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1 Executive summary – defi nition and 
results

1.1 Summary

This paper defi nes, introduces and applies a new term, the “Biomass 
Utilization Effi ciency (BUE)”. This is a new and relatively simple 
approach to evaluate and compare different bio-based chemicals, 
materials and fuels based on the input-biomass, the used conversion 
process and the end product. A BUE analysis can answer the following 
questions: How effi ciently is biomass utilized? What share of the 
biomass is ending up in the fi nal product?

To summarise the role of the Biomass utilization effi ciency (BUE) in 
the context of existing methods, it is obvious that this new metric has 
an emphasis on the best combination of biomass feedstock, process and 
bio-based product that is absent from existing calculations routinely 

used by research and process chemists and engineers. At present, waste 
minimisation during a manufacturing process is addressed through 
the choice of methods and optimisation of conditions. However, it 
is now clear that inherent waste, produced by aerobic fermentation 
for example, is easily overlooked when it concerns the conversion of 
biomass into chemical intermediates or fuels.

Biomass utilization effi ciency (BUE) helps create awareness 
about alternative approaches for producing bio-based products. The 
difference in material effi ciency between direct acetic acid production 
(anaerobic fermentation) and ethanol oxidation is clear (BUEH = 90% 
compared to 60%). The same also applies to other examples covered 
in this paper. As demand for renewable resources rises, the effi ciency 
of (bio)-chemical transformations will come under greater scrutiny. We 
anticipate the relevance and importance of insightful BUE calculations 
will increase as the bio-based chemical industry adapts to growing 
economic and material competition for resources. 

Finally, this paper shows that it is important to use the right molecule 
with the right process in the right application. Molecules that have
low oxygen content are more suitable for energetic purposes whereas 
molecules with higher oxygen content (and additional functional 
groups) are more suitable to create material with specifi c chemical 
properties. This oxygen-associated “functionality of biomass can 
reduce the steps of making a chemical and in that way reduce also 
the energy needs for the fi nal molecule production” (Diels 2015). To 
put it differently, the use of oxygenated biomass only makes sense for 
material use (bio-based products). The only exception might be octane 
enhancers of the combustion process but those additives can also be 
grouped under the umbrella of material use of biomass.

Even though they were not a part of the scope of this paper, phenolic 
lignins should also be very suitable to create materials under the points 
we just mentioned above. Special cases are molecules such as succinic 
acid, which capture CO2 in their molecular formula.

Bio-based Economy: feedstocks, processes and products
(without food & feed)

©                 – Institute.eu | 2015

Biomass feedstocks

Sugar

Starch

Lignocellulose

Oils & Fats

Proteins

Other Complex biomolecules 
(rubber, biosurfactants etc.)

Mixed biomass, waste

Processes

Physical-mechanical
        Filtration        Destillation
       Extraction    Fragmentation 
                 Crystallisation

Chemical
                 Pulping
    Oxidation          Esterification
       Hydrogenation        Hydrolysis
     Etherification      Isomerisation 
                Polymerisation

Thermochemical
         Incineration     Gasification
     Thermolysis      Pyrolysis
               Hydrothermal

Biotechnology
         Fermentation

Aerobic conversion (composting)
Anaerobic digestion (biogas)

Bio-based products

Wood-based materials

Pulp & paper

Platform & fine chemicals

Fibres

Pharmaceuticals

Composites

Surfactants

Lubricants

Polymers

Bioenergy

Biofuels

Figure 1: Bio-based economy: biomass feedstocks, processes and bio-based products.
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Here, one has the additional, ecological benefit of reducing a greenhouse 
gas. Moreover, the formula we apply does not take into account that 
the CO2 created by e.g. making ethanol from biomass could possibly 
be used to also make value added products like e.g. methane in a 
biorefinery approach.

In some cases a full environmental assessment shows different 
results. The BUE method does not take into account the energy use 
and environmental impacts related to bio-feedstock supply.

1.2 Introduction

Biomass can be used for the production of a large number of chemicals 
and materials as well as fuels (see Figure 1). There is a variety of 
approaches to determine the sustainability of different utilization routes 
for different kinds of biomass, processes and final products such as 
Life Cycle Assessment (LCA), Carbon Footprint, Techno-economic 
evaluation (TEE) or determination of carbon efficiencies. Each of these 
methodologies has its own pros and cons.

This paper defines, introduces and applies a new term, the “Biomass 
Utilization Efficiency (BUE)”. This is a new and relatively simple 
approach to evaluate and compare different bio-based chemicals, 
materials and fuels based on the input-biomass, the used conversion 
process and the end product. A BUE analysis can answer the following 
questions: How efficiently is biomass utilized? What share of the 
biomass is ending up in the final product?

The BUE approach can be used to give a rough estimation of which 
type of biomass and process routes should be used for either fuels or 
materials, and also which combination of biomass and (bio)chemical 
process route is more efficient in producing different materials. 
Moreover, we calculate what fraction of the atoms, originally contained 
in the biomass are ending up in the product. We define these percentages 
in the end product as “biomass-derived”. This term has to be clearly 
distinguished from the term “bio-based“ (see box “Definitions”).

Our approach is (of course) not supposed to replace an LCA, Carbon 
Footprint or TEE but instead provides additional, simplified insight 
into the amount of biomass resources needed to produce different 
bio-based chemicals and materials. Biomass Utilization Efficiency 
(BUE) is used to systematically analyse what share of the original 
biomass ends up in the final product. This depends on the kind of 
biomass feedstock, the process and the final product. Determining the 
percentage of carbon, hydrogen and oxygen ending up in the product 

provides additional information and a new criterion for the sustainable 
utilization of consumable biomass.

1.3 Definition and relevance of BUE

 One advantage of the BUE in comparison to more intricate approaches 
such as LCA and TEE is that it can be quickly and easily applied. 
Whereas LCA and TEE need a considerable amount of data to start 
the analysis, the BUE calculation only requires the input-biomass, the 
chemical equation, the process efficiency (in case of BUEL and BUEH) 
and the target product.
A second advantage of this approach, when comparing it to carbon 
efficiency determination, is that it takes into account the main 
components of the biomass and the respective product. By also 
considering the fate of, for example, oxygen, which is important in many 
functional groups, especially in biomass composed of carbohydrates, 
one can analyse, if its chemical complexity is transferred to the product. 
This means that more interesting functionalities might be possible 
in the constructed product, for example by conserving the specific 
functional groups for polymer-crosslinking purposes. Moreover, it 
gives a rough estimation of energy consumption for the synthesis in 
a more straightforward approach than calculating exergies (Frenzel 
et al. 2014). 

On its own, the Biomass Utilization Efficiency (BUE) is a quick 
and simple indicator to evaluate which product makes best use of the 
inherent biomass complexity and comparing the different categories, for 
example the theoretical percentage of reactant ending up in the product 
(BUES) and the highest yield currently being published (BUEH), adds 
another layer of information. The comparison between BUES and BUEH 
indicates whether one’s efforts should be concentrated on selecting a 
different biomass-product combination or if one should focus one’s 
attention on further improving the process itself, by choosing a different 
catalyst to improve selectivity of the reaction or downstream process 
for example.

Finally, the Biomass Utilization Efficiency (BUE) is linked to the 
land efficiency and is able to differentiate between dedicated new bio-
based pathways and building blocks and drop-in solutions. In general, 
dedicated bio-based building blocks show higher BUEs compared 
to drop-in solutions, mainly because the chemical complexity of the 
biomass is transferred to the final product to a greater extent.

Definitions

Biomass utilization efficiency (BUE)
is hereafter defined as percentage of initial biomass ending up in the 
end product based on the molar mass of the reactant (= biomass) 
and target bio-based product. The BUE can be further subdivided 
in four specific categories:

BUES

The stoichiometric or alternatively theoretical BUES describes the 
percentage of reactant ending up in the product only based on the 
chemical reaction itself.

BUEL and BUEH

For determining the BUE-low and BUE-high, realistic yields for 
the described synthesis route were determined by a literature survey 
and industry experts. The BUEL is the lowest yield and the BUEH 
is the highest yield currently published.

BUEE

The energetic BUE is calculated slightly differently; here the HHV 
of the product is divided by the HHV of the reactant. To calculate 
the energetic potential the heating values of the reactant and its 
products were compared using the realistic higher heating values 
of the feedstock needed to produce 1 g of product divided by the 
HHV of 1 g of educt.

bio-based product:
product wholly or partly derived from biomass

biomass: 
material of biological origin, excluding material embedded in 
geological formations and/or fossilized. Examples: (whole or 
parts of) plants, trees, algae, marine organisms, micro-organisms, 
animals, etc. (EN 16575).
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Bio-based product pathways with a higher BUE need smaller areas of 
cultivation for the same output compared to pathways with a lower 
BUE, which shows the BUE has a direct correlation with the land 
efficiency and the amount of land necessary to produce a certain 
product. For example, to produce the same amount of PE and PLA 
from sugar cane, you need almost twice the cultivation area for PE 
than PLA (different BUE for PLA and PE see Chapter 1.5).

The clearly defined and easy to calculate BUE can serve as a first 
guideline to evaluate the efficiency of a certain biomass transformation 
and can be linked to sustainable criteria such as efficient use of land. 
This is useful in the development of roadmaps for R&D as well as 
incentives for biomass utilization after the year 2020. At the very 
least it will contribute to the discussions around which methods 
and parameters might help to evaluate the sustainability of different 
pathways of biomass utilization.

The following Chapter 1.4, will give an example of a BUE calculation 
and a BUE-overview of more than 30 bio-based products follows in 
Chapter 1.5.

1.4 Example bioethanol

To demonstrate the BUE approach in detail, we have chosen bioethanol 
because it can be used as either a fuel or a platform chemical to build 
bio-based polymers such as PE.

Ethanol can be made by fermentation of sugar, resulting in the 
following chemical reaction:

C6H12O6 à 2 C2H5OH + 2 CO2

1 glucose à 2 ethanol + 2 carbon dioxide
180 g/mol à 2 x 46 g/mol + 2 x 44 g/mol

In order to get the BUES, the theoretical biomass utilization efficiency, 
one would divide the weight of the product ethanol (2 times 46 g/mol) 
by the weight of the biomass, in this example glucose (= 180 g/mol). 
Consequently, this division results in a BUES of 51.1%.
In reality, other competing side reactions can also occur. Furthermore, 
the downstream processing technology for separation and purification 
can yield less than 100% of the desired product if the process is not 
yet as technologically advanced as other biomass-process-product 
combinations. This means that a biomass-process-product combination 
might have a good theoretical BUE compared to another, but has a 
lower BUEH, because less R&D has taken place on optimization, e.g. 
on the DSP, fermentation conditions/media or used catalyst. 

In the case of ethanol, the BUES and BUEH don’t differ too much 
because glucose fermentation is a well-known, old and refined process 
and ethanol can be produced with a 92.3% yield. To calculate the BUEH, 
the yield is multiplied by the BUES. In this example, this is 0.923 times 
0.511 to give 0.472 equalling a BUEH = 47.2%.
Apart from the highest published realistic yield (= BUEH), we also 
wanted to take into account a range of yields, described by the BUEL. 
The reasoning behind this value is that, especially for newly developed 
processes, different methodological approaches (e.g. biotechnological 
fermentation with different microorganisms) exist in parallel and 
consequently, an industry standard is not yet established. When ethanol 
is produced from cellulosic biomass, various pre-treatment approaches 
exist; a BUEL of 34.6% can be given.

For the calculation of the BUEE, the HHV of the ethanol (product) 
equalling 29.7 kJ/g is divided by the 2.12 g glucose needed for the 
production of 1 g ethanol times the glucose HHV of 15.6 kJ/g resulting 
in 34.6 kJ. This totals a BUEE of 85.8%. It is also interesting to note 

how the different BUEs relate to each other. As described above, the 
BUES will always be higher than the BUEL and BUEH. In contrast, it 
is possible and logical that the BUEE can be higher than the BUES. 
This is because only the C and H of the product are relevant for the 
energy content, and hence BUEE, whereas for chemicals and materials, 
and hence BUEL/BUEH, C, H and O have to be taken into account 
(see Table 1).

The calculations show that bioethanol has a high efficiency if used 
as a fuel (BUEE of 85.8%), but as a starting point for chemicals and 
plastics bioethanol is less suitable, the efficiency is only in the range 
of 35–47% (see Table 1).

Table 1: Comparison of atom efficiency; BUES, BUEH and BUEL of bioethanol 
production from glucose.

1.5 Results for more than 30 selected 
feedstock-process-product 
combinations for chemicals, polymers 
and fuels 

Table 2 and Figure 2 show the results of the BUE calculations for 
more than 30 feedstock-process-chemicals/polymers, which were done 
by nova-scientists together with different external experts. The range 
of the BUEs lie between 100% and less than 3%. The chemicals are 
ranked according to their BUEH from the most efficient product to the 
least efficient, to give a realistic picture of which bio-based products 
use biomass the best, at the time this paper was written. The BUEL, 
BUES and BUEE are also given. The results show that materials made 
from vegetable oils, such as lubricating oils, alkyl polyglycosides, 
and cellulose-derivatives end up on top of the list, having the highest 
BUEHs. This can be explained because not only are a high proportion of 
the C, H and O in the original molecule converted into the end product, 
but the existing functional groups of the biomass are not broken down. 
This means that by preserving the chemical complexity, the process 
will require less energy and/or the yield of product can be improved 
by using fewer reaction steps.

Figure 3 explains the calculation of BUE from another perspective 
– the share of oxygen in different raw materials (CO2, biomass, fossil 
resources) and final products. Where products bear a similar elemental 
composition to the feedstock, the BUEH can be expected to be high. 
Acetic acid (direct fermentation) and lactic acid are good examples of 
this. If there is little similarity between the elemental composition of 
the feedstock and the product, it can be anticipated that the BUEH will 
be low. Polyethylene made from bio-ethanol illustrates this point and
 the difference between the BUEH of polyethylene and PLA underpins 
the need to consider biomass utilisation when selecting materials for 
the design and manufacture of bio-based products.

To show the different areas of application and the versatility of a 
BUE analysis, various examples of how these BUE values can be 
interpreted are given below in detail. 
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Table 2: Biomass Utilization Effi ciency (BUE) for different bio-based feedstocks, processes and products: chemicals, polymers and fuels (sorted by BUEH in descending order).

Figure 2: Highest Realistic Biomass Utilization Effi ciency (BUEH) for different bio-based feedstocks, processes and products: chemicals, polymers and fuels.
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Figure 3: Relative amounts of hydrogen and oxygen atoms in feedstocks and 
downstream products. For complex mixtures (vegetable oil and naphtha) idealised 
stoichiometries have been used.

1.6 Implications of BUEH

As shown in the table above (Table 2), bio-based polymers with high 
biomass utilization effi ciencies already exist.

1.6.1 PLA and SA have a high BUEH and therefore exhibit 
a highly effi cient material use of biomass

Using this approach we show that oxygen-rich and carbonated 
molecules such as PLA (polylactic acid) and SA (= succinic acid) 
can be made very effi ciently from biomass (for example glucose). In 
layman’s terms, this can be explained as follows: the sugar molecule 
contains C6, H12 and O6 (6 carbon atoms, 12 hydrogen atoms and 6 
oxygen atoms) and the atoms are just rearranged in the PLA molecule. 
Therefore, the atom economy is very effi cient.

Based on stoichiometry (= BUES), 100% glucose reacts to lactic 
acid, thereby rendering its production very effective. With a BUEH of 
97% its production is the most cost-effective, in a real world setting, 
compared to other building blocks such as SA, 1,4-BDO or AA, which 
all have yields of ca. 90% at the time this paper was written.

When comparing these data with ethylene (see paragraph below), 
their BUEs are still remarkably good. This is because in LA, SA, 
1,4-BDO and AA, oxygen is still present in the fi nal molecules, while 
in ethylene all the oxygen is removed and replaced by carbon and 
hydrogen, making the overall process less effi cient from the BUE point 
of view. Another factor is that some molecules, lactic acid, succinic acid 
and acetic acid, often are part of a microorganism’s natural metabolism. 
Therefore, the fermentation of glucose to the aforementioned building 
blocks may have been optimized by evolution and, in contrast to 
ethylene (which requires the ethanol intermediate in the fermentation), 
the reaction only occurs in one step. This reduces the possibility that 
multiple incomplete reactions adding up to further reduce the yield of 
the reaction. With fewer process steps the total energy consumption 
can be expected to be reduced as well.

1.6.2 Comparison of BUES with BUEH reveals where 
production processes should be optimized

The phenomenon of more synthetic steps reducing the overall BUE 
can also be observed for PA11 (= polyamide 11) production. Here, the 
use of six reactions reduces the realistic effi ciency of PA11 production 
from ricinoleic acid from a stoichiometric BUE of 61.4% to a BUEH of 
52.2%. In this case though, some of the intermediates such as glycerol 
and heptanal have a market of their own. When their molecular weight 
is also considered, the BUEL is increased because 93.8% of the initially 
used biomass ends up in valorizable products.

In contrast, LA is produced in one step by fermentation of sugar, 
therefore, the stoichiometric and realistic BUEs differ only by ca. 
10%. This is not the case for 1,3-PDO. In theory, 84.4% of the 
glucose biomass is converted into 1,3-propanediol, according to the 
stoichiometry of the reaction. But from the literature it seems that the 
production is not yet as effi cient as only 40.2–50.7% of glucose reacts 
to 1,3-PDO in a real life setting. 

Analyzing the bio-polymers, the afore-mentioned effects carry 
through, meaning that PLA has the highest BUE. Both the stoichiometric 
value (80%) and the realistic value (77.6%) are signifi cantly higher 
than those for P3HB (realistic: 40.1%) and PE (realistic: 28.6%). For 
P3HB, the lower values can be explained by the fact that the reactant’s 
C, H and O content are not effi ciently used, hence the atom economy 
is low. For example, one third of the glucose-derived oxygen is lost 
due to CO2 as by-product. 

1.6.3 PE has a low BUEH indicating biomass is not used 
effi ciently to form PE

A major part of the overall low BUEH of PE is again the ineffi cient 
use of glucose for the production of ethylene. The drop-in chemicals 
ethylene and consequently PE have a rather low BUEH with 28.6% 
(Figure 3). This can be explained by the fact that the ethylene molecule 
contains no oxygen. Converting sugar into PE is, for this reason, not 
very effi cient: all the oxygen atoms in the sugar need to be removed, 
which is typically done by eliminating CO2 from the glucose molecule. 
This essentially means that when you are removing the six O-atoms in 
sugar to make PE you also remove three C-atoms and hence, only three 
C-atoms are left to make PE from. Using CO2 in a biorefi nery concept to 
make new molecules, can improve the effi cient use of biomass though.

In PLA the oxygen is kept retained as part of the molecular chain, 
hence the effi ciency of PLA is higher than PE (See also Figure 3).

Another reason why ethylene scores relatively low in this BUE-
comparison, is the fact that the conversion rates themselves for 
this drop-in chemical are low. This observation can be explained 
thermodynamically; whereas glucose is energetically relatively low 
and therefore stable, creating a more reactive, e.g. more energy-
containing, C-double bond for ethylene is entropically unfavourable. 
Therefore, either more energy, additional reactants, or more cost-
intensive catalysts have to be used to make sure that the chemical 
balance is reached quicker. Consequently, 100% conversion is diffi cult 
to achieve and further reduces the stoichiometric yield for the ethylene 
production (31.1%). 
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Figure 4: Comparison of Energetic BUEE with Highest Realistic BUEH for selected compounds

1.7 Implications of BUEE

The energetic biomass utilization effi ciency (BUEE) is defi ned as the 
HHV (higher heating value) of the product divided by the HHV of the 
reactant. Figure 4 shows the higher energy density of vegetable oil-
derived fuels, biodiesel and vegetable oil fuel, which reach a BUEE of 
100% (vegetable oil fuel) and 98.7% (biodiesel). The produced energy 
carrier consists almost exclusively of carbon and hydrogen, whereas 
the carbohydrate reactants contain 53% oxygen, which reduces the 
energy density. In contrast, when carbohydrates are used for bio-based 
materials, this oxygen can be used more effectively. 

When using oils for fuels, the BUEE is also favourable because of the 
low amount of oxygen in the oils themselves (Figure 3). Nonetheless, 
considering alkyl glucosides, both energetic and material uses seem 
feasible because they reach comparable BUES and BUEE respectively 
(Goebbels 2010).

It is interesting to see that oxygenated molecules (e.g. PLA) score 
highly with regards to non-energetic BUEs when they are used for the 
creation of materials. This is because the oxygen present in the original 
biomass is fully utilized in the fi nal material produced.

However, the presence of oxygen in the fi nal material reduces 
the energy density, for instance petrol has a high energy-content in 
comparison to biomass (Frenzel et al. 2012). To reach these high energy 
content levels, by for example producing ethylene from glucose, every 
oxygen atom has to be removed. To make this reaction possible, the 
energy levels have to be increased by either adding heat energy or 
suitable reactants (containing more chemical energy).

Figure 4 clearly shows that typical biofuels – except those based 
on vegetable oil – show a much better energetic BUE than a non-
energetic BUE. So they are suitable as fuel but not as a starting point 
for chemicals and plastics, where more effi cient solutions are available.

© – institut.eu | 2015
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2 Methodology

Several experimental and theoretical approaches to determine the 
yields of bio-based products were developed (Labatut et al. 2011 
and references therein). This paper defi nes, introduces and applies 
a new term, the “Biomass Utilization Effi ciency (BUE)”; a new and 
relatively simple approach to evaluate and compare different bio-based 
chemicals, materials and fuels based on the input-biomass, the used 
conversion process and the end product. A BUE analysis answers the 
following questions: How effi cient is the biomass utilized? What share 
of the biomass is ending up in the fi nal product?

2.1 Defi nitions

The central terms and defi nitions used in this methodology are:

BUE
Biomass Utilization Effi ciency (BUE) is defi ned as the percentage 
of the initial biomass ending up in the fi nal product based on the 
molar mass of the reactant (= biomass) and target product.

BUES 
The stoichiometric or theoretical BUES describes the percentage of 
biomass feedstock ending up in the fi nal product only based on the 
chemical reaction itself.
Starting from the stoichiometry of the main chemical reactions, the 
BUES can be calculated based on the mass of the reactants and resulting 
products. Dividing the mass of the product by the mass of the reactants, 
gives the theoretical percentage of biomass weight ending up in the 
product.

BUEL and BUEH 
The BUEL is the lowest yield and the BUEH is the highest yield currently 
published. For determining the BUE-low and BUE-high, realistic yields 
for the described synthetic route are based on a literature survey of the 
latest yields reached in scientifi c publications (up until April 2015) as 
well as personal communication with industry experts. 

Multiplying this theoretical mass yield (= BUES) with the actual 
conversion rates (obtained from literature review) results in a realistic 
BUEL or BUEH for the biomass-process-products combinations studied
in this report. When feasible, the valorisation of other resulting products 
from biomass was also taken into account (for example when PA11 is 
produced from ricinoleic acid, heptanal can also be sold). For the sake 
of simplicity, the possible cascade use of e.g. the leftover fermentation 
broth and CO2 created during the main reactions were not further 
analysed in our approach. 

An even more detailed analysis is possible starting from the C, H 
and O content of the biomass and resulting products and calculating the 
yield on an elementary level. By this, it becomes easier to see which 
portion of the biomass gets lost. 

Even though molar mass was used, the mass is only expressed in 
grams or tons respectively, for brevity’s sake. All calculations are 
based on biomass dry weight and weight percentage and the energy it 
takes to e.g. produce the hydrogen, needed in some of our mentioned 
reactions, was not further taken into account.

BUEE

The same methodology was applied to calculate the BUEE, using now 
the gross higher heating value (HHV; also referred to as gross calorifi c 
value, GCV). This includes the amount of heat produced by complete 
combustion of the biomass or product and the energy needed to react 
the biomass to the desired product.

The following chapters will show the limits of our methodology, as 
well as, compare the BUE to several other established green chemistry 
metrics and relevant European standards.

2.2 Comparison to green chemistry metrics

The principles of green chemistry demand waste minimisation and 
energy effi ciency in the production of chemicals and the use of 
renewable feedstocks where possible (Anastas and Warner 1998). In 
order to assess the effi ciency of chemical reactions, mass metrics have 
been developed to calculate the proportion of reactants incorporated 
into the product or the amount of waste created. Three prominent 
examples are presented in the following table (Table 3). Note that 
E-factor is different to atom economy and reaction mass effi ciency 
because the mass of the product is used as the denominator of the 
equation. E-factor also considers auxiliary components, not just the 
reactants. Atom economy (AE) is a theoretical assessment and does 
not consider the process yield whereas reaction mass effi ciency (RME) 
does.
Table 3: Selected green chemistry metrics.

The biomass utilization effi ciency (BUE) only considers the material of 
biomass origin in the calculation, therefore it could be seen as a partial 
metric, but still with an obvious link to the existing green chemistry 
metrics. Instead, it is better to consider BUE as a different type of metric 
with a focus on feedstock valorisation, instead of the process waste. It 
is useful to establish and compare the relationships between BUE and 
other metrics to test its validity and worth given the presence of several 
alternative calculations that are available for much the same purpose.

If the mass (M /g) and relative molecular mass (RMM /g•mol-1) of 
a substance or feedstock are regarded as the summation of biomass 
and non-biomass components, the following equations are formed:

The equation describing atom economy can be expanded to demonstrate 
its similarity to BUES, with the identical sections presented in green 
text:
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BUES

Atom economy (AE)

In much the same way the yield adjusted BUE, either BUEH or BUEL, 
can be compared to reaction mass effi ciency in an analogous fashion:

BUEH/L

Reaction mass effi ciency (RME):

In bio-refi nery processes where biomass is the only, or at least the 
primary feedstock, the relationship between BUE and the equivalent 
green chemistry metric is quite proportional. However, deviations 
occur when biomass is combined with other substantial feedstocks. 
Figure 5 shows the relationship between BUES and atom economy 
(AE), and also BUEH/L and reaction mass effi ciency (RME) for the 
examples presented in this report. The equivalence line showing 
proportionality between the pairs of metrics is closely adhered to. 
Data points above the trendline are present when functionalisation of 
biomass occurs, resulting in losses of material not considered biomass. 
An example is during the functional group interconversions required 
to convert castor oil into the polyamide PA11. Datapoints below the 
trend line in Figure 5 are caused by ineffi cient use of biomass, followed 
by subsequent reactions with non-biomass substances. An example 
would be aerobic fermentation of sugars to ethanol (with loss of carbon 
dioxide), followed by conversion to ethylene glycol.

 
Figure 5: The comparison between BUE and related green chemistry mass 
metrics.

In Figure 5 the BUE values have been calculated using the actual 
quantities of biomass that have been incorporated into each product, 
as described by the chemical equations featured in this paper. This 
sometimes leads to results with lower biomass utilisation than expected. 
Another method of accounting for the incorporation of biomass in 
products is possible using the newly developed European standard for 
total bio-based content (prEN 16785-2). Here, any atoms covalently 
bonded to a bio-based carbon atom are also considered as bio-based. 
(The proportion of bio-based carbon atoms can be validated analytically 
using radiocarbon methods such as that described in CEN/TS 16640.) 
In the example of an oxidation, there is a difference in the resulting 
BUE depending on whether the introduced oxygen is regarded as bio-
based or not. The effect of changing the calculation is demonstrated in 
Figure 6. Using prEN 16785-2 could be considered as more generous in 
accounting for the biomass in a product, but at the same time possibly 
misleading. This highlights the difference between emphasising 
the use of a feedstock, as BUE intends to do, and present European 
standardisation where the focus is on the fi nal article.

 
Figure 6: The infl uence of the calculation of bio-based content on the fi nal BUE.
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Remarkably, Frenzel and colleagues (2014) reached similar results to 
ours, in terms of the ranking of PLA and PE, by analyzing the exergy 
of various synthetic routes. They used the following definition for 
exergy: “(chemical) Exergy is that part of energy that can be completely 
converted into work in a reversible process in exchange with the 
environment” (Frenzel et al. 2013). It is a measure of the effects caused 
by the chemical composition of a molecule (e.g. the C:H:O ratios 
calculated above) and the effects of molecular structure (e.g. the very 
reactive C=C double bond of ethylene with high exergy Frenzel et al. 
2014). Firstly, they showed that molecules with high oxygen content 
have low exergy. Secondly, to minimize losses in exergy, substantial 
changes in the chemical structure should be avoided. Thirdly, when 
low-oxygen containing products are desired, biomass that also contains 
low levels of oxygen should be used (e.g. vegetable oils) to fulfil the 
principle of maintaining comparable levels of exergy for the reactant 
and the end product (Frenzel et al. 2013, 2014). For instance, total 
exergy loss is the lowest for the petrochemical PE synthesis, even 
though chemical exergy is lost by the exothermal polymerisation. 
However, this heat can be used to cover the heat of the other reactions 
and therefore reduces the utility costs. In contrast, the low-exergy 
glucose has to be converted into high-exergy PE by the creation of 
low-exergy by-products. As in our mass calculations, these by-products 
are lost for PE and subsequently cause a high need for the raw material 
glucose. 

2.3 Limitations of the BUE and similar 
methodologies

The developed BUE analysis, as well as similar approaches, has the 
following methodological limitations:

1. BUE does not take into account whether a process is endothermic 
or exothermic. This aspect can have a high impact on the 
ecological and economical sustainability of a process because 
of additional process energy, which might be needed for the 
chemical reaction and downstream processing. The latter can 
outweigh the benefits of the bio-based conversion process, e.g. 
in the case of an azeotrope as encountered for acetic acid. 

2. Market attractiveness mainly relates to price and functionality. It 
therefore can be less relevant how a chemical ranks in the BUE 
analysis, if the chemical provides a desired functionality at an 
attractive price point (Veith 2015).

3. Regarding ecological considerations, it is also important to 
consider the functional performance of a product, which is often 
intrinsically linked with higher longevity. Higher functionality 
may correlate with more complex conversion steps that may 
translate to a higher production footprint. However, even though 
some products have a higher footprint in their production, this 
can be more than compensated by better functionality (e.g. 
longevity) and consequently footprint savings in the use-phase 
of the product. Functional and life cycle performance of the 
chemical should therefore always also be considered to obtain a 
holistic picture (Veith 2015).

4. The calculated results are based on what is publically available 
today in the literature (last update April 2015) and conversations 
with industry experts. The real efficiencies might be higher but 
are not published by industry due to confidentiality reasons.

5. In industrial plants, reactions are often not run to completion, with 
high selectivity to the desired product preferential to conversion 
of the reactants. Therefore, not 100% of the substrate is used 
directly, especially if there is a chemical equilibrium between 

reactant and product, which means that some product will react 
back. Industrial systems can remove the product and continue 
to react the starting materials, but this is diffuicult to quantify 
through the BUE analysis described here.

6. Furthermore, actual efficiencies are normally a compromise 
between processing cost (CAPEX and OPEX) and throughput 
(processing time). “An example: In enzymatic hydrolysis of 
cellulosic biomass, it is possible to reach very high yields, close 
to 100%. It just takes a very long time (which will demand 
large tanks in full scale production) and consumes lots of 
expensive enzymes. In a full-scale production, one needs to go 
for a compromise between yield and cost (CAPEX and OPEX). 
Normally the optimum is in the range of 80–90% yield.” (Rødsrud 
2015).

7. The BUE method does not take into account the energy use 
and environmental impacts related to bio-feedstock supply (for 
example, the supply of vegetable oil supply can be accompanied 
by larger environmental impacts than starch).

8. In some cases a full environmental assessment can differ from the 
BUE results, for example, cellulose fibres from wood are regarded 
as a good replacement of cotton, environmentally speaking. It 
saves fertilizers, energy and minimizes soil distortion and water 
consumption. However, cotton is also bio-based and by applying 
our methodology, 100% of the biomass is used. In the case of 
cellulose fibres only 40–50% of the wood is preserved in the 
cellulose fibres. In this particular case, the BUE calculation would 
rank cotton better than cellulose fibres (Alwarsdotter 2015).

9. It should also be considered that the stoichiometric BUE may 
differ by a factor of three to four or even more from the real BUE 
value (BUEH; see examples in section 3). It is hence not advisable 
to use BUES as a proxy for BUEH or BUEL.

In the following chapters the BUE approach will be applied to more 
than 30 examples such as bio-based fuels, chemical building blocks 
and polymers.

3 Using biomass for fuels

3.1 Biomethane

Biogas (defined here as CH4) is created by anaerobic (without oxygen) 
microbial processes in special refineries using various feedstocks 
(carbohydrates, fats, proteins). To derive the stoichiometry of the 
chemical equation we used a simplified version of the Buswell-
Formula (Buswell and Mueller, 1952). Furthermore, we assumed that 
the produced NH3 and H2S fractions of the fermentations are negligible: 

CaHbOcNdSe + (a – b/4 – c/2 + 3d/4 + e/2) x H2O à (a/2 – b/8 + c/4 
+ 3d/b + e/4) x CO2 + (a/2 + b/8 – c/4 – 3d/b – e/4) x CH4 + d x NH3 
+ e x H2S 

We only consider plant-derived biomass with the estimated formula: 
C38H60O26 (Antranikian 2006; Goebbels 2010). The Buswell formula 
(mentioned above) is therefore adapted to become:

(1) C38H60O26 + 10 H2O à 18 CO2 + 20 CH4

(2) biomass + water à carbon dioxide + biomethane
(3) 932 g + 10 x18 g à 18 x 44 g + 20 x 16 g
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BUE
The numbers given in equation 3 are calculated from the atomic mass 
and the stoichiometry of the equation (932 g is 38 x 12 + 60 x 1 + 26 
x 16). Therefore, in theory, 932 g biomass yields 320 g biomethane 
or 34.8% methane. Consequently, 2.91 tons of biomass are needed to 
produce 1 ton of methane. 

Starting from lignocellulosic material such as straw, a conversion 
rate of 59% to biomethane can be reached without pretreatment 
(Schumacher et al. 2014). Taking this into account, the realistic BUE 
drops to 20.3% biomethane from lignocellulosic material. Therefore, 
4.93 tons of straw are needed to obtain 1 ton of biomethane. 

Calculating the elementary yield, starting biomass has 38 carbon 
atoms yielding 20 carbons converted into methane, or a 52.63% 
C-yield. All hydrogen from the biomass is transformed into methane 
and all oxygen goes in CO2. This process theoretically loses almost half 
of the initial carbon and all of the oxygen. Using realistic conversion 
rates, the carbon yield drops further to 37.17% (52.63 x 59%). 

BUEE

Wheat straw has an HHV (higher heating value) of 14.3 kJ/g. Burning 
4.93 tons of wheat straw (quantity needed for 1 ton of biomethane, 
see above) generates 70.4 kJ. Methane itself has an HHV of 50 kJ/g. 
Consequently, 71% (= 50 / 70.4) of the initial energy contained in wheat 
straw realistically ends up as energy in methane. When using theoretical 
data, the energy yield increases to 120% ((2.91 x 14.3)/(1 x 50)).

 
Table 4: Comparison of BUE of biomethane production.

3.2 Bioethanol

Various processes, feedstocks and microorganisms, which can also 
vary in their utilization of C5/C6-sugars, are available to produce 
bioethanol. Ethanol can be produced anaerobically using e.g. glucose 
at high yields of 92.3% (Stryer 1975; Hama et al. 2014). Dividing the 
molecular weight of two moles of ethanol (2 x 46 g/mol) by the 180 
g/mol coming from the glucose results in a BUES of 51.1%. Meaning 
that 51.1% of biomass (here considered to be glucose) is converted 
to bioethanol. 84.9 g ethanol can be produced from glucose or 2.12 
tons of glucose are needed to create 1 ton of ethanol. With the yield 
of the two reactions mentioned above, this BUES is reduced to 47.2%. 

Assuming an HHV of 15.6 kJ/g for glucose, directly burning the 
2.12 g glucose needed for ethanol production results in 34.6 kJ energy 
(Morais et al. 2014). In contrast 1 g ethanol creates 29.7 kJ. Division 
of those energy values gives an BUEE ending up in ethanol of 85.8%.

(1) 1 C6H12O6 à 2 C2H5OH + 2 CO2

1 glucose à 2 ethanol + 2 carbon dioxide
180 g/mol à 2 x 46 g/mol + 2 x 44 g/mol

(2) (C6H10O5)n + n H2O à nC6H12O6 à 2n C2H5OH + 2n CO2

cellulose + n water à n glucose à 2n ethanol + 2n carbon dioxide
cellulose + n water à n x 180 g à 2n x 46 g + 2n x 44 g

In the following example, pre-treated wheat straw was used to produce 
0.29 g ethanol per g straw at a conversion rate of 86% (Saha et al. 
2014). To describe it differently, with lignocellulosic material as 
feedstock, 33.7% of this biomass end up as ethanol. Considering the 
86% yield cited for this fermentation the BUE is then reduced to 29%. 
In other words, 6.75 tons of wheat straw equal 1 ton of ethanol. In these 
calculations the possible valorisation of products other than glucose 
(e.g. lignin and hemicellulose), was disregarded. 

Interestingly, when considering an HHV of wheat straw of 13.4 kJ/g, 
directly burning the 6.75 g needed for 1 g ethanol production would 
result in 90.4 kJ energy. In contrast, burning 1 g of ethanol generates 
only 29.7 kJ of energy (Kreuger et al. 2011; Hansen et al. 2014.). This 
means that only 32.9% (= BUEE) of the energy content of the reactant 
can realistically be used in ethanol.

Considering anhydroglucose units, the building block of cellulose, as 
a starting point, also results in two ethanol molecules. Dividing the 96 
g of the ethanol molecular weight by the weight of an anhydroglucose 
unit (162 g) gives a BUES of 56.8%. In reality, a conversion rate of 
61–67% of cellulose to glucose can be reached, thereby reducing the 
realistic bioethanol yield to 34.6–38.1% (Kamm et al. 2007; Yamada 
2013; Pulidindi 2014). In other words, 2.7 tons cellulose are needed 
to make 1 ton of ethanol. 

Applying this rationale by using the gross HHV, 2.7 g of cellulose 
equal 2.7 g x 18.6 kJ/g = 50.22 kJ (Demirbas, 2009). Dividing this 
value by 1 g x 29.7 kJ/g equals 59.2%. This means that 59.2% of the 
initial energy ends up in the final product.

Table 5: Comparison of BUE of bioethanol production from glucose.

Table 6: Comparison of BUE of bioethanol production from cellulose.

3.3 BTL (Biomass to liquid)

The first step of the BTL-procedure is pyrolytic gasification of biomass. 
Here, every carbon of glucose is converted into CO and CO2. The 
carbon monoxide further reacts to –(CH2)- synfuel building blocks 
(Noureldin et al. 2014). Carbon is however lost in the subsequent 
reactions; based on the equations summarized below, 180 g glucose 
can theoretically yield 56 g carbohydrate monomers (= 31.1% BUES). 
In reality, when for instance, octane is the desired product, another 
H2 for the end groups of the carbohydrate chain is needed (i.e. for 
the reduction of the aldehyde). This hydrogen is created in equation 
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3 from the reaction of CO and water. The carbon in carbon monoxide 
is originally derived from glucose as represented in equation 1. This 
essentially means that the production of octane needs an additional 
one sixth of monosaccharide (1/6 x 180 g = 30 g) to account for 
the H2 needed for the end of the molecular chain (Goebbels 2010). 
Consequently, 390 g monosaccharide (2 x 180 + 30) yields 114 g of 
octane (C8H18). In other words, 3.42 tons of glucose result in 1 ton of 
octane. Apart from the polymerisation, the realistic yield of 91.7% 
of the process also has to be taken into account (Bezergianni et al., 
2014). Henceforth, one is left with 104.5 g octane and a realistic BUE 
of 26.8%. 

With an HHV of 15.6 kJ/g for glucose, the required 3.42 g for 
production of 1 g octane, would create 53.3 kJ energy if the glucose 
were to be burned directly, whereas 1 g octane has an HHV of 47 kJ. 
In other words, 88.2% of the initial energy content is carried over to 
the octane product. 

(1) 1 C6H12O6 à 6 C + 6 H2O  
(2) 6 C + 6 CO2 à 12 CO (Boudouard reaction)  
(3) 8 CO +8 H2O à 8H2 + 8CO2 
(4) 4 CO + 8 H2 à -( CH2)- + 4 H2O 
(5) C6H12O6 à 4 -(CH2)- + 2 H2O + 2 CO2

Table 7: Comparison of BUE of BTL production.

When wood is used in the BTL-process, the usable carbohydrates, 
cellulose and hemicellulose vary from 60–70 % depending on factors 
such as type of wood and process used to isolate the carbohydrates 
(Goebbels 2010; Nikbakht et al. 2014 and references therein). 
Consequently, 4.89–5.7 tons of wood equal 1 ton of octane. This means 
lignocellulosic biomass is transformed by 20.4–17.5% to octane. 

When the heating values of BTL-derived octane (47 kJ/g) are 
compared to wood (19 kJ/g), it is remarkable that directly burning the 
4.89–5.7 g of wood, needed to create 1 g BTL, results in 92–108 kJ 
energy. Burning 1 g of BTL, on the other hand, only yields 47 kJ energy.

Cellulose as basis for synfuel productions is based on the following 
chemical reaction with a realistic yield of 35% (Noureldin 2014): 
C6H10O5 à 4 CH2 + H2O + 2 CO2 

Applying the realistic yield to the stoichiometric value gives a BUE 
of 12.1% for synfuel production. To put it differently, 8.26 tons of 
cellulose are needed to create 1 ton synfuel with an HHV of 49.5 kJ/g 
(Linstrom et al. 2014). When cellulose would be directly utilized for 
energy, 153.6 kJ would be generated (8.26 g x 18.6 kJ/G; Demirbas 
2009). Division of 1 g x 49.5 kJ by 153.6 kJ yields 32.2% energy ending 
up in the product (Linstrom et al. 2014).

Table 8: Comparison of BUE of BTL process starting from cellulose.

Table 9: Comparison of higher heating values for wood and BTL. 

3.4 Biodiesel

A wide array of oils is available (from plants or animals, mainly 
produced from palm oil, soybean oil and rapeseed oil) as a source for 
triglycerides in the transesterification reaction which creates biodiesel 
(C15-25H28-48O2) and glycerol (C3H8O3). It is a renewable substitute for 
petrodiesel with a comparable HHV of 37.1–41 kJ/g (for biodiesel) 
and 43 kJ/g (for petrodiesel). Moreover, biodiesel is essentially free 
of sulphur and aromatics and emits less exhaust fumes when burned. 
Additionally, the glycerol, produced in the transesterification, is a 
reaction product that is valuable in its own right (Demirbas 2009; FNR  
2014). Apart from the triglycerides, either methanol or ethanol is used 
as the second reactant. On the one hand, ethanol can be produced from 
renewable resources, on the other hand, methanol is, amongst other 
things, cheaper. In the graph below, the different consecutive reactions 
and the overall stoichiometry are detailed. For our calculations we 
assumed the use of methanol (CH3OH = 32 g) and an average chain 
length for R of C18H35. Subsequently, the triglyceride has a molecular 
weight of 926 g (C60H110O6) and the resulting ester/biodiesel 392 g 
(C20H38O2). Depending on the reaction conditions the yield can vary 
from reactions catalysed enzymatically (72%) to alkali-catalyzed 
transesterfications, which use, for example, alkaline metal alkoxides 
(CH3ONa) (98%) (Demirbas 2009; Goebbels 2010; Peng et al. 2012). 

(1) C60H110O6 + 3 CH4O à 3 C20H38O2 + C3H8O3

(2) triglyceride + 3 methanol à glycerol + 3 fatty acid alkyl ester 
(biodiesel)
(3) 926 g + 3 x 32 g à 3 x 310 g + 92 g

Table 10: Comparison of BUE of biodiesel production.
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When comparing the HHV of rapeseed oil (37.6 kJ/J) and the resultant 
biodiesel (37.1 kJ/J), theoretically 98.7% of the initial energy of the 
used reactant ends up in the biodiesel products (FNR 2014). Assuming 
that 72.7–98% of biomass is converted into biodiesel, 1.37–1.02 g 
triglycerides are needed for the production of 1 g biodiesel. Using 
the HHV of rapeseed oil mentioned above, 38.3–51.5 kJ energy is 
contained in the amount of triglycerides needed for 1 g biodiesel. The 
energy content of the latter is 37.1 kJ.

3.5 Vegetable oil fuel

Plant oils can be added directly to normal diesel fuel or engines can 
be modified to completely run on plant oils. In theory, 100% of this 
biomass can be used as gasoline (Goebbels 2010).

3.6 Hydrotreated vegetable oils respectively 
NExBTL

NExBTL is Neste Oil’s trade name for paraffinic renewable diesel, 
which comes from hydrotreated (hydrogenated) vegetable oil (HVO). 
HVO works as a drop-in fuel and can therefore replace conventional 
diesel by 100% while demonstrating lower emissions. In addition, 
compared to biodiesel, consisting of fatty acid methyl esters, it has 
a higher shelf life (Nylund et al. 2011). The hydrotreatment step is 
used to remove the oxygen from the triglycerides and by adjusting the 
isomerization conditions the cold flow characteristics of the resultant 
mixture of n- and isoparaffins can also be adapted. Rapeseed oil has 
a relative average molar mass of 867.5 g/mol (C56H99O6) due to the 
high percentage of oleic acid (Bynes et al. 2014). To apply this average 
molecular weight to table 11, we assumed R = C20H40 and R’ = C7H14. 
The resulting, relevant paraffins (2 x (C20H40-CH2-CH3) = 618 g and 
C7H14-CH3= 113 g) add up to 731 g. Dividing the products with the 
molecular weight of rapeseed oil (864 g) shows that this procedure can 
produce 84.5% (= BUES) paraffins from biomass. To put it differently, 
1.18 tons of biomass (here: rapeseed oil) are needed for 1 ton of 
combined paraffins. Realistically, it has been shown that 77.6% can 
be reached, which means that 1.29 tons of biomass are required for 
the production of 1 g paraffins (Bezergianni et al. 2014). Apart from 
that, the propane, which is also created in the reaction (see below), is 
a valuable product. 

Using an HHV of paraffin of 46 kJ/g and for HVO equalling to 44.1 
kJ/g, shows that directly using the needed 1.28 g HVO for energetic 
purposes yields 56.9 kJ. Dividing the paraffin energy of 44.1 kJ/g by the 
calculated 56.9 kJ for HVO results in 77.5% of HVO reactant ending 
up in the paraffin product (Linstrom and Mallard 2001; FNR 2014).

 
Figure 7: Hydrotreatment of fatty acids (Source: Gandarias et al. 2013).

Table 11: Comparison of BUE of NExBTL production.

4 Material use of biomass for chemical 
building blocks

4.1 Acetic Acid

Acetic acid is an important building block for PVA (poly vinyl acetate) 
by reacting with ethylene to form the vinyl acetate monomer (Harmsen 
et al. 2014). There are different ways of acetic acid production by 
acidogenic fermentation. For example, 100 g of corn stover biomass 
can be fermented to 21.84 g acetic acid. Moreover, depending on the 
microorganism used, either C5 or C6 sugars can be utilized in the 
fermentation (Zhao et al. 2014). When glucose is directly fermented to 
acetic acid with an expected yield of 80%, 144 g are formed from 180 g 
glucose. In other words, 1.25 tons of glucose needs to be fermented to 
produce 1 ton of acetic acid. A recent publication indicates that acetic 
acid production from glucose fermentation can even reach yields of 
around 90% (Yan et al. 2014).

a) Direct production process:
C6H12O6 à 3 CH3COOH 
glucose à 3 acetic acid 
180 g à 3 x 60 g 

Table 12: Comparison of BUE of direct acetic acid production.

Another possibility is to firstly produce ethanol from glucose and 
then oxidize it further to acetic acid. At a Wacker Chemie pilot plant, 
this approach is used with an acetic acid yield of 90% (De Guzman 
2010; Goebbels 2010). Applying this method, 120 g acetic acid can be 
produced from 180 g glucose. Taking the 90% yield into consideration 
the acetic acid amount is reduced to 108 g, or 1.67 tons of glucose 
are needed for the production of 1 ton of acetic acid. Even though 
this approach reduces the acetic acid output in comparison to direct 
glucose fermentation by 25%, the plant operation is more versatile. 
For instance, the solvent methyl ethyl ketone and the building block 
1,4-butanediol can also be created on site. Apart from having other 
uses the mentioned chemicals can further be reacted in the same plant 
to acetic acid again (De Guzman 2010).
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b) Acetic acid production via ethanol intermediate:
(1)  C6H12O6 à 2 C2H5OH + 2 CO2 

glucose à 2 ethanol + 2 carbon dioxide 
180 g à 2 x 46 g + 2 x 44 g 

(2)  2 C2H5OH + 2 O2 à 2 CH3COOH +2 H2O 
2 ethanol + 2 oxygen à 2 acetic acid + 2 water  
2 x 46 g + 2 x 16 g à 2 x 60 g + 2 x 18 g

Overall: C6H12O6 à 2 CH3COOH + H2O + 2 CO2

Table 13: Comparison of BUE of acetic acid production (with ethanol as 
intermediate).

4.2 Lactic Acid (LA)

The building block lactic acid can be produced by glucose fermentation. 
It is a building block for polymers such as polylactic acid (PLA), which 
can replace fossil-based chemicals such as polystyrene. Moreover, 
catalytic dehydration of lactic acid can be employed to make the 
adhesive/paint ingredient polyacrylic acid (PAA). At the moment, 
starch/sugar-rich biomass (e.g. corn, sugar cane) is used and research 
is underway to use lignocellulose as a non-food, alternative feedstock 
(Harmsen et al. 2014). Depending on the microorganism used, which 
normally produces lactic acid to support its own metabolism, yields of 
85–97% were shown experimentally (Endres 2013; Wang et al. 2014).

(1) C6H12O6 à 2 C3H6O3 
(2) glucose à 2 lactic acid 
(3) 180 g à 2 x 90 g 

Table 14: Comparison of BUE of lactic acid production. 

4.3 Succinic acid (SA)

SA is an intermediate of the citric acid cycle and an end product in 
anaerobic metabolism (Kurzrock and Weuster-Botz 2010; Goebbels 
2010; Pinazo et al. 2015). Theoretically, 201.8 g SA is formed from 
180 g glucose. The extra weight originates from 37.84 g carbon 
dioxide required for the reaction. To keep the numbers comparable, 
the maximum BUES that can be reached was set at 100% regardless. 
Consequently, 148.73 g (180 g/(180 + (0.86 x 44 g) x 180 g) of glucose 
is participating in the formation of 201.8 g SA. With a yield of 90%, 
this gives a realistic value of 181.62 g of SA (Endres 2013). 

(1) C6H12O6 + 0.86 CO2 à 1.71 C4H6O4 +1.74 H2O
(2) Glucose + 0.86 x carbon dioxide à 1.71 x succinic acid + 1.74 
x water 
(3) 180 kg + 0.86 x 44 kg à 1.71 x 118 kg + 1.74 x 18 kg 

Table 15: Comparison of BUE of succinic acid synthesis. 

4.4 1,3-propanediol (PDO)

PDO can either be made by fermenting glycerol directly or by using 
glucose as a feedstock (Bieblet al. 1998; Muska and Alles 2005). DuPont 
uses the latter as a building block for PTT-fibres (Polytrimethylene 
terephthalate) (Kurian 2005). Yields of 60% were reported for the 
glucose-to-PDO fermentation (Nakamura and Whited 2003; Saxena 
et al. 2009; Endres 2013). In theory, 84.4% (= BUES) of glucose is 
converted to PDO (1.18 tons glucose = 1 ton PDO). Taking the yield 
into account, 180 g glucose fermentation results in only 91.2 g of PDO, 
thereby reducing the BUE to 50.7% (with 1.97 tons glucose needed 
for one ton of PDO).

(1) C6H12O6 à 2 C3H6O3 + 2H2 à 2 C3H8O3 à 2 C3H8O2 + H2O
(2) glucose à 2 dihydroxyacetone + 2 hydrogen à 2 glycerol à
2 PDO + water 
(3) 180 g à 2 x 90 g + 2 x 2 g à 2 x 90 g à 2 x 76 g + 18 g

Table 16: Comparison of BUE of PDO production. 
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4.5 1,4-Butanediol (BDO)

BDO is another important building block because it can replace 
ethylene glycol by polycondensation of the corresponding diacids 
and diols to get the thermoplastic polybutylene terephthalate (PBT). 
It is possible to polymerize BDO with succinic acid to polybutylene 
succinate (PBS: Harmsen et al. 2014). E. coli can be used to ferment 
sugar to form SA as an intermediate and to fi nally yield BDO (Goebbels 
2010; Yim et al. 2011). Currently, yields of microbial BDO-synthesis 
are 90%, so from 180 g BDO only 162 g is generated (Endres 2013; 
Hasebeck et al. 2013).

(1) C6H12O6 + 0.86 CO2 à 1.71 C4H6O4 +1.74 H2O
Glucose + 0.86 x carbon dioxide à 1.71 x succinic acid + 1.74 
x water
180 g + 0.86 x 44 g à 1.71 x 118 g + 1.74 x 18 g 

 (2) 2 C4H6O4 + 4 H2 à 2 C4H10O2 + 4 O2

2 succinic acid + 4 hydrogen à 2 butanediol + 4 oxygen
2 x 118 g + 4 x 2 g à 2 x 90 g + 4 x 16 g

Table 17: Comparison of BUE of BDO production. 

4.6 5-Hydroxymethylfurfural (HMF)

HMF is a versatile intermediate in polymer synthesis for instance, and 
offers various synthetic possibilities due to its rich chemistry. In one 
example, it can be used to make furandicarboxylic acid (FDCA), which 
in turn can be further processed into a replacement for PET in bottles 
(see further down in the paper), polyamides, polyurethanes, thermosets 
and plasticizers (Rosatella et al. 2011). Sugars (fructose and glucose) 
are dehydrated to hydroxymethylfurfural (HMF) at the expense of three 
water molecules. Theoretically, this adds up to 70% (= BUES) of the 
glucose being converted into HMF (126 g/mol of product per 180 g/
mol of feedstock). Consequently, 1.43 tons of glucose is needed for 
production of 1 ton of HMF. Depending on reaction conditions and use 
of catalyst, this reaction has a conversion ranging roughly from 86% 
to 92% when using ionic liquids (Koopman et al. 2010; Luterbacher et 
al. 2014, van Putten 2015). Applying those values to the stoichiometric 
BUE of 70% results in a realistic range of 60.9% (= BUEL) to 64.4% 
(= BUEH). Those percentages translate to 1.55–1.64 tons glucose being 
reacted to 1 ton HMF in a real world setting.

(1) C6H12O6 à C6H6O3 + 3 H20
(2) glucose à HMF + 3 water
(3) 180 g à 126 g + 3 x 18 g

Isomerization Dehydration

 
Figure 8: Synthesis routes from glucose/fructose to form HMF (adapted from 
Rosatella et al. 2011).

Table 18: Comparison of BUE of HMF production. 

4.7 Ethylene

The monomer ethylene can be made by fermentation of glucose to 
create ethanol which is in turn dehydrated catalytically. DSM and 
POET are also at pilot plant stage for fermenting lignocellulosic 
material (Harmsen et al. 2014). Due to the two step process and the 
detour via ethanol a BUES of only 31.1% (56 g/mol / 180 g/mol) can 
be achieved when ethylene is produced using fermentation. Taking 
into account the highest possible (according to our literature survey) 
yield at the moment of 92.3% for the glucose to ethanol fermentation 
and 99.7% for conversion of ethanol to ethylene, we end up with a 
realistic BUE of 28.6% (Fan et al 2012; Hama et al. 2014). Discounting 
yields, the production of 1 ton of ethanol requires 1.96 tons of glucose. 
Subsequently, 1.64 tons of ethanol are used for the production of 1 ton 
of ethylene. To summarize, 3.44 tons of glucose are needed for 1 ton of 
ethylene. Taking the yields into consideration for both steps, 3.5 tons 
of glucose are needed for 1 ton of ethylene. 

(1) C6H12O6 à 2 C2H5OH + 2 CO2 
glucose à 2 ethanol + 2 carbon dioxide
180 g à 92 g + 88 g

(2) 2 CH3CH2OH à 2 C2H4 + 4 H2O 
2 ethanol à 2 ethylene + 4 x water
92 g à 56 g + 4 x 18 g

On the laboratory scale there are still efforts underway to produce 
ethylene directly via fermentation. These studies use metabolic 
engineering and the fact that ethylene is, for example, also a plant 
hormone and therefore part of the natural metabolism of several 
species. For instance, introducing the EFE molecule (ethylene-forming 
enzyme) from Pseudomonas syringae into S. Cerevisiae to produce 
ethylene in lab-scale chemostats has been demonstrated, but the yields 
and cultivations conditions still have to be signifi cantly optimized. At 
the moment, the highest observed yields were 8 moles ethylene to 10 
moles glucose (8 x 28 g/mol / 10 x 180 g/mol), which translates to 
12.4% glucose being directly converted into ethylene (Eckert et al. 
2014 and references therein).

Table 19: Comparison of BUE of ethylene production. 
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4.8 Mono-ethylene glycol (MEG)

Ethylene glycol is an important building block for polymers such as 
PEF and PET. It can also be used by itself for example to deice airplanes 
or as a heat transfer agent (Rebsdat and Mayer 2005). There are several 
ways to synthesize MEG from biomass, for instance, it can be made 
from ethylene, via the precursors glucose and ethanol.

As mentioned earlier, 3.5 tons of glucose are needed to produce 
1 ton ethylene. This can be processed further via ethylene oxide to 
get ethylene glycol (Rebsdat and Mayer 2005). If this conversion is 
at 100%, one can assume that 1.64 tons of glucose also yields 1 ton 
ethylene glycol. In reality, 2.2 tons of ethylene equal 1 ton of ethylene 
glycol. It has recently been shown that cellulose can be converted 
into MEG with a yield ranging between 61% and 83%. The low yield 
can be explained due to various occurring side reactions such as 
hydrogenation, isomerisation, hydrogenolysis and dehydration which 
form sorbitol, erythritol, glycerol and 1,2-propanediol respectively. 
Glucose is converted by a retro-aldol reaction to glycol aldehyde and 
this is further hydrogenated to ethylene glycol (van de Vyver et al. 
2011; Ooms et al. 2014).
1)  Synthesis via ethylene: 

C2H4 à C2H4O + H2O à C2H6O2 
ethylene à ethylene oxide + water à ethylene glycol 
28 g à 44 g + 18 g à 62.1 g

2)  Direct synthesis (using cellulose-derived glucose):  
C6H12O6 + 3 H2 à 3 C2H6O2  
glucose + 3 x hydrogen à MEG  
180 g + 3 x 2 g à 3 x 62,1 g

Table 20: Comparison of BUE of MEG production. 

4.9 Isoprene

This building block is used by a variety of organisms to construct 
isoprenoids. In the chemical industry, isoprene, at the moments of 
petrochemical origin, is used as a starting material to make synthetic 
rubber, pesticides and medicines (Lv et al. 2013). Moreover, together 
with bio-based acrylic acid, it can be further reacted to give terephthalic 
acid, which is one of the monomers used in PET synthesis (Miller et 
al. 2014). Various feedstocks can be used to form bio-based isoprene, 
for instance, glycerol, CO2 or glucose with various microorganisms 
(Lv et al. 2013; Bentley et al 2014; Miller et al. 2014; Zurbriggen et 
al. 2014). Even though the photo-autrotrophic production of isoprene 
from CO2 has only a stoichiometric BUE of 30.9% and a realistic BUE 
of 27.2%, the fact that it captures 5 carbon dioxide molecules (5CO2 

+ 4 H2O à C5H8 + 7 O2) distinguishes it from the other production 
routes (Bentley et al. 2014). Producing isoprene with glucose as the 
feedstock has a stoichiometric BUE of 45.4%. Taking this together with 
a realistic but low yield for the reaction between 30.2–32%, means 
that instead of the 2.2 tons of biomass needed for the production of 
isoprene, 6.9–7.3 tons biomass are actually required (Lv et al. 2013; 
Liu et al. 2014; Zurbriggen et al. 2014).

5 C6H12O6 à 6 C5H8 + 6 H2O + 12 O2

5 x glucose à 6x isoprene + 6 x water + 12 x oxygen
5 x 180 g à 68.1 g + 6 x 18 g + 12 x 32 g

Table 21: Comparison of BUE of isoprene production. 

4.10 Acrylic Acid

This building block can be used to form poly-acrylic acid which is 
an important constituent in adhesives and coatings. Moreover, it can 
form various copolymers (e.g. latex/acryl paints, Harmsen et al. 2014). 
Acrylic acid can be produced from glycerol, which occurs in significant 
amounts as a side stream of the biodiesel production and can therefore 
be valorized by the creation of another value-added chemical. In a 
one-pot system, it was shown that acrylic acid can be produced with 
yields around 40% (Witsuthammakul and Sooknoi 2012; Harmsen et 
al., 2014). The theoretically needed 1.28 tons glycerol to make 1 ton 
acrylic acid, relates to 3.21 tons feedstock when assuming a realistic 
yield of 40% for the conversion to acrylic acid. This boils down to a 
realistic BUE of 31.2%

C3H8O3 + 0.5 O2 à C3H4O2 + 2 H2O
glycerol + 0.5 x oxygen à acrylic acid + 2 x water 
92.1 g à 72.1 g + 2 x 18 g 

Table 22: Comparison of BUE of acrylic acid production. 

4.11 2,5-furandicarboxylic acid (FDCA)

FDCA is structurally very similar to terephthalic acid, one of the 
monomers used to create PET, and can therefore create the furan (5C—
ring instead of 6C-ring of PET) homologue PEF (see PEF-chapter later 
in this paper, Sousa et al., 2013). The oxidation of HMF to FDCA can be 
performed with a 97% yield (Koopman et al. 2010; van Aken 2011; van 
Putten et al. 2013; Luterbacher et al. 2014) and so the stoichiometric 
BUE of 86.67% is reduced to 84.1%. Furthermore, HMF has a BUEL 
of 60.9% and a BUEH of 64.4% which also has to be accounted for 
in our calculations. Therefore, 51.2–54.1% glucose ends up in FDCA 
when acknowledging the realistic BUEs in the 2 main synthesis steps 
from glucose via the HMF intermediate to FDCA. To put it differently, 
1.85–1.95 tons of glucose can be converted to 1 ton FDCA.
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C6H6O3 + 1.5 O2 à C6H4O5 + H2O
HMF + 1.5 oxygen à FDCA + water
126 g + 1.5 x 32 g à 156.1 g + 18 g

 
Table 23: Comparison of BUE of FDCA production. 

4.12 Para-xylene (pX)

Para-xylene is used as a building block for polyester and the most 
important of the PET-precursors, terephthalic acid, can be made by 
oxidizing p-xylene (Harmsen et al. 2014; Sheldon et al. 2014). As 
mentioned earlier, HMF can be produced with realistic yields varying 
from 60.9 to 64.4%. HMF reacts further to 2,5-dimethylfuran (DMF) 
in reality with yields up to 93.4% (Zu et al. 2014). The reaction of 
DMF with ethylene to form pX has been published at 100% (Davis 
and Pacheco 2014). Taking all those yields together with the yield for 
bio-based ethylene production (28.6%) results in a BUE of 9.6% for 
para-xylene production via the above-mentioned synthetic routes from 
glucose. In other words, 10.4 tons of biomass are needed to produce 
1 ton pX.

C6H8O + C2H4à C8H10 + H2O
DMF + ethylene à pX + water
96.1 g + 28 g à 106.2 g + 2 x 32 g 

Table 24: Comparison of BUE of pX production. 

4.13 Terephthalic Acid (TPA)

TPA is one of the monomers used to make, among other compounds, 
the following polymers: Poly(trimethylene terephthalate) (PTT), which 
is mainly used in textile fibres; PBT (= poly(butylene terephthalate)), 
a technical polymer for speciality applications; PET (polyethylene 
terephthalate), used in packaging such as bottles (Harmsen et al. 2014). 
It can be produced from p-xylene with yields as high as 98% or by 
cycloaddition of bio-based acrylic acid and isoprene. Taking into 
account the BUEHs of both molecules and the 68% yield of the last 
reaction reduces the BUEH for TPA significantly (Miller et al 2014). 
Consequently, one needs at least 10 tons glucose to make TPA (via 
the p-xylene route). 

C5H8 + C3H4O2 + O2 à C8H6O4 + 3 H2

isoprene + acrylic acid + oxygen à TPA + 3 x hydrogen
68.1 g + 72.1 g + 32 g à 166.1 g + 3 x 2 g 

Table 25: Comparison of BUE of TPA production. 

5 Material use of biomass for 
biopolymers

5.1 Polyethylene (PE)

Ethylene can be polymerized to polyethylene by using the same 
equipment as for petrochemical PE (Goebbels 2010). The ethylene 
monomer can be polymerized with 100% efficiency to PE (Endres 
2013). Therefore the same calculations and C/H/O ratios apply as 
calculated in the chapter on ethylene (please refer to Table 19).

5.2 Poly(butylene) succinate (PBS)

PBS can be made by using various polymerisation techniques from 
BDO and SA. It is a polyester with comparable mechanical properties 
to polypropylene (PP) and is biodegradable. Moreover, it exhibits 
thermoplastic processibility and can be blended with other polymers 
such as PLA to alter its properties (Adamopoulou 2012; Harmsen et al. 
2014). In theory, the two building blocks SA and BDO can be produced 
with 100% yields from glucose. This means that the molar mass of 
the PBS functional unit ((C8H12O4)n 172 g/mol) can be divided by the 
molar mass of glucose (180 g/mol) resulting in a BUES of 95.5%. 
Realistically, SA is made from biomass with yields varying between 
80.6% and 90% and BDO shows yields of 76.9–90%. Using direct 
polyesterification under microwave irradiation those building blocks 
can be polymerized to PBS with 81.3% efficiency (Adamopoulou 
2012). When taking all the yields for the different steps into account 
one comes up with a BUEL of 50.4 and a BUEH of 63.0%. In other 
words, to realistically make 1 ton of SA and BDO each one would need 
2.22 and 2.54 tons of glucose respectively. Taking the 81.3% efficiency 
of the polymerization reaction (which needs 1.09 tons of SA and BDO 
each to make 1 ton of PBS) into account, in total 2.41–2.73 tons glucose 
will be needed for the production of 1 ton PBS.

(1) n C6H12O6 à C4H6O6 + C4H10O2 à (C8H12O4)n + 2H2O + O2

(2) n glucose à SA + BDO à PBS + 2 x water + oxygen
(3) n x 180 g à 118.9 g + 90.1 g à 172 g + 2 x 18 g + 32 g 
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Table 26: Comparison of BUE of PBS production. 

5.3 Polylactic acid (PLA)

PLA is an aliphatic, thermoplastic polyester with a wide range of 
applications (e.g. food service ware, woven and non-woven fibers, 
3D-printing) and can be processed with the standard equipment of 
the petrochemical industry (Garlotta 2001; Harmsen et al. 2014). It 
is mainly produced by formation of the lactide dimer and subsequent 
ring opening polymerization. These processes have different yields 
depending on the technology used. For instance, lactide exists as D-/L-/
meso-isomers and unreacted lactide, which can inhibit the reaction. 
By using primary amines supported on resins, this unreacted lactide 
could be removed, without affecting the polymerization to PLA, with 
a yield of 98.7% (Alba et al. 2015). In theory, 80% of the glucose-
biomass ends up in PLA (144 g/mol / 180 g/mol). This means that 1.25 
tons glucose would be needed to produce 1 ton of PLA. In reality, the 
yield to produce LA (85–97%, mentioned in the “LA chapter”) and the 
conversion rate of the polymerization reaction to yield PLA (98.7%) 
also have to be taken into account. Therefore, PLA production has a 
BUEL 67.1% and a BUEL of 76.6%. This is equal to 1.3–1.49 tons 
glucose being needed for 1 ton PLA.

(1) n C6H12O6 à 2n C3H6O3 à C6H8O4 + n H2O à 2 (C3H4O2)n

(2) n glucose à 2n lactic acid à lactide + n water à 2 polylactic acid 
(3) n x 180 g à 2n x 90 g à 144 g + n x 18 g à 144 g

Table 27: Comparison of BUE of polylactic acid production. 

5.4 Polyhydroxybutyrate (PHB) as an 
example of Polyhydroxyalkanoates (PHA)

PHA can be created by fermentation using a multitude of different 
substrates (e.g. glucose, maltose, sucrose; Honsa 1992; Gumel 2013). 
These hydroxyl fatty acid-derived polyesters have very diverse 
properties; due to their chemical properties, the PHAs with short 
chains (scl-PHA) are thermoplastic and the ones with a medium chain 
length (mcl-PHAl) are elastomeric (Belgacem and Gandini 2008) PHB 
belongs to the scl-PHAs. Using the synthetic route detailed below, 
180 g of glucose are converted into 86 g of PHB-monomer (C4H6O2).  

This is equal to 2.09 tons of glucose being needed for 1 ton of PHB. 
Riedel and colleagues (2013) were able to reach a total recovery of 
84% PHB in Ralstonia eutropha, thereby reducing the theoretical 180 
g glucose to 72.24 g for 86 g of PHB. These numbers are equal to a 
BUES of 47.8% and a realistic BUE of 40.1%.

(1) C6H12O6 + 2 CoA + 1.5 O2 à 2 C2H3O-CoA + 2 CO2 + 3 H2O 
(2) 2 C2H3O-CoA à -(C4H6O2)- + 2 CoA
(3) C6H12O6 + 1.5 O2 à -(C4H6O2)- + 2 CO2 +3 H2O

Table 28: Comparison of BUE of PHB production. 

5.5 Polyamides

This major class of engineering plastics are known in layman’s terms as 
nylons. They are abbreviated to PAx.y, where the first number denotes 
the number of carbon atoms in the diamine monomer and the second 
describes the number of carbons in the diacid. PA11 is manufactured 
by Arkema from castor oil and is fully bio-based. The seed of the 
plant Ricinus communis contains 45% castor oil, which in turn has a 
fatty acid composition of 85% ricinoleic acid (Harmsen et al. 2014). 
Assuming that the conversion steps starting from ricinoleic acid are 
100% efficient, 61.4% (BUE = 6 x 183 g / 6 x 298 g) of the used 
ricinoleic acid mass is are theoretically retained in the polyamide. 
If one takes into consideration that only 45% of the plant seeds are 
castor oil and from this oil only 85% consist of ricinoleic acid, this 
means that 23.5% of the ricinus plant biomass ends up as PA11. In 
other words, 8.5 tons of plant are needed for the manufacture of 1 ton 
PA11. Even though this looks discouraging at first sight, 2 by-products 
of the PA11 synthesis (heptanal and glycerol) have a market of their 
own meaning that the biomass is used to a greater extent. For example, 
starting from ricinoleic acid and assuming a 100% conversion rate 
for all the reactions, the PA11-synthesis also yields 38.6% of the by-
product heptanal. Consequently heptanal, which is used in fragrances 
(e.g. jasmine scent in washing powder) and can act as a lubricant 
due to its low freezing point, can be sold separately. In addition, bio-
based heptanal is 100% linear compared to heptanals synthesized 
using classical petrochemical methods (Metzger and Bonscheuer 2006; 
Borg et al. 2009). Furthermore, undecenoic acid, can be used as a 
surfactant, has bacteriostatic properties and provides fungal restistance. 
Consequently, it is used to treat athletes foot and in diapers (Bort et 
al. 2009). For the table below, ricinoleic acid (RA) was defined as 
“biomass”. Seeing as that castor oil only contains 85% of RA a realistic 
yield of 52.2% was calculated.

Interestingly, ricinoleic acid can also be used to make PA5.10, 
PA4.10, PA6.10 and PA10.10 using sebacic acid as an intermediate 
instead of undecane acid as it is shown below for PA11 synthesis 
(Endres 2013).
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(1) 2 Castor oil + 6 H2O à 6 C18H34O3 + 6 CH4O à 2 C3H8O3 + 6 
C19H36O3 à 6 C12H24O2 + 6 C7H14O à 6 C11H22O2 à 6 C11H21BrO2 à 
6 C11H23NO2 à 3 [-NH-(CH2)10-CO]n +3 H2O

(2) 2 Castor oil à6 ricinoleic acid + 6 methanol à 2 glycerol + 6 methyl 
ricinoleate à 6 methyl 11-undecanoate + heptanal à6 11-undecenoic 
acid à 6 11-bromoundecanoic acid à 6 11-aminoundecanoic acid à 
3 polyamide-11 + 3 water

(3) 2 x 932 g + (6 x 18 g) à 6 x 298 g + 32 g à 2 x 92 g + 6 x 312 
g à 6 x 200 g + 6 x 114 g à 6 x 186 g à 6 x 265 g à 6 x 201 g à 
6 x 183 g + 6 x 18 g

Table 29: Comparison of BUE of PA11 production.

5.6 Poly(ethylene furandicarboxylate) (PEF) 

PEF is a new bio-based material, which could replace PET for products 
like bottles. Compared to PET, PEF has a higher thermal stability but at 
the same time a lower melting point so it can therefore be processed at 
lower temperatures (Harmsen at al. 2014). Instead of terephthalic acid 
as a monomer, PEF uses 2,5-furandicarboxylic acid (2,5-FDCA) and 
furthermore, the other monomer ethylene glycol could also be replaced 
by BDO to create the polymer poly(butylene furandicarboxylate) (PBF; 
Harmsen et al. 2014). To get FDCA, sugars are dehydrated to HMF 
(see chapter with detailed calculations for this building block further 
up in this paper). 

To sum up our calculations for the two PEF monomers EG and 
FDCA, EG has a stoichiometric BUE of 100% which translates into a 
BUEL of 61% and a BUEH of 81%. For FDCA, a BUES of 86.7% from 
glucose was calculated together with real world yields of 51.2–54.1% 
which also take into account the fi rst synthetic step (glucose to HMF).

Based on the equation below one can further proceed with calculating 
how much glucose is needed to make 1 ton of PEF; theoretically, 780 
kg FDCA are required (5 x 156 g/mol). Applying the highest yield 
of 54.1% results in 1441.8 kg glucose needed for the reaction from 
FDCA to PEF. For 310 kg EG (5 x 62 g/mol / 0.81), 382.7 kg glucose 
are required. Adding those glucose amounts together, 1824.5 tons of 
glucose equal 1000 tons PEF, or, in other words, 54.8% glucose ends 
up in PEF.

C6H4O5 + C2H6O2 à C8H8O6 + H2O
1 FDCA + 1 ethylene glycol à 1 PEF + 1 water
156 g + 62 g à 200 g + 18 g

+

Figure 9: Schematic of PEF synthesis from ethylene glycol and FDCA (adapted 
from Saliger 2013).

Table 30: Comparison of BUE of PEF production. 

5.7 Polyethylene terephthalate (PET)

This large volume polymer (annual global production of ca. 50 million 
tons), is best known for its use in bottles and fi bres (Sheldon 2014). To 
make 1 ton of PET, approximately 5.2 times TPA and MEG, according 
to the chemical equation shown below, will be required. TPA can 
realistically be produced from bio-based p-xylene with BUEH of 10.2% 
(see above). This means that instead of 863.2 kg (5.2 x 166 g/mol) TPA 
being needed for 1 ton of PET, 8462.7 kg glucose is needed. MEG has 
a BUEH of 81% and therefore 398 kg (5.2 x 62.1 g/mol / 0.81) glucose 
is needed to make the required amount of MEG in the PET production 
process. Consequently, 8.8 tons of glucose is needed to make 1 ton of 
PET. To put it differently, only a small fraction of glucose ends up in 
PET with a realistic BUE of 11.4%.

n C8H6O4 + n C2H6O2 à (C10H8O4)n + 2n H20
n x 166 g + n x 62.1 g àn x 192 g + 2n x 18 g
n x TPA + n x MEG à PET + 2n x water

Table 31: Comparison of BUE of PET production. 

5.8 Polymers from cellulose and starch

Cellulose and starch are polymers from glucose. Starch has storage 
functions whereas cellulose provides structure to the plant and is 
very stable, chemically speaking. Starch on the other hand can be 
easily broken down into its glucose molecules. This is due to the fact 
that starch has α-1,4- and α-1,6- glycosidic bonds. In contrast, the 
linear homopolymer cellulose has β-1,4- bonds between its glucose 
monomers. The heteropolymer hemicellulose is using β-1,4- and β-1,6- 
bonds and is made up by different sugars (C5, C6) and substituents such 
as acetyl groups/esterifi ed phenolic acids (Antranikian 2006; Buruiana 
et al. 2014). Consequently, only some specialist bacteria and fungi 
can completely break down the bonds in cellulose (Goebbels 2010).
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Figure 10: Cellulose monomer.

5.8.1 Regenerated cellulose 

The major source for cellulose today is wood. After pulping and 
bleaching, celluloses with different purity are obtained. While lignin 
and extracts are largely removed from these pulps, different amounts 
of hemicelluloses are still present depending on the fi nal application. 
Paper pulps benefi t from a larger content of hemicelluloses but pulps 
utilized for fi bre spinning or cellulose derivatives require a higher 
purity, which is often given by the content of pure cellulose (alpha-
cellulose). In addition to a high purity, the molar mass (also degree 
of polymerization, DP) often require adjustments, e.g. controlled DP 
reduction. Fibres (e.g. Rayon, Modal, Lyocell) and fi lms (cellophane, 
sponges) are made from these purifi ed celluloses. 100% of cellulose is 
claimed to be usable for material. Realistically, it has to be taken into 
account that pulp is comprised of only 88% alpha-cellulose (Dadi et 
al. 2006; Endres and Siebert-Raths 2009; Goebbels 2010; Graupner 
et al. 2014). 

5.8.2 Cellulose Derivatives

Cellulose derivatives are formed from purifi ed, dissolved pulp with 
almost no hemicellulose content. Two main groups can be distinguished, 
cellulose ethers and cellulose esters (Goebbels 2010).

a) Cellulose ethers
Using an ether bond, stable functional groups (e.g. hydroxypropyl, 
hydroxyethyl) can be added to the cellulose molecule. The corresponding 
cellulose ethers are used as additives to tune viscosities in a variety of 
formulations (Endres and Siebert-Raths 2009; Goebbels 2010).

Figure 11: Methylcellulose (left) and carboxymethylcellulose (right) as example of 
cellulose ethers.

b) Cellulose esters
Other functional groups (especially acetic/propionic/butanoic acids), 
are linked to cellulose through an ester bond. They can be used for 
a variety of applications, for example, thermoplastic foams and 
composite materials (Endres and Siebert-Raths 2009; Goebbels 2010; 
Quintana et al. 2012; Wang et al. 2014).

 
Figure 12: Cellulose acetate preparation.

5.9 Polymers from starch

Carbohydrates have the general chemical formula Cx(H2O)y; for 
monosaccharides x is equal to y and in disaccharides y = x-1. For 
polysaccharides, where polymerisation degree is DPn and the molar 
mass is 162 g/mol, the following formula applies (the reducing end of 
the polymer chain is normally neglected)

DPn = n x162 g
(1) Hydrolysis: n(anhydroglucose) + n(water) à n(glucose)
162 g + 18 g à 180 g

Using the relation of the polymer to the hydrolyzed mass 180n: 
Therefore, in case of complete hydrolysis (n>1000) the relation of 
polymer to hydrolyzed mass approaches 100%.

A starch-based biopolymer stores 15.2 g water per 12 g carbon, 
which, for energetic uses, is detrimental. In contrast, when starch-
derived polymers are used as a basis for materials, they can be 
utilized for product formation (Goebbels 2010). For the manufacture 
of thermoplastic starch with 70% starch content, 30% plasticizer is 
used, hence, 100% of the originally used starch ends up in the real 
product (Endres 2013).

5.10 Tensides/Surfactants: Alkyl glucosides

These molecules are characterized by having a polar hydrophilic part 
and a non-polar lipophilic part. Consequently, they can promote the 
formation of emulsions by combining an oily and a water-based phase. 
In anionic, glucose-based tensides, the hydrophilic part of the molecule 
is formed by a carbohydrate (Goebbels 2010). 
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Figure 13: Structural formula of an alkyl glucoside.

To get alkyl glucosides, glucose has to react at the reducing end with 
a hydrophobic long chain alcohol (chain length ranging between 
8–16 carbons). Both glucose and starch can be reactants. To get the 
fatty alcohol, oils or fats are broken down and their fatty acid methyl 
esters are reduced. In this reaction a mixture of alkylpolyglucosides 
are created (alkyl-mono/di/tri-oligoglycosides). To distinguish the 
different molecules, the length of the alkyl chain (depending on the 
alcohol chain length) and the degree of polymerisation (defi ned by 
the ratio of fatty alcohol to glucose used in the reaction) are applied 
as criteria (von Rybinski and Hill 1998). 100% (= BUES) glucose is 
utilized in this application (realistic yield when using fatty alcohols in 
excess: 90–96%; Goebbels 2010; Zhou et al. 2011). The fatty alcohol 
(providing the hydrophobic alkyl chain) from palm oil can be used for 
the production of dodecylpolyglucoside. Another useful side-product 
from this reaction is glycerine.

dodecyl-β-D-glucoside1-dodecanol

+
H+

-H20

 

Figure 14: Synthesis route of alkyl glucoside. 

5.11 Lubricating and hydraulics oils

Vegetable oils can also be used as lubricants, for example in hydraulics 
applications (Goebbels 2010). Realistically, yields of only around 
80% have been reached despite the theoretical possibility of 100% 
conversion (= BUES) (Miao et al. 2014).

6 Application of our method to a 
hypothetical biorefi nery 

There are various biorefi nery concepts and some are already installed 
and in operation based on wood, straw, bagasse and other agricultural 
waste streams as feedstocks. In this exercise, various components of 
biomass are assumed to be combined with a variety of technologies 
(integration of combined heat and power technology (CHP) to use 
heat created by exothermic reactions in endothermic processes) to 
create different products (multiple chemicals and fuels) and increase 
the percentage of biomass which eventually ends up in the various 
products. In this hypothetical biorefi nery, with corn stover as biomass 
resource, we will try to establish a theoretical and realistic maximum 
BUE for the combination of process routes contained in the biorefi nery 
setup. Therefore, we also included selected pretreaments, e.g. an 
organosolv process, without using acid as solvent, but neglected 
preprocessing steps such as drying and grinding of the corn stover. 
We are aware that biomass and especially additional energy is lost in 
these steps but decided that this would increase the complexity of the 
approach unnecessarily.

Table 32: Lignocellulosic composition of different 2nd generation feedstocks 
(adapted from: Ragauskas et al. 2014).

6.1 Lignin Stream

Assuming that; 100 g corn stover is comprised of 31 g hemicellulose, 
37 g cellulose and 18 g lignin; only 50–90% of lignin can be 
recovered from the organosolv fractionation of the 3 major corn 
stover components; this leaves 9 g or 9% of lignin to make a product, 
e.g. vanillin (Zakseski et al. 2010; Huijgen et al. 2014; Ragauskas et 
al. 2014). It has been shown that making BDO and adipic acid from 
lignin is also profi table and reduces greenhouse gas emissions (Davis 
et al. 2013). It has further been demonstrated that muconic acid can 
be made from lignin with a 75% yield, but for the sake of clarity 
we will focus on vanillin as the value-added chemical in this model 
lignocellulose biorefi nery (Davis et al. 2013; Vardon et al. 2015). We 
will use the following approximation of the lignin monomer-formula 
for our calculations: (C31H34O11)n (Li et al. 2014). Using the chemical 
reaction below, 70.8% of lignin-biomass can be converted into vanillin 
(644 g/mol / 465 g/mol). Considering the low yield of 7.6–23% in 
this reaction, only a BUEL of 5.38 and a BUEH of 16.23% of lignin is 
converted into vanillin (Araujo et al. 2010; Araujo et al. 2014). To put 
these values into the perspective of the biorefi nery, depending on the 
effi ciency of the organosolv pretreatment, 9.0–16.2 g of lignin remain 
of the originally used 100 g corn stover. Applying real world yields, 
the minimal vanillin mass from 9 g lignin is 0.48 g and in the best 
case scenario using 16.2 g of lignin and a realistic yield of 16.23% is 
2.63 g vanillin. If one was to only produce vanillin from corn stover, 
208.3 tons of corn stover would be needed to produce 1 ton of vanillin 
(worst-case scenario). Assuming maximum yields and effi ciency, this 
value is reduced to 38.02 tons of corn stover for 1 ton vanillin.

(1) (C31H34O11)n + 8.5 O2 à 3 C8H8O3 + 5 H2O + 7 CO2

lignin + 8.5 x oxygen à 3 x vanillin + 5 x water + 7 x carbon dioxide
582 g + 272 g à 456 g + 90 g + 308 g

Table 33: Comparison of BUE of vanillin production from lignin.
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6.2 Hemicellulose Stream

The main hemicelluloses found in corn stover after organosolv 
pretreatment are glucan (83.26%) and xylan (14.56%) (Buruiana et 
al. 2014). The pretreatment itself causes a total hemicellulose loss of 
3–5%, meaning that only 29.4–30.1 g are left of the 31 g hemicelluloses 
contained in corn stover dry biomass (Kabir et al. 2015). It might be 
possible to sell glucan directly because, it has been suggested that, due 
to its effects on food texture, it can be used as an emulsifier and food 
additive. Moreover, it also lowers total blood cholesterol levels and 
blood lipid profile (Yoshida et al. 2014).

Regarding xylan, it can easily be further reacted via xylose as an 
intermediate to furfural using an acid catalyst. Furfural is an important 
building block for further chemical synthesis e.g. furfuryl alchohol and 
eventually products such as nylon-6. Furfural in itself has, amongst 
other things, fungicidal and solvent properties (Zeitsch 2000). It has 
to be taken into account that xylose itself can already be valorized 
because it is extensively used in the sugar industry. For example, 
by hydrogenation of xylose, the artificial sweetener xylitol can be 
produced (Mesa et al. 2014; Mittal et al. 2015).

In theory, 64% of xylose ends up in the furfural product in this 
reaction. Discounting all realistic yields for the reactions and 
pretreatment, this would mean that of the original 4.51 g xylene from 
the 100 g postulated corn stover drymass, 2.89 g can react to furfural. If 
only using corn stover only to make furfural, one would need 34.6 tons 
corn stover to produce 1 ton furfural.

The xylan removal after the organosolv process can be executed 
at 90–100% efficiency and the reaction of xylan to xylose has been 
published to be performed between 88.6 – 98.6% (Liu and Wyman 
2005; Mittal et al. 2015). If one takes into account all the afore-
mentioned, yield reducing elements, the original 60.4% is reduced to 
a range between 45.75% (0.95 x 0.886 x 0.9 x 0.604) and 57.77% (0.97 
x 0.986 x 1 x 0.604). Subsequently, from the 4.51 g xylan theoretically 
contained in corn stover, only 2.06–2.61 g furfural can be made. To put 
it differently, between 38.31 and 48.54 tons corn stover is required for 
the production of only 1 ton of furfural.

(2) C5H10O5 à C5H4O2 + 3 H2O 
xylose à furfural + 3 x water
150.1 g à 96.1 g + 54 g 

Table 34: Comparison of BUE of furfural production from xylose.

6.3 Cellulose Stream

Kabir and colleagues (2015) indicated that the presently used cellulases 
can convert 90% of cellulose into glucose. The organosolv treatment 
reduces the total amount of cellulose contained in corn stover from 
37 g (when assuming 100g corn stover originally being used for 
these exemplatory calculations) by 3% to 35.89 g (Buruiana et al. 
2014; Ragauskas et al. 2014). Theoretically, 100% of the cellulose is 
converted into lactic acid based on stoichiometry alone. Applying the 
above-mentioned yields, 85–97% of lactic acid is produced from the 
fermentation (Endres 2013; Harmsen et al. 2014; Wang et al. 2014). 
These different steps sum up to a BUE of 74.2–84.7% (0.9 x 0.97 x 
0.85 or 0.97) and therefore, of the 37 g cellulose originally contained 
in 100 g corn stover, 27.45–31.1 g of lactic acid can be produced 
realistically. Consequently, production of 1 ton lactic acid requires 
3.64 – 3.21 tons of corn stover.

(3) (C6H10O5)n + n H2O à n x C6H12O6 à 2 C3H6O3 

cellulose + n x water à glucose à 2 lactic acid 
162 g + n x 18 g à 180 g à 2 x 90 g 

Table 35: Comparison of BUE of LA production from cellulose

To sum up, the total theoretical BUES of the biorefinery converting 
lignin, xylose and cellulose, from corn stover, to the given products is 
68.42%. In reality, when the efficiencies of the pre-treatment and the 
reactions are taken into account the realistic BUE of the biorefinery is 
reduced to 42.13–51.87%. These percentages can rise with the selection 
of more efficient products from the lignin fraction and by also using 
the glucan fraction – this variety is not taken into account with this 
theoretical biorefinery.
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7 List of abbreviations

AA   Acetic Acid
AE   Atom economy
BDO   1,4-Butanediol 
BTL   Biomass to liquid
BUE   Biomass utilization efficiency
DMF   2,5-dimethylfuran
EG   Ethylene glycol
FDCA   2,5-furandicarboxylic acid
GCV   Gross calorific value
HMF   5-hydroxymethylfurfural
HHV   Higher heating value
LA   Lactic acid
MEG   Mono-ethylene glycol
PA   Polyamide
PAA   Poly(acrylic) acid
PBS   Poly(butylene) succinate
PE   Polyethylene 
PEF   Poly(ethylene furandicarboxylate)
PET   Polyethylene terephthalate
PDO   1,3-Propanediol
PHA   Polyhydroxyalkanoate
P(3)HB   Polyhydroxybutyrate
PLA   Poly(lactic) acid
PP   Polypropylene
PTT   Poly(trimethylene) terephthalate
pX   para-xylene
RME   Reaction mass efficiency
RMM   Relative molecular mass
SA   Succinic acid
TPA   Terephthalic acid
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