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results with those in the principal International database of biomass properties is discussed to put the results into
context. The results and findings from the third and fourth areas of study are presented: comparison of variation
within individual fields with those observed between sites, and the effect of pelletisation on Miscanthus
properties. Commentary on the relative costs of establishment and production for the different feedstocks are
provided. Finally the implications of, and recommendations to be drawn from the study are discussed.

Context:

The Characterisation of Feedstocks project provides an understanding of UK produced 2nd generation energy
biomass properties, how these vary and what causes this variability. In this project, several types of UK-grown
biomass, produced under varying conditions, were sampled. The biomass sampled included Miscanthus, Short
Rotation Forestry (SRF) and Short Rotation Coppice (SRC) Willow. The samples were tested to an agreed
schedule in an accredited laboratory. The results were analysed against the planting, growing, harvesting and
storage conditions (i.e. the provenance) to understand what impacts different production and storage methods
have on the biomass properties. The main outcome of this project is a better understanding of the key
characteristics of UK biomass feedstocks (focusing on second generation) relevant in downstream energy
conversion applications, and how these characteristics vary by provenance.
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Executive Summary

Executive Summary

Within the UK, the installation of dedicated biomass power plants and the conversion of
existing coal plants to use biomass, either in dedicated plants or co-fired with coal, has
dramatically increased the demand for biomass feedstocks. At present home-grown output is
significantly less than the demand, creating the opportunity for UK land-owners to supply this
new market. Despite this, the level of understanding of biomass crops in the UK is still rather
general. In particular, there is limited understanding of the variability in feedstock properties
and a lack of recognition that differences in various properties can have a significant effect on
the subsequent conversion to power and/or heat. Across all scales of use, feedstock quality
is critically important in order to optimise plant performance, safeguard the environment, and
maximise the financial benefits of the project.

The purpose of this deliverable is to inform the ETI on the variability in feedstock properties of
UK produced energy biomass, the causes of these variations and the relationship between
the feedstock properties and the provenance data collected.

Five feedstocks were included: Miscanthus, willow short rotation coppice (SRC), poplar SRC,
poplar grown as short rotation forests (SRF), and spruce SRF, with poplar and Sitka spruce
selected to represent broadleaved and coniferous biomass crops respectively. Provenance
data include site properties (such as general climate zone and soil chemistry), the conditions
at the time of sample collection, and past management of the site and crop with soil samples
also collected for analysis. Feedstock samples were analysed in UKAS accredited
laboratories for proximate and ultimate analyses (moisture, ash, volatile matter, net calorific
value, gross calorific value, sulphur, chlorine, carbon, hydrogen, nitrogen); ash composition
(SiO2, Al;O3, Fe 03, TiO2, Ca0, MgO, NaO, K0, Mn304, P20s, BaO) plus trace metals (Ba,
Be, Cr, Co, Cu, Mo, Ni, V, Zn, Hg, Pb, Cd, As, Se, Sb); halides (bromine and fluorine); and
ash fusion temperature. Soil samples were analysed for the proportion of sand, silt, clay and
organic matter; pH; cation exchange capacity; bio-available elements and total elements.

The following hypotheses about feedstock characteristics were postulated:
° feedstocks and plant parts within a feedstock will differ

. climate, soil type, harvesting time, storage and pelletisation (where relevant) will
influence feedstock characteristics

° within a given field, feedstock properties will be relatively uniform.

Four related studies were carried out. The largest (Study 1) was designed to not only capture
the magnitude of the variation in feedstock characteristics within commercial crops but also
investigate the reasons behind this variation. The three smaller studies explored specific
supplementary points. Study 2 investigated feedstock variability within individual sites (for
Miscanthus and willow SRC only). Study 3 looked at the leaf properties of poplar and willow
and compared them with whole plant harvested material. Finally Study 4 reviewed the impact
of pelletisation on Miscanthus and woody feedstocks; this included quality information from
Uniper’s database of imported wood pellets.
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The project generated a very large database, as presented in Deliverable D4. An extensive
review of this database has been undertaken using a combination of statistical analysis, and
the project team’s knowledge of the analytical methods and downstream impacts of different
chemical species. This allowed identification of relationships that were statistically,
analytically and operationally significant for further evaluation.

Comparison of the different feedstocks in Studies 1 and 3 clearly shows that they varied in
key fuel quality parameters that can have a significant impact on conversion technologies.
Similarly, it was observed that there was variation in these parameters between plant parts.
For example, the dry ash-free gross calorific value (GCV) was lowest for Miscanthus and in
the woody biomass, increased in the order trunk wood< tops=bark and was highest in the
leaves. However, due to moisture and ash differences the net calorific value (NCV) on an as
received basis was highest for Miscanthus with the different plant parts broadly equivalent for
the woody biomass. Ash on a dry basis was low in the trunks, willow SRC and Miscanthus
but was higher in the tops and bark and highest in the leaves. Levels of ash in the spruce
SRF bark were lower than expected, potentially making this a better fuel than commonly
believed, although this may be partially due to the harvesting method used for the project,
which minimised contamination with soil, and the age of the bark. Sulphur and nitrogen
concentrations were generally very low in the SRF trunks, increasing in the order; willow SRC
=Miscanthus< tops=bark and finally leaves. This order was similar for chlorine except that the
concentrations in Miscanthus were elevated and similar to those of leaves. Certain trace
elements showed some intriguing differences between feedstocks and plant parts, though for
most concentrations were low - often at or below the limit of detection - and broadly similar
across all feedstocks and plant parts. The ash composition was most noticeably different in
Miscanthus where silica dominated whereas ash of the other feedstocks was dominated by
calcium compounds.

Structured analyses were undertaken using four factors (climate zone, generic soil type,
harvest time and storage impacts) and combinations thereof. In most cases, soil type was not
a key determinant of feedstock characteristics; this is thought to be because the sites had
average or below average levels of metals/metalloids. In contrast harvesting time (which was
tested for SRF crops only) and storage had a marked effect. Climate zone was generally not
influential for SRF crops, but was more frequently significant for Miscanthus. The data allowed
statistical analysis of only limited crop management practices, but this identified possible
relationships between year of planting and both cadmium in Miscanthus and sodium in willow
SRC. The age of sampled material appeared to influence several characteristics in both willow
SRC and spruce SRF bark, whilst planting density had impacts on levels of barium in spruce
SRF wood as well as the volatile matter, nitrogen, copper and cadmium in spruce SRF tops.

A gualitative ranking of factors affecting the important characteristics extracted from the
analysis of the individual feedstocks indicates that feedstock characteristics were not affected
in a consistent way by the site properties and crop management. Nevertheless, the following
general suggestions can be made. The implications for growers of Miscanthus, poplar SRF
and spruce SRF are that the most important factor affecting moisture and NCV, i.e. storage,
can be manipulated. In the case of Miscanthus, some of the chemical properties might be
modified by the selection of field, whereas most of the key macronutrients are primarily
dependent on the climate zone. Willow SRC growers seem to have a reasonable degree of
control over some of the important feedstock characteristics by their choice of harvesting time
(as a means of controlling leaf content). For poplar SRF and spruce SRF, besides moisture
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content and NCV which are mentioned above, many of the other properties can be adjusted
by the choice of the plant part to market and harvest time. Feedstock properties were relatively
insensitive to the way spruce SRF was grown. For all feedstocks, the implications for buyers
are that consideration must be given to the feedstock characteristics of prime importance in a
particular application.

For the in-field variation studies (Study 2), the project investigated feedstock variability within
and between sites for Miscanthus and willow SRC. For some feedstock characteristics, the
variation between the sites was greater than that seen within samples taken from across the
same field, whilst for others the variation within-field was much greater than that between
different sites. Similar behaviour between the two feedstocks was seen for a number of
individual fuel quality parameters.

For Study 4, a commercial supplier provided raw and pelletised Miscanthus samples for
comparison. However, it was found that these varied considerably in a number of key
parameters; in particular the first two batches of pellets received were contaminated with
caustic soda, which is used as an additive to improve pelletisation performance. The elevated
sodium levels this caused would have severe consequences for conversion plans in terms of
corrosion and fouling. This illustrates that common commercial practice can have significant
impact on fuel quality. There was also a tendency for higher levels of some metals in the
pellets compared to the raw material, possibly indicating contamination due to the pelletisation
process.

Large datasets for biomass composition are rare; one of the largest is the Phyllis2 database
maintained by ECN in the Netherlands but even here the number of samples of some
feedstocks are very low, particularly for the more specialised analysis. A comparison of the
feedstock characteristics collected within the project with this database indicated generally
good agreement for Miscanthus and only minor differences for willow SRC with the exception
of manganese which was much higher in the project samples. Comparison of the data for
poplar and spruce was less reliable as the Phyllis2 does not generally distinguish between
different plant fractions, apart from spruce SRF bark.

Data provided on internationally traded wood pellets by Uniper highlighted an extremely
consistent and homogeneous fuel and were tightly clustered compared to the raw feedstocks
analysed in this project. A number of quality standards exist for wood pellet depending on the
market application and these have recently been defined in 1ISO17225-2:2014. Depending on
which pellet class limits are applied, some of the feedstocks from Study 1 would not meet the
dry nitrogen and chlorine content, whilst for dry ash, the spruce SRF trunk was the only plant
part to consistently meet the strictest limit. In terms of trace elements, the limit for cadmium
was the most challenging and was exceeded by a proportion of the poplar SRF dataset (both
trunk and tops) and some willow samples, although it is comfortably achieved for all the spruce
SRF plant parts. In addition, a few poplar SRF tops and willow stem samples exceeded some
of the limits for copper and zinc. None of the other trace element limits proved to be an issue.

Costs of feedstock types were in most cases provided by the feedstock management
companies and verified by growers. In general terms, the largest differences between the
feedstock types was in the initial establishment and management costs with spruce SRF and
poplar SRF incurring higher costs in the early years. Willow SRC costs were typically higher
than Miscanthus, largely due to the additional cut back operations at the end of year one, but
the difference in costs across all feedstocks was marginal. Taking account of ground
preparation, planting, the purchase of planting stock and cut back where relevant, the total
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establishment costs ranged from £1000 to £1,500/ha for all feedstocks. Harvesting costs were
the largest management cost and were noticeably different between feedstocks, with the
poplar and spruce SRF incurring the highest costs on a per oven dried tonne basis.

Reviewing the project as a whole, the sites were very ‘clean’, with below average or very low
levels of soil metals and metalloids, which probably explains the absence of any impact of soil
type and the very small number of strong correlations found between feedstock ash
characteristics and soil properties. This raises an unanswered question of what would the
feedstock uptake be in contaminated sites, or from feedstocks/sites which have been regularly
treated with sewage sludge or other organic waste products. Willow SRC leaves tended to
have the strongest correlation between feedstock ash characteristics and the soil composition;
this could be due to the fact that several of their soils had considerably higher heavy metal
content than the other sites, being at or just above the UK average.

Climate zone had little influence on overall feedstock characteristics, except on moisture and
its related attributes within a feedstock; other characteristics were not significantly different
across the different climate zones.

All feedstock types, with the exception of the willow SRC, reduced in moisture content from
point of harvesting to sampling at the end of the storage period. The impact of storage was
more marked for SRF which was stored for three months than for Miscanthus and willow SRC,
which were stored for ca. one month, where storage was of very little operational significance
to all the feedstock characteristics apart from moisture and linked attributes. The willow SRC
only experienced a one-month period of external storage time, where the moisture content did
not noticeably change, indicating that a longer time frame is required to reduce willow SRC
chip/billets. Although Miscanthus did dry with one month of storage as bales, there was a
much larger reduction in moisture between the initial cutting/harvest timing and the
collection/baling operation, typically of 2 weeks’ duration.

Where harvesting time was investigated, (poplar and spruce SRF) there was often an
important impact on feedstock properties, especially of the tops. In several instances the
exact effect depended on the climate zone.

The elevated levels of critical fuel components in some of the feedstocks may limit their use
as single feedstocks in some conversion technologies. However, opportunities for blending
or other pre-treatment options to improve the quality and consistency may exist, and
appropriate tools and methods should be developed to support this option.

Key Findings
. The sampling procedures were robust and consistent giving a high degree of confidence
in the dataset.

. Chemical properties of feedstocks differed in ways that have the potential to affect the
downstream conversion.

. The Gross Calorific Value was lowest for the Miscanthus, the willow SRC and trunks of
the other feedstocks, increasing in the tops and was highest in the leaves and bark.
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Miscanthus had the lowest and most variable moisture content as harvested; the trunk
wood and tops contained typically 50-60% moisture with the leaves containing >60%
moisture.

The Net Calorific Value (NCV) of Miscanthus was generally highest but was also very
variable. For the woody biomass, the NCV was broadly similar for the stems and tops
but the NCV of leaves tended to be lower than for the woodier parts of the plant.

Ash levels and N in the stems of the woody biomass were very low, increasing in the
tops, with the leaves containing the highest levels; spruce SRF bark levels were
comparable with those in the spruce SRF tops; Miscanthus levels were comparable with
those in the tops of the woody biomass types.

Sulphur was much higher in leaves than the other plant parts.

Chlorine levels were highest in Miscanthus and were very variable. The willow SRC
leaves contained markedly higher levels of chlorine than leaves from the poplar SRF.
The trunks generally contained chlorine levels that were lower than the limit of analytical
detection of 0.01%.

Trace and minor elements - within the woody feedstock types, the trunks contained the
lowest levels followed by increasing concentrations in the tops and finally the leaves.
For the majority of elements, the bark of spruce SRF contained similar concentrations to
the tops.

Leaves showed particularly high levels of zinc, which is a potential corrosion concern,
and cadmium which is of environmental concern.

Ash composition - with the exception of the Miscanthus, all of the feedstock ashes were
predominantly composed of calcium carbonate, with potassium oxide levels also high.
By contrast, the Miscanthus samples contained significant levels of silica in their ash.

On the basis of alkali index, Miscanthus was comparable to tops of woody plants though
poorer than woody stems. The high alkali index of willow and poplar leaves suggested
potential for slagging and fouling.

Harvesting time had a marked effect, though this was tested for SRF crops only.

Storage had a marked effect, particularly the longer (3 month) durations; while this was
mainly associated with moisture changes, changes to the composition of the second
harvest poplar SRFduring storage were probably associated with leaf loss.

Soil type was not a key determinant of feedstock characteristics; this is thought to be
because the sites had average or below average levels of metals/metalloids.

Climate zone was generally not influential for SRF crops, but was more significant for
Miscanthus.

Plant part had a dominant impact within willow SRC, poplar SRF and spruce SRF
biomass.

For the in-field variation studies, whether more variation was seen within each site or
between sites depended on the parameter. Both Miscanthus and willow SRC gave
similar patterns for which elements were more variable within a field and which were
more variable between fields.



D6: Final Report (Phase 1)

. Pelletisation of Miscanthus: the major change associated with pelletisation of Miscanthus
was an increase in bulk density; the dry ash content was generally higher after
pelletisation. The results indicated that there was a relatively high risk of product
contamination, either from deliberate use of additives, from other materials or wear
products from grinding process or the pellet mill itself.

. Of the ETI samples, only the spruce SRF stem wood met the strictest criteria for relevant
standards of industrial pellets.
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1 Introduction

1.1 Background and context to the project

At a global scale, the use of biomass as a source of energy has transformed in the last two
decades, from widespread utilisation within a local geographic area for cooking and heating,
to use for power generation at a large scale and combined heat and power generation at a
medium scale. This change is largely in response to policy and financial drivers to limit CO;
emissions from fossil fuels, with biomass combustion generally considered to be CO- neutral
(although account must be taken of the sustainability of the supply and upstream emissions
from production and transport). As a result of the biomass tonnages required for large-scale
industrial operations, global trading of biomass feedstocks is now well established. The more
traditional use for heat persists and has even grown in some developed countries, due to a
variety of reasons, including environmental, financial and aesthetic.

Across all scales of use, feedstock quality is critically important in order to optimise plant
performance, safeguard the environment, and maximise the financial returns of the project.

Within the UK, the installation of dedicated biomass power plants and the conversion of
existing coal plants to use biomass (either as the primary fuel or co-fired with coal), has
dramatically increased the demand for biomass feedstocks. At present, home-grown output
is significantly less than the demand, creating the opportunity for UK land-owners to expand
to supply this new market. Despite this, the level of understanding of biomass crops in the UK
is still rather general; in particular there is limited understanding of the variability in feedstock
properties and a lack of recognition that differences in various properties can have a very
significant effect on the subsequent conversion to power and/or heat. The overall purpose of
this project is to address these knowledge gaps.

At present the use of dedicated energy crops in the UK is relatively modest in comparison to
other forms of biomass such as products of conventional forestry, agricultural residues and
wastes. DUKES 2015 quotes an estimate from Defra, based on Renewables Obligation
Sustainability reporting, that 47,000 tonnes of UK Miscanthus and 9,000 tonnes of UK SRC
were burned for energy. Drax power station is the biggest user, and in 2014 burned
25,000 tonnes of Miscanthus and 6,000 tonnes of willow SRC, all from the UK. This, however
is in contrast to a total of 4 million tonnes of biomass, of which 2.4 million tonnes were imported
from USA and 0.9 million tonnes from Canada, almost all in the form of wood pellets. In the
Ofgem Biomass Sustainability Report 2013-14 dataset, the total consumption of solid biomass
fuel was 5.7 million tonnes.

1.2 Objectives

The particular purpose of this deliverable is to inform the ETI on the variability in feedstock
properties of UK produced energy biomass types, the causes of these variations and the
relationship between the feedstock properties and the provenance data collected. Five
feedstocks were included: Miscanthus, willow short rotation coppice (SRC), poplar SRC,
poplar grown as short rotation forests (SRF), and spruce SRF, where poplar and Sitka spruce
were selected as representative of potential broadleaved and coniferous biomass crops
respectively. Provenance data include site properties (such as general climate zone and soll
chemistry), the conditions at the time of sample collection, and past management of the site
and crop. Subsequently, the outcomes will be used by the ETI in combination with the two
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partner projects (Techno-Economic Assessment of Biomass Pre-processing Technologies
and Refining Estimates of Land for Biomass) to understand options for future ETI
demonstration activities and investments.

This deliverable (D6) is preceded by D1, which provided a detailed schedule of work, and D2,
which described the methodologies used to both collect representative feedstock samples and
analyse these samples for properties relevant to their later conversion. D3 was an
intermediate database showing results and provenance data collected for fresh feedstock
which was updated in D4 to include the equivalent analyses of feedstock characteristics after
storage plus data on pellets of Miscanthus and routine samples of commercial wood pellets
imported by Uniper. In D5 the information on all the fresh samples was described, analysed
and reported, while D6 additionally includes stored biomass, as well as leaves and pellets,
and evaluates all of the data in more detail. In addition, D6 places greater emphasis on the
variability within and between feedstocks, compares all the feedstock results obtained in the
course of this contract with available information from external sources, collates available
information on the costs of establishment of the five feedstocks and interprets the feedstock
characteristics in terms of the implications for downstream conversion.

For ease of reference, the Deliverable Description and Acceptance Criteria in the Technology
Contract are given in Appendix 1. The specific objectives of D6 stated in the contract are to:

° Identify the uncertainty ranges for a representative range of UK produced (fresh) energy
crop qualities (Miscanthus, willow SRC, poplar SRC, poplar SRF, and spruce SRF).

. Relate the fresh energy crop quality variations obtained back to provenance data
(including site management history) collected. The relationships discussed shall link
geographical data (e.g. soil type, climate), management actions and practices to
biomass properties and their variations.

° Identify farm gate feedstock prices and production costs (where possible) for use by the
techno-economic assessment of biomass pre-treatment technologies project.

1.3 Hypotheses
Guided by the background given in the Request for Proposal, the following hypotheses were
set out and addressed in the contract:

1. The feedstocks examined range from Miscanthus, through woody deciduous plants
grown for only a few years and regenerated by coppicing (willow and poplar), to small
deciduous and evergreen trees (poplar and Sitka spruce respectively). It is therefore
hypothesised that the feedstocks will differ in their fuel properties and/or composition.

2. With the exception of the Miscanthus, the feedstocks are differentiated into plant parts
that have different functions, e.g. mechanical support versus photosynthesis; therefore
we hypothesise that these plant parts will differ in their fuel properties and/or
composition.

3. Feedstock properties will differ depending on the climate the crop is exposed to.

4, Feedstock properties will differ depending on the soil composition and characteristics
of the site.

5. Feedstock properties will differ according to the time of year that the biomass is
harvested.

12
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6. Feedstock properties will differ with storage.
7.  Within a given field, feedstock properties will be relatively uniform.

8.  The process of pelletisation will influence the fuel properties and/or composition.

13
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2 Methodology

2.1 Sampling and analysis

The aims of the field sampling and laboratory analyses were to maximise consistency and
repeatability and minimise contamination, such that the variability of the data was a true
reflection of the variability of the feedstock.

Sampling of both soil and feedstocks has been previously described in D2 (Appendices 5 to
12); flow charts in D2 (Appendix 13) described the process for sample collection and dispatch.
Standard operating procedures (SOPs) for sampling were developed and are presented in
Table 3 of D2. Fuel analysis was primarily undertaken in the 1SO17025-accredited internal
laboratories of Uniper Technologies, following standard procedures as listed in Table 2 of D2,
although ash fusion temperatures were sub-contracted to UKAS accredited laboratories, as
were soil analyses. Flow charts in D2 Appendix 14 described the laboratory process for
sample preparation and testing.

2.2 Feedstocks

Five feedstocks were included in the study: Miscanthus, willow short rotation coppice (SRC),
poplar SRC, poplar grown as short rotation forests (SRF), and Sitka spruce SRF. All were
commercial crops which had received normal commercial management. In this way we could
address hypothesis 1.

2.3 Plant fractions

The plant parts sampled and analysed were chosen to represent commercial practice,
therefore all of the above-ground biomass (using typical harvest heights) has been analysed
for Miscanthus and SRC. This is also likely to be a common practice for SRF, but it is also a
realistic possibility that only the upper stem and associated branch and leaf material are sold
for bio-energy with the lower larger stem material being sold to alterative markets, e.g.
construction or fencing. Moreover, it is a commercial possibility that the bark of conifers is
separated from the stem wood and sold for mulch; in general the bark of broadleaved species
is too thin for its removal for alternative uses to be a viable commercial option.

Consequently in the case of Miscanthus, willow SRC and poplar SRC the results are for the
above ground material as a whole. Willow and poplar leaves were collected separately on a
subset of samples to provide some understanding of the impact of harvesting outside of the
typical dormant period when few, if any, leaves would be present. For poplar SRF, the above
ground material was split into two fractions: (a) the trunk (taken from the cutting point at the
base to a point where the diameter has reduced to 7 cm) and (b) the tops (the upper part of
the stem with a diameter less than 7 cm plus the associated branches and leaves). For spruce
SRF, the above ground material was split into trunk and tops as for the poplar (with branches
and needles included in the tops section), but the spruce trunk was debarked to form a third
fraction. By separating out the plant fractions we were able to address hypothesis 2.

2.4 Sampling approach

The backbone of the project was the field sampling of representative commercial crops
followed by laboratory analysis of their fuel properties and composition. Prior to the field
sampling, Forest Research’s Geographic Information System (GIS) software was used to split
Britain into average climate zones and predicted soil types. The databases upon which the

14
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soil designations were based were from the National Soil Map of Scotland from the James
Hutton Institute, and the National Soil Map of England and Wales from The National Soil
Resources Institute, converted by the Forestry Commission to the FC classification system at
1:250,000 resolution, although for the existing forestry sites, more detailed 1:10,000 Forestry
Commission soils maps were used. The approach was then to identify three sampling
locations within each of the most appropriate combinations of average climate zone and
predicted soil type for each feedstock. This replication within a climate zone and soil type was
designed to allow a structured analysis of the impact of these variables on feedstock
characteristics. This sampling approach was designed to allow us to address hypotheses 3
and 4.

Due to harvest timing, it was not possible to visit the proposed sampling sites in advance to
collect and analyse the soils and confirm the GIS categorisation. For the final evaluation of
the data collected, the structured analysis of factors was modified to use the soil types
determined at each site instead of the predicted soil types, since the analysed soil types were
in many cases markedly different from those predicted. In particular, all of the locations
identified by GIS as having heavy soils were found to have lighter soils after analysis, with the
result that no material grown on heavy soil was sampled. For future studies of this type it is
recommended that soil data is collected prior to harvest to better inform site selection.

Hypotheses 5 and 6 were addressed within the same sampling framework by sampling from
the same sites at two separate times and storing the sampled material for durations that were
operationally realistic. Due to the timing of the project start, only one commercially-relevant
harvest of Miscanthus and willow SRC could be taken, but two realistic harvest times were
possible for both the poplar and spruce SRF.

All sampling, handling and lab analyses followed a set of protocols designed to maximise
consistency and at the same time minimise contamination (more detail is given in D1 and D2).
While this was the correct approach to meet the project’s objectives, for commercial operations
there is a higher risk of contamination due to the harvesting and processing practices used
(e.g. soil, rocks); this is discussed in Section 12.

Commercial practice is to plant poplar and willow SRC as a mixture of different varieties to
counteract pest and disease attacks. In order to minimise variability due to varietal differences
within poplar SRF, four trees of each of three varieties (Gaver, Ghoy and Gibecq) were
sampled at each site in both Study 1 and 3. For willow SRC it was more difficult to identify
varieties in their leaf-off condition, so identical varieties could not be sampled across all sites
therefore representative samples of the harvested crop from the selected fields were collected
regardless of the varieties being grown. The impact of different varieties are being
investigated further in Phase 2 of the project.

2.5 Study overview

Four related but different studies are reported, with an overview of the primary variables
examined in each study shown in Table 2-1. The largest (Study 1) was designed to investigate
the reasons behind any observed variation in feedstock characteristics. Samples were taken
from a variety of climate zones and soil types. The original study design presented in D1
included sample collection from three different locations in each combination of climate zone
and soil type. However, in practice this was not always achieved for reasons including
insufficient sites available for some combinations and the mismatch between predicted and
actual soil types discussed in Section 2.4. At each location, biomass and soil samples were
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collected from multiple points within the site, then bulked and subsampled for lab analysis.
Site conditions at the time of field sampling were noted as well as information on the crop and
its past management (see Appendix 2).

The three smaller studies explored specific supplementary points:

Study 2 investigated feedstock variability within a site (Miscanthus and one variety of
willow SRC only) addressing hypothesis 7. Whilst Study 1 provided an overall average
for each site and should be typical of the harvested crop, there could be situations where
only parts of site are harvested at any one time. There is therefore a practical value in
understanding the differences found across individual sites.

Study 3 investigated leaf properties (poplar SRF and willow SRC) for comparison to the
feedstocks containing little or no leaf material (as obtained in Study 1). This addresses
in part hypothesis 2. While it would be usual practice to harvest without leaves, there
could be situations when crops are harvested when leaves are present. In view of the
expected chemical differences between leaves and other plant parts, there is practical
value in describing the leaf composition to understand the impact of including leaf
material on the general feedstock properties.

Study 4 investigated pellet properties. The process of pelletising may alter the
composition compared to the raw feedstock, which was formalised as hypothesis 8.
Furthermore, significant quantities of biomass are imported in pellet form, especially
wood pellets, and Uniper have contributed data from the routine sampling of imported
wood pellets which allows comparison with the characteristics of the woody biomass
sampled within the project.

16



Section 2: Methodology

Table 2-1: Overview of sampling undertaken in the four studies

Feedstock Climatic zone Soil types Harvest Time Plant part Time of Sample
Study 1: Variability and its determinants
Miscanthus Warm/dry Light February to April whole at harvest
Warm/moist Medium in-field prior to baling
1 month stored as bales
Willow SRC Warm/dry Light February to May whole at harvest
Warm/moist Medium 1 month stored as chips
Poplar SRC Warm/dry Light June whole at harvest
Medium
Poplar SRF Warm/dry Light April trunk at harvest
Warm/moist Medium July/August tops 3 months stored
Spruce SRF Warm/moist Light mineral March trunk at harvest
Cold/wet Light organic June tops 3 months stored
Light peat
bark at harvest
Study 2: Within-field variation
Miscanthus Warm/dry Light March/April whole at harvest
Willow SRC Warm/dry Light March whole at harvest
Medium
Study 3: Leaves
Poplar SRF Warm/dry Light July/August leaves only In full leaf
Warm/moist Medium
Willow SRC Warm/dry Light September leaves only In full leaf
Medium
Study 4: Pelleting
Miscanthus n/a n/a n/a whole before and after pelleting

17
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2.6 Statistical approach and analysis

2.6.1 Overview

The project has generated a very large database (presented in D4). The data has have been
interpreted using statistical analysis in combination with the project team’s understanding of
the energy and heat sector and conversion technologies to focus on those parameters which
are most influential. Flow charts describing the steps used to focus on the results to analyse
and then illustrate in the main project report are shown below. Figure 2-1a and b describe the
steps for the feedstock characteristics and provenance information respectively in Study 1
while Figure 2-1c describes the steps from Study 2. The statistical approaches are described
in Sections 2.6.3 and 2.6.4, while the project team’s approach to the selection of key
parameters is described in Section 3. In order to keep the main report concise, the supporting
analyses have been put in the appendices, and only summaries or highly relevant small tables
incorporated into the text.

2.6.2 Quality assurance of data
There were several layers of data review, ending with a very objective systematic assessment
of all outliers.

For majority of the chemical analyses the analysis was undertaken once. However, for carbon,
hydrogen, and nitrogen, each value is an average of two replicates. Data were reviewed as
each set of analysis was added to the master file and in a small number of cases samples
were reanalysed.

Finally, all feedstock characteristics were reviewed objectively to flag outliers using GenStat
to list all points that lay beyond two standard deviations of the mean. Outlier review was done
separately for the trunks, tops and bark of the spruce SRF and the trunks and tops of poplar
SRF. The lists of statistical outliers were then scrutinised and any that showed a systematic
difference from the norm — suggesting that the sample was contaminated in some way — or
were markedly different from the project team’s experience were marked to be excluded from
further analysis by GenStat. Many of the values identified as statistical outliers were retained
as they were considered to be within the normal variation of the biomass feedstock. These
are indicated by green shaded cells within the D4 database; those flagged values which were
deemed to be “true” outliers are shaded red in D4 and are also discussed in Appendix 3.

18



Section 2: Methodology

Fi

a)

gure 2-1

RELEWAMCETO STUDIED FEEDSTOCKS
Isthe chemical analysis relevant to clean
biomassfeedstocks (asopposedtocoal or

waste wood)? [See Table 3.2]

Mo

|

Colour column headingindatabase red
and do nofurtheranalysis onthis
parameter,

@

EWALUATION OF STATISTICAL OUTLIERS
Iz theindividual value <2 standard
deviations of the mean?

Mo

?es! |

Ye

EvALUATION OF FUMCTIOMNAL OUTLIERS
Iz theindividual value highlighted by the
statistical evaluation within historical
experience?

STUDY 1. IMPACT OF DESIGMED FACTORS
Iz the probability of the main effect ar
interaction occurring by chance alone
higherthanl in20, i.e. p=0.05

%

Mo

Mo

l

Exclude individual value from further
analysis

i

ANALYTICALEWALUATION |

For each parameter, were mDSt of the
data at or below thelimit of detection?
[SeeTakle 3.2 and Database]

Mo

l

Exclude parameterfrom furtheranalysis

il

ANALYTICALEWALUATION |
For each parameter, werethe differences
lessthanthe normal level of

reproducikility?

Mo

l

Exclude parameterfrom furtheranalysis

Yes! |

OPERATIOMN ENVALUATIOMN

For each parameter, arethe differences
betweenmeanslikelytomakean
operation difference inthe conversion
plant?

Mo

|

Exclude parameterfrom furtheranalysis

Yes

-

PRESEMTATIOMN QOF MEAMS
Tabulate means.

EYALLIATION OF CORRELATIOMNS
BETWEEMN FEEDSTOCK CHARACTERISTICS
AMDSOILS

Iz theregression coefficient =0.77
Doesthe plot show a sensibletrend?

-

Mo
es

PRESEMTATIOMN OF RELATIOMSHIPS
Plot out the relationship

Do not present
araphs,

19




D6: Final Report (Phase 1)
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2.6.3 Statistical analysis
All statistical analyses were done using GenStat 16, which is a powerful statistical language,
particularly useful for the analysis of structured experimental factors (see Section 2.6.4).

The statistical tests used in the intermediate investigation of Study 1 and 2 data were
described briefly in D5. Here we expand on these to cover the greater range of tests needed
to investigate all eight of the hypotheses in Studies 1 to 4, as set out in Section 1.3.

For Studies 1 & 3, structured contrasts of for example climate zone, soil type, harvesting time
and storage, were investigated using two slightly different algorithms. ANOVA (Analysis of
Variance) was more appropriate where there was a complete dataset and a balanced design,
i.e. a similar number of observations in each of the factor. If there are insufficient data,
particularly in one factor, the ANOVA procedure may fail and here REML (residual maximum
likelihood) was used. The REML algorithm allows analysis of linear mixed models i.e. linear
models that can contain both fixed and random effects. In some applications these are known
as "multi-level" models. It can thus be used to analyse unbalanced designs with several error
terms (which cannot be analysed by ANOVA). ANOVA and REML were used to evaluate the
significance of each factor and all possible interactions on the feedstock characteristics.

REML was also used to quantify the total variation explained in each feedstock characteristic
by the full model — this tells us how much of the variation in a particular characteristic is
explained if we have information about the factors included in the sampling design, for
example the climate zone, soil type, harvesting time and storage. The RSQ value for the
model fitted using site factor information is calculated relative to the very simplest situation
where we have no information about the site factors. In essence the RSQ value is the
improvement on a scale of 0 to 100%. The relationships between provenance information
(e.g. soil properties, site characteristics, and crop management) and feedstock characteristics
were investigated by correlation analysis. Correlation coefficients were investigated in two
ways: using the actual numeric values, which gives Correlation Coefficients, or the ranks,
which gives Spearman Rank Coefficients. In the latter approach, the values for each of the
variables to be related are ordered from the highest to lowest value with the value one
assigned to the top ranked site. The rankings of the sites for the variables being related are
then compared. In situations where there only a few pairs of values to be related or the
relationship deviates from being linear, the Spearman correlation procedure is more
appropriate.

In Study 2, the variation in the Miscanthus and willow SRC feedstock characteristics found
between sites was compared with the variation within individual fields, by expressing the
variation in each as a percentage of the total variation and then comparing the percentages.
In addition, to visualise the variability between and within sites, the sampling points at each
site were mapped, and then the values of selected feedstock characteristics were overlaid,
with the size of each point scaled to reflect the magnitude of that particular parameter (See
Appendix 4).

For Study 4 on the impact of pelletisation, insufficient data were available for any statistical
analysis as it was determined during the study that additives had been used during the
pelletisation process, distorting the results (further detail is given in Section 11.2).
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2.6.4 Structured analysis and correlations
The following statistical processes were undertaken:

1.

Structured analysis. This investigated the impacts of one or more of climate zone, soil
type, harvesting time and storage (and combinations thereof) on feedstock
characteristics. ldentified effects (both main effects and interactions) that were not
significant, i.e. with p>0.05 (which is a common threshold used in biological
experiments), were not statistically analysed any further, though they are discussed,
where relevant, in Section 14. Effects that were significant (p<0.05) and very highly
significant (p<0.001) have been highlighted and discussed.

For each statistically significant feedstock impact identified in the structured analysis,
each main effect and any interaction(s) were reviewed in relation to analytical and
operational criteria. Two sifts were carried out:

i) Analytical review

a. the analytical limit of detection — impacts were not interpreted further if the
majority of the data were at the limit of detection (LOD), on the grounds that
any variation between these data are misleading because any values that
were below the LOD were assumed to be present at the LOD, even though
they were probably lower.

b.  the analytical error reproducibility — impacts were not interpreted further if
the means of the statistically significant effects were closer than the normal
level of reproducibility achieved by different accredited labs when
subsamples of the same original material are analysed (as defined by the
relevant standards).

i) Operational relevance — impacts were not interpreted further if the differences
between means of the statistically significant effects would make no operational
difference, usually because the values were all well below important thresholds.

For some feedstocks, the low number of samples for some of the experimental
combinations also reduces confidence on the reliability of the identification of a
factor as being statistically significant.

Correlation analyses of feedstock characteristics and soil properties and some site
provenance data were tabulated. To assist the reader, each table was colour coded to
highlight individual correlation thresholds where variations in the soil properties
explained at least 50% or 80% of the variation in feedstock characteristics (see Appendix
5). Correlations below the 50% threshold were not investigated further but are
discussed, where relevant, in Section 14.

2.6.5 Thresholds used to identify significant results

Throughout the report particular thresholds have been chosen to flag which effects were

statistically significant and focus the subsequent presentation and discussion.

Statistical analysis was used to evaluate the probability of a particular effect happening by
chance alone. Effects were considered as not significant if the probability of it happening by

chance alone was more common than 1 in 20, i.e. with p>0.05, whereas effects that were less
common, i.e. with p<0.05, were considered worth further discussion. For the structured
analyses, further clarity was provided by differentiating the level of significance into those with
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p<0.05 and >0.001, i.e. there was a probability of between 1 in 20 and 1 in 1000 that the effect
was due to chance alone, and those with p<0.001, i.e. there was a probability of less than 1
in 1000.

When evaluating the relationships between feedstock characteristics and soil analysis
information, any instances where the variation in soil information explained less than half of
the variation in feedstock characteristic, i.e. where the regression coefficient was between -
0.7 and +0.7 (less than 49 % of the variation explained) were not investigated further. Where
a correlation (positive or negative) was noted, this was further differentiated into a medium
correlation (49 to 81% of the variation explained), and a high correlation where more than 81%
of the variation was explained).

In Study 2, the variation in feedstock characteristics found between sites was compared with
the variation within sites. For simplicity, the results were grouped into three categories on the
basis of the ratio of the variances:

° between site : within site variance was greater than 2:1
o between site : within site was roughly 1:1

. between site : within site was less than 1:2
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3 Key Parameters and Justification

3.1 Fuel parameters

For all conversion technologies, proper matching of the fuel and equipment is important.
Failure to understand the probable impacts of the feedstock on the system is likely to result in
reduced efficiency, lower availability, increased OPEX and increased emissions. Different
conversion technologies will have different acceptable levels for each feedstock parameter.
These limits will depend on a number of factors, such as steam parameters and technology
type and will tend to be more restrictive for those technologies offering the highest quality
outputs (e.g. highest efficiency or specific conversion products).

The most common fuel analyses undertaken can be divided into six main categories;
proximate analysis, ultimate analysis, trace element content, ash composition, ash fusion
temperatures and physical properties. As it is generally prohibitively expensive to undertake
all these analyses on every sample, for commercial operations the analysis suite will be
tailored according to which parameters are considered most critical to the safe and efficient
use of the conversion system and the variability of the feedstock. Additional analyses may
also be included for fuels with particular risks, for example metallic aluminium analysis for
waste wood, but for this project this was not needed. For the purpose of this study, the
analysis options were divided into the groups as follows:

A Proximate and ultimate analyses (moisture, ash, volatile matter, net calorific value,
gross calorific value, sulphur, chlorine, carbon, hydrogen, nitrogen)

B Ash composition (SiO2, Al,Os, Fe;03, TiO,, CaCOs;, MgO, Nazx0, K;0, Mn304, P20s,
BaO) plus trace metals (Ba, Be, Cr, Co, Cu, Mo, Ni, V, Zn)

C Extended trace metals (Hg, Pb, Cd, As, Se, Sh)
D Halides (bromine and fluorine)
E Ash fusion temperatures.

The extent of analysis for each of the feedstock types and different experiments is shown in
Table 3-1. For the in-field variation studies (Study 2) and the analysis of leaves (Study 3), all
samples were analysed for all analysis groups A to E. All other samples (Study 1) were
analysed for groups A, B and E, but only one of each set of three replicates was analysed for
the extended trace element suite (C), plus halides (D). The justification for this reduced
analysis frequency was the increased cost of analysis for the extended trace metals suite and
the halides, reflecting the four additional analysis methods required to determine these
elements at the very low concentrations expected in biomass (see Deliverable D2 for analysis
methods). The original proposal did not specify any analysis for groups C and D for the stored
samples (as it was assumed the main changes would be in the proximate and ultimate
analysis). However, the first harvests of stored poplar SRF and spruce SRF samples (taken
in April and March respectively) were in fact analysed for the normal pattern of analysis (A, B
and E on all samples and C and D on one sample in each set of three replicates). The second
harvest was only analysed for analysis groups A, B and E. Pellets of Miscanthus were
collected at their processing plants both before and after pelletising (Study 4) and were
analysed for the full suite of A to E, plus bulk density.
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It is industry practice to express the majority of species on a dry fuel basis, allowing easy
comparison between feedstocks, but other bases are also used; in particular the proximate
analysis is often compared on an “as received” (wet fuel) basis for moisture and net calorific
value (NCV) and dry, ash-free basis for gross calorific value (GCV) and volatile matter (VM).
Note that in most of the figures the data are presented on a dry basis (mg/kg or % weight in
the fuel), however for the statistical analysis the major fuel elements (C, H, N, S, CI) were
expressed on a dry, ash-free basis to enable any fundamental changes in chemical
composition to be examined without being impacted by changes in ash.

Table 3-1: Analysis undertaken on each feedstock

Feedstock Analysis Group (v = all samples, x = not done, 1/3 =
one in three replicates)

A B C D E
STUDY 1
Miscanthus fresh and stored v v 1/3 1/3 v
Willow SRC fresh and stored v v 1/3 1/3 v
Poplar SRC fresh v v 1/3 1/3 v
Poplar SRF freshly harvested v v 1/3 1/3 v
Eﬁzjz\r’vicl?; Apr harvest 3 month stored (as v v 13 13 v
Poplar SRF Jul/Aug harvest 3 month v v « « v
stored (as roundwood)
Spruce SRF freshly harvested v v 1/3 1/3 v
(SapsrL:gLejznzlivzol\g?r harvest 3 month stored v v 13 13 v
(SapSrLch():Enzljvl(:) (;J(;J)n harvest 3 month stored v v « « v
STUDY 2
Miscanthus in-field variation v v v v v
Willow SRC in-field variation v v v v v
STUDY 3
Willow SRC leaves 4 4 4 v v
Poplar SRF leaves v v v v v
STUDY 4
Miscanthus raw material v v v v v
Miscanthus pellets v v v v v

Many of these analyses are of limited interest for many conversion technologies, particularly
for clean feedstocks, but are analysed in conjunction with other components. Some of the
trace elements in particular were consistently found at levels below (or close to) the limit of
detection in some or all of the feedstocks in this project, restricting detailed review. Of those
components which do warrant in-depth investigation, some are key fuel quality parameters,
others may affect boiler performance (for example through impacts on slagging and fouling,
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corrosion and bed agglomeration) while some are of environmental concern. Using these
criteria, prioritisation of the analysed parameters for statistical review was determined as
shown in Table 3-2.

The critical levels of these fuel components will vary depending on the conversion system and,
for those of environmental concern, installed clean-up equipment; however quality standard
limits for white wood pellet (currently the only biomass traded as a commodity) are discussed
in Section 12.
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Table 3-2: Analysed fuel parameters and their prioritisation for statistical review

e Priority for
Grouy Parameter basis Parameter statistical Justification/impact on conversion systems
P analysis
Moisture content wt % High Hr|19fh nl]ﬁlsrglérlfn c/ogtert1ith|Il/rzdugedc?imr?lijnstl?nrpIant efficiency. Potential impact
As Received fuel on fuel ha o/ dustiness/ degradatio storage
basis Fixed carbon wt % Low Calculated from other parameters — limited value
NCV kJ/kg High Direct impact on size and efficiency of plant and fuel logistics
Impacts calorific value, plant efficiency, slagging and fouling tendencies, erosion.
. . Ash handling systems need to be designed to deal with the expected ash
0/p*
DIy e |22 AT B High guantities of ash produced. With high ash levels, fluidised bed materials may need
g more regular replacement.
)
S Volatile matter wt % High Volatile r_nafcter will impact on flame stability, combustion burnout performance and
P NOXx emissions.
© i i -
£ GCV ki/kg High Measure of .fuel cor_13|stency across .dlfferent feedstock samples -allows
£ comparison without being affected by moisture and ash
= Carbon wt %* Medium Measure of fuel consistency across dlffere_nt _feedstock _samples - limited direct
© impact on plant although will affect CO2 emissions per unit output
Q . . .
g Hydrogen wt %* Medium Measurg of fuel consistency across different feedstock samples — used in NCV
£ calculations
09_ Nitrogen wt %* High Direct impact on NOx emissions
; Dry, Ash-free basis
< Direct impact on SOx emissions and can be corrosive in high temperature
Sulphur wt %+ High systems, but in lower temperature syst_ems can mlplgatg against chloride
corrosion. Acid gases also cause amine degradation in carbon capture
processes.
Chlorine wt %* High Imphcated_ in corrosion mgchanlsms and acid gas emissions. Acid gases also
cause amine degradation in carbon capture processes.
0/a%*
Oxyg_en i {0y Low Calculated from other parameters — limited value
difference)
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e Priority for
Grouy Parameter basis Parameter statistical Justification/impact on conversion systems
P analysis
Barium Medium Limited environmental/plant impact
%) Beryllium High Emissions are of environmental concern
[
g Chromium High Emissions are of environmental concern
% Cobalt Medium Limited environmental/plant impact
§ Copper High Emissions are of environmental concern
= mg/kg dry fuel Molybdenum Medium Limited environmental/plant impact
m Nickel High Emissions are of environmental concern
o)
‘g Vanadium Medium Limited environmental/plant impact
[0}
IS Emissions are of environmental concern. Implicated in corrosion mechanisms.
o Zinc High Metallic zinc can melt in combustion systems and block air nozzles (not expected
to be an issue for clean feedstocks)
Antimony High Emissions are of environmental concern
ol Arsenic High Emissions are of environmental concern. Poison for NOx reduction catalysts.
IS X — ;
=i Mercury High Emissions are of environmental concern.
S Selenium High Emissions are of environmental concern
L; g mg/kg dry fuel - _g — -
So Cadmium High Emissions are of environmental concern
o O
% Emissions are of environmental concern. Can have an impact on plant integrity.
O Lead High Elevated levels in the ash and boiler deposits may also be of occupational health
concern to plant workers
Forms acidic gases which are of environmental concern and may be involved in
' . . corrosion mechanisms. Also believed to damage bag-house filters but may aid in
a) Bromine High . . X T
> 48 mercury capture mechanisms. Acid gases also cause amine degradation in
g S mg/kg dry fuel carbon capture processes.
2
g T Forms acidic gases which are of environmental concern may be involved in
© Fluorine High corrosion mechanisms. Acid gases also cause amine degradation in carbon
capture processes.
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e Priority for
Grouy Parameter basis Parameter statistical Justification/impact on conversion systems
P analysis
i : Alumino-silicate in the ash may mitigate alkali-metal mediated corrosion/
Aluminium High ) ;
slagging/fouling
Calcium High Principal biomass ash component - impacts on slagging. May help acid gas
[ abatement
>
P Iron High High levels of iron in ash can cause slagging, but it is normally present at low
‘0 9 concentrations in biomass
o Key concern for plant corrosion and slagging. Alkali metals may also result in
5 Potassium High formation of fine particulate matter which is an issue for emissions and for amine-
g) mg/kg dry fuel - based carbon capture processes. Poison for NOx reduction catalysts.
£ back-calculated from . . Magnesium in the ash may mitigate alkali-metal mediated corrosion/
€ measured Magnesium High laqai .
5 : slagging/fouling
v concentration of the ; . —
< oxide in ash Manganese Medium Manganese levels are normally so low in biomass ash as to have no significance
<F Key concern for plant corrosion and slagging. Alkali metals may also result in
] Sodium High formation of fine particulate matter which is an issue for emissions and for amine-
g based carbon capture processes.
(@]
S : . T .
£ Phosphorous High Pmson for NOx reduction catalyst. Phosphorous may also be implicated in
@] corrosion.
- : Alumino-silicate in the ash may mitigate alkali-metal mediated corrosion/
Silicon High . . . . .
slagging/fouling. Silica (quartz) may cause abrasion and erosion.
Titanium Medium Titanium levels are normally so low in biomass ash as to have no significance
S Initial deformation Low
3 " Reducing Softening Low
< £ Atmosphere, °C Hemisphere Low
<43 Data unsuitable for statistical analysis. Ash fusion temperatures provide an
5 Flow Low S o . .
w o indication of the likelihood of ash slagging and bed agglomeration
g‘ £ Initial deformation Low
o4 2 ORI Softenin Low
= atmosphere, °C 9
o Hemisphere Low
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e Priority for
y Parameter basis Parameter statistical Justification/impact on conversion systems
Group )
analysis
Flow Low
ALOg* High Aluml_no-5|llcgte in the ash may mitigate alkali-metal mediated corrosion/
slagging/fouling.
BaO* Medium Barium levels are normally so low in biomass ash as to have no significance
. : Calcium is often the most dominant macroelement in biomass ash and can be
CaCOs High S : . . :
implicated in slagging and fouling. May help acid gas abatement
Fe,05* High High Ievel_s of_ iron in ash can cause slagging, but it is normally at low
" concentrations in biomass
g Key concern for plant corrosion and slagging. Alkali metals may also result in
3 Normalised ash K20* High formation of fine particulate matter which is an issue for emissions and for amine-
= oxides, %wt in ash based carbon capture processes. Poison for NOx reduction catalysts.
£ (calculated from , , " ; : ,
. . . Magnesium in the ash may mitigate alkali-metal mediated corrosion/
o measured ash oxides MgO High slagaina/foulin
- to normalise for SOs gging g
) and express Ca as MnsO4* Medium Manganese levels are normally so low in biomass ash as to have no significance
(@]
% CaCO0:3) Key concern for plant corrosion and slagging. Alkali metals may also result in
o Na0O* High formation of fine particulate matter which is an issue for emissions and for amine-
based carbon capture processes.
P,Oc* High Poison for NOx reduction catalysts. Phosphorous may also be implicated in
7= 9 corrosion.
Principal ash component - Alumino-silicate in the ash may mitigate alkali-metal
SiO2 High mediated corrosion/slagging/fouling. Silica (quartz) may cause abrasion and
erosion.
TiO2* Medium Titanium levels are normally so low in biomass ash as to have no significance
Derived Alkali Index kg(Na20 + K20)/GJ High Measure of slagging risk in combustion systems

*Also included in D4 on other bases but these are considered to be lower priority for statistical review as they are less comparable

31




D6: Final Report (Phasel)

As well as analysing for specific components, itis common practice to use these data to predict
the behaviour of the feedstock in different conversion systems. This ranges from prediction
of acid gas emissions from the concentrations of the acid-forming elements in the fuel to
analysing more complex systems such as the formation of slagging deposits. Numerous
indices have been developed to predict the impact of different fuel components on issues such
as slagging, fouling and corrosion, for example the base-acid ratio
(Equation 3-1) and the related slagging index (Equation 3-2). However, for the most part these
have been developed based on experience in coal-fired plant.

Equation 3-1: Base/Acid ratio (species expressed as percentage weight in ash)
Fe,03 + CaO + MgO + K,0 + Na,0
Si0, + Al,05 + TiO,

B_
==

Equation 3-2: Slagging index (Rs)

B
Ry = 1 X sulphur (%dry)

For biomass, the principal ash components and the mineral associations of different elements
can be very different to those of coal, so these indices are less effective in predicting potential
issues in biomass combustion. One index that does appear to be effective for predicting
slagging behaviour in biomass systems is the alkali index (Al), which is based on the alkali
mass input per unit energy (Equation 3-3) [Miles et al., 1995]. For this, values below 0.17
indicate a low fouling/slagging risk, for those between 0.17 and 0.34 fouling/slagging is
considered to be probable and above 0.34 fouling/slagging is certain. As the Al is often
included in boiler fuel specifications, it has been calculated for the feedstocks in this project
and included in the statistical review. It should be noted however that during operation,
slagging propensity and rates will also be influenced by other factors such as the boiler design
and operation, the chemical form of slagging elements and the presence of other materials
(additives, bed materials) which may react with the ash.

Equation 3-3: Alkali index

__kg(Na,0 + K,0)

Al GJ (GCV)

(dry fuel basis)

3.2 Soil and site parameters

As well as the feedstock samples, a (composite) soil sample was collected for each site in
Study 1 to 3 and submitted for analysis. This included evaluation of the main soil components
(sand, silt, clay, and organic matter), which provided a soil classification for each site (see
Figure 3-1), trace metals (soluble and total), pH, and cation exchange capacity (CEC); the
rationale for these choices was described in detail in D2.
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The analyses performed were as follows:

° Percentage in soil of:

o Clay
e Silt
o Sand

o  Organic Matter (% weight in dry soil)
. Soil Classification
° Soil type (Medium, Light, Heavy)
° pH
o C.E.C (cation-exchange capacity
° Available elements:
o P, K, Ca, S, Mn, Cu, B, Zn, Mo, Fe, Na, Co, N, Cl, Se
. Lime requirement
° Total elements
o Cu, Zn, Pb, Ni, As, Cd, Hg, Cr
. Predictions based on soil information:
Available water levels
Drainage rate
Inherent fertility
Potential C.E.C
Leaching risk
Warming rate

O O 0O O O O

Results of all soil analysis can be found in the D4 database.

In addition, provenance data on the management of the site was also obtained where
available, with a list of parameters agreed at the start of the project. Information was collected
directly from the growers and/or the supplying company (see Appendix 2 for a complete listing
of the parameters collected).

The rationale for each individual parameter was described in detail in D2 but some key choices
are explained below. It was originally anticipated that provenance information on the level of
soil drainage, degree of slope, and level of stone content, which influence chemical retention
within the soil, could help to indicate whether certain elements would be prone to leaching,
and consequently there would be a relationship between levels of certain elements in the
feedstock and provenance data. It was also expected that certain site factors could affect
certain aspects of the feedstocks’ growing habits (and so affect feedstock characteristics),
such as the timing of senescence, or starting of growing. Consequently biomass samples in
the same climate zone may be different simply because they were grown in different
microclimates.

The project team also investigated site management practices that could have an impact on
the produced feedstock material. Provenance information was collected to cover a wide range
of possible scenarios and possible interactions — a full justification for the parameter selection
was given in D2.
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Figure 3-1: Soil texture classification for mineral soils and for soils with high organic matter content
(Taken from: Environment Agency, Think Soils manual Chapter 2)
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The breadth of provenance information covered by the sampling achieved within the project
can be summarised as follows. Soil for the Miscanthus, willow SRC and poplar SRC/SRF
sites sampled in Study 1 to 3 all largely fell within two main mineral soil classifications of light
and medium mineral soils, whereas the spruce SRF sites all had light soils. For spruce SRF,
all but one of the sites fell within the organic and peat soil classifications; in contrast only two
of the twelve Miscanthus sites were organic classification soils, and only one of the willow
leaves sites was on an organic soil. A soil is classified as organic when the organic matter
content is typically above 6% of the whole, but if the clay content of the soil exceeds 50% then
the organic matter percentage has to exceed 10% before the soil can be classified as an
organic soil type. Only the spruce SRF was found growing on peaty soil types; peat soll
classification starts at 20% organic matter content of the soil, as shown in Figure 3-1.

Within the light and medium soil classifications there are eight recognised sub-classifications,
(five in light soils and three in medium soils, see Figure 3-1). In the project all five of the sub-
classes of light soils and two of three sub-classes of medium soils (sandy clay loam and clay
loam) were represented.

Questions were asked around site preparation, establishment and management, but in
general, for each feedstock, the methods used were fairly uniform.

A critical requirement of the project team has been to sift this wealth of provenance data and
the potential analyses to focus on the key points. Provenance data were selected for statistical
analysis on the basis of whether the information obtained was:
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° sufficiently different to warrant statistical analysis — for example almost all soils/sites
were reportedly prepared and treated in the same way for establishing individual
feedstocks, so trying to ascertain any correlation differences between and within
feedstock characteristics and the soil management aspects was not possible.

. robust from a practical point of view — for example, while data on sewage sludge
application was requested, the data obtained was often incomplete.

Table 3-3 shows the suitability of the main categories of provenance information for statistical
evaluation while Table 3-4 gives the justification for its collection and the team’s decision on
whether it warranted statistical analysis.

Table 3-3: Suitability of provenance information for statistical evaluation.

Yes No

Planting density (SRF) Fertiliser additions and type
Clay, silt sand and organic matter % in soil Sewage sludge treatment
Soil classification Clonelvariety

Age of planting Pesticide applications

pH Ground preparation
Elements analysed (if above the limit of Available water

detection) Lime requirements

CEC (Cation Exchange Capacity)

35



D6: Final Report (Phase 1)

Table 3-4: Analysed soil and site provenance parameters and their prioritisation for statistical analysis

Provenance Data Collected

Reasoning for provenance data collection

Statistical value

Fertiliser applied and type

Fertiliser products as bagged artificially produced or organic
materials (manures, sludges, composts) are expected to have
the potential to impact on elements both within the plant and
the soil.

Organic matter (OM) content could also be affected by an
application of organic fertiliser.

After reviewing the collected fertiliser data, it was decided
the applied fertiliser figures should not be included in the
overall statistical evaluation, as there was no supporting
information to enable a review of the management
process.

Sewage Sludge treatment

To understand if applications of sludge elements, namely
macro soil elements (N, P, K, Mg) are affected within the plant,
in addition to heavy metal content, and also Organic matter
(OM) content

Due to varying levels of retrievable information regarding
any applied sewage sludge to some Willow SRC crops no
statistical review was performed. A review of the data
showed there was limited information on what was applied
and when, hence finding a correlation was not possible.

Clonel/variety

This information was collected particularly for the willow SRC
and poplar SRC, to ensure that (for this phase of the study) the
varieties sampled at each site were consistent.

A subsequent trial, funded as a contract variation, is evaluating
clonal differences of willow SRC.

Variety data was collected for all the species, with care
taken to minimise the effect of varietal differences in order
that the main factors, such as soil type and storage, were
not obscured. Variety information was therefore not
appropriate for statistical analysis.

Pesticide applications

Understanding if there have been any consistently applied
pesticides to any of the plant species was important in ruling
out any possible contamination from this operational process.

All sites were reported to have been treated with some form of
pesticide initially at the point of establishment for weed control
purposes, but none were continually treated whilst growing.

It was decided that the collected provenance data,
although interesting, was not of any statistical value to the
overall project.
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Provenance Data Collected

Reasoning for provenance data collection

Statistical value

Ground Preparations

These data were collected to understand if there were any
unusual land cultivations which had been performed which
could have a potential impact on soil drainage and soil nutrient
availability of elements.

All sites were reportedly treated using similar methods
with regards to initial ground preparations, so the data has
been excluded from further statistical evaluation.

Planting Density

The planting density of an individual species can have a
significant impact on the growth characteristics.

If a planting density is high then the growth of the planted
material will be very different (thinner stems with higher bark to
wood ratio) than if a lower density planting were to be used.

For the annual and short-cycle crops, planting densities
were fairly consistent. Planting density was examined for
SRF species.

Clay, Silt, Sand and Organic
Matter (OM) % in soil

Understanding the clay, silt, sand and organic matter (OM)
content within a soil is important in helping to understand the
potential capacity for achieving element exchange between the
plant and the soil.

These data have been included in the overall statistical
analysis of correlations between feedstock characteristics
and soil type/classification.

Soil Classification —
including higher
classification of (Light,
Medium and Heavy)

Soil classification is based on the ratios of clay, silt, sand and
organic matter within a soil. The soil classification chart used
is shown in Figure 3-1, which identifies eleven textural classes
and three organic classes. The textural classes are grouped
further into Light, Medium and Heavy soils based on their
mineral and/or organic soil classifications.

The soil types have been classified depending on their
composition, and classified for ease of statistical
evaluation, as: Light, Medium and Heavy for most
feedstocks and Mineral, Organic and Peat soils for the
spruce SRF. These classifications were used within the
structured analysis.

Available Water

Available water is partly linked to the soil classification data, but
also links to local rainfall levels.

If the local available water levels are low then this could
significantly impact on the chemical composition of the
biomass, and also the nutrient availability to the plant.

Likewise if the local water availability is in excess, then different
soil conditions may occur meaning the uptake of nutrients could
be seriously affected, as could the loss of elements caused by
leaching both from the soil and the biomass.

Insufficient supporting data were available so a full
evaluation was not possible.
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Provenance Data Collected

Reasoning for provenance data collection

Statistical value

Age of planting

This was requested from the producers because we wanted to
assure we were comparing wherever possible similar aged
plant material for the same species in different locations. If we
used different aged material, with different varieties, in a wide
range of different circumstances then trying to correlate any
relationships would be almost impossible.

Although the intention was to use similarly aged materials
to minimise the impact of this variable, the sampled
material did vary significantly in age and so could be
reviewed statistically

pH

The soil pH is required to understand any potential limitations
or lock up of certain elements in the soil.

Soil pH has been included as part of the overall statistical
analysis of correlations between feedstock characteristics
and soil properties

Elements analysed

The elements analysed for the project were the most common
for plant health status, and those elements which are linked to
both desirable and undesirable elements seen within biomass
composition when being combusted.

The main soil elements were analysed were; P, K, Mg, Ca, Na,
Fe, Zn, Mn, CI, S, N, plus Cu, B, Mo, Co, Se, Pb, As, Ni, Cd,
Hg, Cr.

All elements that were present above the Limit Of
Detection (LOD) have been statistically analysed for
correlations between feedstock characteristics and soil
properties

Lime requirement

The lime requirement figure was included as part of the overall
soil analysis process.

Any relationships of interest were already covered by the
level of pH, which has been included in the statistical
review process.

CEC (Cation Exchange
Capacity)

The CEC of a soil helps to determine a soil’s capability to hold
and offer elements to a plant. The higher a CEC of a soil the
more readily elements are able to be transferred within the soil
and between the soil and the plant.

It was considered and discussed as being an interesting
piece of information for each of the different soils collected
and included in statistical correlations
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4 Qverview of feedstock characteristics
4.1 Results

4.1.1 Sampled sites

The sampling locations for all feedstocks are shown in Figure 4-1. Maps for each species
identifying where the different studies were undertaken are presented in the corresponding
chapters. Details of the individual studies are given in Table 4-1.

Figure 4-1: Sampling locations for all feedstocks
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Table 4-1: Overview of experiments

1 month stored as
chips

Final
Feedstock quvest Plant Time of sample number Notes and additional information
time part .
of sites
Study 1: Variability and its determinants
Miscanthus February to | whole at harvest 12 One variety of Miscanthus (Miscanthus x giganteus) was analysed.
April in-field prior to Crops were sampled at the usual, commercial harvest time. In practice this was
baling determined by local weather conditions, the state of the crop, availability of
1 month stored as contractors and the ground conditions.
bales The initial samples were taken immediately after the crops were cut.
The second samples were taken immediately before the crop was baled to
represent the condition of the crop at baling. This was after a period of lying in
the swath in the field to allow further drying. Rain gauges were used to assess
the amount of rain during this period to allow the potential for any leaching of
minerals to be assessed; in 3 of the 12 cases the gauge was destroyed during
baling. In 3 cases where the crop was baled immediately, or within a few days,
this sample was not taken.
The third samples were taken after the baled crop had been stored for 1 month.
Willow SRC | Febto May | whole at harvest 7 Many varieties of willow have been planted for SRC crops over the past 25

years, with at least a dozen commonly planted, and typically five mixed in small
groups throughout a field. A representative mix of all varieties within a crop was
obtained by mixing multiple scoops of the chips immediately after harvest.
Willow SRC crops were sampled at the usual, commercial harvest time, again
determined by local weather conditions, ground conditions, and the availability
of specialist harvesting contractors and machinery.

The coppice was beginning to emerge from dormancy. Some stems were still
dormant, and some were flushing but the amount of leaf material was low.

The first samples were taken immediately after harvest, from the chipped (in one
case billeted) material. The samples were made up from 40 separate scoops of
chips, thoroughly mixed and sub-sampled to provide a representative mix of the
willow varieties present in the crop.

The second samples were taken from the chip pile(s) after one month in
storage. Again 40 separate scoops were taken from different positions within
the stack, thoroughly mixed and sub-sampled.
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Final
Feedstock quvest Plant Time of sample number Notes and additional information
time part .
of sites
Poplar SRC | June whole at harvest 3 Only one commercial poplar SRC crop was still available by the time sample
collection started, so this was supplemented by two research poplar SRC crops.
While these samples were taken to accompany the main project, it has been
assumed that they are not representative of a typical commercial poplar SRC
crop.
Poplar SRF | April trunk at harvest 11 A large number of different poplar clones have been planted, with typically 16 on
July to tops 3 months stored an individual site. We therefore selected a core of three different clones (Gaver,
August Ghoy, Gibecq) that were all present on all but three of our test sites, and

sampled four examples of each.

Trees were felled and divided into three components: the main stem, up to a
diameter 7cm, and the tops <7 cm diameter with attached branches and leaves
when present. The stem samples were not separated into bark and wood. To
ensure that representative samples were analysed, sample disks were cut from
two heights within the stem, and both the tips and bases of tops were sampled
(from different pieces).

Harvest 1 was in April when the trees were beginning to emerge from dormancy.
Some were still dormant, and some were just flushing but the amount of leaf
material was very low.

Harvest 2 was taken in July and early August, by which time the trees were in
full leaf and consequently the “tops” samples included a significant amount of
leaf material.

Stem billets and remaining tops were transported to a compound at Thetford for
safe storage for 3 months. The stems were stacked on bearers, and the tops
placed on top of the stacks. After 3 months they were sampled again to assess
the effect of this period of storage. In order to mimic typical commercial practice,
no attempt was made to prevent the loss of leaf material, and consequently
these are likely to have been substantially lost (from the second harvest) by the
time of the second sampling.
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Harvest

Feedstock .
time

Plant
part

Time of sample

Final
number
of sites

Notes and additional information

Spruce SRF | March
June

trunk
tops

at harvest
3 months stored

12

Trees were felled and divided into three components: the main stem, up to a
diameter 7cm, the tops <7 cm diameter with attached branches and needles,
and the bark. Unlike the poplar SRF, samples for analysis were taken separately
from the bark and the wood of the main stem. To ensure that representative
samples were analysed, sample disks were cut from two heights within the
stem, the tips and bases of tops were sampled, and bark samples were taken.

Harvest 1 was in mid-March. As an evergreen conifer, the tops samples would
have included needles, but the trees were in a state of partial dormancy with no
newly emergent needles.

Harvest 2 was in late June. As in Harvest 1, needles were present in the tops
samples, however the trees would have been far more metabolically active and
tops samples included new extension growth and this season’s needles in
addition to previous years’ needles.

Remaining stem billets were stacked in the forest, with the remaining tops on
top, for three months after each harvest and sampled again to assess the effect
of this period of storage. Samples were taken from the wood of the main stem,
but no stored bark samples were taken. In order to mimic typical commercial
practice, no attempt was made to prevent the loss of needles and consequently
these are likely to have been substantially lost (from both harvest times) from
the stored samples.

bark

at harvest

12

Bark samples were only taken at the two harvesting times, not after storage.

Study 2: Within-field variation

Miscanthus March to
April

whole

at harvest

Samples were taken from 20 random positions within the three fields of
Miscanthus crop, immediately after harvest, at the usual commercial harvesting
time. They were packaged and analysed separately.

Willow SRC March

whole

at harvest

In order to ensure difference in varieties did not obscure any spatial effects,
having predetermined 20 random positions within the field for sampling, an
expert was enlisted to identify the nearest example of Tora, and samples were
cut from this as entire, representative stems. These were taken at around the
usual harvest date, but before the specific field had been harvested. The
coppice was beginning to emerge from dormancy. Some stems were still
dormant, and some were just flushing but the amount of leaf material was very
low.
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Final
Feedstock quvest Plant Time of sample number Notes and additional information
time part .
of sites
Study 3: Leaves
Poplar SRF | July to leaves In full leaf 11 The same varieties of poplar were sampled for leaves as for Study 1 (i.e. Gaver,
August only Ghoy, Gibecq).

Leaf samples were collected from the poplar SRF at the same time the second
harvest samples were taken, when they were in full leaf.

Willow SRC | September | leaves In full leaf 9 A random mix of willow varieties was sampled for leaves based on

only predetermined GPS waypoints in the field.

Leaf samples were taken from standing SRC willow crops when they were in full
leaf. All leaves were collected from each stem sampled to include leaves from
both the base and tip of the stem.

Study 4: Pelleting

Miscanthus n/a whole before and after n/a Samples of Miscanthus pellets were obtained direct from the pellet

pelleting

manufacturer, together with samples of the raw feedstock, and analysed.
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4.1.2 Major fuel parameters

This Section will present a selection of the key parameters across all the freshly harvested
feedstocks. Certain feedstocks were subject to harvesting and sampling on more than one
occasion to investigate the effect of different harvest times (harvest months are shown in Table
2-1); where relevant these data are displayed in different colours within the charts to highlight
any changes. Note that values that have been considered to be outliers for statistical analysis
have been included in Figure 4-2 to Figure 4-8 for illustration purposes, but not Figure 4-11 to
Figure 4-14 (as the average values used in the latter set of graphs would have been distorted
by the outliers). These graphs show the results from Study 1 & 3, and, where appropriate, an
average value for each of the willow SRC and Miscanthus in-field variation studies (Study 2).
Summary statistics for each feedstock are presented in Appendix6. Further graphs for all
feedstock analysis variables are presented in Appendix 7.

The impacts of storage on the feedstock are not discussed here and are dealt with in each
specific feedstock Section (where appropriate). Although visible differences associated with
harvesting time are mentioned here, the impacts of harvesting time are presented and
discussed in detail within the individual feedstock sections.

From an energy conversion perspective, the most important characteristic of a fuel is the
available heat content or calorific value. This is often reported as a Gross calorific value (GCV)
which is the total measured heat content in the fuel after bringing all the products of
combustion back to the pre-combustion temperature. However, in most combustion systems
the products of combustion escape as vapour and the latent heat of evaporation of water and
the reaction products is not recovered. The Net calorific value (NCV) accounts for this loss
and describes the realisable heat content of the fuel, and should be reported on an as received
(wet) basis (ar). As the moisture (and ash) content can vary widely between different samples,
it is often common practice to normalise the GCV for moisture (and ash) to compare samples
on a dry (d) or dry ash free (DAF) basis. Note all percentages are expressed as a weight
percentage.

Figure 4-2 illustrates the changes in DAF GCV between the different feedstocks and sub-
samples of feedstock. The DAF GCV was lowest for the Miscanthus, the willow SRC stems
and trunks of the other feedstocks, increasing in the tops and is highest in the leaves and bark.
The higher DAF GCV is a reflection of the increased carbon and hydrogen contents of the
tops/leaves and bark, compared to the trunk wood and Miscanthus. The oxidation of carbon
and hydrogen provides the predominant sources of energy. It should be noted however, that
although the DAF GCV was highest for the plant extremities, these parts tend to contain higher
moisture and ash levels so the available energy on an “as received” basis is reduced.
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Figure 4-2: Comparison of GCV (DAF) values across all feedstocks in study 1 & 2
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Figure 4-3 demonstrates the large variation in moisture content between the freshly harvested
feedstocks. The Miscanthus has the lowest and most variable moisture content as harvested
(possibly due to the material being more susceptible to absorbing and losing moisture
according to the conditions at harvest than the woody feedstocks), whilst the trunk wood and
tops contain typically 50-60% moisture with the leaves containing >60% moisture. As noted
above, the realisable heat content (NCV) is strongly correlated with moisture content and
Figure 4-4 displays these data; the effect of different harvest time is clear for both the SRF
feedstocks. The ash content of the different feedstocks is illustrated on a dry basis in Figure
4-5 and clearly shows the very low ash levels in the trunks of the woody biomass of <2%,
which increases in the tops up to 6%, with the leaves containing the highest levels at up to
10% ash (dry). Somewhat surprisingly, the dry ash content of the spruce SRF bark is
comparable with that in the spruce SRF tops at 2-3%.The Miscanthus dry ash content is
comparable with that in the tops of the woody biomass types.
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Figure 4-3: Comparison of moisture (ar) values across all feedstocks in study 1 & 2
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Figure 4-4: Comparison of NCV (ar) values across all feedstocks in study 1 & 2

18,000
# Harvest time 1
16,000 * < Harvest time 2
X In-field stud
x n-field study average
14,000 i
L 4
12,000
o
@
3
(%]
¢ 10,000 X
® * o
g * ¢ .
= 8,000 z Py i
] * ¢
= 8
6,000 ‘ >
‘ * 8 * 8
L 2 < <
4,000 * TS & i
<
2,000
0 T
Miscanthus Stem Leaves Poplar SRC Trunk Tops Leaves Trunk Tops Bark
(n=12) (n=6) (n=9) (n=3) (n=11 x 2 harvest times) (n=11) (n =12 x 2 harvest times)
Willow SRC Poplar SRF Spruce SRF

46



Section 4: Overview of feedstock characteristics

Figure 4-5: Comparison of ash (d) values across all feedstocks in study 1 & 2
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Sulphur, nitrogen and chlorine concentrations in feedstocks will all impact on the
environmental performance of the subsequent combustion process, and in general lower
concentrations in the feedstock are preferable from this perspective. Chlorine also can play a
role in corrosion mechanisms, particularly in combination with alkali metals such as potassium,
although in this respect the presence of sulphur actually inhibits this reaction and so is
desirable.

The dry nitrogen content of the feedstocks is illustrated in Figure 4-6. As with the ash, the
lowest nitrogen contents are found in the trunks of the spruce SRF and the highest in the
leaves of the willow SRC and poplar SRF. The nitrogen levels in the tops and bark of the
spruce SRF were higher than the trunk, with the spruce tops ranging from 0.6-1.4wt% N (DAF
basis), with the bark lower at 0.4-0.8wt% N (DAF basis). The poplar SRF was generally higher
in nitrogen than the equivalent spruce samples. While harvest time appears visually to have
had little impact on levels of nitrogen in any of the spruce SRF plant parts or the poplar SRF
trunk, the second harvest does generally show higher nitrogen than the first for the poplar SRF
tops; this is analysed and discussed in more detail in Section 8.2.2. Levels of nitrogen in the
Miscanthus were similar to those of the spruce SRF tops and bark.
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Figure 4-6: Comparison of nitrogen (d) values across all feedstocks in study 1 & 2

3.5
* # Harvest time 1
< Harvest time 2
3.0 * *
X In-field study average
0
*
25 + z
)
2 $
220 pe
B <
g o
%15
2 e 'S
5 ° s
- 8
1.0
’
: . : g .
% &
0.5 g Y §
3 . ¢
. g
0.0 T |
Miscanthus Stem Leaves Poplar SRC Trunk Tops Leaves Trunk Tops Bark
(n=12) (n=6) (n=9) (n=13) (n=11 x 2 harvest times) (n=11) (n =12 x 2 harvest times)
Willow SRC Poplar SRF Spruce SRF

For sulphur, the leaves were again shown to contain the highest levels (up to 0.6% dry) — see
Figure 4-7, with the remaining feedstocks and plant parts generally containing <0.1% (dry),
although the trunks always contained the lowest levels (the trunk samples being at or below
the limit of detection of 0.01%). Should leaves be combusted as a dedicated fuel, this level of
sulphur may require flue gas abatement measures to be taken. However, the scenario of 100%
leaf firing is considered to be unlikely as the high levels of other chemical constituents of the
fuel would have multiple negative impacts on conversion plant. As with nitrogen, a particularly
notable impact of harvest time on sulphur content is apparent for the poplar SRF tops; in this
case this difference also seemed to be present for the spruce SRF tops to some extent. The
reason for this is unclear, but may be related to differing levels of dormancy in the harvested
materials, with the biggest differences seen in the more actively growing plant parts.
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Figure 4-7: Comparison of sulphur (d) values across all feedstocks in study 1 & 2
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For chlorine, the Miscanthus clearly contained the highest levels (see Figure 4-8), while the
wide spread of the data for this feedstock are also notable; this is discussed further in Section
5. The Willow SRC leaves contained markedly higher levels of chlorine than those from the
poplar SRF leaves. The trunks generally contained chlorine levels that were lower than the
limit of analytical detection of 0.01%.

Figure 4-8: Comparison of chlorine (d) values across all feedstocks in study 1 & 2
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For the most part, the overall carbon to hydrogen ratio was reasonably consistent across all
feedstocks. However, when the carbon and hydrogen contents are compared across the
different feedstocks, it can be seen that distinctly different clusters can be seen, as shown in
Figure 4-9 for the non-spruce feedstocks and Figure 4-10 for the spruce SRF plant parts. The
Miscanthus has the lowest levels of carbon and hydrogen, while the Willow SRC leaves and
spruce tops have the highest. The spruce SRF bark does not follow the general trend of the
SRF other materials, being high in carbon but relatively low in hydrogen. In these figures,
harvest time is also differentiated, and for the poplar tops in particular it is clear that the second
harvest shows higher carbon contents than the first, indicating the presence of leaves within
the sample.

Figure 4-9: Carbon verses Hydrogen content for the non-SRF spruce feedstocks
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Figure 4-10: Carbon verses Hydrogen content for the SRF spruce feedstocks
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4.1.3 Trace elements

Trace and minor elements are mainly of environmental interest to the end user of fuels, both
considering atmospheric emissions as well as potential impacts on ash chemistry and
aqueous discharges. There is however increasing evidence that some trace metals, such as
lead and zinc, may participate in corrosion mechanisms, particularly in association with
chlorine. This is generally considered to be an issue that primarily affects conversion plant
using waste wood as part of their feedstock (which can be significantly enriched in these
metals through contamination), but may also be of concern for certain “clean” feedstocks.

Figure 4-11 to Figure 4-14 show the average trace element contents of the fresh feedstocks
(harvest time is not differentiated in these graphs for clarity), with the range of the data
indicated by the error bars on each column. Note that those values deemed to be outliers for
statistical analysis have been excluded from these graphs to avoid distortion of the averages.
For a number of the trace metals, the majority of data for some feedstocks was below or close
to the analytical detection limits (note these varied by element due to different analytical
technigques, with slight differences between individual samples due to the impact of differing
ash content). These can generally be identified in the graphs by the low range of the data.

Generally, for the trace and minor elements, within the woody feedstock types the trunks
contain the lowest levels followed by increasing concentrations in the tops and finally the
leaves. For the majority of elements the SRF bark contains similar concentrations to the tops.
However there are notable exceptions as discussed below each chart.
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Figure 4-11: Comparison of average barium, copper and zinc values across all feedstocks in study 1
(data range indicated by error bars)

450
T W Miscanthus
400 H Willow SRC
350 Willow leaves
M Poplar SRC
300 B Poplar SRF trunk
< Poplar SRF tops
“z 250 — -Poplar leaves
'Eo T W Spruce SRF trunk
=
5 200 “Spruce SRF top
£ Spruce SRF bark
150 F
100
50 T -|— -
0 ;L\iﬂ Iﬂ |
Ba

Barium — significantly higher and more variable in SRF bark than any other feedstock. Barium
is not considered to have a significant impact on conversion plant.
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Zinc — average levels in the leaves were higher than those in the other feedstocks and the
willow leaves in particular showed a wide range of concentrations; levels were also reasonably
high in the SRC crops and poplar tops, although Miscanthus was comparatively low in zinc.
Zinc concentrations are often specifically limited in boiler contracts, particularly those for waste
wood combustion, as it is associated with corrosion mechanisms, especially in combination
with chlorine. The levels in the leaves are comparable to those seen in some waste woods.
High levels of zinc in the residual ash may also be a concern from an ecotoxic perspective.

Figure 4-12: Comparison of average nickel, fluorine and bromine values across all feedstocks in study 1
(data range indicated by error bars)
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Bromine — for most of the samples tested, bromine levels were below the limit of detection
However, detectable levels were found in several of the samples of Miscanthus, both willow
and poplar leaves and one of the poplar SRF top samples, and the range of these values was
quite high. All of the spruce SRF bark samples had elevated bromine levels. Bromine has

been linked to corrosion mechanisms and the deterioration of baghouse filters (used for
particulate matter capture).
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Figure 4-13: Comparison of average chromium, selenium, cadmium and lead values across all
feedstocks in study 1 (data range indicated by error bars)
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Cadmium — Levels in the willow leaves in particular were high and variable (comparable to
those in some waste woods). All of the broadleaf samples were higher in cadmium than either

the spruce or Miscanthus samples. Cadmium is primarily of concern as an environmental
pollutant.

Lead — while the poplar SRC appears to be higher in lead than the other feedstocks, this is
due primarily to one high result distorting the average due to the small number of samples.
Lead levels in the other feedstocks were broadly similar. Lead is of concern both from an
environmental perspective and as it is implicated in some corrosion mechanisms, but the
levels seen in the feedstocks in this study are comparatively low. High levels of lead in the
residual ash may also be a concern from an ecotoxic perspective, while boiler deposits
containing lead could be an occupational health concern for maintenance workers.
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Figure 4-14: Comparison of average vanadium, antimony, arsenic and mercury values across all
feedstocks in study 1 & 3 (data range indicated by error bars)
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Vanadium — many of the feedstocks showed variable vanadium concentrations, although on
average the general pattern of leaves>tops>trunk is followed. Vanadium is of environmental
concern but the levels in these feedstocks are low.

Mercury — many of the samples were below or close to the limit of detection. However, all the
leaves and a number of the tops samples (both poplar and spruce SRF) did contain
measureable levels. Mercury is of significant environmental concern and is likely to be further
regulated in the near future, although the levels in these feedstocks are unlikely to require
specific controls to be applied.

4.1.4 Ash compositions

The average ash composition for each feedstock is shown in Figure 4-15. These compositions
exclude SOz and have been normalised to sum to 100%, with the majority of the elements
expressed as oxides; the exception is calcium which is expressed as carbonate. It should be
noted that these values reflect their proportions in the ash — levels of the ash forming elements
in the fuel will depend on its ash percentage. The ash composition will influence a number of
operational concerns within the plant, including slagging, fouling, corrosion, erosion, bed

agglomeration in fluidised bed systems, emissions (particularly of acidic gases) and ash
disposal/recovery options.

With the exception of the Miscanthus, all of the feedstock ashes were predominantly
composed of calcium carbonate, with potassium oxide levels also high. High alkali input is
linked to corrosion, slagging and bed agglomeration in combustion plant. Calcium can be
beneficial in the reduction of acid gases, but depending on its concentration and the levels of
other ash constituents it can have mixed impacts with regards to slagging and fouling.
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The Miscanthus also contained significant levels of silica. In some cases this may be due to
contamination by soil, but as the silica was consistently high, it is also likely to be an inherent
characteristic of the Miscanthus. Silica in combination with potassium can form low melting
point (eutectic) mixtures which can lead to a higher probability of slagging/fouling/
agglomeration issues.

Figure 4-15: Average normalised ash compositions for the feedstocks in study 1 & 3
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4.1.5 Ash fusion temperatures

The initial ash deformation temperatures (IDT) (under reducing conditions) for the feedstocks
(not including in-field variation samples and stored material) are shown in Figure 4-16. Low
ash fusion temperatures (AFTS) suggest that the ash is likely to form molten/sticky deposits in
the boiler and so increase the risk of slagging and fouling. It should be noted that the reliability
of AFTs is affected by a number of factors; the repeatability given in the standards is quite
wide, the measurement can be dependent on operator interpretation and it can be affected by
the ash preparation method. Unlike the other fuel characteristics evaluated, ash fusion
temperatures (AFTs) are not considered suitable for statistical analysis, as the use of e.g.
average values can hide potential issues with low melting point supplies.

The Miscanthus in particular had some very low IDTs but also a very wide range in values
(although it is suspected that the values at >1500°C may be an error as they are so much
higher than the other data). This would limit its use in many conversion systems as the risk of
forming slagging deposits would be high. The woody biomass samples all had IDTs above
1000°C, with the vast majority above 1200°C, hence reducing the potential issues significantly.
The willow SRC data also show a wide spread of values, however it should be noted that there
were only 6 fresh samples and of these three had IDTs 21500°C (as did the four stored
samples). The ash compositions of the willow SRC samples were reasonably consistent,
which again makes the spread in the IDT data surprising.
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Figure 4-16: Comparison of initial deformation temperatures (reducing conditions) across all feedstocks
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4.2 Discussion

Comparison of all the fresh feedstock analysis in this Section has confirmed Hypotheses 1
and 2 (Section 1.3) which proposed that different feedstocks and different plant parts from
those feedstocks would have different chemical compositions.

The dry ash free Gross CV varies from just over 19500 kJ/kg for the Miscanthus and stem
wood up to nearly 22500 kJ/kg for the leaves, with the tops and bark samples also showing
high DAF GCV values. This is due to the higher carbon and hydrogen, and hence lower
oxygen content, of these parts of the plant. However, despite the higher DAF GCV values,
the tendency for the leaves, tops and bark to have a higher moisture content and significantly
increased dry ash content (particularly for the leaves), results in a much lower as received Net
CV for these parts of the plant. Although the ash content of the spruce SRF bark was
significantly higher than the trunk wood, it was broadly similar to that seen in the spruce SRF
tops.

Dry nitrogen levels were lowest in the trunk wood, with spruce SRF notably lower than the
willow SRC and poplar SRF samples. The highest levels (~10%) were seen in the leaf
samples, with the tops and Miscanthus samples containing intermediate concentrations, the
equivalent samples from spruce SRF always being lower in nitrogen than those from poplar
SRF. A similar pattern was evident for dry sulphur content, with many of the trunk wood
samples containing levels below the limits of detection. For dry chlorine content, Miscanthus
contained some of the highest levels, along with the willow SRC leaves at up to 0.2%. Again,
the chlorine content in many of the trunk samples was below the limit of analytical detection.
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The increased ash content of the plant extremities (leaves, tops and bark) would be expected
to influence the concentrations of many trace and macroelements and this is observed, with
the trunks containing the lowest levels followed by increasing concentrations in the tops and
finally the leaves. For the majority of elements the spruce SRF bark contains similar
concentrations to the tops. However there are a number of notable exceptions including the
observation of very high levels of barium in the bark. For the macroelements, calcium
dominates the ash composition of most of the feedstocks with the exception of Miscanthus,
which is dominated by silica. The concentrations of sodium, phosphorous, potassium tend to
increase toward the plant extremities (trunk<tops<leaves) at the expense of calcium, but the
spruce SRF bark shows the opposite behaviour, with more calcium than the trunk parts.

Generally, the results have revealed some interesting outcomes. Comparison of equivalent
plant parts for the poplar and spruce SRF demonstrates that the spruce samples are nearly
always lower in concentrations of most chemical species. This is consistent with the fact that
the majority of sites in the public forest estate are too poor for agricultural purposes and are
inherently low in nutrients yet sites are seldom fertilised. Thus the species grown on such
nutrient poor sites are chosen because they are well adapted to low nutrition - Sitka spruce is
an outstanding example — therefore low levels of nitrogen, sulphur and ash are quite plausible.
High chlorine in Sitka spruce is usually associated with proximity to the sea; the low levels in
the spruce SRF are consistent with the fact that all the sites in this project were well inland.
The spruce bark was also much lower in ash content and hence a much better fuel than was
expected. Although this is in line with the generally poor site nutrition, the industry view is
generally that bark has high ash. There are two possible explanations for the low ash content
of these bark samples: firstly great care was taken to prevent contamination with soil, and
secondly the bark was much younger than the bark from trees harvested at the normal age of
40-50 year which would be expected to accumulate more atmospheric pollutants. The levels
of ash, chlorine content and calculated alkali index for the Miscanthus samples were also
interesting to compare against the other data in light of the general industry perception of this
feedstock as being ‘problematic’.

When Miscanthus is compared to the other feedstocks, although only the leaves approach the
Miscanthus chlorine levels, the ash content and calculated alkali index for the Miscanthus are
broadly similar to those of the poplar and spruce SRF tops, suggesting that some commonly
held perceptions regarding Miscanthus are perhaps not always justified, see Table 4-2.
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Table 4-2: Comparison of ash, chlorine and alkali index averages for all fresh feedstocks

Feedstock Ash %wt (d) Chlorine % (DAF) - (CZ?)ITESS))(/ -
Miscanthus 23 0.14 0.204
Willow SRC 1.8 0.02 0.147
Willow SRC — Leaves 8.0 0.16 0.706
Poplar SRC 3.0 0.01 0.171
Poplar SRF — Trunk 1.6 0.01 0.112
Poplar SRF — Tops 4.5 0.03 0.340
Poplar SRF — Leaves 9.1 0.09 0.871
Spruce SRF - Trunk 0.4 0.01 0.038
Spruce SRF — Tops 24 0.04 0.195
Spruce SRF - Bark 2.3 0.04 0.158
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5 Miscanthus

5.1 Introduction

Miscanthus is a C4 pathway plant, meaning it is a plant with the ability to be highly efficient at
photosynthesising. Because of this ability, Miscanthus can achieve high levels of annual
productivity (even in temperate climates), in the form of roots (rhizomes), stems and leaves
although only the stems and leaves are harvested annually for biomass.

Typical UK achievable yields after 3-4 years’ maturity are 12 oven dry tonnes per hectare per
annum (ODT/halyr), with low yields being 8 ODT/ha/yr and high yields being 16 ODT/hal/yr
(ADAS, 2003). Yields of Miscanthus on mainland Europe, where the season is marginally
longer, can easily achieve >18 ODT/halyr.

Most Miscanthus plantations are established at rates ranging between 10,000-
25,000 rhizomes/ha. These are generally 50-100 g rhizome pieces, which will have been lifted
and produced from multiplication crops no older than 5 years of age.

The growth cycle of Miscanthus is an annual cycle in temperate climates. This cycle would
start in spring (when soil temperatures are above 6°C), and will grow steadily (approx. 2 cm
per day) through the summer and start to senesce early autumn. Produced cane (biomass
yield) is then over-wintered to allow shedding of the leaves to occur, as the leaves typically
tend to contain higher levels of unwanted feedstock characteristics, i.e. potassium, silicon, and
chlorine. The overwintering process also provides the standing cane time to reduce in
moisture content.

Harvesting usually takes place from late winter onwards, when weather and ground conditions
allow, with the aim of being completed before the new shoots start to appear from the ground
in early spring. This is when the highest dry matter content can be achieved (approx. 80%),
and where most of the nutrients have been sequestered from the upper part of the plant back
down into the rhizomes — improving fuel quality aspects of the harvested cane and giving the
rhizome/roots the nutrients required for starting the following growing season.

Miscanthus has hundreds of different varieties and more are being bred and developed each
year. New varieties are continually being developed, aiming to improve fuel quality aspects,
yield and planting efficiency (by establishing from seed/plantlet rather than
rhizomes).Throughout Europe and North America, the most common Miscanthus variety
established for commercial biomass production has been M. x giganteus.

M. x giganteus is a sterile hybrid, due to its triploid property, so only can be propagated from
cuttings or rhizomes; all the Miscanthus samples collected in this project were M. x giganteus.
The main benefits of M. x giganteus are:

° reasonable frost tolerance (capable of surviving -20°C air temperature with only 10%
plant losses).

. good annual yield production with little annual variation
. wide range of suitable soil types and nutrient requirements
. little or no requirement for nitrogen fertiliser

. no significant recorded incident of disease infection
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° very good resistance to insect pest attack
o commercially productive life span of >15 years

This project investigated the variability of Miscanthus in three different studies. The first study
related to taking samples across twelve different sites whilst the second focussed on
assessing the variability within three individual sites (in-field variation). Both of these studies
are considered in this section (see Figure 5-1 for the geographical location of the relevant
sites). The final study, related to the characteristics of Miscanthus before and after pelletising,
is considered in Section 11.

Study 1 focussed on the effect of the climate zone (warm/moist, warm/dry), actual soil type
(light, medium), and storage on feedstock characteristics. There were three sampling
exercises on the same material to investigate the effect of storage time:

° In field at time of commercial harvest operation
o In field before collection/baling

. After baling, material was stored in either an enclosed building or open situation for
1 month (after 1 month storage)

One representative sample was analysed from each site location at each sampling time. For
the fresh samples, each was formed as a composite of subsamples taken from at least 10
locations within the site, before being bulked, thoroughly mixed, and sampled for analysis.

Because of the sampling design, this study also allowed the interactions between these factors
to be investigated, for example the response to storage could be different in warm/moist
climate zones compared to warm/dry climate zones.

To investigate the importance of these factors, the original design intended that there were
three sites in each combination of climate zone and soil type. A set of twelve sites was
identified by GIS, but for reasons described in Section 2.4, the representation was not
balanced, with ten sites in warm/dry climate zones and only two in warm/moist zones and
more on light soils than medium soils (see Table 5-1). The outcomes from this structured
analysis are presented in Section 5.2.

Table 5-1: Numbers of sites sampled in different combinations of soil type, climate zone and storage

i Soil Type
| Z
Storage Climate Zone Light Vediom
Infield at harvest Warm/dry_ ! 3
Warm/moist 1 1
' . Warm/dry 6* 2*
Infield pre-balin
P g Warm/moist 1 o*
7 3
After 1 month storage Warm/dry_
Warm/moist 1 1

*some sites were baled as soon as they were harvested

Further information on many aspects of each of the twelve sites was collected for the purpose
of understanding reasons for any observed differences in the feedstock characteristics. The
provenance information included management factors as discussed in Section 3.2.
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Study 2 investigated the variation within sites, also referred to as ‘in-field variation’. Three
sites were chosen for this and at each site, 20 biomass samples were collected and analysed
separately which allowed the variability within each field to be investigated. These data were
also compared to the variability between different sites. The results are presented in Section
5.5.

Figure 5-1 shows the geographical location of the Miscanthus sites sampled in Study 1 and
Study 2.

Figure 5-1: Location of Miscanthus sampling sites (WD = warm/dry climate, WM = warm/moist climate,
IFV = in-field variation sampling). Location numbers reference site codes used in D4.

Miscanthus

. e Misc. WD
: e Misc. WM
Note that the following D4 site -
codes are equivalent:
Site 052 = 082 (IFV1)
Site 053 = 083 (IFV2) }
&

Site 054 = 084 IFV3)

Wis reproduced from Ordnance Survey material

with the permission of Ordnance Survey on behalf of
Her Majesty’s Stationary Office. © Crown Copyright and
database right [2016].

Ordnance Survey Licence number 100021242

MW TD 10316
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5.2 Results of structured analysis of the effect of climate zone, soil type and
storage on feedstock characteristics

Table 5-2 provides an overview of the impact of the three main experimental factors
(structured factors) - climate zone (CZ2), soil type (ST) and storage (STORE) - on each of the
measured feedstock parameters. The table gives the probability of the observed values
happening by chance alone for each of the selected feedstock characteristics. The columns
CZ & ST, CZ & STORE and ST & STORE show the effect of the interactions of each of the
pairs of factors whilst column CZ & ST & STORE illustrates the effect of the interactions of all
three. In Table 5-2, the closer the value is to zero, then the greater the influence of the
structured factor on the parameter in question. The cells have been coloured light blue to
highlight those with p<0.05 and >0.001, i.e. there was a probability of between 1in 20 and 1 in
1000 that the effect was due to chance alone, whilst dark blue indicates those influenced most
(p<0.001, i.e. there was a probability of less than 1 in 1000 that the effect was due to chance
alone). Note that these conventions are used throughout for the other feedstocks analysed
as part of Study 1; similarly the abbreviations used for the basis of the feedstock analysis (as
received = (ar), dry = (d), dry, ash-free = DAF) normalised ash = (na)) are used consistently
throughout each feedstock section.

Before describing the statistically significant effects in detail, each feedstock characteristic
identified in the statistical analysis was reviewed according to the measured mean values in
relation to the analytical limits of detection, its analytical error, i.e. its reproducibility, and
operational significance (see Section 3.1 for further explanation). Regardless of statistical
significance, all effects that were at the limit of detection, within the analytical reproducibility,
or judged to have limited operational impact in conversion systems were not considered
further. Table 5-3 shows how each of the feedstock characteristics were assessed; those that
remained following this screening step are not only statistically significant but also analytically
and operationally significant.

For Miscanthus, climate zone significantly influenced the greatest number of feedstock
characteristics. The strongest impact of climate zone was observed on the content of CaCOs
and MgO in the ash, with lesser impacts on dry ash content, DAF Gross CV, cobalt, Fe;O3 in
ash, potassium, silicon and alkali index.
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Table 5-2: Structured factor analysis of Miscanthus

Variab!e (basis of cz ST STORE CZ& CZ& ST & cz g o
analysis)t ST STORE STORE STORE
Moisture (ar) 0649 0.278 0648 0.450  0.382 | 0.067
Net calorific value (ar) | 0.499  0.308 0619 0471 0414 | 0.075
Ash content (d) 0005 0891 0753 | 0.636 0.844 0776 | 0.934
Volatile matter (DAF) | 0.267  0.149  0.087 | 0670 0087 0019 | 0.247
gxss calorficvalue | 90190 0250 0911 | 0.414 0088  0.228 | 0.197
Carbon (DAF) 0074 0816 0013 | 0185 0.307  0.896 | 0.026
Hydrogen (DAF) 0361 0538 0003 | 0.655 0321 0424 | 0.149
Nitrogen (DAF) 0557 0010 0123 | 0.083 0450  0.385 | 0.404
Sulphur (DAF) 0576 0536 0469 | 0.708 0.869  0.863 | 0.745
Chlorine (DAF) 0.305 0159 0.089 | 0410 0399  0.802 | 0.735
Barium (d) 0534 0673 0609 | 0.746 0673  0.740 | 0.948
Chromium (d) 0438 0178 0959 | 0.693 0842  0.997 | 0.993
Cobalt (d) 0025 0768 0178 | 0.952 0.998  0.605 | 0.803
Copper (d) 0.179  0.144 0.845 0.651 0.703 0.281 0.705
Molybdenum (d) 0568 0.058 0344 | 0538 0894  0.049 | 0.979
Nickel (d) 0620 0082 0361 | 0550 0.895  0.056 | 0.999
vanadium (d) 0541 0676 0146 | 0002 [OIGGOMN 0823 | 0.681
Zinc (d) 0084 0121 0377 | 0564 0.998 0989 | 0.833
Cadmium (d) 0594 0765 0.669 | 0.737 0999  0.653 | 0.525
Lead (d) 0849 0517 0550 | 0.755 0920  0.539 | 0.880
Al,Os (na) 0722 0871 0339 | 0596 0374 0792 | 0.616
BaO (na) 0.856 0582 0991 | 0.755 0.881 0565 | 0.464
CaCOs (na) WOG6GN 0314 0824 | 0347 0306 0739 | 0.395
Fez0s (na) 0004 0015 0678 | 0.095 0013 0957 | 0.352
K20 (na) 0121 0108 0290 | 0161 0394 0433 | 0.685
MgO (na) NOGGONOI066M o642 | 0127 0221 0821 | 0.288
MnzOs (na) 0730 0398 0260 | 0.822 0195 0128 | 0.363
NaO (na) 0176 0454 0676 | 0.401 0153 0484 | 0.146
P20s (na) 0.281 0095 0558 | 0.899 0.607 0926 | 0.084
SiOz (na) 0.060 0088 0635 | 0.800 0817 0601 | 0.622
TiO2 (na) 0631 0462 0802 | 0929 0950  0.792 | 0.900
Aluminium (d) 0498 0.803 0617 | 0671 0557  0.864 | 0.690
Calcium (d) 0.162 0818 0529 | 0.260 0.026 0990 | 0.616
Iron (d) 0574 0122 0736 | 0454 0.182 0969 | 0.650
Potassium (d) 0027 0495 0598 | 0562 0864  0.676 | 0.857
Magnesium (d) 0772 0004 0649 | 0239 0428 0601 | 0.128
Manganese (d) 0951 0507 0617 | 0.727 0221 0296 | 1.000
Sodium (d) 0578 0517 0762 | 0921 0981 0276 | 0.776
Phosphorous (d) 0242 0006 0983 | 0371 0932 0912 | 0.536
Silicon (d) 0022 0156 0936 | 0.485 0869  0.930 | 0.967
Titanium (d) 0410 0538 0765 | 0.919 0.996  0.802 | 0.857
Alkali index 0025 0526 0591 | 0580 0.868  0.681 | 0.858

tbasis of analysis; ar = as received fuel, d = dry fuel, DAF = dry, ash-free fuel, na= normalised ash. * Indicates
not included in structured analysis. Antimony, arsenic, mercury and bromine were not included in the
structured analysis due to limits of detection. Dark blue cells indicate p<0.001; light blue cells 0.001<p<0.05
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Table 5-3: Mean values and assessment of relevance for main effects and interactions identified by
structured analysis for Miscanthus (number of analyses if not default)

One factor analysis

Variable Storage Assessment
One
Fresh Eg{i?]re month
9 stored
Default number of 12 9 12
analyses
Moisture, %wt (ar) 26.5 14.8 13.9 Relevant for further study
NCV kJ/kg (ar) 12531 14889 15085 | Relevant for further study
C, %wt (DAF) 49.81 49.66 49.36 Exclude — within repeatability of analysis
H, %wt (DAF) 6.04 6.09 6.15 Exclude — within repeatability of analysis
Climate zone
Warm/dry Warm/moist
Default number of o8 5
analyses
Ash, %wt (d) 2.4 15 Relevant for further study
GCV, kJ/kg (DAF) 19639 19745 Exclude — within repeatability of analysis
Co, mg/kg (d) 0.13 0.07 Exclude — at or below limit of detection level
CaCOs, %wt (na) 14.31 27.51 Relevant for further study
Fe203, %wt (na) 0.33 0.65 Unlikely to have operational impact
MgO, %wt (na) 2.82 4.38 Relevant for further study
K, mg/kg (d) 3162 1481 Relevant for further study
Si, mg/kg (d) 5446 3014 Relevant for further study
Alkali Index 0.207 0.099 Relevant for further study
Soil Type
Light Medium
Default number of 23 10
analyses
Nitrogen, %wt (DAF) 0.39 0.32 Exclude — within repeatability of analysis
Fe203, %wt (na) 0.44 0.25 Unlikely to have operational impact
MgO, %wt (na) 3.48 2.07 Relevant for further study
Mg, mg/kg (d) 368 242 Relevant for further study
P, mg/kg (d) 439.9 621.8 Relevant for further study
Two factor analysis
Climate
Parameter one | Warm/dry War.m/ Assessment
) moist
Soil type
Light 0.14 (18) 0.22 (3) | Exclude — within repeatability of
V, mg/kg (d) . analysis and unlikely to have
Medium 0.16 (8) 0.08 (2) operational impact
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Climate Warm/
Parameter one | Warm/dry . Assessment
moist
Storage
Fresh 0.12 (9 0.08 (2
Before © @ Exclude — within repeatability of
V, mg/kg (d) baling 0.13 (8) 0.51 (1) | analysis and unlikely to have
operational impact
Stored 018(9) 007 |°F P
Fresh 0.28 (10) 0.45 (2) Exclud'e — within repeatability of
analysis
Before Single high sample in warm moist
0,
Fe203, %wt (na) baling 0.27 (8) 1.6 (1) climate zone
Stored 0.42 (9) 0.37 (2) Exclud_e — within repeatability of
analysis
Fresh 1096 (10) 1304 (2) | Unlikely to have operational impact
Ca, mg/kg Bef_ore 1169 (8) 2658 (1) S|_ngle high sample in warm moist
baling climate zone
Stored 1166 (10) 1322 (2) | Unlikely to have operational impact
Soil
Parameter pe Light Medium | Assessment
Storage
Fresh 82.2 (8) 83.8 (4) o -
Volatile Matter Before Exclud_e - W|th|n_ repeatability of
% (DAF) baling 82.4 (7) 84.8 (2) analys_ls anq unlikely to have
operational impact
Stored 83.2 (8) 83.6 (4)
Fresh 0.18 (8) 0.27 (4) o -
Before Exclude — within repeatability of
Mo, mg/kg (d) balin 0.19 (7) 9.71 (2) | analysis and unlikely to have
g operational impact
Stored 0.16 (8) 0.28 (4)
Three factor analysis
Climate
zone Warm/dry Warm/moist
Soil Assessment
ype
Parameter Storage Light Medium Light Medium
Fresh 49.83(7) 49.74(3) | 49.94 (1) 49.82(1) -
Carbon, %wt | Before Fexcég?:bﬁirvlgm
(DAF) baling 49.64 (6) 49.61(2) | 49.83(1) *(0) anglysis y
Stored 49.32(7) 49.04(3) | 4944 (1) 50.49 (1)

The changes in concentration of CaCO3s and MgO in ash are judged to be significant (27.5%
cf. 14.3% and 4.38% cf. 2.82% respectively for warm/moist and warm/dry climate zones).
Figure 5-2 illustrates the changes in CaCOs in ash with climate zone, although the graph
highlights the relative lack of data from warm/moist sites (five values from two sites) compared
to the warm/dry sites (28 values from 10 sites).
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Figure 5-2: Results from the calcium carbonate in ash analysis of Miscanthus in study 1, showing climate
zone impacts

40
# Warm Dry sites
A Warm Moist sites
35 Y
30
A
A
E 25 * A
by L 2
£ A
2 L 2
E‘ 20 &4
9;" *
3 . . 3
15 <+
* ¢
z .
10 ke
L 4
5
0 |
At Harvest Pre-Baling 1mth Storage
(n=12) (n=9) (n=12)
Miscanthus

Likewise, the increases in dry ash content, potassium and silicon in the fuel are also judged
to be significant on moving from warm/moist to a warm/dry climate zone. Figure 5-3 illustrates
the change in dry ash content between the two climate zones.

Figure 5-3: Results from the ash analysis of Miscanthus in study 1, showing climate zone impacts
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For the other parameters, the differences in DAF GCV between the different climate zones
were within the analytical repeatability of the experiment, and for cobalt virtually every result
was determined at below the limit of detection. Likewise, for the impact on Fe;Os content in
ash, the observed increase is primarily due to a single high result in one of just five samples.

The structured analysis identified that soil type impacted most strongly on MgO content in ash,
with a lesser impact on dry nitrogen content, Fe Oz in ash, and finally magnesium and
phosphorous expressed as elements in the fuel. The change in nitrogen content is judged to
be close to analytical repeatability, so can be disregarded.

Storage would be expected to have a significant impact on moisture content in particular and
the statistics confirm this hypothesis. The change in moisture content has a consequential
effect on all the parameters reported on an ‘as received’ basis, noting that NCV is directly
correlated (inversely) with moisture in any case via its calculation from GCV. The statistics
also highlighted a lesser impact on DAF carbon and DAF hydrogen. Figure 5-4 below
illustrates the reduction in moisture content of the Miscanthus from each of the 12 sites
(including the average value from the study 1 sites); the average moisture content determined
from each of the three in-field variation sites (study 2) is also included.

Figure 5-4: Results from the moisture analysis of Miscanthus
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The reductions in moisture content on storage were substantial, particularly the drying that
occurs in the field after harvesting, but prior to baling, as were the consequent increases in
NCV, as shown in Figure 5-5.
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Figure 5-5: Results from the Net Calorific Value analysis of Miscanthus
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Clearly, the extent of drying will be strongly influenced by available surface area of the
material, which will be different pre- and post-baling and dependent on the climatic conditions
during storage. The Miscanthus bales were generally stored undercover for these
experiments, and more information on the impacts of different methods of storage will be
assessed in Phase 2 of this project, specifically variation 4. The differences in DAF carbon
and hydrogen were not significant given the analytical repeatability. Perhaps mostimportantly,
the statistical analysis suggested that storage did not have any impact on the levels of any of
the trace elements or macroelements, including nitrogen and chlorine - Figure 5-6 and Figure
5-7 demonstrate the relatively consistent levels of both nitrogen and chlorine in the samples
taken at harvest and the two storage conditions. Unless any of the trace elements are either
leached or lost through vaporisation (chemical reaction — heating, followed by decomposition)
whilst in storage, then in theory any changes in element levels should be insignificant during
storage, assuming storage conditions and method used are suitable for the feedstock being
stored.
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Figure 5-6: Results from the nitrogen analysis of Miscanthus
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Figure 5-7: Results from the chlorine analysis of Miscanthus
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In the vast majority of cases the three structured factors (storage, climate zone and soil type)
did not interact significantly. The statistical analysis did highlight significant impacts of a few
interactions, but closer inspection of the data reveals that for all but the characteristics
previously discussed, the majority of the data was either at the limit of detection or within
analytical repeatability (Table 5-3). In addition, the lack of samples from the warm/moist
climate zone meant that for certain combinations only a single sample was available.
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Visual examination of the graphs also suggests a possible benefit in the levels of chlorine,
which appear to reduce marginally between harvesting time and collection/baling time (Figure
5-7), although this was not highlighted by the statistics. Further graphs for the other feedstock
parameters are provided in Appendix 8.

5.3 Null hypothesis

Of the many site properties collected for Miscanthus, the following had sufficient variation in
the data to be suitable for statistical analysis: year of planting, soil classification, pH and cation
exchange capacity (CEC). The impact of soil classification was investigated in the structured
analysis (Section 5.2), while the impact of pH and CEC are covered in the correlation analysis,
which is presented in Section 5.4. Therefore only year of planting is examined here.

As discussed in Section 2.6.3, correlation analysis was undertaken between the year of
planting and the feedstock characteristics. The full results of this analysis are presented in
Appendix 9, with these tables colour-coded to indicate those correlations (positive or negative)
which explain either >50% or >80% of the variability, as discussed in
Section 2.6.5. Table 5-4 presents an extract of this table, showing the strongest correlations.

Table 5-4: Regressions between selected provenance information and feedstock characteristics of fresh
Miscanthus

Variable (basis) 522?6(')?%?247'53
Antimony (d) 0.921
Arsenic (d) 0.763
Mercury (d) -0.726
Cadmium (d) 0.873

Year of planting was closely correlated with a small group of trace element concentrations in
the feedstock (Sh, As, Cd and Hg), but with the exception of cadmium, the concentrations of
these elements were at or below the limit of detection and so the data are unreliable. For
cadmium, few of the analyses were below the limit of detection, allowing further exploration; a
positive correlation was found, indicating that the concentrations increased in Miscanthus
crops with later planting dates (i.e. less mature crops), as shown in Figure 5-8. This could be
due to physiological differences in younger crops. Alternatively, this may be due to changes
in management practices that were not captured in the collected provenance data.
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Figure 5-8: Correlation between year of planting and cadmium levels in fresh Miscanthus
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5.4 Determining factors

Determining the factors of greatest importance to feedstock characteristics can only be done
in a qualitative way by review of the statistical analyses performed. For Miscanthus, the
structured factors were climate zone, soil type and storage. The other statistical analyses to
be considered are the correlations with soil characteristics and the correlations with site
information (where these were possible).

Of the structured factors, climate zone significantly influenced the greatest number of
measured feedstock characteristics followed by storage, with relatively few impacts from soil
type. Storage decreased moisture content and consequentially increased net calorific value,
but did not significantly affect any of the trace elements or macro-elements. Contrary to our
expectation the measured soil type had only a limited impact.

As discussed in Section 2.6.3, the total variation explained by these structured factors was
quantified using REML; the result of this (for all feedstocks) is presented in Appendix 9. This
explained around 50 % of the total variation in moisture content and net calorific value.

The limited impact of soil type is consistent with the low number of significant correlations
found between soil chemistry and feedstock characteristics (see Appendix 5) One of the
strongest positive correlations (61% probability) identified was between soil phosphate levels
and the oxide K;O in the feedstock analysis (see Figure 5-9). Where the phosphate level is
high within a soll, the level of K,O can be seen to increase in the feedstock ash.
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Figure 5-9: Correlation between K20 concentration in Miscanthus ash and phosphorous in soil
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The phosphate levels for the twelve Miscanthus individual field sites are very typical of average
agricultural land type, with a typical range of 16-35 ppm of available phosphate; this is well

within the average of UK soil concentrations.

Levels of K;O increased from 6.76 %wt to

33.74 %wt whilst soil phosphate levels increased from 6 ppm to 53 ppm.

Figure 5-10 shows where sodium levels of a soil increased, a reduction of K-O could be seen
in the feedstock, possibly because the Miscanthus was utilising the sodium in the soil in
preference to available potassium.
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Figure 5-10: Correlation between sodium in soil and K20 concentration in Miscanthus ash
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Sodium concentrations in the soils ranged from 13-43 ppm, while the KO levels in the
Miscanthus ash varied between 6.54-24.12 %wt sodium concentrations in the soil are within
UK agricultural land average levels.

Sodium level in the soils did not affect the Na-O level in the feedstock ash, with the range of
NazO remaining relatively consistent as the sodium level of soil increased.

Levels of KO in the ash were found to increase with increasing sand content in the soil and
decrease as the silt percentage increased, as shown in Figure 5-11 and Figure 5-12.

There appeared to be no clear correlation between the percentage of clay in the soil and any
of the macro elements or oxides found in the feedstock.

Other less marked correlations can be seen between the soil pH and the level of the ash oxide
MnsO.. As soil pH increases the level of Mn3Oa4 in the feedstock was seen to slightly reduce.
Likewise, as levels of calcium in the soil increased there was a slight correlation showing a
reduction in the ash oxide KO levels.

Planting year, which ranged from 2005 to 2011, affected only cadmium concentrations in the
feedstock, as seen in Figure 5-8.

The various influences described above have been collated, focussed on the variables thought
in the team’s expert opinion to be important in a commercial operational context, and ranked
in a qualitative way. Table 5-5 must be treated with caution but nevertheless indicates that
feedstock characteristics are not affected in a consistent way by the site properties and crop
management. The implications for growers are that the most important factor affecting
moisture and NCV, i.e. storage, can be manipulated, while some of the chemical properties
might be modified by the selection of fields within their land holding, or the age of the rhizome
system. On the other hand most of the key macronutrients are primarily dependent on the
climate zone. At first glance, the grower has minimal influence on the climate zone of their
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land holding, however for an annual crop like Miscanthus, the observed impact of climate zone
is likely to be due to the local weather via temperature, availability of water and radiation. It is
possible that with a better understanding of these impacts, sections of the farm could be
chosen that would optimise the feedstock properties, provided yield was not adversely
affected. The implications for buyers are that consideration must be given to the feedstock
characteristics of prime importance in a particular application.

Table 5-5: Factors influencing key feedstock characteristics of Miscanthus ranked in order of decreasing
importance.

Variable Rank 1 Rank 2 Rank 3
Moisture, %wt (ar) | Storage Soil type Climate zone
NCV kJ/kg (ar) Storage Soil type Climate zone
Ash, %wt (d) Climate zone Storage Soil type
CaCOs, %wt (na) Climate zone Soil type Storage
MgO, %wt (na) Climate zone Soil type Storage

K, mg/kg (d) Climate zone Soil type Storage

Si, mg/kg (d) Climate zone Soil type Storage
Alkali Index Climate zone Soil type Storage
MgO, %wt (na) Soil type Climate zone Storage

Mg, mg/kg (d) Soil type Storage Climate zone
P, mg/kg (d) Soil type Climate zone Storage

Cd, mg/kg (d) Planting year

K20, %wt (na) % silt in the soil | % sand in the soil QXZ::ZE:E 22:: :;Ia’
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Figure 5-11: Correlation between soil sand content and K20 concentration in Miscanthus ash
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Figure 5-12: Correlation between soil silt content and K20 concentration in Miscanthus ash
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5.5 In-field variation

At each of the three in-field variation sites (numbered sites 082, 083 and 084 in D4 but referred
to here as sites IFV1-3 respectively), 20 biomass samples were collected and analysed
separately which allowed the variability within each field to be investigated. Site maps
indicating the location of each sampling location within the field and the changes in elevation
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(metres above sea level) as you travel from sample location 1->20 are given in Figure 5-13 to
Figure 5-15. For these maps (and the equivalent maps in the willow in-field variation Section
6.5), each sampling location is marked by a yellow pin (which corresponds in humber to the
sample identifier in the D4 database). The profile map at the bottom of each map follows the
route from location 1 to location 20. The mean value (excluding outliers) and the coefficient
of variation for each of the sites are presented in Table 5-6. The final two columns in this table
split the total variance within the 60 Miscanthus samples into the variance between the three
sites and the variance with the 20 samples from each infield location. These columns have
been shaded to indicate when over 66% of the variance was between the sites or within the
sites.

By comparing the variance in feedstock characteristics, it is clear from Table 5-6 that for some
feedstock characteristics (for example moisture and barium content), the variation between
the sites was greater than that within the samples from the same field. For other
characteristics (e.g. ash %) levels of variation between sites and within field were similar.
Finally, for other characteristics (e.g. many trace elements), the variation within-field was much
greater than that from one site to another. These patterns could be explained as follows:

e elements such as nitrogen and potassium, which are commonly added as fertilisers in
a uniform rate across the field, are equally variable between and within fields reflecting
the past pattern of fertiliser applications

e trace elements, which would not be added to fields, tend to be tightly bound to soil
complexes so the patterns will tend to reflect the distribution of both the source of the
trace elements and soil complexes that bind them with the result that the trace
elements are highly variable within a field yet there is limited variability from one field
to another

e elements such as calcium, magnesium and phosphorus are more abundant than the
trace elements and would not normally be added as fertilisers yet unlike the trace
elements they are moderately mobile, consequently each field is relatively uniform but
the general level of these elements is determined by the parent material which will vary
at a landscape scale. Over time the overall pattern is one of greater variation between
than within sites.

Examples of the most interesting observations for the in-field variation are illustrated below.
Moisture levels in the Miscanthus were highly site specific, as illustrated in Figure 5-16, but
the values were within the range seen across all the twelve different sites that were sampled
for Miscanthus in Study 1 (“other sites” category). Further graphs for the in-field feedstock
parameters are available in Appendix 8.
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Figure 5-13: Site map for Miscanthus IFV1 (site 082)

Figure 5-14: Site map for Miscanthus IFV2 (site 083)
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Figure 5-15: Site map of Miscanthus IFV3 (Site 084)
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Table 5-6: Mean values and variance for the Miscanthus in-field variation

IFV 1 (site 082)

IFV 2 (site 083)

IFV 3 (site 084)

Coefficient Variance between Variance within

Coefficient of Coefficient of of Variance | sites relative to total sites relative to total
Variable Mean Variance % Mean Variance % Mean % variance (%) variance (%)
Moisture (ar) 38.3 7.73 13.8 16.46 20.7 8.78 92.16 7.84
Net calorific value (ar) 10125 6.09 14829 6.92 13757 2.82 91.98 8.02
Ash content (d) 2.4 14.43 2.3 10.79 2.0 6.73 38.17 61.83
Volatile matter (DAF) 82.0 1.24 82.4 0.85 83.6 1.29 42.23 57.77
Gross calorific value
(DAF) 19669 0.49 19578 0.46 19675 0.56 20.13 79.87
Carbon (DAF) 50.14 0.24 49.32 0.63 49.29 0.93 68.24 31.76
Hydrogen (DAF) 6.06 0.7 6.07 1.26 6.10 0.81 9.12 90.88
Nitrogen (DAF) 0.53 11.45 0.36 13.03 0.39 18.4 64.63 35.37
Sulphur (DAF) 10.53 89.47
Chlorine (DAF) 0.20 14.39 0.15 18.57 0.11 30.81 73.57 26.43
Barium (d) 2.76 21.07 6.93 13.49 20.57 14.8 96.14 3.86
Chromium (d) 0.50 224.08 0.13 14 0.13 23.78 5.57 94.43
Cobalt (d) 0.15 70.53 0.12 8.51 0.10 6.65 10.28 89.72
Copper (d) 3.04 126.91 2.09 8.38 1.62 23.47 5.1 94.9
Molybdenum (d) 0.21 80.16 0.29 25.77 0.11 7.64 43.51 56.49
Nickel (d) 0.13 14.3 0.12 8.7 0.10 7.16 0.65 99.35
Vanadium (d) 0.19 96.13 0.12 8.61 0.10 6.83 13.27 86.73
Zinc (d) 8.02 23.32 23.36 14.08 24.78 19.35 87.69 12.31
Antimony (d) 5.8 94.2
Arsenic (d) 1.5 98.5
Mercury (d) 0 100
Bromine (d) 74.85 25.15
Cadmium (d) 0.02 106.62 0.09 39.1 0.3 47.28 74.81 25.19
Lead (d) 1.28 216.73 0.64 314.47 0.95 242.58 0 100
Alz203 (na) 0.24 47.9 0.19 15.38 0.12 22.41 38.38 61.62
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IFV 1 (site 082) IFV 2 (site 083) IFV 3 (site 084)
Coefficient Variance between Variance within
Coefficient of Coefficient of of Variance | sites relative to total sites relative to total

Variable Mean Variance % Mean Variance % Mean % variance (%) variance (%)
BaO (na) 0.06 88.54 0.04 15.42 0.12 21.88 60.05 39.95
CaCOs (na) 22.29 11.31 11.28 12.32 11.63 21.74 88.84 11.16
Fe203 (na) 1.86 371.25 0.15 11.48 0.11 34.6 1.24 98.76
K20 (na) 24.2 10.81 25.11 12.63 195 24.64 38.67 61.33
MgO (na) 3.7 12.54 3.87 11.84 3.53 18.6 4.68 95.32
Mn3Oa4 (na) 0.15 31.23 0.29 30.29 0.97 35.09 81.89 18
Naz0 (na) 0.54 15.69 0.62 10.17 0.62 21.74 13 87
P20s (na) 7.2 21.39 7.26 15.27 3.25 29.31 77.61 22.39
SiO2 (na) 39.68 11.26 51.16 8.3 60.12 9.91 80.89 19.11
TiOz (na) 0.08 53.71 0.04 125.33 0.03 120.57 22.63 77.37
Aluminium (d) 4491 55.09
Calcium (d) 86.76 13.24
Iron (d) 1.02 98.98
Potassium (d) 44.89 55.11
Magnesium (d) 25.05 74.95
Manganese (d) 82.26 17.74
Sodium (d) 3.29 96.71
Phosphorous (d) 76.02 23.98
Silicon (d) 42.4 57.6
Titanium (d) 29.63 70.37
Alkali index 44.94 55.06

Pink shaded cells indicate where over 66% of the total variance was either between sites or within sites
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IFV sites 1 and 3 were sampled almost one month earlier than IFV site 2, indicating that the
average moisture content reduced from early March (IFV1) to late March (IFV3)
(Figure 5-16). The lowest recorded moisture sample was almost one month later in April

(IFV2). This trend is also apparent for the nitrogen levels within the collected samples, as
shown in Figure 5-17.

Figure 5-16: Results from the moisture analysis of Miscanthus for in-field variation sites of Study 2 (study
1 values also provided for comparison)

50
# In field Samples
45 X
* X Site composite
40
X
35 . X
5 $ X
2 30
£
S X
¢ 25
< s
3
z 20
]
= z X
X
15 ;
10 X
5
0 T
IFV Site 1 IFV Site 2 IFV Site 3 Other sites

Figure 5-17: Results from the nitrogen analysis of Miscanthus for in-field variation sites (study 1 values
also provided for comparison)
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Ash content was more consistent across all sites; see Figure 5-18, although the data from Site

3 was notably more clustered than from the others.

Figure 5-18: Results from the ash analysis of Miscanthus for in-field variation sites (study 1 values also
provided for comparison)
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The behaviour of chlorine was of significant interest and Figure 5-19 illustrates the variation
between and within sites.

Figure 5-19: Results from the chlorine analysis of Miscanthus for in-field variation sites (study 1 values
also provided for comparison)
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Of the trace element species, barium has the most striking variation between sites as
illustrated in Figure 5-20, with samples from site 3 containing much higher and more variable
concentrations than the other sites. Unfortunately, the soil samples were not analysed for
barium, making it impossible to explain the cause of this observation.

Figure 5-20: Results from the barium analysis of Miscanthus for in-field variation sites (study 1 values
also provided for comparison)
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Cadmium showed a broadly similar pattern to barium, i.e. it was significantly higher in IFV 3
as shown in Figure 5-21; cadmium was also determined in the soils, but IFV 3 soil did not
contain the highest levels of cadmium. Other characteristics showing a notable variation
between sites included bromine, molybdenum, zinc, calcium, manganese and phosphorous
(as shown in Appendix 8).

84



Section 5: Miscanthus

Figure 5-21: Results from the cadmium analysis of Miscanthus and soil for in-field variation sites
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In order to visualise the variability of characteristics within each field, the results of the
feedstock analysis and certain site provenance data collected for individual sampling points
have been overlaid onto site plots, with the size of individual points indicating the magnitude
of the parameter at that point. Example plots are shown for lead and chlorine in Figure 5-22;
these show examples where the majority of the variability was within individual sites or
between the three sites respectively (as indicated by Table 5-6). Further examples of these
plots, including provenance data such as soil and air temperature at the time of sample
collection, are provided in Appendix 4.
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Figure 5-22: Concentrations of (a) lead and (b) chlorine in Miscanthus samples taken at different in-field sites (Site 082 = IFV1, Site 083 = IFV2, Site 084 = IFV3)
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5.6 Conclusion and hypothesis
Relevant hypotheses:

. The feedstocks examined range from Miscanthus, through woody deciduous plants
grown for only a few years and regenerated by coppicing, to small deciduous and
evergreen trees; therefore we hypothesise that the feedstocks will differ in their fuel
properties and/or composition. This was discussed in Section 4.2.

. Feedstock properties will differ depending on the climate the crop is exposed to. Some
feedstock properties differed with climate zone. The data available suggest that moving
from warm/moist to a warm/dry climate was associated with a slight increase in ash
content with consequent increases in two of the major species associated with ash:
potassium and silicon. The concentrations of the oxides CaCOs; and MgO in the ash
itself are slightly reduced.

° Feedstock properties will differ depending on the soil composition and characteristics of
the site. A small number of feedstock properties differed with soil type. A reduction in
magnesium (both expressed as the element and as the oxide in ash) and iron oxide in
ash, and an increase in phosphorous were also observed on moving from a light to
medium soil type; this could partly be expected as medium soils are typically expected
to contain more phosphate.

° Feedstock properties will differ with storage. There was a strong effect of storage,
decreasing moisture content and increasing net calorific value

° Within a given field, feedstock properties will be relatively uniform There is no simple
conclusion regarding the variation within fields compared to the variation between fields.
For some feedstock characteristics (for example moisture and barium), the variation
between the sites was greater than that within the samples from the same field. For
others, (e.g. many trace elements), the variation within-field was much greater than that
between different sites.

Although heavier soils should easily support the growing of a Miscanthus crop, as
establishment on this soil type is difficult, commercial planting companies have tended to avoid
heavy soil types in more recent years, and this is why no Miscanthus samples were able to be
taken from heavy soils for this project.

Although there is a general expectation that soil properties will influence crop characteristics,
this was not borne out by our findings. Within the range of light and medium soil sampled, soil
type had only a limited effect on feedstock characteristics. Moreover, feedstock characteristics
and actual soil analysis data proved largely to be unconnected, although sand /silt as well as
sodium and phosphorous in soils were shown to be correlated with K;O in the feedstock. The
relative lack of correlations between macroelements in soils and feedstocks outcome does
tend to oppose other research, (Shield et al., 2014) which shown impacts of soil and fertiliser
application values impacting on feedstock characteristics.

The usual Miscanthus harvest timing in the UK is March to April, but can be as early as
February with some very dry sites, or where early senescence has occurred. There is some
indication from Study 2 that samples from the earlier harvests had higher moisture content.
The most important experimental factor was the impact of storage on moisture content and
consequentially NCV. The average moisture content dropped from >25% to 15% by
performing good harvest management practices, of cutting and then waiting for several weeks
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before baling the cut product. It is interesting to see in Figure 5-4 that the range in moisture
content also decreased with storage, indicating that the feedstock was becoming more
consistent. Possible benefits of storage can also be seen in the levels of chlorine, which were
seen to marginally reduce between harvesting time and collection/baling time (Figure 5-7).
Taken together, these findings emphasise that after-care storage and good harvest
management are essential in achieving and maintaining the best quality product.

The data available suggest that moving from warm/moist to a warm/dry climate was
associated with a slight increase in ash content with consequent increases in two of the major
species associated with ash: potassium and silicon. The concentrations of the oxides CaCOs3
and MgO in the ash itself are slightly reduced. A reduction in magnesium (both expressed as
the element and as the oxide in ash) and iron oxide in ash, and an increase in phosphorous
was also observed on moving from a light to medium soil type; this could partly be expected
as medium soils are typically expected to contain more phosphate.

Miscanthus has commonly been used and investigated (as has willow SRC) for use as a land
remediation plant because the plants are highly efficient at removing elements (in particular
heavy metals) from contaminated soils (Nsanganwimana et al., 2014). Little, if any, evidence
was seen for correlations between heavy metal content of soils and Miscanthus, but it should
be noted that none of the sites samples as part of this project would be viewed as
‘contaminated’.
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6 Willow SRC

6.1 Introduction

Willow has been cultivated for many decades in the UK for bio-energy. The UK has in excess
of 300 different willow strains, with around 10% of these being suitable for use as high yielding
dedicated bioenergy crop varieties (Karp et al., 2011). Typically the plants are established at
high density (10,000-25,000/ha) for bioenergy production, and are planted as rods, which are
usually 40 cm long. After one growing season, each plant is typically cut back (variety-specific
management) to help promote the production of multiple stems (and to enable good weed
control). Stems are harvested for energy use usually after three more growing seasons, with
two - to four-year intervals more commonly being used with newer varieties, giving rise to the
general description of ‘short rotation coppice’. Typical UK yields are 8 ODT/ha/yr for traditional
varieties with newer varieties reportedly able to achieve
12-15 ODT/halyr. Current breeding programmes are aiming to produce varieties achieving
18 ODT/halyr by 2020 (Macalpine et al., 2014).

The genetic make-up of planting stock has received considerable attention since the 1980s,
the aim being to produce crosses that combine good growth rates and suitable stem form with
resistance to pests and diseases. Since pest and disease resistance of a given variety can
breakdown, commercial growers usually plant a mix of varieties within a commercial planting;
this doesn’t stop the disease or pest from damaging the crop, but does help to reduce the
potential impact of an infection should one occur. Willow breeding programmes are making
improvements to the main breeding stock on a continual basis, making new varieties
commercially available.

Plantations typically last 5-6 rotational cycles (20-24 years), before all roots/stumps become
exhausted or the stem/growth produced is not sufficient for an economically viable enterprise;
at this point in time the crop must be removed (roots as well) and replanted. The total
plantation length can be shorter or longer depending on the typical harvest interval used, and
the general plantation management applied. If plants suffer from disease or pest attacks on
a regular basis then the total plantation lifecycle is likely to be adversely affected. Likewise if
weed control in early years of establishment and following each harvest is not managed
effectively this can cause stump/root losses due to competition by weeds.

Willow in general terms is suited to moderately high soil moisture availability and warm
climates though it can be grown on a range of soil types and cooler climates.

The variability of willow SRC was investigated in three different site-related studies. In a
similar experimental matrix to that adopted for Miscanthus, the first study related to taking
samples across different sites, whilst the second study focussed on assessing the variability
within three particular sites which was similar to the Miscanthus in-field study. The final study
on willow SRC involved sampling the leaves only. The results from all these studies are
considered in this section (see Figure 6-1 for the geographical location of the relevant sites).

Study 1 investigated the effect of the climate zone (warm/moist, warm/dry), actual soil type
(light, medium) and storage on feedstock quality. There were two sampling exercises on the
same material to investigate the effect of storage. The first samples were collected just as the
coppice was being harvested and the second after the willow chips created at harvesting had
been stored in heaps for one month.
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One representative sample was analysed from each site location at each sampling time. For
the fresh samples, one site sample was formed as a composite of subsamples taken from at
least 10 locations within the site, before being bulked, thoroughly mixed, and sampled for
analysis.

Because of the sampling design, this study also allowed the interactions between these factors
to be investigated, for example the response to storage could be different in warm/moist
climate zones compared to warm/dry climate zones.

To investigate the importance of these factors in a robust statistical way, the original design
intended that there were three sites in each combination of climate zone, soil type and storage
time. For reasons described in Section 2.4, a full set of sites could not be identified — in fact
six sites rather than the intended twelve were located and unfortunately these gave poor
representation of warm/moist site locations (see Table 6-1).

Table 6-1: Number of willow SRC sites sampled in each combination of storage, soil type and climate zone.

Soil Type

Storage Climate Zone Light Medium

Warm/dry 3 2
In field at harvest

Warm/moist 0 1

Warm/dry 3 1*
After 1 month’s storage

Warm/moist 0 0*

*Two of the sites were unavailable for sampling after storage

The sampling design used in Study 1 allowed the interactions between these factors to be
investigated, for example the response to storage could be different in light compared to
medium soils. Results from this structured analysis are presented in Section 6.2.

Further information on many aspects of each site was collected for the purpose of
understanding reasons for any observed differences in the feedstock characteristics. The
provenance information included management factors as discussed in Section 3.2

Study 2 investigated the variation within sites, also referred to as ‘in-field variation’. At each
of three in-field variation sites, 20 biomass samples were collected and analysed separately
which allowed the variation in feedstock characteristics within each field to be investigated.
These data were also compared to the variability between different sites. The results are
presented in Section 6.5.

In most commercial operations, willow SRC is harvested in winter after the leaves have fallen
and before growth begins again in the spring. In recognition of the fact that some of the
harvested plants might retain some leaves, willow leaves were sampled from three different
sites for characterisation (Study 3).

Figure 6-1 shows the geographical location of the willow SRC sites sampled in Study 1, 2, and
3.
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Figure 6-1: Location of willow SRC sampling sites (WD = warm/dry climate, WM = warm/moist climate,
IFV = in-field variation sampling). Location numbers reference site codes used in D4.
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6.2 Results of structured analysis on feedstock characteristics

For willow, the impact of climate zone could not be assessed as there were insufficient
samples from warm/moist sites; therefore only soil type and storage were assessed.
Table 6-2 provides an overview of the impact of these two experimental factors and their
interaction. As discussed in Section 5.2, in Table 6-2, the closer the value is to zero, then the
greater the influence of the structured factor on the parameter in question.
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Table 6-2: Structured analysis for Willow SRC

Variable (basist) SOIL TYPE STORE SOIL TYPE & STORE
Moisture (ar) 0.192 0.353 0.087
Net calorific value (ar) 0.161 0.321 0.093
Ash content (d) 0.970 0.881 0.481
Volatile matter (DAF) 0.858 0.435 0.567
Gross calorific value (DAF) 0.891 0.900 0.111
Carbon (DAF) 0.943 0.003

Hydrogen (DAF) 0.907 0.384

Nitrogen (DAF) 0.537 0.981

Sulphur (DAF) 0.006 0.034

Chlorine (DAF) 0.884 0.186

Barium (d) 0.973 0.271

Chromium (d) 0.324

Cobalt (d) 0.272

Copper (d) 0.378

Molybdenum (d) 0.996 0.035
Nickel (d) 0.693 0.097 0.924
Vanadium (d) 0.543 0.062 0.758
Zinc (d) o549 NGO 0.004
Cadmium (d) 0.354 0.569 0.273
Lead (d) 0.853 0.248 0.375
Al203 (na) 0.098 0.115 0.775
BaO (na) 0.898 0.431 0.460
CaCOs (na) 0.627 0.559 0.621
Fe203 (na) 0.467 0.015 0.025
K20 (na) 0.286 0.625 0.681
MgO (na) 0.400 0.327 0.809
MnzOa4 (na) 0.877 0.126 0.495
Naz0 (na) 0.305 0.848 0.935
P20s (na) 0.126 0.065 0.906
SiO2 (na) 0.849 0.138 0.859
TiO2 (na) 0.254 0.910 0.688
Aluminium (d) 0.154 0.026 0.160
Calcium (d) 0.740 0.465 0.188
on (@) 0ar0  |NGEGONININCECOR
Potassium (d) 0.733 0.918 0.151
Magnesium (d) 0.635 0.734 0.128
Manganese (d) 0.789 0.199 0.184
Sodium (d) 0.358 0.476 0.059
Phosphorous (d) 0.625 0.591 0.263
Silicon (d) 0.717 0.101 0.397
Titanium (d) 0.112 0.527 0.879
Alkali index 0.748 0.918 0.160

* analysis not undertaken on antimony, arsenic, mercury or bromine
tbasis of analysis; ar = as received fuel, d = dry fuel, DAF = dry, ash-free fuel, na= normalised ash. Dark
blue cells indicate p<0.001; light blue cells 0.001<p<0.05
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The statistical analysis for willow highlighted just one impact from soil type and a large number
of impacts due to storage. The majority of those characteristics impacted by storage were
also affected by the combination of soil type and storage. It is interesting to note that
compared to other feedstocks, one month’s storage (as chipped material in uncovered heaps
outside) had no impact whatsoever on moisture content of the willow, as illustrated in Figure
6-2, note these storage times are shorter than for the other woody biomass and normally a
minimum of three months storage would be required to see a significant reduction.

Figure 6-2: Results from the moisture analysis of willow SRC
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On closer inspection of the willow SRC data, it is apparent that of all of the impacts highlighted
by the statistics, few, if any, are worthy of further discussion, even though many were identified
as strongly significant (see Table 6-3). In certain cases the results were at the limit of detection
or the difference was within analytical repeatability, but for the majority (mainly trace elements)
the differences are judged to be operationally insignificant. The very small size of the willow
dataset should also be noted. There were a total of just 10 willow samples across all
conditions - meaning that certain combinations of climate zone and soil type are represented
by a single sample.
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Table 6-3: Mean values and assessment of relevance for main effects and interactions for parameters
identified as significant in structured analysis of willow SRC

One factor analysis
Variable STORAGE Assessment
Fresh Stored
Number of analyses 6 4
Unlikely to have operational
Al, mg/kg (d) 63.2 104.7 impact
Two factor analysis
Soil Type . .
Variable Storage Light Medium | ssessment
Default Number of Fresh 3 3
analyses Stored 3 1
50.98 49.98 i
Carbon, %wt (DAF) | Fresh Unlikely to have
Stored 49.51 52.46 operational impact
6.16 6.21 -
Hydrogen, %wt (DAF) Fresh Exclude _—_W|th|n _
Stored 6.22 6.03 repeatability of analysis
0.01 0.01 - imi
Sulphur, %wt (DAF) Fresh Exclude _ at or below limit
Stored 0.01 0.04 of detection level
0.16 0.28 i
Cr, mglkg (d) Fresh Unllkel_y to h_ave
Stored 0.22 0.73 operational impact
0.22 0.19 i
Co, mglkg (d) Fresh Unllkel_y to h_ave
Stored 0.18 0.62 operational impact
3.81 4,92 i
Cu, mg/kg (d) Fresh Unllke[y to have
Stored 4.07 9.40 operational impact
0.09 0.09 i
Mo, mg/kg (d) Fresh Unllke[y to have
Stored 0.11 0.18 operational impact
79.4 97.1 i
Zn, mg/kg (d) Fresh Unllke[y to have
Stored 94.8 207.6 operational impact
Fresh 0.37 0.53 Unlikely to have
0,
FeaOs, vout (na) Stored 0.44 1.38 operational impact
46.6 78.1 i
Fe, mg/kg (d) Fresh Unllkel_y to h_ave
Stored 56.2 290.3 operational impact

For willow leaves, only the impact of soil type could be assessed as all the sites were in a
single climate zone and no storage was involved. Figure 6-4 provides an overview of the
impact of this experimental factor on the characteristics of the leaves. The statistics suggest
a number of characteristics are impacted by soil type. Closer inspection of the data reveals
that a number can be disregarded, as the differences are within analytical repeatability or
insufficient to be operationally significant (see Table 6-5). By contrast, the differences seen
for nitrogen (dry), cadmium and lead are significant on all criteria (statistical, analytical and
operational). The differences in nitrogen content from the leaf samples taken from medium
and light soils are shown in Figure 6-3.
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Table 6-4: Structured analysis of willow leaves

Variablet SOIL TYPE
Moisture (ar) 0.775
Net calorific value (ar) 0.960
Ash content (d) 0.700
Volatile matter (DAF) 0.185
Gross calorific value (DAF) 0.063
Carbon (DAF) 0.906
Hydrogen (DAF) ' o000 |
Nitrogen (DAF) 0.013
Sulphur (DAF) 0.680
Chlorine (DAF) 0.488
Barium (d) 0.389
Chromium (d) 0.606
Cobalt (d) 0.969
Copper (d) 0.094
Molybdenum (d) 0.561
Nickel (d) 0.617
Vanadium (d) 0.176
Zinc (d) 0.537
Antimony (d) 0.910
Arsenic (d) 0.325
Mercury (d) 0.591
Bromine (d) 0.118
Cadmium (d) 0.020
Lead (d) ' oo0 |
Al203 (na) 0.045
BaO (na) 0.517
CaCOs (na) 0.153
Fe203 (na) 0.345
K20 (na) 0.365
MgO (na) 0.348
Mn3zOa4 (na) 0.129
NazO (na) - oo0 |
P20s (na) 0.454
SiO2 (na) 0.141
TiOz2 (na) 0.136
Aluminium (d) 0.019
Calcium (d) 0.631
Iron (d) 0.307
Potassium (d) 0.138
Magnesium (d) 0.361
Manganese (d) 0.118
Sodium (d) 0.005
Phosphorous (d) 0.529
Silicon (d) 0.188
Titanium (d) 0.179
Alkali index 0.165

Tbasis of analysis; ar = as received fuel, d = dry fuel, DAF = dry, ash-free fuel, na=
normalised ash. Dark blue cells indicate p<0.001; light blue cells 0.001<p<0.05
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Table 6-5: Mean values and assessment of relevance for main effects and interactions identified by

structured analysis of willow leaves

Variable Soil Type Assessment

Light Medium
Default number of analyses 6 3
H, %wt (DAF) 6.53 6.33 Exclude — within repeatability of analysis
N, %wt (DAF) 3.06 2.43 Relevant for further study
Cd, mg/kg (d) 3.193 6.69 Relevant for further study
Pb, mg/kg (d) 0.495 1.439 | Relevant for further study
Al203 %wt (na) 0.20 0.34 Unlikely to have operational impact
Na20 %wt (na) 0.32 0.42 Unlikely to have operational impact
Al, mg/kg (d) 76.7 124.8 | Unlikely to have operational impact
Na, mg/kg (d) 167.0 220.1 | Unlikely to have operational impact

Figure 6-3: Results from the nitrogen analysis of willow SRC
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Plots illustrating all the characteristics for willow are included in Appendix 10.

6.3 Null hypothesis

Of the many site properties collected for willow SRC, the following are suitable for statistical
analysis: year of planting, age of sampled material, soil classification, pH and cation exchange
capacity (CEC). In this section, the relationship between either the year of planting or the age
of sampled material and feedstock characteristics is considered by correlation analysis, as
discussed in Section 2.6.3. The impact of soil classification was investigated in the structured
analysis, as presented in Section 6.2, and the impact of pH and CEC are covered in the soil-
feedstock parameter correlation analysis, which is presented in Section 6.4.
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The full results of the correlation analysis are presented in Appendix 9, with the tables colour-
coded to indicate those correlations (positive or negative) which explain either >50% or >80%
of the variability, as discussed in Section 2.6.5. Table 6-6 presents an extract of this table,
showing the strongest correlations.

Table 6-6: Regressions between selected provenance information and feedstock characteristics of fresh
Willow SRC

Variable (basis) Year of planting A2 @ BENIEE

stems
Carbon (DAF) 0.232 -0.853
Hydrogen (DAF) -0.058 0.765
Nitrogen (DAF) -0.087 -0.736
Sulphur (DAF) 0.735 -0.320
Antimony (d) 1.000 -0.500
Arsenic (d) 1.000 -0.500
Mercury (d) -1.000 0.500
Bromine (d) 0.500 -1.000
CaCO:z (na) -0.029 0.883
K20 (na) 0.319 -0.971
Na20O (na) -0.812 -0.177
Iron (d) -0.087 -0.736
Potassium (d) 0.058 -0.883
Magnesium (d) -0.232 -0.795
Sodium (d) -0.754 -0.029
Phosphorous (d) 0.058 -0.883
Alkali index 0.058 -0.883

Year of planting was shown to be correlated with concentrations of S, Sb, As, Hg, Na and
Na20 in the willow, but with the exception of sodium and Na-O in ash, the concentrations of
these elements were at or below the limit of detection and so the data are unreliable. Looking
more closely at sodium and Na.O, a negative relationship with planting year can be seen
(Figure 6-4), i.e. the more recently planted willow crops had lower concentrations of sodium
in the dry fuel and NazO in the ash.

98



Section 6: Willow SRC

Figure 6-4: Correlation between Na20 in willow SRC ash and year of planting
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The age of the harvested material, which ranged from 2 to 4 years, had a greater number of
meaningful relationships with feedstock characteristics than the year of planting, with
relationships to proximate and ultimate analysis as well as elemental composition of the crop
and the ash composition. Nitrogen appeared to decrease as the harvested willow increased
in age, but there were relatively few data points so this finding should be viewed with caution.
The relationships with carbon (negative) and hydrogen (positive), though interesting, were not
operationally significant. KO in the ash, elemental Fe, K, Mg, P, and the Alkali Index all
tended to decrease as the harvested willow increased in age, whereas CaCOs3 in the ash
increased with crop age; these are all are operationally interesting but there are only a few
data points so these findings should be viewed with caution.

6.4 Determining factors

Determining the factors of greatest importance to feedstock characteristics can only be done
in a qualitative way by review of the statistical analyses performed. For willow SRC the
structured factors were soil type and storage in Study 1 and soil type in Study 3. The other
statistical analyses to be considered are the correlations with soil characteristics and the
correlations with site information (where these were possible).

The statistics for willow SRC highlighted just one impact of soil type and a large number of
impacts due to storage and interaction between soil type and storage but none were judged
to be noteworthy (Table 6-3). Willow SRC leaves were significantly influenced by soil type in
terms of nitrogen, lead and cadmium content (Table 6-5).

As discussed in Section 2.6.3, the total variation explained by these structured factors was
guantified using REML; the result of this (for all feedstocks) is presented in Appendix 9. For
the willow SRC leaves, 39 % of the total variation in nitrogen could be explained using the
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structured factor analysis, similarly 61 % and 36 % of the total variation in lead and cadmium
was explainable.

Although general soil category did not appear to influence many feedstock parameters, there
were numerous strong correlations between individual soil properties and feedstock
characteristics (although the low number of sites should be noted). Statistical correlations
between soil and feedstock parameters are shown in Appendix 5. All positive and negative
correlations above +0.7 and below -0.7 have been highlighted, as in these cases the variation
in soil properties explained just under 50% of the variation in feedstock characteristics, in
either a positive or negative way. Any elements which were <LOD, within analytical
repeatability levels, or simply deemed as not operationally significant have not been
considered here.

As with the majority of sites in this project, the heavy metal content in the soils analysed for
the willow SRC (whole plant and leaves sites in study 1, 2, and 3) were generally at the lower
end of typical UK soil ranges (based on the Soil Guideline Values, published by the EA).
However, the two leaf sampling sites (105 and 109) did show elevated heavy metal contents
in the soil) - in particular for lead, cadmium, zinc and mercury - but this was not reflected in
the leaves.

Levels of titanium in the willow SRC were not considered to be operationally significant,
however this was one of the more interesting and strong correlations for willow SRC when
correlated with soil pH. Although there are only six data points (so results should be
interpreted with caution), a clear increase in titanium can be seen as the soil pH increases,
see Figure 6-5.

Figure 6-5: Correlation between soil pH and titanium in fresh willow SRC
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The soil macroelement calcium showed a slight correlation with the CaCOs3 in the feedstock
ash, one of only a few cases where there was a link between soil and feedstock concentrations
of the same element. As the calcium level in the soil increased, the percentage level of CaCOs
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in the willow SRC ash increased, as seen in Figure 6-6. Soil calcium levels at the six willow
SRC Study 1 sites were marginally lower than UK average soil types. This is also clearly
reflected in the soil pH level and lime requirement for some of the willow sites.

Figure 6-6: Correlation between calcium in soil and CaCOs in normalised willow SRC ash
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As calcium levels and soil pH can limit the availability of certain elements (see Figure 6-7), an
understanding of their levels at the sites will help to estimate if the soil pH level has influenced

the available elements for plant uptake.
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Figure 6-7: Bioavailability of elements in soil with varying pH (from
https://planetpermaculture.wordpress.com/)
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Figure 6-7 shows that when the soil pH drops below 6.5, becoming more acidic, the availability
of some elements increases, notably for copper, zinc and manganese. Yet when looking at a
correlation chart between copper in the willow SRC and soil pH, as shown in Figure 6-8, the
level of copper appears to increase as the pH rises, contradicting the expected relationship
between soil availability and feedstock concentrations. The copper levels found in the soils
are well within UK agriculture averages, the typical range of UK soils being 2-100 ppm.
Although copper availability decreases as organic matter in soil increases, no evidence of this
was seen with regards to copper levels in willow stem samples.

102


https://planetpermaculture.wordpress.com/

Section 6: Willow SRC

Figure 6-8: Relationship between copper in fresh willow feedstocks and soil pH
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Like calcium, the zinc concentration in the soils shows a reasonable correlation with zinc in
the feedstock for fresh willow SRC, although the small data set must be taken in to
consideration. Levels in the feedstock ranged from 60.8-158.4 mg/kg, whilst the bioavailable
soil zinc levels increased from 2.4 to 13.2 ppm (see Figure 6-9).

Figure 6-9: Relationship between zinc levels in fresh willow SRC and bioavailable zinc in soil
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In September, willow SRC leaves were collected from nine different sites, with only three sites
out of the nine having been visited previously for whole plant material samples. There were
considerably more correlations between willow SRC leaf composition and soil composition
than for the fresh willow SRC material. However, a review of these willow SRC leaf

correlations showed the majority to be either <LOD, within analytical repeatability, or not
operationally significant.

The soil type for the willow SRC leaves were predominantly light soils, with only three classed
as medium soils. Two of the nine sites were classed as being Organic soils with over 6%
organic matter content. As with the analysis of correlations between stem material and their
corresponding soil, there were no correlations identified between the organic matter content
and any of the leaf feedstock components. The only slight correlation found was between the
percentage of organic matter content in the soil and the level of the ash oxide CaCOs in the
feedstock, but it is inconclusive having only six data points.

Similarly to the zinc correlation in the whole plant (Figure 6-9) the willow SRC leaves also
showed a good correlation between the zinc in the leaves and zinc in the soil, see

Figure 6-10. However the limited data set should always be considered, before drawing too
many conclusions from the results.

Figure 6-10: Relationship between zinc in willow SRC leaves and available zinc in soil
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Figure 6-11 shows a reasonable correlation between copper in the soil and the percentage of
oxide P20s in the ash.
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Figure 6-11: Relationship between P20s levels in ash for willow leaves SRC and available copper in soil
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Management factors had a limited influence: sodium and Na.O of the willow SRC were
negatively related with planting year; nitrogen, K-O in the ash, elemental Fe, K, Mg, P, and
the Alkali Index all tended to decrease as the harvested willow increased in age whereas
CaCOs in the ash increased with crop age.

Although two of the sites were identified as having had sewage sludge applied, Table 6-7
shows that the trace element levels within their soils were equivalent, or lower, than those of
the untreated willow sites. It should be noted that all applications were more than 10 years
before this exercise. No data on the sewage sludge composition was available.

Table 6-7: Comparison of total soil trace element content for willow SRC sites with and without sewage
sludge treatment

Element Cu Zn Pb As Cd Hg Cr
al concentration in

Site number

016 8.44 | 35.27 | 15.29 | 5.29 | 0.06 0.01 | 12.68

Sewage sludge
treated sites

104 2151 | 51.98 | 19.74 | 7.00 | 0.07 0.1 23.66

Average sludge treated soils | 14.98 | 43.63 | 17.52 | 6.15 | 0.065 | 0.055 | 18.17
Average non-sludge treated soils| 22.85 | 86.11 | 50.21 | 7.80 | 0.33 0.32 | 35.11

The various influences described above have been collated, focussed on the variables thought
in the team’s expert opinion to be important in a commercial operational context, and ranked
in a qualitative way. Table 6-8 must be treated with caution especially because of the relatively
small number of sites investigated but nevertheless indicates that feedstock characteristics
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are not affected in a consistent way by the site properties and crop management. These
results imply that the grower has a reasonable degree of control over some of the important
feedstock characteristics by his/her choice of harvesting time — as a means of controlling leaf
content — the age of the root stock and the length of the cutting cycle. The implications for
buyers are that consideration must be given to the feedstock characteristics of prime
importance in a particular application.

Table 6-8: Factors influencing key feedstock characteristics of Willow SRC ranked in order of decreasing
importance.

Naz20, %wt (na)
Na, mg/kg (d)

Planting year

Planting year

Variable Rank 1 Rank 2 Rank 3
N, %wt (DAF) Plant part Soil type Crop age
Cd, mg/kg (d) Plant part Soil type
Pb, mg/kg (d) Soil type Plant part

K20, %wt (na) Crop age
P, mg/kg (d) Crop age
Alkali Index Crop age
K, mg/kg (d) Crop age
Mg, mg/kg (d) Crop age
Iron, mg/kg (d) Crop age

6.5 In-field variation

At each of the three in-field variation sites, 20 biomass samples were collected from across
the field and analysed separately, which allowed the variability within each field to be
investigated. The locations of sampling points within each site are shown in Figure 6-12 to
Figure 6-14, with the profile graph showing the change in elevation (metres above sea level)
along the route from point 1 to 20. Table 6-9 shows the average values and the coefficient of
variance for each set of in-field data; it also compares the variance with and between sites to
the overall variance. As in Section 5.5, this table has been shaded to indicate for which
parameters the variance between the sites was higher than the variance within the site and
vice versa.
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Figure 6-12: Site map for willow SRC IFV1 (site 046)

,ooglc earth

Google earth

x

107



D6: Final Report (Phase 1)

Figure 6-14: Site map for willow SRC IFV3 (site 048)
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Table 6-9: Variance of willow SRC in-field sampling sites

IFV 1

IFV 2

IFV 3

Coefficient of

Coefficient of

Coefficient of

Variance between
sites relative to total

Variance within sites
relative to total

Variable I Variance % JIEET Variance % AT Variance % variance (%) variance (%)
Moisture (ar) 52.3 2.61 51.4 2.25 55.6 1.83 77.9 221
Net calorific value (ar) 7462 3.57 7641 3.19 6751 3.12 79.0 21.0
Ash content (d) 1.3 16.96 1.6 9.97 1.7 8.72 49.9 50.1
Volatile matter (DAF) 84.0 0.5 84.0 0.42 84.1 0.47 0.0 100.0
gzg calorific value 19904 0.69 19940 0.57 19973 0.26 0.0 100.0
Carbon (DAF) 50.42 0.79 50.39 0.66 49.87 0.74 40.4 59.6
Hydrogen (DAF) 6.18 1.04 6.14 0.51 6.19 1.4 12.7 87.3
Nitrogen (DAF) 0.38 13.23 0.54 13.68 0.39 17.99 64.0 36.0
Sulphur (DAF) * *
Chlorine (DAF) 0.01 57.29 0.01 37.38 0.01 0 9.9 90.1
Barium (d) 52.29 28.31 9.04 28.51 3.04 22.47 90.5 9.5
Chromium (d) 0.18 22.35 0.28 26.32 0.11 13.84 20.9 79.1
Cobalt (d) 0.33 35.79 0.14 34.01 0.12 18.25 65.4 34.6
Copper (d) 3.61 10.44 4.79 9.73 3.76 10.68 6.5 93.5
Molybdenum (d) 0.08 15.53 0.09 9.72 0.10 9.48 4.7 95.3
Nickel (d) 0.41 35.4 1.19 35.07 0.50 27.2 0.0 100.0
Vanadium (d) 0.09 26.08 0.14 51.05 0.10 10.05 17.2 82.8
Zinc (d) 88.67 16.98 99.55 13.86 52.63 9.71 6.5 93.5
Antimony (d) 3.3 96.7
Arsenic (d) 25.9 74.1
Mercury (d) 8.6 91.4
Bromine (d) 3.5 96.5
Cadmium (d) 15 56.49 1.43 30.54 1.58 57.42 0.0 100.0
Lead (d) 0.73 82.08 0.39 32.81 0.16 53.79 6.0 94.0
AlOs (na) 0.18 16.19 0.9 70.19 0.11 48.88 47.1 52.9
BaO (na) 0.39 29.63 0.05 27.87 0.02 33.34 90.2 9.9
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IFV 1 IFV 2 IFV 3 Variance between  Variance within sites
_ Mean Coefficient of Mean Coefficient of Mean Coefficient of sites relative to total relative to total
Variable Variance % Variance % Variance % variance (%) variance (%)
CaCOs (na) 61.52 7.73 60.25 7.39 76.68 2.85 84.0 16.0
Fe20s3 (na) 0.3 27.22 0.46 47.6 0.12 10.34 53 94.7
K20 (na) 17.41 14.68 16.54 11.58 11.85 7.71 70.4 29.6
MgO (na) 577 16.47 4.16 6.61 2.19 9.57 90.4 9.6
MnzOa4 (na) 1.11 41.61 0.16 34.13 0.34 54.99 74.8 25.2
Na20 (na) 0.49 16.2 0.33 14.62 0.28 15.61 56.3 43.7
P20s (na) 11.27 15.39 11.91 8.81 7.64 11.07 76.4 23.6
SiO2 (na) 1.16 29.8 3.73 59.53 0.76 24.99 47.5 52.5
TiO2 (na) 0.07 44.77 0.12 29.71 0.01 1.29 22.6 7.4
Aluminium (d) 46.8 53.2
Calcium (d) 73.6 26.4
Iron (d) 4.4 95.6
Potassium (d) 54.6 455
Magnesium (d) 87.4 12.7
Manganese (d) 67.8 32.2
Sodium (d) 23.3 76.8
Phosphorous (d) 76.6 23.4
Silicon (d) 47.9 52.1
Titanium (d) 31.6 68.4
Alkali index 54.1 45.9

Pink shaded cells indicate where over 66% of the total variance was either between sites or within sites
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Comparing the variance in feedstock characteristics from site to site versus within field, it is
clear from Table 6-9 that for some feedstock characteristics there was greater variation from
site to site than within-field, for example moisture, net CV and manganese. For other
characteristics (e.g. ash % and aluminium) the variation was much the same within-field and
between different sites. Finally, for others (e.g. chlorine and many trace elements) the
variation within-field was much greater than the variation between sites.

In contrast to the Miscanthus, the variation of moisture content of willow stems between sites

was significantly less, Figure 6-15 illustrates the consistent behaviour across the three in-field
sites.

Figure 6-15: Results from the moisture analysis of willow for in-field variation sites of Study 2 (study 1
values also provided for comparison)
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The nitrogen content in the willow SRC is shown in Figure 6-16. It should be noted that the
chlorine content in all the willow samples was so low as to be less than the limit of detection.
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Figure 6-16: Results from the nitrogen analysis of willow SRC for in-field variation sites of Study 2 (study
1 values also provided for comparison)
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In terms of trace and macro elements, again the behaviour of barium was striking (see Figure
6-17), with the willow SRC samples from in-field variation site 1 showing very high and variable
concentrations compared to the other sites. Unfortunately no soil samples were analysed for
barium, so the cause of this behaviour could not be traced. Cobalt was also notably higher in
willow SRC IFV site 1 — this is almost certainly due to the cobalt concentration in the soils,
which was highest in IFV site 1 and lowest in IFV site 3 — see Figure 6-18.
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Figure 6-17: Results from the barium analysis of willow for in-field variation sites of Study 2 (study 1 values
also provided for comparison)
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Figure 6-18 Results from the cobalt analysis of willow SRC for in-field variation sites of Study 2 (study 1
values and IFV soil analysis also provided for comparison)
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Arsenic shows interesting behaviour, with the samples from IFV sites 1 and 2 showing higher
and more variable concentrations than IFV3 (see Figure 6-19). The data obtained from IFV
site 3 is surprisingly clustered. Unlike the data for cobalt, these data could not be reconciled
with the arsenic concentrations determined in the soil samples.

Figure 6-19: Results from the arsenic analysis of willow SRC for in-field variation sites of Study 2 (study 1
values and IFV soil analysis also provided for comparison)
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Other fuel parameters for willow SRC which showed a notable variation between the in-field
sites included: aluminium, calcium, magnesium, phosphorous, silicon and titanium (plots of all
the feedstock characteristics are shown in Appendix 10).

In order to visualise the variability of characteristics within each field, the sampling points at
each site were plotted using the recorded sampling coordinates. For selected parameters
(particularly those with high coefficients of variance), these location markers were then scaled
to represent the magnitude of the analysis results. Examples of the resultant plots for barium
(high variability between sites) and lead (high variability within site) are shown in Figure 6-20,
with further examples in Appendix 4. Provenance information, including soil and air
temperature at the time of sample collection, has also been plotted.
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Figure 6-20: Concentrations of (a) barium and (b) lead in fuel samples taken at different in-field sites (Site 046 = IFV1, Site 047 = IFV2, Site 048 = IFV3)
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