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Fuel supplier selection for large scale UK bioenergy schemes
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Abstract: This article presents a potential method to assist developers of future bioenergy schemes when
selecting from available suppliers of biomass materials. The method aims to allow tacit requirements made on
biomass suppliers to be considered at the design stage of new developments. The method used is a combination
of the Analytical Hierarchy Process and the Quality Function Deployment methods (AHP-QFD). The output of
the method is a ranking and relative weighting of the available suppliers which could be used to improve
optimization algorithms such as linear and goal programming. The paper is at a conceptual stage and no results
have been obtained. The aim is to use the AHP-QFD method to bridge the gap between treatment of explicit and
tacit requirements of bioenergy schemes; allowing decision makers to identify the most successful supply
strategy available.

Keywords: AHP, QFD, Bioenergy, supplier selection

1. Introduction

The UK Bioenergy industry is expected to undergo significant growth over the coming decade
as utilities and government aim to reach renewable energy targets by 2020. This expected
growth is due to increasing installations of biomass heating, biofuel production for transport,
biochemical for oil substitution, combined heat and power production and centralized
electricity generation from biomass. For the sector to succeed the rapid development of
demand for biomass resources must be matched by a sustainable supply. The various different
bioenergy conversion processes that can be used to supply this range of lower carbon products
brings a diverse set of material suppliers to the attention of project developers and
procurement managers.

These fuels are likely to arise from a wide variety of sources and will have greatly differing
properties and characteristics such as varying moisture or energy content. Additionally there
are likely to be both positive and negative impacts associated with deciding to use a particular
supplier. These impacts are less well defined when compared to the explicitly expressed
measures of material properties and cost. The more tacit properties of a biomass fuel could
include labor hours, CO, emissions, air water and noise pollution, job creation, waste diverted
from landfill, price fluctuation and reliability of supply are all examples of impacts a
bioenergy scheme may have upon wider society and the environment. The challenge for the
procurement manager is to decide which sources of materials to select and how much of each
material to purchase from each supplier, thus creating a supply strategy.

Most conversion plants will have some technical parameters to which the input feedstock
blend should comply with; these parameters define the desired fuel specification required of
the blend. The problem of which blend to use lends itself well to goal programming
techniques as the relationships are linear and the optimal blend can be expected to be a
mixture of materials from different sources. Several methods have previously been
successfully applied to the optimization of the bioenergy supply chain under various contexts.
For instance for a multi-fuel problem and maximizing some objective function; energy
efficiency, net CO, emissions, or labor hours [1]. The output of such decision models is to
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give recommendations on the optimal location and capacity of new bioenergy plants, or to
suggest an optimal supply or logistics strategy.

Previous research on the tacit impacts of a bioenergy system also exists. Often these tacit
requirements are described in the context of sustainability metrics described as social and
environmental impacts. Key sustainability constraints for UK bioenergy schemes have been
identified as greenhouse gas savings, land availability, air quality, and problems associated
with facility siting [2]. In a study on decision making for sustainable energy schemes some
assessment criteria were identified and categorized as ecological, social and economic and
included factors such as employment rate, land competition and supply security [3]. Indeed
the study of sustainability regarding biomass grown for energy use has attracted a great
amount of academic and public attention over the past decade.

The understanding of these two sides of the supplier selection problem is fairly robust
considering the relative immaturity of the sector and the small number of commercially
operating schemes. There is a gap in the treatment of the supplier selection problem however
and more widely in the design of the biomass supply chain. The existing studies are unable to
fully combine the optimization algorithms used for explicit aspects with knowledge of tacit
requirements made of suppliers. This work presents a possible method to bridge this gap
between the treatment of tacit and explicit requirements. The output of the work will be a
structured process for developers to follow which will allow a score to be generated for each
supplier given the extent to which that supplier meets the requirements of the development
and any identified critical stakeholders.

The method behind the proposed framework is the combined AHP-QFD supplier selection
method [4]. The hypothesis is that by selecting biomass suppliers using the AHP-QFD
method a combination of suppliers can be selected to provide a supply which more effectively
meets the needs of the conversion facility whilst remaining within the feasible region of cost
and technical requirements.

This approach allows developers to move their procurement strategy beyond the model of
transaction cost theories which are not suitable for the non-commodity market faced by the
bioenergy industry sector at present. Building relationships between suppliers and conversion
facilities will allow suppliers to better understand and meet the requirements of the conversion
facility. Increasing the degree to which requirements are satisfied and maintaining a
competitive cost for the fuel compared to other supply options. This is expected to be a better
model for all parties than either the transaction cost model or the vertically integrated supply
chain model.

2. Methodology

The AHP-QFD method has been applied in several previous cases for the selection problem
under various multi-criteria conditions. The AHP-QFD method has been frequently applied in
the manufacturing sector to select engineering projects [5] and more commonly to the area of
product design [6, 7] that QFD was initially developed for. Elsewhere the method has also
been applied to selecting budgets, teams and facility locations within logistics problems.
Current practice is for developers to select supply blends based on a mixture of experience
and market knowledge as well as the price of each supply. The AHP-QFD method will be
used to generate a recommended supply blend for a given scheme with a supply blend
designed using current practice. The two recommended supply blends will then be compared
with one another to determine the extent to which key tacit requirements are met by each
approach.
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2.1. The QFD Method

Quality Function Deployment (QFD) allows the requirements of a customer to be mapped
against the characteristics of a product. The House of Quality technique is closely associated
with QFD and allows for this translation or mapping to be done systematically. The method
uses one or more interrelationship matrices to relate the properties of the product to the
requirements of the customer. The customer requirements are given a weighting related to its
importance to the customer. The person or team of people completing the matrix is required to
judge to what extent each requirement is met by each product characteristic. The output of the
process is an importance score for each of the product characteristics.

Product Characteristics

Interrelationship
matrix

Customer Requirements
Requirement weighting

Importance Score

Fig. 1. A typical construction of a product HoQ.

The great advantage of the HoQ and QFD method is that each product characteristic is given a
relative importance related to the degree to which that characteristic meets the customers’
requirements. The weakness of the method is that the assigned importance is heavily reliant
upon accurate completion of the interrelationship matrix. Any inconsistency or inaccuracy in
this part of the HoQ process will lead to misleading final importance scores. Obtaining
accurate weightings for the customer requirements is also important. This weakness is
overcome when the Analytical Hierarchy Process (AHP) is applied.

2.2. The AHP-QFD Method

This section describes the steps used to determine the relationship weightings between the list
of product characteristics and the customer requirements thus completing the interrelationship
matrix. The following steps describe the AHP for use in a House of Quality.

Step 1: Construct a comparison matrix A with a customer requirement for each row and a
product characteristic for each column.

Adu diz - A
A= a:12 a;zz a;Zn , (1)
anl a.n2 o a.nn

Where n is the number of elements in the top array (Product Characteristics), and aj is the
comparison of element i to element j using a 9-point scale shown in table 1.
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Step 2: AHP Synthesization
Divide each entry of the matrix A by the column total. This creates a normalized comparison
matrix A’.

Ay A
2a:  2an
O e ?)
Au A
2a.  2a

Where R is a set of customer requirements R = {1, 2, ..., n}.

Step 3: Create a column vector C from the averages of each row of matrix A’.
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Where cilk denotes the relationship weightings between the product characteristics i and the
corresponding customer requirement k.

Step 4: Verify Consistency of AHP
To ensure that the respondent has assigned values from table 1 in a consistent way a
consistency test should be carried out. Create a further column matrix by multiplying each

entry in column i of matrix A by the column vector cilk from step 3 then divide by the sum of
values in each row i by cjy.
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Where C is a weighted sum vector.
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Table 1. AHP scale for completing the HoQ comparison matrix.

Intensity Importance Explanation
1 Equal Two activities are equally
important

3 Moderate One is slightly more
important than the other

5 Strong One is strongly more
important than the other

7 Very Strong One is dominant of the other

9 Extreme Highest possible affirmation

of evidence favoring one
over another.
2,4,6,8 Intermediate Used for compromise when
desired value falls between
above scales
Reciprocals of the above Used for inverse
numbers relationships

Step 5: Calculate the averages of values in vector C to give the maximum Eigenvalue (1,,45)
of matrix A.

—1
2.C.
Amax =" )

n
Step 6: Calculate the consistency index.

A —nN
Cl = & , 6
- (6)

Step 7: Compute the consistency ratio,

The consistency ratio is based on RI(n), a random index taken from table 2 based on the value
of n.

Cl

T RI(n)’ (7)

The consistency ratio is a measurement of consistent responses when completing the
relationship matrix. If the measurement is greater than 0.10 the process is considered
inconsistent and should be repeated in the hope of realizing a more consistent response. This
measurement of consistency gives greater confidence when using the AHP-QFD method over
the QFD method alone.
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Table 2: List of Random Index values

n 2 3 4 5 6 7 8 9

RI(n) 0 0.58 090 112 124 132 141 145

Assuming consistency is acceptable the matrix will be populated with relationship weightings
that link the top matrix with the left hand side matrix (Product characteristics with Customer
Requirements from Fig. 1). The importance rating of each product characteristic can then be
calculated.

Step 8: Compute importance rating

l_ 1 8
V\Ii - kZS: pk Cik ! ( )
Where S denotes the set of customer requirements S={1, 2, ..., m}, and px denotes the

importance rating given to that requirement.

The result of step 8 is an importance score for each product characteristic which has been
obtained from the requirements of customers. The AHP-QFD method can also be applied to a
selection problem. By using the QFD to link the requirements made on a supplier, to the
characteristics displayed or possessed by any given supplier, qualitative aspects of supplier
selection can be managed in a systematic and robust way.

2.3. The AHP-QFD approach for bioenergy suppliers

The QFD method can deal with both qualitative and quantitative aspects of a product or
service [7], several other techniques are available for the explicit optimization of fuel blends,
therefore the QFD-AHP process will be used to better analyze and understand the qualitative
requirements made of suppliers. The method is intended to be applied from a developer
perspective as it is the developer that will make the initial decisions on the supply strategy for
the scheme. Therefore rather than customer requirements being used as the success criteria the
requirements of the developer and the scheme should be identified and weighted.

Many of the requirements of a good biomass supplier are likely to be in line with the
requirements on suppliers from other industries. Reliability, company size, responsiveness
and quality control are likely to be important tacit requirements. Other requirements may be
more unusual and regard the material itself such as accreditation by sustainable forestry
bodies, the local or national sourcing of waste, compliance with best practice and the method
of delivery may be important aspects not covered by the technical fuel specification.

Having identified the requirements the developer places upon potential suppliers the relative
importance of each requirement should be identified. This is done using the first HoQ matrix.
The developer is likely to consist of several teams or members of staff with different
perspectives on the project. These different teams will place differing importance weightings
on different requirements. In this case the developer teams are considered to be equally
important, typical developer teams may consist of planning, technical/design teams and
finance teams.
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Fig. 2. HoQ 1 giving the importance of each requirement as determined by the developer. HoQ 2
linking the developer requirements with available evaluating factors for potential suppliers and HoQ
3linking those evaluating factors with the available suppliers to the bioenergy scheme.

The output of HoQ 1 is then used in HoQ 2 which links the developer requirements to
externally observable characteristics possessed by the suppliers. These characteristics take the
place of product characteristics and allow the decision maker to determine to what extent each
requirement would be met by certain aspects of a supplier. For instance a requirement for
sustainable fuel would be significantly met by a supplier approved by some sustainable
forestry stewardship scheme. The use of organic wastes may be negatively related to a
requirement to keep site odors to a minimum whilst a guarantee to deliver at within a narrow
band of moisture content may score highly against a requirement for consistent fuel
characteristics.

A final House of Quality table HoQ 3 can then be constructed which links the evaluating
factors and their relative importance with the suppliers available. Here the decision maker
must decide to what extent each supplier matches the evaluating factors identified. The output
of HoQ 3 is a score for each supplier based on the ability of that supplier to meet the tacit
requirements of the developer. Those suppliers that score highest should be favored.

3. Discussion

The weighted ranking score of each supplier assists decision makers in determining which
suppliers to use when creating a strategy for biomass supply to large scale facilities. The
massive quantity of materials required for large scale conversion facilities mean supply chain
managers are forced to source from a range of materials and sources. The objective function
for optimization algorithms can, using the presented method, incorporate the tacit
requirements made on suppliers to create a model constrained by the explicit requirements of
material specification imposed by equipment specifications. The objective function therefore
could take a form similar that shown in equation (9).
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max(w,S, +W,S, +...w, S, ) (9)

Where wy, denotes the score for each supplier Sy, for m different suppliers. This approach
would ensure the resulting suggested strategy is technically feasible, whilst also ensuring the
best possible combination of suppliers is contracted.

The AHP-QFD method is suitable for application within developing companies as it is simple
to apply and gives predictable and clear outputs for the decision maker. An inherent weakness
of the approach is the subjective viewpoint of the decision maker compiling the list of
requirements. In this application this weakness is minimized by considering only
requirements of the teams within the developer company, not the wider stakeholder group.
The AHP-QFD method also has an advantage over other weighting or ranking methods that
could be incorporated into the objective function as it directly translates the requirements
made on suppliers into their performance score using a robust method rather than a user
estimate.

As the research develops more stakeholders could be interviewed for requirements and asked
to complete the AHP-QFD process. This would allow developers to gain insight into the
requirements that should be satisfied to make the scheme more successful from the
perspective of other development stakeholders. As the framework is applied to different
stakeholders a database of requirements can be constructed showing global and scheme
specific requirements of different stakeholders.

This work is part of a CASE studentship PhD awarded by the ERSC and the authors are
grateful for support from Express Energy Holdings UK.
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Abstract: The purpose of this research is to explore the disparity between the existing model-orientated
bioenergy decision support system (DSS) functions and what is desired by practitioners, in particular bioenergy
project developers. This research has compiled the published bioenergy project development models, to highlight
the characteristics emphasised by academics. When contrasted against a UK practitioner’s perspective through
the administration of a Likert style questionnaire, it is clear that the general DSS issues still persist. Finally, the
research suggests how this ‘theory-practice’ divide could be addressed. The research contributes by giving a
unique insight into the demands of a practitioner, but is currently limited by a small sample size.
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1. Introduction

Developing a bioenergy project requires large volumes of complex information to be gathered
and processed by project developers. This information tends to be fairly structured and
accessible; although, often not easily retrievable for use in a timely manner [1]. The
difficulties faced in progressing through the necessary phases in bioenergy project
development encourage a dependence on experts, which restricts knowledge transfer and non-
expert project developers entering the industry — ultimately constraining sector growth. This
could be one explanation why growth in the UK bioenergy market, in particular has been
slower than expected, with some referring to growth as “slight’ [2].

Academic literature supports the use of model-oriented decision support systems as a proven
method to aid both expert and non-expert decision-makers [3], with a substantial amount of
bioenergy support systems being assembled to address a multitude of development problems
in countries such as: Japan, Greece and Italy. Although, this literature rarely considers the
most critical issue; the theory-practice divide in DSS research [4]. At present, there is no
research to understand the lack of practical application of decision support tools in the
bioenergy sector. With the dire need for bioenergy project support tools to aid decision-
making and in turn sector growth in the UK, but with a persistent disconnect between theory
and practice [4, 5], a lack of relevance [5] and little evidence to show that these tools are ever
really adopted [6] — can a decision support system really ever have a pragmatic contribution.

1.1. Objectives

The research objectives are to ascertain whether bioenergy DSS are worth the effort, by:
- reviewing published bioenergy project development DSS models;
- critically comparing these models to the requirements of the industry practitioner;
- discussing how future research could be more applicable to the practitioner.

1.2. Contribution

The contribution of this research is two-fold: it is the first paper to analyse the characteristics
of all existing model-orientated DSS papers in developing bioenergy projects; and it increases
understanding of the theory-practice gap by assessing these characteristics against a
practitioner’s perspective.
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2. Developments and Issues with Decision Support Systems

Since the term decision support system’ was coined by Gorry and Scott-Morton [7] when
suggesting a framework for improving management information systems (MIS), there have
been many developments in this discipline. One of the most successful attempts to classify the
characteristics of a DSS was by Alter [8] who created a taxonomy of seven categories, which
could be further condensed down to two: data-orientated or model-orientated support systems.
The bioenergy DSS models reviewed in this research are all model-orientated, spanning the
representation and optimisation categories in Alter’s [8] classification, most support systems
in use today are in these two categories [4]. Model-orientated decision support systems are
typified by their user(s) and whether they integrate knowledge. This can be seen in the table
below:

Table 1. DSS types [9].

Type Description
Personal DSS Small-scale systems that are normally developed for one manager, or a
(PDSS) small number of independent managers, for one decision task.
Group support Decision responsibility is shared by a number of managers and a number
systems (GSS) of managers need to be involved in the decision process.
Intelligent DSS Intelligent DSS can be classed into two generations: the first involved
(IDSS) / the use of rule-based expert systems and the second generation uses

knowledge-based  neural networks, genetic algorithms and fuzzy logic [Turban et al., 2005
DSS cited 9].

Knowledge Involves the combination of several areas including IT, organizational
management-based behaviour, organizational structure, economics and organizational
DSS strategy.

Table 1, also illustrates the chronological order in which the field has developed. The earlier
PDSS were intended for a single decision-maker or user. As the field developed, multiple
decision-makers were accounted for in the DSS design. More recently, in the last two decades
researchers have built in expertise to support systems to further support decision-making.

Decision support systems have been extensively applied to a myriad of industries and
problems over the past four decades, with Eom [4] reviewing over 25,000 published articles;
however, he concluded theory-practice divide issues still persist. A paper by Arnott and
Pervan [5] reduced the field’s problems to eight issues, of which the research has selected
four relating to the theory-practice divide have been selected, listed in table 2:

Table 2. DSS discipline key issues [adapted from 5].

Key Issue Comments
Professional Most DSS research is disconnected from practice.
relevance
Research DSS is more dominated by positivism than general IS [information
methods and systems]. Case study research is under represented. A long history of
paradigms design science research could contribute methodologically to IS research.
Theoretical Around half of the papers have no explicit foundation in judgement and

decision-making. Much DSS research is based on a relatively old

foundations theoretical foundation.

Inertia and The relatively older types of PDSS and GSS still dominate research
conservatism  agendas.

10
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The first and foremost issue is ‘professional relevance’, Arnott and Pervan [5] found “only
10.1% of research is regarded as having high or very high practical relevance. On the other
hand, 49.2% of research was regarded as either having low practical relevance or none at all”.
Two of the papers, Hirschheim and Klein [10] and Banbasat and Zmud [11], which are cited
in the focal article as giving possible explanations, point toward the disconnect between these
two groups; both articles focus on the researcher and academia as the cause of the divide.
With Hirschheim and Klein [10], in particular, analysing the performance of the discipline
from an external, management viewpoint. They show how the practitioners’ expectations
were not fulfilled — no matter how unrealistic. The issue with this defence is that it is bias and
fails to consider, the practitioners’ role in this “disconnect’.

There are a variety of possible explanations why decision support systems fail to get adopted
by practitioners. The first being given by Rizzoli and Young [12] who found that decision-
makers lack trust in a DSS even if it is proven to be effective, opting for their own often sub-
optimal decisions. A case in point is a study of forestry operations decision-makers in Canada,
who would rather rely on their own ability than computer software’s [Rooney, 1996 cited 1].
This was also found by Wierzbicki and Wessels [13:37] who discovered “the higher the level
and experience of a decision-maker, the less inclined she/he is to trust in various tools and
methods of decision analysis and support”. The second explanation may be as Brown and
Vari [6] suggested “the practical impact of decision aids on business decisions is less easy to
establish, due to the cloak of commercial secrecy...” with the successful DSS being used to
achieve a competitive advantage rather than for publication.

The second issue shown in table 1 is the research method and paradigm typically applied in
DSS research. Arnott and Pervan [5] found that the discipline is still overwhelmingly
positivist, their conclusion to remedy this was a greater reliance on case study research, and
adoption of the interpretive paradigm. This issue is inextricably linked to ‘practical
relevance’, possibly because academia has been gquilty of pursuing ‘rigour over
relevance’[11], and the classical hypothetico-deductive positivist paradigm is the most
suitable method for achieving this rigour. Although, an interpretive case study would increase
the practical relevance of a DSS publication, it is not necessarily the only method of
addressing this issue. It is possible to increase relevance without requiring a paradigm shift;
an experimental positivist or post-positivist DSS could increase practical relevance with the
empirical testing of the model(s) through actual cases application.

The third and forth issues follow on from the preceding problems in the general discipline.
Arnott and Pervan [5] classified a paper as having a theoretical foundation if there was theory
cited in the research design and result interpretation, they stated that the results in general
DSS research was quite alarming, after finding just under half of all papers reviewed (47.8%)
lacking a theoretical foundation. Additionally, they discovered that the older — more popular —
types of DSS (PDSS and GSS) performed better than other DSS types. Finally, their research
found that inertia and conservatism in the discipline, even accounting for the publication lag,
meant that the newer types of DSS were not being fully adopted by academia.

These four issues in the general decision support system field are still present, and have not
been fully addressed over the past four decades. It is unclear who is at fault: practitioners,
academia, or both. However, it is clear in the context of this research problem, that if these
issues are addressed by the bioenergy industry, their use and contribution will greatly
increase.

11
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3. Decision Support Systems in the Bioenergy Industry

There have been many bioenergy decision support systems created for academic papers which
address different issues in developing bioenergy projects. The research has excluded a small
group of sustainability DSS papers, as they are beyond the scope of this research. A timeline
of all the relevant bioenergy DSS literature has been compiled in figure 1; this is a substantial
number of research papers considering this is a relatively new academic field. The extent to
which DSS tools have been utilised in academic journals could be attributed to the complexity
of effectively making decisions in the energy sector, making it is necessary to utilise some
form of support model [14].

BSM: A techno-economic
A biomass supply chain facility siting and supply
configuration DSS model. chain configuration DSS for
This analysed supply chain California in 2015.

configuration and its effect IBSAL Model: Is a supply gBEDS: A two-level DSS for EDSS: The environmental

BEAM: Originally developed to
solve the problem of storing data
from a series of trials of harvesting,
storing and drying wood fuel. Later

on delivered cost. chain simulation model, planning, implementing and DSS model analyses

optimising bioenergy location planning and
projects in Japan. technology configuration to

optimise decision.

— which tracks material flow
DSS to optimise the from field to biorefinery.
district heating pipe
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supply and conversion on energy
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A supply chain configuration
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Cundiff et Greece.
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Fig. 1. Annotated timeline of model-oriented bioenergy DSS research.

The timeline highlights 13 DSS models created for developing bioenergy projects, primarily
spanning two decades, with most models being created in the last 10 years. The timeline gives
a brief overview of each DSS and shows the publication lag, or when explicitly stated in the
article, when research began.

4. Methodology

The paper gives an exploratory insight into what a bioenergy project developer requires from
a DSS. The primary data for this research was gathered by creating a questionnaire for
practitioners, which analyses their opinion on the existing bioenergy research papers traits.

From the descriptive statistics gathered from the analysis of the DSS characteristics (table 3),
a scale of importance was attributed to each characteristic. The frequency ranking scale was:
low (0-2 articles); medium (3-5 articles); high (6-8 articles); very high (9 or more articles).

4.1. Bioenergy DSS Characteristics

Before it is possible to assess the focus of bioenergy decision support systems, it is necessary
to analyse their characteristics. To achieve this key attribute categories have been created,
some relate to the configuration of the DSS, such as: type of DSS, intended user(s), research
paradigm etc; whereas, the remaining characteristics relate to the professional relevance and
model application. The scales attributed to each of the characteristics varies, most are non-
parametric nominal scales. In some cases a simple dichotic yes/no choice was utilised, as seen
in table 3.
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Table 3. DSS Characteristic Classifications.

Category Classification

Type of DSS  This characteristic refers to the DSS design. The bioenergy DSS models are
categorised as: personal (PDSS), group (GSS), intelligent or knowledge-
based, or knowledge management-based.

User(s) The categories for this measure are: national or regional
planners/developers, local developers, investors and not stated. Importantly,
if the intended user of the decision support tool is not explicitly stated in the
research paper then they are categorised as not stated.

Research The research method and paradigm categories are based on the Arnott and

method Pervan [5] classification: non-empirical conceptual, illustrative or applied
concepts; empirical objects or events and processes.

Practical This is the foremost issue with decision support systems. As the Arnott and

relevance Pervan [5] paper utilised a subjective scale, administered by a group of

experts to judge whether the article had practical relevance (none, low,
medium, high, very high). It was important to implement a similar system,
with a less interpretive grounding. Table 4 applies a measure for each
existing bioenergy articles.

Theoretical The method of judging whether a bioenergy DSS paper has a theoretical

foundation foundation will be the same as applied in Arnott and Pervan [5]. They
distinguished between only citing other theory in the introductory chapters
and citing theory in the method and discussion sections, as no theoretical
foundation or having a theoretical foundation respectively.

Project The research also categories the DSS models by the targeted phase in the

lifecycle bioenergy project lifecycle, the phases are: planning, construction and
operation [15]. As decisions are made throughout a project’s lifecycle
phases, it was important to ascertain where the current support systems
focused.

Model output ~ The bioenergy model output(s) were also recorded as: financial, non-
financial or multiple.

As the theory-practice divide and whether decision support systems are worth the effort, is the
primary focus of this research, emphasis has been placed on creating a practical relevance
scale, as seen in the table below:

Table 4. Scale for establishing practical relevance.

Relevance Measure
Low Hypothetical case

Medium Single application or case study
High Multiple practical uses

Very high  Multiple practical uses and application examples

This research argues that a DSS which is possesses multiple practical uses; meaning it can be
applied to multiple cases to solve problems (generalisable), will have the highest practical
relevance. Moreover, if this is also demonstrated in the academic article, as opposed to merely
stating a support system’s generalisability, then this achieves “very high’ practical relevance.
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4.2. Practitioner Questionnaire

A simple closed choice questionnaire, with a five-point Likert style scale for importance
(none, low, medium, high, very high) was designed to explore whether bioenergy project
developers placed similar emphasis on the characteristics in the existing bioenergy support
systems. Due to the constraints of the research paper, the questionnaire is not included, but is
available on request. The results of the questionnaire can be seen in table 5. The respondent
organisation is a SME developer of biomass combined heat and power projects in the UK.

4.3. Research Limitations
The research is currently limited to one organisation, but this is because the research is on-

going. Although, this is presently a limited sample size, its contribution remains as the first
study to explicitly state the practitioner’s view.
5. Results

The results table (5) below, illustrates the comparisons between the academic and practitioner
weighting:

Table 5. Results table.

Characteristic Application Academic Weighting Practitioner
(no.) Weighting

Type of DSS PDSS Very high (10) High
GSS Low (0) High
Knowledge-based Medium (3) Very high
Knowledge mgmt’ based Low (0) Low

User(s) National or regional Low (1) Very high
Local Low (0) Very high
Investor Low (1) Very high
Implied/not stated Low importance (10) Very important

Method Empirical High (7) High
Non-empirical High (6) Low

Practical Low/med (single application)  Very high (10) High

relevance High/v.high (multiple Medium (3) Very High
applications)

Theoretical Yes Low (2) Very high

foundation No Very high (11) -

Bioenergy Planning Very high (13) Very high

lifecycle phase  Construction Low (0) Very high
Operation Low (0) Very high

Model output Financial High (7) Very high
Non-financial Low (2) High
Both Medium(4) -

5.1. Analysis

The results highlighted that the foremost issue of practical relevance in the bioenergy sector
was an improvement on the Arnott and Pervan [5] findings, with 3 models or 23.1%
classified as having a high or very high practical contribution, as opposed to only 10.1% of
their sample were categorised as such. Although, it is not possible to truly know if the criteria
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for assessing this were exactly the same, this verifies the research paper’s interpretation of the
practical relevance scale.

Moreover, the user(s) of the bioenergy DSS tended not to be mentioned or explicitly stated
(76.9%) in the bioenergy publications, this can only support the argument for the lack of
relevance, as the user is most likely the practitioner. This is something that the respondent
organisation felt particular strong about, stating that it is very important to target each user
group, and to explicitly tailor a DSS to their requirements. However, there is a general
agreement between the academic and practitioner viewpoint on the most suitable output of the
model, with the most emphasis placed on financial performance measures.

The bioenergy lifecycle phase results are also particularly interesting, as all of the 13
bioenergy models supported decision-making in the planning phase: in supply chain planning,
location planning or both. None of the existing models supported the decision-maker in the
later phases of a project’s lifecycle; this highlights a need for further work considering that
the respondent classified all phases as equally important.

The second issue raised was the lack of case study research and positivist paradigm
dominance in the general DSS field. This was found to still be present in the bioenergy
development models, with all papers reviewed having a positivist paradigm. Although, there
was a high level of case study research found, with more than half of the bioenergy support
systems possessing empirical data from case studies. This importance was also expressed in
the respondent organisation’s support for empirically grounded case studies.

The existing bioenergy research performed worse than the general discipline with regard to
the theoretical foundation. This category classified 11 of the 13 models as not having a
theoretical foundation in the model development and result analysis sections of the academic
paper, this is considerably higher than the 47.8% found by Arnott and Pervan [5].
Furthermore, PDSS represented the majority of existing models, illustrating the inertia and
conservatism within the discipline; although, it can be seen that group support systems were
not adopted, the more recent knowledge-based DSS did quite well in this sector (23.1%).

6. Conclusion

From analysing the current issues in general DSS research (section 2), it is clear that the four
issues relating to the theory-practice divide are interlinked; what wasn’t clear was whether the
bioenergy DSS research suffered from the same shortcomings. The bioenergy article analysis
and the primary research in this paper have shown that for the most part they are still present.
This could, therefore, explain why there is little evidence of practical adoption.

Arguably, if the purpose of building a DSS is to support decision-making, then practical
application has to be regarded as the most important parameter. The most suitable way of
addressing this issue is to design a system tailored to the decision-maker — this does not
appear to be a priority of the existing research. Acknowledging and explicitly integrating the
requirements of the user into the model building and testing stages will undoubtedly increase
adoption. Furthermore, if generalisable model-orientated support systems have the highest
level of practical relevance, then where possible they should take preference over a single use
model. Finally, creating knowledge-based or intelligent DSS models which allow for group
decision-making will not only reduce the conservatism issue but also allow for a potentially
greater contribution. Addressing the issues raised in this paper is undoubtedly the first barrier
to realising the full potential of decision support systems in the bioenergy industry.
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6.1. Further Work

Firstly, as the research presented is at an early stage, the next step is to increase the
respondent sample size to include national and regional developers and investors, to better
ascertain what functionality bioenergy project developers require. Moreover, a larger sample
size would allow for inferential statistical analysis, adding a greater level of depth to the
research. Secondly, as there is no research into decision support models for the latter phases
of a bioenergy lifecycle, this presents an interesting new avenue of enquiry.
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Abstract: Events in recent decades have placed climate change at the top of the political agenda. In Sweden,
energy-intensive industries are responsible for a large proportion of greenhouse gas emissions and their ability to
switch to renewable energy sources could contribute to the transition to a decarbonised economy. This
interdisciplinary study has its starting point in three energy-intensive industries’ opportunities to take part in the
development towards increased refining and use of biomass. The study includes the pulp and paper industry, the
iron and steel industry and the oil refining industry, each exemplified by a case company. It can be concluded
that there are several technological options in each industry. On the other hand, implementing one option for
increased use of biomass in each case company could demand up to 34% of the estimated increase in Swedish
biomass supply, in 2020. Additionally, in a longer time perspective none of the case companies believes that the
amount of biomass in the Swedish industrial energy system have the possibility to increase significantly in the
future.

Keywords: Biomass, Energy-intensive industry, CO, emissions, Case study.

1. Introduction

Increased awareness of the effects of climate change has placed mitigation of greenhouse gas
emissions at the top of the political agenda, urging a transition to a decarbonised economy.
Sweden has taken a prominent position in the international discussions about this transition
and is simultaneously creating national policies to mitigate climate change, for example the
green certificates for generation of electricity from renewable energy sources. In Sweden, the
industrial sector represents one third of the total energy use and in 2008 this sector used 151
TWh [1]. The Swedish pulp and paper, iron and steel and oil refining industry accounted for
more than 70% of the energy use (50%, 15%, 7% resp.) in the industrial sector and were
responsible for 44% of the CO, emissions from Swedish companies (that are a part of the
European Emission Trading Scheme) in 2008 [2]. Therefore their ability to switch to
renewable energy sources could contribute to mitigate climate change effects. Since a large
part of Sweden is covered by forest or agricultural land, biomass has the potential to be one of
these renewable sources.

Several studies have analysed the options for biomass use in Sweden [3; 4]. More specifically,
the potential for increased biomass use and refining in the pulp and paper industry is analysed
by e.g. Andersson [5]. Berntsson et al [6] and Johansson et al. [7] analyses the biomass use in
the oil refining industry and Norgate and Landgate [8] investigates the same issue for the iron
and steel industry. This study includes these three industries in order to get a comparative
view on the potential for biomass use and refining in Swedish energy-intensive industry.
However, it is important when studying these industries jointly to take into account their
different prerequisites for use and refining of biomass, regarding current feedstock as well as
processes. The aim of the study is to investigate how these industries can contribute towards a
future increased use and refining of biomass. A case study approach is used and three case
companies are studied, one for each industry. The aim of the study is evaluated through three
research questions; 1) What are the possible technological options for increased use and
refining of biomass for the studied industries? 2) If implemented in the case companies, what
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amount of biomass would these technological options require compared to the potential of
increased biomass supply in Sweden 2020? 3) What possibilities and obstacles do the case
companies recognize for increased use and refining of biomass in their industry?

2. Methodology

This interdisciplinary study illuminates both technological options and business strategies,
revealing conflicting and co-operational interests and creates the potential for a profound
understanding of sustainable future development in this area. The study is based on a case
study approach and both interviews and literature surveys are used to collect data. For
research question 2 and 3 each industry is represented by a case company, which are
presented at the end of this section. The case companies are chosen since they all have an
ambitious attitude to climate change mitigation activities and have shown interests in
collaborations with universities.

The first research question is answered by a literature survey, in which the following
commercial technologies are included; pyrolysis, catalytic cracking, hydro cracking and
production of wood-fuel pellets. Not commercially available technologies included are second
generation ethanol fermentation, biomass gasification, lignin extraction and black liquor
gasification." Technologies in an early stage of development or with a limited potential to
increase the use and refining of biomass in the industrial sectors were not included in this
study. The included technologies are based on wood and agricultural biomass and do not
compete with the core capabilities of the case companies. For the second research question the
result of the first is combined with the different preconditions at the case companies and the
potential future biomass demand. However, only technologies that are possible to implement
at each case company are evaluated. The results for the third research question are based on
qualitative and semi-structured interviews. Two representatives for each case company were
interviewed, one at corporate group level and one at facility level.

In this study biomass is considered to be a limited resource. The biomass required to
implement a technology is therefore compared to the future potential of increased biomass
supply in Sweden. Several studies have estimated the increase in supply of wood and
agricultural biomass, in Sweden. In this study a moderate increase of biomass supply has been
used, estimated of 38 TWh/year in 2020 in reference [9].

The studied case companies are; Sodra Cell for the pulp and paper industry, SSAB for the iron
and steel industry and Preem AB for the oil refining industry. For the calculations in research
question 2, the following specific facilities are used; Sodra Cell Var6 that produced 380
ktonnes of kraft pulp [10], SSAB Strip Products in Lulea that produced around 2.2 Mtonnes
of steel slabs and 750 ktonnes of coke [11] and Preem’s refineries in Lysekil and Gothenburg
with annual oil refining capacities of 11.4 Mtonnes and 5 Mtonnes of crude oil respectively in
2008[12]. The choice of facilities limits the study to kraft pulp mills? for the pulp and paper
industry and to integrated steel plants® for the iron and steel industry. Additionally, the
refinery in Gothenburg is smaller and less complex than the refinery in Lysekil.

! More information about these biorefining technologies can be found in Johansson et al [13].
% Chemical pulp and not paper is the final product.
® The processes are based on iron ore.
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3. Results

This section presents opportunities for increased use and refining of biomass in the three
energy-intensive industries studied. Furthermore, the amount of biomass required for the
options are related to the estimated increase in biomass supply in Sweden in 2020.
Additionally, the case companies’ views on future increased use of biomass in their industry
are presented. To distinguish the results based on interview outcomes from results based on
calculations or literature studies all interview references are marked with an asterisk.

3.1. Pulp and paper industry

For the pulp and paper industry, with its wood biomass based processes and extensive
experience of logistics of timber, the increased demand for biomass has lead to increased
competition for the industry’s raw material but also opened new opportunities for increased
refining of intermediate and by-products. The existing infrastructure for transportation of raw
materials, storage possibilities on site and knowledge of handling of biomass can facilitate
increased import of biomass as well as export of products based on biomass.

Like the industry in general, the case company Sddra Cell is affected by the changes in its
environment. The price of biomass, chemicals and energy affect the production cost, on the
other hand energy prices also affect Sodra Cell’s incomes positively [14]*. Sddra Cell’s
strategy is to increase energy efficiency in order to minimise purchased energy so that only
raw material is bought and additionally the company wishes to become independent from
fossil fuel [14]*. This is achieved by increasing the efficiency of the production processes,
through technological choices adapted to the different prerequisites at Sodra Cell’s three
Swedish mills. The mill in Monsteras has invested in a condensing turbine to increase
electricity production, Sédra Cell Mérrum is planning a LignoBoost* process and Varg’s mill
installed a bark drier during 2009. The company is interested in using new technologies for
producing non-cellulose-based products, e.g. district heating, electricity, lignin or tall oil, but
only as long as these are produced from residues and thus do not compete with pulp
production [14]*. All these alternatives offer the possibility of increased export of energy
products without increasing the total import of biomass to the facilities. Policies, particularly
the green certificates for electricity, have contributed to justify activities that improve energy
efficiency and investment in new technologies.

In the case of replacement of the recovery boiler or increase in production capacity in a kraft
pulp mill, gasification of black liquor could be an interesting alternative. The technology is
currently at the demonstration plant level and it is argued by Pettersson and Harvey that a
large scale implementation is unlikely to occur before 2020 [15]. Their conclusions are based
upon a study of energy and material balance consequences of implementation of black liquor
gasification for production of DME in a model mill. They argue that pulp mills will be more
energy efficient by 2020 (using best available technology of today). The study shows that one
consequence would be an increased biomass demand that, in the case of Sodra Cell Véaro
would correspond to about 700 GWh/year. Sédra Cell claims that the main barrier for
implementing this technology is the high investment cost of the gasifier [14]*. Ekbom et al.
[16] estimated the investment cost for a large scale gasifier to be more than twice the cost for
a recovery boiler with the same capacity. Furthermore, the technology would also compete for
biomass feedstock with the LignoBoost process [14]*. Finally, a sign of another path of
development with a slightly different character is S6dra Cell’s research on green chemicals,

* A process for separating lignin from black liquor. The lignin is sold as high value fuel.
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which is conducted at the headquarters in V&xjo by an R&D team of 50 peoples based in Varo
[14]*.

3.2. Iron and steel industry

The spectrum of options to increase use and refining of biomass in an integrated steel plant is
narrow, but the existing options have great potentials to reduce the industry’s CO, emissions.
An integrated steel plant can replace some of the coke used as reducing agent in the blast
furnace, with biomass derived products such as charcoal, syngas, methane and ethanol.
However, it is not possible to substitute all the coke in the blast furnace as coke acts as a
physical support material and hence ensures correct gas permeability, process temperature and
process drainage. Moreover, gasified biomass can be used as fuel in the steel plant’s heating
furnaces and replace the fossil fuel used today. Another option for an integrated steel plant is
a partnership in an industrial symbiosis together with a biorefinery. For example, excess heat
from the steel plant can be used by an ethanol plant and the ethanol can be used as reducing
agent in the blast furnace or as transportation fuel in the steel plant’s vehicles. Furthermore,
an integrated steel plant can cooperate with a gasification plant and a Direct Reduced Iron
(DRI) plant. The DRI plant can use syngas from the gasifier together with coke oven gas as
reducing agent and DRI can be charged into the blast furnace or into the converter.

The interviewed representatives at the case company SSAB Strip Products state that a large
scale replacement, of for example coke with products derived from biomass in the blast
furnace, would need an extensive amount of biomass which makes it unlikely to be realized
[17]*. Calculations for SSAB Strip Products demonstrate that a replacement of the pulverised
injection coal with pulverised charcoal would demand approximately 4.4 TWh/year® of dry
wood. If instead bio-methane was considered for injection, it would be possible to replace one
third of the injection coal without affecting the blast furnace process [17]*, which would
demand approximately 1.5 TWh/year of methane. If the methane is produced through
gasification of biomass it would demand about 2.5 TWh/year® of dry wood. However, SSAB
Strip Products identifies a risk in substituting coke with products derived from biomass as a
substitution could affect the quality of the products, before the process is optimised, which
could reduce the company’s competitiveness [17]*.

The development of CO, prices and the global raw material markets will probably have the
greatest impact on SSAB Strip Products’ choice of future development path [17]*. Currently,
energy-rich process gases are exported from SSAB Strip Products and used as fuel in a
combined heat and power (CHP) plant. With regard to biomass use, the representatives from
SSAB Strip Products consider it a better option to investigate possibilities to use excess
energy-rich gases from the steel production internally at SSAB Strip Products and use
biomass in a CHP plant [17]*. As a result of this line of reasoning, the company is increasing
the efficiency of its energy system and aims at reducing its CO, emissions by 2% by 2012,
which corresponds to 130,000 tonnes of CO, [11].

3.3. OQil refining industry

In a transition to more sustainable production and use of fuels the oil refining industry could
play an important role with its extensive experience in processing and converting petroleum
oil products into valuable fuels. The oil refining industry has the opportunity to use existing
equipment for refining of biomass. By using the existing catalytic cracking unit or the

> Calculations were based upon a biomass-carbonisation kiln with a weight-basis yield of 37%.
® In the calculations, a gasification plant with a biomass to SNG conversion efficiency of 60% is used.
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hydrotreating unit bio-oils can be upgraded to transport fuels that meet the existing fuel
standards. At present, there is an increasing demand of hydrogen in the oil refining industry
which is due to a process change into more valuable products, e.g. diesel, aviation fuel etc.
This increasing demand can be supplied by production of hydrogen trough gasification of
biomass. Moreover, hydrogen could also be produced by natural gas steam reforming and
indirect use of biomass via production of synthetic natural gas (SNG). Another option for
utilisation of biomass in the oil refining industry is gasification followed by Fischer Tropsch
synthesis. This process could be placed on-site at the refinery or off-site, closer to the biomass
feedstock. To maximise the production of Fisher Tropsch diesel and improve the efficiency,
the by-products from the process, naphtha and wax, could be further utilised in existing
refinery processes.

Results from the interview with the case company for the oil refining industry, Preem AB,
show that they considers biomass as a raw material that could be used in their processes, since
this offers a new business opportunity and the company seems eager to be an early mover in
the market for green diesel [18]*. On the other hand this can also be regarded as a matter of
survival for Preem AB, since many European oil refineries of the same size as Preem AB’s
refinery in Gothenburg have faced bankruptcy lately [18]*. Preem’s strategy for the future
consists of two parallel paths: developing the Gothenburg refinery towards the production of
green diesel and increasing the complexity of the Lysekil refinery for refining of crude oil
[18]*. This strategy includes a recently started biomass-based hydrotreating process in
Gothenburg, which is regarded as a step between the first and second generation renewable
fuel, i.e. fuel production based on gasification. Karlsson and Nystrom [18]* explain that
regarding the development of gasification, they consider cleaning after the process as a huge
challenge which demands co-operation by industry, universities and the government, in order
to reduce risks and exchange competencies.

Calculations for Preem AB’s refineries in Sweden show that replacement of the total
hydrogen demand through gasification’ of solid biomass would demand approximately 1.2
TWh/year at Gothenburg refinery and 6.60 TWh/year at Lysekil refinery. However, if
hydrogen is produced through gasification of pyrolysis oil, i.e. including a pyrolysis pre-
treatment step for the biomass, biomass requirements of 1.7 TWh/year in Gothenburg and 9.2
TWh/year in Lysekil are needed. With regard to hydrogen production trough steam reforming
of SNG, supplying Preem’s refineries in Gothenburg and Lysekil would require
approximately 1.8 and 9.5 TWh/year biomass respectively. It is important to stress that these
requirements are based on the current total hydrogen demand and on the assumption that it is
possible to replace the whole demand. More detailed calculations about biomass gasification
in Gothenburg are found in Johansson et al. [7].

The adjustment of the refinery in Lysekil for optimal use of crude oil, is motivated by the
belief that there will continue to be a market for liquid fuel from crude oil, due to crude oil’s
efficiency as an energy carrier and its relative low cost [18]*. Since biomass is a limited
resource Preem AB’s plan is a 30% blend of green diesel into fossil diesel. Calculations
shows that the production of 100 000 m® diesel, with a 30% renewable content, will at the
refinery in Gothenburg refinery demand 1.15 TWh/year of raw tall oil, requiring 55% of the
total Swedish raw tall oil production. Although tall oil is the first biomass-based raw material
Preem AB is investigating other options are for example used oils and oil from algae [18]*.

" Calculations are based on assumptions presented in [13] and for gasification for hydrogen production updated
with result from [7].
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3.4. Future prospective

Even though current policies try to stimulate use of biomass as a source of energy and several
technological options are possible, none of the case companies believes that biomass will
increase significantly in the Swedish industrial energy system over a longer time perspective.
The reason for this is that biomass is regarded as a limited resource and neither SSAB Strip
Products nor Preem believe that biomass could represent a large-scale substitute for the
currently used fossil fuel. The case companies’ views on biomass as a limited resource are in
line with the result that is obtained when calculating the biomass demand from the previous
described technologies in comparison with the future increase in biomass supply in Sweden
until 2020.

The biomass demand for the technological options that can be seen in Fig. 1 show a large
share of the biomass considered to be available for new actors in 2020. However, it is
important to note that the potential described above is the highest possible demand; some of
the technologies may be implemented in a smaller scale, needing less biomass. Furthermore,
it is not possible to implement all technologies described in section 3.1-3.3 in one facility
within the case company at the same time as some of them compete for the same resources or
supply the same feedstock.

" 30%
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° 10,
2 20% _ B SSAB Strip Products
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Fig. 1. The share of future increase in biomass supply that is needed if a technology to increase
biomass use/refining would be implemented at each case company. Note that this is the highest
biomass demand. Options not requiring increased import of biomass or do not significantly affecting
the CO, balance at the case company are not included.

Adding the biomass demand for hydrogen production from biomass gasification at Preemraff
Lysekil and Gothenburg, injection of pulverised charcoal at SSAB Strip Products and black
liquor gasification at Sodra Cell Varé would require 34 % of the total increase of biomass
supply in 2020 (38 TWh/year [9]). For the pulp and paper industry the only option that
requires increased import of biomass is included, in the oil-refining industry the hydrogen
production alternative with the most efficient use of biomass is included and for the iron and
steel industry the option substituting the largest amount of fossil fuel is included.

Despite the somewhat pessimistic view of biomass potential as a future feedstock the
representatives we met at both S6dra and Preem appreciate that the companies they represent
have chosen to become actively involved in environmental issues. In a longer perspective,
Sddra hopes that they still can use biomass for their current core business, pulp production,
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and additionally for production of e.g. composite material, cloths, chemicals or medicine
[14]*. SSAB Strip Products does not believe that any biomass technology will be
implemented at their facility. Instead they believe that available excess heat will be integrated
with surrounding energy systems, in which biomass could be one of several feedstocks [17]*.
In contrast, Preem’s strategy for the refinery in Gothenburg to remain competitive is to
modify existing infrastructure for production of both renewable and fossil diesel. Preem fears
that competition for biomass as a feedstock between different industrial sectors will be more
important in a longer perspective than competition within the oil refining industry [18]*.

4. Discussion and Conclusions

The study shows several possibilities for increased use and refining of biomass in the three
industries studied: Kraft pulp mills can export by-products either unrefined or refined into
higher value added products. Additionally, oil refineries can import biomass feedstocks for
the production of green diesel or hydrogen and integrated steel plants can use biomass-derived
products as reducing agent in the blast furnace. Finally, all three industries have options to
export excess heat to biorefineries with demand for heat.

This study shows that technologies for increased use and refining of biomass implemented at
three energy-intensive industries would require up to 34% of the Swedish potential for
increased supply of biomass in 2020. Although estimations of the increase in biomass supply
IS very uncertain, the fact that biomass is a limited resource have been recognized by the case
companies. Hence, it is important to evaluate the options in relation to alternative scopes of
use for the biomass before any new investments are made. One important issue to address is
how the biomass is most efficiently used in order to reduce CO, emissions. Furthermore, the
market for biomass is global and biomass price and expected profits for the purchaser will
probably have an impact on where the biomass will be used in the future. There are large
differences in required amounts of biomass for the different industry sectors, which could
affect the probability of realization of the options. Companies located near harbours may have
a financial advantage on the global biomass market since transportation costs can be reduced.
Finally, it is vital from an environmental point of view that the biomass resources are
exploited in a sustainable way with re-planting and responsible land-use.

Regarding the case companies, both Sddra Cell and Preem are investigating possibilities to
introduce new technologies for increased use and refining of biomass and have identified this
as a new business opportunity. On the other hand, SSAB Strip Products considers biomass a
too limited resource, especially compared to coal and coke, which the company uses today,
and is not interested in investing in facilities not related to its core capabilities. The interview
results for S6dra and SSAB Strip Products are in line with the results from the calculations.
For Preem, the calculations indicate that a large amount of biomass would be required for the
different options (see Fig 1), which would constitute a barrier for implementation. In the
interviews the company has an optimistic view on implementing options for increased use and
refining of biomass. However, these options are based on using existing infrastructure but
adopting it to biomass based feedstock and are thus not the same technologies as in our
calculations.

This study concludes that opportunities for Swedish energy-intensive industry to increase use
and refining of biomass exist, but with many potential barriers for implementation. However,
the study points towards a trend in Swedish energy-intensive industries; the industries are
more aware of their CO, emissions and seek options to be more climate neutral.
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Abstract: The paper’s aim is to use a bioenergy supply chain management approach in order to reinforce
sustainable development in a likely scenario of competition between bioenergy and the production of other
goods extracted from wood. This competition is perceived as a threat because it may lead to an increase in raw
material and energy prices and reduce the competitiveness of the European pulp & paper industry compared to
other regions of the world. The key question is then: is bioenergy the big bad wolf in the forestry sector or an
opportunity for improving the sustainability of biomass-based supply chains? The work assumes bioenergy as an
opportunity because a systemic approach to bioenergy systems’ optimization can lead to performance
improvement beyond the boundaries of a single company and increase the sustainability aspects of the entire
network. The results are based on content analysis conducted by a literature review and information gathering
from relevant publications in the field.

Keywords: Bioenergy Systems, Sustainable Supply Chain Management, Systems Analysis.

1. Why sustainable supply chain management is important?

The energy price shocks of the 1970s served as a major incentive to revisit energy practices.
As a result, several nations launched efficiency programs and tried to develop solutions to
replace hydrocarbon fuels. However, for some time low oil prices has been a barrier and
preventing renewable energy from taking up on large commercial scale [1]. More recently,
renewables gained new momentum as a result of favorable policies, such as in the EU where
the target is to reach 20% of renewables by 2020. Nevertheless, the development of
renewables is by no means given. The increasing availability of gas and the delayed removal
of fossil fuel subsidies could again hamper the competitiveness of renewables for many years
to come [2].

At present, we are facing a new crisis based on the depletion of natural resources, expected
scarcity of fossil fuels, increasing energy prices worldwide, increasing global competition for
fuels, and global efforts to reduce greenhouse gas emissions. In this context, energy from
renewable sources remains a key component to mitigate environmental risks and increase
energy security. According to the International Energy Agency, renewable energy sources —
such as wind power, solar energy, hydropower and biomass — responded for only 12.9% of
the global primary energy supply and 18.7% of the global electricity production in 2008. IEA
calculates that, without new policies in place, global primary energy demand could increase
by 45% by 2030 compared to 2006 levels. Transportation could account for 57% of the global
primary oil consumption, compared with 52% now and 38% in 1980. The agency emphasizes
the need for policy actions in order to change the so-called ““business-as-usual’ scenario and
foster an increased share of renewables in the future global energy mix [3].

Certainly, the need to shift energy systems towards renewable sources is well recognized.
This tends to put a lot of emphasis on technology development. However, intensifying the use
of renewable energy systems is not only a technological challenge. To optimally explore
constrained renewable resources (e.g., forest-based biomass), technological management
challenges have to be faced. This paper assumes that a strategic use of bioenergy supply
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chains, in particular the use of the concept of sustainable supply chain management in the
forest-based bioenergy systems can improve the sustainability aspects throughout the chain.

1.1. Sustainable Supply Chain Management

Lambert et. al. (1998, p.1) describes supply chain management (SCM) as “the integration of
key business process from end-user through original suppliers, that provides products,
services and information that add value for customers and other stakeholders™ [4]. In 2001,
Mentzer et. al. (2001, p.18) has outlined a complementary definition that defines SCM as ““the
systemic , strategic coordination of the traditional business functions and the tactics across
these business functions within a particular company and across businesses within the supply
chain, for the purposes of improving the long-term performance of individual companies and
the supply chain as a whole” [5]. Nowadays, the Council of Supply Chain Management
Professionals (CSCMP) describes supply chain management as ‘“the planning and
management of all activities involved in sourcing and procurement, conversion, and all
logistics management activities. Importantly, it also includes coordination and collaboration
with channel partners, which can be suppliers, intermediaries, third party service providers,
and customers. In essence, supply chain management integrates supply and demand
management within and across companies™ [6]. Svensson (2007, p.263) and Cater & Rogers
(2007, p.368) argue that in order to SCM become sustainable it should integrate and equalize
economic profit, environmental and social goals to long-term performance of individual
companies as well as their supply chains [7] [8].

In this context, the sustainable supply chain management concept in general is understood as
the management of services, products and raw materials along the chain — from suppliers to
manufacturer and/ service provider to final consumer and back again in the cycle — with
improvements to the environmental and social goals. The interaction between suppliers and
consumers is understood by this work as the flows of energy, materials, and greenhouse gases
emissions from suppliers to consumers.

This study assumes that if forest-based biomass is to compete with fossil fuels, there is a need
to create more reliable and constant supplies of bioenergy on a long-term basis and a more
efficient distribution to points of consumption in more sustainable ways.

1.2. Methodological approach

The paper’s originality is the use a bioenergy supply chain management approach instead of
the commonly used “Command & Control”” mechanisms (i.e., legal standards, taxation and/or
subsidies) in order to reinforce sustainable development in a likely scenario of competition
between bioenergy transformation (e.g., heat and electricity) and the production of other
goods extracted from forest-based biomass.

In order to complete this work, the methodological approach was based on a content analysis
conducted by a literature review and information was gathered from relevant publication
found on hard copy publications and electronic journals provided by well-known publishers
(e.g., Willey and Elsevier).

1.3. Work Structure

This paper is divided into 4 main sections. First section has introduced the sustainable supply
chain management concept used in the paper and background information about the
management challenge and the methodology used in the study. Second section presents the
findings related to biomass as an important renewable source and the significance of adding
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value along its production chains. The third section discusses the need to understand the re-
distribution of available resources in an increasing competitive environment. Finally, the forth
section indicates an option to shift from the perspective of bioenergy as a threat to the
perception of opportunity in the forest-based supply chain.

2. Forest-based biomass: now and beyond

The EU RES Directive aims to promote the use of energy from renewable sources. Each
Member State has to achieve a specific target so that, as a whole, the EU shall have 20% of
the total energy based on renewables by the year 2020. The Directive sets a common vision
for the EU. It also contains a roadmap to cut down 20% of the EU greenhouse gases
emissions [9]. The Directive sets an important framework alongside with the European
Strategic Energy Technology Plan (SET-Plan) for reducing the EU’s oil dependence, which is
also illustrated by the target set for the transport sector: 10 % biofuels by 2020. Although the
EU is expected to fall short on the 2010 target of 5.75% biofuels, it is expected to reach
beyond the 2020 target.

In this context, renewable energy is assuming an increased prominence among Member
States, mostly motivated by security of supply as well as greenhouse gases emissions
reduction objectives. Among the Member Countries, Sweden is often regarded as one of the
frontrunners concerning the development, promotion and implementation of renewable
energy policy and technology. The Swedish mandatory target for the share of energy from
renewable source in gross final consumption of energy in 2020 is 49%. On the other hand,
the proportion that is forecasted by the Swedish Energy Agency (SEA) sums up to 50.2% in
the same period. This means that Sweden shall reach beyond the binding national target by
1.2% and this trend can be traced in the considerable expansion of renewable energy of the
last years [10].

In 2008, the Swedish share of renewables was 44.1%. This corresponds to an excess of
approximately 2.5% already above the indicated trajectory for 2011-2012 period [11]. A very
important part of this success lies on the national expansion of the bioenergy sector during the
last few decades [12].

The RES Directive is not the only driving force affecting bioenergy utilization. Ling and
Silveira (2005) consider that current policies being applied in the EU enhance the condition
but there are also other important forces such as internationalization of the bioenergy
segment, integration of bioenergy systems with other transformation processes, and the fact
that bioenergy is becoming a mainstream alternative. In line with this perception, a biomass
study carried out by McKinsey and Poyry for the Confederation of European Paper Industries
(CEPI) indicates that meeting bioenergy targets set by the RES Directive could lead to a wood
deficit of 200 up to 260 million m* in Europe by 2020. This has worried, for example, the
pulp & paper sector which is afraid of potential competition in the markets for raw materials
[13].

Bioenergy contribution has grown from the second largest source of energy in 2003 to the
leading position in the final energy use in Sweden. In the last couple of years, the bioenergy
share has increased from 28.6% in 2007 to 31.7% in 2009 and it is still growing. As a result,
biomass is not just an alternative but has turned into a major reliable energy source [11].

An important aspect of the bioenergy segment in Sweden is the fact that most of the biomass
used for heat and electricity generation in the country comes from forests. Despite of its
importance in the transition to a long-term sustainable energy system, the strategic use of
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bioenergy supply chain management and its overall impacts in the forestry sector are still very
much restricted to cost effectiveness and excellence in customer service in pursuit of profit
and competitive advantage [14] [15] [16] [7]. As a result, the majority of the current models
for analyzing it do not consider the overall value of a supply chain [17]. They frequently focus
on improving the individual performance of the various actors along the chain (e.g., company
level approach). This is because there are a variety of flow structures and each one of them
has a direct impact in the supply chain organization, which makes difficult to foster overall
performance. Figure 1 presents a variety of flows based on the work of Haartveit et al. (2004)
and their specific characteristics that directly define supply chain structure configuration and
its complexety [18].

Fig. 1. Types of flows structures within a supply chain adapted from Haartveit et.al.(2004)

Independent from its configuration, the supply chain concept intuitively implies a network of
actors divided into a variety of organizational structures operating at different
stages/structures/levels and combining efforts in order to deliver products to customers. This
means that management and control of flows involve collaboration among actors and, as any
complex system structure, the supply chain might need several strategies and information
flows operating at different structure levels. At an overarching level, this includes general
information such as inventories, statistics, policy targets, etc. This information could be in the
public domain while specific information (e.g., detailed information about a region) may
require further investigation. At the company level, there are strategies related to the business
model, market competition, planned production, price mechanisms, etc. These strategies are
not in the public domain but reflect the response of various actors to opportunities in the
market [17] [18]. As a result, an effective strategy for supply chain management depends on
the specific characteristics and complexity of the chain under study.

It is clear that a renewable energy source can play a major role in addressing environmental
degradation at large. This is because a renewable source such as biomass, if used in a
sustainable way, is not depletable and produces less greenhouse gases emissions than fossil
fuels. However, an important finding was that supply management improvements could add
value along various production chains to reinforce, optimize, and operate the whole network
and achieve a sustainable development.
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3. From threat to opportunity: a discussion

Among the renewable energy resources, wood is one of the most important renewable sources
for achieving the 2020’s target in the EU. Today in Europe, wood already represents over
50% of the total renewables [19]. In addition, wood is expected to continue playing a key role
in the development of renewables in the continent. However, increasing extraction of forest
biomass for energy purposes could have impacts on other segments of the forestry sector as a
whole. The current perception among some market actors is that meeting bioenergy targets set
by EU will only be possible by increasing the biomass extraction from forest [20].

In the short term, strategies endorsing status quo practices could lead to enlarged extraction of
forest resources. Although this could result in immediate direct positive benefits in the local
economy (e.g., work generation and income), it could also lead to loss of biodiversity as well
as environmental impacts on soil and water that can compromise the total resource
productivity in the long run.

In the middle run, competition between bioenergy use and the production of other goods
extracted from wood may induce to an increase in raw material and energy prices and reduce
the competitiveness of the European pulp & paper industry compared to other regions of the
world (e.g., South America, especially Chile and Brazil).

In the long term, intensified competition among different segments of the forest-based
industry could lead to the closing down of industrial plants following on production
relocations. This implies lay-offs, initially to rescue companies’ productivity levels, but
eventually to deal with competitiveness at an international scale.

By being a traditional and well-established sector from the start, the forestry sector —
especially the pulp & paper companies — perceives bioenergy targets more as a threat than an
opportunity. In this perspective, the RES Directive and, especially, forest-based bioenergy
becomes the big bad wolf in the forest. If perceived negatively, there is risk that
administrative barriers more than financial and technical obstacles may hold back or — at the
least — delay further bioenergy development, above all in the pulp & paper segment.

Considering that a ““sustainable energy solution needs to be motivated beyond their technical
performance and economic efficiency, and become attractive in the context of regional
development, environmental and social benefits [21]. It is necessary to understand the re-
distribution of available resources and the process along the bioenergy value chain network in
order to tackle the potential obstacles (i.e., administrative barriers in the pulp & paper sector).

New actors and new configurations of value chains can be perceived as a threat by
conservative segments because they can — in a very short time — increase the demand of raw
materials, increase competition in an already aggressive environment, change land use, and
create an uneven biomass supply. However, this is also an opportunity for creating new
alliances, facilitating transitions, and opening new markets. In order to shift from the
perspective of threat to the perception of opportunity, it is necessary to understand the process
along the bioenergy value chain network and re-distribution of available resources. This is
because a performance frontier of any given supply chain should be understood as a system
performance due to its complexity and interconnected nature (see Figure 2). In doing so, the
real competitive position or the performance frontier of a supply chain becomes based on the
supply chain’s weakest link [17].

29



World Renewable Energy Congress 2011 — Sweden Bioenergy Technology (BE)
8-13 May 2011, Linképing, Sweden

Fig. 2. Generalized structure of the forestry industry supply chain

As the Figure 2 has presented, the forestry industry supply chains are complex and
characterized by multitude of flows resulting in many products and services, as well as by-
products along the chain. In addition, Haartveit et al. (2004) describes that the roles of
individual actors in the supply chain are highly dependent on the supply chain own structure
and specific characteristics. This is because material and information flows, as well as the
product flow can vary in levels (i.e., from local to regional and/or global levels) and structure.

The initial question is bioenergy is the big bad wolf in the forestry sector or an opportunity for
expansion, given the uncertainty of future costs of oil. In any case — threat or opportunity —, it
is clear that a systemic approach in such complex network makes the strategic configuration
of the bioenergy supply chain a critical task for management decisions and a major
administrative challenge [16] [7] (22].

4. Conclusion remarks: a way of getting through

The rapid expansion in global trade of biomass (i.e., wood pulp) is expected to continue over
the next years. On the other hand, a likely new international biomass commodity (i.e., wood
chips and pellets) could also rise as direct result of more countries favoring renewable energy
and relatively inexpensive local supplies of biomass reaching their limits. In this respect, the
new competition may well rearrange the forestry industry supply chain structure presented in
Figure 2 by redefining the boundaries’ levels.

In short, the devil is in the details. This is because forthcoming competitions will strength the
need for actions. At the same time, external triggers (i.e., environmental and social standards)
placed by governmental agencies, stakeholders and consumers are going to continue playing a
major role. By doing so, a sustainable bioenergy system has to become focused more in a
systemic approach process and less in single individuals’ efficiency, which is currently in
place. In other words, a systemic approach means that bioenergy systems’ optimization must
aim at the overall supply chain by asking for performance improvement beyond the
boundaries of the single company in order to improve the sustainability aspects of the entire
network. An increased system understanding will allow not only a better estimation of the
potential effects of the RES Directive on existing supply chains but also an evaluation of the
improvements that are necessary while planning future bioenergy supply chains. Moreover, it
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would assist us in identifying challenges in the bioenergy sector and leverage points in its
system that could be used to foster climate change mitigation and energy security.

This study is the starting point of the author’s doctoral research and for that reason has its
limitations which open opportunities for future research. Like all content analysis the
empirical validity of the bioenergy as an opportunity to the forestry industry needs to be tested
in case studies. Future studies should examine not only operations, logistics, structures and
other activities but also the flows of material, energy and greenhouse gases emissions to
comprehend if there are other important aspects to be considered by a sustainable supply
chain management for bioenergy systems.
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Abstract: This paper describes the work of the biogas plant in Torun (Poland). Biogas has been obtained from
municipal waste since 1998 at the Municipal Waste Landfill Site in Torun. Biodegradable waste constitutes
about 45-50% of the waste dumped into the site. These municipal wastes have been disposed of at this site since
1964. Biogas is obtained during approximately 8000 hours per year from 62 wells. The highest methane contents
in biogas (>60%) were achieved between 2000-2003 and in 2008. As a result of biogas combustion, thermal and
electrical energy is produced. The total quantity of energy produced during a year is 11 000 MWh, but higher
amounts were achieved in 2004 and 2008 (nearly 12 500 MWh). The heat and electrical energy obtained is
supplied to the city inhabitants by the Power Station Torun S.A. and the Thermal Energy Station Torun Co. Ltd.

Keywords: bioenergy, biogas, Torur, municipal wastes

1. Introduction

Biogas is one of the most important renewable energy sources [1,2]. Known also as a waste
site gas, biogas is heavier than air. Regardless of the substrate, it has two major components —
methane and carbon dioxide. Biogas is obtained from waste biomass [3,4]. This covers a wide
and difficult to manage range, starting from forest and farming wastes (including fermented
liquid manure) through sewage sludge to municipal wastes [5,6].

The Municipal Waste Landfill Site in Torun (Fig. 1) is designated, mostly, for municipal
wastes. The site is located in the northern part of the city, in the industrial district, 10 km
away from the city centre. The location complies with the local spatial management plan -in
the area designated for the municipal waste disposal complex. The site is located on a plain
with little altitude differences, with ground declination toward the south and the current
Vistula Valley, located 3.5 km away.

Fig. 1. Location of biogas installation.

The wastes have been disposed of at the site since 1964. Originally solid and liquid wastes
were dumped without any formal or legal agreement in an unregulated manner. Since its
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modernisation in 1993, the waste landfill site has been functioning as a legally sanctioned
waste site for the city of Torun.
The total area of the site is 12.1 ha, including:
e two landfill sections of total area of 8.5 ha, exploitation time 1964/86 and 1992/95 —
there are no safeguards against leaches to underground waters; these are the areas the
waste site gas-biogas is obtained from,
e post-discharge terrace of total area of 1.7 ha; until 1991 in this area there used to
function two partially proofed landfill sections for industrial post-discharge sludge,
e landfill section of area of 1.9 ha, used since 1995, so called “basin” — proofed with
geo-membrane HDPE 1.5 mm with a built-up sewage drainage system.

On December 31* 2009 the waste site was closed. It is estimated that biogas from the dumped
waste will be exploited for the next 15-20 years. In the near future a further biogas installation
is to open at a new, nearby waste site.

1.1. The type and amount of waste dumped at the site

The landfill waste site in Torun is a target place for municipal waste disposal as well as the
disposal of industrial waste, qualified to be disposed there, as a result of the decisions of the
competent administration authorities. At the site there are no wastes considered to be
dangerous substances according to environmental protection regulations. Table 1 shows the
composition of wastes. The major components of municipal waste are organic wastes, which
are subject to the natural process of biodegradation. In Torun biogas is obtained from non-
segregated waste, which is a result of the lack of pro-ecological management in the 1970s in
Poland. The biodegradable wastes constitute about 45-50% of the stream of municipal wastes.
The amount of dumped waste is estimated at 2 500 000 Mg.

Table 1. The composition of municipal waste of the city of Torun (%).
Year
1991 2000 2009
Plant food waste 252 148 144
Animal food waste 4.3 1.0 0.0
Other organic waste 3.4 88 14.2
Paper and cardboard 13.4 18.7 12.3

Fraction

Plastics 51 199 11.2
Textile waste 4.4 3.5 2.5
Glass 6.9 120 7.6
Metals 34 2.8 5.4

Other mineral waste 6.9 4.7 34
Fraction<10mm 27.0 13.8 29.0

2. The system for obtaining biogas in the Torun biogas plant

In 1991-1992, within the framework of the programme to improve the natural environment,
research was conducted in Poland to examine 15 municipal waste landfill sites in order to
check the amount and quality of biogas. At the waste site in Torun, 6 gas wells were built that
ran 16 m deep into the bowl of the site. After 800 hours of work, the mean parameters of
obtained biogas were satisfactory (61.1% CHy, 28.8 CO,, 0.1% O;). The initial analysis, as
well as the further research, confirmed that the biogas produced at the municipal waste
landfill site in Torun is adequate for commercial use.
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In 1993 a request was made for financial support from the Thermie programme in order to
build a pioneering installation for obtaining and utilising waste site gas in Torun. With the
support of the European Union Commission, a contract was signed to realise this project and
to finance it at 30% of net costs. In order to build and operate a modern waste site gas
utilisation unit, a new company was established — Biogas Investor Co. Ltd. The investment
was partially financed by the National and Voivodship Environmental Protection Fund as well
as by 30% subvention from the European Union, allocated as a part of the Thermie
programme.

The gas from waste landfill piles started being used on 10 September 1997. On 10 September
1999 additional works were finished and a use permit was obtained. In 2001 the maximum
technical and production parameters were achieved. The gas production covered 11 ha of the
waste site near Kociewska Street in Torun. In this area 40 gas wells were drilled (Fig. 2),
which are boreholes 16 m deep and suction pipes were laid. The system is equipped with a
technical biogas suction apparatus (MPR), gas mains, thermal-electric mains (CHP) of power
550 kW, and 770 kW,. The thermal-electric power station is connected to the heating and
power network. The whole system is totally automatic and computer directed. In April 2002 a
further 3 ha of the waste landfill site were covered by degassing equipment as 12 new biogas
wells were built and utilised as a part of the system.

Fig. 2. Construction of wells: 1 — waste, 2 — gravel, 3 — plug-in muff, 4 — degassing pipe, 5 — gas
intake, 6 — gas proof cover, 7 — pipe line.

In January 2004 the second power-producing unit of power 324 kW . was opened, which
marked the end of the first stage of development of the system for obtaining and utilisation of
waste site gas. During this stage, 12 wells, 2 788 m of gas pipes, a transformer station, wire
line NN were built and a p ower-generating system was bought. Since 1 March 2004 t he
biogas system has been working at the power of 698 kW and 770 kW, — utilising 440 Nm’/h
of waste site gas obtained from municipal waste piles of 16 m height and 14 ha base.

In 2007 and 2009 r espectively 17 and 5 new wells were built. In 2009 12 wells of low
efficiency were closed. Currently, biogas is obtained from 62 wells.
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3. Biogas production in the Torun biogas plant

The biogas obtained from the degassing wells is transported via gas pipes to an MPR module,
where suction and pumping equipment, a gas composition analyser and flow meters showing
the flow in particular gas wells. Transported from an MPR module by a common pipe, gas
from individual wells is then sent to the decanter, where water contained in the biogas is
outdropped. After drying, depending on the requirements, biogas is directed to the module
generating electrical power and heat or to the power generating system operating since 2004.
The composition of gas taken from each well is constantly monitored using the stationary
analyser SATGAS 800 (S.A. TechnikAS, Denmark). The content of CH4, CO;, and O, is
analysed, the remaining part is assumed to be N,. The collection of biogas is fully controlled:
in situations where the methane concentration decreases below 40% or oxygen concentration
increases above 0.3%, the well is closed.

Fig. 3 represents the amount of biogas obtained between 1998 and 2009. The least amount of
biogas was obtained at the first start-up (1998), and in 2002 w hen maintenance work was
carried out. Since 2003 when 12 new wells were opened, the amount of obtained biogas has
risen by 50%. The highest methane content in biogas (>60%) was achieved in 2000-2003.
Since 2004 a decrease in methane content has been observed, which is contributed to the
ageing of resources from which biogas is obtained. This phenomenon is partially caused by
the common use of virtually non-degradable foil bags for rubbish collection in Poland.
Having arrived at the site, these bags create a specific geo-membrane, making it difficult for
nutrients and water to penetrate into deeper parts of the waste site. Water content is essential
to the development of microorganisms. When the content of dry matter is higher than 40%,
the life processes of microorganisms are disturbed, which leads to a lower methane content of
the biogas and smaller quantities of biogas produced. One of the solutions aimed at avoiding
the geo-membrane issues created by the waste foil is to use a mill to crush waste prior to
dumping it onto the waste site. When the methane content drops below 40%, it is planned to
use natural gas to aid the biogas stream fed into the engine. This will make the combusted gas
more calorific and extend the working lifetime of the biogas site. It will also mean that the
power of installed equipment is fully used. Opening new wells as well as closing the
inefficient ones leads to increased methane content in biogas.
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Fig. 3. The amount of biogas and methane obtained in 1998-2009.

Biogas is obtained during 8 000 hours annually. The highest mean electric power generated
was achieved during the last six years, which was influenced by the new wells and the second
power-generating system being opened. Apart from the first year of start-up (1998), the mean
thermal power has remained at the same level. The amount of heat produced was 25% higher
than the amount of electrical power over the years 1998-2007. Since 2008 the amounts of heat
produced and electric power have been at a similar level (6000 MWh).

The total amount of energy produced over a year stays at the level of 11 000 MWh (Fig. 4),
but the highest amounts were achieved in 2004 and 2008 (nearly 12 500 MWh). The obtained
heat and electric energy is supplied to the city inhabitants by the Power Station Torun S.A.
and the Thermal Energy Station Torun Co. Ltd.
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Fig. 4. Electricity and heat prduction in 1998-2009.
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4. Perspectives of biogas production in biogas plant in Torun

During most of the operation time of Torun landfill installation there was no record of waste
deposited there. Apart from the municipal waste, the industrial (hazardous) waste was also
deposited, including bricks, tires and chemical waste. Thus, it is only possible to estimate the
amount of biogas and methane content in landfil gas using the results obtained so far.
Currently, the next twenty wells are to be built at the landfill site in 2011, which is going to
increase the amount and quality of biogas in comparison to the previous years (Fig. 3). Within
the following years (after 2011) the quality of biogas as well as methane content in LFG will
continue to deplete and biogas parameters will be gradually decreasing. In the near future a
new biogas installation will operate at a new municipal landfill site in Torun.
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Fig. 5. Estimated amount of biogas and methane content.

5. Ecological effect of biogas production

The biogas installation in Torun ensures the utilisation of biogas created at the municipal
waste landfill site. The major component of biogas — methane — is a highly flammable and
explosive gas. A fire at the waste site could be very difficult to control and could last over
months, emitting during this time considerable amounts of CO,, CO, dioxins, furans and soot.
Methane is one of the gases with a strong impact on the green house effect. Research has
shown [9] that methane emission from waste landfill sites causes the green house effect 25
times higher than that caused by carbon dioxide [10].

Between 1998-2009, 33095283 m’ of biogas was utilised, including 16626081 m’ of methane,
which corresponds to 75213 Mg of lignite (“brown coal”) or 30815 Mg of hard coal.
Combustion of such an amount of coal would lead to the emission of CO,, CO, SO,, NOy and
of dusts. Obtained biogas is burnt at the location where it is produced (Torun), whereas hard
coal needs to be transported from the mines (Upper Silesia — 300-400 km), which also
involves the emission of harmful gases and increases the cost of its production [11,12].

In the near future it is planned for all the public transport vehicles and the Municipal Waste
Management Services vehicles to be fuelled by natural gas with the addition of treated biogas.
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The Gas Fuels Station in Torun was opened in 2008 for this purpose and the first buses are
now testing the gas fuel [2,13].

6. Conclusions

Torun waste site gas recovery and utilisation installation, combines the production of
electrical and thermal energy, it is the first one in this part of Europe to be equipped with such
modern technology. It eliminates the negative impact of waste site gas emission, which would
enhance the greenhouse effect and contribute to ozone layer destruction. Additionally it also
produces green thermal and electrical power, which improves the environment of historic
Torun, the Old Town of which is on the UNESCO heritage list [13].

Summing up the possibilities offered by alternative energy sources, it must be stressed that
their use seems essential to the country that wants to lead a policy of balanced development.
Before we ask how many new coal power plants to build and whether nuclear energy should
be developed, we should try to answer the alternative questions — what resources there are in
rationalization and how much energy can be provided by renewable, environmentally friendly
energy sources.
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Abstract: Due to high growth rates microalgae provide an enormous potential as a source for biomass besides
conventional energy crops. The algal biomass can be used for bioenergy production. Anaerobic digestion to
biogas is one of the most energy-efficient and environmentally beneficial technologies for alternative energy
carrier production. The resistance of the algal cell wall is generally a limiting factor for cell digestibility. In the
present work different cell disruption techniques (microwave heating; heating for 8 hours at 100°C; freezing over
night at -15°C; French press; ultrasonic) on algal biomass of Nannochloropis salina were carried out. The
disrupted material was digested to biogas in batch experiments according to VDI 4630. The results indicate that
hydrolysis of algal cells is the rate-limiting step in anaerobic digestion of algal biomass. Cell disruption by
heating, microwave and French press show a considerable increase in specific biogas production and degradation
rate. Compared to the untreated sample the specific biogas production was increased for the heating approach by
58 %, for the microwave by 40 % and for the French press by 33 %.

Keywords: Anaerobic digestion, Microalgae, Cell disruption, Specific biogas production, Pretreatment

1. Introduction

Microalgae are microscopic algae and cyanobacteria, which use sunlight and atmospheric
carbon dioxide for growth by photosynthesis. The common doubling time is 3.5 to 24 hours in
the exponential growth phase [1]. Compared to terrestrial plants with biomass production
rates of 20 to 25 tons per ha and year, production rates of more than 100 tons per ha and year
have been obtained for microalgae in photobioreactors or in high-rate raceway ponds [2].
Besides the reduction of carbon dioxide emission by using algae as source for biofuels, the
production of algal biomass is not competing with conventional agriculture for resources [3],

[4].

Anaerobic digestion of biomass to produce biogas is, concerning the multiple utilization, a
promising technology for bioenergy production [5]. The fermentation process of organic
matter is divided into four steps conducted by different consortia of microorganisms and leads
to a gas, which mostly consists of methane and carbon dioxide. The rate of organic
degradation depends on the particle size and the access of the microorganisms to the
particular components of the substrate at hydrolysis step. For substrates with high amounts of
complex biopolymers like lipids, cellulose and proteins the hydrolysis is the rate-limiting step.
For easily biodegradable material like dissolved carbohydrates (e.g. glucose) methanogenesis
and acetogenesis are rate-limiting due to lower growth rates of the involved bacteria. Algal
biomass contains high amounts of lipids and proteins and the resistance of the cell wall is one
of the limiting factors for cell digestibility [6]. Many green microalgae possess a thin
trilaminar outer wall (TLS) with a very high resistance to chemical and enzymatic degradation
based on the incorporation of insoluble, non-hydrolysable aliphatic biomacromolecules called
algeanans [7, 8]. For Nannochloropsis salina (N.salina), a unicellular marine eustigmato-
phyceae, 1-2% of dry matter was detected as algeanans [8].

Aim of the current work was to show one of the two bottlenecks of N.salina biomass as
mono-substrate in anaerobic digestion processes: the resistance of algal cell walls to
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enzymatic hydrolysis beside the unbalanced chemical composition due to low C/N-ratio.
Batch experiments of physically disrupted cell material were carried out in comparison to
untreated algal cells.

2. Methodology

2.1. Substrate

As substrate for the batch tests algal biomass from N.salina was used. Algal biomass was
taken from Phytolutions Ltd., Bremen. Algal sludge was harvested by centrifugation to dry
matter content of 35 wt%. For disruption the algal biomass was suspended in tap water. The
content of total solids (TS) and volatile solids (VS) before and after digestion was determined
according to DIN 12879 and DIN 12880 [9, 10].

2.2. Cell disruption

Cell disruption of algal biomass was performed by different physical methods. Experimental
conditions were optimized according to different sources (e.g. protein purification, lipid
extraction), since less data for pretreatment of algae in biogas fermentation is available [11-
14]. The influence of temperature was examined by freezing over night at -15°C, heating for
8 hours at 100°C in a compartment dryer (Function line, Heraeus) and by microwave heating
(five times until boiling at 600 W and 2450 MHz; Inverter Grill, Panasonic). For ultrasonic
treatment the cell suspension was disrupted three times for 45 seconds at 200 W with 30 kHz
output (Sonifier 250, Branson). Influence of high pressure homogenization was examined by
French press (French pressure cell press, TermoSpectronic). Two runs at 10 MPa were
conducted for each sample.

To validate the disruption success the absorption of centrifuged samples (3 min at 13400 rpm;
dilution 1/10) were photometrically measured. The three aromatic amino acids phenylalanine,
tyrosine and thyptophan show maximal absorption at 280 nm. These values correlate with the
amount of released protein.

2.3. Anaerobic digestion experiments

Anaerobic digestion of N. salina was carried out as batch tests according to VDI 4630 [15].
Digestate from a biogas plant (input material maize silage and cattle dung) was taken as
inoculum in a ratio of 2/1 compared to the substrate. 7 g VS were appointed from the
digestate, 3.5 g VS from the algal biomass. The difference to 400 ml (sample volume) was
filled up with tap water. In addition the inoculum was mono-digested. All approaches were
investigated in triplicate batch tests at 38°C about a period of 40 days. The produced biogas
volume was recorded by measurement of the displacement of a seal liquid (55.2 g/l sulphuric
acid; 200 g/l sodium sulphate decahydrate) in 400 ml eudiometers. Dry gas volumes were
corrected to standard temperature and pressure conditions (STP: 0°C, 1013 hPa).For
calculation of the biogas volume produced by the algal biomass, the inoculum gas volume
was deducted.

2.4. Regression equation

An equation (Eq. (1)) was fitted to every sample to illustrate the daily gas production over
retention time.

Virp o (£) = a+%-(tanh(c-(t—d))+1)+%-(tanh(f (t-g))+1) (1)
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where Vstp gr IS the dry biogas volume under standard temperature and pressure conditions, t
is the time and a to g are fitting parameters used to describe the progression. Eq. (1) was used
to combine the triplicate approaches and to deduct the gas production of the inoculum.

3. Results

All exerted disruption techniques were successful and showed higher absorption compared to
the untreated sample (Figure 1). Photometrical measurement due to released cytosolic protein
by cell wall deletion was highest in French press treated samples (2.18). Decreasing amounts
were detected in high temperature (1.74) and microwave (1.3) samples. Cell disruption in
ultrasonic (0.79) and frozen (0.31) samples was less successful.
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Fig. 1. Absorption at 280 nm (A.g) of disrupted cell suspensions compared to the untreated sample
(Algae). (A_TL) = low temperature, (A_US) = ultrasonic, (A_MW) = microwave, (A_TH) = high
temperature and (A_FP) = French press.

V'S were determined before and after anaerobic digestion. The VS degradation was calculated
for the substrate (Figure 2). For all disrupted samples the VS degradation was higher than for
the untreated sample (25.2%). High temperature (53.8%), French press (54.5%) and
microwave (58.7%) were in the same range between 50 and 60%. Lower degradation rates
were determined for ultrasonic (41.4%) and the frozen sample (35.4%).

70
— 58.7
§ 60 53.8 54.5
§ 0 [ 41.4
E 40 + 354
® 30 25.2
5y |
2 20
v L
S 10
0

Algae A_TL A_US A_TH A_FP A_MW

Fig. 2. Volatile solid (VS) degradation of disrupted samples compared to the untreated sample
(Algae). (A_TL) = low temperature, (A_US) = ultrasonic, (A_MW) = microwave, (A_TH) = high
temperature and (A_FP) = French press.

To compare the digestion progression of the different samples the determined biogas volume
was calculated by regression analysis (Eq. (1)). The biogas produced by the inoculum was
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deducted (Figure 3). High temperature (A_TH) and microwave (A_MW) disruption showed
the highest biogas volume and exhibited a saturation curve, where biogas volume of A_TH
(2150 mL) was above A_MW (1900 mL). Biogas volume of the French press sample (A_FP;
1800 mL) was highest during the first 13 days and dropped then below A_TH and A_MW.
The untreated sample (Algae; 1265 mL) exhibited a plateau after ten days and reached
saturation after 30 days. The progression of produced biogas volume for ultrasonic (A_US)
and the frozen sample (A_TL) are similar to the untreated sample. Evolved biogas was for
A_US (1080 mL) at the beginning higher and at the end below the Algae, whereas the
produced biogas volume for A_TL (920 mL) was below the untreated sample for the whole
experiment.
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Fig. 3. Biogas production. Biogas volume is indicated in mL as dry gas under standard temperature
and pressure conditions (STP, dr). High temperature (A_TH), microwave (A_MW) and French press
(A_FP) show different progression and higher biogas volume compared to the untreated sample
(Algae). The biogas production progression for ultrasonic (A_US) and the frozen sample (A_TL) is
similar, the biogas volume lower as in the untreated sample. VS content was from 3.7 to 3.9 g.

Specific biogas production referred to the added amount of VS was determined for
comparability (Figure 4). Compared to the untreated sample (Algae; 347 mLstpar/g VS)
frozen (A_TL; 233 mLstpq/g VS) and ultrasonic (A_US; 247 mLgrp /g VS) samples
showed lower specific biogas production. In French press (A_FP; 460 mLsrpq/g VS),
microwave (A_MW,; 487 mLstp /g VS) and high temperature (A_TH; 549 mLstp /g VS)
treated samples the biogas yield was higher than in untreated samples. Due to similar VS
content order of specific biogas production is comparable to produced biogas volume stated
above.
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Fig. 4. Specific biogas production of disrupted samples in comparison to the untreated sample
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4. Discussion and conclusions

The results indicate that effectively cell wall degradation is a limiting factor in anaerobic
mono-digestion processes of N.salina biomass. The validation of cell disruption efficiency
shows enhancement for all disruption techniques. Higher VS degradation and lower specific
biogas production for the frozen (A_TL) and the ultrasonic (A_US) treated samples are a sign
for loss of volatile organic material during cell disruption. Gas bubbles due to cavitation in
ultrasonic samples were not yet examined. Microwave (A_MW) and French press (A_FP)
samples showed higher VS degradation than high temperature samples (A_TH) with less
specific biogas production. Organic material must have been lost in these processes, too.

The appropriated cell disruption techniques showed different efficiency and effects on
anaerobic digestion. Thermal pretreatment exhibited the best results as indicated by Chen and
Oswald in previous studies, where methane formation efficiency was improved by up to 33%
[11]. Ultrasonic treatment improved substrate solubility, whereas a negative effect on specific
biogas production was observed as indicated by Samson and LeDuy for Spirulina maxima
algal biomass [12]. The effect was explained by changes in the chemical composition of the
culture media due to cell disruption. VS degradation was differently to the data obtained in
this work below the untreated sample. Sonification and high pressure homogenization (French
press) are standard methods for disruption of algal and bacterial cells in protein purification.
Microwave irradiation gains significance in lipid extraction from algae for biofuel production
[13, 16]. For French press and microwave no comparative data of algal fermentation after cell
disruption is available.

In this work one major limiting factor for N.salina mono-digestion was revealed: the
resistance of the algal cell wall against enzymatic hydrolysis. Mussgnug et al. showed that
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without pretreatment the accessibility to cell disintegration is a Major factor for efficiency of
fermentative biogas production [17]. Easy degradable microalgae were found to have no cell
wall (Dunaliella salina) or a protein-based cell wall without cellulose or hemicellulose
(Chlamydomonas reinhardtii). Specific biogas production of untreated D.salina
(505 mLstp gr/g VS) and C.reinhardtii biomass (587 mLstp /g VS) was in the range of high
temperature samples (549 mLstpa/g VS) with highest specific biogas production after
pretreatment in this work. The cell degradation was 100% for D.salina and 70% for
C.reinhardtii. After pretreatment of N.salina a maximum of about 60% (A _MW) degraded
VS were determined. Consequently, N.salina cell wall is resistant against enzymatic
hydrolysis and degradability was improved by physical pretreatment. Whether the cell wall is
partly resistant against the different disruption techniques or other limitations like low C/N-
ratio or ammonia-inhibition affect the low degradability after pretreatment, is ambiguous. A
control with 100% cell disintegration was not conducted in this work.

The potential of microalgae for biogas production is depending on the selected strain [17].
Besides the cell disintegration due to cell wall structure, factors like growth Kkinetics,
biochemical composition or biomass yield are important selective parameters for evaluation.
Combined biorefinery concepts can be a possible solution to reduce the influence of cell wall
hydrolysis. Anaerobic digestion of pretreated microalgae after lipid extraction for biodiesel
production can be the key process to make microalgae sustainable as a source for biofuels by
nutrition and energy recovery [6].

In further studies the rated ranges with positive effects have to be investigated for the different
disruption approaches. Energy balances with regard to commercial applications have to be
examined.
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Abstract: Industrial biogas plants often do not operate in their optimum. To investigate limits of anaerobic
digestion processes experiments are necessary. Economically it would be feasible to perform these tests at
laboratory scale, if the tests could be transferred to industrial scale. This work presents a preliminary study, in
which two different scales of laboratory digesters are compared and reproducibility of tests is investigated.
Therefore, three identical glass digesters with a liquid volume of up to 22 liter and a steel-digester with a liquid
volume of 390 liter were used. All digesters were started up with digestate from an industrial biogas plant, were
fed with cow manure and corn cob mix, and were operated at the same process parameters like temperature,
organic loading rate and retention time. Gas volumes were measured continuously. Twice a day the composition
of the biogas was analyzed. Dry matter and volatile solids were quantified once a week.

The presented data show a good reproducibility between biogas plants of the same scale. The transferability to a
bigger scale is in an acceptable range, but depending on the organic loading rate the deviation between the
different scales varies.

Keywords: biogas plant, laboratory scale, comparison, reproducibility, transferability

1. Introduction

Sources for renewable energy become more and more important. Among the renewable
energies biogas has the advantage that it is a not fluctuating source. When being used in the
existing pipeline infrastructure, it can even be stored to compensate for fluctuations in
consumption. Storage for short periods is possible directly in most plants. Biogas can be
gained in an anaerobic digestion process from different organic substances, e.g. from energy
crops, agricultural waste or municipal organic waste.

Industrial biogas plants often do not operate in their optimum. To reach a higher efficiency for
biogas plants it is necessary to know the limits for the anaerobic digestion process. These
limits have to be identified in experiments. Economically it is not feasible to perform these
tests on an industrial scale biogas plant since they involve the risk of long lasting production
curtailments. Therefore, experiments at laboratory scale are the most common way to study
the anaerobic digestion process. To use the results of laboratory scale experiments, it is
essential to know whether the results are transferable to industrial scale and whether the
experiments are reproducible.

To answer these questions it is necessary to use exactly the same inoculums for all digesters
used in one test series and the same substances for feeding, because the anaerobic digestion
process is a strongly dynamical process and depends very much on the used material.
Furthermore, all digesters investigated should be operated with the same process parameters
such as temperature, organic loading rate (OLR), hydraulic retention time and liquid volume
for studies on reproducibility. For transferability studies only the liquid volume is allowed to
vary. Transferability and reproducibility were investigated by Brunn et al. [1] with a non
identical OLR for the different scales. Gallert et al. [2] operated their digesters with different
OLR and hydraulic retention times. This work presents results of a pre study in which two
different scales of laboratory digesters are compared keeping all process parameters as equal
as possible. Furthermore, a reproducibility test was carried out with identical digesters. In
coming tests a laboratory scale digester will be compared with an industrial scale biogas plant.
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2. Methodology

To prove the reproducibility of experiments on the anaerobic digestion process, three identical
continuous (22 liter laboratory) digesters were used. The transferability of experimental
results to different scales was investigated comparing the 22 liter digesters to a 390 liter
continuous digester.

2.1. Experimental setup

One of the three identical digesters with a liquid volume of 22 liter is shown in Fig. 1. The
double glass shell of the digester is used for heating and gives the possibility to observe
mixing and liquid level. Mixing is realized by a central stirring system with three mixing
elements. These are propeller mixers with three blades for every mixing element. At the
bottom a ball valve allows to discharge the digester or to take samples. For feeding a ball
valve connected with the lid is used. From the top of the digester a gas-pipe leads to a 5 liter
gas sampling bag. The gas sampling bag is necessary, to avoid low pressure by draining
during feeding or taking samples. From the gas sampling bag a heated pipe leads to a drum
type gasmeter (TG 05; Ritter). The gasmeter has a PT-100 thermometer and a manometer to
be able to calculate the standard volume flow.

Fig. 1. Left: One of the three continuous 22 | digesters; Right: continuous 390 | digester.

Two identical gas chromatographs (GC) (Focus GC, Thermo Electron Corporation, Axel
Semrau) are used to analyze the gas composition. One is equipped with a thermal conductivity
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detector (Thermo Fisher Scientific, Axel Semrau) with a micropacked column (ShinCarbon
ST 100/120, Restek) for analyzing methane (CH,), carbon dioxide (CO;), oxygen (O) and
nitrogen (N2). The other GC is connected to a mass spectrometer (DSQ Il, Thermo Electron
Corporation, Axel Semrau) with a capillary column (GS-GasPro, J&W Scientific Products)
for hydrogen sulfide (H,S). Furthermore a variable over pressure function is connected to the
top. To determine the temperature in the digester a PT-100 thermometer is used.

The biogas plant with a liquid volume of 390 liter is shown in Fig. 1. It is made of stainless
steel. The geometry of the digester is a scale-down of an industrial plant with 3000 m* liquid
volume. The gas flow is much higher in the 390 liter digester. Therefore, no problems with
low pressure occur during feeding or taking samples and a gas sampling bag is not needed. A
constant liquid level is held due to a siphon which connects the digester with a storage tank.
The digester is mixed by a central stirring system with three mixing elements. These are
pitched blade impellers with two blades. This means, that they differ in their geometry
compared to the ones of the 22 liter digesters. Temperature is measured on three levels. The
digester is equipped with the same metrology as the smaller digesters. The measured
quantities and their uncertainties are summarized in Table 1.

Table 1. Measured quantities and their uncertainties.

T p vV CH, CO, (OF} N, H,S
(mK) (mbar) (%) (mol-%) (mol-%) (mol-%) (mol-%) (ppm)
+31,0 15 +0,2 +4,0 +34 +0,2 +0,3 +615,3

2.2. Experimental performance

All four digesters were filled with digestate from an industrial biogas plant (fed with maize
silage (MS), corn cob mix (CCM) and cow manure (CM)) at the beginning. During the test
period of 40 days the digesters were run at the same temperature level of ca. 38°C. The test
period of 40 days was considered to be sufficient, after the digesters showed a good
reproducibility and transferability even with changing organic loading rates (OLR). Once a
day they were fed with the same mixture of CCM and CM, which was mashed with digestate.
CM was chosen because of its good buffer capacity. CCM and CM are, compared e.g. to MS,
very homogeneous and well suited for reproducibility and transferability tests. The chosen
feeding rates ensured the same OLR for all digesters. The OLR is calculated according to

OLr ="M (1)

lig

where m, is the input mass flow of volatile solids (VS) and V)4 the liquid volume of the

respective digester. The OLR was increased from 0.20 to 2.54 kgysm™d™ during the test
period. The steps are shown in Fig. 2.
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Fig. 2. OLR over test period for all digesters.

Before and after feeding gas samples were taken for gas quality analysis. During the whole
test period the gas flow was measured continuously and the digesters have been stirred
without any interruptions. Six times during the test period of 40 days dry matter (DM) and
volatile solids (VS) where determined according to DIN 12879 [3] and DIN 12880 [4],
respectively.

3. Results

During the test period the four plants showed a good agreement with respect to the analyzed
parameters. Fig. 3 and Fig. 4 give an overview of the performance for two different days. The
diagrams show the standard volume flow reduced by the liquid volume of the digester over
one day. The reduction is necessary, because otherwise it would not be possible to compare
the 22 liter digesters to the 390 liter digester. The drop in Fig. 3 and at 05:00 and 08:00
o’clock in Fig. 4 result from sampling for gas analysis. The fluctuations between 10:00 and
15:00 o’clock are caused by feeding and taking samples for gas analysis.

Fig. 3. Volume flow referring to the filling volume for fourth day (D: Digester).
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Fig. 4. Volume flow referring to the liquid volume for 39th day (D: Digester).

Fig. 3 shows a nearly identical shape of the curve with very similar results for all four
digesters. In Fig. 4 the curve of the 390 | digester deviates from the ones of the 22 | digesters.
The trends at the two different scales are comparable at any time, for derivates. In this
example the curve of the third 22 liter digester is displaced on the time-line, but shows the
same trends.

Fig. 5 shows the daily average of the absolute standard deviation for the 22 liter digesters, as
well as the daily average of the absolute deviation between the 390 liter digester and the
average of the three 22 liter digesters. To calculate the deviation the values during feeding or
taking gas samples, as described in Fig. 3 and Fig. 4, and outliers were excluded. On the
second axis the average of the daily gas volume flow to the liquid volume of the digesters is
shown. Here the outliers are excluded as well.

Fig. 5. Daily average of the absolute standard deviation (AD) for the three 22 liter digesters and daily
average of the absolute deviation (AD) between 390 liter digester. Also the average of the three
22 liter digesters and the daily average of the gas volume flow reduced by the liquid volume for
22 liter and 390 liter digesters.

Fig. 5 shows a good reproducibility of the three 22 | digesters among each other. The relative
standard deviation is between 1.42 and 5.96 % (excluded one outliner with 21.58 % on day
13) for the 22 liter digesters among each other. Comparing the average of the 22 | digesters to
the 390 | digester the relative deviation is between 0.68 and 18.07 %. This and the shape of
the curves for the gas volume flow in Fig. 5 for both digester scales are an evidence for a
possible transferability of experimental results in different scales.

52



World Renewable Energy Congress 2011 — Sweden Bioenergy Technology (BE)
8-13 May 2011, Linképing, Sweden

Fig. 6. Absolute deviation (AD) of the 390 liter digester to the average of the 22 liter digesters over
OLR.

Fig. 6 shows the absolute deviation of 390 liter to 22 liter digesters (referring to gas volume
flow to liquid volume) over OLR. For each OLR, expect 2.53 kgysm™>d™, the deviation is
between 0.0002 and 0.0053 Ixh™ls™*. For an OLR of 2.53 kgysm™>d™ the absolute deviation is
between -0.0061 and 0.0078 Iyh™I;™.

To compare the biogas quality, Fig. 7 shows the plot of the measured methane concentration.
Expect for the curve of the first 22 liter plant at days 14-18 and a single peak of the 390 |
digester at the end of the test period, all curves show a good agreement. The difference
between the two scales till day 6 results from the gas sampling bags used for the 22 liter
digesters, which contain air at start up.

Fig. 7. Methane-rate over test period.

Table 2 shows results for DM and VS determined during the test. Day 0 represents the starting
point, at which all digesters have been filled with the same inoculum. After the first week the
DM in the 390 | digester decreases more than in the smaller digesters. This indicates a higher
conversion of the substrates to biogas. This is also shown in Fig. 5, where the production rate
of the 390 liter digester is always above the one of the 22 liter digesters.
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Table 2. Dry matter (DM) and organic dry matter (VS) of all digesters through the test period.

t (d) 0 7 16 23 29 36

BP1 22| 8,37 8,10 7,85 7,61 7,47 7,63
BP2 22 | 8,37 8,30 7,67 7,42 7,67 7,81
BP3 22 | 8,37 8,33 7,55 7,37 7,48 7,61
BP 390 | 8,37 7,72 7,38 7,11 7,11 7,57

DM (% FM¥)

BP1 22| 6,47 6,00 5,65 5,50 5,64 5,76
BP2 22 | 6,47 5,83 5,56 5,53 5,47 5,88
BP3 22 | 6,47 6,00 5,65 5,39 5,45 5,73
BP 390 | 6,47 5,92 5,63 5,43 5,43 5,76

VS (% FM*)

* fresh mass

4. Conclusion and Outlook

The presented results show a high degree of reproducibility at equal experimental conditions.
During the test period the daily relative standard deviation of the three 22 liter digesters is
between 1.42 and 5.96 %. Reasons for this deviation are the heterogeneity of the fed
substrates and small differences in liquid volume and digester temperature.

The relative deviation of the 390 | digester to the three 22 liter digesters is between -6.92 and
18.07 % with an average of 6.33 %. This is not caused by the OLR, which was varied during
the test. The reasons for the deviation have to be searched in the same causes as the ones for
the reproducibility. Additional reasons are the differences in geometry, in materials used for
the digesters and in mixing.

Good correspondence between a laboratory scale digester and a full scale digester was
observed by Gallert et al. [2]. This is a good indicator, that experiments in laboratory scale
can be transferred to industrial scale. Aivasidis and Wandrey [5] concluded, that it is possible
to scale up anaerobic digesters and that experiments in laboratory and pilot scale can provide
data to design an industrial scale digester.

Also Brunn et al [1] figured out a good reproducibility for digesters of the same scale, but not
for transferability. The industrial scale digester produces 36% more gas, compared to the used
laboratory scale digester. As explained by Brunn et al. this causes in different feeding
schedules and substrates (substrates for the laboratory digester were taken once a week). This
shows the importance of similar process parameters for tests relating to reproducibility and
transferability.

The next step in studying the transferability of experimental results should be a comparison
between a digester at laboratory scale with one at industrial scale. All process parameters have
to be chosen as identical as possible, as the presented results underline the importance of
synchronicity of all process parameters. Currently the industrial biogas plant is being
equipped with the necessary measure devices.
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Abstract: Although very difficult to treat due to their complicated composition, the increasing amounts of cattle
manure generation makes their purification a compulsory task for environmental engineers to prevent their
adverse environmental impacts. Historically, these wastes have been used as a fuel or a soil fertilizer. The
generation of cattle manure even in increasing amounts in Turkey, however, makes this kind of use unfeasible.
Therefore, new methods to dispose of these wastes are required. This study focuses on the anaerobic digestion
process for the treatment of cattle manure. In the study, two lab-scale anaerobic reactors were employed to
investigate the effects of different operating temperatures (35 °C and 55 °C), of different total suspended solids
concentrations (%5 and 10%), of different hydraulic retention times (20 days and 40 days), and of the addition of
corn silage on the treatment performance. The performance of the reactor was evaluated with respect to total
solids (TS), volatile solids (VS) and biogas production. The results of the study suggested that the thermophilic
reactor showed a good treatment performance (59% VS removal and 0.29 L methane per VS added) when the
cattle manure of 10% solids content together with corn silage were fed. Besides, it was concluded that the
addition of corn silage to the reactors improved the treatment efficiencies and that the addition of irrigational
organic materials increases biogas production rate. The results of the study point out that anaerobic digestion
process is a viable option for cattle manure stabilization and valuable gas production.

Keywords: Anaerobic Digestion, Cattle Manure, Biogas, Methane

Nomenclature

TS total SOlids......cccoevevereieieieeans mg.kg™ TOC total organic carbon..................... mg.kg™
VS volatile SOlidS .........coceevvrerernnnns mg.kg™ COD chemical oxygen demand............... mg.L™
HRT hydraulic retention times.................. day cfu colony forming unit..........c..ccco oo,

1. Introduction

The number of cattles have shown an increasing trend in Turkey. In 2007, the capacity of
cattles in Turkey reached over 11 millions [1]. This increase, unfortunately, led to an increase
in the environmental problems caused by inappropriate disposal of cattle manures into the
environment, due to which the proper treatment of these wastes gained attraction in last years.
Current disposal methods (burning and using as fertilizer) have proven to be inadequate and
research is ongoing for new treatment methods.

Cattle manure can be as harmful as other industrial wastes in environmental aspects.
Therefore, development of new treatment methods for the safe disposal of these wastes would
prevent endangering the public health. Besides, the end product of the anaerobic digestion
process could easily be used as an organic fertilizer and this use would contribute to
sustainable development strategies.

In addition to the severe environmental impacts caused by the uncontrolled disposal of cattle
manure, possible future energy crisis makes the environmental engineers to provide solutions
both economically and environmentally sound. Production of energy through biomass along
with a by-product that can be used as a natural fertilizer are the major advantages of this
process.
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Although being a very complicated process, anaerobic digestion simply involves three stages
as (1) the conversion of high-density organic materials into low-density materials by
hydrolysis, (2) the conversion of low-density organics into acetate by acid bacteria, and (3)
methane production by methane bacteria by consuming acetate, carbon dioxide and hydrogen
[2]. Coskun et al. (2009) listed the factors affecting the anaerobic digestion of cattle manure
as (1) solids content and hydraulic retention time, (2) pH and alkalinity, (3) trace elements
and nutrients, (4) temperature, (5) toxic content of the waste, (6) C/N ratio, and (7) dilution
ratio of the waste [3].

This study aims at the evaluation of anaerobic digestion alternatives for cattle manure
treatment with differing hydraulic retention times, feed contents and feed solids contents. The
investigation involved the determination of the most feasible anaerobic digestion method for
the treatment of cattle manure in Turkey.

2. Methodology

2.1. Characterization of cattle manure

Cattle manure contains insoluble organic materials as well as soluble organics such as
polysaccharides, fats, and volatile fatty acids. Their high chemical oxygen demand (COD),
ammonia and phosphorous content make them very complicated and extremely difficult to
treat [4]. The cattle manure used in this study was obtained from Gebze District of Kocaeli of
Turkey and the characteristics of the waste are given in Table 1.

Table 1. General characteristics of the raw cattle manure (Gebze-Kocaeli)

Parameter Unit Value
pH - 7.41
Moisture % 80.98
Volatile solids (VS) % 73.58
Ash % 512
C % 39.12
N % 1.35
C:N - 28.94
P % 0.96
H % 5.01
S % 0.40

2.2. Measurement methods

TS, VS, total organic carbon (TOC), biogas production and methane content of the biogas
were continuously monitored during the study. For TS and VS, the method “DS/EN 12879
Characterization of sludges” was followed. TOC analyses were conducted using Hach-Lange
IL 550 TOC/TN device. TOC analyses were conducted in the effluents from the reactors
starting from the sixth week of the study. The biogas production was measured daily via a
Ritter Drum-type gasmeter and LMSx Multigas Analyser was used to assess the biogas
composition. Salmonella spp. was measured according to “ISO 6579/April, 1996 Salmonella
measurement methods” while “NF-ISO 166492 (June 2001) Horizontal method for the
enumeration of glucuronidase-positive Escherichia coli p — Part 2: Technique of colony count
at 44 °C by means of 5-bromo-4-chloro-3-indolyl-p-D-glucuronate acid (IC: V08-031-2)” was
used for E.coli measurement.
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2.3. Experimental setup

Two lab-scale, completely mixed, stainless-steel, cylindrical anaerobic reactors with 10 L of
active volumes were operated at 35 °C and 55 °C, simultaneously, for the treatment of cattle
manure. The solids contents of 5% and 10% along with the hydraulic retention times of 20
days and 40 days were used during the study. Solids content of the manure was set to 5% or
10% with tap water before feeding. Further, mixtures of cattle manure and corn silage were
fed to determine the effects of the use of a supplementary organic material. The reactor
performances were evaluated with respect to TS, VS, Salmonella spp., and E.coli removal
efficiencies as well as biogas production rate. The experimental setup is shown in Figure 1.

Fig. 1. Lab-scale anaerobic treatment system [3].

3. Results

3.1. Cattle manure feed at 5% solids content

First of all, the reactors were fed with only cattle manure of 5% solids content and were
operated at 20 days of hydraulic retention time (HRT) at 35 °C (mesophilic range) and 55 °C
(thermophilic range), respectively. After 10 weeks of successful operation, the retention times
were increased to 40 days. Figure 2 shows the change of TS, VS and TOC when only cattle
manure of 5% solids content was fed to the reactors.

The TS concentration in the effluent of mesophilic reactor at HRT=20 days changed between
39,000 and 43,000 mg/kg while values of same range were obtained in the effluent of
thermophilic reactor. The TS removal efficiency of the mesophilic reactor was calculated
between 14% and 21% while that of thermophilic one ranged between 10% to 21%. After
increasing the HRT to 40 days, the TS content of the effluents were increased first and then
decreased to 31,000 mg/kg for mesophilic reactor and 32,000 mg/kg for thermophilic one in
16™ week. At the end of the study, the TS removal efficiencies reached to about 38% and 36%
for mesophilic and thermophilic reactors, respectively. The reason for the TS removal
efficiency to drop first when the HRT was increased from 20 days to 40 days is the reaction of
microorganisms to the changing environmental conditions [3].

During the study, VS concentration of the waste was determined to be 38,800 mg/kg. For
HRT=20 days, effluent VS concentrations ranged from 27,000 to 30,000 mg/kg and from
28,000 to 31,000 mg/kg for mesophilic and thermophilic reactors, respectively. The VS
removal efficiencies ranged from 23% to 30% and from 20% to 29%, respectively. After
increasing the HRT to 40 days, the effluent VS concentrations increased first and decreased to
around 23,000 mg/kg for both reactors. At the end of the study, the VS removal efficiencies
were about 41% for both reactors.
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TOC concentration of the waste was measured as approximately between 15,600 and 19,900
mg/kg. For HRT=20 days, average effluent TOC concentrations were around 11,700 mg/kg
and 12,300 mg/kg for mesophilic and thermophilic reactors, respectively. After increasing the
HRT to 40 days, average effluent TOC concentrations were increased to about 12,000 and
13,300 mg/kg, respectively. The effluent TOC concentrations averaged over the whole study
were 11,900 and 13,000 mg/kg for mesophilic and thermophilic reactors, respectively, and
average TOC removal efficiencies of the reactors were calculated as 32.8% and 25.4%,
respectively.
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Fig. 2. TS, VS and TOC concentrations in the effluents from mesophilic (A) and thermophilic (B)
reactors when only cattle manure of 5% solids content was fed.

Starting with the second week of the study, biogas production rate showed an increasing trend
for both reactors. However, the rate was decreased after increasing the HRT. The biogas
production rate was measured as between 0.10 and 0.34 Lpiogas/ 9V Sadded, and between 0.15
and 0.41 Lpjogas/ 9V Sadded for mesophilic and thermophilic reactors according to the HRTs of
20 days and 40 days, respectively. During the whole study, methane content of the biogas was
between 45% and 55% for both reactors. Therefore, the methane production rates for
mesophilic and thermophilic reactors ranged from 0.06 t0 0.19 Lethane/ 9V Saddes and from
0.08 t0 0.23 Lnethane/ 9V Sagded, respectively.

Salmonella spp. was not detected in both effluents during the whole study. For thermophilic
reactor, E. coli was determined to be 10 cfu/kg while this value reached up to 1,000 cfu/kg for
mesophilic one. The results showed that the mesophilic range of operating temperature (35
°C) was less effective in E.coli removal while they are completely removed in thermophilic
temperature (55 °C).
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3.2. Cattle manure feed at 10% solids content

In this stage of the study, the solids content of the raw waste was increased to 10% and the
reactors were operated at HRT of 40 days. Average concentrations of TS, VS, and TOC in the
raw waste were determined to be 100,000 mg/kg, 82,400 mg/kg, and 36,400 mg/kg,
respectively. The results of TS, VS, and TOC analyses in the effluents are shown in Figure 3.
For mesophilic reactor, TS, VS, and TOC removal efficiencies were around 20.3%, 23.8%,
and 21.3%, respectively. The removal efficiencies for the thermophilic reactor were
calculated as 24.9%, 28.3%, and 22.1%, respectively.

In this stage, the mesophilic and thermophilic reactors produced 0.12 to 0.23 Lpiogas/0V Sadded
and 0.16 to 0.32 Lpiogas/9V Sadded OF biogas, respectively. The methane production rates were
measured as between 1.17 to 2.16 L/day and 1.47 to 2.89 L/day, respectively. In terms of VS
fed to the reactors, mesophilic reactor produced 0.06 to 0.10 L methane per gV Sadged While the
rate for thermophilic one was measured as between 0.08 and 0.14 Lnethane/ 9V Sadded-

In the aspect of Salmonella spp. removal, both reactors produced perfect effluents. However,
this was not the same for E.coli. E.coli was not detected in the effluent from the thermophilic
reactor while the mesophilic one was less effective in E.coli removal.
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Fig. 3. TS, VS and TOC concentrations in the effluents from mesophilic (A) and thermophilic (B)
reactors when only cattle manure of 10% solids content was fed.

3.3. Mixture of cattle manure and corn silage feed at 10% solids content

In this stage of the study, anaerobic digestion of cattle manure along with corn silage as
supplementary organic waste was investigated. In this stage of the study corn silage was
added to cattle manure of 10% solids content and the reactors were operated at an HRT of 40
days. TS, VS, and TOC concentrations of the corn silage were measured as 230,000 mg/kg,
205,000 mg/kg, and 83,000 mg/kg, respectively. Those of the mixture of cattle manure and

60



World Renewable Energy Congress 2011 — Sweden
8-13 May 2011, Linképing, Sweden

Bioenergy Technology (BE)

corn silage were determined to be 161,600 mg/kg, 140,600 mg/kg, and 58,400 mg/kg,
respectively. TS, VS, and TOC concentrations measured in the effluents from the reactors are
shown in Figure 4.

TS removal efficiencies of the reactors were calculated as around 47.5% for mesophilic one
and around 51.4% for thermophilic one while VS removal efficiencies were observed as about
53% and about 59%, respectively. 49% and 52.4% of TOC removal efficiencies were
obtained for mesophilic and thermophilic reactors, respectively.

After feeding the mixture of cattle manure and corn silage together, the biogas production rate
was measured as between 0.16 and 0.37 Lupiogas/dV Saddea fOr mesophilic reactor and between
0.31 and 0.54 Lpiogas/9VSadged for thermophilic reactor. For mesophilic and thermophilic
reactors, methane production rates were observed to range from 0.08 t0 0.19 Lethane/9V Sadded
and from 0.15 t0 0.29 Lmethane/9V Sadded, respectively.
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Fig. 4. TS, VS and TOC concentrations in the effluents from mesophilic (A) and thermophilic (B)
reactors when a mixture of cattle manure and corn silage of 10% solids content was fed.

Although the removal efficiency in mesophilic reactor increased considerably by the use of
corn silage as a supplementary organic waste, the reactor was still less effective in E.coli
removal than thermophilic reactor which completely removed E.coli and Salmonella spp.

4. Discussion

The results from the both reactors, which are used to treat cattle manure of 5% and 10% solids
content anaerobically, suggests that TS, VS, and TOC removal efficiencies as well as biogas
and methane production rate per gram VS added were quite similar. The highest removal
efficiencies and the highest biogas/methane production rates were obtained in the stage in
which cattle manure and corn silage were mixed to obtain 10% of solids content. The results
from this stage were compared to the literature data (Table 2). The results shown in Table 2
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suggest that study results (VS removal efficiency and methane production rate) are
satisfactory compared to literature data. Finally, it is necessary to state that the thermophilic
reactor was successful in both Salmonella spp. and E.coli removal in stages of the study while
mesophilic one was not satisfactory in E.coli removal although it successfully removed
Salmonella spp. Related Turkish legislation suggests that Salmonella spp. and E.coli must not
be detected in the effluent [5].

Table 2. Comparison of the study results with literature data.

Reference Reactor type V'S removal (%) Methane production

(Lmethane/gvsadded)
Current study* Complete mix 59 0.15-0.29
[6] Fill-decant anaerobic 48 - 53.6 0.24-0.25
[7] Anaerobic hybride 59 - 68 0.19
Two-phase anaerobic
[8] digester 30.3-624 0.07-0.24
Temperature-phased
1] anaerobic digester (TPAD) 37-415 0.15-0.22
[10] Complete mix 28 0.20
Temperature-phased
[11] anaerobic digester (TPAD) 42.6 0.23
[12] Anaerobic SBR 22 0.07-0.15
[13] Complete mix 38.4 0.25
[14] Fill-decant type 42 - 52 0.17-0.22
[15] Complete mix 24.7 0.09

*Cattle manure of 10% solid content mixed with corn silage

5. Conclusions

The performance of anaerobic digestion process for the treatment of cattle manure was
investigated in this study. The results of the study, in which the effects of different operational
temperatures (35 °C and 55 °C), different solids content of the feed (5% and 10%), different
hydraulic retention times (20 and 40 days) and the addition of corn silage to the feed on the
TS and VS removal performances of the reactors and on the biogas production, suggests
- that cattle manure is possible to treat by both feeding alone and feeding mixed with an
organic supplementary material (corn silage for the case),
- that the addition of corn silage to the cattle manure increases the treatment efficiency
in both reactors,
- that higher VS removal efficiencies and higher methane production were observed if
corn silage are provided to the feed,
- that the thermophilic range of operational temperature shows higher performance in
the aspects of both methane production and pathogen removal,
- and that cattle manure can be stabilized by anaerobic digestion in an economical and
environmentally beneficial way.
Considering all results from the study, it was concluded that thermophilic reactor was
satisfactorily effective in pathogen microorganisms removal and VS stabilization. Besides
during the stabilization process the use of a supplementary organic material (corn silage) was
proven to sustain high energy production potential.
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Abstract: At Tekniska Verken in Linképing AB (TVAB) there is along time experience of handling and
producing biogas from large volumes of slaughterhouse waste. Experiences from research and development and
plant operations have lead to the implementation of several process improving technological/biological solutions.
We can in this paper describe how the improvements have had several positive effects on the process, including
energy savings, better odor control, higher gas quality, increased organic loading rates and higher biogas
production with maintained process stability. In addition, it is described how much of the process stability in
anaerobic digestion of slaughter house waste relates to the plant operation, which allow the microbiological
consortia to adapt to the substrate. Since digestion of proteinaceous substrates like slaughterhouse waste lead to
high ammonia loads, special requirements in ammonia tolerance are placed on the microbiota of the anaerobic
digestion. Biochemical assays revealed that the main route for methane production proceed through syntrophic
acetate oxidation, which require longer retention times than methane production by acetoclastic methanogens.
Thus, the long retention time of the plant, accomplished by a low dilution of the substrate, is a vital component
of the process stability when treating high protein substrates like slaughterhouse waste.

Keywords: Anaerobic digestion, co-digestion, full-scale, slaughterhouse waste, syntrophic acetate oxidation

1. Introduction

Slaughterhouse waste is the very energy-rich waste stream of meat industry [1]. As such, it is
an attractive material to treat through anaerobic digestion for the production of biogas.
However, there are many potential technical and microbiological problems associated with
anaerobic digestion of slaughterhouse waste. These include the practical handling according
to European Union Animal By-Products (ABP) Regulation [2], protein content [3] and high
degradation and volatile fatty acid (VFA) formation rates [4,5]. Reported here are the
experiences, production results and R & D activities at the full scale co-digestion biogas plant
treating slaughterhouse waste in Linkdping, Sweden, for the period 1997-2010.

1.1. Anaerobic digestion of protein-rich substrate

Anaerobic digestion of organic material is a complex microbiological process requiring the
combined activity of several groups of microorganisms with different metabolic capacities
which need to work in a synchronized manner in order to obtain a stable biogas process [6].
One type of key organisms are the methanogens, producing methane mainly from acetate or
hydrogen and carbon dioxide. Protein-rich substrate, such as slaughterhouse waste, is a well-
known source of sulfide formation during anaerobic degradation. The increased concentration
of sulfides in the digester lead to higher concentrations of corrosive H,S in the biogas and can
further lead to sulfide inhibition of the methanogens [7,8]. When the proteins in
slaughterhouse waste are degraded, not only sulfides are formed but also ammonia [3]. The
released ammonia increases the pH in the digester and with a large ratio of slaughterhouse
waste in the substrate mixture, the pH tends to reach over 8.0, which can be growth limiting
for some VFA consuming methanogens [9]. The above optimal pH, together with a high
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fermentation rate of proteins and fats in the slaughterhouse waste can lead to an accumulation
of fatty acids. Thus, if the organic load to the digester is not decreased at that point, the
process overload can lead to increasing concentrations of process inhibiting fatty acids, the
consequential pH drop and finally to a total inhibition of methanogenesis and process collapse
will follow. The released ammonia (NH3) from protein degradation is in equilibrium with the
less harmful ionized ammonium species (NH, ). However, the non-ionized form is itself also
a source of inhibition of microorganisms, since the neutral NH3 can easily pass through cell
membranes of bacteria and archaea and upon entering the cell disrupt e.g. intra-cellular pH
and concentrations of other ions [8]. Thus, methods to lower ammonia levels in anaerobic
digesters treating high-protein substrates are desirable and subject to active research [10,11].
Furthermore, at increased pH and temperature, the equilibrium is shifted towards the toxic
ammonia, resulting in a positive correlation between toxicity effects and increasing pH and
temperature [12]. Among the methanogens, the acetate-utilizing methanogens have been
suggested to be responsible for 70-80 % of the methane produced [6]. However, recent results
suggest that an alternative methane producing pathway is activated at elevated levels of
ammonia [13]. In this pathway, acetate is converted to hydrogen and carbon dioxide by
syntrophic acetate oxidizers (SAO), followed by the subsequent reduction of carbon dioxide
to methane by hydrogen utilizing methanogens, i.e. by this pathway methane is produced by
hydrogenotrophic methanogens only. Development of SAO has been shown to occur due to a
selective inhibition of acetate-utilizing methanogens by ammonia, released e.g. during the
degradation of proteins [13].

1.2. Co-digestion plant design and operation

The plant for co-digestion of slaughterhouse waste started operation in 1996. The plant is
operated by the company Svensk Biogas AB (SvB), a subsidiary to TVAB, and has since
start-up continuously supplied upgraded vehicle-fuel quality biomethane. TVAB has an in-
house Biogas R & D department, which continuously work to support production and
improve plant performance. Biogas process research is further conducted in collaboration
with Linkdping University and the Swedish University of Agricultural Sciences [14,15].

» Gas upgrading
Pasteurization

Ld »

Heated buffer

Ld

L J
> > > » >

Homogenization Digestion Biofertilizer storage
Pre-heating

Heat pump

Figure 1. Schematic diagram of the process at Linkdping Biogas plant.

The co-digestion plant consists of three basic parts: 1) substrate reception and storage,
2) pasteurization equipment, and 3) anaerobic digesters (Fig. 1). Yearly capacity of the plant
is 55 000 metric tons, and the proportion of slaughterhouse waste in the total substrate
mixture has varied between 35 and 75 % (w/w, yearly average). During 2010, the capacity of
the plant was expanded to 100 000 tons/year.

Slaughter house waste is treated with formic acid at the slaughter house and all waste is
delivered to the plant by closed trucks in a grinded (< 12 mm) pumpable form and is either
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transferred into a combined homogenization and buffer tank or directly into a second, heated
buffer tank. After homogenization the substrate mixture is continually pumped to the second
heated buffer tank. The target temperature of the second buffer tank is above 75 °C to avoid
foaming, to pre-heat the material before pasteurization and to provide a stable thermal
disintegration of the substrate. Substrate which is delivered warm is pumped directly to the
heated buffer tank to save energy on substrate heating. Before loading of the digesters, the
substrate is pasteurized in a batch process for one hour at 70 °C, to fully comply with the EU
ABP regulation for category three materials [2]. The anaerobic digestion takes place at
mesophilic conditions (38 °C) and the process heat is supplied through the city’s waterborne
district heating system. The two digesters are continuously stirred tank reactors (CSTR) run in
parallel, with a total volume of 7400 m® and a hydraulic retention time (HRT) of 45-55 days.
The gas composition is, on average, 68 % CH4, 31 % CO, and <100 ppm H,S. No significant
modification to the plant has been necessary, as a consequence of ABP regulation
implementation, since the plant was already equipped with the required pasteurization
function. However, the precise categorization of different substrates of animal origin has
changed over the years, as legislation and its interpretation have changed.

2. Materials and methods

2.1. Operation and analysis data

Operational data on bi ogas production, biogas composition and the amount and type of
incoming substrates were collected from the plant’s SCADA-system. pH was analyzed with a
WTW 526 pH meter (WTW Inolab, USA), according to Swedish Standard SS 028122:2.
Partial (bicarbonate) alkalinity was analyzed by titration to pH 5.4, w ith simultaneous
removal of CO,, in accordance with Swedish standard SS-EN ISO 9963 Part 2.

Total solids (TS) and volatile solids (VS) were analyzed according to Swedish Standard SS
028113. VFAs were analyzed with a m odified spectroscopic HACH method (HACH no.
8196). Dissolved free ammonium nitrogen was analyzed according to FOSS Tecator’s Kjeltec
method, on a Kjeltec 2200 (Foss Tecator, Denmark). The method gives the concentration of

total dissolved free ammonium including a minor fraction of dissolved ammonia nitrogen.
(NH4™-N (aq) + NH;-N (aq)).

2.2. Labeling experiments

Inoculation of digester samples with isotopically labeled acetate was performed in order to
distinguish between methane formation by acetate utilizing methanogens or via syntrophic
acetate oxidation and hydrogenotrophic methanogens. Aliquots of digester content (20 ml)
were transferred during flushing with N,/CO, (80/20 percent) to sterile serum vials (118 ml).
The bottles were closed with butyl rubber stoppers and aluminum caps and the labeling
studies were started by the addition of (2-'*C)-acetate (Amersham, England) to a f inal
concentration of 10 kBg/ml. The culture was incubated at 37 °C and the degradation of (2-
14C)—acetate and the concomitant formation of '“CH4 and '*CO, were determined by
scintillation counting. The labeling pattern was analyzed when approximately 90 % of the
labeled acetate had been converted. Finally, the ratio of 14COz/14 CH4 was determined and
values above 1 were considered as evidence for SAO.

3. Results

3.1. Operational strategy development

During the two first years of operation about 50 % (w/w) of the substrate consisted of cattle
manure. This is a common way to avoid problems with process overloading,
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nitrogen/ammonia inhibition and micronutrient deficiency [16,17]. However, diluting the
substrate mixture with manure has the negative effect of decreasing the amount of methane
produced per reactor volume, since the methane yield of manure is far lower than that of
slaughterhouse waste [18]. To increase the profitability of the plant, and to meet the increased
demand for biomethane as a vehicle fuel, a gradual replacement of manure with more
slaughterhouse and other organic wastes with higher methane potential have been
implemented (fig. 2B).

3.1.1. Organic load of digesters and biogas production

At start-up, the plant was designed for a substrate mixture with a TS maximum of 8 %.
However, as a result of the constant endeavor to increase the organic load and thereby
methane production, the TS of the incoming substrate mixture, sampled in the heated buffer
tank, has during 2009/2010 reached a TS of 17 % as a yearly average (Fig. 2A), with
individual samples during 2009/2010 sometimes reaching 20 %. A replacement of steam
injection with district heating for pasteurization in 2007, also led to a thicker substrate
mixture, since added water no longer enter the system through the steam.
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Figure 2. A) Total solids (TS) of incoming substrate (yearly average) during 1997-2010 (data for 2010
up until 2010-05-06), sampled in the heated buffer tank. B) Annual amount of substrate, substrate
composition and biogas production during 1997 - 2009. Number captions denote implementation of
process additives: [1] FeCl,; [2] hydrochloric acid; [3] KMB1.

As can be seen in Fig. 2B, the plant has experienced an almost unbroken increase of yearly
biogas production. In 2009 the average volumetric biogas production reached an average of
3.6 Nm’/(m’_R-d) and a yearly total production of 9.6 million Nm”.

3.2.  Main achievements in process stabilization and optimization

The cut down in manure usage put a focus on process development, which was facilitated by
three main appendages to the operational strategy of the plant; 1) addition of ferrous chloride,
2) addition of hydrochloric acid and 3) addition of the process additive KMB1 (Fig. 2B).

3.2.1. Addition of ferrous chloride

Sulfide-associated problems, such as corrosive H;S in the biogas and sulfide-inhibition of the
methanogenesis are both reduced by precipitation of sulfides with Fe(Il). At the plant, the
addition of ferrous chloride to the homogenization and pasteurization tanks commenced in
May 1998 and as a result, the sulfide concentration in the digesters and the concentration of
H,S in the biogas were reduced, as well as the sulfur load on the water scrubbers [19]. The
use of ferrous chloride has continued since 1998 and because the addition of the precipitant is
made already in the homogenization and pasteurization tanks, the H,S-induced odors from the
buffer and pasteurization tanks are also reduced.
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3.2.2. Addition of hydrochloric acid

Laboratory tests, with addition of hydrochloric acid to co-digestion reactors operated under
mesophilic conditions were performed in 1999-2000 [20]. Positive effects on volumetric gas
production and VFA levels were noted in the digesters where pH was lowered with
hydrochloric acid and full-scale acid addition was started at the plant in March 2002. On
comparison of the operation performance of the plant in 2000-2001 with 2002-2003, the
following direct and indirect effects were observed [19]: digester loading rate could be
increased with 70 % on VS basis, gas production increased, acetate concentration decreased
by 43 % and partial alkalinity concentration increased from 11 000 mg/L to 17 000 mg/L. On
average, between the two periods, the amount of material increased by 20 % (fig 2B) whereas
the dry substance of the material increased with 26 % during the same period (fig. 2A). Since
also the percentage of slaughter house waste increased from 59 to 72 % in the material, the
VS percentage of TS increased. Thus, the gas production increase was a result of the
increased loading rate since the specific methane yield per kg VS was unchanged.

3.2.3. Addition of process additive KMB1

To further enhance process stability, and to increase the efficiency of the plant, a process
additive known as KMB1 was developed at TVAB [21]. The main effects of the additive
were: (1) more stable production, enabling (2) higher organic loading rate without process
disturbances and heavy foaming [19], leading to (3) higher methane production. Also, the
additive enabled the decrease and final removal of manure in the substrate mixture, and has
been added to the plant since November 2003.

3.3. Plant performance after process improvements

After implementation of the three process improving additives mentioned above, a closer
study of the process reveal the positive effects (data from 2004-2005). In the heated buffer
tank the VFA levels fluctuate to a great extent and can occasionally get very high (up to
16 000 mg/L) while the pH is low (Fig. 3A). However, even though the buffer tank substrate
display a low pH and high, fluctuating VFA concentrations (average 8400 mg/L, pH 5.5), the
concentration of VFA in the digester is low and stable (average 1600 mg/L, max 2800 mg/L)
and the digester fluid has a stable pH of 8.0 (7.9-8.1).
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Figure 3 A). Volatile fatty acid (VFA) concentrations (mg acetic acid-equivalents/L) and pH levels in
the heated buffer tank (denoted: substrate) and in the biogas digester (data from 2004-2005). B) Total
ammonium (NH,"-N (aq) + NH3-N (aq)) concentrations (mg/L) in the digesters during 1997-2010.

Since the plant’s early years of operation, the total NH4-N concentration has been high. The
average for both digesters during 1999-2010 has been 5060 mg/L, with a maximum yearly
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average of 5880 mg/L (digester 1, 2006) and a minimum yearly average of 4120 (digester 2,
2002) (Fig. 3B). Labeling experiments were performed in 2008 to establish what type of
methane formation pathway is prevalent — methane formation by acetate utilizing
methanogens or via syntrophic acetate oxidation and hydrogenotrophic methanogens?

The labeling analysis showed production of high levels of labeled carbon dioxide in relation
to labeled methane. The 14C02/14CH4 quota was determined to be 16; clearly showing that
methane production in the digester occurred mainly through syntrophic acetate oxidation and
hydrogenotrophic methanogenesis. Since the digester is operated at high ammonium levels
(5300 mg NH4'-N/L at the time of sampling) this is a result that was expected and in
accordance with the previous studies that have shown development of SAO in response to
increasing ammonia levels'?. The development of this prevailing metabolic pathway is likely
the explanation to the stable operation of the process even at high ammonia levels. Given that
methanogenesis via syntrophic acetate oxidation involves a hydrogenotrophic methanogen,
that tolerates higher levels of ammonia than acetoclastic methanogens, methane production
from acetate can still proceed even though the acetoclastic methanogens are inhibited.
Furthermore, isolation and characterization of several ammonia tolerant hydrogen utilizing
methanogens, as well as ammonia tolerant syntrophic acetate oxidizing bacteria, support this
suggested mechanism for ammonia adaptation in biogas processes [22-24]. However, the
generation time of a SAO culture was calculated to be approx. 28 days [13] which can be
compared with the times of around 2 - 12 day for acetate utilizing methanogens [25]. Thus,
the long retention time would seem to be a prerequisite to allow SAO to establish in the
digester.

3.4. Practical experiences

The general plant operation experiences of anaerobic digestion of slaughterhouse waste
concern two main themes: 1) logistics and transportation and 2) process and technology. At
the slaughterhouse, the waste is grinded to <12 mm and treated with formic acid. The grinding
at the slaughterhouse allows for transportation of the substrate in slurry form, and thereby a
closed-system handling at the biogas plant, which prevents odor problems. Treatment with
formic acid prevents foaming which would otherwise cause significant problems during
transport and storage at the biogas plant. The thermal disintegration of the substrate in the
heated buffer tank, and the fact that the substrate temperature is over 70 °C in large parts of
the system, reduces potential problems with clogging and eases pumping of the substrate due
to reduced viscosity. Furthermore, to achieve a stable process the type of material co-digested
with the slaughterhouse waste is important, and the complimentary substrates should work
well in the plant, both from a practical and a process point of view, which will lead to an even
substrate mixture over time and thus an even organic loading rate and a stable biogas process.

4. Conclusions

From the long time experiences the following conclusions are established:

e It is possible to operate CSTR co-digestion of slaughterhouse waste, at substrate TS
levels significantly over the original design level.

e The plant is operating well at high levels of ammonium, and the long HRT (45-
55 day) enables establishment of a mesophilic syntrophic acetate oxidizing culture.

e With optimization of process parameters, substrate composition and through the
addition of process additives, it has for 15 years been possible to achieve a continued
increase of the biogas production, with basically the original plant capacity.
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Abstract: Fatty acid methyl ester (FAME), a renewable liquid biofuel popularly known as biodiesel, is emerging
as a suitable replacement to common diesel fuel (CDF) in unmodified Compression Ignition (Cl) engine. Present
article reports the development of a process to reduce the operating cost during the conversion of vegetable oil to
biodiesel through the application 1kW sonication techniques at various stages of the composite process. Around
98 % vyield was achieved by employing minimum quantity of excess alcohol and alkali catalyst in
transesterification reaction. After the completion of reaction, instantaneous separation of FAME from glycerol is
a noticeable advantage. Its reaction parameters such as time and temperature have been reduced drastically. The
ultrasound energy had also produced excellent benefit during purification of crude FAME through the efficient
removal of mono and diglyceride from FAME. The analysis of the products was done as per ASTM methods and
its fuel characteristics were evaluated using a research engine.

Keywords: FAME, Biodiesel, Transesterification, Ultrasonication, Compression Ignition engine

1. Introduction

Stupendous efforts have been made during the last few decades on bio-fuel chemistry.
Amongst these, biodiesel in particular, has captured the world attention as an impressive
substitute to common diesel fuel (CDF). It is the monoalkyl esters of long chain fatty acids
(FAME) derived from vegetable oil and animal fats. The feedstock composed of mainly
triglycerides with high viscosity, very low vapor pressure and impurities like free fatty acid
(FFA), phospholipids, moisture, vegetable sediments and gum hence cannot act as ideal fuel
for Cl engine [1]. On being converted to FAME (having both carbon and viscosity equivalent
to CDF) through a chemically reversible reaction called transesterification [1, 2], it becomes
suitable to replace CDF, hence called biodiesel. Transesterification reaction is the vital step of
the composite process where the vegetable oil (triglyceride) is treated with a short chain
alcohol viz. methanol, in presence of a catalyst (acidic/basic) at a suitable temperature and
reaction time to produce corresponding FAME as per gross reaction (1). It is renewable,
biodegradable with relatively less emission profile, admissible viscosity, flash point and a
high cetane number [3].

Triglycerides + 3 CH30H --> Glycerol + FAME 1)

Even though the synthesis of FAME from vegetable oil is relatively facile its economization
is challenging. The major drawback of the composite process lies largely on the costly
feedstock, inefficient extraction of oil from seed, complicated purification of crude oil and
product, high reaction parameters of transesterification, ineffective separation of products and
loss of homogeneous catalyst. The difficulty involved with purification step of FAME
comprises utilization of vast quantity of fresh water, loss of small quantity of the product with
water followed by waste water treatment.

The present paper attempts to develop a process to produce biodiesel from refined soybean oil
and sunflower oil by overcoming major hurdles involved in both transesterification and
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purification steps. Reduction of reaction parameters and other improvements in the various
working steps have been tried with the help of ultrasonic waves [4, 5]. The purified biodiesel
was subjected for exploration of its fuel characteristics in an unmodified CI engine.

2. Materials and methods

2.1. Materials

Refined soybean oil of nature fresh brand and sunflower oil of fortune brand were procured
from local dealers. Anhydrous methanol (MeOH) (99.5%) and sodium hydroxide (NaOH)
pellets were procured from M/s Finar, Ahmedabad. Fatty acid profile of the feedstock was
evaluated by Gas Chromatography while moisture by using Karl Fischer (Systronics make)
and phospholipids by classical method. Refined vegetable oil are found to contain negligible
quantity of free fatty acid, moisture phospholipids, and used as feedstock for biodiesel
preparation without further purification. The Ultrasonic Processor of Sonapros PR-1000
model of 1kW was used to generate sonication in a special designed three necked glass
reaction vessel housed in a sound dampener. Gas Chromatograph of model CERES 800 plus
of M/s Thermo Electron LLS Pvt. Ltd was used for the analysis of glycerol, monoglycerides,
diglycerides, triglycerides, methyl esters of various fatty acids. Kirloskar make compression
ignition engine with variable compression ratio was procured to study its performance with
different biodiesel and evaluate their respective fuel properties.

2.2. Method
2.2.1. Transesterification reaction for the conversion of vegetable oil to FAME

All the ingredients of transesterification such as vegetable oil, anhydrous methanol was kept
over freshly dried anhydrous sodium sulphate for over 10hours before use. Clearly
homogeneous stock solution of desired strength of sodium hydroxide-methanol was prepared
and also stored over freshly dried anhydrous sodium sulphate to remove any possibility of
moisture formation. Exactly weighed quantity of vegetable oil was taken in the sonication
vessel and preheated to a temperature 5°C below the operating temperature. Methanol-sodium
hydroxide catalyst solution was added into the sonication vessel very slowly without lowering
the pre set temperature of the vessel. Appropriate horns/probes of the ultrasonic processor
were inserted into the sonicator vessel so that its tip dips about 5mm into the alcohol phase.
Reflux condenser, thermocouple, and dropper to draw sample time to time were placed with
the reactor and appropriate sonication energy was applied. The experiments were conducted
over wide range of methanol and oil molar ratio between 3:1 to 15:1, varying quantity of
sodium hydroxide catalyst ranging from 0.1% to 1.5% with respect to oil and reaction times
varying from 5 minutes to 45 minutes as well as wide temperature range of 30 to 70°C. After
the completion of the reaction, heavier glycerol was gravity separated instantaneously from
the reacted mixture leaving FAME as upper layer in a separating funnel.

2.2.2. Purification of Products

Crude FAME containing free glycerol, small amount of alkali and partial unconverted portion
of triglycerides usually are usually done complicated water washing or vacuum distillation
methods [6]. Disadvantages associated with such classical process is the partial loss of
biodiesel and poisonous methanol, total loss of costly homogeneous catalyst, use of large
quantity of fresh water followed by adopting costly waste water treatment process. While
purification through distillation under reduced pressure was found to make partial oxidation
of biodiesel due to the presence of double bond with fatty acids of FAME. Moreover, both
methods failed to reduce mono- and diglycerides impurities from it [7]. In order to overcome
the difficulties a novel method was adopted to purify FAME after its separation from reaction
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mixture. The neutralization of the alkali content of the product was done with dilute sulphuric
acid [8] followed by counter current water washing to remove entire unreacted alcohol and
residual free glycerol. By this way the requirement of fresh water was reduced to only 2 liters
per litre of FAME in compare to large quantity of water utilized earlier [9]. The methanol was
recovered from the waste water by distillation. About 90% methanol content of washed water
was recovered by distillation. The waste of small quantity of FAME through washed water
was minimized by reusing the distillate as washing fluid. The purified product was dried
under by purging dried air. The mono- and diglycerides were reduced from the product by
treating with silica gel of particular surface property and of particular mesh size under
ultrasonication for 15-20 minutes. This purification method without thermal treatment
prevents partial decomposition of the relatively unstable FAME containing un-conjugated
double bonds.

2.2.3. Analysis of biodiesel

The ester content of soybean oil methyl ester and sunflower oil methyl ester was determined
using Gas Chromatography with Flame Ignition Detector (FID), % yield was calculated
following ASTM: D 6584-00 and moisture, viscosity, flash-fire point, density, etc as per the
ASTM6547 method and GC graph is shown in Fig. 1.
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Fig. 1. Soy-FAME Gas Chromatogram

3. Results and Discussion

3.1. Effect of alcohol oil molar ratio:

The theoretical molar ratio of alcohol to oil in the transesterification reaction is 3:1. The
higher molar ratio of methanol to oil is involved with catalytic braking of carbonyl bond with
glycerides under strong thermal turbulence created by sonication. Availability of more solvent
brings poorly soluble oil slowly into the homogeneous reaction phase. The nascent fatty acids
after its liberation from glyceride are highly acidic for esterifiation with vast quantity of
methanol available as medium. The presence of alkali catalyst in the reaction mixture
probably helps the esterification. It is observed that with 5:1 to 9:1 molar ratio of alcohol-oil,
ester formation (shown in Fig. 2) is more than 98%. When it is increased to 15:1 the yield of
esters dropped to 80%. Such higher molar ratio of alcohol to oil probably reduces the
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adequate homogeneous catalytic concentration by dilution as well as interferes with the
separation of glycerin as it is dispersed in large volume of solution thereby lowers the yield of
esters. FAME vyield is drastically reduced when molar ratio goes down from 5:1 which may be
due to the fact that insufficient solvent fails to bring poorly soluble oil for reaction zone.
Sonication technique proved to be more beneficial leading to an enhancement in the yield.
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Fig. 2. Percentage yield of soy-FAME at varied methanol-oil molar ratios and different interval

3.2. Effect of catalyst concentration:

Methanolysis of soybean and sunflower oil is done by taking low cost NaOH as catalyst over
the concentration range of 0.3 to 1.2 % wt with respect to oil. With alcohol-oil molar ratio 6:1
and temperature 60°C the product is analyzed at different time intervals starting from 5 min to
45 minutes. The results are displayed in Fig. 3. It is observed that the reaction has shown a
yield of around 85% even with a low catalyst concentration of 0.3% in 45 minutes. Unlike the
mechanical stirring method where the yield of products with low catalyst concentration is
quite low, the sonication technique proved to be more beneficial leading to an enhanced
increase in yield of methyl esters. However the maximum 98% yield is obtained at catalyst
concentration of 1% wt. of oil in less than 15 minutes time. Longer reaction time found to
increase the viscosity of FAME may be due to back reaction of FAME with glycerol.
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Fig. 3. Percentage yield of soy-FAME at varied catalyst concentrations and different time intervals
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3.3. Effect of temperature:

It is observed that transesterification under sonication is temperature dependent. At
temperature 60-65°C more than 90% conversion is achieved in just 5 min (shown in Fig. 4).
The gas chromatogram for this conversion is shown in Fig. 1. The ultrasound technique
involves the formation of a fine dispersion between oil and alcohol due to micro-turbulence
generated by cavitations bubbles creating enormous interfacial area. Thermal input between
two immiscible liquids under sonication forms more dispersion and thus accelerates chemical
reactions especially between two immiscible ingredients.
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Fig. 4. % yield of soybean oil methyl ester at varied temperature and different time intervals

3.4. Performance of biodiesel in IC engine

The biodiesel with maximum conversion (98%) after purification and analysis is taken up for
the evaluation of its fuel properties in a CI research engine. Due to low vapour pressure of
FAME the flash point is found to be more than 130°C. Hence it cannot be used as a direct fuel
in the unmodified CI engine. Hence, FAME is blended with CDF in the proportion of 5% and
10%, called as B-05 and B-10 and used as fuel [6] in the unmodified CI engine.

The density and kinematic viscosity of FAME is equivalent to CDF. The gross calorific value
(GCV) is 1-2% lower than diesel. The brake specific fuel consumption (BSFC) i.e. the ratio of
fuel mass flow of an engine to its output power were drawn for soybean FAME-CDF blended
B-05 and B-10 at low engine load under variable compression ratio (CR). BSFC is found to
be higher at lower loads and as the load increased its value decreased. It is also noticed that
the BSFC for B-05 is greater than that of B-10. The difference between BSFC values for both
the blends is reduced with rise in load (Fig. 5 & 6). Due to higher flash point and lower
calorific value, the BSFC should rise with biodiesel content in the biodiesel-diesel blended
fuel, but at lower loads this does not happen. It may be due to the presence of oxygen
(attached to carbonyl carbon) content in biodiesel as well as its better spray characteristics
(due to its lower viscosity) and comparable energy density for which the brake power is
improved [10]. Overall, BSFC of biodiesel is at par with CDF, may be due to the presence of
un-conjugated double bonds with fatty acids of FAME.
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4. Conclusion

The paper puts up a composite process to produce biodiesel from vegetable oil with reduced
operating parameters such as the reduction of reaction time, reaction temperature, reduction in
quantity of unrecoverable homogeneous catalyst, utilization of lesser amount of excess
methanol for achieving excellent yield by the application of low energetic (1kW)
ultrasonication. However, the transesterification reaction under sonication is found to be
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temperature dependent. The separation of FAME from glycerol under the present working
condition is instantaneous. The complicated purification step has been simplified. Use of
silica gel along with sonication found to reduce the impurities of crude FAME such as free
glycerol, mono and diglycerides. Hence, the application of sonication is found to be beneficial
with composite process of synthesizing biodiesel from refined vegetable oil. Brake Specific
Fuel Consumption of biodiesel prepared through the application of ultrasonication found to be
at par with that of Common Diesel Fuel although the gross calorific value of biodiesel is 1.5%
lower than CDF, which may be due to the presence of un-conjugated double bonds with many
fatty acids of FAME that could replace it in Cl engine.
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Abstract: Camelina seed oil has recently attracted great interest as a low-cost feedstock for biodiesel production
because of its high oil content and environmental benefits. In the present study, an orthogonal array design was
used to optimize the biodiesel production from camelina seed oil using ultrasonic-assisted transesterification.
Four relevant factors are investigated: methanol to oil ratio, catalyst concentration, reaction time and temperature
to obtain maximum fatty acid methyl ester (FAME) yield of biodiesel. An OA,s matrix was employed to study
the effect of the four factors, by which the effect of each factor was estimated using statistical analysis. Based on
the results of the statistical analysis after the orthogonal experiments, maximal biodiesel FAME yield (98.6 %)
was obtained under the conditions of 8:1 methanol to oil molar ratio, 1.25 wt.% catalyst concentration (KOH),
50 min reaction time, and 55 ‘C reaction temperature. Other properties of the optimized biodiesel, including
density, kinematic viscosity, and acid value, were conformed to the relevant ASTM and EN biodiesel standards
and thus the optimized biodiesel from camelina oil basically qualified to be used as diesel fuel.

Keywords: Biodiesel, Orthogonal experiment, Optimization, Ultrasonic-assisted, Camelina oil.

1. Introduction

In recent years, biodiesel, as a low-emission renewable fuel, has attracted great public interest
and there is a huge demand for biodiesel in the renewable fuel market. At present, most ef
biodiesel is produced from vegetable oils, such as soybean and rapeseed [1]. However, many
vegetable oils for biodiesel production are edible and compete with the edible oil market. It
will increase the cost of vegetable oils and cause deforestation since a lot of forests have to be
felled for plantation purposes [2]. Moreover, the cost of raw materials accounts for 60-80 %
of total biodiesel production [3]. Increasing cost of vegetable oils also causes the cost of
biodiesel production higher. Therefore, many researchers focus on di fferent feedstocks of
biodiesel and explore non-edible vegetable oils for biodiesel production, such as jatropha
curcas oil and algae oil [4].

Camelina (Camelina sativa L. Crantz), is a spring annual oilseed plant originated in Germany
in about 600 B.C.. It grows well in temperate climates and matures earlier than other oilseed
crops [5]. In comparison with common oilseed crops, camelina has lower agriculture inputs,
such as lower water, pesticide and fertilizer requirements, and higher cold-weather tolerance.
Therefore, camelina may avoid deforestation in certain extent since it can be cultivated in
agriculturally undesirable lands which are not suitable for normal crops, hence improving the
quality of lands [6]. Furthermore, camelina seeds have an oil content as high as 28 to 40 %,
which makes camelina a high oil-bearing crop [7]. Therefore, the use of camelina oil as
feedstock for biodiesel production can greatly reduce the production cost of biodiesel and
offer some environmental benefits.

Frohlich and Rice [8] already evaluated the possibility of using camelina oil as a source for
biodiesel production and Patil et al. [9] also tried to produce biodiesel from camelina oil using
supercritical and subcritical methanol with cosolvents. Although there are some studies
related to biodiesel produced from camelina oil, the optimal production conditions have never
been investigated. Most optimal conditions were attained using a stepwise approach, which
examined one process condition at a time [10]. This method was time-consuming and might
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not get the right optimal conditions because some process conditions affect the yield of
biodiesel simultaneously. This paper used an orthogonal array experimental design to
optimize the biodiesel production conditions from camelina seed oil in order to avoid these
problems. The use of the chemometric method: Orthogonal Array Experimental Design for
process optimization has already found many applications elsewhere. It involves the selection
of some representative combinations of factors and levels for the experiments to reflect the
situation of the whole selected examined area. It is a cost-effective optimization strategy that
can obtain the optimal level of each factor in a limited number of experimental trials [11].
This paper discussed the main process conditions in the transesterification reaction using
orthogonal array experiments to optimize biodiesel production. To confirm whether or not the
final product can be used as a qualified fuel, this study wi-also examined its compliance with
international biodiesel standards.

Normally, a stirred reactor is used as the reaction vessel for continuous alkali-catalyzed
biodiesel production. However, ultrasonic irradiation has proved to be a useful tool for
strengthening the mass transfer of immiscible liquids. It can cause cavitation of bubbles near
the phase boundary between immiscible liquid phases and then the asymmetric collapse of the
cavitations bubbles disrupts the phase boundary and causes emulsification. Micro jets, which
are formed by impinge one liquid to another, lead to intensive mixing of the system near the
phase boundary and thus reactants can be produced more quickly [12, 13]. Therefore, assisted
with ultrasound, the reaction time may be reduced dramatically and the high reaction
temperature may be lower than in traditional mechanical stirring production process. That
would reduce the production cost of biodiesel and save more energy.

2. Methodology

Reagents and catalysts

Cold-pressed camelina seed oil, obtained from Campressco Products Inc. (Saskatchewan,
Canada), was used for the experiments. The main chemical compositon of the oil was,
expressed in wt.%, 5 % palmitic acid, 16.7 % oleic acid, 16.9 % linoleic acid, 16.1 % cis-11-
eicosenoic acid and 38.1 % linolenic acid. Analytical grade methanol (99.9 %) was used in
the experiments and potassium hydroxide (>85 %) in pellet form was used as the catalyst for
the alkaline transesterification reaction.

2.1. Experimental process

Around 100 g (£0.1) of camelina oil was weighted and placed in a 250 ml glass bottle. The
amount of methanol used was calculated based on its molar ratio with oil. The catalyst was
first dissolved completely in methanol with a prefixed amount using a standard mixer, and
then the mixture was added into the oil. The whole reaction was carried out in an ultrasonic
bath obtained from Jeio Tech Co., Ltd. (model: US-05; frequency: 40 KHz; volume: 5L) and
operated at 40 KHz. To enhance mass transfer and the reaction rate, the bottle was shaken for
about 20 seconds by hand for every 10 minutes. Until reaching the preset reaction time, the
glass bottle was then removed from the bath and the products of the reaction were settled
down overnight at the room temperature. Two major products was observed in the bottle:
crude biodiesel phase at the top and glycerol phase at the bottom. These two phases were
separated by centrifugation (rotating speed: 8000 r pm; time: 5 min). After that the crude
biodiesel was washed several times by deionized water assisted with ultrasound to remove the
impurities and unreacted catalyst. The use of ultrasound reduced the washing times.
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2.2. Orthogonal experiment design

In the study, the experiments were based on an orthogonal array experimental design (OA3s
matrix) where the following four variables were analyzed: methanol to oil molar ratio (factor
A), catalyst concentration (factor B), reaction time (factor C) and reaction temperature (factor
D). These variables were identified to have significant effects on the yield of biodiesel
produced from other feedstocks [10]. An OA,s matrix was employed to assign the considered
factors and levels as shown in Table 1. Twenty-five trials were carried out according to the
OA,s matrix to complete the optimization process. Each row of orthogonal array represents a
run, which is a specific set of factor levels to be tested. The run order of the trials was
randomized to avoid any personal or subjective bias. Here the matrix denotes four factors
each with five levels and the extra column remained could be used as experimental error to
indicate the reliability of the whole experiments. Statistical analysis was carried out to reflect
the optimal reaction conditions and their magnitudes.

Table 1 Levels and factors affecting the FAME yield of biodiesel.

Factors

Level Alcohol quantity Catalyst concentration Reaction time  Reaction temperature

(Molar ratio) A (wt.%) B /min C /°CD
1 2:1 0.75 10 25
2 4:1 1 30 35
3 6:1 1.25 50 45
4 8:1 1.5 70 55
5 10:1 1.75 90 65

2.3. Fuel properties of biodiesel

The whole experiments of biodiesel were aimed at increasing the fatty acid methyl ester
(FAME) yield. This yield determines the quality of the biodiesel product and indicates the
efficiency of oil conversion. The EN standard (EN14214) requires FAME content of biodiesel
to be over 96 % [14]. In the present study, the FAME yield was analyzed by a Hewlett-
Packard 6890 Series gas chromatograph (Palo Alto, USA) according to the AOCS official
methods Ce 1-62 [15], equipped with a flame ionization detector (FID) operating at 300 ‘C
and a capillary injection system operating at 250 ‘C. The carrier gas was high-purity helium,
with a constant flow of 1.0 ml/min, and samples of 1 puL. were injected in split mode with a
split ratio of 80:1. The column was a BD-EN14103 HP-INNOWax column (J&W Scientific,
USA) with 30 m in length, 0.32 mm internal diameter and 0.25 pm film thickness. To
minimize the experimental error, a known amount of a specific component methyl
nonadecanoate (C19:0), used as the internal standard, was added into the sample prior to the
GC injection. Other properties of the final biodiesel product, including density, kinematic
viscosity and acid value, were determined in order to evaluate its suitability as diesel fuel
substitute. The density was determined at the room temperature by using a density bottle
while its kinematic viscosity was determined with an ubbelohde glass capillary kinematic
viscometer according to the ASTM D445 method. The acid value (AV) was calculated
according to the ASTM D644 method. All data reported were arithmetic means of triplicate
assays.

2.4. Statistical analysis of orthogonal experiments

The statistical analysis included a range analysis and an analysis of variance (ANOVA).
Range analysis was used to indicate the effect of each factor and determine the optimal level
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of different factors. The mean value of the sum of the evaluation indexes of all levels in each
factor (k) was used to determine the optimal level and the optimal combination of factors.

The range (R;) was defined as the range between the maximum and minimum value of the
mean values and used to evaluate the importance of the factors. The optimal level for each
factor could be obtained when K is the largest and larger Rj means greater significance of

the factor [16]. Although the optimal value of different factors can be easily determined by
the range analysis, this method cannot distinguish whether the difference between the data
fluctuation of each factor level was caused by experimental conditions or by experimental
errors. Due to the limitation of the range analysis, analysis of variance was necessary to obtain
the magnitudes of the factor affecting the result [17]. In the ANOVA, the data were analyzed
by a F-test. The F value of each factor (F;) implies the ratio of the variance for the each factor
(V;) to that of the experimental error (V.) [16, 18]. During the F-test, F, was a constant and
defined as a critical value of the F-value for different inspection levels and can be found from
the distribution table of the F-values [18]. When F; is larger than F,, the factor effect for the
results is prominent; otherwise the factor effect for the results is not prominent. Moreover, the
percentage contribution of each factor (P;) was the percentage of the purified sum of square
deviation for each factor (SSj’) in the total sum of square deviation (SSt). It reflects the
factor’s influence and the percentage contribution due to experimental error providing an
estimate of the adequacy of the whole experiments. Larger percentage contribution means
more significant factor influence. When the percentage contribution due to error is low, say
15 % or less, it can be assumed that no i mportant factor has been omitted and the whole
experimental results are reliable [18, 19].

3. Results and discussion

3.1. Fatty acid methyl ester yield and statistical analysis

According to the OA,s matrix, twenty-five experiments were carried out and the results were
shown in Table 2. As mentioned before, the extra column was used as the experimental error
to indicate the reliability of the whole experiments. These data were taken as the original data
and used in the statistical analysis.

The mean values (k) and the relative data of range analysis were shown in Table 3. The
highest FAME yield of each level was clearly distinguished when methanol to camelina seed
oil molar ratio was 8:1 (93.4 %), catalyst concentration was 1.25 wt.% (89.5 %), reaction time
was 50 minutes (87.8 %) and reaction temperature was 55 ‘C (86.9 %) since K, at these
combinations (A4B3C3D4) was the highest. Since larger R; means bigger impact on t he
product yield, compared with the range values of different factors (R;), the order of significant
factors was: methanol to oil ratio (36.9) > catalyst concentration (14.8) > reaction time (10.3) >
reaction temperature (7.3). The mean values of each factor (k) were shown in Fig.1. It
should be noted that these lines were only used to show the trend of each factor, not for
predicting other values that were not experimented [20]. Based on the changes of K, it can
be observed that the FAME yield was dramatically increased from 56.5 % to 93.4 % with the
ratio of methanol to oil increased from 2:1 to 8:1, and then slightly decreased. It indicated that
increasing methanol amount immediately speeded up the transesterification reaction and
shifted the reaction equilibrium toward the product side to form more FAME. However,
further increasing the methanol amount beyond the optimal ratio reduced the yield since
methanol also acts as an emulsifier that enhances emulsion. This caused a drop in FAME
yield and complicated the washing process. The FAME yield increased with increasing
catalyst concentration and reached maximum (89.5 %) at 1.25 wt.%. Beyond the optimal
point, the yield slightly decreased to 86 %. It indicated that sufficient amount of catalyst was
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required for complete conversion but excessive catalyst might activate the oil to react with the
alkali catalyst, and thus formed more soaps and reduced the FAME yield. For reaction time,
the FAME yield increased steadily first, and reached a maximum (87.8 %) at 50 min, and then
the yield reduced slightly. Theoretically, FAME conversion would increase with reaction time.
However, beyond the optimal time, the FAME yield slightly reduced because of the backward
reaction and the saponification reaction [10]. Finally, reaction temperature seems to have little
effect on the FAME yield with a change from 79.7 % to 86.9 %. Since the reaction was
carried out in an ultrasonic bath, the cavitation led to a localized increase in temperature at the
phase boundary and thus the influence of reaction temperature was small.

Table 2 FAME yield of biodiesel in OA,s matrix.

Trial Factors . Resultg
o A B C D Experimental FAME yield
' error level (Wt.%)
1 2:1 0.75 10 25 1 28.5
2 2:1 1.00 30 35 2 53.6
3 2:1 1.25 50 45 3 68.4
4 2:1 1.50 70 55 4 67.6
5 2:1 1.75 90 65 5 64.2
6 4:1 0.75 30 45 4 84.1
7 4:1 1.00 50 55 5 93.4
8 4:1 1.25 70 65 1 95.2
9 4:1 1.50 90 25 2 90.5
10 4:1 1.75 10 35 3 85.9
11 6:1 0.75 50 65 2 88.5
12 6:1 1.00 70 25 3 91.6
13 6:1 1.25 90 35 4 95.8
14 6:1 1.50 10 45 5 92.5
15 6:1 1.75 30 55 1 96.2
16 8:1 0.75 70 35 5 88.5
17 8:1 1.00 90 45 1 94.6
18 8:1 1.25 10 55 2 93.6
19 8:1 1.50 30 65 3 96.9
20 8:1 1.75 50 25 4 933
21 10:1 0.75 90 55 3 83.8
22 10:1 1.00 10 65 4 87.1
23 10:1 1.25 30 25 5 94.4
24 10:1 1.50 50 35 1 95.6
25 10:1 1.75 70 45 2 90.3

Table 3 Range analysis data of biodiesel FAME yield.
Alcohol quantity Catalyst concentration  Reaction time  Reaction temperature

(Molar ratio) A (wt.%) B /min C /°C D
K. 56.5 74.7 77.5 79.7
K. 89.8 84.1 85.0 83.9
K. 92.9 89.5 87.8 86.0
K., 93.4 88.6 86.6 86.9
K. 90.2 86.0 85.8 86.4
R; 36.9 14.8 10.3 7.3
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Fig.1. Relationship between the mean values of various influence factor and FAME yield.

The data of ANOVA for the FAME yield was shown in Table 4. For the inspection level,
0=0.05, the critical value can be found from the distribution table of F-value: F,(4,4) = 6.39.
It was obvious that F, (72.2) > F,, Fg (10.2) > F,. It indicated that methanol to oil ratio and
catalyst concentration were the prominent factors affecting the FAME yield of biodiesel,
when the regression curve and analysis were within a 95 % confidence level. Furthermore,
from the percentage contribution, it was deduced that the most important factor contributing
to the product yield was factor A (methanol to oil ratio, 78.5 %), followed by factor B
(catalyst concentration, 10.1 % ), whereas factors C (reaction time, 4.2 %) and factor D
(reaction temperature, 1.7 %) were not the significant factors for the change of FAME yield.
Since the percentage contribution due to error was low (5.5 %), it was assumed that no
important factor had been omitted and the whole experimental results were reliable.

Table 4 ANOVA results of the FAME yield in OA,5 matrix.

Source S8, df v F;  F,(44)=639  SS; P; (%)
A 4986.1 4 12465 722 > 4917 78.5
B 702.9 4 175.7 10.2 > 633.8 10.1
C 331.8 4 83.0 4.8 < 262.7 42
D 176.9 4 442 2.6 < 107.8 1.7
e 69.1 4 17.3 - 345.5 5.5
T 62668 20 6266.8 100

3.2. Optimization of the experimental conditions

According to the statistical analysis, the four experimental conditions affected the FAME
yield of biodiesel differently. The amount of methanol and catalyst influenced dramatically
the FAME yield and reaction temperature had a few effect on the FAME yield. The results
indicated that increasing the level of these factors speeded up the reaction and the FAME
conversion. However, beyond the optimal level, the FAME yield slightly reduced because of
the backward reaction, such as emulsion and saponification. On the other hand, reaction
temperature had little effect on the FAME yield since assisted with ultrasound already led to a
localized increase in temperature at the liquid phase boundary.
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Finally, the experiment was repeated under the optimal process conditions to confirm the
validity of the optimization. A FAME yield of 98.6 % was obtained, which was higher than
any former orthogonal experimental result. Compared with the data of the Trial 18 experiment,
it was obvious that there was slight difference in the FAME yield (93.6 %) because of the
influence of reaction time (10 min in Trial 18 and 50 min under optimal conditions). This
result was consistent with that of the statistical analysis. And compared with the results of the
traditional mechanical stirring production process, the FAME yield under optimal conditions
with ultrasonic-assisted was much higher. Both the reaction time and the amount of catalyst
used were reduced [8]. Other properties of biodiesel produced under the optimal conditions
were also measured. The density of biodiesel was 0.882 g/cm’, while the kinematic viscosity
was 3.66 cst at 40°C, and the acid value was 0.217 mg KOH/g. Compared with the ASTM
D6751 and EN 14214 standards, all the tested fuel properties of biodiesel produced under the
optimal production conditions met the requirements. Therefore, optimized biodiesel basically
qualified to be used as the diesel fuel.

4. Conclusions

In this research, the alkali-catalyzed ultrasonic-assisted transesterification reaction of
camelina seed oil was studied and optimized through the orthogonal experiments with an
OA,s matrix and a statistical analysis. According to the range analysis, the FAME yield of
biodiesel increased sharply with increasing the amount of methanol used and catalyst
concentration but was slightly reduced after the optimal point. The FAME yields also
increased with increasing reaction time and temperature but the change was small. According
to the ANOVA, the amount of methanol and catalyst used were significant factors for the
FAME vyield. A fter the whole statistical analysis, the optimal FAME vyield of biodiesel
(98.6 %) was obtained to be methanol to oil molar ratio of 8:1, catalyst concentration of 1.25
wt.%, reaction time of 50 min and reaction temperature of 55 °C. Since the tested fuel
properties of biodiesel conformed to the ASTM D6751 and EN 14214 standards, camelina
seed oil biodiesel produced under the optimal conditions basically can be used as a qualified
fuel.
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Abstract: The tung oil and palm oil were subjected to enzymatic transesterification. Immobilized lipase
(Novozyme 435) was used at 10 % w/v vs. oil. The reactions were conducted at 40°C to 60°C with methanol and
ethanol at a molar ratio of 1:3 for 24 hours. Temperature was found critical for the conversion efficiencies.
Under 55°C after 24 hour, the optimal conversions of tung oil and palm oil fatty acid methyl esters (FAMEs)
were 48 % and 63 %. The optimal conversions for tung oil and palm oil fatty acid ethyl esters (FAEEs) at 50°C
were 20 % and 55 % respectively at 50°C. It was found the effciencies of FAEEs conversion were lower than the
ones of FAMEs conversion. It was found that the tung oil consisted of 80 % unsaturated fatty acids, and palm oil
consisted by just over 50% saturated fatty acids, by contrast. The results showed that the fatty acid composition
of oil could directly impact on the efficiencies of enzymatic transesterification. A numerical model was derived
to describe the reaction in this two-phase system. It was found that fitted mass transfer coefficients and rate
constants of the pseudo-steady-state second order reaction were consistent to experimental results.

Keywords: Biodiesel, Lipase, Palm oil, Transesterification, Tung oil.

1. Introduction

Tung Tree (Vernicia fordii) is widely distributed in Taiwan, as well as in southern China,
Burma, and northern Vietnam. Its seed oil, as known as tung oil, had been conventionally
used in lamps for lighting, as well as an ingredient for wood paint and varnish. Currently,
non-edible oils have been more favourable to serve as biodiesel feedstocks to avoid
competitions with food sources under increasing population pressures. The utilization of seed
oil from tree sources can have synergistic benefits with afforestation, like carbon
sequestration and climate mitigation. Lipase transesterification of triglycerides is an eco-
friendly alternative to chemical process due to a lower process temperature and an improved
selectivity [1, 2]. In addition, many operational advantages of using immobilized lipase were
reported [3, 4]. Few catalytic transesterification of tung oil were reported [5], and even fewer
lipase transesterification of tung oil for biodiesel production was reported [6].

In order to characterize the enzymatic transesterification for tung oil, various temperatures
were employed with methanol and ethanol. The results were compared to the ones of the palm
oil. In contrast to mono-phase three-step reactions [7-9], fewer models were considering two-
phase mass transfers for immobilized lipases [10, 11]. A numerical model, considering dual
phase mass transfer coefficients and rate constants of the pseudo-steady-state second order
reaction, was derived to describe the reaction in this two-phase system. No other published
studies compared the differences for transesterification by immobilized lipases between two
plant oils with different degree of unsaturation in a two-phase system.
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2. Methodology

2.1. Experimental
2.1.1. Materials and analytical methods

The locally obtained tung and palm oils were de-waxed by dichloromethane [12]. Their fatty
acid contents were verified using a G C/MS following protocols described by Chinese
National Standard (CNS) 15051 (2007) and ISO 5508 (1990). The composition is listed in
Table 1. Lipase immobilized onto catalytic exchange resins (Novozyme 435, B aesvegard,
Denmark) was used without further treatments.

Table 1. Fatty acids composition of tung oil and palm oil.

Plants C16:0 C18:0 C18:1 C18:2 C18:341L13
Tung oil 2.67 2.4 7.88 6.6 80.46
Palm oil 52.71 3.8 36.73 6.7 -

2.1.2. Reaction Conditions

Tung and palm oils were subjected to enzymatic transesterification, with parameters from the
studies cited in a recent review [13]. Immobilized lipase was used at 10 % w/v vs. oil [14].
The reactions were conducted at the oil to alcohol molar ratio for 1:3. The reaction
temperature was set at 40°C, 45°C, 50°C, 55°C, 60°C with methanol for 24 hours. A stirring
rate of 700 rpm was applied. Conversions by enzymatic transesterification were also
quantified using a GC/MS based on the above protocols.

2.2. Numerical model
2.2.1. Mass transfer

Lipase was a water-soluble enzyme, and the catalyst particles are surrounded by a hydrophilic
film consisting of methanol/ethanol and glycerol. The immiscible mixture of
methanol/ethanol and tung/palm oil formed a film consisting mass transfer resistance:

dc,
dt

:kl(CA _CAs) (1)

where K; was the mass transfer coefficients of tung/palm oils; Ca and Cas were the tung/palm
oil concentrations in the oil phase and on the interfacial area, respectively, and t was time. In a
mass-transfer limiting case, Cas could be ignored:

dC
- th =k]CA (2)
dC,. (1-X
_M:kcho(l_xA) (3)
dt
dXx
Azkl(l_XA) 4)

Xa was the conversion of tung/palm oils.
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2.2.2. Pseudo steady-state second order reaction

After mass transfer resistance was overcome, a pseudo steady-state second order reaction was
assumed:

_9Cu o
dt (5)
- QCpl= X,) = kch\o(l_ XA)2
dt (6)
dx
th =k,Cpo(1- XA)Z (7)

k, was the rate constant of the pseudo-steady-state second order reaction; Ca and Cao were
the tung/palm oil concentrations at t=t and t=0.

2.2.3. Numerical procedures
The parameters k; and k, were obtained from non-linear regression of the experimental oil
conversion versus time data using Eq. (1-7) using SigmaPlot for Windows Version 10.0.

3. Results and Discussions

3.1. Effect of Alcohols

Figure 1 shows the effect of alcohols on the conversions of tung and palm oils at 50°C. The
model fitted well with the experimental data. Conversions of tung oils at 24 hours were very
sensitive to alcohol used in the transesterification: 40 % with methanol and 18 % with ethanol.
Although conversions of palm oils at 24 hours were not very sensitive to alcohol used, the
system using methanol demonstrated greater initial conversions for the first 12 hours than the
one using ethanol.

0.7 0.7
0.6 - 0.6 1
05+ 05+
c c ® tung oil
o
B 0.4 r -% 0.4 r o palm oil
o > model
£ 0s 2
8 . e tung oil S 037
o palm oil ©
0.2t model 0.2 ¢
0.1 323K 0.1 323K
methanol/oil = 3 ethanol/oil = 3
0.0 : ; ! ! ‘ 0.0 : ' ! ! '
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time, hr Time, hr

Fig. 1. Effect of alcohols on the conversions of tung/palm oils at 50°C. Left panel: methanols; right
panel: ethanol.
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3.2. Effect of Temperature

3.2.1. Reaction with methanol

Figure 2 shows the effect of temperature on the conversions of tung/palm oils using methanol
from 45 to 55°C. The model fitted well with the experimental data. Conversions of both oils at
24 hours were slightly increased with this temperature increment. Again, greater initial
conversions for the first 12 hours were shown for both oils.

0.6 0.7
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0.5 r
0.4 r
5 5
% ‘% 0.4+
L 03¢ o
s . S 03 o i
o e tung 0|! o tung oil
0.2 o palm oil o palm oil
model 0.2 model
0.1 ¢} 318K 0.1 328K
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0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time, hr Time, hr

Fig. 2. Effect of temperature on the conversions of tung/palm oils using methanol. Left panel: 45°C;
right panel: 55°C.

3.2.2. Reaction with ethanol

Figure 3 shows the effect of temperature on the conversions of tung/palm oils using ethanol
from 40 to 50°C. The model fitted well with the experimental data. Conversions of both oils at
24 hours were increased with this temperature increment. Grater initial conversions for the
first 12 hours were shown for both oils.
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Fig. 3. Effect of temperature on the conversions of tung/palm oils using ethanol. Left panel: 45°C;
right panel: 55°C.

3.3. Comparison of the kinetic parameters

Shown by Figure 1 to 3, the model fitted well with the experimental data for all cases. Trends
of the obtained kinetic parameters were consistent to the conversions of experimental data.
Then the physical meanings of the obtained kinetic parameters could be further discussed.
Effect of reaction temperatures on the obtained kinetic parameters are listed in Table 2.
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Table 2. Effect of reaction temperatures on the obtained kinetic parameters

Tung oil Palm oil
T (°C) Methanol Ethanol Methanol Ethanol
ki () ke M0 ki (h) ke MDD ki (1) ke M) ko (h7) ko (M)
40 214 0.050 0.0052  0.0076 -- -- -- --
45 378 0.072 8.6E-06 0.018 939 0.087 315 0.037
50 508 0.070 0.0391  0.019 1153 0.067 692 0.058
55 570 0.073 5.6E-06 0.068 1182 0.100 719 0.071
60 770 0.088 7.8E-06 0.041 915 0.093 250 0.061

The mass transfer coefficients (ki) of tung oil with methanol were from 214 to 770 h’,
generally less than 915 to 1182 h™ of palm oil system. The highest mass transfer coefficients
(k1) of tung oil and palm oils were exhibited at 60 and 55°C, respectively. The mass transfer
coefficients (k1) of ethanol system were generally less than the ones of methanol system for
both oils. The magnitude of order was similar for mass transfer coefficients (k1) of palm oils
but the differences between using methanol and ethanol were much greater for tung oils. The
above finding for the difference caused by different alcohols was consistent to previous work
using waste animal fats [15].

The reaction rate constants (K2) of tung oil system using methanol were much greater than the
ones using ethanol. However, the values in Table 2 for tung oils were of same magnitude of
order. In the other hand, the reaction rate constants (k) of palm oil showed the same trend as
tung oils. And the differences for palm oils were even smaller between methanol and ethanol.
The above results implied that the safer ethanol could be employed for enzymatic
transesterification.

The above finding suggested that the mass transfer of triglycerides into the surface of the
immobilized lipase could play a deciding role for reduced conversions shown by Tung oils.
The majority of highly unsaturated chain of Tung oils fatty acids may contribute higher
affinities among tung oil triglycerides.

4. Conclusions and Recommendations

The present study showed that the fatty acid composition of oil could directly impact on the
efficiencies of enzymatic transesterification. A numerical model with mass transfer
coefficients and rate constants of the pseudo-steady-state second order reaction were
successfully employed to describe the conversion. It was found that the mass transfer played a
more important role than the one by reaction during enzymatic transesterification. The above
finding suggested that the increased mixing could improve the processes for biodiesel
conversion from tung oils.
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Abstract: Biodiesel fuel (fatty acid methyl esters; FAMES) can be produced by methanolysis of waste edible oil
with a whole cell biocatalyst which is an attractive alternative to fossil fuel because it is produced from
renewable resources. Utilizing whole cell biocatalyst instead of free or immobilized enzyme is a potential
approach to reduce the cost of catalyst in lipase-catalyzed biodiesel production. Rhizopus oryzae (R. oryzae)
PTCC 5174 cells were cultured with polyurethane foam biomass support particles (BSPs) and the cells
immobilized within BSPs were used for the methanolysis of pretreated used cooking oil (UCO) for biodiesel
production in this research. UCO is the residue from the kitchen, restaurant and food industries which promotes
environmental pollution and human health risks. The inhibitory effect of undissolved methanol on lipase activity
was eliminated by stepwise addition of methanol to the reaction mixture. The optimum conditions for the
reaction were as follows: 50 BSPs, molar ratio of methanol to UCO 3:1, 15.54% (wt) water (in the form of buffer
phosphate with pH= 6.8) based on UCO weight and temperature 35°C in three-step addition of methanol. The
maximum methyl ester yield of 98.4% was obtained after 72 h of reaction in a shaken Erlenmeyer at mentioned
conditions.

Keywords: Biodiesel, Whole-cell biocatalyst, Methanolysis, Pretreated UCO

1. Introduction

With the reduction of energy sources from fossil fuels, increase of the crude petroleum price
and public awareness on impacts of its emissions on environment and their potential health
hazards have created an interest for alternative fuel sources. Biodiesel is renewable,
biodegradable, non-inflammable and non-toxic and it also has a favorable combustion
emission profile, producing much less carbon monoxide, sulfur dioxide and unburned
hydrocarbons than petroleum based diesel. The biodiesel fuel (fatty acid methyl esters), is
defined as the mono-alkyl esters of fatty acids produced by transesterification of triglycerides
[1-6] obtained from vegetable oils like soybean oil, jatropha oil, rapeseed oil, palm oil,
sunflower oil, corn oil, peanut oil, canola oil and cottonseed oil [7]. Apart from vegetable oils,
biodiesel can also be produced from other sources like animal fat (beef tallow, lard), waste
cooking oil, greases (trap grease, float grease) and algae [8]. Because of the high price of
high-quality virgin oils, the cost of biodiesel from these resources is higher than
petroleum-based diesel [9]. The increasing of production of UCO from household, restaurants
and industrial sources and to pour down it into drain has resulted in problems. The production
of biodiesel from waste cooking oil to partially substitute petroleum diesel is one of the
measures for solving the twin problems of environment pollution and energy shortage [10].

A number of processes have been developed for biodiesel-Production involving chemical or
enzyme catalysis or Critical alcohol treatment [11-14]. Presently, industrial production of
biodiesel from waste cooking oil is performed by chemical alkaline or acidic processes.
Chemical catalysts including alkaline have been employed most widely since they give a high
conversion of triglycerides to methyl esters in a short reaction time. However, chemical
transesterification has some unavoidable drawbacks such as high energy and methanol
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consumption, difficulty in glycerol recovery, the need to eliminate the catalyst and salt and a
large amount of alkaline wastewater from the catalyst [15-18]. In the case where supercritical
alcohol was used, higher rates of reaction were observed when it was compared to
conventional transesterification. However, the requirements of high temperature, high
pressure and high molar ratio of alcohol to oil make the process costly for industrial scale [8].

In recent times, there has been a growing interest in the use of enzymes such as lipases as
biocatalyst for biodiesel production. Some advantages of lipase biocatalyst over the
chemical-catalyzed reactions include the generation of no by-products, easy product removal
mild reaction conditions (reaction temperature of 35-45°C) and catalyst recycling [19]. It has
been reported that enzymatic reactions are insensitive to FFA and water content in waste
cooking oil [19-21]. Hence, enzymatic reactions can be used in transesterification of used
cooking oil [22]. But the cost of enzyme remains as a challenge for its industrial
implementation. In order to enhance the cost effectiveness of the process, the enzyme (both
intracellular and extracellular) is reused by immobilizing in a suitable biomass support
particles of polyurethane that has resulted in considerable improvements in process efficiency
[18].

In this work, waste edible oils obtained from MERC restaurant was used to produce biodiesel
employing immobilized R. oryzae cells within biomass support particles of polyurethane
foam. Furthermore, The effect of several parameters such as the molar ratio of methanol to
UCO, water content, the enzyme content with the BSPs content and reaction temperature in
three-step addition of methanol was determined on enzymatic methanolysis of pretreated
UCO in a shaken Erlenmeyer for 72 h.

2. Methodology

2.1. Procedure of immobilization

All lipase catalyzed experiments were carried out using the filamentous fungus R. oryzae
PTCC5174. Basal medium for growth of R. Oryzae which contained of polypepton 70 g;
NaNO3 1.0 g; KH2PO4 1.0 g; MgS04:7H20 0.5 g and olive oil 30 g in 1 | of distilled water).
Erlenmeyer (500 ml) containing 100 ml of the basal medium with biomass support particles
(BSPs) were inoculated by aseptically transferring spores from a fresh agar slant using from
4% potato dextrose agar and 2% potato dextrose agar, and incubated at 30°C for 90h on a
reciprocal shaker (150 oscillations/min, amplitude 70 mm). The R. oryzae cells became well
immobilized within the BSPs as a natural consequence of their growth during shake-flask
cultivation. Immobilization was effected by placing 150 particles inside an Erlenmeyer
together with the medium, subjected to prior sterilization. The pH of the medium was initially
adjusted to 5.6 and then allowed to follow its natural course. Reticulated polyurethane foam
with a particle voidage of more than 97% and a pore size of 50 pores per linear inch (ppi) was
cut into 6mmx6mmx3mm cuboids. After cultivation, the BSP-immobilized cells were
separated from the culture broth by filtration, washed with tap water, and dried at room
temperature for around 24h. To stabilize the lipase activity, the dried cells were treated with a
0.1% (v/v) glutaraldehyde solution at 25°C for 1h, washed with tap water, dried at room
temperature for more than 24h, and then used as whole-cell biocatalyst for methanolysis
reaction [23-24].

2.2. Methanolysis reaction

Methanolysis reaction was carried out in a 50 ml Erlenmeyer flask while incubated on a
reciprocal shaker (150 oscillations/ min, amplitude 70 mm) at the temperature range of 25°C
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to 45°C for 72 h. First, raw UCO was filtered by applying a reduced pressure system using a
filter paper (Whatman42) to eliminate the indiscerptible impurities and was heated for 15 min
at temperature of 90-110°C to eliminate extra water that has an influence on the
transestrification reactions yield with methanol as an alcohol. The reaction mixture UCO 9.65
g, 0.1M phosphate buffer (pH 6.8) 0.5-3.5 ml and molar ratio of methanol to UCO 2-9:1 (one
molar methanol (0.35 g) equivalent to 9.65 g UCO) was dispensed with 30-90 BSPs into an
Erlenmeyer. The total of methanol was equally added to the reaction mixture at 0, 24 and 48 h
reaction time. After the reaction, the whole cell biocatalyst was separated from the reaction
mixture by filtration. Samples (200 ul) were withdrawn from the reaction mixture at specified
time, centrifuged at 12,000 rpm for 5 min, to obtain the upper layer and were analyzed by
capillary gas chromatography.

2.3. Gas chromatography (GC) analysis

The methyl esters content in the reaction mixture were quantified by using a gas
chromatography/mass spectrometer (GC-MS) which was equipped with a HP-5 column with
30 meter long, internal diameter 0.25 millimeter. The column temperature was held at 160°C
for 2 min, heated to 300°C with rate 8°C/min and then maintained for 5min. The temperatures
of the injector and detector were set at 280 and 230°C; respectively. The total time of the
process is 29.5 minute. For GC-MS analysis, 5ul of the aforementioned mixture and 300 ul of
1.4 mmol/l heptadecanoic acid methyl ester (hexane as the solvent) which is served as the
internal standard were precisely measured and mixed thoroughly. A 1.0 pl of the treated
sample was injected into a gas chromatograph column.

3. Results

Figure 1(a, b) and (c, d) shows the SEM micrographs of polyurethane foam particles surface
with 2 magnifications before and after cell immobilization. The images are shown that the
immobilization process was successfully preformed. Also, the weight of polyurethane foam
particle after immobilization has increased almost twice. The efficiency of the process was
checked by employing GC-Mass analysis of biodiesel product.

(b)

3 b f\ '-"'_ g B ;
Fig. 1. SEM micrograph of foam particles: a. low magnification and b. high magnification, before
immobilization; c. low magnification and d. high magnification, after immobilization.

3.1. Effect of temperature on the reaction

The reaction temperature is an important parameter in enzymatic catalysis. Higher
temperatures can give a faster transformation, but too high temperature will lead to enzyme
denaturing [25]. The effect of temperature on the lipase activity was examined by using a
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temperature range of 25°C to 45°C as shown in Fig. 2 with a constant content of 50 BSPs,
molar ratio of methanol to UCO 3:1, 15.54% (wt) water based on UCO weight, the reaction
time of 72 h and in three-step addition of methanol. The lipase activity increased sharply
when temperature enhanced from 25°C to 35°C, The highest yield was observed at 35°C.
However, a further increase above 35°C in temperature leads to decrease in the reaction yield.
This decrease in methyl ester yield can be explained by enzyme thermal denaturation.
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Fig.2. Effect of temperature on lipase-catalyzed methanolysis reaction. Reaction conditions: 50 BSPs,
molar ratio of methanol to UCO 3:1, temperature of 25°C to 45°C,15.54% (wt) water based on UCO
weight, the time of 72 h and in three-step addition of methanol.

3.2. Effect of water content on the reaction

It is well known that lipase, as a form of protein, requires the presence of water to maintain its
live structure, and the activity of the enzyme in non-aqueous media is affected by the water
content [10]. The reaction was examined in cases of water content (in the form of phosphate
buffer with pH= 6.8) ranging from 5.18% to 36.27% (wt) water based on UCO weight, 50
BSPs, temperature 35°C, molar ratio of methanol to UCO 3:1, the reaction time of 72 h and in
three-step addition of methanol. The result is shown in Fig. 3. As indicated in Fig. 3, the
FAME content rose gradually as water content increased from 5.18% to 15.54% (wt) water
based on UCO weight, and then declined as water content rose from 15.54% to 36.27%. This
result indicates that the excessive water content affects the mass transfer of the oil phase of
the reaction product, and inhibits esterification. It was observed that the FAME content
reached its maximum at a water content of 15.54 wt% which was about 32.4% higher than
water content of 5.18 wt%.
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Fig. 3. Effect of water content on lipase-catalyzed methanolysis reaction. Reaction conditions: 50
BSPs, temperature 35°C, molar ratio of methanol to UCO 3:1, 5.18% to 36.27% (wt) water based on
UCO weight, the time of 72 h and in three-step addition of methanol.

3.3. Effect of immobilized microorganism on the reaction

The enzyme activity produced of immobilized microorganism within BSPs increases with the
immobilized microorganism content [10]. The effect of enzyme content on the
transesterification reaction was examined with the BSPs content range from 30 to 90,
temperature 35°C, molar ratio of methanol to UCO 3:1, 15.54% (wt) water based on UCO
weight, the reaction time of 72 h and in three-step addition of methanol. As shown in Fig. 4,
the FAME content increased along with the increase in enzyme content, because the more
lipase available, the more substrate molecules were absorbed into the active center of the
lipase, but the increase rate of FAME content declined as BSPs rose from 50 to 90. This
phenomenon can be explained that the UCO content was excessive when enzyme content was
under 50, and that as the enzyme content rose to become sufficient from 50 to 90, the FAME
content increased only 0.88%. From an economic point of view, 50 BSPs is the most feasible
content level for lipase in reaction of biodiesel synthesis from UCO.
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Fig. 4. Effect of BSPs content on lipase-catalyzed methanolysis reaction. Reaction conditions: BSPs
content range from 30 to 90, temperature 35°C, molar ratio of methanol to UCO 3:1, 15.54% (wt)
water, the reaction time of 72 h and in three-step addition of methanol.
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3.4. Effect of Molar Ratio of Substrates on the Reaction

Methanolysis reaction was performed by using different substrate molar ratios of methanol to
oil varying in the range of 2-9. The results (Fig.5) demonstrate that the methyl esters yield
initially increases with increasing the methanol to oil molar ratio from 2 to 3 and reaches to its
maximum at 3. However, a further increase in the methanol to oil molar ratio leads to
decrease in the reaction yield. The highest methyl ester yield of 98.4% was achieved at a
methanol to oil molar ratio of 3:1, and decreased to 50.68% when the molar ratio of 9:1 was
utilized. This is in agreement with the earlier observation that excessive methanol
concentration lead to lipase enzyme inactivation. The addition of methanol more than
stoichiometric amounts exerts an inhibitory effect on enzyme performance. This could be due
to the fact that the immiscible methanol was accumulated around the lipase structure
including its active sites, reaching a concentration level sufficient to cause a denaturation of
the protein. This phenomenon might lead to enzyme inactivation [24].
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Fig. 5. Effect of methanol to oil molar ratio on lipase-catalyzed methanolysis reaction. Reaction
conditions: 30 BSPs, temperature 35°C, molar ratio of methanol to UCO 2-9:1, 15.54% (wt) water,
the reaction time of 72 h and in three-step addition of methanol.

3.5. Product analysis

The result of GC-Mass analysis indicated that the main components In the UCO-derived
biodiesel were methyl octadecenoate, methyl hexadecenoate, methyl octadecadienoate,
methyl octadecanoate, methyl tetradecanoate, methyl heptadecanoate, methyl dodecanoate
and methyl pentadecanoate. These components account for 98.4% of the FAME.

3.6. Conclusions

The study shows that pretreated used cooking oil (UCQO) can be efficiently converted to
biodiesel fuel in a shaking Erlenmeyer methanolysis reaction using immobilized Rhizopus
Oryzae (PTCC 5174) on polyurethane foam biomass support particles (BSPs). Therefore, this
is an effective approach to reduce the cost of biodiesel feedstock and pollution problems.The
optimum reaction conditions for the reaction were as follows: 50 BSPs, molar ratio of
methanol to UCO 3:1, 15.54% (wt) water (in the form of buffer phosphate with pH= 6.8)
based on UCO weight and temperature 35°C in three-step addition of methanol. The
maximum methyl ester yield of 98.4% was obtained after 72 h of reaction in a shaken
Erlenmeyer at mentioned conditions.

Based on GC-Mass analysis, the main components in UCO-derived biodiesel are methyl
octadecenoate, methyl hexadecenoate, methyl octadecadienoate, methyl octadecanoate,
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methyl tetradecanoate, methyl heptadecanoate, methyl dodecanoate and methyl
pentadecanoate, which are the most compositions of FAME.
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Abstract: EN 14103 is suitable to quantify the ester content in biodiesel free of heptadecanoate ester (C17:0),
because it is employed as internal standard (IS). But EN 14103 cannot be applied to the analysis of tallow
biodiesel because C17:0 is found in animal fats. This work proposes an improved method, based on EN 14103
capable to determine ester content in tallow biodiesel. Twenty samples from tallow, soybean, babassu and palm
biodiesels and its blends were used to carry out the analysis. Chromatograms of ethylic biodiesel were analyzed
using separately methylic and ethylic C17:0 (1S). The results showed that some peaks from tallow biodiesel co-
eluted with both IS peaks, confirming the impossibility to quantify ethylic esters using those standards. Despite
this, in all analyzed samples it was observed a constant relationship between two neighbor peaks occurring
naturally in the tallow samples. The rate between them was measured and applied as a correction factor to
measure the real influence, caused on methylic C17:0 IS by natural C17:0. As a result, the original equation from
EN 14103, modified by the introduction of a correction factor (F), resulted in another equation more adequate to
analyze the ester content in tallow biodiesel and its blends. Pure tallow biodiesel presented ester content around
4.3% greater, when quantified using the equation containing the correction factor, instead of the original
equation.

Keywords: EN 14103, Tallow Ethylic Biodiesel, Heptadecanoate.

1. Introduction

Biodiesel is a biofuel produced worldwide from several oils and fats, obtained from both
vegetable and animal sources. This fuel is capable to work in diesel engines and hence be
mixed to mineral diesel or replace it completely [1, 2]. Many countries around the world
produce, import and/or export fuels, thus it is necessary to promote the internationalization of
standards that specify the methods of analysis and maximum/minimum limits for quality
parameters in order to allow a technically effective commerce worldwide. Technical data are
used to set those limits. To harmonize the biodiesel specifications, the limits set in a global
standard need to be carefully considered, since specification limits have arisen based in
different utilization contexts [3]. Currently the evaluation of the biodiesel quality is a global
concern. In this way experts from standards elaboration organizations from Brazil, United
States and European Union, have participate of meetings with the objective of discuss
standards for the evaluation of biodiesel quality.

The ester content is the most important biodiesel quality parameter, since the ester is the
biodiesel itself. EN 14103 is a standard that evaluates chromatographically the ester content
of biodiesel [4] and was developed for analysis of methylic biodiesel obtained from vegetable
oils predominantly found in Europe. So this standard contemplates only methyl biodiesel
obtained from oils which composition has the majority of carbon chains from C14:0 to C24:1
and which does not contain C17:0 in its composition. The wide feedstock diversity used to
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produce biodiesel around the world [5] makes the use of EN 14103 inadequate not only when
we consider the composition of the oils, but also the choice of applied alcohol. That standard
can be useful to measure the ester content of soybean, sunflower, rapeseed and other methylic
biodiesels, but do not makes mention to ethylic biodiesel and is not capable to measure the
ester content of tallow biodiesel itself or when present in blends.

Biodiesel from tallow has C17:0 in its composition. This represents a major concern in Brazil
in relation to assessment of its quality, once biodiesel from tallow is already inserted in the
national and international market [6].

One Brazilian solution to overcome the limitations of EN 14103 was the development of NBR
15764 [7]. This standard allows biodiesel quantification produced from different types of oils
fats and alcohols, using external standardization. However this method has a weakness even
more critical when compared with all the EN 14103 limitations. The NBR 15764 states the
use of chloroform as solvent. This solvent is incompatible with the (GC-FID) detector since it
promotes corrosion of the detector during use with the consequent loss of sensitivity.
Compounds containing chlorine atoms in its structure, when burned in the detector flame,
produce hydrochloric acid, promoting the corrosion of the detector, and can infer the
reliability of analysis results [8].

A large number of biodiesels from different raw materials are produced around the world and
being marketed pure or as blends. Tallow biodiesel is possibly present in those blends. The
possibility of using ethanol as reactant is another important factor that must to be taken in
account because its choice for biodiesel preparation makes the analysis of ester content
particularly impaired.

Thus, this paper proposes an evaluation and adjustment of the EN 14103 analytical conditions
in order to quantify adequately total ester content not only from methylic but also ethylic
biodiesel, even in matrices containing the C17:0 in its composition, taking in to account that
the global trends are the commercialization of biodiesel "blends™. The biodiesels used in this
approach were prepared from soybean, palm, babassu oils and bovine tallow, the mostly used
raw materials in Brazil.

2. Methodology

2.1. Raw materials, solvents and standards

Four different types of raw materials were used: soybean, palm, babassu oil and bovine
tallow. Industrialized oils purchased in local shops were used and the tallow experienced craft
process of grinding and frying before being used. Anhydrous ethanol was synthesis grade
(Synth, lot 118784) Internal standards (IS) were methyl myristate (C14:0), methyl nervonate
(C24:1), methylic and ethylic heptadecanoate (C17:0) (Nu-Chek, >99%). Heptane (Vetec-
0803307) HPLC grade was used for sample dilutions.

2.2. Biodiesel

Eight ethylic biodiesels were prepared, by transesterification, two from each oil and fat
selected. The preparations were performed in two conditions: varying the key variables
responsible for the total or partial conversion into esters. Four biodiesel were made under
conditions that present high conversion rate with the heating time of 120 min, molar ratio
alcohol/oil 9:1 and 1% of catalyst. The other four biodiesel, were made under conditions to
present low conversion rates with heating time of 30 min, molar ratio alcohol/oil 6:1 and 0,3%
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of catalyst. All biodiesels were prepared at 75 °C, next to the boiling point of ethanol. The
choice of conditions was performed according to a review of the literature [9-12]. The
transesterification reactions were performed using ethanol and catalyzed by sodium
hydroxide.

2.2. Blends

The eight biodiesel were mixed forming blends with different levels of esters, totalizing 20
samples. 10 mL of each sample was prepared containing equal volumes of each biodiesel with
the aid of a micropipette.

2.3. Analysis of samples

The quantifications of ester content in biodiesel samples were performed, in triplicates,
according to EN 14103 [Fat and oil derivatives - Fatty Acid Methyl Esters (FAME) -
Determination of Ester and linolenic acid methyl esters contents] in a Shimadzu GC 2010 gas
chromatograph with flame ionization detector (GC-FID). The chromatograph was configured
with injector in split mode coupled to auto-sampler AOC 5000 for liquid samples. EN 14103
establishes the chromatographic conditions used in the quantification of fatty acid esters:
sample injection volume = 1 mL, split = 1:20, injector and detector temperatures = 250 °C,
isothermal oven temperature = 210 °C, pressure of helium carrier gas = 83 kPa due to "split"
or adjusted to visualize clearly the peak of the methyl standard C24:1. Because of difficulties
in visualize clearly the peak of the methyl standard C24:1, under isothermal conditions, in this
study the isothermal condition of the oven was replaced by programmed temperature
conditions. 120 °C for 2 minutes, heating rate 10 °C/min to a temperature of 180 °C, where it
remained for three minutes, new heating rate of 5 °C/min until 240 °C where it remained for
10 minutes. The capillary column used was a Restek-Carbowax 30 m long, 0.25 mm internal
diameter and 0.25 mm stationary phase thickness.

2.4. Quantification of ester contents

20 mg/mL stock solutions of methyl myristate (C14:0) and methyl nervonate (C24:1)
standards were prepared, while methylic and ethylic heptadecanoate standards were prepared
in 10 mg/mL stock solutions. Methyl esters standards C14:0 and C24:1 were used to identify
the range of integration. In addition, we used the methylic and ethylic (C17:0) esters as IS.
The ester contents were obtained by integrating the peak areas ranging from C14:0 to C24:0
and subtracting heptadecanoate area, as showed in Eq. (1).

E,—4 Cer =V
A ci?rs_|_[ ET Efj#lﬂﬂ

€17 IS m 1)

g Ester =

where:

L A= qum of areas of all peaks ranging from C14:0 and C24:0
Aqy75= C17:0 1S area

Cer = concentration (mg/mL) of C17:0 solution
Ver = volume of C17:0 solution added to sample
™ = mass of the sample (mg).
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3. Results and Discussion

3.1. EN 14103 for ethylic biodiesel

To quantify ethyl esters in biodiesel according to EN 14103, a study was conducted using
methyl and ethyl standards under the conditions described in 2.4. The retention times (RT) of
methyl and ethyl standards were: methyl C14:0 (8.6 min), ethyl C14:0 (9.2 min), methyl
C24:1 (26.5 min) and ethyl C24:1 (27.2 min). From these results is possible to note that there
is only a small variation on the beginning and the end of integration intervals. It was not
observed any new peak in both intervals; hence the ester quantification accuracy will be not
affected by using methyl standards to analyze ethyl esters. The 20 samples of biodiesel used
in this study were quantified using the method 1 (EN 14103) and method 2 (conditions of EN
14103 unchanged, except for the integration of the ester peaks performed using the ethyl
standards RT). The results were compared using the Student T test. The value of t-calculated
to a limit of 95% of confidence was 0.81 while the theoretical value is 1.98, meaning that
there is no significant difference between the two methods of quantification. Furthermore, in
both cases the ester content results variation were below the method repeatability, that is 1.6
% m/m.

3.2. EN 14103 applied to biodiesel containing C17

Biodiesels containing heptadecanoate (C17:0) in their composition, (e.g. beef tallow), needs
two chromatographic runs to be analyzed; one with IS and another without the addition of the
C17:0 IS. The reason for this is that C17:0 IS is necessary to assist the quantification, but if
C17:0 is already present in the sample (e.g. tallow biodiesel) the C17:0 of the standard co-
elutes and consequently presents an area bigger than that corresponds to itself. Looking at the
chromatogram of a sample without C17:0 IS (Figure 1), it is possible to found the co-eluted
peaks (A when using methylic IS and B if it is used ethylic IS). Therefore it is necessary to
run another chromatogram without IS. After that, the peak area at the same retention time of
C17:0 IS must be subtracted from it and included in the total peaks sum.
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Fig. 1. Chromatogram window of a biodiesel blend showing the peaks A and B (A co-elutes with
methylic C17:0 and B co-elutes with ethylic C17:0

During the development of the procedure, to overcome the need of two chromatographic runs,
firstly, two chromatograms of ethyl and methyl C17:0 standards were obtained. The RTs were
13.5 min for methylic and 14.2 min for ethylic standards. The biodiesels of soybean, palm and
babassu were diluted in heptane (without addition of C17:0 IS) in order to verify the
occurrence of peaks in the RT 13.5 and 14.2 min. These chromatographic runs were
successful, since they did not show any peaks in the regions of those RT. This fact showed the
possibility of using both IS for ester quantification in the studied biodiesels samples.

Beef tallow biodiesel was then diluted with heptane and its chromatogram was compared with
C17:0 standards methyl and ethyl chromatograms. Both, the methyl and ethyl standards co-
elute with peaks of esters present in tallow biodiesel (Fig. 2).
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Fig. 2. Chromatogram window showing methyl (Met IS — black colour) and ethyl (Et IS - pink colour)
IS peaks that co-elutes with A and B peaks from tallow biodiesel, respectively.

Thus, it is not possible to quantify correctly the ester content in tallow biodiesel or its blends
using methylic or ethylic C17:0 IS. But, an accurate analysis of the chromatograms, allow to
perceive a constant ratio between the two peaks areas A and B, that co-elute with C17:0 IS.
To confirm how useful and confident would be this relationship between A and B peak area, a
C17 external calibration curve was performed intending to support the quantification of C17
from samples. A seven point curve was produced using concentrations from 0.5 to 5 percent
of ethylic C17 in heptane. Chromatographic conditions were similar to those used for ester
content analysis official method EN 14103. Equation 2 is the curve calibration equation used
to calculate A and B peak areas of the samples (R? = 0.9999). After that, seven biodiesel
samples were analyzed from which five were mix of soybean and commercial beef tallow
biodiesel and two of them were samples were pure biodiesel of soybean and beef tallow.

Obc17 = Apeak * 1,2463877 +1,59447 °  (2)
Table 1 presents the percentage of tallow biodiesel in blends, C17 content into each sample

and the ratio A/B results for every blend. The A and B peaks were quantified using the
external calibration curve.

Table 1. Blends of tallow biodiesel with soybean, the % C17 found and ratio A/B peak.

Mix 0 Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6
0%)  (5%) (25%)  (45%)  (65%)  (85%)  (1009%)
Tallow 5 25 45 65 85 100
Biodiesel
Soybean 4., 95 75 65 45 15 0
Biodiesel
%C17 - 0.021 0.028 0.328 00386  0.0451 0.049
A/B i 0.15 0.30 0.41 0.44 0.46 0.46
ratio

In the Graph 1 we can observe the behavior of A/B ratio related to C17 percentage. They are
much correlated, especially when tallow biodiesel percentage is above fifty percent. In other
hand, for pure tallow biodiesel or rich blends A/B variation curve is practically stable what
shows that is possible to use an average A/B ratio value in order to correct the ester content
analysis results without needs to proceed another GC analysis.

105



World Renewable Energy Congress 2011 — Sweden Bioenergy Technology (BE)
8-13 May 2011, Linképing, Sweden

Graph 1. Behavior of A/B ratio related to C17 percentage in samples

Taking into account the relationship between the A and B peak areas and C17 percentage of
pure beef tallow biodiesel (Graph 1), it was possible to establish a correctional factor that
should be introduced into original formula of EN 14103 for quantify the ester content. The
value adopted was the average of A/B ratio considering samples Mix 3, Mix 4, Mix 5 and Mix
6. That way we recommend to use 0,45 as a correctional factor “F”.

For this, the area of methylic C17:0 IS used in Eq. 1 was replaced by other term containing F
(A/B). In this new term, the methylic C17:0 IS area was subtracted of: ethylic C17:0 IS area
(RT 14.2 min.) multiplied by F. Moreover, this last product represents the peak co-eluted with
methylic IS, so it was added to total peak sum. Thus, for quantification of samples containing
beef tallow biodiesel, the Eq.(1), was replaced by Eq. (3).

In Eq. (2) the A.y; ;s Was replaced by Agy7 56 — (Acyqe * F).

[(Ea+ (Acizee * F))— (Aciz s — (Acize = F)I) o (Cey = Viy) .

%4 Ester =
Aci71s — (Acr7er* F) m

100
(3)

where:

Act7Ee= Areq of C17:0 ethylic present in the sample.
F' = Correction factor

The mean value of F found was applied in the further experiments. Table 2 shows the study
of F behavior to several samples of tallow biodiesel pure and its blends with soybean, babassu
and palm oil biodiesel. Those samples were designed to present different ester levels
intending to confirm F efficiency when applied to any matrix.

Although the t test did not show significant differences (t-calculated 0.78 and theoretical 1.03)
for the sample of beef tallow biodiesel when using Eq. (1) and (3), the difference between
results reach value bigger than the repeatability (1.6% m/m) of the method. A difference of
2.5% for beef tallow biodiesel was detected in its ester content. This difference is bigger than
C17 ester content found by some authors [13] (1,7% of C17), however the complex
biosynthesis of fatty acid can provide different level of this bioproducts available on fatty
issue. Other works [6] presumes levels that can reach almost 5% of C17.
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Table 2. Study of F behavior in different tallow biodiesel samples and blends.

Samples % ester no using % ester with F
containing tallow F correction correction
Th? 7.4 75
The 46,3 46,5
Th92 52,8 53,0
Th®? 49,6 49,7
Th® 91,6 93,1
TheP 96,8 98,9
Th® 97,1 99,2
TheP 94,2 96,3

a) Tallow biodiesel type low ester content; b) Tallow biodiesel type high ester content; c) soybean
biodiesel type; d) babassu biodiesel; e) palm oil biodiesel.

In this sense, it was necessary to identify what substance is assigned to A peak. Since B is
heptadecanoate. Some studies [6,13] concludes that A peak can be isomers of C17:0, like
heptadecenoate and/or branched C17:0 fatty acid esters. Therefore, is comprehensible the fact
of A and B present a regular proportion.

Within this context, we note that the difficulty in using the EN 14103 to quantify the levels of
esters in biodiesel produced from different matrices was overcome. These achievements
support us to propose the results of this work as a new standard, since the NBR 15764 is not
suitable for quantifying the ester content in biodiesel.

4. Conclusions

Through an evaluation and adaptation of EN 14103, the limitations on feedstock and alcohol
used in the production of biodiesel were effectively circumvented. Analyses performed using
methyl and ethyl IS showed that there were no significant differences when comparing the
results of ester content using both types of standards (methods 1 and 2). So ethyl and methyl
biodiesel can be quantified using both methyl and ethyl IS using EN 14103 conditions.

For the ester quantification of ethyl beef tallow biodiesel, is necessary to introduce a
correction factor (F) in the original equation of EN 14103 (Eq. 3), keeping the methylic
standard C17:0 established by original method. In the cases when methylic beef tallow
biodiesels are analyzed, it is necessary to do another few adjusts, however it should be used a
similar procedure. Thus, it was possible to quantify adequately all peaks related to the esters
in beef tallow ethylic biodiesel. In the other samples (soy, sunflower, rapeseed, babassu and
palm biodiesels), there is no problem in using Eqg. 3 because the final result will be equal. We
recommend a study about composition of other fats in order to confirm existence and
proportionality between A and B peaks.
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Abstract: Indian-nut (Aleurites moluccana) and tucum (Astrocaryum vulgare) are oleaginous non eatable that
present excellent oil content (about 60% and 30%, respectively) compared to soy bean grains (20%). Biodiesel
production from these oils, using bioethanol as reactant, is an alternative for renewable energy source. In this
paper, experimental design was used to determine the influence of these different kinds of oils on the
transesterification reaction in order to evaluate the viability of biodiesel production process using ethanol as
reactant. The most influential variables on the transesterification reaction yield were: alcohol to oil molar ratio,
mass of catalyst, temperature and reaction time. In this paper, the variables was operated using experimental
design with central composite. Compositional difference between both tucum and Aleurites oil has been verified
by 'H-NMR and GC analysis. Physicochemical properties presented by Aleurites biodiesel are in accordance
with ANP Regulation n. 07. On the other hand, the same conditions were not adequate to achieve a high
transesterification yield from handmade Astrocaryum oil. In this case, better conditions were only obtained from
refined oil. The reactional conditions optimized based on a kind of oil sometimes can’t be suitable for any
biodiesel production reaction.

Keywords: Biodiesel, Bioethanol, Aleurites, Optimization, Experimental design.

1. Introduction

Vegetable oils are one of the most commonly used biofuels raw materials. The main reason is
their great versatility in the industrial transformation and environmental gains of their
processing, in relation to petroleum, due to the absence of sulfur and heavy metals in their
composition [1]. In this way, vegetable oils enable the production of biodiesel, a biofuel with
very similar features as petrodiesel. The biodiesel is obtained from the chemical
transformation of the oils (glycerides) by a transesterification process. In this case, the
glycerides react with an alcohol of short carbon chain in the presence of a strong acid ou
alkaline catalyst, to produce a mixture of fatty acid alkyl esters and glycerol [2].

The alcohol generally employed in transesterification reactions to biodiesel production is
methanol, however, it presents some disadvantages, such as: mostly of it is obtained from
non-renewable sources, presents high toxicity and Brazil do not produces sufficient amount
for internal consumption. In other hand, ethanol, even deprecated due some reactional
inconveniences, becomes very attractive under economic, strategic and environmental points
of view; presents low toxicity and can be produced from sugar-cane, a highly renewable
source. Brazil is currently the world's leader in bioethanol production obtained from
sugarcane. Because of government subsidies, large sugarcane crops, and high sales taxes on
gasoline, Brazil has built a profitable national bioethanol industry. Sugarcane is grown in the
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country as the climate presents perfect conditions for its cultivation and production. It is very
easily converted to ethanol, and provides Brazil with huge supplies of bioethanol [3,4].

Lima et al. (2007; 2008) used bioethanol to prepare biodiesel from glycerides abundant in
vegetable sources present in Brazil Midwest, North and Northeast regions, by homogenous
catalysis reaching quantitative yield on catalytic process. These results became the motivation
for a research aiming to overcome the reactional limitations for bioethanol and to improve its
insertion into biodiesel energetic matrix.

Brazil has a lot of oleaginous vegetables with huge potential to produce biodiesel. The
Aleurites moluccana seeds (so called indian nut or “noz-da-india” in Brazil or “nogueira-de-
iguapé”) has been employed as an oil source for several years. Aleurites is original from
tropical Asia and pacific islands; In Brazil, it is broadly spread in Atlantic Forest. The species
is a tree with 10 m eter height, that produces green fruits having one or two seeds. The
percentage of oil extracted from Aleurites seeds is higher than soy bean grains, for example. It
is about 63% composed of oleic glycerides that have excellent properties for biodiesel
production. The oil obtained from Aleurites seeds is mostly used to make soaps, candles and
varnish [6] and was already used to produce methylic biodiesel [7] but, to the best of our
knowledge, there are no reports on its use to produce ethylic biodiesel.

There is a great biodiversity of palm trees in Brazil and among them there is a palm tree,
Astrocaryum vulgare, Mart. (popularly known as “tucum” or “tucuma” in Brazil) not used as
a source of oil for biodiesel production. The “tucum” is a palm tree that grows up to 10 m
high, in a highly dry soil and those that floods occasionally. The almond supplies eatable
white grease used to produce soaps, cosmetics and medicines. The fruits are very appreciated
and the fruition occurs between November and May [8]. The “tucum’s” mature fruits are
yellow and consist of the pulp and the almond that correspond respectively to about 53.2%
and 24.5% of the fruit weight [9]. The pulp produces orange oil (18.18% w/w) in which
polyunsaturated fatty acids predominate and the almond produces a white grease (29.59%)
rich in lauric and myristic fatty acids. In Brazil it is possible to found the “tucum” tree in the
Amazon and Northeast regions. The majority of its fatty acids consist of short chain, mainly
lauric (52.51%) and myristic (25.04%). This property facilitates the kinetic of the
transesterification reaction for biodiesel production leading to a product with more oxidative
and thermal stabilities than biodiesel obtained from other oils, such as soybean [9].

As discussed earlier, nowadays, the optimization of biodiesel production mainly applying
ethylic route, is of great relevance. The use of experimental design is a powerful tool to
process optimization. The experimental design is a technique able to rationalize the
application of experiments, to investigate, simultaneously, all potential variables that affect
the results of a process. The advantages of working with experimental design are the
achievement of more information using a smaller number of experiments, to perform studies
about individual effect of each variable, how these variables interact independently and more
than this, to analyze the results with a model that allows previsions of what will happen for
any experiment into studied range. The response surface methodology, also, is a statistic tool
for optimization based on factorial designs, to denote the response of the system, under study,
with alterations in the variables [10].

According to Sarin et al. (2010), the properties of a biodiesel are influenced by the structure

and amount of the component fatty acid esters, which depends on the oil source. So, the main
objective of this work is to discuss the application of experimental design based on a specific
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oil to a different oil, for the production of biodiesel. Moreover, we intend to propose “tucum”
and indian nut oils as raw materials for biodiesel production using the ethylic route. In such
way we intend to improve the reactional conditions, using experimental design, to obtain
biodiesel from indian nut seeds oil, by ethylic route (NaOH as catalyst). Then, the best
conditions should be applied to prepare biodiesel from almond oil of “tucum”. Ester content,
and other physico-chemical properties established by Resolution n. 07/2008, from Brazilian
Regulatory Crude Oil, Natural Gas and Biofuels Agency [12], will be the principal reference
parameters to verify the efficiency of reactional conditions obtained from experimental
design.

2. Methodology

2.1. Experimental design for ethylic biodiesel preparation from Aleurites oil.

In order to obtain the response surface, it was applied an experimental design with central
composite design. All variables: heating time, temperature, ethanol/oil molar ratio and mass
of catalyst, were evaluated under five levels. These variables are shown in Table 1, together
with their respective levels. A total of twenty six experiments were predicted. The results
were analyzed using the software Statistica 7.0 [13].

Table 1. Variables and studied levels for the preparation of biodiesel from Aleurites seeds oil and
ethanol (NaOH catalyst).

Variables Level
-1,41 -1 0 +1 +1,41
Heat time /min. 50 70 90 110 130
Molar ratio /ethanol/oil 6:1 7:1 8:1 9:1 10:1
Temperature /°C 40 50 60 70 80
Catalyst /% w/w 0.6 0,7 0,8 0,9 1,0

2.2. Materials, methods and instruments

Ethanol (Synth, lot 118784) and sodium hydroxide (Qhemis, lot Q0011) of analytical grade
were used without additional purification. Indian nut seeds were gathered at the city of
Araraquara-SP, Brazil. The oil was obtained by milling the seeds and extracting the resulting
material with hexane in a Soxhlet system during 10 hours. The yield was calculated dividing
the final mass of oil extracted by the mass of the milled seeds. The “tucum” oil was obtained
from the municipal district of Altos, PI, Brazil, and extracted by handmade way, in other
words, it was extracted by milling and heating in water.

2.3. Preparation of the tucum and Indian-nut biodiesel

The transesterification of oils with ethanol, catalyzed by sodium hydroxide, were made using
a three necked flask over a heating plate with magnetic stirrer. A condenser and a
thermometer were connected to the flask. The third neck was closed with a rubber septum,
through which the catalyst solution in ethanol was introduced using a syringe with a long
needle under the heated ethanol/oil mixture surface. The reaction time began to be counted
from this moment. The reaction mixture was kept in the flask under magnetic stirring. After
the reaction time be completed, the final products were separated by centrifugation and the
biodiesel (upper phase) was washed with distilled water. The biodiesel was, then, dried by
heating at 60 °C about 40 minutes under argon flow.
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2.4. Physicochemical characterization of the tucum and Indian-nut biodiesel

The “tucum and Indian nut biodiesels were characterized by: visual aspect; '"H NMR spectra;
viscosity at 40 °C (ASTM D445), specific gravity at 20 °C (ASTM D4052), cupper corrosivity
(3h at 50 °C - ASTM D130); cold filter plugging point (ASTM D6371), acidity index (ASTM
D664); ester content (EN/ISO 14103); free and total glycerol and glycerides index (EN
14105); iodine index (EN 14111), water content measured by the Karl Fisher method (ASTM
D6304), content of sodium, potassium, calcium, magnesium and phosphorus (ICP-OES -
NBR 15553) and oxidative stability analysis (Rancimat - EN 14112).

'H NMR spectra were obtained in a equipment Varian Inova of 500MHz. CDCl; was applied
as solvent (30 pL of sample and 600 uL of solvent). '"H NMR spectrum was obtained at 300K
temperature using 64000 acquisitions with pulse standard (s2pul), and tetramethylsilane TMS
as reference. The spectral profile was used to observe the conversion of oil to biodiesel and to
verify the oils composition.

3. Results / Discussion

Aleurites moluccana presented fruits with a high content of oil (60 %), such as found in other
researches [7]. Tucum, how presented in the introduction [9], can produce around 30% of oil.
This yield is better than soybean that shows an oil content around 25%, for example.

3.1. Experimental design for Aleurites biodiesel synthesizes

After all of the twenty six experiments and measure the ester content were done, were built
six surface designs where the Y axis represents the percentage of ester content. The best
results was obtained employing heat time about 90 minutes, molar rate alcohol/oil 8:1,
temperature of 60 °C and 0.8% of catalyst. Was reached more than 99% of conversion.
However, we can see other conditions that could be applied considering the little difference at
the final results. In other words, when employed 70 minutes; 9:1 molar rate; 60 °C and 0.8 %
of catalyst we achieved nearby 100% of yield. These conditions were used to synthesize both
Indian-nut and Tucum biodiesel.

3.1.1. Preparation of the tucum and Indian-nut biodiesel

It is necessary remember that the oils are from different sources and they were obtained by
different process too. The optimization process has been done employing Indian-nut oil only.
Exactly 100 g of oil was put into a flask and heated until 60 °C. After then, was added the
ethylic alcohol containing the total mass of catalyst. There were not troubles during the
reactional time. The purification process was done using distillate water at room temperature.
It was around 30 °C. No special process was necessary to segregate the glycerin phase.

3.2. Physico-chemical characterization of the tucum and Indian-nut biodiesel

Physico-chemical properties showed that both biodiesel were very similar at rheological
viewpoint, because their viscosity and density are practically equals. Table 2 shows analysis
results. The water content proves the efficiency of drying process using argon gas. It was
below the maximum limit of 500 ppm. Some ions level like sodium, potassium, calcium,
magnesium and phosphorus are below quantification limit of ICP equipment. That way, the
biodiesel are in accordance to ANP Resolution. The tucum biodiesel’s low iodine index (14.6
g/100g) denotes his saturated character and hence his cloud point (5.0 °C) will be bigger than
Aleurites biodiesel (-5.0 °C). The iodine index of Aleurites biodiesel (150.36 g/100g) reflects
a high level of unsaturated chains on his composition. These unsaturated chains can resist
lower temperatures than the saturated compounds without freezing.
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Table 2. Aleurites and Tucum biodiesel physicochemical parameters.

PARAMETERS UNIT LIMIT METHOD RESULTS
Tucum Aleurites

Aspect - LI Visual LII LII
Density at 20° C kg/m3 850-900 ASTM D4052 0,8770 0,8789
Kinematic viscosity at mm?2/s 3,0-6,0 ASTM D445 4,54 4,12
40°C
Water mass, max. mg/kg 500 ASTM D6304 261,6 160,1
Sodium + Potassium, mg/kg 5 NBR 15553 <LQ** <LQ
max.
Calcium + Magnesium,  mg/kg 5 NBR 15553 <LQ <LQ
max.
Phosphorus, max. mg/kg 10 NBR 15553 <LQ <LQ
Cupper corrosivity, 3h - 1 ASTM D130 la la
a 50 °C, max.
Cloud filter point pour,  °C 19 ASTM D6371 5,0 -5,0
max.
Iodine index g/100g Anotate EN 14111 14,67 150,36
Free glycerin % mass 0,02 EN 14105 0,00 0,00

* Impurities free and limpid.; ** LQ: Quantification limit.

Total glycerin and glycerides content are not displayed because they are a parameter directly
linked to ester content. Thus, in the tucum biodiesel we can not expect them are according to
maximum limit due tucum ester content is only 79.8%. In other hand, total glycerin of
Aleurites biodiesel (0.075%) was completely in agreement with that limit which can not be
more than 0.25% of total glycerin. Free glycerin is an important parameter, especially in order
to provide information about purification process. In this case, two biodiesel presented non
quantitative mass of glycerin due to efficient washes.

3.3.  'H NMR biodiesel analysis

When comparing indian nut and “tucum” biodiesels 'H NMR spectra (e.g. Fig. 1 and 2) is
possible to see differences, such as unsaturation level and compositional profile. Absence of
representative peaks around 2.1 ppm in “tucum” spectrum, assigned to the methylene protons
attached to the unsaturated carbon, shows its high degree of saturation.

Beyond this, near to 5.3 ppm the peak assigned to the H from CH unsaturated is in agreement
with the previous observation about pi bonds. In the Glycerides chains presents in tucum
biodiesel there is almost none pi bond beyond those of carbonyl groups. Observing
chromatograms overlap (e.g. Fig.3), we can note the real composition's difference between
both oils and biodiesel from tucum and Aleurites.
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o

Figure 1. 'H NMR Aleurites biodiesel spectrum.

Figure 2. 'H NMR ““tucum” biodiesel spectrum.

3.4. Ester content

One of the most important reactional results is the ester content. This parameter represents
how efficient was the reactional process. The principal target of this paper is to show how
useful can be the optimization from an experimental design in order to apply it to others oils
with different properties. If the ester contents yield are similar, so these same conditions could
be applied. The Aleurites biodiesel synthesize presented yield about 99%. This result is almost
the same as the one previously obtained during the optimization process. When those
reactional conditions were applied to synthesize ethylic tucum biodiesel, the result achieved
was only 79.8% for ester content. The minimum level described on Brazilian national
legislation is 96.5%.

The chromatograms superimposed, e.g. Fig. 3, shows the composition differences between
biodiesels from “tucum” and indian nut in terms of carbon chain length. In order to prove this,
some ethylic ester standards were run on GC and their retention time (RT) were registered:
C8:0, RT= 2.5 min; C12:0, RT=7.0 min; C14:0, RT= 8.0 min; C17:0, RT=14.2 and C24:1,
RT=25.4 min. With this data, we can prove the saturated character of tucum oil. In the
chromatogram could be seen that the majority of compounds from tucum biodiesel are
between 2.5 and 15.0 minutes. In this interval there are C8:0, C10:0, C12:0, C14:0 and C16.
Even a little after that, there are some peaks attributed to C18:0, or a small peak assigned to
C18:1, but nothing after 17.5 minutes. Regarding Aleurites, most peaks are above 12.0 min
and below 18 min. That interval covers saturated and unsaturated chains like C16:0, C18:0,
C18:1, C18:2 and C18:3. Among those peaks, majority lies above 15.0 minutes, region of
occurrence of peaks corresponding to esters with more than 17 carbons.
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Figure 3. Superimposed “tucum” and indian nut biodiesels chromatograms (pink: Indian-nut
biodiesel; black: tucum biodiesel.

3.5.  “Tucum” biodiesel preparation yield under the best conditions found to indian nut
biodiesel preparation.

The yield achieved to “tucum” biodiesel prepared, applying the best conditions developed by
experimental design on indian nut oil, was very low. The preparation procedures were the
same to both oils. Only during work up p rocedures there were some differences between
them. Because of the acidity presented by “tucum” oil (soap generation) and its shorter carbon
chains, the washing process generated more emulsions than during indian nut biodiesel work
up; “tucum” biodiesel was washed much more times to remove soap excess and to break any
emulsions. This can be one of the causes for the low yield of esters obtained from “tucum”
oil. Other causes for the unsuitable behavior of “tucum” oil under the best experimental
conditions developed for indian nut oil conversion to biodiesel may be its impurities, not
removed during manual oil extraction process, and the manual oil extraction itself.

4. Conclusions

The oil content of “tucum” and indian nut seeds is greater than soybean grain. Ethanol
showed technically suitable as a reagent to biodiesel production from indian nut and “tucum”
oils. Indian nut oil has considerably more unsaturated esters than “tucum” oil, what explains
its lower resistance to oxidation. Experimental central compound design and surface response
methodology were efficient for optimization of the reactional conditions (time, temperature,
molar ratio ethanol/oil and mass of catalyst) to obtain biodiesel from ethanol and indian nut
oil. The optimized conditions led to an almost stoichiometric yield of biodiesel confirming the
forecast of the technological viability of indian nut oil to obtain high yields of ethylic
biodiesel. The same optimized conditions did not apply for “tucum” oil. Further experiments
with “tucum” oil obtained by the same extraction procedure used to indian nut oil are
necessary. E xperimental design is an important tool to optimize chemical preparations.
However, its relationship with raw materials characteristics must be carefully observed.
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Abstract: The main objective of the project was to develop or adapt a combustion technology that would permit
a stable operation of a boiler fed with a combustible with a high level (50%) of humidity. The size of the unit
was determined by the heating demand of a lacto-serum plant. Computer simulations and small scale laboratory
experiments were used to design a fluidized bed, then fluid flow and heat transfer calculations were carried out
to verifiy the heat balance (or energy balance) of an existing fixed boiler to be converted into a fluidized bed one.
A grid involving 130 nozzles with 6 equally distributed holes (10 mm) was designed. The intake has a 23.37
mm L[.D. It has been in operation for more than a year now and operation results are presented. It was found that
the key aspect of the combustion process in such boilers is the homogeneity of the fluidized bed and the
temperature control. We are now working on a way to broaden the range of type of wood and humidity levels.

Keywords: Renewable energy source, Boiler, Bubbling fluidized bed

Nomenclature

AP effective pressure drop across the bed....Pa Greek symbols

A areaofthebed.......ccccoocoeviveveeerinne, m? P AENSItY. e, kg-m?
Ar  Archimedes NUMbET ...........oovovveereerererennnn. - A thermal conductivity.................... Wm'K*
D particle diameter..........ccccoovvviieiiinennnne m 4 dynamic ViSCOSItY.......c..cocvvrvrerenen. kg-m gt
g gravity... ms & Ded POroSity.......cccooveeeveeereeiecieeeerenines -
h  convective transfer coefficient ... W m? K™

H heightofthe bed ........cccoevvivcieiiiee m

K fluidized bed constant, usually 5................ -

Nu Nusselt number.........ccccoeeveeeeiiieieeecnieenen. -

Pr  Prandtl number ...........ccooeevviieiieeiiieenen, - Indices

Re Reynolds number ..........cccccooovvveieicinenne - mf  minimum fluidization

S surface to volume ratio.......cccccoecvvevevvvnennn, - g gaz

T teMPErature.......ccccovveevcieeiiieeniee e K p  solid particles

U fluidization veloCity.........cc.cooevvrrennnn. ms? r radiation

1. Introduction

1.1. Context

The ever increasing level of greenhouse gas emissions combined with the overall rise in fuel
prices (although fluctuations occur) are the main reasons behind efforts devoted to improve
the use of various sources of energy. Economists, scientists, and engineers throughout the
world are in search for: (1) strategies to reduce the demand; (2) methods to ensure the security
of the supplies; (3) technologies to increase the energy efficiency of power systems; and (4)
new and renewable sources of energy to replace the limited and harmful fossil fuels.

Nowadays, biomass (organic wastes) receives an ever increasing interest for energy
production because this renewable source of energy:

e reduces the demand of fossil fuels,

e diversifies the sources of traditional energy,

e ensures the supplies at a local level,

e is carbon neutral?
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Fluidized beds found several industrial applications such as coal and biomass combustion.
Boilers involving such a technology are generally more efficient that their counterparts with
fixed or mobile grids and this is why bubbling fluidized beds combustors (BFBC) are often
selected to transform waste into energy. An efficient combustion for low calorific power
fuels is possible with appropriate controls: according to Oka [1], it could reach up to 99%.
Moreover, bubbling fluidized bed combustion of solid residues also becomes attractive for
thermal steam generators because it can allow for variations in the regime by up to 4% per
minute [2].

1.2. Fluidized beds combustion

Fluidization refers to the conditions for which a granular material behaves such as a fluid. To
obtain fluidization, a gas (generally air) crosses a bed of particles with an appropriate upward
flow rate to create forces that separate particles: the result is a turbulent mixing of gas and
solids. The key idea is to obtain the highest mixing rate possible. In practice, the mass flow
rate must be high enough to ensure an appropriate mixing and low enough to keep the
particles in the mixing. T he rationale behind this technology is that the tumbling action
provides more effective chemical reactions and heat transfer in the solid fuel particles that are
added to the bed.

In this paper, the process involves BFBC. During preheating, the bed is heated up with an
auxiliary source (here natural gas). Then, the process is fed with biomass. This initialization
process is critical to ensure proper operation. During combustion, part of the ashes and fine
particles must be collected with a cyclone. The other part of the ashes is recovered through the
sand circulation. The bed temperature — which influences the stability of combustion, the
efficiency of the steam generator, and the rate of pollutants are the preponderant factors for
this type of system.

1.3. Process characteristics

BFBC boilers operate at lower temperature than other types of boilers (800-850°C). This may
lead to less NOx emissions. However, burning at low temperatures also causes increased
polycyclic aromatic hydrocarbon emissions. The temperature upper limit is intrinsically due
to the melting point of the most commonly used solid particle: sand. The development of
eutectic within the sand is a crucial phenomenon to avoid. The creation of agglomerates will
seriously impact the efficiency and may stop fluidization and, eventually, the whole process.
The melting point of silica diminishes when it is mixed with ashes and eutectics are formed
when hot spots occur in the bed. BFBC reduces the amount of sulfur produced in the form of
SOx.

1.4. Overview of the installation

The whole factory into which the boiler is installed produces lactoserum which requires
6MWth and electricity (IMWe). T he boiler produces 10T/h at 32 bars and 315°C. The
whole plant is shown in Fig. 1. On the left-hand side the storage and feeding systems (a) are
shown while the boiler (b) is located in the center of the right-hand side of Fig. 1. The
feeding system is a key element of the design as the process is continuous and cannot be
stopped. The homogenization of the bark in terms of size and humidity is another key aspect.
In Fig.1, the fuel is grabbed and thrown into the feeding system where some sorting occurs to
avoid having large chunks of wood to get into the 40 cm worm gear. This gear feeds the
combustion chamber. The fluidization grid is another key aspect of the process. The shape
and size of the nozzles, the numbers and diameters of the orifices as well as the air outlet
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velocity have to be selected to maximize the homogenization. The height of the bed and the
pressure drop are other key parameters [3,4] discussed in subsequent sections.

(b)
(a)

T~

Fig. 1: Layout of the complete plant with: (a) Feeder and storage; (b) boiler, turbine and stack.

1.4.1. The storage system

In this area of the plant, the raw material is treated to maximize homogeneity in size, calorific
power, and humidity. A mechanical treatment is applied to tear the biggest chunks of wood
this to avoid mechanical failure of the feeding system. During winter, humidity and ice were
initially found to cause mechanical blocking along the conveyors. Nowadays, by use of
specific materials and appropriate controls of the feeding system, this problem vanished.
Several tons of material can be stored in the area.

1.4.2. The feeding system

The feeding system has been designed for a rate of 4 tons per hour. Initially, the rough
surface of the drop feed, made of refractory, involved too much friction. Suddenly, clusters
of bark accumulated in the drop feed were inappropriately falling in the bed. A defluidization
was occurring followed by several local hot spots in the bed. There was a high potential for
eutectic formation. The refractory has been replaced to solve the problem.

1.4.3. The boiler

The Falmec boiler (B.F.I) was originally designed for a fixed grid (water tubes type). The
main design limitation was then the size of the combustion chamber itself which limited the
width of the fluidized bed. The overall area of the bed, A, was hence predetermined (2,3m x 2
m) and thus the imposed the minimal fluidization velocity (which also depends upon the
particles size): Uy =1,5 m/s. The primary fan delivers 75 kW with a pressure of 1,27 m CE
(or 0,12 bars) during normal operation. This pressure allows for the circulation of the air
through the sand bed. The secondary fan as a power of 30 kW with a pressure of 0,38 m CE
(or 0,04 bars).

1.5. Start-up and control specifications
1.5.1. Startup

As mentioned earlier, during the start-up, the bed is preheated with an auxiliary burner then
the biomass is fed-in. The crucial steps of this initialization process are: (1) verification of the
minimal sand thickness of height; (2) start of the primary fan (to initiated fluidization); (3)
start of the auxiliary burner; (4) heating of the sand until auto-ignition temperature (about
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700°C); (5) low speed feeding; (6) progressive increase of the biomass flow rate to reach the
appropriate average temperature of 850°C.

In the proposed boiler, the main difficulty with the auxiliary burner is that it is located above
the bed and this causes poor heat transfer to the bed (between the flame and the sand).
Afterwards, we realized that, due to its position, the auxiliary burner was undersized slightly.
Moreover, the fluidization (process) air should have been heated to shorten the start-up
procedure. One way to enhance the start-up process was to add oil (on a temporary basis) in
attempts to improve it. Since then, we rely on drier bark at the beginning.

1.5.2. Controls

The control of a steam generator is largely documented [5,6] while that of fluidized beds is
also quite documented [7, 8]. Start-up procedures are also documented [2]. The main
parameters to control are the flow rates of the two fans, the stability of the combustion, and
the bed temperature, with emphasis on the latter. A n increase of the mass flow rate of
fluidization air increases the temperature (increase in the combustion rate, internal heat
release) and inversely [9, 1]. This indicates that the combustion takes place partly within the
bed and partly above the bed (appearance of flames above the bed) in the combustion
chamber. Several methods allowing for the control of the fluidization regime with primary air
and bed temperature measurements could be carried-out but these methods have not been
considered in our installation. It is the variation of the bark or wood chunks humidity, needed
at about 50%, which was found to require a rigorous control and measurement here.

The system was started during winter 2009 and a data acquisition system permitted the
continuous recording of the most important variables: (1) three thermocouples immersed in
the bed; (2) the fan speed (primary, secondary, exhaust); (3) percentage of oxygen in the
combustion products; (4) steam pressure. In this study, the fluidization regime was said to be
in steady state when the three thermocouples showed similar temperatures (Fig.3 and 4).

2. The fluidized bed design and method

2.1. The pressure drop and critical velocity

The fluidization velocity is a basic parameter but its evaluation is rather complicated. Several
correlations based on the pressure drop across the bed are available and this pressure drop
varies linearly or nearly linearly with the fluidization velocity. In the case of a turbulent flow,
Ergun [10] proposed the following expression:

- —e)Y wJ — U’
“AP 1504 f) i 9 +1_75(1_3‘9)pg_9 (1)
H & D £ D

In the fluidization regime, the pressure drop in the bed corresponds to the weight of the
particles minus the Archimedes force divided by the surface area of the bed. Since the solid
volume is H x A x (1-¢), this yields:

_AP = HA(I_‘C")(App_pg)g (2)

It is possible to obtain the minimal fluidization velocity when the pressure drop, eq. 2. is
inserted into eq.1, yielding:
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Introducing the relevant Archimedes and Reynolds numbers gives:
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Several researchers tried to correlate their results with this expression to evaluate the minimal
fluidization velocity:

P 0.5
ﬂ“cl+q*Aﬁ —CJ
U, = 5% ()
Py

where C;=27.2 and C,= 0.0408 according the results of Grace [11].

2.2. Heat transfer and energy balance

First, the heat transfer characteristic into the fluidized bed

The predominant parameters which influence the heat transfer coefficient are the fluidization
velocity, the particle size and the temperature. T he Nusselt number for afixed object
immersed in a particle bed was correlated by several researchers. For particle size lower than
one millimeter, the refined correlation proposed by Baskakov [12] was used:

Nu =0.85Ar"" +0.006Ar" Pr0.33 + hrﬂD (6)

9

This equation stands for an Archimedes number ranging between 10 and 10° and involves the
radiative component of heat transfer calculated with respect to the bed and wall temperatures.
The overall energy balance was established to ensure that the existing boiler combined with
the fluidized bed could reach the expected parameters (flow, temperature, pressure). A code
was developed based on the temperature of the bed for overall balance calculations. The heat
transfer by convection, radiation, and conduction was taken into account. This code permits to
show that the combustible moisture level of 50% should be respected to ensure a proper
operation in term of bed temperature.

2.3. The nozzles design

The Ergun software [13] has been used to design the bed. The software allows to obtain the
suitable air velocities as a function of the fluidization regime, the temperature, the particle
size, the height of the bed, and the heat transfer. It enables one to account for pressure drops
and homogenization of fluidization. A lthough not straightforward to use, Ergun permits to
correlate the number of holes in the nozzle, the diameter, the minimal fluidization velocity,
and the exit nozzle velocity. Whereas several installations may use a perforated plate at the
bottom, our combustion calls for a continuous ashes recovery. Hence, fluidization nozzles
where used.

Fifteen different nozzles where designed, built, and investigated (two of them are shown in
Fig.2a). All were satisfying the design constraints and criteria. The one respecting the
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minimum pressure drop required to ensure a stable and homogeneous fluidization was
ultimately selected. T he tests were then carried out in the lab without combustion in a
cylindrical sand bed (Fig. 2b).

(a) (b)
Fig. 2: (a) Two of the eight nozzles that were simulated. (b) The laboratory test bench.

Four different sizes of sand particles, ranging from 1 to 2mm, 0.841 to 1mm, 0.500 to 1mm,
and 250 to 500pum were tested. Mixing was also carried out with bark samples of about 1 cm
by 2 cm. We found that the bark size did not matter and that the mixing was occurring only
in the upper level of the bed, close to the surface. It is however important to note that the cold
tests were quite different than the flowing full-scale results.

Finally, a bed involving 130 nozzles (Fig. 3) with 6 equally distributed holes (10 mm) was
selected. The intake has a 23.37 mm L.D. The pressure loss is 5kPa when the flow rate is
maximum. This flow rate varies from 0.0185 m?*/mn at 20°C. 300 mm of sand was found to
be the lowest limit for an homogeneous distribution of air while 600 mm was identified as the
upper limit to avoid the over sizing of the fan.

(a) (b)
Fig. 3: The fluidized bed: (a) Full scale model; (b) Actual bed with uncovered heads.

3. Results

Several preliminary tests (not reported here) were needed to fine-tune the operations at the
beginning. We worked until uniform temperatures were obtained, thus obtaining a suitable
fluidization regime. We also found out that the content of oxygen remained constant with the
temperature increase which in turn was proportional to an increase in the mass flow rate of
combustible. We noticed that the biomass (fir bark) involved sand that progressively
increased the level of the bed (after 10-12 hours of operations) which had to be lowered (by a
simple control of the sand circulation). Our first series of tests showed atemperature
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variation between 730°C and 838°C. The content in oxygen varied from 1% to 13%. A high
content (near 21%) indicates that the combustion is almost completed while a low content
shows that there is a high combustion.

Fig. 4 presents two test cases at two different temperatures and same pressure levels.
Temperature and boiler pressure are indicated on the left axis (0-1000 range) while the
oxygen content and the fan speed is reported in % on the right axis (0-100% range). The
abscissa is time in hours.

Fig.4a shows, over a period of about one hour, that the control system maintains the steam
pressure (represented by X) constant at about 350 PSI (the set-point). Indeed, the pressure
varied between 320 and 356 P SI (£ 9%). In Fig. 4, decreases in the pressure occur with
increases in the primary fan velocity (represented by ). This corresponds to a simultaneous
increase in combustion as the content in oxygen (left axis, represented by A) decreases. This

content is always below 16%, which is excellent. The temperature here varied from 650°C to
785°C.

Temperature [°C]; Pressure [PSI]
Percentage [%]

Time [hr] Time [hr]

Fig. 4: Temperature, pressure, oxygen content and primary fan power as functions of time:
(a) lower regime; (b) higher regime.

Fig. 4b illustrates, over a period of about one quarter of an hour, that the control system
maintains the steam pressure constant at about 340 PSI (+ 7%): A more stable regime is
shown. In Fig. 4b, the trends are similar to those reported in its twin but the regime is higher
with temperature ranging between 865°C and 915°C. T his indicates a higher combustion
regime also shown by a lower content in oxygen for the period. The temperature is also more
homogeneous in this test case as the control loop improved with time and experience with the
boiler.

An interesting feature of the installation is that the pressure settings remained constant during
the test showing no need for manual adjustments after the tuning of controls.
4. Conclusion

A bubbling fluidized bed for the combustion of moist wood residues has been designed for an
existing steam generator originally involving a fixed grid. The objective was to allow this
generator to accept combustibles with a high level of humidity with no compromise over
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performance. This paper first presented the complete installation and insisted on a few design
parameters and issues that pertain to the bed nozzles and lay-out. The format of the paper
cannot permit to provide all relevant details.

When applied to the combustion of forest residues, the key aspects to address were found to
be the proper size and humidity of the feed stock. And here, not only on an average basis: a
homogeneous mixture ensures a stable process which avoids the generation of local hot spots
that could provoke eutectics (agglomerates) and force the shut-down.

The positive points: The need for improvements:
e The flexibility in terms of steam e The design calls for a deep knowledge of
demand; fluidization which is not the case with
e The combustion efficiency (up to other (simpler) technologies such as
99%); fixed grid boilers;
e The low maintenance (changes of e The acceptance of aw ider range of
the sand) requirements. humidity variation of the feed stock;

e The training of the personnel.

The BFBC is nevertheless an excellent solution to burn humid residuals and recover the
energy because of its flexibility, its efficiency, and its cleanness.
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Abstract: To date wet lignocellulosic biomass cannot be used efficiently for energy production. By
hydrothermal carbonisation (HTC) wet biomass may be efficiently transformed to a solid, lignite-like fuel with
good dewatering and grinding properties and a high calorific value. Energetic yields of the HTC reaction can be
derived from lab scale experiments. However, for the assessment of energetic efficiencies of a HTC plant the
amount of external energy consumption needs to be calculated. A model of a semi-continuously HTC plant is
presented with a heat recovery system which is based on recycling of hot compressed water. Results of
simulations with the program Engineering Equations Solver show that energy consumption can be significantly
reduced by internal heat recovery. Efficiencies of a HTC plant model are presented based on experiments with
beech wood chips as a model biomass. A sensitivity analysis of the water content of the biomass and the heat of
reaction is presented.

Keywords: Hydrothermal carbonisation, biomass, heat recovery, efficiency

1. Introduction

Hydrothermal carbonisation (HTC) is a pretreatment process of biomass in hot compressed
water at around 200°C. Thereby the carbon content and higher heating value (HHV) is
increased™?. Apart from application as a soil ameliorant it therefore has been discussed as
fuel®. The product (related to as “hydrochar” or “char”) leaves the reactor as a slurry and must
be mechanically dewatered and dried for combustion. By removing water and further
compression an energetically dense fuel can be formed facilitating transportation and storage.
Good grinding properties make it applicable for gasification and further refining. Energetic
yields of the solid of 75-90 % for the HTC process with regards to the HHV can be expected,
because the whole fraction of lignocellulose is converted. The HHV of the solid increases
when higher temperatures are applied. Yet, the energetic yield decreases for higher
temperatures because of a decrease of the solid yield***. Potential feedstock includes
digestate, municipal waste, grass, leaves, bagasse and wood>. Mass and energetic yields in
this contribution are derived from lab scale and pilot scale experiments.

However, in order to assess the energetic efficiency of a HTC plant also external energy
consumption must be taken into account - especially for heating the biomass to reaction
temperature, for mechanical dewatering of the hydrochar slurry and for drying. The amount of
energy needed to heat biomass with a water content of 80% to reaction temperature is app.
24% of the energy of the hydrochar. For drying of char with a water content of 30% app. 4%
of its energy is needed. This shows that external energy consumption may decrease the
efficiency of a HTC plant significantly and that heat recovery within an elaborated heat
regime is crucial. In prior works it was shown that the use of flash steam from expansion of
the hot slurry can significantly increase the efficiency of the process®’. But release of pressure
and the mixing of steam with colder water necessarily results in a loss of exergy, compared to
direct recycling of hot compressed water which is proposed here.

125



World Renewable Energy Congress 2011 — Sweden Bioenergy Technology (BE)
8-13 May 2011, Linképing, Sweden

1.1. Semi-continuous biomass feeding

Generally batch or continuous systems are applicable for a HTC plant. Yet, for continuous or
semi-continuous systems, reaction heat can be used more efficiently. Also adjacent equipment
can be utilized more efficiently and pressure changes in the reactor can be avoided. However,
feed systems for solid matter against pressure are challenging — especially for heterogeneous
biomass. Piston pumps usually can only pump biomass with a water content of 90%. For dry
matter lock hopper systems are widely used, although they come along with a loss of gas for
every cycle. Yet for the case of HTC this does not necessarily need to be a disadvantage
because reaction gas needs to be discharged from a continuous reactor. Lock hopper valves
are prone to abrasion and plugging. Here ball segment valves with a nominal diameter of up
to 600 mm made of ceramic may be appropriate®. In order to reduce the loss of gas, further
feeding systems have been developed including rotary feeders, plug-forming feeders, non-
plug-forming feeders®. In this contribution we will present a model of a semi-continuously
operating system with a lock-hopper feeding system.

1.2. Heat recovery

For a HTC plant an efficient processing of heat will be crucial. In a continuous HTC plant
there are three mechanisms which require most of the energy and which are addressed by the
plant model: (1) Much water along with the biomass needs to be heated to reaction
temperature. This can be reduced if relatively dry biomass is fed via a lock hopper system.
Additional water to fully cover biomass in the reactor and enhancing the reaction may be hot
compressed process water which is recycled. However this requires mechanical dewatering of
the hydrochar slurry after the reaction at elevated temperature and pressure. (2) Additional
energy is used for drying wet hydrochar, which requires that the product is mechanically
dewatered as well as possible. By dewatering at reaction temperature, a significantly lower
water content can be expected. This is because of lower surface tension, density and viscosity
of hot water, as was practically examined and realized for mechanical-thermal dewatering of
lignite®*. (3) By discharging reaction gas from the reactor a significant amount of steam is
discharged as well. By increasing the absolute pressure in the reactor and hence the partial
pressure of reaction gases, the loss of vapour can be decreased.

The model aims at using only internal heat sources for preheating of biomass and for drying.
Only for the highest temperature level before the entrance of biomass in the reactor external
energy is used for the supply of steam.

2. Modelling

For the simulation the program Engineering Equation Solver (EES) is used. Mass and
enthalpy balances were entered for all mass flows. Enthalpy of components (except for steam)
is set to zero for 0°C. The process is modelled in a steady state although lock hopper and
piston press work semi-continuously in reality. Indirect heat transfer to solids or slurries is
difficult and fouling on heat exchangers may increase considerably above 100°C’. Therefore
in the model it is assumed that indirect heat transfer is only feasible up to a temperature of
100°C. The model assumes a capacity of the plant of 2000 kg/h of dry biomass. Below the
model is described in detail and is depicted in Fig. 1.

2.1. Preheating of biomass

Biomass with a water content of 0.6 is heated by indirect heat transfer by low temperature
waste water and vapour to 100°C at atmospheric pressure. The heat capacity of dry biomass
and hydrochar is 1.6 ki/kg-K™* and 1.45 kJ/ kg-K™ respectively. After preheating at
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atmospheric pressure biomass is fed to the lock hopper and is mixed with internal steam from
the first flash tank. Then it is mixed with hot compressed water and is finally mixed with
external steam from a steam generator until it reaches the necessary temperature and water to
biomass ratio of 7:1. External steam is produced by a steam generator operated with natural
gas with an efficiency of 0.9.

2.2. HTC reaction

The heat of reaction was measured by differential scanning calorimetry (PerkinElmer DSC-7).
4 mg of ground poplar wood were heated with 20 mg of de-ionized water to 220°C in
stainless steel high pressure capsules. In the reference capsules only de-ionized water was
used. The experiments were conducted according to 1SO 11357-1:1997 and ISO 11357-
5:1999. In [12] the applicability and uncertainty of this method for long lasting heat flows is
discussed in detail. The mean heat released by the reaction within the first 4 hours was 500 J/g
of dry biomass. The uncertainty of the experiments was 30% but could be higher if process
water was recycled and therefore in the sensitivity analysis it is altered from 200 to 800 J/g.

In the model the biomass enters the reactor where it reaches the reaction temperature of
210°C by heat of reaction. Heat equilibration is assumed to be dominated by evaporation of
water at superheated areas at the bottom of the reactor and condensation at relatively cold
biomass on the top. Heat losses of the reactor were assessed to be 5-20 kW depending on
insulation which accounts for 0.2% of the system power of the HTC plant. This shows that
heat losses in an industrial scale may play a minor role which is not the case for lab
experiments which require constant heating in order to maintain a certain temperature. In the
model an overall heat loss of 20 kW is assumed and is completely attributed to the reactor.

The model uses experimental mass and energy balances of the HTC reaction. Solid yield, gas
yield and heating values are derived from lab experiments with beech wood chips in a 200 mL
reactor which could also be reproduced in a 250 L pilot scale reactor. The experiments were
performed at the same conditions which are assumed in the model (reaction temperature
210°C, reaction time 4h, water to biomass ratio 7:1). The main results of the experiments
which are used in the model are depicted in Table 1.

Table 1. Mass and energy balances of lab and pilot scale experiments with uncertainties shown in
parenthesis.

solid gas energetic

vield 9 yielw  AAV O LHV i
mass(g) mass(g) ) mass(g) ) (MJ/kg) (MJ/kg) )

Lab 1998 1288 0644 069 0035 )

scale  (0.03)  (0.09) (0.003) (0.01) (0.001) 2327 2201 078l

Pilot 14710 9980  0.680

scale  (120) (860) (0.064)

L HHV w000 =19.20 MI/Kg, LHV 006=18.06 M/kg

22.88  21.53 0.808*

Mass and energy Yyields could be well reproduced for lab experiments. Mass yields from pilot
scale experiments altered mainly because the reactor could not be flushed as well. Solid and
energetic yields are slightly lower and HHV is slightly higher than reported earlier for
experiments at similar temperatures®*. This can be explained by application of higher water to
biomass ratio and longer reaction time in the experiments presented above, which will be
discussed in detail elsewhere.
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The ratio of reaction water and solved organic substances to biomass is 0.32 according to the
experiments, yet in the model thermodynamic properties of pure water are assumed. It is
assumed that reaction gas only consists of carbon dioxide. The partial pressure of the reaction
gas in the reactor is assumed to be 0.9 MPa in order to be completely removed by gas loss of
the lock hopper.

2.3. Mechanical dewatering and drying:

Electricity consumption of the piston press is calculated in two steps. First the char is
dewatered to a water content of 0.6 with a pressure of 3 MPa. Then the char is dewatered to a
final water content of 0.3 by a pressure of 10 MPa. The work is calculated by multiplying the
volume of the displaced water with the respective pressure and assuming an efficiency of 0.9.
The primary energy consumption of the piston press pec, is calculated by multiplying the

electricity consumption with a primary energy factor. A factor of 2.5 is applied assuming an
energy conversion efficiency of the char of 40% in a thermal power plant and thus resulting in
a primary energy consumption of the piston press of 0.163 GJ/h.

The water content of the hydrochar after mechanical dewatering is assumed to be 30%
corresponding to 31% achieved by pilot scale mechanical-thermal dewatering of lignite at
200°C***. After dewatering the pressure of the piston is released. In the model it is assumed
that this results in evaporation of residual water and cooling to 105°C. Further assuming
adiabatic conditions this results in drying to 22% water content which compares to 24%
achieved at 200°C'®**. Relaxation steam is used for preheating biomass. Afterwards biomass
is dried in a rotary drier using steam at 130°C from the second flash tank and abstracted
reaction gas and steam from the reactor. Values for desorption heat of lignite' are used for
the simulation of drying and no external energy is used for drying.

The efficiency of the plant in Table 2&3 is calculated according to Eq. (1):

ENergy nyarochar , HHY / LHV (1)
energy biomass , HHV / LHV + energy natural gas + PEC press

efficiency vy /iy =

3. Results

3.1. Simulation results

In Fig. 1 the model as presented before is depicted including mass flows and state variables.
The biomass is heated by steam from the first flash tank to 156°C and then is mixed with the
hot compressed water from the piston press.

This way the slurry reaches 196°C and only a limited amount of external heat is needed to
finally heat biomass and water to 205°C. The amount of external energy needed for this step
is 1.03 GJ/h which is 2.7% of the energy of the biomass and 3.4% of the energy of the
hydrochar. Heat of reaction then is sufficient to heat biomass to reaction temperature of 210°
and to make up for heat losses and gas losses via the lock hopper. The temperature of the
waste water is 105°C and cannot be further used at this temperature level. The char can be
dried to a water content of 7% by using only internal heat.
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Fig. 1. Model of HTC plant with mass flows and state variables.

3.2. Sensitivity analysis

The water content of the biomass significantly determines the amount of energy needed to
heat the biomass to reaction temperature. Therefore it was varied as an input parameter in the
simulation from 0.5-0.75 and results are depicted in Table 2. For a higher water content the
amount of natural gas needed increases and makes up between 2.2 % and 7.3 % of the energy
of the hydrochar. On the other hand the water content of the dried char decreases
significantly. This is because less water can be recycled allowing for a higher amount of
steam from the second flash tank to be used for drying. The efficiency is calculated both on
basis of the HHV and LHV. The efficiency of the HTC plant decreases with a rising water
content on the basis of the HHV because more external energy is required. The efficiency of
the plant increases on a LHV basis because the lower heating value of the biomass decreases
significantly with a higher water content.
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Table 2. Results from the variation of the water content of biomass.

water content energy (GJ/h) efficiency
biomass char  natural  biomass  biomass char char (HHV)  (LHV)
@) () gas (HHV)  (LHV) (HHV) (LHV) () ()

0.5 0.104  0.650 38.40 31.24 30.06 28.07 0.767 0.876

0.55 0.088 0.819 38.40 30.16 30.06 28.13 0.763 0.903

0.6 0.069 1.032 38.40 28.80 30.06 28.20 0.759 0.940

0.65 0.044  1.307 38.40 27.06 30.06 28.29 0.754 0.992

0.7 0.011 1.675 38.40 24.73 30.06 28.40 0.747 1.069

0.75 0.000 2.191 38.40 21.47 30.06 28.43 0.738 1.193

For a very wet feedstock it may be favourable to mechanically dewater biomass before
feeding it to the HTC plant. This would drastically decrease the amount of waste water by
recycling a larger part of the water. Therefore it would also decrease the amount of energy
needed to heat biomass to reaction temperature. Assuming a decrease of water content of 0.15
in a screw extruder and an electricity demand of 50 kWh/tpw™ and a primary energy factor of
electricity of 2.5 the energetic breakeven point would be at a water content of 0.71 of the
biomass.

The heat of reaction was varied in the model between 200 and 800 J/g while the water content
of the biomass is set constant to 0.6. The results are depicted in Table 3. With increasing heat
of reaction the amount of natural gas needed decreases significantly and would be zero for
840 J/g for the heat of reaction. As less external heat is consumed for heating the biomass,
slightly more internal water is recycled. Therefore, less internal steam is available for drying
the char, resulting in a small increase of the water content.

Table 3. Results from variation of reaction heat.

reaction heat  water content char energy (GJ/h) efficiency (-)
(Jg) () natural gas (HHV) (LHV)
200 0.054 1.946 0.742 0.914
300 0.059 1.641 0.748 0.923
400 0.064 1.336 0.754 0.931
500 0.069 1.032 0.759 0.940
600 0.074 0.728 0.765 0.949
700 0.078 0.425 0.771 0.958
800 0.083 0.122 0.777 0.968

In the past it was disputed if a self sustaining heat regime was achievable for a HTC plant. As
shown above heat demand both depends on the water content of the biomass and the heat of
reaction. This means that at a certain water content the heat of reaction would have to be
above a certain value. Eq. (2) describes the cases in which the condition of a self sustaining
heat regime would be fulfilled for the configuration presented above:

h_ >245%e*™WC (2)

reac

where h___ is the heat of reaction (J/g) and WC is the water content (-).

reac
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4. Discussion & Conclusion:

It is shown that external energy consumption of a HTC plant can be significantly reduced by
addressing the most energy consuming processes of biomass preheating, char drying and
reaction gas abstraction. By recycling of hot compressed water efficient heat recovery can be
achieved. By using internal heat only, biomass can be heated to 196°C and hydrochar can be
dried to 7% water content. External primary energy is needed to further heat biomass to
reaction temperature. Electricity is consumed for mechanical dewatering of the char. The total
amount of external primary energy for the base case is 4% of the energy of the char which is
about half as much as calculated earlier®. Depending on the amount of water content and heat
of reaction it varies between 1-8%.

Efficiencies for the HHV of the presented HTC plant range from 74-78% based on lab
experiments with beech wood chips. Further studies on energetic yields of the HTC reaction
are necessary for different feedstock and reaction conditions. However, it can be assumed that
external primary energy consumption mainly depends on the plant set up and on the water
content of the biomass and the heat of reaction.

In previous publications the intensity of the heat of reaction was overestimated considerably
by theoretical considerations. Here values from calorimetric measurements are used and it is
shown that it is an important parameter for the assessment of the efficiency of a HTC plant.
Therefore additional research is necessary for a better understanding of this parameter.

Recycling of process water is favourable because the amount of waste water can be reduced
and heat can be recovered. It is shown that mechanical dewatering of biomass before the HTC
reaction can reduce primary energy consumption for wet biomass. In addition a higher
amount of recycled water may also slightly increase the energetic yield of the hydrochar
because parts of the organic substances in the water may polymerize further. For
quantification of this effect further studies are necessary which require extensive dewatering
of samples after reaction. Also by further decreasing the ratio of water to biomass the solid
yield can be increased. Both effects may increase the solid yield by a few percent.
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Abstract: The efficiency of internal combustion engines and gas turbine processes are free from Carnot
limitations as they are not performing cycle processes — the initial state of the thermodynamic system is the fuel
with air, whereas the final state is the flue gas, whose chemical composition is different than fuel and air.
Therefore, as we show here, the theoretical thermodynamic efficiencies of ideal combustion engines and gas
turbine processes can be very high, the same as it is for fuel cells. The entropy generation analysis, what we have
done for the internal combustion engines and gas turbines, shows that they suffer for relatively low efficiencies
because of the exergy losses in the combustion processes, i.e. for the reason that the combustion reaction takes
place quite far from the equilibrium state. We have studied several different combustion processes in the Exergy-
project of MIDE-program to find a method for decreasing the entropy generation in the combustion. If the
entropy generation can be reduced, by any means, then as a “reward”, we get the outlet pressure of the flue gas
higher than the inlet air pressure without using any compressor which in turn would then increase the efficiency
essentially. We present here a theoretical description of a membrane combustion method which, with the aid of
gasification, suits for bioenergy. Shortly, it can be described as a molecular scale oxygen gas compressor driven
by the combustion reaction, where the affecting force is amplified by the electric field across the membrane.

Keywords: Entropy, exergy, combustion, membrane, efficiency, combustion engine, gas turbine process

1. Introduction

In adiabatic combustion process the outlet temperature of the flue gas depends on the air
factor A and the fuel. It does not depend on the pressure as far as we consider the flue gas as
an ideal gas, because then the specific enthalpy of the species (i) depends only onits
temperature: h, = h.(T). In very high pressures near to the critical pressure, where the ideal

gas assumption is no longer valid, the pressure affects also on the specific enthalpy.

Hence, the pressure of the outflow gas does not follow from the energy balance, but it
depends on the manner how the combustion process is realized. So we need the second law of
thermodynamics to analyze this. The specific entropy of the gas species (i) depends on the

temperature T, and also on its partial pressure p, , i.e. according to the ideal gas model
s,(T,p,)=s;(T,p,)—RIn(p,/ p,), which shows that the higher the pressure p, the smaller
is the entropy S, . Here the reference pressure p,=1bar and the gas constant
R =8.314 J/molK. The entropy generation in the adiabatic combustion is

O =Znisi—2njsj >0, (1)

out in

from which we see that the higher is the outlet pressure, the smaller is the entropy generation
o, . Instead of the entropy generation we may as well speak of the exergy loss defined as

T 0y, =exergy loss, (2)
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which describes the loss of mechanical work in chemical combustion reaction, or the loss to
increase the pressure of the flue gas by the chemical reaction. Temperature T, is defined

with the aid of the real final state (B) and the ideal isentropic final state (B,) as follows [1]:
H(B,)-H(B)

0756 -s®) ®

Usually the flue gases from the combustion chambers in the gas turbine processes flow out
approximately at the same pressure as the inlet flow of the air, and we speak then about
combustion at constant pressure. In our earlier paper [2] we have shown that in the
conventional combustion with constant pressure the entropy generation is very high and the

exergy loss (T _ o, ), depending on the air factor and the fuel, is about half of the heat value
of the fuel.

In the classical form of the Guoy-Stodola, the exergy loss is defined as T, o, , where T, is
the lowest temperature of the surroundings with which the system is in thermal contact. As we
have shown in our earlier paper [2] the choice of the temperature T, for Eq.(2) does not give
the accurate value for the lost of the work and for the efficiency of combustion engines (for
Eq.(4) below), only an upper limit, and therefore, as shown in [2] we use the correct

temperature T _, instead of T,.

2. lsentropic combustion

The ideal adiabatic combustion process is such that there is no entropy generation, o, =0. In

the language of thermodynamics itis called an isentropic combustion, and it means a
combustion process which proceeds via equilibrium states. In the following we discuss how

important for the efficiency it is to keep the entropy generation o, as small as possible in
order to have a good efficiency.

2.1. Combustion engine
For the combustion engine the following general equation for the efficiency can be derived

[1]

T(—)O-irr
- 4
—[H(B,)-H(A)]

n=1

where o, 1s the generation of entropy in the whole combustion engine process and
—[H(B,)—-H(A)] is the heat value of the isentropic combustion process from A to B,
which is defined so that S(A) = S(B,). In the denominator of Eq.(4) there is the enthalpy
difference —[H(B,)—-H(A)] because our system is a closed system which makes
transformation process in the engine during 720° degrees of rotation of the crank shaft. The

entropy generation o, (J/K) means correspondingly the entropy generation during 720°

degrees of rotation.
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We studied [1] the exergy losses of the diesel engine process, shown in Fig.1, and we found
that 79% of all exergy losses took place between the combustion process steps 4-5-6-7. The
whole efficiency of the diesel engine was 47.5%. Therefore, if we could eliminate the exergy
losses of combustion, then the exergy losses left were 21% x 52.5% = 11% and the efficiency
of the diesel engine would be 7 =89%. It can be so high as the theoretical efficiency can be

even one as we see from Eq.(4). The reason for that is that the efficiency is not limited by
Carnot formulae because the process is not a cycle process. The efficiency is under the same
type of limitations as fuel cells, but for the combustion engine the reference process is an ideal
reversible adiabatic process whereas for the fuel cells it is an ideal reversible isothermal
process. Therefore, the maximum work out here is — AH (S = const), whereas for the fuel cell

itis — AG(T = const, p = const).

How would then the ideal process without any exergy losses in the combustion steps look like
compared to Figure 1a? First of all, the engine would be then a two stroke engine, but without
having any dead volume. Suppose first that the piston is at left (with volume=0) and the hot
flue gas starts to fill the cylinder by pushing the piston to the right in Fig.1b by constant
pressure (say at 230 bar as in Fig.1a) from the point 4* to the point 5*. At that point the inlet
valve is closed and the isentropic expansion process starts, during which the pressure and the
temperature become lower. The length of the piston stroke is such that the point 9* is reached.
After that the outlet valve is opened and the flue gas is flowing out to the turbocharger at
constant pressure (3 bar in Figs.la and 1b). All the flue gas is pushed off at constant pressure
to the zero dead volume and then the process is repeated by filling the cylinder again by hot
flue gas with a high pressure. The turbine unit of the turbocharger is rotating the shaft of the
compressor which is feeding air into the special external membrane combustion chamber.
That external membrane combustion chamber is assumed to produce the flue gas out at high
pressure without any remarkable additional work (only the compression work for fuel
feeding) and theoretically with zero entropy generation.

The efficiency of this type of a combustion engine shown Fig.1b is much higher than the
engine in Fig.1a because the compression work (3-4 in Fig.1a) is not needed and because the
expansion (point 8) continues down to 3 bar whereas it stops now (Fig.1la) at 12 bar, which
means that more expansion work can be taken out to the crank shaft by the process.
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Fig. 1a. Turbocharged diesel engine process. Combustion takes place between 4-5-6-7.
1b. Turbocharged external membrane combustion engine. Combustion only between 2*-4*.

2.2. Gas turbine process

Also for the gas turbine processes the exergy losses in the combustion chamber are of crucial
importance. In a methane gas driven power plant in Finland the gas turbine gives out 94 MW
of shaft power with the flue gas inlet at 1100 °C and pressure 11 bar (abs). The compressor
driven by the gas turbine takes 54MW which means that the shaft power delivered to the
generator is 94 MW — 54 MW = 40 MW. By reducing sufficiently the entropy generation in
the combustion unit the outlet pressure of 11 bar could be achieved without using the
compressor at all, and thus the whole turbine power could be transferred to the generator
which of course, would increase the efficiency essentially. The principal power process based
on the use of the theoretical isentropic combustion chamber is shown in Fig.2.

Fig. 2. Illustration of an ideal theoretical gas turbine process where the combustion takes place
isentropically [1].

Figure 2 shows the theoretical limits for the gas turbine process if the entropy generation is
zero in the combustion chamber and also in the turbine. If o, =0in the combustion

chamber, then as shown in Fig.2, the outlet pressure will be as high as p_, = 746 bar. This is,

of course just a theoretical number, but it shows that there is a great potential to improve the
conventional combustion process. For instance, to achieve pressure ratio p,, / p;, =11 in the
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combustion chamber with carbon as fuel and with A=1, we need to decrease entropy
generation from o, =366 J/molK only to o, =270 J/molK. In the following we will

shortly discuss how we could do this by a membrane combustion.

3. Principle of semipermeable membrane combustion

Ceramic membranes made of yttria-stabilized zirconia (in Fig.3: ZrO,/Y»03) has the property
that in sufficient high temperatures (800-1000 °C) they start to conduct oxygen ions (O*). The
ionic conductivity depends on the amount of yttria in the structure. Approximately half of the
amount of yttria atoms in the crystalline structure can offer vacancies to be occupied by
“hopping” oxygen ions. These materials are well known from Solid Oxide Fuel Cells and
from lamda-sensors used in cars for measuring the oxygen concentration in flue gases.

As shown in Fig.3, the oxygen gas is consumed on the surface of the combustion side and
therefore, the partial pressure of oxygen gas becomes there lower than on the surface of the
airside. Because of the ionic form of oxygen, the difference of partial pressures generates a
potential difference, which can be estimated by Nernst equation (see Fig.3). The electric field
performed by the potential difference is the driving force for the oxygen transport through the
membrane. Depending on the concentration of oxygen ions, the electric volumetric force field
(ion charge density x electric field, N/m®) can be amplified to several magnitudes higher than
the partial pressure gradient of oxygen gas.

Fig. 3. Semipermeable oxygen gas membrane. Electric potential difference across the membrane is
illustrated by assuming that the partial pressures of oxygen are 0.21 bar (on the air side) and 0.1 bar
(on the flue gas side). The total pressure of the flue gas p(B) is kept higher than the total pressure of
air p(A) by adjusting the outlet flow of flue gas accordingly.
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Recently, it has been studied the ionic and electronic charge transport for single crystals of
yttria-stabilized zirconia with additional nitrogen doping, e.g. [3] and [4]. At temperatures
above 850 °C, even in the presence of a very small oxygen concentration in the surrounding
gas phase, the nitrogen ion dopant becomes highly mobile, and thus diffuses to the surface
where it is oxidized to gaseous N,(g). The technical motivation for that study [3] has been to
achieve sufficient nitrogen ion conductivity for the development of a nitrogen sensor or
nitrogen pumps. In the membrane combustion the driving force for the nitrogen transportation
comes also from the electric field generated by the oxidation of the fuel. The flow of nitrogen
gas lowers the temperature of the membrane, which merely by oxygen combustion would be
too high. A construction using nitrogen and oxygen gas semipermeable membranes is shown
in Fig.4.

Fig. 4. Hollow ceramic fibers used in the membrane combustion. Fuel (here the methane gas) is fed in
the fibers and air outside of the fibers.

4. Discussion

We have discussed here that the entropy generation in the combustion processes is the crucial
point that reduces the efficiencies of combustion engines and gas turbine processes. We have
presented here an illustration of a membrane combustion method which, with the aid
gasification is quite suitable for bioenergy, and which can reduce the entropy generation by
pressurizing the combustion chamber without using any external work. Shortly, it can be
described as a molecular scale gas compressor driven by the combustion reaction, where the
affecting force is amplified by the electric field across the membrane.
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Abstract: The objective of this work was to study bio-oil production from sugar cane trash by a pyrolysis
process in fluidized bed reactor. The experiments were carried out at different temperatures ranging from 460 —
540 °C and at different medium gas flow rates between 120 -160 cc.s™. Two different gases, Nitrogen (N,) and
air, were used as the fluidizing medium in order to study the effect of a different medium on the yield and
properties of the bio-oil. The experimental result showed that the maximum bio-oil yields of 46.2 wt% and 31.95
Wt% were obtained at 500 °C and 160 cc.s™ for air and Nitrogen medium, respectively. The bio-oil yield
obtained when using air as a medium was higher than that when using Nitrogen medium. This was a result of the
higher quantity of water content in the air. The properties of bio-oil were determined and the result showed that
its heating value, dynamic viscosity, density, water content, and pH were 15.48 MJ.kg™, 2.31 ¢St 1,019 kg.m™®,
52 wt% and 3, respectively. By dehydration of the obtained bio-oil, the heating value, viscosity and density were
increased to 19.81 MJ.kg™, 57.66 cSt and 1,260 kg.m™, respectively. These results show that the bio-oil can be
used as a fuel oil for combustion in a boiler or a furnace without any modification. Furthermore, the energy
consumption of the pyrolysis process was analyzed.

Keywords: Sugar cane trash, Bio-oil, Pyrolysis, Fluidized bed reactor.

1. Introduction

Biomass is widely considered as a major potential for renewable energy in the future.
Residual biomass and renewable materials can be converted by a pyrolysis process to a
combustible liquid usually termed as bio-oil. Bio-oil is renewable and biodegradable and has
some advantages in transport, storage, combustion, retrofitting and flexibility in production
and marketing. The bio-oil can be used in engines, turbines and furnaces for power
generation. The bio-oil obtained from agricultural residuals is a form of renewable energy. In
principle, utilizing this energy, in contrast to fossil fuels, does not add carbon dioxide, a
greenhouse gas, to the atmospheric environment. Therefore, bio-oil can be recognized as a
potential source of renewable energy based on the benefits of both energy recovery and
environmental protection. Due to the lower contents of sulfur and nitrogen in agricultural
residuals, its energy utilization also creates less environmental pollution than fossil fuel
combustion.

Sugar cane trash from agricultural residues is abundant in Thailand which has an annual
production of more than 10 million-tons [1]. Traditional methods such as composting and
incineration are not suitable to process these organic solid wastes, as they contain small
concentrations of N, for composting and smoke would be released to pollute the environment
during incineration. Therefore, a practical method would be to pyrolyze cane trash to provide
bio-oil. Currently, the potential of pyrolysis conditions for bio-oil production have been
investigated. Asadullah et al. [2] has studied the pyrolysis of jute stick for bio-oil production
in a continuous feeding fluidized bed reactor. The experimental results showed that the
maximum yield of bio-oil was 66.7 wt% at 500 °C. Ji-lu et al. [3] pyrolyzed cotton stalk in a
fluidized bed using nitrogen as the carrier gas to fluidize the cotton stalk with sand. From the
experiment, the yield of bio-oil first increased and then decreased as a function of the
combustion temperature and the maximum vyield of bio-oil was 55 wt% obtained at 510 °C.
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Furthermore, bio-oil production from many kinds of biomass, such as China Fir, Manchurian
ash, Padauk wood, rice straw and rice husk has been performed in a fluidized bed reactor by
fast pyrolysis [4-5]. The experimental results showed that the yield of bio-oil varied with
combustion temperature, heating rate and volumetric flow-rate of nitrogen gas. Besides, using
a fluidized bed reactor for bio-oil production, a fixed bed reactor and an induction-heating
reactor have also been investigated [6-8]. From the experiment, it was found that the
temperatures, nitrogen flow rates, heating rates and particle sizes play the roles of important
parameters for the yield of bio-oil production.

However, at present, there has not been comprehensive research about the bio-oil production
from sugar cane trash. The fast pyrolysis of cane trash in a fluidized bed reactor under
different conditions was performed in order to know the suitable conditions of the parameters
to produce the maximum bio-oil production and to determine the properties of bio-oil
obtained. The effects of combustion temperature, flow rate of carrier gas and type of
fluidizing medium were investigated. Furthermore, the energy consumption for bio-oil
production was also analyzed.

2. Experimental material, device, method and procedure

2.1. Experimental material

The experimental materials include cane trash, sand, air and nitrogen (N,). The physical
properties of the cane trash and sand, such as density, porosity and diameter, are listed in
Table 1. The proximate analysis and ultimate analysis of the cane trash are listed in Table 2
and Table 3, respectively. The sugar cane trash had dimensions of 1 x 3 mm and 5.94 wt% of
moisture content in feedstock. Sand was used as the thermal carrier to transfer heat quickly
from the hot N, (or air) to the cane trash. N, (or air) was used as the carrier gas to fluidize the
cane trash with sand in the fluidized bed reactor.

Table 1. Physical properties of experimental material.

Physical properties Cane trash Sand
Density (kg.m™) 347.61 3,793.27
Porosity (%) 50.72 41.31
Diameter (mm) 1-3 0.332

Table 2. Proximate analysis of sugar cane trash.

Properties Value
Fixed carbon (wt%) 21.26
Volatile matter (wt%) 70.86
Moisture content (wt%) 4.55
Ash (wt%) 3.33
Heating Value (MJ.kg™) 18.3

Table 3. Ultimate analysis of sugar cane trash.

Properties

Value (Wt%)

nozZzIOo

51.21
5.16
1.93

40.33
1.37

“ Sulfur calculated by difference.
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2.2. Experimental set-up

As shown in Fig. 1, the experimental device consisted mainly of a hopper, two cyclones and a
condenser as well as seven thermocouples. The hopper was used to contain feedstock such as
cane trash. The two screw feeders had the same configuration and size; the first one was used
to control the feeding rate and the second one operated at a relatively high speed to prevent
jamming the feeding system. The fluidized bed reactor operated at atmospheric pressure using
N, (or air) as the fluidizing medium gas. The reactor had a height of 1.54 meter and a
diameter of 10 cm in which the cane trash was rapidly heated for pyrolysis. The 6,000 W
electric heater was able to pre-heat the N, (or air) to a temperature range of 500 °C - 620 °C
before entering the fluidized bed reactor. The two cyclones were used to separate solid
particles, such as charcoal and ash, from the hot gas. The condenser was equipped with
copper pipes and a cooling tank. The condenser was able to quickly cool the cleaned hot gas
into a liquid. Thermocouples were used to monitor and control the pyrolysis system. The
locations of all measurement sensors, including the seven thermocouples are shown in Fig. 1.
The specification of the thermocouples is K Type, made from an alloy of chromel - alumel,
measurement range from -200 °C to 1,372 °C with measurement accuracy of the
thermocouples of +2 °C. The Fuzzy+PID logic was used in the temperature control system.

Fig. 1. The experimental set-up.

2.3. Experimental method

The experiment device was originally set up at Khon Kaen University in 2010 and presently
scaled up to a cane trash feeding rates of 10 kg.h™. The cane trash powder had dimensions
between 1 — 3 mm and was fed continuously into the reactor. The pyrolysis experiments using
cane trash were performed at flow-rates of 120 cc.s*,160 cc.s® and 200 cc.s™ while the
temperature was ranged from 460 °C — 540 °C under N, atmosphere., The pyrolysis
experiments using cane trash were also performed in a different medium gas at a flow-rate of
160 cc.s™ while the temperature was ranged from 460 °C — 530 °C under air static atmosphere.
The yield of the bio-oil was heavily impacted by the rate of cooling in condenser. The cooling
must be quick; otherwise, some condensable gas will be converted into non-condensable gas
(NCG) [5]. Thus, in our experiment, the heat exchanger was operated in cool water and ice
with a condensation temperature of - 4 °C.

Besides bio-oil, two byproducts, namely charcoal and NCG, can also be obtained when cane
trash is pyrolyzed. The yield of the bio-oil can be determined from the condensed liquid and
the feedstock used. The yield of the charcoal can be calculated by dividing the ash contents in
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the feedstock with that in the charcoal. The yield of NCG can be determined from the fact that
the sum of the three product yields should equal 100%.

2.4. Experimental procedure

1. Turn on the electric heater and turn on the 1% motor of the feeder to prevent
jamming the feeding system.
2. Transport N, into the pyrolysis system with a flow rate of 120 cc.s™.
3. When the temdperature of the fluidized bed reactor reaches the expected temperature,
turn on the 2" motor of the feeder to transportl kg of cane trash into the fluidized
bed reactor. The expected temperature was varied from 460 — 540 °C.
. After 45 minutes, stop transporting cane trash into the fluidized bed reactor.
. Turn off the electric heater and the water circulating pump.
. Then, stop transporting N into the pyrolysis system.
. Collect the bio-oil and charcoal for the experiment.
. Perform the experimental steps (1)-(7) again by varying the flow rate of N, from 120
cc.s™ to 160 cc.s™ and 200 cc.s™?, respectively.
9. Perform the experimental steps (1)-(8) again by changing the fluidizing medium from

o NO O~

N, to air.
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Fig. 2. Relationship between pyrolysis temperature and product yields for N, medium
at flow-rate of 160 cc.s™ and temperature between 460 °C — 540 °C.

3. Results and discussions

3.1. Effect of temperature on the product distribution

Our preliminary experiments show that a N, temperature below 460 °C is not sufficient for
pyrolysis, as some cane trash was found in the charcoal and ash. In contrast, N, temperatures
above 540 °C are too high, as the yield of bio-oil is quickly reduced. Therefore, for these
particular materials, the optimum temperature for pyrolysis seems to be within the range of
460 °C — 540 °C. The relationship between the yields of the three products and the pyrolysis
temperature at 160 cc.s™ of N, volumetric flow rate is shown in Fig. 2.

From Fig. 2, it can be found that: (1) bio-oil yields first increase and then decrease with an
increasing in N, temperature and the highest yield for cane trash is 31.95 wt% at 500 °C, (2)
NCG vyields always increase with an increase in N, temperature and (3) charcoal yields
always decrease with an increase in N, temperature. The influence of pyrolysis temperature is
the same as the results of Z. Ji-lu et al. [3], S. Wang et al. [4] and Z. Ji-lu. [5], but the
maximum yield of the bio-oil in their experiments is not equal to our experimental results.

143



World Renewable Energy Congress 2011 — Sweden Bioenergy Technology (BE)
8-13 May 2011, Linképing, Sweden

The influence of pyrolysis temperature and the yield of the three products in air medium are
shown in Fig. 3. It can be found that: the highest bio-oil yield of 46.2 wt% was obtained at an
air temperature of 500 °C and a volumetric air flow rate of 160 cc.s™. The function of the air
temperature to the product yields is similar to the function of N, temperature. The result
showed that the yield of bio-oil from air medium was higher than the yield of bio-oil from N,
medium. This is caused by the higher water content in the air.
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Fig. 3. Relationship between pyrolysis temperature and product yields for air medium
at flow-rate of 160 cc.s™ and temperature between 460 °C — 530 °C.

3.2. Effect of flow rate on product distribution.

It is known that sweeping the reactor with N, could increase the oil yield because sweeping
the environment shortens the residence time of volatiles and reduces their chances of being
involved in char and radical forming secondary reactions [6]. Fig. 4 shows the effect of the
flow rate of N, on the production yield from cane trash pyrolysis. at a temperature of 500 °C.
The relationship between the N, flow-rate and the production yield shows that: (1) bio-oil
yields first increase and then decrease with an increase in flow-rate and the highest yield for
cane trash is 31.95 wt% at 160 cc.s, (2) NGC vyields always decrease with an increase in
flow-rate and (3) charcoal yields always increase with the increase in flow-rate. This
influence of the N, flow-rate is the same as the experimental result of M. F. Parihar et al. [6].

The decrease in bio-oil yields when flow-rate is increased may be due to the very short
residence time of the vapors in the condenser and vapors unable to condense due to higher
percentage of NGC. Furthermore, the increase in char yields when the flow-rate is increased
may be due to un-burned cane trash in the reactor.

3.3. Effect of fluidizing medium gas on the products distribution.

Pyrolysis is a thermal decomposition occurring in the absence or less than 30% theory of air
[9]. Bio-oil has a water content as high as 15 - 45 wt% derived from the original moisture in
the feedstock and produced by the dehydration of air during the pyrolysis reaction and during
storage. The presence of water lowers the heating value and the flame temperature, but on the
other hand, water reduces the viscosity and enhances the fluidity, which is good for the
atomization and combustion of bio-oil in the engine. Furthermore, the presence of oxygen
creates the primary issue for the differences between bio-oils and hydrocarbon fuels. The high
oxygen content leads to an energy density lower than that of conventional fuel by 50% and
also an immiscibility with hydrocarbon fuels. In addition, the strong acidity of bio-oils makes
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them extremely unstable. Therefore, the use of air as the fluidizing medium has an effect on
the yield and properties of the bio-oil.

From the bio-oil production experiment using a different fluidizing medium, either air or Ny,
the result showed that using air medium can produce a higher yield of bio-oil than that with
N, medium, about 9.25 %wt at pyrolysis temperature of 500 °C and a flow rate of 160 cc.s™.
In addition, the bio-oil production from air medium had a high moisture content of 81.11 %wt
while the bio-oil production from N, medium had a moisture content of 52.14 %wt. This
result revealed that the air medium has a higher water content which has the advantage of
reducing the viscosity of the bio-oil, but also the disadvantage of causing a lower heating value.
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Fig. 4. Effect of flow rate on product yields from cane trash pyrolysis at temperature of
500 °C and varying flow-rate of 120 cc.s™,160 cc.s™ and 200 cc.s™

3.4. Properties of the bio-oil.

The main properties of the bio-oil from cane trash are shown in Table 4. The low heating
value (LHV) of bio-oil production from N, medium is higher than that from air medium
because the air has a higher quantity of water content. Furthermore, the density, viscosity and
pH of bio-oil production from N, medium and air medium are very comparable. To increase
the heating value of the bio-oil, the water content in the bio-oil was dehydrated. The
properties of the bio-oil after dehydration are shown in Table 5. The heating value, density
and viscosity were increased while the pH was decreased for both N, and air medium.

Table 4. Main properties of bio-oil from cane trash.

Physical properties Nitrogen medium Air medium
Heating value (MJ.kg™) 15.48 1.36
Density (kg.m™) 1019.20 1010.12
Water content (wt%) 52.14 81.11
Viscosity (cSt) at 40 °C 2.31 Similar to water
pH 3 3
Table 5. Main properties of bio-oil after dehydration.

Physical properties Nitrogen medium Air medium
Heating value (MJ.kg™) 19.81 16.55
Density (kg.m™) 1260 1230
Viscosity (cSt) at 40 °C 57.66 -
pH 2 2
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3.5. The energy consumption of the pyrolysis process.

The energy consumption of the bio-oil production using both N, and air as a medium was
analyzed, and the results are shown in Table 6. The energy consumption was divided into two
time periods which are during the pre-heating process and during the combustion process.
During the pre-heating process, the reactor and fluidizing medium were heated by using a 6
KW heater and the fluidizing medium was transported by using an 15 hp air compressor.
During the combustion process, the additional energy consumption was obtained from the use
of two 120 W screw feeders for transporting the cane trash. To determine the energy
consumption, the electric power was measured by watt meter and the working time of the
process was recorded. The electric energy consumption (MJ.kg'lSugarcane trash) Was calculated
by multiplication of the electric power (kW) by the number of working hours (h). From the
calculation, the energy consumption of the bio-oil production was 131.14 MJ.kg'lSugarcane trash
and 143.52 MJ.kg'lsugarcalne wrash for N2 and air medium, respectively. The energy consumption
when using N, medium was less than that when using air medium because the air compressor
was not used when using N, as a medium. It was noted that the total energy consumption of
bio-oil production from N, medium was 12.38 MJ.kg'lSugarcane trash 1€Ss than that when using
air medium.

Table 6. The energy consumption of the pyrolysis process.

Energy consumption (MJ.kg'lsugJarcane trash) N, medium  Air medium

Electric energy from heater during pre-heating process 64.15 64.15
Electric energy from feeder during pre-heating process 0.97 0.97

Electric energy from air compressor during pre-heating process 55.58 55.58
Electric energy from heater during combustion process 10.15 10.15
Electric energy from feeder during combustion process 0.29 0.29

Electric energy from air compressor during combustion process - 12.38
Total energy 131.14 143.52

4. Conclusion

Bio-oil production from sugar cane trash by a pyrolysis process was conducted in a fluidized
bed reactor. The effects of the pyrolysis temperature, flow rate, different fluidizing medium
on the yield of bio-oil production were investigated. The properties of the bio-oil and the
energy consumption were also studied. The experiments were performed by varying the
temperature from 460 °C — 540 °C and at flow rates of 120 cc.s™, 160 cc.s* and 200 cc.s™
under air and N, atmosphere. From the experiment, sugar cane trash can be pyrolyzed into
bio-oil. The experimental result showed that the maximum yields of bio-oil were 46.2 wt%
and 31.95 wt% obtained at 500 °C and 160 cc.s*for air and N, medium, respectively. The bio-
oil yield obtained from using air as a medium was higher than that when using N, as a
medium because of the presence of water content in the air. The result also revealed that the
yield of bio-oil varied with the combustion temperature and volumetric flow-rate of the
fluidizing medium.

The properties of the obtained bio-oil were determined. It was found that the heating value of
bio-oil using N, medium was higher than that using air medium because air had a higher
water content. Furthermore, the density and pH of the bio-oil production from both N, and air
medium are very comparable. The heating value, viscosity and density of the bio-oil obtained
from both N, and air medium, were increased by dehydration. The energy consumption of
the bio-oil production was 131.14 MJ.Kg™ cane trash and 143.52 MJ.Kg™ cane trasn for N2 and air
medium, respectively. This was indicated that the energy consumption for bio-oil production
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was more than the energy obtained from the bio-oil. Considering the equipment that
consumed the energy, it was found that the electric heater and air compressor consumed the
most energy with 83.43 - 91.12% of the total energy consumption. However, the energy
consumption can be reduced by using 2 hp of high pressure blower instead of the 15 hp of air
compressor and adding heat recovery system to heat the medium gas before entering to the
reactor. According to the energy saving measure, the energy cost will be lower and
worthwhile for investment. From the above results, the obtained bio-oil can be used as a fuel
oil for combustion in a boiler or a furnace without any modification.
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Abstract: This paper reports a comparative study of burning Thai rice husk, sunflower shells and fine
rubberwood sawdust as well as co-firing of the sawdust and shredded eucalyptus bark in the swirling fluidized-
bed combustor (SFBC). All experiments for firing individual fuels were performed for the combustor heat input
of ~300 kWy,. However, in the co-firing tests, the fuel mixture was delivered at a fixed feedrate, while ranging
mass fraction of the blended fuels. For each fuel option, excess air was varied from 20% to 80%, while a flowrate
of secondary air was constant. Temperature and gas concentrations (O,, CO and NO) were measured in axial
directions in the reactor, as well as at stack. Axial profiles of these variables were compared between the fuel
options for selected operating conditions. The axial temperature profiles were weakly dependent on operating
conditions, whereas the axial gas concentration profiles were apparently affected by fuel properties, excess air
and secondary air injection. The behavior of CO and NO indicated the occurrence of three (or four) specific
regions along the combustor height. As revealed by the experimental results, CO and NO emissions from the
combustor can be controlled meeting the national emission standard, via maintaining excess air at ~55%, for all
the fuel options. At this excess air, high, 99.1-99.9%, combustion efficiency is achievable when burning these
fuels in the SFBC. However, the best combustion and emission performance for the co-firing of rubberwood
sawdust and eucalyptus bark can be ensured at 85% sawdust contribution to the combustor heat input.

Keywords: Biomass Residues, Swirling Fluidized-Bed Combustor, Emissions, Combustion Efficiency

1. Introduction

Biomass is an important source of energy in Thailand. Some agricultural and forest-related
residues collected on a large scale (such as rice husk, sugar cane bagasse, wood sawdust and
chips) are widely used in this country as biomass fuels for heat and power generation.
However, the domestic agricultural and industrial sectors generate a variety of residues and/or
byproducts potentially considered as fuels due to their excellent combustion properties.

The fluidized bed-combustion technology is proven to be effective for conversion of energy
from biomass. A large number of studies have been devoted to bubbling, vortexing and
circulating fluidized-bed combustion systems firing conventional biomass fuels [1-4]. Some
authors pointed out difficulties in achieving high combustion efficiency when firing high-ash
biomass fuels [1,2], while the others highlighted ash-related operational problems caused by
alkali-based compounds in biomass ashes [1,5]. These studies revealed that the combustion of
most conventional biomass fuels is accompanied by substantial gaseous emissions [1-4].

During the past decade, a growing attention has been paid to the feasibility of effective
utilization of various unconventional biomass fuels (from fibrous fuels to fruit stones and
shells), basically, through their burning in bubbling and circulating fluidized-bed combustion
systems. As shown in relevant pioneering works, combustion efficiency of these systems
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firing unconventional fuels is comparatively low and strongly affected by fuel properties,
whereas gaseous emissions can be controlled at levels typical for conventional fuels [6-8].

Due to some specific hydrodynamic features, an innovative swirling fluidized-bed combustor
(SFBC) with a cone-shaped bed seems to be a promising multi-fuel combustion technique for
effective firing of various biomass fuels with significantly different fuel properties and
characteristics. A swirling gas—solid fluidized bed is reported to ensure the flexibility in fuel
particle size and shape, and, also, prevent the growth of large bubbles in the bed [9].

This work was aimed at comparing the combustion and emission performance of the SFBC
between different fuel options: (1) individual burning of Thai rice husk, sunflower shells and
fine rubberwood sawdust, and (2) co-firing of the sawdust and eucalyptus bark. Effects of fuel
properties and operating conditions on major (CO and NO) emissions, as well as on
combustion efficiency of the SFBC, were the main focus of this study.

2. Materials and Methods

2.1. Experimental set-up

Fig. 1 depicts the schematic diagram of an experimental set-up with the SFBC. The combustor
consisted of six refractory-lined steel modules: a conical section with a 40° cone angle and an
inner diameter of d, = 0.25 m at the bottom plane, and five cylindrical sections of 0.5 m
height and 0.9 m inner diameter. Quartz sand of 0.5—0.6 mm particle size and 30 cm static bed
height was used as the inert bed material to ensure stable swirling fluidized-bed regime [9].

An annular spiral air distributor arranged at the bottom of the conical section was used as the
swirler of the bed. A 25-horsepower blower delivered primary air to the combustor. For firing

Fig. 1. Schematic diagram of the experimental set-up with the swirling fluidized-bed combustor.
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rice husk and sunflower shells, the air distributor was made up of 11 straight steel vanes, each
vane being with a length of L = 0.09 m and a swirl angle of = 76° (or 14° to the horizontal).
However, for the (co-)firing tests with rubberwood sawdust, the SFBC was equipped with a
22-vane air distributor assembled from the straight steel vanes with L = 0.085 m and g = 79°.
The swirl number of both axial-flow swirlers used in this study was estimated by Ref. [10]:

_2[1-(d, /d,)’
3= 3{1—(dh/d0)2}anﬁ @)

where dy, is the hub diameter of the swirler: d,, = d, — 2L.

A diesel-fired burner (model “Press G24” from Riello Burners Co.) was used to preheat sand
during the combustor start-up. This start-up burner was fixed at a 0.5 m level above the air
distributor and inclined at a —30° angle to the horizon. When the bed temperature attained
~700 °C, a diesel pump of the burner was turned off, and the combustor load was sustained by
feeding biomass fuel. A screw-type feeder delivered the fuel over the bed at a 0.6 m level
above the air distributor. During the combustion tests, the burner fan remained to operate
injecting secondary air tangentially into the bed splash zone at a constant flowrate of Qp, =
0.024 Nm?/s required to protect the burner head against overheating and impacts from solids.

A “Testo-350XL" gas analyzer was used to measure temperature and gas concentrations (O,
CO and NO) along the axial direction (Z) in the reactor space, as well as at the cyclone exit.

2.2. The fuels

Table 1 shows the ultimate and proximate analyses as well as lower heating value (LHV) of
rice husk, sunflower shells, rubberwood sawdust and eucalyptus bark used in this study.
Except eucalyptus bark with its high moisture content (W), the biomass residues were, in
effect, high-volatile (VM), low-S fuels. Meanwhile, rice husk included an elevated proportion
of fuel ash (A) affecting LHV and fuel devolatilization rate. The average dimensions of rice
husk particles were (on average) 2 mm wide, 0.5 mm thick and 10 mm long. On the contrary,
sunflower shells were characterized by rather low fuel-ash but medium fuel-N contents, and
individual particles of this biomass fuel were a width of 6 mm, a thickness of 0.7 mm, and a
length of 10 mm (on average). The main features of rubberwood sawdust were elevated fuel-N
but rather low fuel-ash, as well as small particle size (of ~200 um dominant size). Eucalyptus
bark had significant fuel moisture but rather low contents of fixed carbon (FC), fuel-N, fuel-S
and fuel-ash. Note that the large size and hard structure of eucalyptus bark particles caused
significant problems with fuel feeding when using the above screw-type feeder. It was
therefore decided to burn the bark as shredded fuel co-fired with fine rubberwood sawdust.

Table 1. Properties of biomass fuels used in the combustion tests

Ultimate analysis Proximate analysis

Biomass fuel (wt.%, as-received basis) (wt.%, as-received basis)
LHV
C H 0] N S W A VM FC (ki/kg)
Rice husk 405 41 287 03 0.03 84 180 58.0 15.6 14,620
Sunflower shells 522 56 29.7 0.6 0.10 9.1 27 656 226 17,150
Rubberwood sawdust 46.7 57 335 18 0.04 6.6 57 615 262 17,070
Eucalyptus bark 258 29 192 0.2 0.02 475 44 415 6.6 8320
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2.3. Experimental planning

Two test series were carried out on the conical SFBC: (1) for firing rice husk and sunflower
shells using an 11-vane swirler, and (2) for firing rubberwood sawdust, and also its co-firing
with eucalyptus bark using a 22-vane swirler. In the first test series, to ensure similar heat
inputs to the combustor (~300 kWy,), the fuel feedrate was different: 80 kg/h for firing rice
husk, and 60 kg/h for firing sunflower shells. For these two fuel options, axial temperature and
gas concentration profiles were compared between two values of excess air (EA): 40% and 80%.
However, in the second test series, when a priority was given to the effects of fuel properties,
the axial profiles were compared between the energy fractions of the sawdust in the fuel blend
(EFsq), while maintaining the fuel feedrate and excess air to be constant: 60 kg/h and 40%,
respectively. The trials of the second test series were therefore performed for three sawdust energy
fractions: EFsg = 1 (firing pure sawdust at heat input of ~300 kW), EFsq = 0.85 and EF¢4 = 0.75.

For all the fuel options, CO and NO emissions and combustion efficiency of the SFBC were
quantified for four values of EA: 20%, 40%, 60% and 80%. For each test run, excess air and
heat losses (due to unburned carbon and incomplete combustion) were predicted together with
combustion efficiency by Ref. [10]. The unburned carbon content in fly ash was determined
by laboratory analysis with the aim to estimate associated heat loss (when it was sensible).

3. Results and Discussion

3.1. Axial temperature and gas concentration profiles in the SFBC

Fig. 2 shows the axial temperature as well as O,, CO and NO concentration profiles in the
SFBC firing rice husk and sunflower shells for two EA values: ~ 40% and ~80%. The
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Fig. 2. Effects of excess air on the axial temperature as well as O,, CO and NO concentration profiles
in the conical SFBC firing rice husk (RH) and sunflower shells (SS) at similar heat inputs of ~300 kW,
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temperature profiles were rather uniform, indicating the highly intensive heat-and-mass
transfer in the reactor. For both fuels fired at similar EA, the temperatures at different points
in the reactor were nearly the same due to similar heat inputs. An increase in EA resulted in
some reduction of temperature at any given point, mainly, because of the air dilution effects.
However, the axial gas concentration profiles in Fig. 2 exhibit strong effects of fuel properties
and secondary air injection as well as the noticeable influence of excess air. In the dense bed
region (0 <Z < 0.5 m), the rate of O, consumption for firing sunflower shells was significantly
greater than that for rice husk, mainly, due to the coarser particles, higher VM and lower ash
content in sunflower shells. In the next region (up to Z =1 m), O, increased along the reactor
centerline due to the injection of secondary air. In the combustor freeboard (Z > 1 m), O,
gradually diminished along the centerline showing an apparent influence of excess air.

Like O, the CO behavior along the combustor height was quite different in various regions.
When firing high-ash rice husk, CO formation in the dense bed occurred at a moderate rate,
since some amounts of fuel-C and VM retained in the chars were carried over from this
region. However, for firing sunflower shells with higher VM and substantially lower fuel-ash
contents, CO formed in the dense bed at a quite significant rate, resulting in higher CO at all
points along the reactor axis. In the upper region, up to Z = 1 m, CO was characterized by a
significant negative gradient along the axial distance caused by the secondary air injection.
When burning rice husk, due to the carryover of char-C and VM, CO exhibited a substantial
axial increase in the region of 1.0 m < Z < 1.8 m due to oxidation of combustibles, followed
by rapid decomposition of CO at the reactor top. However, CO was much lower at all
locations in the freeboard when firing sunflower shells for the range of EA (see Fig. 2).

The axial NO concentration profiles in the combustor were found to exhibit four regions. At
the combustor bottom, the rate of NO formation from nitrogenous volatile species (mainly,
NH3 [1]) prevailed the rate of NO decomposition. At Z ~ 0.8 m, NO attained the maximum,
which was quite different for rice husk and sunflower shells, and affected by EA. Due to
higher fuel-N, the NO maximum for firing sunflower shells was substantially greater than that
for burning rice husk at similar EA. At 0.8 m < Z < 1 m, due to (i) catalytic reduction of NO
by CO and (ii) reactions of NO with NH3 and CxH, [1], NO exhibited some reduction in the
axial direction. In the freeboard, the rates of NO formation and decomposition were quite low.
For firing rice husk, these rates were nearly the same, resulting in rather stable values of NO
along the centerline. However, for burning sunflower shells, the NO decomposition rate at the
combustor top was greater than that of NO formation, which led to diminishing of NO along
the combustor height. Effects of EA on the behavior of NO in the axial direction were rather
weak for firing rice husk; however, the effects were substantial for burning sunflower shells.

Attempts to burn fine rubberwood sawdust in this combustor with the 11-vane air distributor,
characterized by a swirl number of S = 2.9 (as estimated by Eq. (1)), failed in preliminary
tests because of the dramatic carryover of light fuel/char particles from the combustor into the
cyclone. To increase the residence time of the sawdust char particles in the reactor space, the
SFBC was equipped with the 22-vane air distributor with a greater swirl number, S = 3.6.

Fig. 3 depicts the axial temperature as well as O,, CO and NO concentration profiles in the
SFBC for (co-)firing fine rubberwood sawdust and eucalyptus bark at different energy fractions
of sawdust in the fuel blend at similar EA (of ~40%). Despite the substantial difference in S, the
profiles in Fig. 3 exhibit the behaviors and trends similar to those of respective dependencies in
Fig. 2. Thus, the axial temperatures for firing sawdust seen to be nearly the same as those for
firing rice husk and sunflower shells, and this fact can be explained by similar heat inputs to the
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Fig. 3. Effects of the sawdust energy fraction in the fuel mixture on the axial temperature as well as
0,, CO and NO concentration profiles in the conical SFBC firing fine rubberwood sawdust (SD) or
co-firina its mixture with eucalvotus bark (SD + EB) at similar excess air value of ~40%.

combustor. However, for the co-firing tests at EFsy = 0.85 (corresponding to the sawdust mass
fraction of MFg ~ 0.73) and EFsy = 0.75 (at MFg = 0.60), the temperatures at all locations in the
combustor volume where somewhat lower, mainly, due to increased moisture content in the blend.
It can be seen in Fig. 3 that the effects of secondary air on the axial gas concentration profiles
were shifted upward, as compared to the results for firing rice husk and sunflower shells. The
carryover of light fuel/char particles of sawdust (or fuel blend) led to the elevated CO and NO
concentrations in the freeboard, exhibiting secondary peaks of CO and NO at Z ~ 2.2 m. In
the meantime, an increase in the mass fraction of eucalyptus bark in the mixture resulted in
the higher concentration of CO at all locations along the centerline, mainly, due to the
enhanced rate of carbon-C “wet” oxidation despite the reduction in temperature. Elevated CO,
together with the reduction in fuel-N and combustion temperature, led to the lower NO
concentrations with increasing the mass/energy fraction of eucalyptus bark in the fuel blend.

3.2. Emissions

Fig. 4 shows the CO and NO emissions from the SFBC firing rice husk and sunflower shells
for the range of EA compared in the graphs with the Thai emission standards for biomass-
fuelled industrial applications [11], all on 6% O, dry gas basis. As seen in Fig. 4, at EA of
~20%, the CO emission from the combustor was very high: ~4200 ppm for rice husk, and
~2700 ppm for sunflower shells. By increasing EA, the CO emission can be significantly
reduced to a quite low level. However, with higher excess air, the NO emission was found to
be increased, thus, indicating the fuel-NO formation mechanism [1]. An excess air of ~55%
seems to be the best option at which both CO and NO emissions from this SFBC firing rice
husk and sunflower shells comply with the corresponding national emission standards. Fig. 5
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Fig. 4. Effects of excess air on the CO and NO emissions from the conical SFBC firing rice husk and
sunflower shells at similar heat inputs of ~300 kW,.

depicts the CO and NO emissions versus EA for (co-)firing rubberwood sawdust and
eucalyptus bark for variable EF¢y. As seen in Fig. 5, to meet the emission standards, the SFBC
should be fired at EFs4 ~ 0.85 (or SD/EB ~ 73/27, by weight) maintaining excess air at ~55%.

3.3. Combustion efficiency

For all the fuel options, heat loss due to unburned carbon was found to be weakly dependent
on EA and estimated as quite low (0.49-0.74% for firing rice husk, and ~0.15% for firing
sunflower shells) or negligible (for firing rubberwood sawdust or its co-firing with eucalyptus
bark). In the meantime, heat loss due to incomplete combustion was at a rather low level as
well (<1%, for excess air of 40-80%). As the result, at 40-80% excess air values, the total
combustion heat losses were estimated to be below 1%, which resulted in the high magnitudes
of combustion efficiency, 99.1-99.9%, for all the fuels used. At excess air of ~55% ensuring
best emission performance of the SFBC, the combustion efficiency was: 99.4% for rice husk,
99.5% for sunflower shells, 99.9% for rubberwood sawdust, 99.6% for the sawdust—bark
mixture at EFsy = 0.85, and 99.1% for the sawdust—bark mixture at EFs4 = 0.75.

4. Conclusions

In this comparative study, a swirling fluidized-bed combustor