 

H2Prod Outlet stream from hydrogen production 

DO-Oil Product oil stream from distillation bottoms 
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Table A 5.4:Stream flow data for pyrolysis using Cs/ASA catalyst 

Stream   
Pyro-

In 
PyroOut GasBio LitStr PyGas WatOil OrgOil AqOil DistAq H2Prod 

DO-

Oil 

Total mass flow   21000 21000.1 15490.9 14448.8 6336.4 8112.4 1458.8 6653.6 766.2 7419.9 684.9 

PINEWOOD   20000                     

CHAR     3709.2                   

ASH     1800.0                   

WATER H2O   6411.1 6411.1 6411.1 118.6 6292.5 314.6 5977.9 314.4 4301.6 0.0 

OXYGEN O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITROGEN N2 1000 1000.0 1000.0 1000.0 1000.0 0.0 0.0 0.0 0.0 0.0 0.0 

HYDROGEN H2   22.0 22.0 22.0 22.0 0.0 0.0 0.0 0.0 308.1 0.0 

CARBON-MONOXIDE CO   2323.9 2323.9 2323.9 2323.8 0.1 0.1 0.1 0.0 0.0 0.0 

CARBON-DIOXIDE CO2   1843.7 1843.7 1843.7 1841.1 2.6 1.3 1.3 0.1 2810.2 0.0 

AMMONIA H3N   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ARGON AR   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITRIC-OXIDE NO   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITROGEN-DIOXIDE NO2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CHLORINE Cl2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SULFUR-DIOXIDE SO2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

METHANE CH4   501.4 501.4 501.4 499.0 2.4 1.2 1.2 0.3 0.0 0.0 

ETHANE C2H6   64.2 64.2 64.2 61.5 2.8 1.4 1.4 1.0 0.0 0.0 

ETHYLENE C2H4   99.7 99.7 99.7 97.1 2.6 1.3 1.3 0.8 0.0 0.0 

PROPANE C3H8   67.0 67.0 67.0 55.9 11.0 5.5 5.5 5.0 0.0 0.0 

N-BUTANOL C4H10O   113.3 113.3 75.9 3.0 72.9 3.6 69.2 3.6 0.0 0.0 

CROTONALDEHYDE C4H6O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

METHYL-N-PROPYL-KETONE C5H10O   195.6 195.6 131.1 69.3 61.8 3.1 58.7 3.1 0.0 0.0 

CYCLOPENTANONE C5H8O   51.3 51.3 34.4 5.7 28.7 1.4 27.2 1.4 0.0 0.0 

CYCLOPENTENONE C5H6O   22.7 22.7 15.2 0.2 15.0 0.8 14.3 0.5 0.0 0.2 

2-METHYL-2-CYCLOPENTEN-1-ONE C6H8O   173.9 173.9 116.5 0.2 116.3 5.8 110.5 0.0 0.0 5.8 

FORMIC-ACID CH2O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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ACETIC-ACID C2H4O2   143.4 143.4 96.0 1.1 95.0 4.8 90.2 4.7 0.0 0.0 

PROPIONIC-ACID C3H6O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C6H10O5-N1 C6H10O5   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

DEXTROSE C6H12O6   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PHENOL C6H6O   96.6 96.6 64.8 0.3 64.5 61.2 3.2 7.0 0.0 54.2 

GUAIACOL C7H8O2   62.4 62.4 41.8 0.0 41.8 2.1 39.7 0.0 0.0 2.1 

P-CRESOL C7H8O   110.5 110.5 74.0 0.2 73.8 70.1 3.7 0.0 0.0 70.1 

METHYL-PHENYL-KETONE C8H8O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

4-METHYL-2-METHOXYPHENOL C8H10O2   85.5 85.5 57.3 0.0 57.3 54.4 2.9 0.0 0.0 54.4 

2,4-XYLENOL C8H10O   134.6 134.6 90.2 0.0 90.2 85.6 4.5 0.0 0.0 85.6 

VANILLIN C8H8O3   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PHENOL,-O-SEC-BUTYL- C10H14O   103.1 103.1 69.1 0.0 69.1 65.6 3.5 0.0 0.0 65.6 

MESITYL-ALCOHOL C9H12O   4.6 4.6 3.1 0.0 3.1 2.9 0.2 0.0 0.0 2.9 

FURAN C4H4O   831.0 831.0 556.8 166.4 390.4 370.9 19.5 367.4 0.0 0.0 

FURFURAL C5H4O2   199.3 199.3 133.5 7.2 126.4 6.3 120.0 5.0 0.0 1.3 

5-METHYLFURFURAL C6H6O2   121.2 121.2 81.2 0.0 81.1 4.1 77.1 0.0 0.0 4.1 

1-PENTENE C5H10   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-OCTANE C8H18   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2,2,4-TRIMETHYLPENTANE C8H18   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-DECANE C10H22   60.1 60.1 40.3 9.5 30.8 29.3 1.5 29.2 0.0 0.0 

N-HEXADECANE C16H34   235.8 235.8 158.0 0.0 158.0 150.1 7.9 0.0 0.0 150.1 

TOLUENE C7H8   37.9 37.9 25.4 20.7 4.7 4.5 0.2 4.3 0.0 0.0 

O-XYLENE C8H10   27.7 27.7 18.6 9.7 8.8 8.4 0.4 8.3 0.0 0.0 

ETHYLBENZENE C8H10   24.0 24.0 16.1 10.2 5.9 5.6 0.3 5.5 0.0 0.0 

1,2,4-TRIMETHYLBENZENE C9H12   7.4 7.4 5.0 1.3 3.7 3.5 0.2 3.5 0.0 0.0 

INDENE C9H8   37.0 37.0 24.8 0.0 24.8 23.5 1.2 0.0 0.0 23.5 

NAPHTHALENE C10H8   80.5 80.5 53.9 0.0 53.9 51.2 2.7 0.0 0.0 51.2 

2-METHYLNAPHTHALENE C11H10   57.3 57.3 38.4 0.0 38.4 36.5 1.9 0.0 0.0 36.5 

2,6-DIMETHYLNAPHTHALENE C12H12   3.7 3.7 2.5 0.0 2.5 2.4 0.1 0.0 0.0 2.4 

PHENANTHRENE C14H10   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

RETENE C18H18   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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BENZENE C6H6   19.9 19.9 13.3 12.3 1.0 0.9 0.0 0.9 0.0 0.0 

2-METHYLBENZOFURAN C9H8O   68.9 68.9 46.2 0.0 46.1 43.8 2.3 0.0 0.0 43.8 

COUMARONE C8H6O   48.6 48.6 32.5 0.0 32.5 30.9 1.6 0.0 0.0 30.9 

Temperature (Deg Celsius)     450.0 450.0 280.0 25.0 25.0 25.0 25.0 40.0 600.0 30.0 

Pressure (bar)     1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 13.7 1.0 

 

Table A 5.5: Stream flow data for pyrolysis using Na-Alumina catalyst 

Stream   
Pyro-

In 

Pyro-

Out 
GasBio LitStr PyGas WatOil OrgOil AqOil DistAq H2Prod 

DO-

Oil 

Total mass flow   21000 21000.1 14174.1 13350.5 6224.5 7126.0 1180.4 5945.6 406.0 6351.5 730.7 

PINEWOOD   20000                     

CHAR     5026.0                   

ASH     1800.0                   

WATER H2O   5823.4 5823.4 5823.4 108.9 5714.5 285.7 5428.8 284.7 4437.6 0.0 

OXYGEN O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITROGEN N2 1000 1000.0 1000.0 1000.0 1000.0 0.0 0.0 0.0 0.0 0.0 0.0 

HYDROGEN H2   8.5 8.5 8.5 8.5 0.0 0.0 0.0 0.0 192.2 0.0 

CARBON-MONOXIDE CO   1535.8 1535.8 1535.8 1535.8 0.1 0.0 0.0 0.0 0.0 0.0 

CARBON-DIOXIDE CO2   2602.4 2602.4 2602.4 2599.2 3.2 1.6 1.6 0.0 1721.7 0.0 

AMMONIA H3N   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ARGON AR   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITRIC-OXIDE NO   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITROGEN-DIOXIDE NO2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CHLORINE Cl2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SULFUR-DIOXIDE SO2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

METHANE CH4   490.6 490.6 490.6 488.3 2.4 1.2 1.2 0.1 0.0 0.0 

ETHANE C2H6   66.1 66.1 66.1 63.3 2.8 1.4 1.4 0.7 0.0 0.0 

ETHYLENE C2H4   89.6 89.6 89.6 87.3 2.3 1.2 1.2 0.4 0.0 0.0 

PROPANE C3H8   61.9 61.9 61.9 51.7 10.1 5.1 5.1 4.0 0.0 0.0 
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N-BUTANOL C4H10O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CROTONALDEHYDE C4H6O   60.4 60.4 40.5 1.1 39.4 2.0 37.4 2.0 0.0 0.0 

METHYL-N-PROPYL-KETONE C5H10O   25.9 25.9 17.3 9.7 7.6 0.4 7.2 0.3 0.0 0.0 

CYCLOPENTANONE C5H8O   34.5 34.5 23.1 4.4 18.7 0.9 17.8 0.9 0.0 0.0 

CYCLOPENTENONE C5H6O   126.0 126.0 84.4 1.0 83.4 4.2 79.2 4.1 0.0 0.1 

2-METHYL-2-CYCLOPENTEN-1-ONE C6H8O   339.1 339.1 227.2 0.4 226.8 11.3 215.5 0.0 0.0 11.3 

FORMIC-ACID CH2O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ACETIC-ACID C2H4O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PROPIONIC-ACID C3H6O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C6H10O5-N1 C6H10O5   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

DEXTROSE C6H12O6   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PHENOL C6H6O   208.8 208.8 139.9 0.7 139.2 132.2 7.0 16.9 0.0 115.8 

GUAIACOL C7H8O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

P-CRESOL C7H8O   151.0 151.0 101.2 0.4 100.8 95.8 5.0 0.0 0.0 95.8 

METHYL-PHENYL-KETONE C8H8O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

4-METHYL-2-METHOXYPHENOL C8H10O2   21.6 21.6 14.5 0.0 14.5 13.7 0.7 0.0 0.0 13.7 

2,4-XYLENOL C8H10O   137.6 137.6 92.2 0.0 92.2 87.6 4.6 0.0 0.0 87.6 

VANILLIN C8H8O3   53.1 53.1 35.6 0.0 35.6 1.8 33.8 0.0 0.0 1.8 

PHENOL,-O-SEC-BUTYL- C10H14O   43.1 43.1 28.9 0.0 28.9 27.5 1.4 0.0 0.0 27.5 

MESITYL-ALCOHOL C9H12O   209.2 209.2 140.2 0.0 140.2 133.2 7.0 0.0 0.0 133.2 

FURAN C4H4O   97.1 97.1 65.0 19.5 45.5 43.2 2.3 42.0 0.0 0.0 

FURFURAL C5H4O2   79.4 79.4 53.2 2.8 50.4 2.5 47.9 1.8 0.0 0.7 

5-METHYLFURFURAL C6H6O2   34.9 34.9 23.4 0.0 23.4 1.2 22.2 0.0 0.0 1.2 

1-PENTENE C5H10   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-OCTANE C8H18   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2,2,4-TRIMETHYLPENTANE C8H18   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-DECANE C10H22   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-HEXADECANE C16H34   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

TOLUENE C7H8   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

O-XYLENE C8H10   183.8 183.8 123.1 69.9 53.2 50.6 2.7 31.5 0.0 0.0 

ETHYLBENZENE C8H10   132.4 132.4 88.7 60.7 28.1 26.7 1.4 14.5 0.0 0.0 
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1,2,4-TRIMETHYLBENZENE C9H12   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

INDENE C9H8   38.8 38.8 26.0 0.0 26.0 24.7 1.3 0.0 0.0 24.7 

NAPHTHALENE C10H8   85.9 85.9 57.5 0.0 57.5 54.6 2.9 0.0 0.0 54.6 

2-METHYLNAPHTHALENE C11H10   49.6 49.6 33.2 0.0 33.2 31.6 1.7 0.0 0.0 31.6 

2,6-DIMETHYLNAPHTHALENE C12H12   15.5 15.5 10.4 0.0 10.4 9.9 0.5 0.0 0.0 9.9 

PHENANTHRENE C14H10   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

RETENE C18H18   16.0 16.0 10.7 0.0 10.7 10.2 0.5 0.0 0.0 10.2 

BENZENE C6H6   176.4 176.4 118.2 110.9 7.3 6.9 0.4 1.9 0.0 0.0 

2-METHYLBENZOFURAN C9H8O   74.2 74.2 49.7 0.0 49.7 47.2 2.5 0.0 0.0 47.2 

COUMARONE C8H6O   101.4 101.4 67.9 0.1 67.8 64.5 3.4 0.0 0.0 64.5 

Temperature (Deg Celsius)     450.0 450.0 280.0 25.0 25.0 25.0 25.0 45.0 600.0 30.0 

Pressure (bar)     1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 13.7 1.0 

 

Table A 5.6:Stream flow data for pyrolysis using HY-Zeolite catalyst 

Stream   
Pyro-

In 

Pyro-

Out 
GasBio LitStr PyGas WatOil OrgOil AqOil DistAq H2Prod 

DO-

Oil 

Total mass flow   21000 21000.1 0.0 12831.4 5002.0 7829.5 839.8 6989.6 360.3 7349.9 474.5 

PINEWOOD   20000                     

CHAR     5689.0                   

ASH     1800.0                   

WATER H2O   6608.0   6608.0 99.2 6508.7 325.4 6183.3 325.2 5185.9 0.0 

OXYGEN O2   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITROGEN N2 1000 1000.0   1000.0 1000.0 0.0 0.0 0.0 0.0 0.0 0.0 

HYDROGEN H2   21.1   21.1 21.1 0.0 0.0 0.0 0.0 209.1 0.0 

CARBON-MONOXIDE CO   1697.1   1697.1 1697.0 0.1 0.0 0.0 0.0 0.0 0.0 

CARBON-DIOXIDE CO2   1411.5   1411.5 1409.5 2.0 1.0 1.0 0.1 1954.9 0.0 

AMMONIA H3N   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ARGON AR   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITRIC-OXIDE NO   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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NITROGEN-DIOXIDE NO2   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CHLORINE Cl2   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SULFUR-DIOXIDE SO2   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

METHANE CH4   491.6   491.6 488.7 2.9 1.4 1.4 0.3 0.0 0.0 

ETHANE C2H6   81.9   81.9 77.7 4.2 2.1 2.1 1.4 0.0 0.0 

ETHYLENE C2H4   93.6   93.6 90.7 2.9 1.5 1.5 0.8 0.0 0.0 

PROPANE C3H8   46.8   46.8 37.8 9.0 4.5 4.5 4.0 0.0 0.0 

N-BUTANOL C4H10O   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CROTONALDEHYDE C4H6O   73.9   49.5 1.1 48.4 2.4 46.0 2.4 0.0 0.0 

METHYL-N-PROPYL-KETONE C5H10O   26.9   18.1 10.4 7.7 0.4 7.3 0.4 0.0 0.0 

CYCLOPENTANONE C5H8O   114.2   76.5 14.4 62.1 3.1 59.0 3.1 0.0 0.0 

CYCLOPENTENONE C5H6O   179.7   120.4 1.2 119.2 6.0 113.2 5.9 0.0 0.0 

2-METHYL-2-CYCLOPENTEN-1-ONE C6H8O   184.6   123.7 0.2 123.5 6.2 117.3 0.0 0.0 6.2 

FORMIC-ACID CH2O2   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ACETIC-ACID C2H4O2   269.8   180.7 1.6 179.1 9.0 170.1 9.0 0.0 0.0 

PROPIONIC-ACID C3H6O2   11.4   7.6 0.0 7.6 0.4 7.3 0.3 0.0 0.1 

C6H10O5-N1 C6H10O5   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

DEXTROSE C6H12O6   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PHENOL C6H6O   43.5   29.1 0.1 29.0 27.5 1.4 3.1 0.0 24.5 

GUAIACOL C7H8O2   147.8   99.0 0.0 99.0 5.0 94.1 0.0 0.0 5.0 

P-CRESOL C7H8O   84.3   56.5 0.2 56.3 53.4 2.8 0.0 0.0 53.4 

METHYL-PHENYL-KETONE C8H8O   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

4-METHYL-2-METHOXYPHENOL C8H10O2   237.3   159.0 0.0 159.0 151.0 7.9 0.0 0.0 151.0 

2,4-XYLENOL C8H10O   61.7   41.4 0.0 41.3 39.3 2.1 0.0 0.0 39.3 

VANILLIN C8H8O3   33.3   22.3 0.0 22.3 1.1 21.2 0.0 0.0 1.1 

PHENOL,-O-SEC-BUTYL- C10H14O   290.6   194.7 0.0 194.7 185.0 9.7 0.0 0.0 185.0 

MESITYL-ALCOHOL C9H12O   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

FURAN C4H4O   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

FURFURAL C5H4O2   165.2   110.7 5.5 105.2 5.3 99.9 3.7 0.0 1.5 

5-METHYLFURFURAL C6H6O2   56.6   37.9 0.0 37.9 1.9 36.0 0.0 0.0 1.9 

1-PENTENE C5H10   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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N-OCTANE C8H18   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2,2,4-TRIMETHYLPENTANE C8H18   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-DECANE C10H22   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-HEXADECANE C16H34   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

TOLUENE C7H8   14.5   9.7 9.5 0.2 0.2 0.0 0.1 0.0 0.0 

O-XYLENE C8H10   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ETHYLBENZENE C8H10   19.1   12.8 12.5 0.3 0.3 0.0 0.1 0.0 0.0 

1,2,4-TRIMETHYLBENZENE C9H12   14.5   9.7 9.0 0.7 0.7 0.0 0.4 0.0 0.0 

INDENE C9H8   8.7   5.8 0.0 5.8 5.5 0.3 0.0 0.0 5.5 

NAPHTHALENE C10H8   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2-METHYLNAPHTHALENE C11H10   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2,6-DIMETHYLNAPHTHALENE C12H12   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PHENANTHRENE C14H10   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

RETENE C18H18   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

BENZENE C6H6   22.0   14.8 14.5 0.2 0.2 0.0 0.1 0.0 0.0 

2-METHYLBENZOFURAN C9H8O   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

COUMARONE C8H6O   0.0   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Temperature (Deg Celsius)     450.0 450.0 280.0 25.0 25.0 25.0 25.0 40.0 600.0 30.0 

Pressure (bar)     1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 13.7 1.0 

 

Table A 5.7:Stream flow data for thermal pyrolysis 

Stream   
Pyro-

In 

Pyro-

Out 
GasBio LitStr PyGas WatOil OrgOil AqOil DistAq H2Prod DO-Oil 

Total mass flow   21000 21000.1 16914.0 14268.9 3845.7 10423.2 2450.4 8944.7 279.3 12539.9 2140.7 

PINEWOOD   20000                     

CHAR     2286.0                   

ASH     1800.0                   

WATER H2O   4301.1 4301.1 4301.1 61.4 4239.7 260.6 4951.0 240.9 2835.9 0.0 

OXYGEN O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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NITROGEN N2 1000 1000.0 1000.0 1000.0 1000.0 0.0 0.0 0.0 0.0 0.0 0.0 

HYDROGEN H2   5.0 5.0 5.0 5.0 0.0 0.0 0.0 0.0 909.9 0.0 

CARBON-MONOXIDE CO   1001.1 1001.1 1001.1 1001.1 0.1 0.0 0.0 0.0 0.0 0.0 

CARBON-DIOXIDE CO2   1276.5 1276.5 1276.5 1274.1 2.3 1.2 1.2 0.0 8794.2 0.0 

AMMONIA H3N   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ARGON AR   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITRIC-OXIDE NO   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NITROGEN-DIOXIDE NO2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CHLORINE Cl2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SULFUR-DIOXIDE SO2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

METHANE CH4   300.3 300.3 300.3 298.4 1.9 1.0 1.0 0.0 0.0 0.0 

ETHANE C2H6   50.1 50.1 50.1 47.3 2.8 1.4 1.4 0.3 0.0 0.0 

ETHYLENE C2H4   62.6 62.6 62.6 60.5 2.1 1.1 1.1 0.2 0.0 0.0 

PROPANE C3H8   100.1 100.1 100.1 79.6 20.6 10.3 10.3 5.3 0.0 0.0 

N-BUTANOL C4H10O   72.0 72.0 50.4 1.0 49.4 2.5 46.9 2.1 0.0 0.0 

CROTONALDEHYDE C4H6O   230.4 230.4 161.3 3.2 158.1 7.9 150.2 3.3 0.0 4.6 

METHYL-N-PROPYL-KETONE C5H10O   18.0 18.0 12.6 3.7 8.9 0.4 8.4 0.2 0.0 0.0 

CYCLOPENTANONE C5H8O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CYCLOPENTENONE C5H6O   216.0 216.0 151.2 1.4 149.9 7.5 142.4 0.0 0.0 7.5 

2-METHYL-2-CYCLOPENTEN-1-ONE C6H8O   1080.1 1080.1 756.1 1.0 755.1 37.8 717.3 0.0 0.0 37.8 

FORMIC-ACID CH2O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ACETIC-ACID C2H4O2   600.1 600.1 420.0 3.5 416.5 20.8 395.7 0.1 0.0 20.7 

PROPIONIC-ACID C3H6O2   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C6H10O5-N1 C6H10O5   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

DEXTROSE C6H12O6   1320.1 1320.1 924.1 0.0 924.1 46.2 877.9 0.0 0.0 46.2 

PHENOL C6H6O   84.0 84.0 58.8 0.1 58.7 55.8 2.9 16.9 0.0 38.7 

GUAIACOL C7H8O2   600.1 600.1 420.0 0.0 420.0 21.0 399.0 0.0 0.0 21.0 

P-CRESOL C7H8O   252.0 252.0 176.4 0.1 176.3 167.5 8.8 0.4 0.0 167.1 

METHYL-PHENYL-KETONE C8H8O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

4-METHYL-2-METHOXYPHENOL C8H10O2   1056.1 1056.1 739.3 0.0 739.2 702.3 37.0 0.0 0.0 702.3 

2,4-XYLENOL C8H10O   108.0 108.0 75.6 0.0 75.6 71.8 3.8 0.0 0.0 71.8 
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VANILLIN C8H8O3   1128.1 1128.1 789.7 0.0 789.7 39.5 750.2 0.0 0.0 39.5 

PHENOL,-O-SEC-BUTYL- C10H14O   1440.1 1440.1 1008.1 0.1 1008.0 957.6 50.4 0.0 0.0 957.6 

MESITYL-ALCOHOL C9H12O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

FURAN C4H4O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

FURFURAL C5H4O2   312.0 312.0 218.4 4.1 214.3 10.7 203.6 9.6 0.0 0.4 

5-METHYLFURFURAL C6H6O2   276.0 276.0 193.2 0.1 193.2 9.7 183.5 0.0 0.0 9.7 

1-PENTENE C5H10   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-OCTANE C8H18   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2,2,4-TRIMETHYLPENTANE C8H18   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-DECANE C10H22   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N-HEXADECANE C16H34   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

TOLUENE C7H8   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

O-XYLENE C8H10   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ETHYLBENZENE C8H10   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

1,2,4-TRIMETHYLBENZENE C9H12   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

INDENE C9H8   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NAPHTHALENE C10H8   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2-METHYLNAPHTHALENE C11H10   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2,6-DIMETHYLNAPHTHALENE C12H12   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PHENANTHRENE C14H10   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

RETENE C18H18   24.0 24.0 16.8 0.0 16.8 16.0 0.8 0.0 0.0 16.0 

BENZENE C6H6   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2-METHYLBENZOFURAN C9H8O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

COUMARONE C8H6O   0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Temperature (Deg Celsius)     450.0 450.0 280.0 25.0 25.0 25.0 25.0 79.3 600.0 30.0 

Pressure (bar)     1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 13.7 1.0 
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Table A 5.8:Data values for figure 5.4 in the chapter 

  DO_oil SH_oil/SC_oil HT_oil 

  Cs/ASA 

Na-

alumin

a 

HY-

Zeolite 

Therm

al 
Cs/ASA 

Na-

alumin

a 

HY-

Zeolite 

Therm

al 
Cs/ASA 

Na-

alumin

a 

HY-

Zeolite 

Therm

al 

Oxygen content (wt%) 7.90 10.80 15.90 17.30 7.58 10.49 15.45 15.09 3.70 3.70 3.70 3.70 

Higher heating value (MJ/kg) 41.05 37.19 34.86 34.28 41.29 37.45 35.22 35.89 44.19 42.44 44.01 44.48 

H/C molar ratio 1.45 1.15 1.28 1.32 1.45 1.15 1.29 1.36 1.51 1.26 1.48 1.55 

O/C molar ratio 0.07 0.10 0.16 0.17 0.07 0.10 0.15 0.15 0.03 0.03 0.03 0.03 

Oil yield (kg/kg biomass) % 3.42 3.65 2.37 10.70 3.35 3.57 2.32 10.32 3.25 3.39 2.11 9.42 

H2 export yield (kg/kg biomass) 

% 
1.54 0.96 1.05 4.55 1.54 0.96 1.04 4.46 1.49 0.86 0.94 4.00 

Energy yield in oil (MJ/MJ 

biomass)% 
8.04 7.77 4.73 20.99 7.91 7.65 4.67 21.18 8.22 8.23 5.32 23.97 

Energy yield in H2 (MJ/MJ 

biomass)% 
12.50 7.80 8.48 36.91 12.46 7.76 8.45 36.19 12.06 7.01 7.60 32.48 
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6. Comparative economic and environmental assessment of 

catalytic and thermal pyrolysis processes18 

6.1. Abstract 

Meeting the transport needs of a growing world population makes it 

imperative to develop renewable and sustainable routes to production of liquid 

fuels. With a market-driven economic structure and pressing environmental 

issues, it is essential that these new routes provide environmental benefits while 

being economically viable. Conversion of 2nd generation lignocellulosic biomass 

resources to fuels via pyrolysis represents an important technological route. 

Following from an earlier study on the technical aspects of this conversion, we 

present here an assessment of the economic and life cycle environmental aspects. 

The goal of this assessment is two-fold: one is to understand the potential of this 

conversion route via the catalytic and thermal processes and second is to provide 

specific feedback for further development of catalysts for various stages of this 

conversion. The complete assessment is interdisciplinary in nature and connects 

the laboratory experiments with contextual sustainability assessment. Three 

catalytic and one thermal pyrolysis processes are analyzed using this assessment 

approach. Subject to the model choices and data inputs, the results show that 

biofuels produced using catalytic and thermal routes are expensive compared to 

gasoline. But at the same time they provide significant greenhouse gas emission 

savings and can lead to lower CO2 abatement costs compared to first generation 

ethanol that is used currently.  Using scenario analysis, the results pinpoint 

specific areas for development of novel catalysts. The results also highlight the 

challenges and the promises of catalytic pyrolysis for the production of high 

quality biofuels produced via a sustainable production route. 

  

                                                           
18

 This chapter is a slightly adapted version of the article: Comparative economic and 

environmental assessment of catalytic and thermal pyrolysis processes, A.D. Patel, M. 

Zabeti, K. Seshan, M.K. Patel, submitted for publication in a scientific journal 
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6.2. Introduction 

Access to efficient mobility is an important need for billions of people all over 

the world and freight of goods has been increasing very substantially parallel to 

the process of globalization. Both person mobility and freight are cornerstones of 

economic activity and thereby improve the quality of life. Liquid transportation 

fuels play a significant role in enabling the mobility of people and goods in our 

society. In just the last century fossil based resources have grown to command a 

lion’s share of the liquid transportation fuels in use today.  ecades of research 

and development next to incremental innovation alongside heavy investments 

have ensured the availability of fossil resources while providing efficient 

technologies that convert these resources into affordable transport fuels. 

However, the finite nature of fossil resources puts a question mark on their future 

availability and ability to provide affordable fuels. In addition to this uncertainty, 

the use of fossil resource based transport fuels is also responsible for negative 

environmental impacts such as climate change due to greenhouse gas emissions, 

species destruction due to global warming, ocean acidification and oil spills. 

Human induced climate change threatens to unleash a wide range of other 

adverse effects including sea level rise, extreme weather events and volatile crop 

yields that will have a direct impact on our quality of life [1]. The development of 

technologies that enable the utilization of renewable biomass resources to 

produce affordable and environmentally beneficial transportation fuels can 

contribute to minimize these adverse effects. Current first generation renewable 

fuels e.g., ethanol, biodiesel, face significant limitations such as competition with 

food supplies [2]. Use of widely available ligno-cellulosic resources [3,4] can help 

overcome such limitations.  

Pyrolysis represents an important technological route for conversion of ligno-

cellulosic resources into 2nd generation liquid transportation fuels that can be 

blended with gasoline [5-8]. The process of pyrolysis involves conversion of solid 

biomass to liquids either using only heat (thermal pyrolysis) or in combination 

with catalysts (catalytic pyrolysis). A variety of literature studies have looked into 

the economic viability and environmental impacts [5,6,9-12] of producing biofuels 

via thermal pyrolysis. These studies provide an essential insight into the viability 

and challenges for practical utilization of thermal pyrolysis. Significant technology 

developments have been reported in literature for use of catalysts in the biomass 

pyrolysis process [13-17]. Contrary to thermal pyrolysis, so far no economic and 

environmental analysis has been reported in literature on the potential of 

catalytic pyrolysis. Further, existing reported studies are one-off assessments that 
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analyze the potential of the route based on existing technological developments 

and typically do not provide specific feedback on development of catalysts for use 

in different sections of the process for conversion of ligno-cellulosic resources to 

usable transportation fuels via pyrolysis.  

Against this backdrop, the two main goals of this study are to understand the 

potential of catalytic pyrolysis route and to provide specific feedback on essential 

requirements (or boundary conditions) for catalytic and process developments. In 

addition to these goals, a key aim is to identify data gaps and uncertainties 

associated with this route. Working towards these goals, we have developed 

assessments for catalytic and thermal pyrolysis processes for conversion of waste 

pinewood chips to biofuel. The complete study relies on laboratory experiments, 

process simulation models, technical, economic and life cycle environmental 

assessments. 

This chapter is the second in a two chapter series on detailed sustainability 

assessment (DSA) for pyrolysis. The first chapter (chapter 5) [7] reports analysis 

based on laboratory experiments and process simulation models and provides 

feedback from a technical and energy perspective. This chapter builds up on the 

chapter 5 by conducting economic analyses and life cycle environmental impact 

assessment. The outcome of economic analysis is a minimum viable price (MVP) 

for the biofuel while the outcome of environmental analysis is the cumulative 

energy demand (CED) and greenhouse gas emissions (GHG) associated with the 

biofuel. Apart from comparison of the different pyrolysis routes, these outcomes 

also have been used to compare with similar values for gasoline. The MVP and 

GHG have been combined to estimate the CO2 abatement cost with reference to 

gasoline. In-line with the previous chapter, four different product scenarios for 

each of the catalytic and thermal process cases have been taken for analysis in 

this study. These scenarios highlight different potential process configurations 

that can utilize novel catalysts and thereby also help to provide feedback on 

future developments for these routes. 

6.3. Methods and Assumptions 

This section describes the methods used for the economic and environmental 

assessment. The analyzed processes are at a very early stage of development and 

hence the assessment includes a variety of assumptions which are also described 

in this section.  
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6.3.1. Experimental setup and Process simulation model 

The process converts waste pinewood chips into biofuel via pyrolysis with 

production of hydrogen, electricity, steam and ash as co-products. The complete 

process includes six steps which are pretreatment, pyrolysis, oil separation, 

hydrogen production, hydro-treating and combined heat and power generation 

(CHP). The process block diagram is shown in Figure 6.1. In three of the analyzed 

cases, catalytic pyrolysis is used for biomass conversion, while in one case thermal 

pyrolysis is addressed. The experimental setup and the process simulation model 

have been described in detail in the chapter 5 [7]. Figure 5.2 in chapter 5, shows 

the process simulation model that was developed for the four pyrolysis cases 

using ASPEN Plus process engineering software. The catalysts used for the three 

catalytic pyrolysis cases are Cs/ASA (ASA- Amorphous silica alumina) , Na/γ-

Alumina and HY-zeolite [13-15]. The mass and energy balances reported in the 

chapter 5 [7] underpin the economic and life cycle environmental analysis in this 

chapter. To fulfill the goals of this study certain technical modeling choices were 

made as explained in the chapter 5 [7]. These choices ensure that the complete 

model and analysis outcomes are responsive to the change in data from different 

catalysts or thermal pyrolysis. 
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Figure 6.1: Process scheme for catalytic and thermal woodchip pyrolysis and upgrading of bio-oil 

6.3.2. Economic analysis 

The economic analysis has been modeled in Excel. The plant has been 

modeled to process 480 metric tonnes per day (20,000 kg/hr) of pinewood chips. 

The various process units have been sized accordingly. The plant operates on a 
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continuous basis for 8400 hours per year. For any biomass processing facility the 

transportation of feedstock is a crucial factor in the determining the size and 

location of the plant. The plant size used in this study is based on literature 

reports [9,18] and is assumed to be located in the area of Rotterdam port in the 

Netherlands. This location is suitable for receiving wood chips from different 

sources all over the world [19]. A variety of economic and environmental data 

used as an input in this assessment correspond to this geographical location. The 

reference year for economic analysis is 2011 and hence all the prices used in this 

study refer to June 2011 price levels in the euro (EUR) currency. Indices such as 

the chemical engineering’s plant cost index (CEPCI) [20] and producer price index 

(PPI) [21] are used to update prices from different periods of time to the 

reference year. On-site raw material and product storage for two weeks is 

assumed to mitigate effects of supply and market chain disruptions. In this 

analysis the cost estimates are for an nth plant thus the risk of unforeseen 

expenses for a pioneer plant have not been considered [22]. 

The data for individual process equipment prices include free on board (FOB) 

price, sizing exponents and installation factors [23]. These are based on the SCENT 

tool [24], past literature studies [6,10,25] and ASPEN economic analyzer [26]. 

Please refer to the appendix section 6.7.2 for a list of process equipment and 

associated sizing and cost information. The installed equipment costs are based 

on the FOB price and the installation factors for process equipment. The total 

capital investment (TCI) for the plant is estimated based on investment factors 

methodology [23-25,27]. This methodology gives estimates with a typical 

accuracy of ±30% [5]. The TCI includes total direct (installed equipment cost, 

warehouse, site development) and indirect (engineering, supervision, 

construction, legal and contractor fees) costs. In addition to the total direct and 

indirect costs (TDIC), a contingency cost (20% of TDIC) is also included to account 

for unforeseen growth in expenditure. The TDIC and contingency together 

constitute the fixed capital investment (FCI) for the plant. Working capital (15% of 

FCI) is also included in the TCI. 

The operating costs for the plant are divided into two categories: variable and 

fixed. Variable operating costs include costs for raw materials, utilities, waste 

water treatment and credits from sale of co-products.  A feedstock price of 80 

EUR per metric tonne (4.6 EUR/GJ on a moisture free and higher heating value 

basis) [28] is used for pinewood chips with a moisture content of 3% and 

delivered to the plant gate (this and other key parameters are varied in the 

sensitivity analysis presented in section 2.4). The plant produces steam and 

electricity within battery limits, hence only the net utilities if required are 
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purchased in the form of natural gas for combustion in CHP. A list of all the 

components and prices [29-32] associated with variable operating costs can be 

found in appendix section 6.7.2. Fixed operating costs include costs for labor, 

overhead, maintenance and insurance. Labor costs are estimated based on 

methodology from Peters et al. [27] and uses data for employee hours required 

per day for the number of operating steps involved. The overhead is estimated as 

a fraction of the labor costs while the maintenance and insurance are estimated 

as a fraction of total installed equipment cost.  

The catalyst requirements are estimated using experimental data for pyrolysis 

section [13-15] and literature data for the hydrogen production and the hydro-

treating sections [5]. For hydrogen production and hydro-treating, it is assumed 

that two parallel catalyst beds are required for continuous operation. A list of the 

catalysts used for different sections, the compositions and amounts required can 

be found in appendix section 6.7.2. Based on literature [33] the catalyst cost is 

estimated separately for the support and for manufacturing (8.5 EUR/kg) in 

addition to the cost of metal that is required. A catalyst lifetime of one year is 

assumed at the end of which the catalyst needs to be replaced. For replacement 

[33], the costs for support and manufacturing and the costs equivalent to 5% loss 

of metals are considered. The cost of the remaining 95% metals is taken into 

account as one-time expense at the start of operations and hence is included in 

the working capital.  

Combining the above mentioned costs a discounted cash flow analysis is 

performed for a plant life of 20 years using the methodology of NREL [25]. This 

methodology includes a construction period of 2.5 years during which the fixed 

capital is invested. The startup period is 0.5 years and during this time the average 

production is 50% of the normal capacity with 75% of variable costs and 100% of 

the fixed costs. The working capital is spent in year one and is assumed to be 

recovered at the end of plant life. It is assumed that the plant is 100% equity 

financed. An income tax rate of 25% and an internal rate of return (IRR) of 10% 

are assumed. The minimum viable price (MVP) for the biofuel product is 

estimated such that the net present value (NPV) of the plant is zero. The MVP of 

this biofuel is used for comparison among different cases and is also used to 

compare with the market price of gasoline on an energy content basis. 

6.3.3. Life cycle assessment 

The mass and energy balances from the process simulation model also form 

the basis of life cycle assessment (LCA) in combination with environmental impact 

data. The LCA model has been prepared in Excel using data obtained through 
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SIMAPRO software, ReCiPe and based on Ecoinvent.v2 database and literature 

sources [12,29,34,35]. The goal of this assessment is to compare the 

environmental impact of different pyrolysis routes for biofuel production from 

pinewood chips. The impacts of these routes are also compared with the impacts 

of fossil based gasoline. Since fuel products are being analyzed and compared, the 

functional unit for this analysis is a fuel equivalent of 1 mega joules (MJ) of heat of 

combustion, based on higher heating value (HHV). The geographical scope for the 

analysis is a plant, as stated earlier, based in the Rotterdam port area of the 

Netherlands. This is used as a reference point for location specific data such as 

electricity mix and transportation distances and transportation modes.  The 

analyzed system includes the production chain till the factory end gate and use 

phase19 for the biofuel and gasoline products. The gasoline-fueled vehicle chosen 

for comparison is based directly on the data from Ecoinvent.v2 [34], thereby 

accounting for impacts of conventional fuel production and fuel combustion in 

the vehicle, leading to additional GHG emissions resulting from release of fossil 

carbon stored in the gasoline. Figure 6.2 shows the background and foreground 

processes associated with the biofuel production system. The background 

processes are the ones placed outside of the dotted box in figure 6.2 and include 

production and supply of wood chips, supply of cooling and process water among 

others. To ensure consistency with available data, the woodchips are assumed to 

be sourced from central Europe and transported by road to Strasbourg while 

covering a distance of about 500 km on average and then transported to 

Rotterdam using river barges along the Rhine river [34,36]. It is assumed that the 

woodchips with a moisture content of 58% after cutting in the forest are open air 

dried to a moisture content of 30% and then shipped to a drying facility in the 

vicinity of the proposed pyrolysis plant. The drying unit uses the steam from 

pyrolysis plant to reduce the moisture content to 3% and then transfers the 

woodchips to the pyrolysis plant. Due to limited data availability and potentially 

minor impact20 the catalyst production and transportation of fuel from plant gate 

to the end user is outside of system boundary.  

 

                                                           
19

 Use phase refers to the combustion of the fuel in a vehicle engine to provide energy for 

transportation. 
20

 The amount of catalyst required and its loss is very small compared to mass flows of raw 

materials and products. Also it is expected that the geographical location of the plant will 

ensure a relatively small transportation distance from factory gate to the end user.  
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Figure 6.2: System diagram for biofuel production from pinewood chips via pyrolysis 
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For the modeled cases in this study the pyrolysis plant is self-sufficient in 

terms of electricity and heat. Apart from the biofuel, the plant has been modeled 

to produce hydrogen, electricity, steam and ash as co-products. Following a 

system expansion approach based on ISO 14040 and 14044 guidelines [37,38]; it 

is assumed that these will replace existing production systems for these products. 

The reduction in environmental impact due to this replacement is taken as a 

credit for this process which results in a reduced impact associated with the 

biofuel product. Hydrogen production is assumed to replace hydrogen from 

steam reforming of natural gas [29]. Electricity is assumed to replace average 

electricity production mix for the Netherlands and steam is assumed to replace 

production of steam from natural gas via CHP. Based on the properties of wood 

ash reported in literature [39,40] it is assumed that ash will replace the 

production of traditional NPK fertilizer mix21 to the extent of 20% on a per unit 

basis22.  

Cumulative energy demand (CED) and climate change contribution 

(equivalent kg CO2 units) based on greenhouse gases (GHG) are the 

environmental impacts studied in this assessment. CED is the total of renewable 

and non-renewable energy demand. The inventory and environmental impact 

data can be found in the appendix section 6.7.3. The CED has been shown to 

represent a range of other environmental impacts and is calculated using the 

methodology reported in Huijbregts et al. [41]. The contribution to climate 

change is a relevant indicator considering that one of the major goals of 

renewable fuels is to reduce greenhouse gas emissions [1,4].  Along these lines, 

the calculation of GHG emissions in combination with the economic analysis is 

used to estimate the CO2 abatement costs for the different process options. The 

abatement costs (EUR/metric tonne CO2) for a particular biofuel are estimated 

with reference to gasoline using equation 6.1. In equation 6.1 the numerator is 

the difference between the MVP of the biofuel from the pyrolysis process and 

market price of gasoline and the denominator is the difference in GHG emissions 

associated with the two products. If a renewable process technology were to be 

considered for practical implementation with the sole goal of reducing GHG 

emissions, then the abatement cost enables us to compare a variety of 

technological options and select options that offer the maximum GHG emission 

reduction at the lowest cost.  

                                                           
21

 Equal proportions of urea for nitrogen, potassium chloride for potassium and triple 

phosphate for phosphorous. 
22

 1 unit ash replaces 0.2 units of NPK fertilizer 
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6.3.4. Scenario and sensitivity analysis 

Three catalytic and one thermal pyrolysis process are discussed. For each of 

these, four different process scenarios have been studied as discussed in the 

chapter 5 [7]. In the following we briefly describe these process scenarios. The 

DO_oil scenario considers the oil from separation sequence directly as a product 

and is applicable to all the four cases (DO stands for direct oil). The SC_oil 

scenario also considers oil from the separation sequence directly as a product (SC 

stands for selectively catalyzed). However, in this scenario we consider the 

possibility of directly feeding hydrogen at the pyrolysis stage such that novel23 

pyrolysis catalysts can directly produce a fuel that is free of problem components 

and can be blended with conventional fuels just after the separation process. This 

scenario is not applicable in the case of thermal pyrolysis. The SH_oil scenario 

considers the oil after hydro-treating as the final product (SH stands for selectively 

hydro-treated). However, instead of complete hydro-treating, this scenario 

explores the possibility of using novel catalysts that selectively remove only the 

problem oxygenate components from the oil thus reducing the need for hydrogen 

while producing a product that can be blended. The HT_oil scenario considers the 

oil after complete hydro-treating to an oxygen content of 3.7% as a product (HT 

stands for hydro-treating). In addition to scenario analysis, sensitivity analysis has 

been performed to understand the dependence of the model outcome on the 

values of key input parameters and assumptions. For this purpose the effect of a 

20% change in the underlying data values is studied. 

6.4. Results and Discussion 

In this section we first present the results in detail for one process variation 

which leads to biofuel with a potentially blendable quality. Thereafter we present 

the comparative results for all the process cases and scenarios.  

The results are presented in detail for the biofuel produced using Cs/ASA 

catalyst and complete hydro-treating to reach 3.7% oxygen content in the final 

fuel product (HT_Oil_Cs/ASA). Based on a simulated plant capacity to process 480 

metric tonnes of pinewood chips per day the plant is expected to produce 15.4 

metric tonnes (670 giga Joules) per day of fuel product that can be blended with 

gasoline/diesel. Hydrogen, electricity and steam are the other main co-products 

                                                           
23

 Catalysts that do not exist yet and will need further research and development 
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from the process. Table 6.1 below shows the expected capital investment 

associated with the plant. As expected based on stream flows, the Pyrolysis and 

the Combined Heat and Power (CHP) sections entail the most capital investment. 

In the case of pyrolysis section the pyrolyzer is the most expensive unit. The cost 

for CHP section includes the combustor which is also used as catalyst regenerator 

unit for catalytic pyrolysis. The cost of combustor is higher for the catalyst cases 

to account for the extra capacity needed to process the catalysts.  

Table 6.1: Capital costs for pyrolysis plant using Cs/ASA as a catalyst for pyrolysis 

 Cost (in million EUR) 

Process sections (installed costs)  

Pretreatment 3.4 

Pyrolysis 9.6 

Oil separation 2.5 

Hydrogen production 4.6 

CHP unit 20.7 

Hydrotreating 1.5 

Storage 6.4 

Total Installed Equipment Cost 35.0 

Total Direct and Indirect Costs 54.8 

Contingency 11.0 

Fixed Capital Investment (FCI) 65.8 

Working Capital 9.9 

Total Capital Investment 75.7 

Table 6.2: Operating costs for pyrolysis plant using Cs/ASA as a catalyst for pyrolysis 

 Cost (in million EUR/year) 

Feedstock 13.4 

Utilities 0.1 

Waste disposal 0.4 

Labor costs 2.3 

Overhead and maintenance (O&M) 2.1 

Catalyst costs 0.2 

Other 0.6 

Total expenses before credit 19.1 

By-product credit 17.9 

Net total expenses 1.2 
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The table 6.2 above describes the operating costs and by-product credits 

associated with this plant. In this case the by-product credits cover a significant 

fraction of the operating expenses. This is mainly due to the low non water-

soluble bio-oil yield and also higher char and gas yields. The capital and operating 

expenses and discounted cash flow analysis lead to a minimum viable price (MVP) 

of 75.3 EUR/GJ for the fuel product (HT_Oil_Cs/ASA).  

Table 6.3: Comparison of minimum viable price of fuel product from pyrolysis with market price of 

gasoline and of first generation ethanol 

Product EUR/kg EUR/liter EUR/GJ 

HT_Oil_Cs/ASA 2.3 3.3 75.3 

Gasoline 0.9 0.7 18.7 

Ethanol 0.8 0.6 27.6 

 

The table 6.3 shows the comparison of this minimum viable price with the 

prices of gasoline and first generation ethanol in European Union. As shown in the 

table, the HT_Oil_Cs/ASA is expected to be about four times more expensive as 

compared to gasoline. The MVP however is significantly dependent on the yield of 

non-water-soluble bio-oil. As shown in the chapter 5, the oil yield is only about 

20% of theoretical maximum and thus there is a significant room for improvement 

based on novel catalysts. Moreover, it is also important to take into account the 

environmental impacts associated with the production of fuels. Table 6.4 shows 

the life cycle environmental impacts associated with production of HT_Oil_Cs/ASA 

and Gasoline in the form of Cumulative energy demand (CED) and Greenhouse 

gas emissions (GHG). These results take into account potential credits from co-

products due to replacement of conventional methods of production in the 

Netherlands. The negative greenhouse gas emissions mean that introduction of 

this process can potentially lead to a net reduction in greenhouse gas emissions 

by replacing fossil based products. The bio-based process has a higher CED due to 

the high renewable energy use and which requires a correspondingly high land 

use of about 0.5 m2 annually per mega joule (m2a/MJ) of HT_Oil_Cs/ASA24. 

However, it is important to note that the bio-based process also can lead to a 

significant net reduction in non-renewable energy use (see Table 6.4). 

In the European Union, ethanol is currently blended with gasoline using 

subsidies to pay for the difference in prices. The main goals behind this blending 

are to increase the share of renewable fuels and to reduce greenhouse gas 

                                                           
24

 The land use associated with gasoline (0.00015 m
2
a/MJ) is negligible in comparison. 
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emissions. In the case of of HT_Oil_Cs/ASA the savings in greenhouse gas 

emissions translate to an abatement cost of about 138 EUR per metric tonne of 

CO2. This value compares with an abatement cost of about 270 EUR per metric 

tonne of CO2 in the case of ethanol produced in the EU [42]. 

Table 6.4: CED and GHG emissions associated with pyrolysis based fuel and gasoline. Non-

renewable energy use and renewable energy use together constitute the cumulative energy 

demand. 

Impact 
Units (per 

MJ product) 
HT_Oil_Cs/ASA Gasoline 

Cumulative energy 

demand 
MJ 7.7 1.2 

   Non-renewable 

energy use 
MJ -6.6 1.2 

   Renewable energy 

use 
MJ 14.6 0.0 

Greenhouse gas 

emissions 
kg CO2 eq. -0.4 0.1 

 

 

Figure 6.3: Sensitivity of minimum viable price to 20% variation in data inputs for the 

HT_Oil_Cs/ASA case 
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Figure 6.4: Sensitivity of CO2 abatement costs to 20% variation in data inputs for the 

HT_Oil_Cs/ASA case 

The figures 6.3 and 6.4 respectively show the sensitivity of MVP and 

abatement cost to 20% variation some of the key data inputs. Given the high 

sensitivity to capital costs it is important that more detailed vendor estimates are 
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catalyst performance and lifetime (denominated as catalyst charges required per 

year) will have a high impact on the outcomes. Along these lines the use of more 

expensive metals or catalyst supports coupled with increased catalyst losses can 

have a high impact on the final outcomes. As can be observed from the figure 6.4 

the abatement cost also has a high sensitivity to the GHG emissions associated 

with the steam that will be replaced by the steam produced from this process. In 

this model it is assumed that the steam being replaced is being produced from 

natural gas via CHP. However, in areas where steam is being produced from 

sources like oil and coal using inefficient boilers, significant further reductions in 

GHG emissions and thereby abatement costs can be achieved. Factors like CED of 

steam, woodchips and woodchip transportation distance have a major effect on 

the CED of the biofuel.  

Apart from these factors it is also important to understand the effect of bio-

oil yield (organic fraction) from pyrolysis reaction on the overall outcomes. It is 

important to understand that although the bio-oil yield plays a major role, it does 

not have a directly proportional effect on the outcome as every change in bio-oil 

yield results in a change in variety of other related factors. These other related 

factors such as the quality of the oil produced and the composition of by-products 

also have a major influence on the outcome. Hence results from the different 

cases that have been analyzed in this study, indirectly serve to highlight effect of 

change in yields on the outcomes. As discussed in the chapter 5 [7], an ideal 

situation for catalytic pyrolysis is a catalyst which would convert the biomass 

completely into oil and remove the oxygen only as CO2 without any other by-

products. In the case of HT_Oil_Cs/ASA if a catalyst were to function along these 

lines25 while producing oil of a similar combination, the final biofuel yield would 

increase to 21 wt% (of biomass) and natural gas would need to be burned in CHP 

to meet plant energy demands26. At the current feedstock cost of 80 EUR per 

metric tonne biomass (4.5 EUR/GJ) this situation would result in a biofuel with 

MVP of 31 EUR/GJ and an abatement cost of 52 EUR per metric tonne of CO2. Also 

a significant fraction of the bio-oil produced ends up as heavy oil which is 

combusted in the CHP in this model. Depending on future developments in 

utilization of this heavy fraction to produce liquid biofuels and efficient transport 

systems, further cost reductions may be possible.  

                                                           
25

 Conversion of biomass to 65% oil with only organic components and 35% CO2. 
26

 Char, coke and gases which fuel the CHP would not be produced in this situation and 

hence only the heavy oil fraction is available to be burned in CHP. 
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As was described in the previous chapter [7] a choice was made in the model 

to have high (98%) yields in the hydro-treating and hydrogen production section 

to ensure that the model is responsive to changes in the pyrolysis process. Hence 

the reported MVP and abatement costs represent a best case scenario from 

hydro-treating and hydrogen production perspectives. In the case of 

HT_Oil_Cs/ASA if the hydro-treating yield were 80% then the MVP would be 92.2 

EUR/GJ with an abatement cost of 136 EUR/MT CO2. But the problem with this 

result is that almost 20% of the oil mass that is lost is not taken into account due 

to lack of experimental results. As an example if these would lead to by-products 

that could be combusted in CHP, the costs could be reduced further. Hence, 

seamless experiments are needed to understand the practical yields based on 

specific input organic fractions which are a result of the pyrolysis and separation 

sequences.   

The figure 6.5 shows the comparison of the four different pyrolysis cases and 

the relevant scenarios on the basis of minimum viable prices. According to these 

results there is still a substantial gap in proximity to economic viability between 

thermal and catalytic pyrolysis. However, it needs to be taken into account that 

catalytic pyrolysis is still in a clearly earlier development stage than thermal 

pyrolysis, which has an R&D lead time of around 15 years. Detailed economic 

estimates showing individual equipment, capital and operating costs for all the 

scenarios are included in the appendix section 6.7.2.  

 

Figure 6.5: Comparison of the minimum viable price of pyrloysis biofuel from four cases and four 

scenarios with market prices for gasoline and ethanol without excise taxes 
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 It is important to note that the quality of oil product in each of the above 

cases is quite different and not necessarily directly comparable to gasoline. 

Among the above cases a product that is comparable to gasoline can be produced 

with existing catalysts for the HT_oil cases. However, since optimistic assumptions 

were made for all calculations (e.g. on the hydrogen/hydro-treating section as 

explained earlier in the chapter), the product cost is expected to be higher. With 

development of new catalysts as discussed in the chapter 5 [7], oil with 

comparable qualities to gasoline can be obtained in the cases of SH_oil and 

SC_oil. In the case of DO_oil, the oil from thermal pyrolysis is not at all 

comparable to that of gasoline and needs further treatment for blending with 

motor fuels. In the cases of catalytic pyrolysis the DO_oil products are better in 

quality than that from thermal pyrolysis, but still not comparable to that of 

gasoline. However, as indicated in chapter 5 [7], further innovations in catalysis 

can deliver an oil of higher quality that can be blended with gasoline. Comparing 

the MVP of SH_oil and HT_oil for thermal pyrolysis, it is evident that development 

of catalysts that can selectively hydro-treat the problem components in the input 

bio-oil can lead to a significant reduction (about 45%) in the minimum viable price 

of the biofuel.  

The relatively small difference in M P’s for catalytic pyrolysis in the  O_oil, 

SH_oil and SC_oil scenarios indicates that the savings in capital costs in the hydro-

treating section and excess hydrogen requirements for treatment of problem 

components have a minor effect on the MVP of final product. The HT_oil scenario 

shows a significant increase in the MVP for both the catalytic and thermal 

processes. This is because of the higher operating and capital expenses that are 

associated with hydro-treating to oxygen content of 3.7%. As one would expect, 

hydro-treating to 0% oxygen content will lead to significant further increases in 

costs and thus MVP of the fuel product. Due to the already higher quality of oil 

from Cs/ASA catalyst as compared to other catalysis and thermal process, there is 

a relatively small increase in the MVP from SH_oil to the HT_oil scenario. The 

significant increase in the case of HY-Zeolite is due to the high oxygen to carbon 

molar ratio (O/C) of the DO_oil product. The O/C ratio of DO_oil from HY-Zeolite 

is almost twice as high as compared to Cs/ASA and this leads to significantly 

higher hydrogen requirement during hydrotreating. The MVP for fuel product 

from thermal pyrolysis in HT_oil and SH_oil is lower due to the high bio-oil yield 

obtained in comparison with catalytic processes.  

Highlighting the environmental impacts of the different processes and 

scenarios, figure 6.6 shows the change in CED and GHG emissions for each case in 

reference to gasoline. The higher CED in the case of bio-based products is 
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expected as the production processes are at a nascent development stage as 

compared to petroleum processes. In addition, one can expect the CED to be 

always higher in the case of bio-based fuel products, as they involve conversion of 

solid biomass to liquids which was already done through natural processes over 

millennia in the case of crude oil. But as shown for the HT_oil_Cs/ASA case (table 

6.4) the bio-based processes can entail a net reduction in the use of non-

renewable energy resources. In line with this reduction we can also expect a 

corresponding net reduction in greenhouse gas emissions as evident from the 

figure 6.6 for all pyrolysis processes. The reduction in GHG emissions and increase 

in CED is almost constant over different scenarios for respective process variants. 

There are two main factors behind this: the first and dominant factor is that the 

CED and GHG emissions are influenced to a larger extent by the co-product 

credits from the potential replacement of conventional production routes 

electricity, hydrogen and steam. The second factor is that since these values are 

compared on a per unit energy content basis, an increase in resource inputs while 

going from DO_oil to HT_oil is compensated by the increase in the energy content 

of the final oil product.  

 

 

Figure 6.6: Comparison of the CED and GHG emissions of pyrolysis biofuel from four cases and 

four scenarios with ethanol and gasoline 
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Figure 6.7: Comparison of the expected land use for pyrolysis biofuel from four cases and four 

scenarios with ethanol and gasoline. The unit of land use, m
2
a, translates to 1 m

2
 of land occupied 

for 1 year 

Figure 6.7 shows the annual land requirement for all the fuel options 

considered in this study. The land use follows the pattern observed for CED in 

figure 6.6 as it is reflected in the renewable energy use associated with each of 

the process options. Similar to other parameters, land use is also heavily 

dependent on the yield of oil and this is reflected in the lower land use for 

thermal cases which have the highest oil yield. As evident from the example of 

thermal HT_oil scenario, pyrolysis processes could entail lower land use as 

compared to the first generation ethanol in EU. However, these results are based 

on a number of technical process and data uncertainties which will have an 

influence on the actual land use in when such processes are implemented in 

practice.  

It is evident from figures 6.5 and 6.6 that for bio-based fuels, the benefits of 

GHG savings and increased reliance on renewable second generation biomass 

resources are stacked against a higher price for fuel. Hence the abatement costs 

presented in figure 6.8 enables us to compare various routes based on the 

effectiveness of paying more for transportation to gain higher GHG savings in 

reference to gasoline. As discussed before it is important to bear in mind the 

difference in product quality from different scenarios and variants. Considering 

the quality aspect, the DO_oil scenario from the thermal route is not a valid 

option. The graph shows that the other pyrolysis routes analyzed in this study 

have the potential to offer reductions in abatement costs as compared to ethanol 

which is currently used for blending with gasoline in the EU. In the HT_oil scenario 

which is more feasible with current technologies, the Cs/ASA catalyzed process 
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and the thermal process show similar abatement costs. However, it is interesting 

to note that with future developments in catalysts, scenarios like SH_oil and 

SC_oil have to potential to significantly lower the abatement costs for these 

routes.  

 

 

Figure 6.8: Comparison of the CO2 abatement costs of pyrolysis biofuel from four cases and four 

scenarios and ethanol with gasoline as a reference. 

6.5. Conclusions 

Catalytic and thermal pyrolysis fuels produced from a ligno-cellulosic resource 

like pinewood chips can be more expensive but can also provide environmental 

benefits. An efficient process can also lead to much lower abatement costs as 

compared to the current first generation biofuel like ethanol. It is however 

important to note that the outcome depends on a number of factors that are 

subject to variations in practice. The unknowns and uncertainties in the analysis 

need to be reduced through seamless experimental trials in which the oil from 

pyrolysis is separated and processed into hydrogen and fuel through hydro-

treatment. More detailed environmental analysis is needed which would consider 

other impacts associated with processing and the use phase of the fuels.   

With regards to the location of the plant, a balance needs to be struck 

between being closer to the market for some of the outputs and the high 

economic and environmental cost due to the longer distance from resource. 

Optimized and efficient supply chains are critical for viable process operation. 

Shipping bio-oil directly after pyrolysis to a facility for further processing might 
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not be a lucrative option in the catalytic case, due to high fraction of water 

shipping and reduction of integration opportunities. Further studies are needed 

to better understand such scenarios.  

Fulfilling one of the key goals of this study, the results demonstrate the 

difference of performance between different catalytic and thermal pyrolysis 

processes. This ability enables the use of such a model to test a variety of 

different catalysts that need to be developed for different sections of the process. 

Results show that development of novel catalysts can significantly improve the 

economic and environmental aspects of pyrolysis based fuels and could ultimately 

lead to practical implementation of such a process. Thus novel catalysts are 

needed that can target specific molecules in the bio-oil. 

In future better utilization of aqueous bio-oil streams through chemical 

production needs to be explored. Further detailed analysis on the properties of 

the ash from pyrolysis and transportation logistics need to be considered to 

explore its fertilizer potential. In the current process, a significant fraction of the 

biomass ends up as heavy oil which is converted to heat and electricity. 

Valorization of this heavy oil stream into liquid fuels through hydro-treating needs 

to be studied further.  

Overall results from this study indicate second generation or lignocellulosic 

bio-based resources can be utilized more effectively to meet environmental goals 

in an economically efficient manner. Effective and targeted development of such 

processes holds the key to adoption of more sustainable transportation fuels in 

future.  
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6.7. Appendix 

6.7.1. Process information 

6.7.1.1. Process flow diagram 

Please refer to figure 5.2 in chapter 5 on page 152 

6.7.1.2. Process input and output mass flows 

Please refer to the LCA inventory data in section S3 for mass flows per unit 

product for all the inputs and outputs in all the cases and scenarios 

6.7.2. Process economics data 

6.7.2.1. Process equipment, sizing and cost information 

The table A6.1 gives information about the process equipment, sizing and cost 

information. The scaling exponent and installation factor are provided as well.  

Table A 6.1: Process equipment sizing and cost information 

Process unit 
Design 

capacity 
Units 

Purchase 

cost (EUR) 

in 2011 

Scaling 

exponent 

Installation 

factor 

Pretreatment      

Conveyer – 

Woodchips feed to 

process 

 

33,44327  
kg/hr  658,503  0.6 1.7 

Grinder-Ball 

mill/crusher 
 33,443  kg/hr  978,962  0.7 2.96 

Grinding screen  2  m2  38,131  0.3 2.9 

Screw feeder- 

Pyrolyzer 
 20,000  kg/hr  1,203  0.46 2.5 

      

Pyrolysis      

Pyrolyzer  20,000  kg/hr  4,427,309  0.53 1.5 

Carrier gas 

compressor 
 26  kW  21,544  0.9 2.26 

Carrier gas heater  1  m2  11,357  0.14 2.72 

                                                           
27

 Includes recycle of biomass within the grinding circuit 
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Screw extractor-

char/ash removal 
 3,655  kg/hr  550  0.46 2.5 

Aerosol mixer  17,345  kg/hr  2,690  0.5 1 

Cyclone-char/ash 

removal 
 17,345  kg/hr  113,138  0.82 1.7 

      

Oil separation      

Flash1- WatOil 

extraction 
 14,449  kg/hr  18,746  0.72 2.47 

Flash2- Aq. Org 

extraction 
 6,336  kg/hr  10,355  0.72 2.47 

Heatex - WatOil 

preheater 
 8,112  kg/hr  67,533  0.7 1 

Oil spec dist column  325  Multi  405,094  0.81 3.24 

Dist column internals  162  Multi  166,958  0.78 1 

Heatex - Column 

reboiler 
 685  kg/hr  100,592  0.7 1 

Heatex - Column 

condenser 
 766  kg/hr  29,142  0.7 1 

Heatex - Oil product 

cooler 
 685  kg/hr  20,302  0.7 1 

      

Hydrogen production      

Inline Aq. Org mixer  7,420  kg/hr  1,760  0.5 1 

Pump - H2 prod feed  7  kW  2,838  0.29 1.52 

Heatex - H2 prod feed  62  m2  47,539  1.83 2.97 

Reforming reactor  7,420  kg/hr  1,009,088  0.6 2.7 

Flash3-H2 prod liquids 

removal 
 7,420  kg/hr  11,601  0.72 2.47 

Pressure Swing 

Adsorption unit – H2 

separation 

 308  
m3/hr 

H2 
 156,399  0.65 2.47 

      

Combined heat and 

power (CHP) 
     

Inline mixer - 

combustor feed 
 9,145  kg/hr  1,953  0.5 1 
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Screw feeder - 

combustor char feed 
 5,509  kg/hr  665  0.46 2.5 

Air inlet fan/propeller  8  m3/s  9,544  0.93 1.75 

Combustor/Catalyst 

regenerator 
 52,971  kg/hr  1,754,789  0.6 1.58 

Turbine  14,343  kW  1,599,974  0.6 1.8 

Generator  14,343  kW  4,730,063  0.6 1.8 

Cooling tower  44  kg/hr  218,263  0.6 1.8 

Cyclone-flue gas clean 

up 
 42,971  kg/hr  238,056  0.82 1.7 

Flue gas stack  42,971  kg/hr  56,020  0.5 2.93 

      

Hydrotreating      

H2 Compressor1  3  kW  3,491  0.9 2.26 

H2 Compressor2  8  kW  7,245  0.9 2.26 

Oil feed pump  29  kW  4,296  0.29 1.52 

Heatex - HTRX feed 

preheater 
 2  m2  12,890  0.14 2.72 

Hydrotreating reactor  696  kg/hr  243,859  0.6 2.7 

Work recovery 

Turbine 
 31  kW  40,121  0.6 1.8 

Flash gas sep  696  kg/hr  2,110  0.72 2.47 

Oil water phase sep  28  m3/hr  99,831  0.65 2.47 

EcoQoil cooler  696  kg/hr  63,485  0.7 1 

      

Storage      

Biomass storage  20,000  kg/hr  649,319  0.5 1 

Ash storage  1,800  kg/hr  194,796  0.5 1 

Bio-oil storage  2,112  m3  347,728  0.7 2.47 

Hydrogen storage  1,377  m3  1,324,454  0.7 1.99 

Oil product storage  246  m3  157,104  0.7 1.7 
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6.7.2.2. Operating cost components (Material and Utility price 

assumptions) 

Material/Utility Price Units Descriptors 

Pinewood chips 80 EUR/MT @38.48 MJ/m3 

Hydrogen 1200 EUR/MT  

Electricity 0.1 EUR/kWh 
Selling price is 95% of the purchase 

price 

Steam 27 EUR/tonne 
Selling price is 80% of the purchase 

price 

Ash 100 EUR/MT 
20% of the purchase price of NPK 

fertilizer 

Process water 1 EUR/m3 demineralized 

Cooling water (river 

water) 
0.05 EUR/m3 5 deg C max heating 

Wastewater 

treatment 
5 EUR/MT  

All the prices are at 2011 price levels. 
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6.7.2.3. Catalyst composition and cost data 

 Pyrolysis catalysts Hydrogen production catalysts Hydrotreating catalysts 

  EUR/kg Cs/ASA Na-Alumina HYZeolite Ni/Al2O3 NiO/MoO3/Al2O3 

Ni 15.08       0.035  0.12  

Pt 37348.21           

Mo 24.42       0.155    

Co 35.91           

Cs 45.04 0.1          

Na 0.59   0.12        

Y-Zeolite 1.08     0.99      

H ion 1.23     0.01      

Support 0.00           

Al2O3 4.10 0.55  0.88    0.81  0.88  

CNT 4.10           

ASA 4.10 0.35          

MFG 4.10 1  1  1  1  1  

Support+Mfg 8.19           

Amount required [kg 

catalyst/(kg feed/hr] 
 0.5 0.5 0.5 1.67 1.67 
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6.7.2.4. Capital and operating cost breakdown for each case and scenario 

Table A 6.2:Capital costs (in million EUR) 

 DO_oil SH_oil SC_oil HT_oil 

Process sections 

(installed costs) 

Cs/A

SA 

Na-

Al 
HY-Z 

Ther

mal 

Cs/A

SA 

Na-

Al 
HY-Z 

Ther

mal 

Cs/A

SA 

Na-

Al 
HY-Z 

Cs/A

SA 

Na-

Al 
HY-Z 

Ther

mal 

Pretreatment 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 

Pyrolysis 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 

Oil separation 2.5 2.4 2.4 2.7 2.5 2.4 2.4 2.7 2.5 2.4 2.4 2.5 2.4 2.4 2.7 

Hydrogen production 4.6 4.1 4.4 6.5 4.6 4.1 4.4 6.5 4.6 4.1 4.4 4.6 4.1 4.4 6.5 

CHP unit 20.7 22.6 23.4 16.4 20.7 22.6 23.4 16.4 20.7 22.6 23.4 20.7 22.6 23.4 16.4 

Hydrotreating 0.0 0.0 0.0 0.0 1.2 1.3 1.0 2.8 0.0 0.0 0.0 1.5 1.9 1.6 0.0 

Storage 6.5 5.3 5.5 11.3 6.5 5.3 5.5 11.2 6.5 5.3 5.5 6.4 5.1 5.3 11.3 

Total Installed 

Equipment Cost 
33.9 34.0 35.0 35.8 34.8 34.9 35.7 37.8 33.9 34.0 35.0 35.0 35.2 36.0 35.8 

Total Direct and 

Indirect Costs 
53.3 53.6 55.0 55.9 54.6 54.9 56.0 58.7 53.3 53.6 55.0 54.8 55.3 56.4 55.9 

Contingency 10.7 10.7 11.0 11.2 10.9 11.0 11.2 11.7 10.7 10.7 11.0 11.0 11.1 11.3 11.2 

Fixed Capital 

Investment (FCI) 
64.0 64.4 66.0 67.1 65.5 65.9 67.2 70.4 64.0 64.4 66.0 65.8 66.4 67.7 67.1 

Working Capital 9.6 9.7 9.9 10.1 9.8 9.9 10.1 10.6 9.6 9.7 9.9 9.9 10.0 10.2 10.1 

Total Capital 

Investment 
73.6 74.0 75.9 77.1 75.3 75.8 77.3 81.0 73.6 74.0 75.9 75.7 76.3 77.9 77.1 
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Table A 6.3: Operating costs (in million EUR) 

 DO_oil SH_oil SC_oil HT_oil 

 
Cs/A

SA 

Na-

Al 
HY-Z 

Ther

mal 

Cs/A

SA 

Na-

Al 
HY-Z 

Ther

mal 

Cs/A

SA 

Na-

Al 
HY-Z 

Cs/A

SA 

Na-

Al 
HY-Z 

Ther

mal 

Feedstock 
13.4

4 

13.4

4 

13.4

4 

13.4

4 

13.4

4 

13.4

4 

13.4

4 

13.4

4 

13.4

4 

13.4

4 

13.4

4 
13.4 

13.4

4 

13.4

4 

13.4

4 

Utilities 0.13 0.10 0.12 0.06 0.13 0.10 0.12 0.06 0.13 0.10 0.12 0.1 0.11 0.12 0.06 

Waste disposal 0.40 0.41 0.48 0.26 0.40 0.41 0.48 0.26 0.40 0.41 0.48 0.4 0.41 0.48 0.26 

Labor costs 2.35 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.3 2.30 2.30 2.30 

Overhead and 

maintenance (O&M) 
2.09 2.06 2.08 2.10 2.07 2.08 2.09 2.13 2.06 2.06 2.08 2.1 2.08 2.10 2.10 

Catalyst costs 0.19 0.16 0.19 0.32 0.21 0.18 0.20 0.37 0.19 0.16 0.19 0.2 0.18 0.20 0.32 

Other 0.54 0.54 0.55 0.57 0.55 0.55 0.57 0.60 0.54 0.54 0.55 0.6 0.56 0.57 0.57 

Total expenses 

before credit 

19.1

2 

19.0

2 

19.1

6 

19.0

4 

19.1

0 

19.0

7 

19.2

0 

19.1

7 

19.0

5 

19.0

2 

19.1

6 
19.1 

19.0

8 

19.2

1 

19.0

4 

By-product credit 
18.1

7 

19.2

1 

20.3

2 

18.2

4 

18.0

8 

19.1

8 

20.3

0 

18.0

6 

18.1

0 

19.2

0 

20.3

1 
17.9 

18.9

7 

20.0

8 

18.2

4 

Net total expenses 0.95 
-

0.19 

-

1.16 
0.81 1.02 

-

0.11 

-

1.10 
1.11 0.95 

-

0.18 

-

1.15 
1.2 0.11 

-

0.87 
0.81 
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6.7.3. LCA data 

Table A 6.4: Life cycle analysis impact data 

Parameter Unit CED (MJ/unit) GHG (kg CO2 eq./unit) 

Steam kg 1.9E+00 9.0E-02 

Electricity MJ 3.1E+00 1.9E-01 

Hydrogen kg 2.3E+02 1.3E+01 

Woodchips m3 3.5E+03 5.3E+00 

Nitrogen kg 1.8E+00 8.8E-02 

Water, for cooling, decarbonized kg 9.1E-05 7.8E-06 

Water, boiler/process softened kg 3.0E-04 2.4E-05 

Wastewater, untreated, in treatment kg 2.5E-01 8.3E-02 

Lorry tkm 1.8E+00 1.1E-01 

River barge tkm 6.6E-01 4.6E-02 

Ash kg 3.0E+00 1.8E-01 

 

Table A 6.5: Life cycle analysis inventory data 

  DO_oil SH_oil SC_oil HT_oil 
Paramet

er 

Un

it 

Cs/AS

A 
Na-Al HY-Z 

Ther

mal 

Cs/AS

A 
Na-Al HY-Z 

Ther

mal 

Cs/AS

A 
Na-Al HY-Z 

Cs/AS

A 
Na-Al HY-Z 

Ther

mal 

Product                 

Biofuel MJ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Avoided 

product 
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Hydroge

n 
Kg 

1.1E-

02 

7.2E-

03 

1.3E-

02 

1.2E-

02 

1.2E-

02 

7.3E-

03 

1.3E-

02 

1.2E-

02 

1.2E-

02 

7.3E-

03 

1.3E-

02 

1.1E-

02 

6.0E-

03 

1.0E-

02 

9.6E-

03 

Electricit

y 
MJ 

1.6E+

00 

1.9E+

00 

3.2E+

00 

3.8E-

01 

1.6E+

00 

1.9E+

00 

3.2E+

00 

3.8E-

01 

1.6E+

00 

1.9E+

00 

3.2E+

00 

1.5E+

00 

1.7E+

00 

2.8E+

00 

3.3E-

01 

Steam Kg 
8.5E-

01 

1.1E+

00 

1.9E+

00 

7.3E-

02 

8.6E-

01 

1.1E+

00 

1.9E+

00 

7.0E-

02 

8.6E-

01 

1.1E+

00 

1.9E+

00 

8.2E-

01 

1.0E+

00 

1.6E+

00 

6.1E-

02 

Ash Kg 
6.7E-

02 

6.8E-

02 

1.1E-

01 

2.5E-

02 

6.8E-

02 

6.9E-

02 

1.1E-

01 

2.4E-

02 

6.8E-

02 

6.9E-

02 

1.1E-

01 

6.4E-

02 

6.3E-

02 

9.7E-

02 

2.1E-

02 

Inputs                 

Woodchi

ps 
M3 

4.4E-

03 

4.5E-

03 

7.2E-

03 

1.6E-

03 

4.5E-

03 

4.5E-

03 

7.3E-

03 

1.6E-

03 

4.5E-

03 

4.5E-

03 

7.3E-

03 

4.2E-

03 

4.2E-

03 

6.4E-

03 

1.4E-

03 

Nitrogen Kg 
3.7E-

02 

3.8E-

02 

6.0E-

02 

1.4E-

02 

3.8E-

02 

3.8E-

02 

6.1E-

02 

1.4E-

02 

3.8E-

02 

3.8E-

02 

6.1E-

02 

3.6E-

02 

3.5E-

02 

5.4E-

02 

1.2E-

02 

Boiler 

Feed 

water 

Kg 
1.5E+

00 

1.7E+

00 

2.9E+

00 

3.9E-

01 

1.5E+

00 

1.8E+

00 

2.9E+

00 

3.9E-

01 

1.5E+

00 

1.8E+

00 

2.9E+

00 

1.4E+

00 

1.6E+

00 

2.6E+

00 

3.4E-

01 

Cooling 

water 
Kg 

1.1E+

01 

9.2E+

00 

1.7E+

01 

2.0E+

00 

1.2E+

01 

9.5E+

00 

1.7E+

01 

2.1E+

00 

1.1E+

01 

9.4E+

00 

1.7E+

01 

1.1E+

01 

8.9E+

00 

1.5E+

01 

1.9E+

00 

Transpor

t lorry 

>32t 

Tk

m 

5.1E-

01 

5.2E-

01 

8.3E-

01 

1.9E-

01 

5.2E-

01 

5.2E-

01 

8.4E-

01 

1.9E-

01 

5.2E-

01 

5.3E-

01 

8.4E-

01 

4.9E-

01 

4.8E-

01 

7.4E-

01 

1.6E-

01 

Transpor

t river 

barge 

Tk

m 

8.1E-

01 

8.3E-

01 

1.3E+

00 

3.0E-

01 

8.3E-

01 

8.4E-

01 

1.3E+

00 

3.0E-

01 

8.3E-

01 

8.4E-

01 

1.3E+

00 

7.8E-

01 

7.7E-

01 

1.2E+

00 

2.6E-

01 

Wastewa

ter 
kg 

1.6E-

01 

1.7E-

01 

3.1E-

01 

3.8E-

02 

1.6E-

01 

1.7E-

01 

3.2E-

01 

3.8E-

02 

1.6E-

01 

1.7E-

01 

3.2E-

01 

1.5E-

01 

1.6E-

01 

2.8E-

01 

3.4E-

02 



 

 

269 

6.8. Chapter 6 references 

[1] Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, et al. The 

Physical Science Basis. Contribution of Working Group I to the Fourth 

Assessment Report of the Intergovernmental Panel on Climate Change, 2007; 

2007:211. 

[2] Hill J, Nelson E, Tilman D, Polasky S, Tiffany D. Environmental, economic, and 

energetic costs and benefits of biodiesel and ethanol biofuels. Proc Natl Acad 

Sci U S A 2006;103:11206-11210. 

[3] Perlack RD, B.J. Stokes BJ. U.S. Billion-Ton Update: Biomass Supply for a 

Bioenergy and Bioproducts Industry 2011;ORNL/TM-2011/224. 

[4] Eisentraut A. Sustainable Production of Second Generation Biofuels Potential 

and perspectives in major economies and developing countries 2010. 

[5] Wright MM, Daugaard DE, Satrio JA, Brown RC. Techno-economic analysis of 

biomass fast pyrolysis to transportation fuels. Fuel 2010;89, Supplement 1:S2-

S10. 

[6] Jones SB, Valkenburg C, Walton CW, Elliot D, Holladay JE, Stevens DJ, et al. 

Production of Gasoline and Diesel from Biomass via Fast Pyrolysis, 

Hydrotreating and Hydrocracking: A Design Case 2009;PNNL-18284. 

[7] Patel AD, Zabeti M, Seshan K, Patel MK. Comparative technical process 

analysis for catalytic and thermal pyrolysis of lignocellulosic biomass. 

Renewable and Sustainable Energy Reviews. Submitted. 

[8] Patel AD, Meesters K, den Uil H, de Jong E, Worrell E, Patel MK. Early-Stage 

Comparative Sustainability Assessment of New Bio-based Processes. 

ChemSusChem 2013;6:1724-1736. 

[9] Elliott DC, Hart TR, Neuenschwander GG, Rotness LJ, Zacher AH. Catalytic 

hydroprocessing of biomass fast pyrolysis bio-oil to produce hydrocarbon 

products. Environmental Progress & Sustainable Energy 2009;28:441. 

[10] Ringer M, Putsche V, Scahill J. Large-Scale Pyrolysis Oil Production: A 

Technology November 2006 Assessment and Economic Analysis 

2006;NREL/TP-510-37779. 

[11] Hsu DD. Life cycle assessment of gasoline and diesel produced via fast 

pyrolysis and hydroprocessing. Biomass Bioenergy 2012;45:41-47. 

[12] Mu D, Seager T, Rao P, Zhao F. Comparative Life Cycle Assessment of 

Lignocellulosic Ethanol Production: Biochemical Versus Thermochemical 

Conversion. Environmental Management 2010;46:565-578. 



Comparative eco. & env…pyrolysis processes 

 

270 

[13] Nguyen TS, Zabeti M, Lefferts L, Brem G, Seshan K. Catalytic upgrading of 

biomass pyrolysis vapours using faujasite zeolite catalysts. Biomass Bioenergy 

2013;48:100-110. 

[14] Nguyen TS, Zabeti M, Lefferts L, Brem G, Seshan K. Conversion of 

lignocellulosic biomass to green fuel oil over sodium based catalysts. 

Bioresour Technol 2013;142:353-360. 

[15] Zabeti M, Nguyen TS, Lefferts L, Heeres HJ, Seshan K. In situ catalytic pyrolysis 

of lignocellulose using alkali-modified amorphous silica alumina. Bioresour 

Technol 2012;118:374-381. 

[16] Pattiya A, Titiloye JO, Bridgwater AV. Fast pyrolysis of cassava rhizome in the 

presence of catalysts. J Anal Appl Pyrolysis 2008;81:72-79. 

[17] Triantafyllidis KS, Iliopoulou EF, Antonakou EV, Lappas AA, Wang H, Pinnavaia 

TJ. Hydrothermally stable mesoporous aluminosilicates (MSU-S) assembled 

from zeolite seeds as catalysts for biomass pyrolysis. Microporous and 

Mesoporous Materials 2007;99:132-139. 

[18] Wright M, Brown RC. Establishing the optimal sizes of different kinds of 

biorefineries. Biofuels, Bioproducts and Biorefining 2007;1:191-200. 

[19] Bradley D. IEA Bioenergy Task 40: Low cost, long distance biomass supply 

chains 2013. 

[20] Lo owski  . Chemical Engineering’s Plant Cost Index. Chemical Engineering 

2013;2013. 

[21] Eurostat. Industrial producer price index overview - Statistics Explained 

2014;2014. 

[22] Merrow EW. An Analysis of Cost Improvement in Chemical Process 

Technologies 1989;R3357. 

[23] Patel AD, Serrano-Ruiz JC, Dumesic JA, Anex RP. Techno-economic analysis of 

5-nonanone production from levulinic acid. Chem Eng J 2010;160:311-321. 

[24] Ereev S, Y., Patel M, K. Standardized cost estimation for new technologies 

(SCENT) methodology and tool. Journal of Business Chemistry 2012;9:31. 

[25] Humbrid D, Davis R, Tao L, Kinchin C, Hsu D, Aden A, et al. Process Design and 

Economics for Biochemical Conversion of Lignocellulosic Biomass toEthanol: 

Dilute-Acid Pretreatment and Enzymatic Hydrolysis of Corn Stover 

2011;NREL/TP-5100-47764. 

[26] Aspen Technology. Aspen Plus v7.3; 2011-2012;7.3. 

[27] Peters M, Timmerhaus K, West R. Plant Design and Economics for Chemical 

Engineers McGraw-Hill Education; 2003. 

[28] Vinterback J, Charlotta P. EUBIONET3: WP3: Wood fuel price statistics in 

Europe 2011;IEE/07/777/SI2.499477. 



 

 

271 

[29] Patel AD, Telalovic S, Bitter JH, Worrell E, Patel M, K.; Analysis of 

sustainability metrics and application to the catalytic production of higher 

alcohols from ethanol. Catalysis Today; In Press; DOI: 

10.1016/j.cattod.2014.03.070. 

[30] Dutch Association of Cost Engineers. DACE Prijzenboekje.  28th ed. Dutch 

Association of Cost Engineers: Nijkerk, The Netherlands; 2011. 

[31] ICIS. CW Price Reports. Chemical Week 2007-2011. 

[32] Alibaba group. Chemicals (www.alibaba.com/Chemicals_p8) 2011;2011. 

[33] Kazi FK, Patel AD, Serrano-Ruiz JC, Dumesic JA, Anex RP. Techno-economic 

analysis of dimethylfuran (DMF) and hydroxymethylfurfural (HMF) production 

from pure fructose in catalytic processes. Chem Eng J 2011;169:329-338. 

[34] Pre Consultants. SimaPro-Ecoinvent database 2011; version 7.3. 

[35] European Union. DIRECTIVE 2009/28/EC OF THE EUROPEAN PARLIAMENT 

AND OF THE COUNCIL of 23 April 2009 on the promotion of the use of energy 

from renewable sources and amending and subsequently repealing Directives 

2001/77/EC and 2003/30/EC 2009. 

[36] Waters M, E. World Port Source 

(http://www.worldportsource.com/waterways/systems/maps/Rhine_River_S

ystem_11.php) 2014; 2014. 

[37] International Standards Organization. Environmental management - Life cycle 

assessment - Principles and framework, International Standardisation 

Organisation 2006. 

[38] International Standards Organization. Environmental management - Life cycle 

assessment - Requirements and guidelines, International Standardisation 

Organisation  2006. 

[39] Pitman RM. Wood ash use in forestry – a review of the environmental 

impacts. Forestry 2006;79:563-588. 

[40] Risse ML, Gaskin JW. Best Management Practices for Wood Ash as 

Agricultural Soil Amendment 2013. 

[41] Huijbregts MA, Hellweg S, Frischknecht R, Hendriks HW, Hungerbuhler K, 

Hendriks AJ. Cumulative Energy Demand As Predictor for the Environmental 

Burden of Commodity Production. Environ Sci Technol 2010; 44:2189-2196. 

[42] Patel AD, Meesters K, den Uil H, de Jong E, Blok K, Patel MK. Sustainability 

assessment of novel chemical processes at early stage: application to bio-

based processes. Energy Environ  Sci 2012;5:8430-8444. 

  



Comparative eco. & env…pyrolysis processes 

 

272 

 



 

 

273 

7. Summary and Conclusions 

7.1. Enabling sustainable fuels and chemicals 

Our human society depends on synergy with other species inhabiting our 

planet and the natural environment on this planet. This synergy has provided us 

the means and resources to flourish and grow to about 7 billion members today. 

We have depended on the natural environment and other species to meet the 

existential needs of our society. Continuing to meet these needs in future is, 

however, a critical challenge due to our continued growth and improving living 

standards for an ever greater proportion of our society. Studies have shown that 

our current and expected resource needs are exceeding the limits of what our 

natural environment can provide, hence causing a negative impact on other 

species. This imbalance and loss of synergy has serious implications for our ability 

to sustain our current and future generations. Apart from mere sustenance it will 

also hamper our societal progress which is characterized by aspects such as 

equality and higher living standards. These issues define the key challenge of 

sustainability that we face in this century. Sustainability is a systemic challenge 

characterized by the three dimensions of economy, society and the environment. 

To meet the needs of our society while ensuring economic, environmental and 

societal sustainability is the broader problem addressed by this thesis.  

Energy plays an important role in our society. In 2012 alone we used about 

12500 Mtoe (million tonnes of oil equivalent) of primary energy which is 

converted to other forms of secondary energy sources like gasoline and electricity 

or converted to materials like polyethylene and ammonia. Using on average about 

1.7 tonnes of oil equivalent per person per year, we depend on these energy and 

materials to meet a variety of different human needs. Mobility of people and 

goods across the world is an important societal need which powers our global 

economy. This need is largely met by liquid transportation fuels that power 

everything from scooters to airplanes. Our primary energy demand for liquid 

transportation fuels was about 2422 Mtoe in 2012 and is expected to grow to 

about 3112 Mtoe by the year 2035.  Similarly the use of commodity chemicals 

also plays an important role in improving living standards in our society. These 

chemicals are converted into a range of products from plastics to surfactants that 

make our daily lives easier. This role is reflected in the fact that the production of 

chemicals accounted for about 88 Mtoe of primary energy demand in 2012 and 

that this demand is project to increase to 125 Mtoe by 2035. In 2010, the 
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worldwide sales of these chemicals were valued at about 2.35 trillion euros. Given 

the important role played by transport fuels and chemicals in our society, it is 

important to ensure the sustainability of their production and use. Today almost 

all of the liquid transport fuels and about 70% of the chemicals are produced from 

fossil oil resources. This use of fossil resources accounted for about 20% of the 

12500 Mtoe primary energy demand in the world in 2012. This dependence of 

fossil oil resources leads to some serious sustainability issues.  

Formed over a millenia from decaying biomass deep below the earth’s 

surface, fossil oil resources are essentially non-renewable. The IEA estimates that 

proven reserves of fossil oil will last for only about 54 years. Although the 

remaining recoverable oil reserves are estimated to last for about 178 years, they 

entail a higher cost of extraction. Thus it is important that we find renewable 

alternatives for fossil oil resources that will meet the transport fuel and chemical 

needs for our current and future generations. Being a carbon based resource; 

fossil oil stores a huge amount of carbon within the earth’s crust. Our continued 

use of these resources is contributing to a significant increase in the 

concentration of greenhouse gases such as carbon dioxide in the atmosphere. The 

current atmospheric levels of carbon dioxide are the highest in about 650,000 

years of our planetary history. The highest observed concentration in this long 

historical period is estimated at about 300 ppm while we have already reached a 

concentration of 398 ppm in February 2014. This unprecedented increase is 

changing the earth’s climate thus disturbing the synergy that we share with other 

species and the natural environment. The IPCC estimates that this climate change 

will have a variety of domino effects such as sea level rise due to melting ice caps, 

ocean acidification, erratic weather patterns, etc. that will have serious negative 

consequences for our human society. Apart from these long term issues more 

immediate issues such as pollution (air, water and land pollution due to extraction 

and use), ecosystem destruction (e.g. due to oil spills, tar sand use) and geo-

political risks (due to the unequal global availability) also surround the use of 

fossil oil resources. In the wake of these sustainability issues, it is important that 

we act fast to find sustainable alternatives.  

Renewable biomass resources such as those from forestry, agriculture, etc. 

can be used to replace fossil oil resources. Use of renewable biomass resources 

can provide a continuously available feedstock which just recycles carbon dioxide 

from the atmosphere and thereby does not change the atmospheric 

concentration of carbon dioxide. These potential sustainability benefits have led 

to an increasing interest in the recent decades, for production of fuels and 

chemicals from biomass resources. Different governments and other actors across 
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the globe have made efforts to promote the production of biobased fuels and 

chemicals. These promotion efforts have led to an increase in biofuel (bioethanol 

and biodiesel) production from 11.8 Mtoe in 2002 to 60.2 Mtoe in 2012. Despite 

this impressive increase, the use of biobased resources covers only 2.3% of the 

2510 Mtoe of primary energy demand (in 2012) for transport fuels and chemicals. 

Thus, significant further developments are needed to gradually move from the 

fossil based system, which was perfected over the last century, to a biobased 

system.  

A biorefinery which converts biomass components to fuel and chemical 

products can be considered as the heart of a biobased system and value chain. As 

illustrated in figure 1.5 in chapter 1, a variety of different types of biomass 

resources can be converted into a variety of different fuel and chemical products, 

using a variety of different technology options. This variety results in a huge 

number of feedstock-technology-product combinations that have been 

envisioned for implementation in a biorefinery. To incorporate sustainability it is 

important to analyze and connect a possible feedstock-technology-product 

combination with the wider system and understand its role and effect on the 

wider system. The availability of a wide range of process options has pros as well 

as cons. It provides a lot of opportunities to utilize biomass.  But on the other 

hand with the limited human and capital resources, it is increasingly difficult to 

objectively analyze each of the process routes from a system perspective and 

identify the ones which can be further developed and eventually used to produce 

sustainable fuels and chemicals. 

As evident from the example of using so-called first generation biofuels made 

from edible biomass like corn, sugarcane and soybeans to produce bioethanol and 

biodiesel, biobased value chains are not always sustainable. Benefits such as 

renewability and greenhouse gas emissions reduction are coupled with a variety 

of drawbacks that need to be resolved or for which the impacts need to be 

minimized. Sustainability issues such as water use, land use, competition with 

food supplies, deforestation, energy access, etc. need to be resolved. The nascent 

stage of the biobased system and value chain provides a unique opportunity to 

incorporate economic, environmental and social sustainability in future 

developments within this system. However, implementing this requires system 

level analysis using a variety of assessment tools, to provide feedback during the 

development process for biobased value chains. As the biorefinery is a key 

component of the value chain, it needs to be included in the sustainability 

assessment and feedback. 
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Thus as we seek to go towards sustainable fuels and chemicals, the key 

challenges before us are to rapidly assess a large number of feedstock-

technology-product combinations from a system level sustainability perspective 

and to incorporate sustainability into technological solutions by providing 

effective feedback during the development phase. These challenges underlie the 

research reported in this thesis. 

7.2. Objective and Research questions 

With the overarching goal of enabling development of a sustainable biobased 

production system for fuels and chemicals, the objectives of this research work 

are as follows: 

- To enable early-stage sustainability assessment of a large number of 

feedstock-technology-product combinations from a system 

perspective  

- To use detailed sustainability assessment and provide system level 

feedback during laboratory research for development of technological 

solutions. 

These objectives have guided the research questions that were dealt with in 

this thesis.  

7.3. Research questions 

1) How can we assess the sustainability of novel biobased chemical 

conversion routes which are still at the laboratory stage? 

a. Which categories and sustainability dimensions can be covered while 

balancing data needs for comprehensive sustainability assessment 

with faster analysis and feedback for decision making in laboratory 

research? 

b. Is it possible to use this approach in a reliable manner to objectively 

analyze alternative process routes being developed in a research 

consortium? 

2) How do the findings of the early-stage sustainability assessment (ESA) 

compare with detailed sustainability assessment (DSA) involving process 

simulation (flowsheeting), techno-economic and life cycle assessment?  

3) How can detailed sustainability assessment (DSA) be used to assess a 

variety of conversion reactions, downstream processing and product 

types for a particular process route, with the goal of providing feedback 

for R&D decisions? 
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These research questions have been dealt with in this sustainability 

assessment research project which was performed within the CatchBio (Catalysis 

for Sustainable Chemicals from Biomass, www.catchbio.nl) consortium. A variety 

of catalytic routes are being developed within this consortium to convert biomass 

into fuels and chemicals. This research project entailed close cooperation and 

interaction with the different consortium members engaged in laboratory 

development. The first phase involved developing, testing and applying an ESA 

methodology to analyze a range of different process routes from biomass. The 

second part of this research project involved DSA based on process simulation 

and system analysis of catalytic and thermal pyrolysis (for biofuel production) and 

a process for production of higher alcohols from ethanol (for biobased chemical 

production). Thus, a number of routes leading to fuels and chemicals from 

biomass were analyzed in the course of this study. These routes potentially form a 

15% fraction of total economic output value of fuels (gasoline and diesel) and 

chemicals generated in 2011 for the whole world (3.9 trillion euro).  

 

 

Figure 7.1: Potential economic output value share of the routes analyzed in this study 

In calculation of this contribution, the proportion of chemicals was estimated 

based on the total world production, while the proportion of fuels was based on 

the availability of feedstocks. Considering the connection between jobs and 

economic value (for the chemical sector in EU case: 498000 euro economic output 

per employee), a transformation to long-term sustainable economic value is 

estimated to make about 1.5 million jobs more sustainable.  
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7.4. Key insights 

7.4.1. Chapter specific 

The early stage of chemical process development for converting biomass into 

fuels and chemicals presents some unique opportunities like flexibility to adapt in 

line with sustainability requirements. But this early stage also presents challenges 

such as limited data availability to carry out sustainability assessment. Taking 

steps towards dealing with this conundrum, the early stage assessment method 

presented in chapter 2 is used to analyze chemical processes at the laboratory 

stage of development. The method uses five pillars or indicators to combine key 

elements from different aspects of sustainability analysis. These aspects include 

techno-economic analysis, life cycle analysis, green chemistry and hazard 

assessment. The use of key indicators to combine these aspects makes it possible 

to work with the limited data that is available at an early stage, thereby avoiding 

the requirement of a process design and the related process data. The benefit of 

using the presented approach is best represented by the following figure 7.2. 

Instead of the conventional approach to sustainability assessment involving 

different techniques listed in chapter 1, table 1.2, at different stages, the use of 

the proposed approach enables early analysis with the use of key indicators which 

are aggregated by means of a multi-criteria analysis.  

 

 

Figure 7.2: Comparison of early stage assessment approach (5-pillar approach) with sequential 

process analysis 

An important aspect of the proposed approach to assess the sustainability of 

a novel process is the comparison of a novel process with a conventional process. 

This comparison ensures consideration of sustainability while providing 

information for laboratory decision making. By application of this method to the 

case study of butadiene the sustainability performance of the novel process for 

production from bioethanol was evaluated in comparison with the currently used 

production route from naphtha. When using such an assessment it is important to 
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understand the uncertainty in data inputs due to geographical and temporal 

factors. The uncertainty and sensitivity analyses demonstrate the robustness of 

the analysis and play a key role in usage of the analytical method. These help to 

incorporate the effect of contextual variations on the outcome of the analysis. By 

providing early stage analytical solutions, the approach presented in this chapter 

addresses the first subquestion of the first research question of this thesis (i.e., 

research question No. 1a). 

The Catchbio research consortium provided a unique opportunity to 

implement an assessment framework in which ESA was carried out in close 

cooperation with laboratory research. The ESA methodology, iterative approach, 

incorporation of expected technological developments and scenario analysis are 

the four cornerstones of the proposed assessment framework. This research in 

chapter 3 helped to address the first research question of this thesis and in 

particular, its second subquestion, research question No. 1b). The use of ESA 

enabled assessment of eight biobased process routes making use of different 

feedstocks and leading to different products such as levoglucosan, gasoline, etc. 

With the use of benchmarking against conventional process options, this 

framework can provide a fair comparison of various different biobased conversion 

options. Without the use of the early-stage assessment methodology it would not 

have been possible to conduct the objective analysis of such a diverse range of 

processes within a limited timeframe and using limited resources. The uncertainty 

analysis aspect sheds light on the expected variation in the analysis outcomes 

based on variation in key data inputs. The iterative approach to analysis and data 

collection (implying repeated interaction with the lab researchers) ensured 

consideration of various viewpoints and key technological aspects of the 

conversion process. This interaction also provided input for further development 

directions. Besides analyzing the current status, the consideration of expected 

future status for the novel biobased process allowed us to incorporate the effect 

of future technological developments in the analysis. The use of scenario analysis 

enabled us to assess the effect of various future system developments (e.g. high 

crude oil prices) on the assessment outcome. For example, we found that use of 

lignocellulosic ethanol can make ethanol based butadiene quite an attractive 

proposition. The analysis identifies the future circumstances in which novel 

biobased processes become attractive options; these include increased 

importance of climate change impacts and also its combinations with high crude 

oil prices and shift towards lignocellulosic ethanol. With increasing data inventory 

and analytical experience, significant reductions in time needed for analysis can 

be expected in the use of such an assessment framework to provide feedback at 
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the R&D stage. When interpreting the results from this framework it is important 

to understand the applicability of underlying data inputs and analytical choices in 

specific situations. Although the uncertainty and scenario analysis helps to 

incorporate future variations in the analysis, awareness of the specific temporal 

and geographical situation is important for decision making based on such an 

assessment. Coupled with conscientious interpretation, this comparative 

assessment can be used as an input for decision making in sustainability oriented 

R&D.  

One of the findings of the analysis discussed in chapter 3 was that the 

conceptual process for producing higher alcohols from bioethanol via the Guerbet 

reaction could be an attractive option. We used this case study to compare the 

outcomes of the ESA with more data intensive DSA. This analysis was reported in 

chapter 4. 2-ethyl-1-hexanol was used as a representative compound for higher 

alcohols. The parallel application of sustainability assessment along with 

laboratory developments provided important learning opportunities and 

highlighted the use of metrics to identify further development opportunities in 

chemical research. The future development of a bi-functional catalyst system 

could enable the application of a two-reactor configuration for converting ethanol 

to higher alcohols like 2-ethyl-1-hexanol. The DSA of a best case process for 2-

ethyl-1-hexanol indicated that the fossil based route might still be a better choice. 

This outcome of DSA was contrary to the outcome observed when ESA was 

implemented at the onset of the research. The new four reactor process 

configuration used for DSA was found to be the main reason behind the 

difference in outcomes.  The comparison of the assessment approaches with 

same new process information highlighted the applicability of the ESA. The 

outcome of the ESA with new process information was found to be in line with 

the outcome of the DSA, thus providing a validation of the methodology. By 

incorporating a critical process engineering perspective into the ESA, its reliability 

can hence be improved. With incorporation of such a perspective, the ESA can 

certainly serve as a valuable tool for assessment in the wake of limited data and 

resources in the R&D phase. 

The study of pyrolysis processes was enabled by a unique collaboration in 

which laboratory experiments were integrated with DSA. With this integration the 

sustainability assessment connects seamlessly with laboratory experiments and 

enables system level sustainability feedback for experimental iterations. Reported 

in chapter 5 and partly addressing the third research question, the first part of 

this study focused on the technical aspects of a simulated large-scale pyrolysis 

facility based on the experimental studies. The goal of this study was to 
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understand the performance of the complete conversion and separation process 

and provide feedback for further laboratory development. These goals guided the 

specific technical choices that were made such as the choice of components for 

modeling bio-oil or the separation sequence. The laboratory experiments involved 

measuring the performance of three catalytic and one thermal pyrolysis routes in 

converting waste pinewood chips into liquid bio-oil. In line with the goals of this 

study, the bio-oil product was characterized and simulated based on a wide range 

of chemical compounds. These compounds represented the variety of carbon 

chain lengths and bond types that are present in the bio-oil. The use of such a 

wide range of representative compounds helped to clearly distinguish the results 

among the pyrolysis processes studied and thereby make the analytical model 

responsive to changes in the pyrolysis process. The laboratory experiments 

showed that the four different routes resulted in bio-oil with significantly 

different characteristics that would affect the performance of a scaled-up process. 

Effective separation of the aqueous and organic phases of this bio-oil could 

already yield an oil product with significantly better fuel properties especially in 

the case of catalytic pyrolysis. However, the higher quality product comes at the 

cost of significant drop in oil yields. In this study the entire aqueous phase was 

used for hydrogen production, which resulted in excess hydrogen production 

from the simulated process. This aqueous stream however, contains an 

interesting mix of chemicals and hence more work is needed to explore 

valorization to other chemicals and fuel products. Also more research efforts are 

needed to appropriately characterize and explore the valorization potential of the 

high boiling fraction of bio-oil. The different scenarios that were studied, highlight 

the potential self-sufficiency of a large scale process in terms of hydrogen and 

energy input to yield fuels that can be blended with conventional gasoline. The 

scenarios also highlight the potentially optimum process configuration options 

depending on the performance of the pyrolysis step (e.g. in a scenario with future 

developments in catalysts, just separation of bio-oil could lead to a usable fuel 

product, without the need for hydrotreating). A comparison with the technical 

requirements for conventional gasoline shows that with removal of key problem 

components, varying amounts of the pyrolysis fuel could be blended to stay 

within fuel oxygen specifications. In the simulated production process, the 

problem components are dealt with using hydrotreating, which increases the 

processing complexity and thereby further reduces oil yields. Further 

developments are needed to develop catalysts which increase the yield of bio-oil 

while preventing formation of problem components in the pyrolysis step. Also 

development of more specific hydrotreatment catalysts could help to increase 
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final oil yields and reduce hydrotreating requirements. The responsiveness of the 

model to changes in results from pyrolysis experiments has helped to provide 

specific feedback for catalyst development, e.g. by identifying the opportunities 

related to improved catalysts containing sodium and cesium for reduction of 

carbonyls. The success of such integrated research efforts can hence help to 

develop a technically feasible pyrolysis process for conversion of ligno-cellulosic 

biomass into fuels and chemicals.  

Reported in chapter 6 and addressing the third research question of this 

thesis, the second part of the pyrolysis study has focused on the economic and 

environmental aspects in the DSA and feedback model for pyrolysis. The analysis 

shows that the pyrolysis based fuels would be potentially more expensive, but can 

also provide environmental benefits like reduction in greenhouse gases. When it 

comes to reduction of greenhouse gas emissions, the pyrolysis routes could entail 

a lower abatement cost as compared to first generation biofuel options like 

ethanol from starch. The logistics of biomass transport and location of the 

conversion facility can also have a significant influence on the economics and 

environmental impacts. The location also plays a crucial role in the feasibility and 

value of producing co-products that would be produced in an integrated 

processing plant. The results from various scenarios show that at the current 

stage of development, thermal pyrolysis is more attractive than catalytic pyrolysis. 

But it is important to bear in mind that catalyst development for pyrolysis is still in 

nascent stages. Future development of novel catalysts coupled with exploration 

of valorization options for both the aqueous stream and the heavy oil stream 

could make catalytic pyrolysis an attractive proposition. The study also 

highlighted the sensitivity of the outcome to uncertainties in data inputs. To 

reduce technical uncertainties, more pilot experiments are needed which cover 

the whole pyrolysis process chain from biomass to blended fuels. Life cycle energy 

use and land use will be important factors affecting the adoption of pyrolysis. 

Efforts to provide sustainable biomass and further process intensification will play 

a major role if pyrolysis technology is to be used for producing sustainable fuels 

and chemicals.  

7.4.2. General insights 

The idea behind this thesis is to proactively analyze solutions for sustainability 

so as to avoid selecting suboptimal options in our quest to change our existing 

system for a sustainable future. Two main aspects that will play a role in the 

transition towards sustainable fuels and chemicals are the focus of this work. First 

is sustainability assessment of a large number of biobased production processes 
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at an early stage in the development cycle and second is the integration of 

detailed sustainability assessment in the development phase to enable design of 

sustainable production processes. By developing a new ESA method, the research 

presented in this thesis  represents steps towards solving the problems of 

assessing the potential of a large number of biobased process options with the 

aim to replace fossil based fuels and chemicals. The work also demonstrates the 

integration of ESA and DSA involving process simulation, economic and 

environmental assessment with laboratory process development.  

Studies so far have focused on using DSA to analyze novel processes being 

developed. Due to the longer time and higher resources required, apart from 

limiting the number of processes that can be analyzed, these studies also tend to 

become more complex one-off assessments that provide a static feedback. This 

aspect leads to a disengagement and compartmentalized operation of the people 

developing technological solutions and people dealing with sustainability 

assessment. The absence of more immediate engagement and a faster iterative 

approach (analysis-feedback-development) can lead to lost opportunities in terms 

of adapting technological solutions for sustainability. During the course of this 

research it was found that the use of ESA enabled an iterative approach that led 

to an increase in engagement and cooperation. The outcome of the analysis 

facilitated communication of the system level sustainability effect of potential 

changes in technological solutions. Thus such an approach can enable 

cooperation, simplify iterative adaptation of technological solutions and 

contribute towards faster development of more sustainable solutions.  

In implementation of DSA, it certainly proved to be useful to have people 

working on laboratory development and sustainability assessment together as a 

team. The co-working approach made it possible and significantly easier to 

integrate laboratory developments and DSA. The approach also enabled a deeper 

technological understanding that led to articulation and exploration of different 

scenarios and their system level effects from a sustainability perspective.  

The methods and approaches that were developed, discussed and used in the 

course of this research work are expected to play an important role in the 

transformation towards sustainable fuels and chemicals. However, to continue 

along this path, more work is needed from a variety of different actors in our 

society. 

7.5. Recommendations 

Based on the insights that were gained during this research, this section 

provides recommendations for some key actors, namely researchers, industry and 
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policy makers. These actors along with the others listed in value chain matrix in 

chapter 1, will play an important role in the transition towards more sustainable 

fuels and chemicals. 

7.6. For future research 

The ESA method that was proposed is tailored to the analysis of chemically 

catalyzed processes. However, given the widespread use of biotechnological 

processes it is important to adapt the method with appropriate indicators. This is 

especially the case for separation intensity indicators. For example, in the ESA the 

percentage of water content from reactor is usually lower than 20-30% while for 

biotechnological processes, it can be more than 80-90%. In the 5-pillar approach 

this would mean adapting the processing costs and environmental impacts 

indicator and the EHS hazard indicator. Developing such new indicators would 

require in-depth study on the characteristics of laboratory stage biotechnological 

processes and their relation to costs and impacts associated with practical 

implementation of these processes on a large scale.  

The ESA method also needs to be improved further by including more 

environmental impacts such as climate change impacts of (indirect) land use 

change. Ideally also aspects like land use and water use can be explicitly included 

(as opposed to the being represented by cumulative energy demand). However, it 

is important to bear in mind that inclusion of more impacts, increases the data 

requirements and thereby the complexity of the assessment.  

Social factors have only been partially covered in this thesis through 

incorporation of hazard aspects in early assessment. As evident from the value 

chain matrix, a variety of other social factors play a role in solution development 

such as employment, participation and equality. It will hence be essential to 

identify the most relevant parameters and to incorporate these. However, with 

increasing indicators the availability of reliable data represents a key concern. 

Hence further work is needed to develop reliable and integrated indicators for 

this dimension and to include these in an overall evaluation framework.  

The hazard aspects considered in the early assessment deal primarily with 

process hazards. It is, however, also important to bring in regulatory perspectives 

on feedstocks and products. These regulatory perspectives include aspects such 

as the effect of product use on human health, transport safety of feedstock and 

products among others. Better analytical and data integration with regulatory 

initiatives like REACH can also be envisioned. The holistic consideration of such 

aspects along with conventional economic and life cycle aspects will play a major 
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role in decision making when comparing process or product alternatives for 

sustainable development.  

Use of more indicators increases the complexity of analysis and also can 

significantly increase data requirements. Although an increasingly complex 

analysis provides a lot more information, it is difficult to implement in practice 

with limited available resources. It also becomes difficult to collect data and 

maintain its quality. This may significantly reduce the number of process options 

that can be analyzed, thus increasing the risk of sidelining potentially interesting 

routes. It is hence important to strike a balance between the need for more 

comprehensive information via different indicators and the need to provide 

objective analysis with relatively low complexity and data requirements.  

Although this thesis focuses on novel biobased processes, the proposed 

methods that support integrated decision making can certainly be adapted and 

applied to improve existing fossil based processes. The tools could be used to 

identify and evaluate improvement opportunities in existing processing plants. 

Examples of such improvements include efficiency improvements or hazard 

reduction. Future development and use of such approaches will play a major role 

in improving the performance of existing processes while we develop viable and 

effective sustainable solutions.  

As illustrated in chapter one, a wide range of possible conversion routes can 

be used to transform biomass into fuels and chemicals. Hence more research 

work is needed to analyze an increasing number of processes to identify and 

develop most interesting options. Wider application of the analytical methods 

and tools used in this study is impeded by the lack of coherent database and 

easily accessible, user friendly software tools. Converting the developed methods 

into web-based tools backed by a coherent high quality database, will be useful in 

identifying potentially interesting alternatives that take us towards sustainable 

fuels and chemicals.  

It is important that future work is done to conduct assessments of 

technologies in different situations all over the world and especially in emerging 

economies. Technologies which do not seem attractive in the context of a certain 

location, could very well be optimal in a completely different place on the other 

side of the world. In some cases more sustainable technological solutions might 

not have direct conventional competitors and hence they could be directly 

implemented. The key to identifying and developing sustainable solutions is to 

assess many different routes in many different situations. Undertaking such an 

exercise would require bringing together various stakeholders and field experts, 

standardization of methodology and data collection. A global effort will enable 
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documentation of learning while enabling identification and promotion of 

interesting solutions.  

A variety of stakeholders are involved in the whole value chain of converting 

biomass to fuels and chemicals. A transition from the existing fossil based system 

to a new biobased system, will require active engagement and contribution from 

all these stakeholders working in unison. While both the ESA method and the DSA 

have facilitated cooperation between researchers engaged in laboratory 

development of chemical processes and sustainability assessment further analysis 

should focus on connecting information and views across the value chain to 

efficiently bring a system perspective in development of specific solutions. It 

should also focus on addressing the demand side to induce general reduction in 

material consumption. To enable this there is a need for methodological research 

on indicators from different points in the value chain so as to integrate 

information for effective decision making purposes.  

7.7. For industrial stakeholders 

Our society is undergoing rapid changes as we realize the downsides of our 

past activities and move towards sustainability. Innovation and cooperation will 

play a major role in staying ahead of this transformation and ensuring 

competitiveness. In-line with societal directions, it is also important that clear 

sustainability goals are set for an industrial organization. Establishing such goals at 

the highest level of an organization can help to motivate people and tie in such 

goals with all future activities.  

7.7.1. Research and Development 

R&D is one such activity that can help the organization innovate in-line with 

the established goals. To develop novel solutions that are geared towards 

sustainability, it is important to focus on developing inherently sustainable 

chemical processes. To enable faster innovation, it is important to effectively use 

the available R&D resources.  To this end, the methods and tools used in this 

thesis can be utilized to analyze innovative solutions from a system perspective at 

an early stage in development. This can enable faster iteration to arrive at 

technological solutions for fuels and chemicals that are in-line with established 

sustainability goals of the organization. It is necessary to include such early 

analysis in early process development to stay ahead of the competition and 

reduce potential risks.  
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7.7.2. Value chain cooperation 

As we move towards a new biobased economy, it will be important to 

cooperate with all the other actors across the value chain because new 

sustainable solutions can practically never be implemented in isolation. Only 

through effective cooperation will it be possible to collect the required 

information about how the technological solution for a particular process route 

performs in a wider system.  

7.7.3. Integrated decision making 

To usher in sustainable solutions, it is important that decisions at various 

levels take into account information from different sustainability perspectives in 

an objective manner. The methodologies and approaches used in this research 

work can be used to take data based decisions by integrating indicators in a 

structured manner at different points in the development process. The early stage 

assessment can speed up the sustainability assessment process and the indicators 

can be used to clearly understand the pros and cons of a certain process route. 

The outcome can be easily compared with sustainability goals of the organization. 

This can help in optimal resource allocation and development of process routes 

that are in-line with organizational sustainability goals.  

7.8. For policy makers 

7.8.1. Innovation support 

Targeted innovation is the key to develop solutions for sustainability. To 

identify solutions for sustainable fuels and chemicals, it is important to create 

support structures that promote technology innovation, faster system level 

assessment and feedback for future innovation. These structures should foster 

cooperation between technology development and sustainability assessment 

activities. The approach reported in this thesis could serve as a template for 

enabling such coordinated activities.  

7.8.2. Data availability 

The availability of quality data is a key requirement in sustainability 

assessment. Hence, it is essential to develop integrated sustainability data 

repositories along similar lines such as energy data. Government initiative on this 

front can promote collection of data from across different value chains and 

sectors of the economy by addressing confidentiality concerns of various actors 
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such as producers of chemicals or fuels. Smarter availability of this data will 

certainly help to increase assessment speeds and help to promote innovation 

geared towards sustainability. 

7.8.3. Level playing field and regulations 

To promote market uptake of sustainable innovations, creation of a level 

playing field over time with small but definitive steps is necessary. This can be 

done by gradually reducing support for unsustainable activities through the use of 

regulation. But it is important that these regulations are holistic in nature and try 

to put increasingly lower limits on all the unsustainable aspects of current and 

future fuels and chemicals. The certainty of such limits will act as a driver for 

innovation and valorization activities.  

7.9. Concluding remarks 

This thesis represents a step in this direction of integration and cooperation 

to develop holistic solutions and sustainable solutions. These solutions will ensure 

the continuity of synergy between our society, other species and the natural 

environment of our planet. In addition to development of solutions it is also 

important to recognize the social benefits that the quest for sustainable future 

can bring about. By demanding increasing cooperation this quest holds the 

potential to bind together the members of our human society like never before. 

Re-establishing synergy with the natural environment will ensure a prosperous 

and sustainable future for our society. 
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7. Samenvatting en Conclusies 

7.1. De weg naar duurzame brandstoffen en chemicaliën 

De mensheid is afhankelijk van zowel interactie met andere organismen die 

onze planeet bevolken als van de ecosystemen op deze planeet. Deze synergiën 

hebben ons de middelen en bronnen gegeven om ons te ontwikkelen en te 

groeien tot ongeveer 7 miljard mensen vandaag de dag. We zijn afhankelijk van 

de ecosystemen en andere organismen om aan de existentiële behoeften van de 

mensheid te voldoen. Het is een cruciale uitdaging om in de toekomst aan deze 

behoeften te blijven voldoen. Redenen hiervoor zijn de voortdurende 

bevolkingsgroei en de toename van de levensstandaard van een groeiend deel 

van de wereldbevolking. Studies hebben aangetoond dat onze huidige en 

verwachte toekomstige behoeften de limieten van wat ons ecosysteem kan 

bieden overstijgen, en daardoor een negatief effect op andere organismen 

hebben. Deze onevenwichtigheid en verlies van synergie heeft ernstige gevolgen 

voor ons vermogen om huidige en toekomstige generaties te onderhouden. 

Afgezien van voedsel belemmert deze ontwikkeling ook onze sociale vooruitgang 

die wordt gekenmerkt door het streven naar een hogere levensstandaard. Dit zijn 

de grote uitdagingen waar de mensheid voor staat in de 21ste eeuw. Duurzame 

ontwikkeling is ontwikkeling die aansluit op de behoeften van het heden zonder 

het vermogen van toekomstige generaties om in hun eigen behoeften te voorzien 

in gevaar te brengen. Duurzaamheid omvat meerdere dimensies: die van de 

economie, de maatschappij en het milieu. Het voorzien in de behoefte van de 

mensheid, alsmede het waarborgen van de economische, ecologische en 

maatschappelijke duurzaamheid, is het probleem wat ten grondslag ligt aan dit 

proefschrift. 

Energie is erg belangrijk voor de mensheid. In 2012 alleen gebruikten we 

ongeveer 523,4 EJ (exa joules) (12.500 Mtoe-million tonnes of oil equivalent) 

primaire energie die werd omgezet naar secundaire energiedragers, zoals benzine 

en elektriciteit, of naar materialen zoals polyethyleen en ammoniak. Met een 

gemiddelde energievraag van ~1,7 ton olie-equivalent per persoon per jaar zijn 

we afhankelijk van deze energie om te voorzien in een verscheidenheid aan 

menselijke behoeften. Mobiliteit van mensen en goederen over de wereld is een 

belangrijke maatschappelijke behoefte die een fundament vormt van onze 

wereldeconomie. Deze mobiliteit wordt grotendeels aangedreven door vloeibare 

transportbrandstoffen, voor toepassingen van scooters tot vliegtuigen. Onze 
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primaire energievraag voor vloeibare transportbrandstoffen was ongeveer 101,4 

EJ in 2012 en zal naar verwachting groeien tot ongeveer 130,3 EJ in het jaar 2035. 

Ook het gebruik van basischemicaliën en platformchemicaliën speelt een 

belangrijke rol in het verbeteren van de levensstandaard in onze samenleving. 

Deze chemicaliën worden omgezet in een scala aan producten die variëren van 

kunststof tot oppervlakteactieve stoffen die ons dagelijks leven gemakkelijker te 

maken. De energievraag van de productie van chemicaliën was goed voor 

ongeveer 3,7 EJ primaire energievraag in 2012 en verwacht wordt dat deze vraag 

tot 5,2 EJ zal toenemen in 2035. De wereldwijde verkoop van deze chemicaliën 

werd in 2010 gewaardeerd op ongeveer € 2350 biljoen. Ge ien de belangrijke rol 

van zowel transportbrandstoffen als chemicaliën in onze samenleving is het 

belangrijk om de duurzaamheid van zowel de productie als het gebruik van deze 

te waarborgen. Vandaag de dag worden bijna alle vloeibare 

transportbrandstoffen en ongeveer 70% van de chemicaliën geproduceerd uit 

aardolie. Dit gebruik van aardolie is goed voor ongeveer 20% van de 523,4 EJ 

globale primaire energievraag in 2012. Deze afhankelijkheid van aardolie leidt tot 

een aantal ernstige duurzaamheidsproblemen. 

De aardolievoorraad is een fossiele energiebron, die over een tijdsbestek van 

millennia uit ontbindende biomassa diep onder het aardoppervlak gevormd is. 

Deze voorraad is daarom in wezen niet-hernieuwbaar. Het IEA schat dat de 

bewezen aardoliereserves nog voldoende zullen zijn voor slechts ongeveer 54 

jaar. Hoewel wordt geschat dat de resterende winbare aardoliereserves 

voldoende zullen zijn voor ongeveer 178 jaar, zal het duurder zijn om deze te 

winnen. Daarom is het belangrijk dat we hernieuwbare alternatieven voor 

aardolie vinden, om te voorzien in de vraag naar transport en chemicaliën voor de 

huidige en toekomstige generaties. Aardoliereserves bevatten een enorme 

hoeveelheid koolstof. Ons voortdurende gebruik van aardolie draagt bij aan een 

significante toename van de concentratie van broeikasgassen, zoals 

koolstofdioxide, in de atmosfeer. De huidige koolstofdioxideconcentratie in de 

atmosfeer is op het hoogste niveau van de afgelopen 650.000 jaar. De hoogst 

waargenomen concentratie in deze lange historische periode wordt geschat op 

ongeveer 300 ppm, terwijl we in februari 2014 al een concentratie hebben bereikt 

van 398 ppm. Deze ongekende stijging verandert het klimaat op aarde, waardoor 

ons ecosysteem en de synergiën die we hebben met andere organismen 

verstoord worden. Het IPCC schat dat deze klimaatverandering een 

verscheidenheid van domino-effecten als gevolg zal hebben, zoals stijging van de 

zeespiegel als gevolg van smeltende ijskappen, verzuring van de oceanen, grillige 

weerpatronen, enz., die ernstige negatieve gevolgen zullen hebben voor de 
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mensheid. Daarnaast leidt het gebruik van aardolie ook tot 

kortetermijnproblemen, zoals vervuiling (lucht- en waterverontreiniging als gevolg 

van winning en gebruik), vernietiging van het ecosysteem (bv. Olielekken en 

teerzandwinning) en geo-politieke risico's (als gevolg van de ongelijke 

wereldwijde beschikbaarheid). Met deze problemen in het vooruitzicht is het 

belangrijk dat we snel handelen om duurzame alternatieven te vinden voor 

aardolie.  

Hernieuwbare biomassa uit bijvoorbeeld bosbouw en landbouw kan worden 

gebruikt om fossiele olievoorraden te vervangen. Hernieuwbare biomassa kan 

een duurzame grondstof zijn die simpelweg koolstofdioxide recyclet uit de 

atmosfeer, waardoor deze niet de koolstofdioxideconcentratie in de atmosfeer 

verandert. Dit heeft geleid tot een toenemende belangstelling voor productie van 

brandstoffen en chemicaliën uit biomassa in de afgelopen decennia. Verschillende 

overheden en andere actoren over de hele wereld hebben zich ingespannen om 

de productie van biobrandstoffen en bio-chemicaliën te bevorderen. Deze 

inspanningen hebben geleid tot een toename van biobrandstofproductie (bio-

ethanol en biodiesel) van 0,5 EJ in 2002 tot 2,5 EJ in 2012. Ondanks deze 

indrukwekkende stijging dekt het gebruik van biobased bronnen slechts 2,3% van 

de 105 EJ primaire energievraag (in 2012) voor transportbrandstoffen en 

chemicaliën. Er zijn dus grote ontwikkelingen nodig om het fossiele systeem, dat 

in de afgelopen eeuw werd geperfectioneerd, geleidelijk te vervangen door een 

biobased systeem.  

Een bio-raffinaderij die biomassacomponenten omzet in brandstoffen en 

chemische producten kan als het hart van de biobased-systeem en -waardeketen 

worden beschouwd. Zoals weergegeven in figuur 1.5 kunnen verschillende 

soorten biomassa worden omgezet in verschillende brandstoffen en chemische 

producten met behulp van een scala aan technologieën. Deze variëteit resulteert 

in een groot aantal grondstof-technologie-product combinaties die mogelijkerwijs 

kunnen worden toegepast in een bioraffinaderij. Om duurzaamheid mee te 

wegen is het belangrijk om potentiële grondstof-technologie-product combinaties 

te analyseren in de context van het bredere systeem. Zo kan de rollen van de 

combinaties in het systeem en hun effect op het systeem beter begrepen worden. 

De beschikbaarheid van een breed scala aan proces-opties heeft voor-en nadelen. 

Aan de ene kant biedt het veel mogelijkheden om biomassa te gebruiken. Aan de 

andere kant is het echter steeds moeilijker om met beperkte personele en 

financiële middelen van elk proces objectief de routes te analyseren vanuit een 

systeemperspectief. Dit met als doel om de routes te identificeren die verder 
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kunnen worden ontwikkeld en uiteindelijk kunnen worden gebruikt om duurzame 

brandstoffen en chemicaliën te produceren.  

Biobased waardeketens zijn niet altijd duurzaam, zoals gebleken is bij de 

eerste generatie biobrandstoffen waar voedselgewassen zoals maïs, suikerriet en 

soja worden gebruikt om bio-ethanol en biodiesel te produceren. Voordelen van 

deze waardeketens, zoals hernieuwbaarheid en de reductie in uitstoot van 

broeikasgassen, zijn gekoppeld aan een verscheidenheid van nadelen die moeten 

worden opgelost of waarvoor de impact moet worden geminimaliseerd. Nadelen 

kunnen onder andere bestaan uit het gebruik van water, landgebruik, 

concurrentie met voedselvoorziening, ontbossing, toegang tot energie, enz. De 

prille fase waarin het biobased systeem en de biobased waardeketens zich 

bevinden biedt een unieke gelegenheid om de economische, ecologische en 

sociale duurzaamheid mee te nemen in de toekomstige ontwikkelingen binnen dit 

systeem. Dit vereist echter een analyse op systeemniveau, welke gebruik maakt 

van een scala aan evaluatie-instrumenten om inzichten en richting te geven 

tijdens het ontwikkelproces van biobased waardeketens. Omdat bioraffinage een 

belangrijk onderdeel is van deze waardeketens, moet het onderdeel zijn van deze 

evaluatie.  

In onze zoektocht naar duurzame brandstoffen en chemicaliën zijn de 

belangrijkste uitdagingen dus om 1) een snelle beoordeling te kunnen maken van 

een groot aantal grondstoffen-technologie-product combinaties op 

systeemniveau vanuit een duurzaamheidsperspectief en om 2) 

duurzaamheidsafwegingen van technologische oplossingen op te nemen door 

inzichten te genereren en richting te geven tijdens de ontwikkelingsfase. Deze 

uitdagingen liggen ten grondslag aan het onderzoek beschreven in dit 

proefschrift. 

 

7.2. Doelstelling en Onderzoeksvragen  

Met de overkoepelende doelstelling om ontwikkeling van een duurzaam 

biobased productiesysteem voor brandstoffen en chemicaliën mogelijk te maken, 

zijn de doelstellingen van dit onderzoek als volgt:  

- Om het mogelijk te maken om in een vroeg stadium duurzaamheidsanalyses 

van een groot aantal grondstof-technologie-product combinaties uit te voeren 

vanuit een systeemperspectief. 

- Om gedetailleerde duurzaamheidsanalyses te gebruiken en feedback op 

systeemniveau te bieden tijdens (laboratorium-)onderzoek voor de ontwikkeling 

van technologische oplossingen.  
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Vanuit deze doelstellingen zijn de onderzoeksvragen afgeleid, die worden 

behandeld in dit proefschrift. 

7.3. Onderzoeksvragen 

1) Hoe kunnen we de duurzaamheid beoordelen van nieuwe biobased 

conversieroutes die zich nog het laboratoriumstadium bevinden? 

a) Welke categorieën en dimensies van duurzaamheid kunnen worden 

geanalyseerd, waarbij een evenwicht gezocht wordt tussen databehoefte voor 

een uitvoerige beoordeling van duurzaamheid enerzijds, en een snellere analyse 

en inzichten anderzijds, voor de ontwikkelingsrichtingen tijdens het 

laboratoriumonderzoek? 

b) Is het mogelijk om deze aanpak te gebruiken om op een betrouwbare 

manier alternatieve procesroutes die ontwikkeld worden objectief te analyseren? 

2) Hoe verhouden de resultaten van een vroeg-stadium-

duurzaamheidsanalyse (VSD) zich tot de resultaten van een gedetailleerde 

duurzaamheidsbeoordeling (GDB) waarbij processimulatie, technisch-

economische en levencyclusanalyse wordt toegepast? 

3) Hoe kan de gedetailleerde duurzaamheidsbeoordeling (GDB) gebruikt 

worden om een verscheidenheid aan conversiereacties, downstream-processing 

en producttypes te beoordelen voor een specifieke procesroute, met als doel het 

geven van feedback voor R&D beslissingen? 

 

Deze onderzoeksvragen zijn behandeld in dit promotieonderzoek dat werd 

uitgevoerd binnen het CatchBio (Catalysis for Sustainable Chemicals from 

Biomass, www.catchbio.nl) consortium. Een scala aan katalytische routes zijn 

ontwikkeld binnen dit consortium voor de omzetting van biomassa tot 

brandstoffen en chemicaliën. Dit project kenmerkt zich door nauwe 

samenwerking en interactie tussen de verschillende consortiumleden die zich 

bezighouden met laboratoriumonderzoek. De eerste fase omvatte het 

ontwikkelen, testen en toepassen van een VSD-methodologie om een reeks van 

verschillende biomassa-procesroutes te analyseren. Het tweede deel van het 

onderzoeksproject maakte gebruik van de GBD methodologie op basis van 

processimulatie en systeemanalyse van katalytische en thermische pyrolyse (voor 

de productie van biobrandstoffen) en een proces voor de productie van hogere 

alcoholen uit ethanol (voor biobased chemische productie). In de loop van deze 

studie zijn een aantal productieroutes van brandstoffen en chemicaliën uit 

biomassa geanalyseerd. Deze routes zouden in potentie 15% kunnen uitmaken 
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van de totale werelewijde economische waarde van brandstoffen (benzine en 

diesel) en chemicaliën geproduceerd in 2011 (€3900 biljoen).  

 

  

Figuur 1: Potentiële economische output waarde aandeel van de routes geanalyseerd in deze 

studie  

Bij de berekening van deze bijdrage is het aandeel van chemicaliën geschat op 

basis van de totale wereldproductie, terwijl het aandeel brandstoffen gebaseerd 

is beschikbaarheid van grondstoffen. Gezien het verband tussen werkgelegenheid 

en economische waarde (voor de chemische sector in de EU: 500 k€ economische 

output per employee), wordt geschat dat een transformatie naar lange-termijn 

duurzame economische waarde zal leiden tot het verduurzamen van ongeveer 1,5 

miljoen banen. 

7.4. Belangrijke inzichten 

7.4.1. Hoofdstuk specifieke inzichten 

Het vroege stadium van procesontwikkeling voor productie van brandstoffen 

en chemicaliën uit biomassa biedt een aantal unieke mogelijkheden, zoals de 

flexibiliteit om het proces aan te passen aan duurzaamheidseisen. Tegelijkertijd 

zijn er verschillende uitdagingen, zoals de beperkte beschikbaarheid van data die 

nodig is voor het uitvoeren van een duurzaamheidsbeoordeling. Als eerste stap 

naar de oplossing van dit vraagstuk, is de vroege stadium beoordelingsmethode, 

zoals beschreven in hoofdstuk 2, gebruikt om chemische processen te analyseren 

die zich in de laboratoriumontwikkelingsfase bevinden. De methode maakt 

gebruik van vijf pijlers of indicatoren om de belangrijkste elementen van 

verschillende aspecten van duurzaamheidsanalyse te combineren. Deze aspecten 

omvatten techno-economische analyse, levenscyclusanalyse, groene chemie en 

Geanalyseerde
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risicobeoordeling. Het gebruik van sleutelindicatoren om deze aspecten te 

combineren maakt het mogelijk om te werken met de beperkte gegevens die 

beschikbaar zijn in een vroeg stadium. Op deze manier wordt de eis van een 

procesontwerp en de daarbij behorende procesgegevens vermeden. Het voordeel 

van de voorgestelde benadering wordt het best weergegeven door Figuur 8.2.  

In plaats van de conventionele aanpak van duurzaamheidsevaluatie waarbij 

verschillende technieken worden gebruikt die zijn opgesomd in Tabel 1.2 van 

hoofdstuk 1, maakt de voorgestelde aanpak een vroegtijdige analyse met het 

gebruik van sleutelindicatoren, die worden samengevoegd door middel van een 

multicriteria-analyse, mogelijk.  

 

 

Figuur 8.2: Vergelijking van de vroeg-stadium-duurzaamheidsanalyse (5-pijler benadering) met 

sequentiële procesanalyse. (MGV - milieu, gezondheid en veiligheid) 

De vergelijking van een nieuw proces met een conventioneel proces is een 

belangrijk aspect van de duurzaamheidsbeoordelingaanpak. De aanpak waarborgt 

duurzaamheidsoverwegingen en verschaft informatie voor de besluitvorming 

tijdens laboratoriumonderzoek.  

Door toepassing van deze methode op de casus van butadieenproductie, is de 

duurzaamheidsprestatie van het nieuwe bio-ethanolproductieproces vergeleken 

met de huidige productiemethode uit nafta. Bij het gebruik van een dergelijke 

beoordeling is het belangrijk om de onzekerheid, die worden veroorzaakt door 

geografische en temporele factoren, in de gegevensinput te begrijpen. 

De onzekerheids- en gevoeligheidsanalyses demonstreren de robuustheid van 

de analyse en spelen een belangrijke rol in het gebruik van de analysemethode. 

Deze analyses maken het effect van variaties op de resultaten duidelijk. Door het 

verschaffen van oplossingen die voortkomen uit de vroeg-stadium-

duurzaamheidsanalyse, kan de eerste deelvraag van de eerste onderzoeksvraag 

van dit proefschrift benatwoord worden.  

Het Catchbio onderzoeksconsortium bood een unieke kans om een 

toetsingskader te creëren waarbinnen een VSD is uitgevoerd in nauwe 
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samenwerking met het laboratoriumsonderzoek. De VSD methodologie, iteratieve 

aanpak, integratie van verwachte technologische ontwikkelingen en scenario-

analyse zijn de vier pijlers van het voorgestelde toetsingskader. Dit onderzoek in 

hoofdstuk 3 heeft geholpen om de eerste onderzoeksvraag van dit proefschrift te 

addresseren, in het bijzonder de tweede deelvraag (onderzoeksvraag 1b). Het 

gebruik van de VSD methodologie maakte de beoordeling van acht biobased 

procesroutes mogelijk. De routes maken gebruik van verschillende grondstoffen 

en kunnen tot verscheidene producten leiden, zoals levoglucosaan, benzine, etc. 

Met het gebruik van benchmarking ten opzichte van conventionele processen, 

kan een eerlijke vergelijking bieden van verschillende biobased conversie-opties. 

Zonder het gebruik van de VSD methodologie zou het niet mogelijk zijn geweest 

om een objectieve analyse van een dergelijk breed scala aan processen binnen 

een beperkt tijdsbestek en met beperkte middelen uit te voeren. De 

onzekerheidsanalyse werpt licht op de verwachte variatie in de analyseresultaten 

op basis van variatie in de belangrijkste data-invoer. De iteratieve benadering 

voor analyse en gegevensverzameling garandeert dat verschillende visies en 

belangrijke technologische aspecten in de analyse zijn overwogen. Deze interactie 

levert ook input voor verdere ontwikkelsrichtingen. Naast het analyseren van de 

huidige status, heeft het afwegen van de verwachte toekomstige status voor het 

nieuwe biobased proces ons in staat geteld om het verwachte effect van 

toekomstige technologische ontwikkelingen op te nemen in de analyse. Het 

gebruik van scenario-analyse stelde ons in staat om het effect van verschillende 

toekomstige systeemontwikkelingen (bijvoorbeeld hoge ruwe olie prijzen) op de 

resultaten te kunnen beoordelen. Een voorbeeld hiervan is dat onze bevindingen 

aantonen dat het gebruik van lignocellulose-ethanol voor butadieenproductie een 

aantrekkelijke optie is. De analyse identificeert de toekomstige omstandigheden 

waarin nieuwe biobased processen aantrekkelijke opties worden; dit is inclusief 

het toegenomen belang van de impact van klimaatverandering en de combinaties 

met hoge ruwe olie prijzen en een verschuiving in de richting van lignocellulose-

ethanol. Met de toenemende inventarisatie van gegevens en analytische ervaring 

zal naar verwachting in de toekomst significant minder tijd nodig zijn voor 

analyses met behulp van de beschreven toetsingskader om terugkoppeling te 

geven tijdens de R&D-fase. Tijdens het interpreteren van de resultaten van dit 

toetsingskader is het belangrijk om over de toepasbaarheid van de onderliggende 

datainvoer en analytische keuzes in specifieke situaties te denken. Alhoewel de 

onzekerheids- en scenario-analyse bijdragen aan het opnemen van toekomstige 

variaties in de analyse, is bewustzijn van de specifieke temporele en geografische 

situatie van groot belang voor de besluitvorming op basis van een dergelijke 
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analyse. Deze vergelijkende evaluatie kan in combinatie met een gewetensvolle 

interpretatie gebruikt worden als input voor besluitvorming omtrent duurzaam 

georienteerde R&D. 

Een van de bevindingen van de analyse, zoals besproken in hoofdstuk 3, was 

dat het conceptuele proces voor het produceren van hogere alcoholen uit bio-

ethanol via de Guerbet reactie een aantrekkelijke optie zou kunnen zijn. Wij 

hebben deze casus gebruikt om de uitkomsten van van de VSD te vergelijken met 

een meer data-intensieve GDB. Deze analyse is beschreven in hoofdstuk 4. 2-

ethyl-1-hexanol is gebruikt als een representatieve verbinding voor hogere 

alcoholen. De parallelle toepassing van een duurzaamheidsbeoordeling en 

laboratoriumontwikkelingen heeft belangrijke leermogelijkheden geleverd en het 

gebruik van duurzaamheid metrics benadSrukt om verdere 

ontwikkelingsmogelijkheden in chemisch onderzoek te identificeren. De 

toekomstige ontwikkeling van een bifunctioneel katalysatorsysteem zou de 

toepassing van een twee-reactor configuratie voor het omzetten van ethanol in 

hogere alcoholen, zoals 2-ethyl-1-hexanol, mogelijk kunnen maken. De GDB van 

de beste casus voor 2-ethyl-1-hexanolproductie gaf aan dat de fossiele route nog 

altijd de betere keuze zou kunnen zijn. Deze uitkomst van de GDB was in strijd 

met het resultaat van de VSB die in het begin van het onderzoek is uitgevoerd. De 

belangrijste reden voor de verschillende uitkomsten was de nieuwe vier-reactor 

procesconfiguratie die gebruikt is voor de GDB. De vergelijking van de 

beoordelingsmethodes, beide met dezelfde nieuwe procesinformatie, heeft de 

toepasbaarheid van de VSB benadrukt. De uitkomst van de VSD met nieuwe 

procesinformatie bleek in overeenstemming te zijn met de uitkomst van de GDB, 

en zo een validatie van de methodiek te zijn. Door het opnemen van een kritisch 

procesontwerp perspectief in de VSD, kan de betrouwbaarheid van de VSD 

worden verbeterd. Met het opnemen van een dergelijk perspectief, kan de VSD 

dienen als een waardevol instrument voor de beoordeling, gegeven de beperkte 

gegevens en middelen in de R&D-fase.   

De studie naar pyrolyseprocessen werd mogelijk gemaakt door een unieke 

samenwerking waarin laboratoriumexperimenten werden geïntegreerd met GDB. 

Middels deze integratie sloot de duurzaamheidsbeoordeling naadloos aan bij de 

laboratoriumexperimenten en werd feedback over duurzaamheid op het 

systeemniveau mogelijk gemaakt voor experimentele iteraties. Het eerste deel 

van deze studie richtte zich op de technische aspecten van een gesimuleerde 

grootschalige pyrolyse-faciliteit op basis van de experimentele studies. Dit deel 

van het onderzoek is beschreven in hoofdstuk 5 en richt zich op het 

beantwoorden van de derde onderzoeksvraag. Het doel van deze studie was om 
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de prestatie van de volledige conversie en scheidingsproces te begrijpen en 

feedback te geven voor verdere ontwikkeling in het laboratorium. Teneinde dit 

doel te bereiken zijn specifieke technische keuzes gemaakt, zoals de keuze van 

componenten voor bio-olie of de scheidingsvolgorde. De desbetreffende 

laboratoriumexperimenten hebben de prestatie van de drie katalytische en een 

thermische pyrolyse routes in het omzetten van afval grenenhout in vloeibare bio-

olie gemeten. In lijn met de doelstellingen van deze studie, werd het bio-olie 

product gekarakteriseerd en gesimuleerd op basis van een breed scala van 

chemische verbindingen. Deze verbindingen vertegenwoordigen de verschillende 

koolstofketenlengten en verbindingen in de bio-olie. Het gebruik van een 

dergelijke ruime reeks van verbindingen heeft geholpen om de resultaten van de 

bestudeerde pyrolyseprocessen duidelijk te kunnen onderscheiden. Het 

analysemodel is in staat om veranderingen in de invoergegevens gerelateerd aan 

het pyrolyseproces te verwerken. De laboratoriumexperimenten toonden aan dat 

de vier verschillende routes resulteerden in bio-olie met significant verschillende 

eigenschappen die de prestaties van een opgeschaald proces zouden 

beïnvloeden. Door effectieve scheiding van de waterige en organische fase van de 

bio-olie kan reeds een olie worden verkregen met significant betere 

brandstofeigenschappen, in het bijzonder bij katalytische pyrolyse. De hogere 

productkwaliteit gaat gepaard met een aanzienlijke daling van de olie-opbrengst. 

In deze studie werd de waterige fase volledig gebruikt voor waterstofproductie, 

waardoor er een overmaat aan waterstof ontstond uit het gesimuleerde proces. 

Deze waterige stroom bevat echter een interessante mix van chemicaliën en dus 

is meer werk nodig om de mogelijkheden van verdere opwerking naar 

hoogwaardige chemicaliën en brandstoffen te verkennen. Ook zijn meer 

onderzoeksinspanningen nodig om het valorisatiepotentieel van de hoog kokende 

fractie van de bio-olie adequaat te karakteriseren en verkennen. De verschillende 

scenario's wijzen op de mogelijke zelfvoorzienendheid van een grootschalig 

proces op het gebied van waterstof en energie-input in brandstoffen die kunnen 

worden gemengd met conventionele benzine. De scenario’s benadruken ook de 

potentieel optimale procesconfiguraties die afhankelijk zijn van de prestaties van 

de pyrolysestap. Uit een vergelijking met de technische vereisten voor 

conventionele benzine blijkt dat bij het verwijderen van de belangrijkste 

probleemcomponenten, verschillende hoeveelheden van de pyrolysebrandstof 

kunnen worden gemengd om binnen de brandstof-zuurstofspecificaties te blijven. 

In het gesimuleerde productieproces worden de probleemcomponenten 

behandelt met hydrotreating, die de procesintensiteit verhogen en de 

olieopbrengst vermindert. Een verdere ontwikkeling van katalysatoren is nodig 
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om daarmee de opbrengst van bio-olie te verhogen en daarbij de vorming van 

probleemcomponenten in de pyrolysestap te voorkomen. Ook de ontwikkeling 

van meer specifieke waterstofbehandelingskatalysatoren zou kunnen helpen om 

de uiteindelijke olie-opbrengsten te verhogen en de eisen voor hydrotreating te 

verlagen. De responsiviteit van het model op veranderingen in de resultaten van 

pyrolyse-experimenten heeft geholpen om specifieke feedback te geven voor 

katalysatorontwikkeling, zoals het identificeren van de mogelijkheden met 

betrekking tot verbeterde katalysatoren die natrium en cesium bevatten voor 

vermindering van carbonylen. Het succes van dergelijke geïntegreerde 

onderzoeksinspanningen helpt om een technisch haalbaar pyrolyseproces voor de 

omzetting van lignocellulose-biomassa in brandstoffen en chemicaliën te 

ontwikkelen.  

Het tweede deel van het pyrolyse-onderzoek is beschreven in hoofdstuk 6 en 

richt zich op de derde onderzoeksvraag van dit proefschrift. Dit onderzoek richt 

zich op de economische en milieuaspecten in de GDB en feedbackmodel voor 

pyrolyse. De analyse toont aan dat de op pyrolyse gebaseerde brandstoffen 

potentieel duurder zouden kunnen zijn, maar ook voordelen kunnen bieden voor 

het milieu, zoals vermindering van broeikasgasemissies. Als het gaat om 

vermindering van de uitstoot van broeikasgassen, dan zouden de pyrolyse routes 

lagere kosten met zich mee kunnen brengen in vergelijking met eerste generatie 

biobrandstofopties zoals ethanol uit zetmeel. De logistiek van biomassatransport 

en de locatie van de conversiefaciliteit kan ook een grote invloed hebben op de 

economische- en milieu-impacten. De locatie speelt ook een cruciale rol in de 

haalbaarheid en de waarde van bijproducten die geproduceerd zouden worden in 

een geïntegreerde verwerkingsfabriek. De resultaten van de verschillende 

scenario's laten zien dat in het huidige ontwikkelingsstadium, thermische pyrolyse 

aantrekkelijker is dan katalytische pyrolyse. Echter, men moet zich realiseren dat 

de katalysatorontwikkeling voor pyrolyse nog in de kinderschoenen staat. Door de 

toekomstige ontwikkeling van nieuwe katalysatoren in combinatie met de 

verkenning van valorisatieopties voor zowel de waterige stroom als de zware olie 

stroom kan katalytische pyrolyse een interessante technologie worden. De studie 

benadrukt ook de gevoeligheid van de uitkomst voor de onzekerheden in de 

gebruikte data.  

Om technische onzekerheden te verminderen, zijn meer proefprojecten nodig 

die de hele pyrolyseprocesketen van biomassa tot gemengde brandstoffen 

bestrijken. Landgebruik en energieverbuik over de hele levenscyclus zijn 

belangrijke factoren die de adoptie van pyrolyse zullen beïnvloeden. Inspanningen 

om duurzame biomassa te leveren en voor verdere procesintensificatie spelen 
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een belangrijke rol indien pyrolyse-technologie gebruikt zal worden voor de 

productie van duurzame brandstoffen en chemicaliën.   

7.4.2. Algemene inzichten 

Dit proefschrift is gericht op het proactief bestuderen van 

duurzaamheidsoplossingen om te voorkomen dat suboptimale keuzes worden 

gemaakt in het procesontwerp in onze zoektocht om ons bestaande systeem aan 

te passen aan een duurzame toekomst. De focus ligt op twee belangrijke aspecten 

die een rol zullen spelen in de transitie naar duurzame brandstoffen en 

chemicaliën: ten eerste de duurzaamheidsbeoordeling van een groot aantal 

biobased productieprocessen in een vroeg stadium van de ontwikkelingscyclus, en 

ten tweede de integratie van gedetailleerde duurzaamheidsbeoordelingen in de 

ontwikkelingsfase om het ontwerpen van duurzame productieprocessen mogelijk 

te maken. Door het ontwikkelen van een nieuwe VSD-methode draagt dit 

proefschrift bij aan het oplossen van de problemen rondom het evalueren van 

grote aantallen biobased procesopties die gericht zijn op het vervangen van 

fossiele brandstoffen en chemicaliën. Dit werk toont ook hoe VSD en GDP 

geïntegreerd kunnen worden, waarbij gebruik gemaakt werd van processimulatie, 

en economische en milieu-evaluaties van procesontwikkeling in laboratoria. 

Eerder onderzoek richtte zich op het gebruik van GDB om nieuwe processen 

tijdens het ontwikkelingsprocess te beoordelen. Gezien de grote hoeveel tijd en 

middelen die hiervoor benodigd zijn - los van het beperken van het aantal 

processen die geanalyseerd kunnen worden - zijn deze studies geneigd om 

complexe, enkelvoudige beoordelingen te worden die eenmalige feedback 

opleveren. Dit leidt ertoe dat de mensen die technologische oplossingen 

ontwikkelen en de mensen die duurzaamheidsstudies uitvoeren in afzondering 

van elkaar handelen. De afwezigheid van een rechtstreekse betrokkenheid en een 

snellere iteratieve benadering (analyse – terugkoppeling – ontwikkeling) kan 

leiden tot gemiste kansen wat betreft het verduurzamen van technologische 

oplossingen. Gedurende de loop van dit onderzoek bleek dat het gebruik van VSD 

een iteratieve ontwikkelingsprocedure mogelijk maakte, die zorgde voor sterkere 

betrokkenheid en samenwerking.  De uitkomst van de analyse maakte het 

mogelijk om de effecten die potentiële technische veranderingen zouden hebben 

op de duurzaamheid van het systeem over te brengen.  Een benadering zoals deze 

kan dus samenwerking mogelijk maken, het iteratief aanpassen van 

technologieën versimpelen, en bijdragen aan versnelde ontwikkeling van 

duurzame oplossingen. 
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Tijdens de implementatie van GDB bleek het zeer nuttig om mensen van 

laboratoriumontwikkeling en duurzaamheidbeoordelingen als team te laten 

samenwerken. Dit samenwerkingsverband maakte het mogelijk en aanzienlijk 

gemakkelijker om de laboratoriumontwikkeling en GDB te integreren. De 

benadering zorgde voor dieper technologisch inzicht dat leidde tot het opstellen 

en verkennen van verschillende scenario’s en hun duurzaamheidseffecten op 

systeemniveau. 

Naar verwachting zullen de methodes en procedures die gedurende dit 

onderzoekswerk ontwikkeld, bediscussieerd en toegepast zijn een belangrijke rol 

spelen in de omschakeling naar duurzame brandstoffen en chemicaliën. Het 

voortzetten van deze koers vergt echter nog aanzienlijke inspanningen  van een 

verscheidenheid aan uiteenlopende actoren in onze samenleving. 

7.5. Aanbevelingen 

Op basis van de inzichten die tijdens dit onderzoek verworven zijn, 

presenteert dit hoofdstuk aanbevelingen voor belangrijke actoren, te weten 

onderzoekers, de industrie en beleidsmakers. Deze actoren zullen, samen met 

andere partijen uit de waardeketenmatrix in hoofdstuk 1, een belangrijke rol 

spelen in de transitie naar duurzamere brandstoffen en chemicaliën. 

7.6. Toekomstig onderzoek 

De voorgestelde VSD-methode is toegespitst op chemische 

katalyseprocessen. Gezien de brede toepassing van biotechnologische processen 

is het echter van belang om de methode hierop aan te passen met geschikte 

indicatoren. Dit is voornamelijk het geval voor scheidingsprocesindicatoren. Zo is 

bijvoorbeeld de VSD het watergehalte bij het verlaten van de reactor meestal 

lager dan 20-30%, terwijl dit bij biotechnologische processen kan oplopen tot 

boven de 80-90%. In de 5-pilarenbenadering zou dit betekenen dat de 

verwerkingskosten, de milieu-indicator en de EHS (Milieu, gezondheid en 

veiligheid) gevarenindicator aangepast dienen te worden. Het ontwikkelen van 

zulke indicatoren zou diepgaand onderzoek vergen naar de kenmerken van 

biotechnologische processen in de laboratoriumfase en hoe deze kenmerken zich 

verhouden tot de kosten en impacts (bijv. energiegebruik) van de praktische en 

grootschalige toepassing van deze processen. 

De VSD-methode dient ook verder verbeterd te worden door meer milieu-

effecten toe te voegen, zoals klimaatverandering door (indirecte) 

landgebruiksverandering. Idealiter zouden ook aspecten zoals landgebruik en 

waterverbruik expliciet meegenomen worden (in plaats van door cumulatief 
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energiegebruik vertegenwoordigd te worden). Hierbij moet echter beseft worden 

dat het toevoegen van andere milieugevolgen ook leidt tot hogere 

databenodigdheden en grotere complexiteit in de analyse. 

Sociale factoren zijn in dit proefschrift slechts voor een deel bekeken door het 

meenemen van gevarenaspecten in vroege evaluaties. Zoals bleek uit de 

waardeketenmatrix spelen een verscheidenheid aan andere sociale factoren een 

rol in de ontwikkeling van oplossingen, zoals werkgelegenheid, participatie en 

sociale gelijkheid. Het zal daarom essentieel zijn om de belangrijkste parameters 

te identificeren en deze in de analyse op te nemen. Bij toenemende aantallen 

indicatoren zal databeschikbaarheid echter een belangrijk probleem vormen. Er is 

daarom verder onderzoek nodig om betrouwbare en omvattende indicatoren 

voor deze sociale dimensie te ontwikkelen en deze in een algeheel 

beoordelingskader te integreren. 

De risicoaspecten die in de vroege evaluaties meegenomen werden betreffen 

voornamelijk procesrisico’s. Het is echter ook belangrijk om vanuit regelgeving 

grondstoffen en producten te beschouwen. Vanuit het perspectief van 

regelgeving kunnen aspecten zoals hoe productgebruik de menselijke gezondheid 

en het milieu beïnvloedt, en de transportveiligheid van grondstoffen en 

producten. Het is ook mogelijk te denken aan verdere integratie wat betreft 

analyses en data met beleidsinitiatieven zoals REACH. De holistische beschouwing 

van deze aspecten, gecombineerd met conventionele economische en 

levenscyclusaspecten, zullen een belangrijke rol spelen in de besluitvorming 

wanneer verschillende proces- of productalternatieven voor duurzame 

ontwikkeling vergeleken worden. 

Het gebruik van meer indicatoren vergroot de complexiteit van analyses en 

kan leiden tot significant hogere databenodigdheden. Hoewel een complexere 

analyse meer informatie kan leveren, is deze moeilijk te implementeren wanneer 

beperkte middelen beschikbaar zijn. Het wordt ook moeizamer om data te 

verzamelen en de kwaliteit ervan te garanderen. Dit kan ervoor zorgen dat 

aanzienlijk minder procesopties geanalyseerd kunnen worden, waardoor het 

risico toeneemt dat mogelijk interessante routes opzijgeschoven worden. Het is 

dus van belang om een balans te vinden tussen de behoefte aan meeromvattende 

informatie via verschillende indicatoren en de behoefte aan objectieve analyses 

met relatief lage complexiteit en databenodigdheden.  

Hoewel dit proefschrift zich richt op nieuwe biobased processen, kunnen de 

hier voorgestelde methodes om geïntegreerde besluitvorming te ondersteunen 

ook aangepast worden en toegepast worden om bestaande, fossiele processen te 

verbeteren. De instrumenten zouden gebruikt kunnen worden voor het 
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identificeren en evalueren van verbeteringskansen in bestaande 

verwerkingsfabrieken. Hierbij kan gedacht worden aan efficiëntieverbeteringen of 

risicovermindering. De verdere ontwikkeling en toepassing van deze methodes zal 

een belangrijke rol spelen in het verbeteren van bestaande processen terwijl we 

levensvatbare en effectieve duurzame oplossingen ontwikkelen. 

Zoals geïllustreerd in hoofdstuk 1, kan een breed scala aan mogelijke 

conversieroutes gebruikt worden om biomassa om te zetten in brandstoffen en 

chemicaliën. Meer onderzoek is nodig om een groot aantal processen te 

analyseren om de meest interessante opties te identificeren en te ontwikkelen. 

De bredere toepassing van de analytische methoden en instrumenten die in dit 

proefschrift beschreven zijn wordt gehinderd door het ontbreken van een 

coherente databank en makkelijk toegankelijke, gebruiksvriendelijke software. 

Het omzetten van de ontwikkelde methodes in web-based tools die ondersteund 

worden door een coherente database van hoge kwaliteit zal een belangrijke rol 

spelen in het identificeren van mogelijk interessante alternatieven die ons naar 

duurzame brandstoffen en chemicaliën zullen brengen. 

Het is belangrijk dat meer onderzoek wordt gedaan naar de evaluatie van 

technologieën in verschillende situaties wereldwijd, en met name in opkomende 

economieën. Oplossingen die niet aantrekkelijk lijken in de context van een 

bepaalde locatie, zouden op een heel andere locatie aan de andere kant van de 

wereld heel goed optimaal kunnen zijn. In sommige gevallen hebben duurzame 

oplossingen niet direct conventionele concurrenten en kunnen ze dus direct 

geïmplementeerd worden. De sleutel tot het identificeren en ontwikkelen van 

duurzame oplossingen is om veel verschillende routes te beoordelen in veel 

verschillende situaties. Een dergelijke inspanning zou het samenbrengen van 

verschillende belanghebbenden en experts vergen, naast standaardisering van de 

methodologie en datacollectie. Een wereldwijde inspanning zou documentatie 

van wat geleerd is mogelijk maken, terwijl interessante oplossingen kunnen 

worden geidentificeerd en bevorderd. 

Een verscheidenheid aan belanghebbenden zijn betrokken bij de gehele 

waardeketen van de omzetting van biomassa naar brandstoffen en chemicaliën. 

Een overgang van het bestaande fossiele systeem naar een nieuw biobased 

systeem zal actieve betrokkenheid, bijdrage en samenwerking van alle actoren 

vergen. Terwijl de VSD en GDB methodes de samenwerking tussen onderzoekers 

die zich bezighouden met laboratorium onderzoek van chemische processen en 

duurzaamheidsbeoordelingen heeft vergemakkelijkt, zou verdere analyse zich 

moeten richten op het verbinden van de informatie en zienswijzen over de 

waardeketen. Op deze manier kunnen nieuwe oplossingen op efficiënte wijze 
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vanuit een systeemperspectief worden ontwikkeld.. De analyse zou zich ook 

moeten richten op  de vraagvanuit de samenleving om een algemene reductie in 

materiaalgebruik te realiseren. Om dit mogelijk te maken is er behoefte aan 

methodologisch onderzoek naar indicatoren voor duurzaamheid voor elk van de 

achtereenvolgende fases in de waardeketen. 

7.7. Voor belanghebbenden in de industrie 

Naarmate we ons bewust worden van de schaduwzijden van onze vroegere 

activiteiten ondergaat onze maatschappij snelle veranderingen in de richting van 

duurzaamheid. Innovatie en samenwerking zullen een grote rol gaan spelen om 

een voorsprong te verkrijgen in deze transformatie, en zo concurrentiekracht 

zeker te stellen. In lijn met de maatschappelijke richtingen is het ook belangrijk 

dat voor industriële organisaties heldere duurzaamheidsdoelen worden gesteld. 

Het vaststellen van dergelijke doelen op het hoogste niveau van een organisatie 

kan helpen om mensen te motiveren en zich in te zetten voor zulke doelen bij 

toekomstige activiteiten. 

7.7.1. Research and development 

R&D is een activiteit die de organisatie kan helpen om te innoveren in lijn met 

de vastgestelde doelen. Om nieuwe oplossingen te ontwikkelen die zijn gericht op 

duurzaamheid is het belangrijk om te richten op de ontwikkeling van inherente 

duurzame chemische processen. Om snellere innovatie mogelijk te maken is het 

belangrijk om effectief gebruik te maken van de beschikbare middelen voor R&D. 

Hiervoor kunnen de methoden en instrumenten uit dit proefschrift gebruikt 

worden, zodat innovatieve oplossingen kunnen worden geanalyseerd vanuit een 

systeemperspectief in een vroege stadium van ontwikkeling. Dit kan een snellere 

ontwikkeling naar technologische oplossingen mogelijk maken voor brandstoffen 

en chemicaliën in lijn met vastgestelde duurzaamheidsdoelstellingen. Het is 

noodzakelijk om een dergelijke vroege analyse uit te voeren bij proces 

ontwikkeling om voor te blijven op de concurrentie en om potentiële risico’s te 

verminderen.  

7.7.2. Samenwerking in de waardeketen 

Bij de ontwikkeling richting een nieuw biobased economie zal het belangrijk 

zijn om samen te werken met alle andere actoren binnen een waardeketen, 

omdat nieuwe duurzame oplossingen praktisch nooit afzonderlijk kunnen worden 

geïmplementeerd. Alleen door effectieve samenwerking zal het mogelijk zijn om 
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de benodigde informatie te verzamelen over hoe de technische oplossing voor 

een specifieke procesroute presteert in een breder systeem. 

7.7.3. Geintegreerde besluitsvorming 

Om duurzame oplossingen te bevorderen is het belangrijk dat beslissingen op 

verschillende niveaus op een objectieve manier worden genomen, waarbij 

rekening wordt gehouden met informatie vanuit verschillende 

duurzaamheidsperspectieven. De methoden en benaderingen die gebruikt zijn in 

dit onderzoek kunnen worden gebruikt om beslissingen te nemen door 

indicatoren gestructureerd te integreren in verschillende stadia van het 

ontwikkelingsproces. De beoordelingen in een vroeg stadium kunnen het 

duurzaamheidsbeoordelingsproces versnellen en indicatoren kunnen worden 

gebruikt om duidelijk te begrijpen wat de voor- en nadelen zijn van een bepaalde 

procesroute. De resultaten kunnen gemakkelijk worden vergeleken met de 

duurzaamheidsdoelen van de organisatie. Dit kan helpen bij zowel de optimale 

allocatie van geld en medewerkers, als bij de ontwikkeling van procesroutes die in 

lijn zijn met de duurzaamheidsdoelen van de organisatie. 

7.8. Voor beleidsmakers 

7.8.1. Ondersteunen van innovatie 

Innovatie is de sleutel tot het ontwikkelen van duurzaamheidsoplossingen. 

Om oplossingen voor duurzame brandstoffen en chemicaliën te identificeren is 

het belangrijk om ondersteunende structuren te creëren voor het bevorderen van 

technologische innovatie; snellere beoordeling op systeem niveau; en inzicht en 

richting te geven aan toekomstige innovatie. Deze structuren moeten de 

samenwerking tussen technologie ontwikkeling en 

duurzaamheidsbeoordelingsactiviteiten bevorderen. De aanpak die in deze thesis 

beschreven is kan dienen als een sjabloon om deze gecoördineerde activiteiten 

mogelijk te maken. 

7.8.2. Beschikbaarheid van data 

De beschikbaarheid van kwalitatieve data is een belangrijke vereiste bij een 

duurzaamheidsbeoordeling. Het is daarom essentieel om geïntegreerde 

duurzaamheids-databanken te ontwikkelen. Overheidsinitiatieven op dit gebied 

kunnen dataverzameling bevorderen voor verschillende waardeketens en 

sectoren van de economie door rekening te houden met vertrouwelijkheidseisen 

van verschillende belanghebbenden. Slimmere beschikbaarheid van deze 



 

 

306 

informatie zal zeker helpen om de beoordelingssnelheid te verhogen en om 

innovatie in de richting van duurzaamheid te bevorderen. 

7.8.3. Eerlijke concurrentie en regelgeving 

Om de implementatie van duurzame innovaties te verbeteren is het belangrijk 

om stapsgewijs een neutraal speelveld te creeren qua concurrentie en 

regelgeving. Dit kan worden gedaan door ondersteuning voor activiteiten die niet 

duurzaam zijn geleidelijk te verminderen door middel van regelgeving. Het is 

echter belangrijk dat deze regelgeving holistisch van aard is, systeemeffecten 

intergreerd en dat deze probeert om in toenemende mate minimumeisen te 

stellen voor alle aspecten van de huidige en toekomstige brandstoffen en 

chemicaliën die niet duurzaam zijn. De aanwezigheid van deze limieten zullen 

toekomstige innovatie- en valorisatie-activiteiten stimuleren.  

7.9. Concluding remarks 

Deze scriptie is een stap in de richting van integratie en samenwerking om 

holistische en duurzame oplossingen te ontwikkelen. Deze oplossingen zullen de 

continuïteit van de synergie tussen de mensheid, andere organismen en 

ecosystemen van onze aarde waarborgen. Naast de ontwikkeling van oplossingen 

is het belangrijk om de sociale voordelen onder ogen te zien die de zoektocht 

naar een duurzame toekomst teweeg kan brengen. Door toenemende 

samenwerking te eisen heeft deze zoektocht het potentieel om mensen als nooit 

tevoren te verbinden. Het herstellen van de synergie met ecosystemen zal een 

welvarende en duurzame toekomst voor onze samenleving verzekeren. 
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 g=Z=™=0–=<z=™=– g=b==]T=`{= ™=/– L==w= z==V=c=/V= ™=–=b=c= `”=™=–` é ž=`f= V==/H==/™=–=8 T=z=]c==j= 

z=w== d==<T=Mb=™=–=V==8j= ‹=_`z==. ™=–=/ g=2`= ™=–`j==ô b=J �L= S=z==fv=8 c=. c==j=T= L=c==‹= ™=/– L==c=j=/ 
”=�=8 c=JzT=g=2{=] ž==+` ™=–=<�j= B=4j==+z==8   J+ #  S==ST=z=z== ™=–=8 �L= B=4j==+z==8 ™=/– =<T=S=/M= ž==b==c= 
J+ ž=w=]Tb=T=Lw==ô L=c==‹= ž==+` g=b==]T=`{= #  �L= B=4j==+z==8 ™=–= L==c=j== ™=–`j=/ J/z=2 �L= S==/}= 
g=Zf=j}= c=.ô g==<`T=Jj= ™=/– =<V=š mT= �>}=j= z=w== T=Lz=4 œzg==v™=– `L==b=j= ø™=–c==/=<�…=8 ™=/–=<c=™=–V=÷ 
g=` }b==j= ™=.–=<mz= =<™=–b== H=b== J+ #  b=J �>}=j= z=w== `L==b=j= Jc==`/ v+=<j=™=– ‹==8T=j= c=. c=JzT=g=2{=] 
d=2=<c=™=–= =<j=d==z=/ J+ #  �>}=j==. z=w== `L==b=j==.™=–= c=JzT= v/”=j=/ ™=/– g=SB==z=ô T=z=]c==j= ž==+` 
d==<T=Mb= ™=–=8 g==8$|=8b==. ™=/– =<V=š S==ST=z= ž==g=2z==6 ™=–=/ ž==ST=Lz= ™=–`j== d==8 c=JzT=g=2{=] J+ # J` 
T=M=] Jc= �>}=j= ž==+` `L==b=j==. ™=–=/ f=J4z= J=8 f=$�=8 c==x== c=. øT=M=] îðïî c=. îëï  ™=–`=/� 
…j= z=/V= ™=/– L=c==j=÷ g=Zb==/H= c=. V==z=/ J+ ž==+` �j=c=. L=/ ž==<}=™=–z=c= ‹==8T==Sc= ž==}==`=8z= 
g=/…X=/=<V=ž=c= Lx==/z= L=/ =<j==<c=]z= J=/z=/ J+ #  b=J ‹==8T==Sc= z=/V= Lx==/z= d=2=<c=H=z= z=/V= d==>�=` J+ô ‹==/ 
š™=– =<vj= z==/ L=c==gz= J=.H=/ ž==+` T=z=]c==j= œg=d==/™=•z== g=Zc=={= v/”=z=/ J4š T=J ž=g=j==8 ž==H=/ ™=–=8 
g==8|=8b==. z=™=– g=b==]gz= _g= L=/ ™=–=b=c= j=J=8 `J L=™=–z=/ #  �L=™=/– ž=V==T==ô �j= ‹==8T==Sc= z=/V==. ™=/– 
g=Zb==/H= L=/ g=b==]T=`{= c=. f=vV==T= ž== `J= J+ ž==+` ™=–=f=]j= �=b=ž=='™=•L==�]� ‹=+L=/ H=Z=8j= J=›L= 
H=+L=ñT==b=2 ™=–= T==z==T=`{= c=. ž=d=2z=g=2T=] ™=.–m=8™=–`{= J=/ `J=  J+ # T==z==T=`{= c=. ž==b== b=J 
f=vV==T= g=2 /̀ =<T=ST=d=` c=. =<T==<d=h= g=Z™=–=` ™=/– NMg==<`{==c==. ™=/– =<V=š œzz=`v=b==8 J+ ž==+` J=/H== #  

g=Zv2M={= ø=<j=™=–=V=j== ž==+` �Lz=/c==V= ™=–`j=/ L=/ T==b=2 g=Zv2M={= ž==+` ‹=V= g=Zv2M={=÷ô ‹==8T= 
Tb=T=Lw== ™=–= j=M… J=/j== øz=/V= L=/ ‹=V= g=Zv4M={=÷ ž==+` d=2 `=‹=j=+=<z=™=– ‹==/=<”=c= øž=L=c==j= 
T=+=<ST=™=
S==ST=z=z== L=/ L=>f=>=<}=z= �j= f==z==. ™=–=8 g=0M�d=2c==8g=` Jc=j=/ S==ST=z=ñ™=–=b=c= =<T=™=–Vg= |2>'|j=/ J/z=2 
z==z™=–=V= ™=4–„ ™=–=b=] ™=–`j== c=JzT=g=2{=] J+#  

 ‹=>H=V=ô ™=0–=<M= @=/x= L=/ g=Z=gz= J=/j=/ b==/Hb= j=T==8™=–`{==8b= ‹=+T= ž==}===<`z= Lx==/z==. ™=–= 
g=Zb==/H=ô Jc=/ ‹==8T==Sc= z=/V= Lx==/z==. ™=–= S==ST=z= =<T=™=–Vg= v/j=/ ™=–=8 @=c=z== g=Zv=j= ™=–` L=™=–z==    
J+ #  =<T==<d=h= g=Z™=–=` ™=/– ™=–�] ‹=+T= ž==}===<`z= Lx==/z==. ™=–=/ô =<T==<d=h= g=Z™=–=` ™=/– ™=–�] �>}=j= ž==+` 
`L==b=j= =<j=c==]{= ™=–`j=/T==V=/ ‹=+T= g==<`T=z=]j= ™=.–mñf==b==/=<`g=–=�j=`=8‹= c=. g==<`T==<z=]z= =<™=–b== ‹== 
L=™=–z== J+ #  �L= g=Z™=–=` ‹=+T= ž==}===<̀ z= Lx==/z==. ™=–=/ g=Zb==/H= c=. V==j=/ J/z=2 f=�/ g=+c==j=/g=` 
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g=–=8�L…='™=– g=Z=+vb==/=<H=™=–=8 L=>b==/H= ø™=–=cf==8j=/S=jL=÷ ™=–=8 ž==/` v/”== ‹== L=™=–z== J+ #  �L= L=>f=>}==8 
ž==T=Sb=™=– g=Z=+vb==/=<H==<™=–b==& ž=d==8 =<T=™=–=<L=z= J=/ `J=8 J+ #  b=J =<T=™=–=L= ™=/– B=V=z=/ š™=– f==z= 
}b==j= c=. `”=j== ‹=_`=8 J+ ™=–=8 ‹=+T= ž==}===<`z= Lx==/z==/ ™=–= œg=b==/H= Jc=/S== J=8 S==ST=z= j=J=7 
J=/z== J+ #  �L= f==z= ™=–= ž=j=4d=T=ô f==b==/�w=/V=='j= ž==+` f==b==/�=8‹=V= ™=/– œzg==vj= ™=–`j=/ J/z=2 
c=™=–�]ô H=h==ô L==/b==f==8j= ‹=+L=/ ”==n==/g=b=4™=•z= ‹=+T= ž==}===<̀ z= g=v=w==- ™=/– œg=b==/H= L=/ ž==b== J=8  
J+ # 

 j=T==8™=–`{==8b=z== øj=2z=j=@=c=÷ ž==+` H=Z=8j= J=›L= H=+L=ñT==b=2 œzL=‹=]j= ™=–=8 c==x== c=. 
™=–c==8ô �j= ‹=+L=/ V==d==. ™=/– L==w= J=8 ‹=+T= ž==}==`=8z= Lx==/z==. ™=/– œg=b==/H= L=/ ‹=4�/ ™=–�] v=/M= d==8 J+ 
�j= v=/M==/ ™=–= L=c==}==j= |2&|j== b== œj=™=/– v4Mg==<`{==c= ™=–c= L=/ ™=–c= J=/ �L=™=–= g=Zb==L= ™=–`j== 
ž==T=Sb=™=–  J+ #  j=�] ‹=+T= ž==}==`=8z= Tb=T=Lw== ™=–=8 ž==/` ‹==z=/ L=c=b= g==j==8 ™=–= œg=b==/H=ô 
‹=c==8j= ™=–= œg=b==/H= ž==+` ž=h=ñ}==j= ™=–=8 ž==g=2z==6ô ‹=>H=V= ™=–= ™=–c= J=/j==ô ›‹==] ž===<v 

=<T=™=–L=j=S==8V=ñ=<T=™=–=L==/jc=4”= B=`{= ž==+` c=2Vb= S=0>”=V== b=Jô �L= Tb=T=Lw== ™=/– d==8z=` 
d==<T=Mb=™=–=V==8j= =<T=™=–=L= c=. =<T=zz==8b=ô g=b==]T=`{==8b= z=w== L==c===<‹=™=– S==ST=z=z== ž=>z=d=2]z= ™=–`j=/ 
™=/– ž==<Tvz==8b= ž=T=L=` J+ # �L==<V=šô ‹=+L=/ Jc= f==b==/=<`g=–=b=j=`=8‹= ™=/– =<V=š j=�] 
g=Z=+vb==/=<H=™=–=8b==& =<T=™=–=<L=z= ™=– .̀H=/ô œL= L=c=b= š™=– Tb==g=™=– Tb=T=Lw== ™=/– N=<M…™=–=/j= L=/ =<T==<S=M… 
g=–=8�L…='™=– g=Z=+vb==/=<H=™=–=8 œzg==v L=>b==/H= ™=–=8 S==ST=z=z== ™=–= c=2Vb==>™=–j= ™=–`j== ž==T=Sb=™=– J+ # 
b=J =<T=SV=/M={= ™=–= d==<T=Mb= c=. g=Z=+vb==/=<H=™=–=8 =<T=™=–=L= c=. =<T==<S=M… c==H=]vS=]j= J/z=2 œg=b==/H= 
™=–`j== d==8 ‹=_`=8 J+ # b=J c=2Vb==>™=–j= ž=>c=V= c=. V==z=/ L=c=b=ñTb=T=J=` c=. V==z=/ L=c=b= ™=4–„ 
f==}==ž==. ™=–=/ v2` ™=–`j== J=/H==ô ‹=+L=/ ™=–=8 g=Z=`>=<d=™=– ž=T=Lw== c=/  =<T=SV=/M={= ™=/– =<V=š ™=–c= 
‹==j=™=–=`=8 œg=V=f}= J=/j== ž==+` c=b==]=<vz= =<T=zz==8b= Lx==/z= ž==+` c==j=T=L=>L==}=j= #  

 �>}=j= ž==+` `L==b=j==. ™=/– =<V=š š™=– S==ST=z= ‹=+T=ž==}==`=8z= œzg==vj=ñ=<j=c==]{= Tb=T=Lw== 

J+ #  
 š™=– Tb=T=Lw== ™=/– N=<M…™=–=/j= L=/ ™=–�] g=–=8�L…='™=– g=Z=+vb==/=<H=™=–=8  œzg==v  L=>b==/H==. ™=–= 

 g=Z=`>=<d=™=– B=`{= c=. S==ST=z=z== c=2Vb==>™=–j= ™=–`j== #  
 g=Z=+vb==/=<H=™=–=8b= L=c==}==j= =<T=™=–=<L=z= ™=–`j=/ J/z=2 ‹==`=8 g=Zb==/H=S==V== ž=j=4L=>}==j= ™=/– 

 v=+`=j= =<T=Lz=0z= S==ST=z=z== c=2Vb==>™=–j= ™=–`j== ž==+` Tb=T=Lw== Lz=` c==H=]vS=]j= ™=–`j== #  
 �L= ž=j=4L=>}==j= ™=/– g=JV=/ B=`{= c=.ô ‹=+T= Lx==/z==. L=/ =<T==<d=h= g=Z=<—=–b== c==H==, ™=–=8 

S=0>”=V== ™=/– =<T=SV=/M={= J/z=2 g=Z= >̀=<d=™=– B=`{=ñS==ST=z=z== c=2Vb==>™=–j= øg=Z=òS==òc=2ò÷ g=}vz==8 
=<T=™=–=<L=z= ™=–=8 H=�]ô ‹==&B==8óg=`”==8 H=�] ž==+` g=Zb==/H= c=. V==�] H=�] # �L= ž=j=4L=>}==j= ™=/– v4L= /̀ 
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B=`{= c=.ô =<T=Lz=0z= S==ST=z= c=2Vb==>™=–j= ø=<T=òS==òc=2ò÷ ™=–= œg=b==/H= =<™=–b== H=b== =<‹=L=c=/ 
`=L==b==<j=™=– g=Z=<—=–b== ™=–= L=>H={=™=– g=/ ž=j=4™=–`{= ž==+` =<T=zz==8b= šT=> ‹==8T=B=—=– g=b==]T=`{==8b= 
=<T=SV=/M={= ™=–= L=c==T=/S= J+ # =<T=òS==òc=2ò ™=–= œg=b==/H= ™=–`™=/–ô ‹=+T= �>}=j= =<j==<c=]z==8 J/z=2 
œzg=Z/`™=–=8b= z=w== œMc==8™=– ž=g=D=…j= ø™='–…V==�=<…™=–  ž='j� w=c=]V= g==b=`=/=<V==<L=L=÷ 
g=Z=<—=–b==ž==.™=–= ž==+` ‹=+T= ž==}==`=8z= `L==b=j= œzg==vj= J/z=2 �w=/j=='V= L=/ V=cf=/ ™=–$�=8 ™=/– 
ž=V™=–=/J=/V= øJ=b=` B=+j= ž=™=•V==/J=/V=÷ =<j=c==]{= ™=–=8  g=Z=<—=–b== ™=–= =<T=SV=/M={= =<™=–b== H=b== #  
�L= g=Z™=–=`ô g=ZLz=4z= ž=db==L= ™=/– v=+`=j=ô ‹=+T= Lx==/z==. L=/ �>}=j= ž==+` `L==b=j= =<j=c==]{= ™=–`j=/ ™=/– 
™=–�] c==H==- ™=–= =<T=SV=/M={= =<™=–b== H=b== #  �j= c==H==- ™=–= L=>d==Tb= ”=B=] g=2`/ =<T=ST= c=. îðïï 
c=. =<j==<c=]z= �>}=j= øH='L==/=<V=j= z=w== =<�‹=V=÷ ž==+` `L==b=j= =<j=c==]{= ™=/– ™=4–V= ”=B=- øíïè V==”= 
™=–`=/� _g=b=//÷ ™=/– ïëû J+ #  S==ST=z= c==H==,™=–= =<T=™=–=L= ž==<}=™=– S==ST=z= =<T=zz==8b= =<j=M™=–M=] 
c=2Vb= g=Zv=j= ™=–` L=™=–z== J+ #  g=Z=òS==òc=2ò g=}vz==8 g==&B= ž==}==`Lz=>d= b== L=2B=™=–ñ=<j=v/S=™=–=. ™=–= 
œg=b==/H= ™=–`z==8 J+ =<‹=j=L=/ S==ST=z=z== =<T=SV=/M={= ™=/– =<T==<d=h= ž==b==c==. L=/ c=4”b= D=…™=–=. ™=–=/ 
š™=–=<x=z= V==b== ‹==z== J+ #  �j= g=JV=4ž==.c=. g=Z=+vb==/=<H=™=–ó=<T=zz==8b= =<T=SV=/M={=ô H=Z=8j= ™=/–=<c=L…X=8 
ž=='` ‹==/”=c= c=2Vb==>™=–j= ™=–= L=c==T=/S= J+ #  c=4”b= D=…™=–=. ™=–=/ œg=b==/H= c=. V==™=–`ô g=ZLz===<T=z= 
g=Z=<—=–b== L=/ H==<z=c==j= g=Z=w==<c=™=– B=`{= c=2Vb==>™=–j= ž==+` ‹=+T= ž==}===<`z= œzg==vj= c==H==, ™=/– 
=<T=™=–=L= ™=/– =<V=š c==H=]vS=]j= øg=–=8�f='™=–÷ L=>d=T= f=j==b== ‹==z==  J+ #  g=Z=òS==òc=2ò ™=–= œg=b==/H= 
™=–` ™=/– �L= ž=j=4L=>}==j= c=. ž==� ‹=+T= ž==}===<`z= g=Z=<—=–b== c==H==,™=–= c=2Vb==>™=–j= =<™=–b== H=b== J+ô 
‹==/ =<T==<d=h= g=–=8�L…='™=•L= ™=–=/ g=Zb==/H= c=. V==™=–` fb=2…=/j=='V=ô g=/…X=/V= ž===<vô œzg==v=. ™=/– =<j=c==]{= 
™=–=/ L=>d=T= f=j==z=/ J+ #  ‹==8T==Sc= g=Z=<—=–b== =<T=™=–Vg==. ™=–=/ c==j=v{�=. ™=/– L=c==j=  g=Zb==/H= c=. 
V==™=–`ô g=Z=òS==òc=2ò ™=–= œg=b==/H= ™=–` ™=/– =<T==<d=h= ‹=+T= ž==}==`=8z= g==<`T=z=]j= =<T=™=–Vg==. ™=–=8 Lg=M… 
z=4V=j== J=/ L=™=–z==8 J+ #  g=Z=òS==òc=2ò g=}vz==8 ™=/– =<f=j==ô c=b==]=<vz= ™=–=V==T=}==8 c=. z=w== c=b==]=<vz= 
L=>L==}=j==. ™=/– L==w= �z=j==8 Tb==g=™=– g=Z=<—=–b== S=0>”=V== ™=–= T=Lz=4=<j=M� c=2Vb==>™=–j= L=>d=T= j=J=8 J=/ 
g==z== # �L= =<T=SV=/M={= c=. š+L==8 ™=4–„ d==<T=Mb=™=–=V==8j= =<Lw==<z=b==& d==8 g=JB==j==8 H=�] J+ô ™=–=8 œj= 
=<Lw==<z=b==& c=. j=T==8j=z==g=2{=] ‹=+T= ž==}==`=8z= g=Z=<—=–b==š& ž==™=–M=]™=– =<T=™=–Vg= f=j= L=™=–z==8 J+ å �j=c=.ô 
T==z==T=`{= f=vV==T= ™=/– g==<`{==c==. ™=–= f=$|z== c=JzT= ž==+` ™=–BB=/ z=/V= ™=–=8 f=$|z==8 =<™=>–c=z=/ z=w== 
™=0–M==8 ž==+` T=j= S=/M= L=/ œzg===<vz= �w=/j=='V= ™=–=8 ž==/` ~=4™=–=T= ™=/– L=>b==/H=ñL=>b==/‹=j= 
ø™=–='=<cf=j=/S=j=÷ S==c==8V= J+ # ‹==8T=ž==}===<`z= `L==b=j= œzg==vj= J/z=2 š™=– g=Z™=–`{= 
ž=}b=b=j=ñž=db==L= ™=–= g=Zb==/H= ™=–`ô b=J g==b== H=b== ™=–=8ô g=Z=òS==òc=2ò ™=–= =<j=M™=–M=] =<T=òS==òc=2ò 
™=/– =<j=M™=–M=] ™=/– L=c==j= J+ô =<‹=L=L=/ g=}vz==8 ™=–=8 T=+}=z== L==f==8z= J=/z==8 J+ # b=J d==8 g==b== H=b== 
™=–=8ô =<T=™=–L=j= g=Z=<—=–b== ™=/– ž==`>=<d=™=– =<Lw=z==8 c=. L=>d==Tb= f=$�=8 c==x==c=. g=Z=<—=–b== L=>`B=j== 
ø™=–=<jg=–H=`+S=j=÷ ™=–= ž=>v=‹==ñg=2T==]j=4c==j= V=/™=–` g=Z=òS==òc=2ò c=. c=JzzT=g=2{=] g=Z=<—=–b== 
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ž==<d=b==>=<x=™=–=8 N=<M…™=–=/{= ™=–= ž=>z=d==]T= ™=–` ™=/– g=Z=òS==òc=2ò ™=–=8 =<T=ST=L=j==8b=z== c=. L=4}==` V==b== 
‹== L=™=–z== J+ #  =<T=òS==òc=2ò ™=–= œg=b==/H= ž=g=D=…j= øg==b=`=/=<V==<L=L=÷ g=Z=<—=–b== ™=/– g=Zb==/H=S==V== 
=<T=™=–L=j= ™=/– =<V=š ‹==j=™=–=`=8 øg=–=8�f=+™=–÷ v/j=/ ž==+` �L= c==H=] ™=–=8 S==ST=z= NM…=8™=–=/j= L=/ 
œg=b=4™=•z=z== ‹==j=j=/ J/z=4  =<™=–b== H=b== #  ž=g=D=…j= ™=–=8 b=/ g=Z=<—=–b== S=/M= ‹=+T=  Lx==/z= ‹=+L=/ ™=–=8 
B==8$�™=–=8 V=™=–�=8 øg==�]j=T=4�÷ ™=–=/ mT=�>}=j= c=. g==<`T==<z=]z= ™=–`j=/ ™=/– =<V=š ™=–=8 ‹==z==8 J+ #  b=/ 
�>}=j= g=/…X=/V= ™=/– L==w= =<c=V==™=–` œg=b==/H= c=. V==b== ‹== L=™=–z== J+ #  =<T=SV=/M={= ™=/– =<V=š z==8j= 
œzg=Z/`™=– ø™='–…V==�=<…™=–÷ ž==+` š™=– ›Mc==8B= øw=c=]V=÷ ž=g=D=…j= øg==b=`=/=<V==<L=L=÷ g=Z=<—=–b== 
c==H==, ™=/– ™=–=b=] ™=–=8 z=4V=j== ™=–=8 H=�]#  g== >̀g==<`™=– g=/…X=/V= ™=/– =<V=š g=Z=vb==/=<H=™=–=8 =<j=b=c==. ™=–=8 
z=4V=j== L=/ Lg=M… J4ž== ™=–=8ô L=c=Lb== g=+v= ™=–`j=/T==V=/ g=Zc=4”= D=…™=–=.™=–=/ =<j=™=–=V=j=/ ™=/– œg=`=>z=ô 
�>}=j= ™=–= ž=='™=•L==8‹=j= D=…™=– =<T==<S=M… c==x== c=. `”=j=/ J/z=2 ž=g=D==<…z= �>}=j= øg==b=`=/=<V==<L=L= 
g=–b=4šV=÷ ™=–=8 f=vV=z==8 c==x==š& =<c=V==�] ‹== L=™=–z==8 J+ #  b=J g==b== H=b== ™=–=8ô ž=g=D=…j= 
øg==b=`=/=<V==<L=L=÷ L=/ ž=>z==8c= z=/V= œzg==v ™=–=8 H=4{==zc=™=–z== ž==+` g=Z=gz= J=/j=/ b==/Hb= c==x== c=. 
L=4}==` V==j=/ J/z=2 œzg=Z/̀ ™=– ø™='–…=<V=L…÷ c=. ™=4–„ =<T==<S=M… =<T=™=–L=j=ñ=<T=™=–=L= ž==T=Sb=™=– J+ #  
b=J g==b== H=b== ™=–=8ô ž=g=D=…j= ž==}===<`z= �>}=j= L=>d=T=z=æ c=J&H=/ J=/ L=™=–z=/ J+ô =<™=>–z=4 
j=T==8™=–`{==8b=z== z=w== H=Z=8j=J=›L= H=+L=ñT==b=2 c=. ™=–c==8 ‹=+L=/ g=b==]T=`{==8b= V==d= d==8 v/ L=™=–z=/ J+ #  

=<j=c==]{= ‹=+L=/ g=Z=`>=<d=™=– ž=T=Lw== øg=–L…] ‹=j=`/S=j=÷ ‹=+T= �>}=j= =<T=™=–Vg==. L=/ z=4V=j== ™=–`z=/ J4šô 
g==b=`=/=<V==<L=L=ñž=g=D=…j= ™=–=8 =<—=–b== ™=–c= ”=B=- ™=–=8 J+ #  

 ‹=+T= Lx==/z= g==<`T=Jj= ™=–= L=>B==V=j= šT=c=? =<—=–b==jT=b=j= øV=='=<‹==<L…™=•L=÷ ž==+` g=Z=<—=–b== 

g=Zd==T= J=/H== #  b=J g==b== H=b== ™=–=8ô ž=g=D=…j=ñg==b=`=/=<V==<L=L= ™=/– LT==8™=–=` c=. L=>B=b==8 ‹==8T= ™=–=8 
øV==�]g=– L==b=™=–V=÷ ›‹==] ™=–=8 c==&H= z=w== ‹=c==8j= ™=–= œg=b==/H= b=J f=$�/ c=JzT=g=2{=] D=…™=– J+ # 
S==ST=z= �>}=j= z=w== `L==b=j= œzg==vj= ™=/– =<V=š ž=H=` ž=g=D=…j=ñg==b=`=/=<V==<L=L= g=Z=<—=–b== ™=–= 
œg=b==/H= ™=–`j== J+ô z==/ S==ST=z= ‹=+T= Lx==/z==/> øf==b==/c==L=÷ ™=–=8 œg=V=f}=z== ž==+` ž==H=/ g=Z=<—=–b== 
™=–= z==8T=Z=8™=–`{= ø�j…/=<L==<g=–™=/–S=j=÷ ™=/– g=Zb==L= c=JzT=g=2{=] d=2=<c=™=–= =<j=d==b=.H=/ # 

 

 S==ST=z= d==<T=Mb= ™=–=8 ž==S== c=. ž=g=j==8 T=z=]c==j= =<Lw=z==8 f=vV=j=/ ™=/– g=Zb==L= c=. 
v=/M=g=2{=]ñž=L=g=–V= =<T=™=–Vg= B=4j=j== …=V=j=/ J/z=2 S==ST=z=z== ™=/– =<V=š L==<—=–b=z== L=/ L=c==}==j==. 
™=–= =<T=SV=/M={= ™=–`j== b=J �L= ž=j=4L=>}==j= ™=/– g==8„/ ™=–=8 ™=–Vg=j== J+ #  �L= ž=j=4L=>}==j= c=. 
g=Zb=4™=•z= N=<M…™=–=/{=ô ž==<}=™=– S==ST=z= L=c==}==j==. ™=/– H==<z=c==j= =<T=™=–L=j= c=. L=J™=–=b=] ™=– .̀H=/ ž==+` 
g=Z=+vb==/=<H=™=–=8b= L=c==}==j==. ™=–=8 LT==8™=–=b=]z== g=4j=æ L=4V=d= ™=–`.H=/ #  �L= ž=j=4L=>}==j= ™=–=b=] c=. 
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=<T=™=–=<L=z= =<™=–š H=šô =<T=B==`=<T=c=S=]ñB=B==] =<™=–š H=š ž==+` œg=b==/H= c=. V==š H=š N=<M…™=–=/{= 
šT=>c= g=}v=<z=b==& b=J S==ST=z= �>}=j= ž==+` `L==b=j= ™=–=8 ž==/` g==<`T=z=]j= c=. c=JzT=g=2{=] d=2=<c=™=–= 
=<j=d==j=/ ™=–=8 ž=g=/@==  J+ #  z=w===<g=ô �L= `=Jg=` B=V=j=/ ™=/– =<V=š Jc==`/ L=c==‹= ™=/– =<T==<d=h= @=/x==. 
™=/– ™=0–z==8™=–z==]ž==.L=/ ž==+` f=�= c=JzT=g=2{=] b==/H=v=j= ž==T=Sb=™=– J+ # =<T==<d=h= `=L==b==<j=™=– 
g=Z=<—=–b== @=/x==. c=. g=Zb==/H= ™=–`j=/ J/z=2 z=w== ž==<}=™=– g=b==]T=`{==8b= g=Zd==T= ž==+` L==c===<‹=™=– g=Zd==T= 
=<j=v/S=™=–=. ™=–=/ ž=>z=d=2]z=ñS==c==8V= ™=–`j=/ ™=/– =<V=š g=Z=òS==òc=2ò g=}vz==8 ™=–= ž==H=/ ž==+` ž==<}=™=– 
=<T=™=–L=j= šT=c= g==<̀ M™=–`{= ™=–`j=/ J/z=2 ž=j=4L=>}==j= ž==T=Sb=™=–   J+ # =<T==<S=M… d==+H==/=<V=™=– šT=c= 
V==+=<™=–™=– L=>vd=] ™=/– ž=j=4_g= S==ST=z= L=c==}==j= |2&|j=/ J/z=4 =<T=ST=d=` c=. =<T==<d=h= Lw==j==.g=` 
=<T=SV=/M=™=– N=<M…™=–=/{= øšj===<V==<…™=–V= šg=Z=/B=÷ ™=–=/ Tb==g=™=– Lz=`g=` V==H=2 ™=–`j== ž==T=Sb=™=–  
J+ #  j=T==8j= ž=j=4L=>}==j= ø�j==/T=/S=j=÷ ™=–=/ H=z==8 v/j=/ ™=/– =<V=š ž==+` S==ST=z= g=Z=<—=–b==ž==. ™=/– 
=<T=™=–L=j= J/z=2 ž=j=4L=>}==j= šT=c=? =<T=™=–=L= L=>L==}=j=ñLx==/z==. ™=–= g=Zd==T==8 œg=b==/H= ™=–`j=/ ™=/– =<V=š 
ž==+vb==/=<H=™=– V==d=}==`™=– øL…+™=–J=/V�L=]÷ �L= ž=j=4L=>}==j= ž=db==L= c=. œg=b==/H= =<™=–b== H=b== 
ž=>z=d=2]z= N=<M…™=–=/j= ø�>…=8H=Z/…/� šg=Z=/B=/L=÷ ™=–= œg=b==/H= ™=–` L=™=–z=/ J+ #  ‹=+T= ž==}===<`z= 
c=2Vb=S=0>”=V== ™=/– =<T==<d=h= ™=>–g=j==8b==&ñL=>Lw==š&ñV==/H==. ™=/– v`cb==j= L=J™=–=b=] f=$|j== ž==T=Sb=™=– J+ 
ž==+` š™=–=<x=z= =<j={=]b= g=Z=<—=–b== ™=–=/ ž=>c=V= c=. V==j== B===<Jš =<‹=L=L=/ =<T==<d=h= @=/x==. ™=–= b==/H=v=j= 
š™=–=<x=z= J=/ L=™=/– #  g=Z=+vb==/=<H=™=–=8 =<T=™=–Vg==. ™=/– =<V=š L=`™=–=` j==8z==8™=–z==]ž==.j=/ ž=j=4L=>}==j= ™=–=/ 
L=J=bb=z== ™=–`j== ‹=_`=8 J+ #  j=�] g=Z=vb==/=<H=™=–=8ž==.™=/– L=T=] L=c==T=/S=™=– S==ST=z=z== =<T=SV=/M={= 
J/z=2 j==8z==8™=–z==]ž==. j=/ L=>f=>=<}=z= ‹==j=™=–=`=8 ‹=j=z== ™=/– =<V=š g=Z=<L=}vñ”=4V==8 ™=–`j== d==8 c=JzT=g=2{=] 
J+ #  �L= ‹==j=™=–=`=8ñ‰==j= ™=–=8 œg=V=f}=z== L=/ c=2Vb==>™=–j= øšL=/L=c=.…÷ ™=–=8 H==<z= f=$|=j=/ c=. 
ž=T=Sb= c=vz= J=/H==8 ž==+` S==ST=z=z== ™=–=8 ž==/` ž=j=4L=>}==j= ™=–=/ g=Z=/zL==Jj= =<c=V=/H== #  T=z=]c==j= 
z=w== d==<T=Mb=™=–=V==8j= L=>d==Tb= �>}=j= z=w== `L==b=j==. ™=/– ž=ST==ST=z= H=4{==. øž=j=L=L…/j=/f=V= 
ž=Lg=/™=•…L=÷ g=` c=b==]v= �=V=j=/ J/z=2 =<j=b=c= ™=–` j==8z==8™=–z==]ž==. j=/ š™=– g=Zb==/H=@=c= @=/x= øV=/T=V= 
gV=/�\H= =<g=–V�÷ z=+b==` ™=–`j== ž==T=Sb=™=– J+ #  �j=  c=b==]v=ž==. ™=/– ž==<Lz=zT= ™=–= L=4=<j==<SB=z= 
J=/j== ž==+` S==ST=z= d==<T=Mb= ™=–=8 ž==/` ‹==z==8 j==8z==8 b==/‹=j==ô ž=j=4L=>}==j= šT=c= =<T=™=–=L= 
œg=—=–c==. ™=/– =<V=š g=Z=/zL==J™=– =<Lw=z==8 =<j=c==]{= ™=–` L=™=–z=/ J+ #  

 

 �>}=j= ž==+` `L==b=j= œzg==vj= ™=/– =<V=š L=c=H=Z šT=c= S==ST=z= g=Z=+vb==/=<H=™=–=8 L=c==}==j==/ 
™=–= =<T=™=–=L= ™=–`j=/ J/z=2ô b=J ž=j=4L=>}==j= š™=– ž=H=V== ™=–vc= J+ #  Jc==`/ H=ZJ ™=/– g=Z=™=0–=<z=™=– 
g=b==]T=`{= ™=/– L==w= z==V=c=/V= `”=™=–` Jc= ž=g=j== ‹==8T=j=Lz=` œ&B== ™=–` L=™=–z=/ J+ ž==+` T=z=]c==j= 
z=w== d==<T=Mb= ™=–=8 g==8$|=8b==. ™=–=8 ‹=_`z=/ g=2`=8 ™=–` L=™=–z=/ J+ô š/L== ž==ST=Lz= ™=–`j=/ J/z=2 b=J 
g=Z=vb==/=<H=™=–=8 L=c==}==j= c=JzT=g=2{=] d=2=<c=™=–= =<j=d==b=.H=/ # ž=g=j=/ g=b==]T=`{= ™=/– L==w= z==V=c=/V= 
`”=j=/ L=/ ž=g=j=/ L=c==‹= ™=/– =<V=š L=c=0}v ž==+` S==ST=z= d==<T=Mb= L=>d=T= J=/H== #  
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