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Preface

The EEA- and the Norwegian Financial Mechanismiamgortant instruments in strengthening
the scientific relations between Poland and Norw2gveloping new understanding and new
concepts through collaboration, knowledge exchamgkdialogue based on diverse experiences
are essential in managing the complex challengearevéacing on the path towards sustainable
development. The co-operation between Institutef@fhnology and Life Sciences (previous
IBMER and IMUZ) and the partner institutes IHAR,NIG and IGIK on the one hand, and
Bioforsk on the other hand, is an example whereBEA Financial Mechanism has become an
operational instrument. Co-operation has been kstad based on the project “Modelling of
biomass utilization for energy purpose”. The scopthe project, which is really in line with the
overall political priorities worldwide, is to enhaa the shift from non-renewable to renewable
energy sources by generating knowledge on how pwawe the utilization of terrestrial energy
crops. This is a particular important issue in Rdlavhere coal constitutes a substantial part of
the national energy supply.

Project activities include, inter alia, field stadi of various aspects linked to energy crop
production and related model calculations, stattiefart descriptions on the status of
production of energy crops in different countriasd dissemination and exchange of information
through seminars and study tours in Poland, SwaddnNorway. A number of publications are

expected from the project.

| would like to take this opportunity to thank glhrtners involved in the implementation of the
project, for the valuable contributions from resbars both at Polish and Norwegian side. Last
but not least, | would also express my thankfulnfssthe opportunities provided by the
EEA/Norwegian Financial Mechanism. It is my sincevish that the project “Modelling of
biomass utilization for energy purpose” has essaleld a platform for long-term relations
between Bioforsk and partner institutes in Polattiw this important field of research.

As, Norway, 22.06.2010

Nils Vagstad
Director of Research
Institute Bioforsk



Introduction

The following natural conditions enable agricultdevelopment: surface configuration, climatic
conditions including insolation, temperature, ralls, winds and frost periods, soil conditions
(fertility), water conditions. Water conditions adetermined by sum of rainfalls, evaporation
quantity and water transpiration by plants. Climatbnditions and soil conditions are decisive
factors for agricultural land use. They determih@nfs selection for crop and expected vyield
level. Non-natural conditions are also important &griculture development. The following
factors belong to them: labour force, structurghaf land ownership, farms size, fertilization,
herbicides utilisation, farm mechanisation, edwsatand skills of a farmer, EU and state
agricultural policy. EU and Polish agricultural j@yl is characterized by protectionalism. It
means a financial support system and preferentalits with implementation of other means for
agricultural market protection.
Poland lies in the sphere of clashes between imfie® of continental climate (with quite dry
summers and cold winters) and moderate Atlantmate. These clashes are reason of unstable
conditions for agricultural production. The annaakrage air temperature varies from 6.0 to
8.8°C. The length of the thermal vegetation periodosud 220 days and only in South-West part
of Poland exceeds 230 days. The annual sum ofathisfabout 500-600 mm on lowlands, 600-
700 mm on highlands and it is above 1000 mm in rteons. Central Poland (Masovia, Great
Poland, Kuyavia) belongs to European regions withdmallest rainfall sum which not exceeds
550 mm. Atlantic Ocean significantly influences®alish climate from west side of Poland and
Asia continent from east side of Poland. Rainfalanother significant factor. Western Europe
has significantly higher rainfall in comparison wiPoland. Polish agriculture is featured by:
high amount of smallest farms in the overall fastrsicture, farms land distribution on several
separate subfields for one farm, villages’ overpagon and very high employment in
agriculture (about 27% of all employees in natioeabnomy works in agriculture). Farmers
have low education level. In towns 34% of populatas secondary education and in rural areas
- only 15-16%. Less than 2% inhabitants of ruralagrhave higher education. The structure of
land use is as follows: arable lahdl. 3%, meadows and pastures 25.4%, forests 30.1%. dPolan
requires implementation of technical and technaalgiprogress for intensification of
agricultural production. The reason of competitfon agricultural land is maintenance of the
current consumption level and allocation of paragficultural production for energy purposes.
Agricultural land is going to be key factor for hiels production.
In this publication research results for the Prioec0073 “Modelling of energetical biomass
utilization for energy purposes” have been preskniéhe Project was financed from the
Norwegian Financial Mechanism and European Econofmga Financial Mechanism. The
publication is aimed at moving closer and explainto the reader problems connected with
cultivations of energy plants and dispelling mytlesicerning these problems. Exchange of fossil
fuels by biomass for heat and electric energy prbdn could be significant input in carbon
dioxide emission reduction. Moreover, biomass camgl biomass utilization for energetical
purposes play important role in agricultural prathut diversification in rural areas
transformation. Agricultural production widening adtbes new jobs creation. Sustainable
development is going to be fundamental rule foridholgriculture evolution in long term
perspective. Energetical biomass utilization pdifemtegrates in the evolution frameworks,
especially on local level. There are two facts. Tieeone is that increase of interest in energy
crops in Poland has been observed since a few. yagssecond one is that biomass production
from fast rotating crops is all the time promoteddaanew agricultural production direction. In
spite of the two facts, this direction is not deypahg.
Anna Grzybek
Assistant Professor, Institute of Technology - ISigences
06.09.2010, Warsaw, Poland
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Significance and types of energy crops in the Nordi
countries

Lars Nesheim, Uffe Jgrgensen

Introduction

Biomass is the largest renewable source of endadpally. Most biomass comes from residues
from forestry and agriculture, while only a limit@doduction of dedicated energy crops, where
the main purpose is bioenergy production, has takace so far. However, the ambitious goals
stipulated in national and EU strategies of a ai&l reduction in fossil fuel use, may require
so much biomass that dedicated energy crops have pooduced. Also, specific quality criteria

for certain bioenergy technologies can better laehed by dedicated energy crop production
where the quality can be managed [Jgrgensen arte5a897].

There is hardly any commercial growing of agrictatucrops for energy purposes in Norway.
Cereal straw is to some extent used as a solididdiof he agricultural area constitutes only 3 %
of the total land surface in Norway, and the aseaa far used for grassland (65 %) and arable
crops for food and feed (35 %). There is no redsdyelieve that production of energy crops will
increase significantly in Norway in the near futypartly due to political reasons. Production of
feed and food is highly prioritized. Also in Iceththe proportion of agricultural land is very low
(1.2 % of total land surface), and most of thisdldaa used for hay and silage production
[Bjérnsson 2007]. In Denmark, Finland and Swedefttivation of energy crops has been
commercial for several years. The objective of thspter is to give a review of the current
production of different energy crops in the Nordauntries, and to present some ideas on what
may be the future for biofuels in these countries.

Crops for biodiesel

In Sweden, the area of spring oilseed rape is 90hA0 of which 3 % is used for biodiesel (about
3 000 ha). The potential area of raBeassica napud. var. oleifera Metzg.) and turnip rape
(Brassica rapd.. var.oleifera Sinsk.) in Norway is 28 000 ha, and winter typesld be grown

on about 10 % of this area. In the last five y¢hesactual area of oil seed crops has been 6 000
ha on average. So far nothing is used for biodigSgjures for mean yield levels are not
available. In variety trials in Norway the yield feds has been about 2 000 kg per ha for spring
rape and about 3 300 kg for winter types [Abrahanesel 2009].

The rape area in Denmark has been increasing beelast years and was approximately 171
000 ha in 2008. Mainly winter rape is grown in Dexrky and the mean seed yield is 3 200-3 700
kg per ha [Statistics Denmark]. During a periodwhbf0 % of the Danish rape oil production
was used for biodiesel production [Jgrgenseal 2008], but there are no adequate statistics on
the oil use. The Danish biodiesel production iscetgd as there is no significant tax reduction
for biofuels in Denmark.



Phot. 1. Reed canary grass
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Phot. 2. Experimental cultivation of miscantus iarnark
(Foulum)
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Phot. 3. Miscantus and willow cultivation in Dentkar
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Phot. 4. The cultivation of willow in Sweden
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For various reasons the area suitable for growape rand turnip rape is limited in Norway.
There are several other oil producing species, batbiferous plants and others, but only a few
of them have previously been investigated underdioclimatic conditions. As a part of a
project called “Opportunities for Norwegian prodaoaot of biodiesel from agricultural crops”
some alternative oil seed crops were grown on thites in the years 2007 and 2008 [Nesheim
2009]. The sites were Apelsvoll and Vollebekk iruBsEastern Norway and Kvithamar in the
Central part of Norway. The following species wareestigated: Oil flax [(inum usitatissimum
L.), sunflower Helianthus annuusL.), sarepta mustardBfassica junceal.), camelina
(Camelina satival.), crambe Crambe abyssinicaHochst.) and blue lupineLgpinus
angustifoliusL.). Also a cultivar of spring rape was includedtihe experiments. In the first year
the oil seed yield was rather low for all cropsatinsites. In 2008 the quality of the experiments
was better, and particularly at Vollebekk and Kaithar the yields were satisfactory. However,
for sunflower the growing season was too shorthat éxperimental sites, and for camelina,
crambe and sarepta mustard the seed yields wérer datv. Oil flax and spring rape produced
about 2 400 kg oil seeds per hectare and for bipi@é¢ the yield was about 3 700 kg of seeds.

Crops for bioethanol

In Sweden wheat from about 27 000 hectares is #igedgroduction of bioethanol. That
constitutes about 7 % of total area of wheat. Tihereow one factory for bioethanol production
in Sweden, and two or three more plants are planinethe other Nordic countries there is no
production of bioethanol from agricultural cropst b large plant is planned to be build in Grena
in Denmark, where also grain from the world matat be shipped in. The plant is projected to
convert 600 000 tonnes of wheat into 200 millidneB of bioethanol, 150 000 tonnes protein
fodder and 75 000 tonnes of fibre [www.danishbibfilg.

Crops for solid biomass

Reed canary grass

In Finland reed canary grass (RCG) is now growr2@m00 hectares, and the energy crop may
be used in about 12 power plants in bales or dsnibe[L6tjonenet al 2009]. This crop is well
suited for Finland and Northern Sweden, where theans are cold. There is also commercial
growing of reed canary grass for biofuel in Swedarnt, the area is much lower than in Finland
(less than 1 000 hectares). The Ministry of Agtierd and Forestry in Finland has set a target to
increase the area of energy crops to 100 000 lesctafore 2016. The realistic yield level of
RCG in Finland is 4-7 tonnes of dry matter (DM) pectare, when harvest losses are taken into
account. Because the energy content of RCG is ab&uMWh per tonne DM, the current
production is about 450 GWh per year, if the vyikeldel is set to be 5 tonnes per hectare. If the
RCG area was increased to 100 000 hectares, thmlagmergy production would be about 2.25
TWh, or 0.6 % of the total energy consumption inl&nd.

Reed canary grass is a winter hardy, highly prodecand persistent grass crop. The oldest
experimental fields have been productive more thfaryears in Finland [L6tjoneet al 2009].

RCG grows well in all soil types, but the best ggehave been recorded from moist mould and
fine sandy soils. The crop is fertilized in theisgrafter harvest at 60-80 kg N per hectare. In
Finland and Sweden RCG is harvested in spring #fiersnow melts because the crop is dry
(moisture content of 10-15 %) and the fuel quaktyigh. The ash content is lower and the ash
melting point is higher in spring harvested matez@npared to RCG harvested in autumn. Ash
content can range between 2 and 10 %, accordifegtibzation and soil type. Round balers are
currently the most commonly equipment used to rN®RCG in Finland, but because large



square balers have a higher capacity and produes batter suited for transportation, square
balers are now becoming more common.

In Norway reed canary grass is grown to some exinforage production, particularly on
organic soils in the western parts of the courtbty.far there is no commercial growing of reed
canary grass for energy, but some experiments beee carried out. In central parts of Norway
it has been harvested in three years in April/Mdggheim 2007]. The average DM yield has
varied from 4 to 9 tonnes per hectare between yd#rs content of water at harvest has been
very high in two out of three years (34 %). Theld/ieontained on average 3.4 % ashes. A
similar experiment was accomplished in the southegarts of the country [Henrik Kofoed
Nielsen, pers. comm.]. Annual yields of RCG duriinge years varied from 6 to 9 tons per
hectare, with a water content from 9 to 57 %. Ttvetent of ashes in spring was on average 2.5
%.

In Denmark, only a single experiment has been doneeed canary grass at a sandy soil at
Research Centre Foulum [Mortensen and Jgrgensedlj. 200naximum yield of 8-10 tonnes of
DM was obtained when the green grass was harves#&dgust. Waiting until spring harvest of
dry grass in March-April reduced the dry matteld/i® 5-6 tonnes. However, the natural habitat
for reed canary grass is a moist organic soil, med experiments were established on such a
soil at Foulum in 2009.

Miscanthus

Miscanthus is a £perennial grass which, compared to othgrcps, is very cold tolerant
[Dohleman and Long 2009]. Still, it performs beastthe warmer parts of the Nordic countries,
where up to 20 tonnes of dry matter have been meadsn experiments [Jgrgensen 1997;
Jargensen et al. 2003] when harvesting green dgropsitumn. If the harvest is delayed until
spring, when dry straw can be directly baled, tieédyis reduced by 30-50%. Miscanthus is still
not a fully developed commercial crop and especitie crop establishment needs further
development. The Danish company Nordic Biomass dea®loped a rhizome planter, which
makes cheap and safe establishment possible [d&mgand Schwarz 2000] but more experience
is needed before it is fully commercially viabldheTmost widely utilised miscanthus varidty,

X giganteuss prone to die back in the first winter afternglag in cold climates [Clifton-Brown
and Lewandowski 2000] , and this can be handlepldyting large rhizomes, or choosing other
genotypes. A miscanthus stand may last for 15-2&syeThere is hardly any commercial
growing of miscanthus in the Nordic countries. Hnea in Denmark is about 65 hectares, which
is rather used for thatching of roofs than for biergyy [www.miscanthus.dk]. In most regions of
Norway the winter persistence of Miscanthus is plaptoo low.

Willow

Willow (SaliYy may be harvested every 2-4 year in wintertimee Water content may be about
or slightly over 50 %, and the yield potential gear is about 10 tonnes per hectare. However,
yields in practise in Sweden have been much loMeid-Yudego and Aronsson 2008], despite
even higher yields are reported in some cases g.airlal. 2010]. There is therefore still an
important learning on how to optimise managementesas to recognise the large influence of
water availability on willow vyields [Lindroth and &h 1999]. The content of ashes is
approximately 1.6 %. A plantation may last for 2Zbyg&ars. The need of pesticides is low but it
is very important to manage weeds (especially peatmeeds) during the establishment (year 1
and 2). Weed management can be done chemicallgohanically by row cultivation. A review
of methods for harvest and handling of perennia&rgy crops in Denmark, mainly miscanthus
and willow, is given by Flgjgaard Kristensen [2009]
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In Sweden willow is grown on about 13 500 hectavesgricultural land [Xiong and Finell
2009]. The area is not increasing any longer, masille to reduced subsidies, but also to the
abovementioned low yields and high costs of harvése breeding company SW Seed has
released 25 varieties of willow during the lasty&@rs, which has increased the potential yield
by up to 60 % [Leerket al. 2010; www.agrobransle.se]. In Denmark, the areailbdw is about

2 700 hectares with a significant planting takigcp since 2009. In 2010 a subsidy scheme is
established to support a total of almost 30 0OOCtanes perennial energy crops, which is
expected to be mainly willow. In Finland and Norwidnere is no commercial production of
willow for energy purposes.

Hemp

Hemp Cannabis sativpis an annual multipurpose plant that has beenedtinated for the best
fibre in the stem, oil in the seeds and conterd odsin secret [Xiong and Finell 2009]. Most of
the hemp grown in Europe is used for fibre productiOnly EU certified “industrial hemp”
varieties may be used, and these varieties haswanydrocannabiol (THC) content of less than
0.20 %. In Norway, it is not allowed to grow henifhere is some interest for this species in
other Nordic countries, but so far the profitagilhias been low. In Sweden, hemp for solid
biofuel has been harvested in wintertime on ab@@ Bectares. In Denmark and Finland, the
area is lower.

Phot. 5. Hemp plant in Sweden

Phot. Archive IBME

=

Crops for biogas production

During the last years the number of farm baseddsiqdants has increased strongly in Germany.
And for most plants the input is animal manure am@ge maize. In the Nordic countries there
are some biogas plants based on animal manurdillmdw only a few of these utilize energy
crops. The most suitable crops for biogas prododtiche Nordic countries are probably whole
crop silage of winter rye and grass silage from Ba8vests per year, but in Denmark and
southern Sweden silage maize is also an option.edewry the lower prices on biogas compared
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to Germany makes economic production of crop bienfas biogas difficult. Only in specific
cases crop biomass may make economic sense urrdentoconditions. For instance in organic
farming a stable nutrient supply is essential f@mpcproduction, and this can be achieved from
harvesting natural grassland or grass clover an &ard utilise it in a biogas plant. The nutrients
will then be available in the biogas slurry and t&napplied to the organic crop rotation in an
optimal way. This secures a better nutrient use glaughing under green manure in the organic
crop rotation, and may increase Yyields [Jgrgensah Ralgaard 2004]. Recently a Danish
organic farmer has established a biogas plantilisautarrot tops, grass clover and grass from
nature areas. And in the valley of Ngrre harvestihgheadow grass for biogas is investigated
with respect to the economy, practicality and emvinental aspects of the concept as part of an
inter-Nordic project [http://www.biom-kask.eu/].

In a Danish experiment, different potential cropsldiogas were tested [Leerkéal. 2008] with
yields ranging from 6 to 22 tonnes of dry matter Ipectares. The convertibility of the crops for
biogas was tested as well and calculated net ersengylus from producing biogas ranged from
100 to 250 GJ/ha. The crops tested were harvestes @r constituted mainly easily convertible
organic compounds as e.g. maize and beets. Howadgermore lignified crops may be used for
biogas subject to a pre-treatment to break downdighecellulosic structure. Calculations based
on laboratory results from pre-treatment of ligrikdesic crops indicate that willow and
miscanthus may be as cost-efficient or more efiicitban the use of maize [Uellendadtl al.
2008]. This would in addition increase the enviremtal sustainability of crop production for
biogas.

Energy crop production costs

A study by Ericssort al [2009] was carried out to calculate the indicatimnges of production
costs and to assess the main sources of cost fomder of energy crops, both annual and
perennial, on a regional level in Europe. The pobidn costs were calculated in terms of the
economic compensation required by the farmer irotd grow the crop, and therefore include
not only the cost of cultivation, but also the sost land and risk, which are often omitted in
production cost calculations. The calculated enengyp production costs were found to be
consistently lowest for short-rotation coppice (@, poplar) and highest for annual straw
crops. For short-rotation coppice the productiost€avere calculated to be 4-5 € per GJ under
present conditions and 3-4 € per GJ under imprduegdre conditions. The corresponding
Figures for perennial grasses were 6-7 and 5-6r&gerespectively. The production costs for
annual straw crops were estimated to be 6-8 € Pewu@ler present conditions, with small
potential for cost reductions in the future.

Environment

As it appears from the above, the economy of prioduenergy crops is not significantly better
than the production of traditional agricultural gso Thus, this does not provide much incentive
for the farmers to establish new (and thus mordess uncertain) crops, often with a long
investment period. However, Nordic agriculture g&gnificant challenges with respect to
meeting the environmental demands set up in ndtiand EU policies, such as the Water
Framework Directive. Substantial reductions in iemtr losses may cause banning of traditional
agricultural crops, or significant changes in mamagnt.

However, the production of perennial energy crope significantly reduce nutrient losses,
pesticide use and emissions of greenhouse gasgeggBon 1999; Danish Ministry of Food,
Agriculture and Fisheries 2008]. For instance dwitg from grain crop rotations into perennial
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energy crops will reduce nitrate leaching by appragely 70 % [Jgrgensen 2005]. This means
that farmers can fulfil their obligations for ermirmental improvements by switching into

another crop instead of taking land out of productnd in this way keep a profitable business.
This is the main reason for the recent high interesn Danish farmers in establishing perennial
energy crops, and the reason for the Danish Gowarnhto promote the establishment by various
measures in the new “Green Growth Packet”.

Future perspectives

Phasing out fossil fuel use in the Nordic countrgea clear political focus even though the path
to the goal is not yet defined in all countries.wéwer, it seems clear that biomass will play a
very significant role at least in the medium termthvin the next fifty years. This will be for heat
and power but also the demands for increased biokesin the transport sector [EU Directive
2009/28/EC] will increase the demand for biomasantitically. First choice should be
sustainable utilization of biomass residues. Buinass residues cannot fulfil the future
feedstock demand, at least not in heavily populatedtries like Denmark. Growing dedicated
energy crops is an option for delivering increasetbunts of biomass. However, if this will
decrease food production, indirect land use changether parts of the world may lead to
greenhouse gas emissions reducing the net effeat¢Binger 2008]. This can be counteracted if
net productivity of crop production on the curregricultural land is raised to increase the
resource for food, feed, chemicals and energy.raditevely, the cultivation of energy crops on
more or less marginal arable land, wetlands etdddoe an option.

Perennial energy crops, such as miscanthus andwyilhre promising candidates for high-
yielding, low emission production systems [Karp &ideld 2008]. These crops provide high net
GHG reduction due to storage of carbon in the [gaiklle et al. 2007], they have high N-use
efficiency, and will significantly reduce nutrieldsses and energy consumption for soil tillage
[Uellendahlet al 2008]. Compared to current grain crop productmpproximately 50% yield
increase can be obtained by employing perennigiscvath an indeterminate growth, to exploit
the prolonged growing season already available tduelimate change [Dohleman and Long
2009]. If furthermore crops utilising s€photosynthesis, which has a 30% higher efficieaty
light conversion, are employed, a doubling of bismgield may be obtained [Heatem al
2008]. This may be an option in larger parts of Mwedic countries at further climate warming
[Hastingset al 2009].

To fully exploit the yield potential of lignocellosic crops with an indeterminate growth, harvest
of green crops before leaf fall must be in focubjcol implies a need for new harvest, storage
and conversion methods. Converting the biomass moeefinery will be an option for green
biomass, and will create market flexibility to pume a portfolio of products for energy, feed,
and chemicals. The Danish companies DONG Energyirandon have build the so far largest
2" generation bioethanol plant at Kalundborg, Denmarid the plant now converts straw into
ethanol, animal feed nolasse) and lignin pellets for combustion [ww\wigon.com].
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2

The effect of energy crops on soil enviroment

2.1 The production possibility of energy plants irPoland

Anna Grzybek, Marek Hryniewicz

Poland lies in the sphere of clashes between imfie® of continental climate (with quite dry
summers and cold winters) and moderate Atlantmate. These clashes are reason of unstable
conditions for agricultural production. The annaakrage air temperature varies from 6.0 to
8.8°C. The length of the thermal vegetation periodosud 220 days and only in South-West part
of Poland exceeds 230 days. The annual sum ofathisfabout 500-600 mm on lowlands, 600-
700 mm on highlands and it is above 1000 mm in rteons. Central Poland (Masovia, Great
Poland, Kuyavia) belongs to European regions withdmallest rainfall sum which not exceeds
550 mm. Atlantic Ocean significantly influences®alish climate from west side of Poland and
Asia continent from east side of Poland. Rainfalanother significant factor. Western Europe
has significantly higher rainfall in comparison WwitPoland. Climatic conditions and soil
conditions are decisive factors for agriculturaddaise. They determine plants selection for crop
and expected yield level.

Arable land in Poland has surface of 16.2 mil. s with relatively big production potential. It
enables production diversification in spite of mamgufficiencies in agrotechnology and
agrotechnique.

Biomass resources for energy purposes can be divaeording to their origin, into following
groups:

forestry biomass,

agricultural biomass,

organic wastes.

Energy crop plantations belong to agricultural bé@sisources. Turnover of energy plants takes
place according to determined procedure in Poldaydpiomass sale to registered biomass
processing companies. Biomass processing compangesegistered by Agricultural Market
Agency. The registration is done on the base ofliegipn of the first processing unit or
purchasing company. The following types of plants i@garded as energy plants which can be
cropped on agricultural land and processed intoggn@oducts:

annual plants (e.g. rape, turnip, rye, maize, flax)

sugar beets — on condition that each intermediatelyst is utilized for energy products
production and each co-product or by-product witlyas is utilized according to Council
Decision (WE) no 318/2006,

soya - on condition that each intermediate produith exception of soya flour, is utilized for
energy products production,
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perennial plants (e.g. thornless rose, Pennsylmamallow, Miscanthus giganteus, Jerusalem
artichoke, Fallopia sachalinensis, reed canarysyras

forest coppices with short rotation period (e.gergy willow, poplar, Robinia pseudoacacia),

plants cropped on agricultural land which are uasduel for farms heating or for energy or
biofuel production on farms, among others:

forest coppices with short rotation period (e.gergg willow, poplar, Robinia pseudoacacia),
cereals,

oil plants seeds — broken soya seeds which arpradicted for sowing, rape, turnip with erucic
acid low content, sunflower seeds (broken, not adskn husk), sunflower seeds which are not
predicted for sowing,

annual plants and perennial plants processed @abio

There are three basic groups of units which produnckprocess agricultural biomass for energy
purposes in Polish production system. They arendas — biomass planters, biomass purchasing
companies and biomass processing companies. Retadgirements for each group are written
in Act about payments to agricultural land and symgyment from 2007 [Official Gazette 2007
No. 35 pos. 217], its amendments from 2008 [Offi¢kazette 2008 No. 44 pos. 262] and in
appropriate executive directives for payments &rgycrops.

Biomass purchasing companies and biomass processimgpanies are intermediate link
between farmers — biomass planters and final dgwr@l biomass receivers: energy—heating
companies. Activity of biomass purchasing and pseitgy companies is subordinated to
requirements of biomass final users - energy—hgaiimpanies. It includes requirements linked
with quantity, structure, dead-lines and shapeuppied energy raw material. At the same time
these requirements will be important for agricidtuniomass producers. They will determine:
harvest organization, implemented technology anféitpbility of energy plants production.

Table 1. Representative yields for selected englayyts in 2008

Species Representative yield
(dt dry matter per hectare)
Willow 80
Rosa multiflora 120
Pennsylvanian mallow 150
Miscanthus giganteus 200
Jerusalem artichoke 200
Spartina prairie 170
Grasses 100
Reed canary grass 80
Fallopia sachalinensis 200
Robinia pseudoacacia 80
Poplar 100
Alder 80
Birch 80
Hazel 80

Source: Regulation of Polish Ministry of Agricuturom 14 March 2008 for representative yields of
energy plants (Journal of Laws No 44, pos. 267)
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The Agency for Restructuring and Modernization gfridulture (ARMA) is basic source of data
about cultivated surface and species of energytplan Poland. Polish support system for

renewable energy development defines energy plplatster as a farmer who applies for
payments to energy crop plantations.

Representative yields were defined by RegulatioRalish Ministry of Agriculture in 2008
(Table 1).

. 1194 ha

653.731

411.588
E 200-388
[ 81185
[ | so008

POLAND - 6.816 ha

Figure 1. Surfaces of durable plantations of energy
plants in Voivodeships in 2007
Source: own work, Grzybek, Muzalewski

Figure 2 presents average size of Polish enerdggwvplantations in 2007.

653-731

411588
290-388
181-185

I: POLAND
5998 average size plantation 8,3 ha
(780 plantations)

Figure 2. Average size of energy willow plantations
in Poland for year 2007.
Source: own work, Grzybek, Muzalewski
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In 2007, energy crops covered only 1.1% of aradhel lin Poland. Plants on durable plantations
are cropped only on 6,816 ha - it is 3.9% of tetaface of energy crops plantations and 0.42%
of arable land in Poland. The highest share oftdarplantations in total surface of energy crops
plants was stated in Podlaskie Voivodeship (85.3¥@rmian-Masurian Voivodeship, Masovian
Voivodeship and Pomeranian Voivodeship (relativélgm 20.6% to 10.9%). The main
agricultural biomass sources for energy sector @emts cropped on durable plantations
(perennial). In 2007 the total area of land dedaby farmers as energy crop plantations
amounted to 175.381 ha. Figure 1 presents surfaicdsrable plantations of energy plants in
particular voivodeships in 2007. However, not akkegy plants planters apply for payments.

The highest shares in energy plants crop struttave: oil plants (63.3%), cereals (20.4%) and
maize (11%). The biggest surfaces of durable enptggts plantations, which are the main
sources of agricultural biomass for energy seeta ,in: Greater Poland Voivodeship (1,194 ha),
Warmian-Masurian Voivodeship (731 ha) and Pomeraiaivodeship (653 ha). The smallest
surfaces are in Lesser Poland Voivodeship (59 ha)Savietokrzyskie Voivodeship (98 ha).

Willow dominates on most of durable energy plan@angations (95% of surface of durable
energy plants plantations). The biggest declarefdse of energy willow was in Greater Poland
Voivodeship (1 178 ha) in 2007. The smallest dedasurface of energy willow was in Lesser
Poland Voivodeship (58 ha) in 2007. Average surfac&’80 willow plantations was 8.31 ha —
from 1.53 ha in Lesser Poland Voivodeship to 5h@8n Podlaskie Voivodeship. Miscanthus
declared crop surface amounted to 67.8 ha and nhdylvanian mallow 26.1 ha in 2007.
Miscanthus plantations were localized mainly in W&n-Masurian Voivodeship.
Pennsylvanian mallow plantations were localizedntyan Warmian-Masurian and Pomeranian
Voivodeships. In 2009 growth of energy plants craps observed (Table 2).

Table 2. State of crop for perennial energy plamisivodeships in 2009 [ha]

Voivodeship Willow Miscanthus PennsylvanianPerennial | Reed canary Poplar
mallow grass grass

Lower Silesian

Voivodeship 599.97 11.03

Kuyavian- 197.99 130, 28163 0.50

Pomeranian

Lublin 305.65 10.75 3.42 14.69 5.01

Lubusz 409.42 0.90

todz 210.92 1.59

Lesser Poland 61.83 9.48

Masovian 762.44 1 200.04 30.13 0.23

Opole 226.5( 7.51 1.00 28.65 19.11 2.02

Subcarpathian 651.63 42.13 12.68 45.24

Podlaskie 156.52 3.83 4.01

Pomeranian 394.43 17.37 0.20 487.70

Silesian 258.91 2.85 39.24 17.17 0.71

Swigtokrzyskie 98.64 0.50 28.49

Warmian- 571.03 382.09 26.70 8.31 5.1

Masurian

Greater Poland 765.57 31.74 21.89 10.50 13.09

West 488.97 116.22 2.60 985.42 83.79

Pomeranian

Poland 6 160.42 1 832.80 121.60 1 364.15 52.61] 647.91
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In 2009 total surface of durable energy crops pl#oris was 10 179.5 ha. Energy willow still
dominated — 60.5% of the total energy crops surf8aeface of miscanthus crop increased up to
18% of the total energy crops surface.

Plants production for energy purposes is stimulagedemand of energy-fuel sector on one hand
and payments to crops surface for energy plants@wother hand. Demand of energy companies
for agricultural biomass is driven by duty of energompanies for selling energy from
renewable sources. Cultivation of perennial pldras not developed so much since 2007. The
main reason of this situation seems to be a laclstable agricultural policy and missing
guaranties for biomass price and market. Duty e€telcal energy production from renewable
sources has existed since 2003. This duty framewgodctualized in consecutive Regulations
issued by Minister of Economy. Energy company'sydwis given in Regulation issued by
Minster of Economy in 2008. It seemed that it costlalt multiyear biomass contracts and clear
prices policy would be presented for biofuels. Aotmofor dedicated plantations establishment
for green energy production was expected. Unfotalpait has not happened. There is still
stagnation with the establishment of perennial gnetants plantations. Other important reason
were and still are: the attitude of farmers anddpoers towards new type plants (perennial,
trees), the lack of machines and equipment fortplgrand harvesting, the lack of perspectives
for biomass selling. In ordinance from 2008, cutr@ercentage rates for electric energy
produced from renewal energy sources (RES) werablestted. According to project of
ordinance of Ministry of Economythe obligation to obtain required amount of diedtes will

be achieved if in a particular year amount of eleanergy from RES, in total annual sale of
electricity to final customers will be at level stsown on Figure 3.

Years

Figure 3. Required amount of electric energy froBSRn following
years, on basis of Ministry of Economy Ordinanc)&

For co-firing of biomass and combustion using hylsystem, in power plants with total power
over 5 MW, since 2008 the biomass from agricultsh®uld be used. Required share of
agricultural biomass is shown on figure 4.

! Ordinance of Ministry of Economy in scope of ohlign to obtain and remit certificates of origimbstitute
payment and purchase of electric energy and heduped from RES, 2008
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Figure 4. Required share of biomass from agricuttor electricity
production purposes, on a basis of Ministry of Earag Ordinance,
2008

Demand for biomass, also from agriculture, for gpgaroduction till 2020 was calculated with
following assumptions:

share of biomass in renewable energy sources lealaiidoe 50%;
heating value of biomass is 10MJ/t, 40% of watertent.
In Table 3 demand for biomass for energy produasgresented.

Table 3. Demand for biomass for energy production

No. | Position Yeal 2007 2008 | 2009 | 2010 202D
1. | Gross energy production forecast, TWh/a 1541%59.3| 163.8| 168.3| 201.7
2. | Share of energy from RES, % 4.8 6.0 7.5 9.0 20.0
3. | Share of energy from RES, TWh/a 7.4 95| 12.3] 15.1] 40.3
5. | Share of energy from biomass, PJ/a 18.367.2| 22.4| 27.2| 72.6
7. | Demand for biomass, min t/a 1.3 1.7 2.2 2.7 7.2
8. | Share of energy from agricultural biomass,% 5 10 20 60
9. | Share of energy from agricultural biomass, PJ/a 0. 86 2.2 54| 436
10. | Demand for agricultural biomass, min t/a 0.086] 0.22| 0.54| 4.36

Source: own calculation

In a few projects potential possibilities of thdtimation of durable plantations of energy plants
were determined. Poland can allocate from 1.0 3omdn ha for energy plants production until

2020 according to the out of Polish authors. Polzarthot be ranked among countries with very
good conditions for the production of plants foergy purposes due to relatively small rainfalls
and limited ground water resources.

Only soils with lower quality and less useful footl production can be allocated for perennial
energy plantations. Cultivation of energy plantssach soils limits yield and the production
profitability in consequence. One of many projegtsch estimated the theoretical and technical
potential of energy crops in Poland was finance@&byproject ,, Renewable fuels for Europe up
to 2030" with acronym REFUEL [http://www.ieo.pl/doNoads/26102007/Sylvia
%?20Prieler.pdf]. REFUEL report took as environmémtaerions: advantageous GOalance,
country soil, water and climatic conditions. Theod recommended for cultivation energy
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willow and Panicum virgatum. There was receivediraredibly high technical potential of
energy plantations. Panicum virgatum was taken @pi@sentative of grass plants in REFUEL
project. However, analyses in this project havetakén into consideration Polish environmental
conditions and the structure of national agrica@tudue to these reasons the estimated technical
potential of energy crops as 2 259 096 TJ (accgrdon REFUEL project methodology) is
incredible. Authors of another project (UE/IEE Ewpean Environmental Agency (EEA),
Estimating the environmentally compatible bio-eyepptential from agriculture” (Technical
Report No. X/2007, Copenhagen, ‘2007, unpublisiHed)e stated that 11.5 mil. ha of arable
land could be excluded from food production anadcaated for energy plants cultivation with
conservation of food self-sufficiency. The techhigatential of energy crops has been predicted
as 1 011 000 TJ in 2020. There is an assumptioikifbstates majority (excluding very small
and very dense populated countries) that in 2020 yerspective will be a big growth of energy
crops. Poland was included to a group of countribere about 30% of arable land would be
allocated for energy crops. The Report generatethéyproject stated that in Poland there are
about 12% meadow type settlements protected in NRERQ00O framework (EU average 16%).
Their protection depends on maintenance extengivieudtural practices including in it grass
mowing. It creates a potential for biomass but sitiong environmental protection limits. When
estimation of available space in 2020 year perspedbr energy crops, terrains which in the
nearest future are going to be allocated on othen tagricultural purposes were taken into
consideration. It means terrains for: urbanizattbe,development of infrastructure, for transport
and environment (water treatment stations, wasexycling), afforestations and tourism
development. Poland has been taken into accoutietbiggest group of EU states where such
terrains would take probably about 1% of contempoeayricultural land. The report qualifies
energetically feasible arable land of 4 321 200irh&020, as well as available grasslands of
492 300 ha. It gives the sum 4 813 500 ha. Howalmyye mentioned values are in discrepancy
with reality. There were taken not correct datae Twork “Possibilities of Renewable Energy
Sources utilization till to 2020 year” (an expegtisf Polish Ministry of Economy, Warsaw,
December 2007) stated that the surface of grasslagdculturally utilized which would be
available for biomass production on energy purpasas predicted as 100 000 ha. There has
been estimated the technical potential of energypsras 479 166 TJ including in it:
lignocellulose crops — 208 888 TJ, starch and sagaps — 81 027 TJ, rape — 73 514 TJ, maize
and grasslands silage (for biogas) — 116 625 TJ.

However, authors stated further that macroeconoesiimations (made from the following

points of view: available space balance, arabld laalance for food production, energy crops
intensity and national energy balance) must natimeediately transferred on farmers decisions.
They stated also that Polish government influenoefasmers’ decisions would be limited.

Moreover, analyses till 2020 year took into consatien only the first biofuels generation,

whereas at the same time the second biofuels gemessill be available on the market. Thus

demand on arable land for energy crops could lghtsli smaller than calculated and as a
consequence the final shares of energy from Rerleviaiergy Sources in total energy balance
are conservatively estimated. With any knowledgeuatsupport instruments for the second
biofuels generation and assuming that till 2020ryearrent support instruments will be

implemented it is difficult (according to the actaph method) estimate the share of second bi
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2.2 The effect of energy crop on chemical soil prepties

Jerzy Grahiski, Piotr Nierobca, Edward Szetéak, Antoni Faber
Summary

In the paper the studies concern the evaluatiacthahges in the chemical properties of the soil
under cultivation of different species of energyps was described. The studies were carried out
on 2-9 years old energy crop plantations of willomiscanthus and Sida hermaphrodita, located
on different soil types in Experimental Stationglam private farms in Poland. To analyze of
changes of chemical solil properties, the samples wellected from different levels of the soil:
0-30 cm, 30-60 cm and 60-90 cm. On these layerscpHtent of mineral nitrogen, available
forms of phosphorus, potassium, magnesium wereyzgtl For analyze the changes of organic
carbon content in the soil samples were colleatewh flevels 0-10 cm and 10-20 cm. The control
treatments were set up 5-10 m from the border @fplantation, cultivated traditionally (fallow
ground or sown grasses).

Introduction

There are many differences between perennial enengys and typical arable, annual crops
[Dimitrou et. al. 2009]. First of all, energy cogrow on the same field incessantly (even 20
and more years) but annual crops at most in fewsys®noculture. Technologies of energy
crops characterize much lower intensity of contegrophages and typically much less

fertilizing. The moment of high intensity of energyop technology concern only year of

plantation establishing, which is usually boundethweep tillage and weeds control [Tolbert et
al. 1995].

An important distinguishing feature of energy croyasvested every few years (e.g. willow) is a
way of fertilization for long-term, which may creatlanger to the environment [Gradki et al.
2006].

It should be added that perennial energy cropsleeper rooted and generally have a high water
consumption compared with conventional crops [Diouitet. al. 2009].

Yields of crops cultivated for energy are oftenwhigh - even 20 and more ton of dry matter
per hectare per year. With high yield, not so smgahlntity of nutrienis removed. Adegbidi et
al. [2001] shown that with 15-22 t/ha of dry matyeld it is uptake from the soil of 75-86 kg
nitrogen, 10-11 kg phosphorus, 27-32 kg potasst#¥/9 kg calcium and 4-5 kg magnesium.

Mentioned above information justify studies on defg the effect of energy crops on the
environment. Especially, that according to manyestgpthe interest in using biomass for energy
production will increase. The aim of the study veasluation of the effect of cultivation of
different species of energy crops on chemical ptaseof the soil.

Methodology

The studies were carried out on 2-9 years old gnen@p plantations, of willow, miscanthus and
Sida hermaphrodita hermaphrodita, located on diffesoil types in Experimental Stations and
in private farms (Table 4.). In the autumn, aftee &nd of vegetation (usually in the second
decade of November), samples were collected inraimleanalyze changes of chemical soll
properties. The samples were taken from differem¢ls of the soil: 0-30 cm, 30-60 cm and 60-
90 cm. On these layers pH, content of mineral garp available forms of phosphorus,
potassium and magnesium were analyzed. In the sanmelike mentioned above, the samples
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were collected from levels 0-10 cm and 10-20 cmafioalysis of the changes in organic carbon
content in the soil. All soil samples were takemnirthe middle part of interrows, 5-10 m from

the border of the plantation. The control surfafelow ground or sown grasses, cultivated
traditionally) were located 5-10 m from the bordéthe plantation.

Fertilization of plantations was differentiateda®ations located on silt clay and on slightly
loamy sand were fertilized the most intensively:8l6kg N, 60-72 kg s and 72-90 KO per
hectare per year. Willow, as a species harvestedyehiree years, was fertilized using long term
doses (in the year of harvest). Big plantation n@gagoszcz, on which soils samples were
collected from two types of soil (slightly loamynshand light loam) was fertilized after harvest,
every two years in doses 80 kg N/ha, 20 k@sFand 40 kg/ha KO per hectare. On plantations
localized on silty clay and silt loam fertilizereve not applied.

Table 4. List of plantations, on which samples wea#ected

Place names Year of Cultivated Solil texture Content in %
plantation species group Sand| Silt | Clay
establishment

1. Experimental 2003/ willow, Heavy silt loam| 15| 34| 51

Station of IUNG PIB miscanthus,

Osiny Sida

hermaphrodita

2. Private farm near 2000| willow Silt clay 3| 47| 50

Zamas¢

3. Experimental 2007| willow Silt loam 30 43| 27

Station of IBMER at

Ktudzienko

4. Private farm near 2004/ willow Light loam 61 24| 15

Bydgoszcz

5. Experimental 2004 willow, Heavy loamy 65| 19 16

Station of IUNG PIB miscanthus, |sand

Osiny Sida

hermaphrodita
6. Private farm near 2004| Willow Slightly loamy 83| 9 8
Bydgoszcz sand

The following methods of chemical analysis wereligpolp

-potentiometric - pH in KCl according to PN-ISO 208 1997

- Kieldahl — total nitrogen

-Egner-Riehm — available phosphorus

-Egner-Riehm — available potassium

-atomic absorption spectroscopy — available magngsaccording PN-R-04020:1994.
-spectrophotometric -N-NHand N-NQ, after extraction 1% SO, —

- Tiurin-organic carbon.

The chemical analysis was made in authorized Cebh#boratory of Chemical Analysis of
IUNG PIB in Pulawy.
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Results

Studies showed that after 5-9 years since estafjsi willow plantations pH of soil decreased,
as compared to control surfaces, in 0-30 cm lageaalltypes of soils except of slightly loamy
sand soil. In deeper layers of soil 30-60 and 6@+Ghese reduction were observed on heavy
silt loam, light loam and slightly loamy sand ofilyable 5).

Table 5. Soil pH values on the surfaces of corgmal expressed as a percentage of control in the
plantations of willow

Soil type Layer of soil | Soil pH on control Soil pH on willow
surface (grass, fallow) plantation (as percentage of
control surface)
Heavy silt loam 0-30 cm 4.23 90.8
30-60 cm 4.51 96.3
60-90 cm 4.80 97.4
Silt clay 0-30 cm 4.94 97.9
30-60 cm 4.37 108.6
60-90 cm 4.92 1131
Light loam 0-30 cm 4.40 98.5
30-60 cm 4.49 93.3
60-90 cm 4.58 95.5
Heavy loamy sand 0-30 cm 4.78 98.6
30-60 cm 4.72 108.7
60-90 cm 5.54 112.6
Slightly loamy sand 0-30 cm 6.11 102.0
30-60 cm 5.76 96.5
60-90 cm 5.74 99.4
The average pH at 0-30 cm 4.89 97.6
different levels 30-60 cm 4.77 100.7
60-90 cm 5.12 103.7

Source: own research

Examined plantations of miscanthus and Sida herrodjth were established on two types of
soils: heavy soil (heavy silt loam) and on lighil ¢beavy loamy sand). Considerable decrease of
pH, exceeding 10 %, on these species plantatimmpared with soils from control surfaces
were observed in the layer 0-30 cm. In deeper $aglecline of pH was observed on Miscanthus
plantation only.

In the range of abundance of nutrients quite adifigrences between soils under energy crops
and control surfaces in available phosphorus wasdirooed. They consisted on increasing the
amount of available phosphorus compared with corswofaces, in the range from a few to

several percent, on plantations of willow, miscaistand Sida hermaphrodita on heavy silt loam
and silt clay, fertilized with that nutrient, butlg in the layer 0-30 cm.

Differences in available forms of potassium in sod from energy crop plantations and control
area were rather small, but it should be noticed teducing of this nutrient contents compared
with control surfaces was observed on miscanthaistation in the layer 0-30 cm (Table 6).
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Table 6. The potassium contents in the soil orctrol surfaces and expressed as a percentage

of control on plantations of miscanthus and Sidana@hrodita

Soil type | Soil layer Miscanthus Sida hermaphrodita
The potassium | The potassium |The potassium |The
content on the |content onthe |contentonthe |potassium
control surface - | energy plantation surface of the |content on the
grass, fallow [mg as percentage of| control grass, energy
[100 g* soil] control fallow [mg 100 |plantation as
g* soil] percentage of
control
Heavy 0-30 cm 16.0 79.8 16.2 100.9
silt loam| 30-60 cm 4.6 110.2 8.9 88.3
60-90 cm 2.3 100.0 4 92.1
Heavy 0-30 cm 12.3 82.3 11.3 83.4
loamy | 30-60 cm 2.4 113.4 3.4 99.9
sand 60-90 cm 2.6 108.2 2.6 104.3

Source: own research

The observed ranges of differences in magnesiuraale content did not exceed 5%, on all
plantations of willow, Sida hermaphrodita and migbas.

In the layer 0-30 cm on all plantations, the insee@f total nitrogen content in the soils, in
average by about 4%, was observed. Detail anadysisineral forms of this nutrient in the soils
showed, that ammonium form of nitrogen (N-NHon miscanthus and Sida hermaphrodita
plantations, in upper layers of the soil 0-30 afeb8 cm was reduced by over 50% compared
with control surfaces (Table 7). But in deepestta§0-90 cm the opposite relationship - more
ammonium nitrogen in the soil from energy cropsfatons - was recorded. Content of nitrate
nitrogen (N-NO3) in the soil on miscanthus and Siéamaphrodita plantations, on heavy soil
(heavy silt loam) and on light soil defined as hepamy sand, decreased together with increase
of depth of soil samples collection. Regardlesshef depth, more of this nitrogen form was
found on the plantations of energy crops than @ndbntrol surfaces (Table 8). It should be
noted that the plantations of the species in SyOskere fertilized with relatively high doses of
nitrogen.

Differences in nitrogen content of ammonium on f#ons of willow and the control surfaces
were much smaller. Only on the heaviest soil (hesMy clay) in the layer 0-30 cm this
difference was big (66% of N-NHmnore in the soil from willow plantation). On théher willow
plantations the differences in the amount of ammaonnitrogen in the topsoil and control
surfaces were small - less than 5%. Amount of t@tratrogen in the soil on willow plantation
depended on soil type (Table 9). Most ion of N-N@3®-30 cm layer of soil was found on the
heavy silt loam and heavy loamy sand, so on the fedslized plantations. As far as increasing
the depth, the content of this form of nitrogen baén declining markedly, although quite a lot
of N-NOs; was observed in the deeper layers. On controhsesf covered with grass or fallow
there was significantly less of nitrate nitrogespecially in deeper soil layers.
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Table 7. The content of ammonia nitrogen in thé @oithe plantations of miscanthus and Sida hermuajila, and the control surfaces

covered with grass (Experimental Station Osinyerage of the years 2008-2009)

Soll Soll Miscanthus Fallow, grass The amount of Sida  Fallow, grassThe amount of
type layer N-NH, on the hermaphrodita N-NH,on the
mg-kg' | kg-ha|  mg-kg'| kg-ha'|plantations of [mg-kg" | kg-ha'| mg-kg'| kg-ha'|plantations of
soil ! soil miscanthus as| soil soil Sida
percentage of hermaphrodita
control as percentage
surfaces [in of control
%] surfaces [in %]
Heavy | 0-30 cm 3.60, 14.1 5.11) 19.9 70.5 3.02 11.8 6.83] 26.6 44.2
silt 30-60 cm 2.76] 10.7 3.74 14.6 73.7 1.97 7.7 241 9.4 81.7
loam 60-90 cm 2.61| 10.2 1.88 7.3 138.8 1.96 7.6 1.57 6.1 124.8
Heavy | 0-30 cm 2.35 10.6 276 124 85.1 2.57 11.6 3.02 13.6 85.1
loamy |30-60 cm 151 6.8 1.54 6.9 98.1 1.52 6.8 1.90 8.6 80.0
sand 60-90 cm 1.23] 55 1.22 5.5 100.8 1.39 6.3 1.16 5.2 119.8
Average| 0-30 cm 2.98| 12.3 3.94, 16.2 77.8 2.80 11.7 493 201 64.7
for the |30-60 cm 2.14) 8.8 2.64/ 10.8 85.9 1.75 7.3 2.16 8.9 80.9
layer of | 60-90 cm 192 7.8 1.55 6.4 119.8 1.68 6.9 1.37 5.7 122.3
soll

Source: own research

Table 8. The content of nitrate nitrogen in thd soithe plantations of miscanthus and Sida herm@pta, and the control surfaces
covered with grass (Experimental Station Osinyerage of the years 2008-2009)
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Soll Soll Miscanthus Fallow, grass The amount of Sida  Fallow, grassThe amount of
type layer N-NO; on the hermaphrodita N-NOs on the
mg-kg' | kg-ha| mg-kg'| kg-ha'|plantations of | mg-kg"| kg-ha'| mg-kg'| kg-ha'|plantations of
soil ! soil miscanthus as|  soil soil Sida
percentage of hermaphrodita
control [in %] as percentage
of control
surfaces [in %]
Heavy | 0-30 cm 9.17| 35.8 5.67] 22.1 161.7, 5.70 22.2 456 17.8 125.0
silt 30-60 cm 7.59| 29.6 3.87 15.1 196.1 4.50 17.6 4.24 16.5 106.1
loam 60-90 cm 2.83] 11.0 0.66 2.6 428.8) 1.16 4.5 0.9 3.5 128.9
Heavy | 0-30 cm 3.39] 15.3 253 114 133.9) 4.73 21.3 294, 13.2 160.9
loamy |30-60 cm 1.32| 5.9 1.15 5.2 114.8  2.56 11.5 1.78 8.0 143.8
sand 60-90 cm 0.56| 25 0.45 2.0 124.4 2.15 9.7 1.13 5.1 190.3
Average| 0-30 cm 6.28| 25.5 4.10, 16.8 153.2 5.22 21.8 3.75/ 155 139.2
for the |30-60 cm 4.46| 17.8 251 10.1 177.8 3.53 14.5 3.01 12.3 117.3
layer of | 60-90 cm 1.70] 6.8 0.56 2.3 303.5 1.66 7.1 1.02 4.3 162.7
soll

Source: own research

26




Table 9. The nitrate nitrogen content in the sailtbe surfaces of control and expressed as a
percentage of control on plantations of willow (@age of the years 2007-2009)

Soil type | Soil layer | Willow | Willow Control Control Content on
plantation| plantation| surface — surface — | willow
[mg-kg® |[kg-ha'] |grass, fallow |grass, plantation as
soil] [mg-kg® soil] | fallow percentage of
[kg-ha'] |control
surface [%)]
Heavy silt 0-30 cm 7.77 30.3 6.11 23.8 127
loam 30-60 cm 7.84 30.6 2.78 10.8 282
60-90 cm 5.22 20.3 0.99 3.8 527
Silt clay 0-30 cm 3.40 13.3 2.74 10.7 124
30-60 cm 1.66 6.5 1.73 6.7 95
60-90 cm 0.46 1.8 0.48 1.9 96
Light loam 0-30 cm 2.76 12.4 4.09 18.4 67
30-60 cm 1.04 4.7 2.47 111 42
60-90 cm 0.92 4.1 1.94 8.7 47
Heavy 0-30 cm 5.52 24.8 4.38 19.7 126
loamy sand| 30-60 cm 8.98 40.4 1.85 8.3 485
60-90 cm 8.37 37.7 1.62 7.3 516
Slightly 0-30 cm 1.09 5.0 1.17 5.4 93
loamy sand| 30-60 cm 0.40 1.8 0.51 2.3 78
60-90 cm 0.29 1.3 0.36 1.7 81
The average 0-30 cm 411 17.2 3.70 15.6 107.4
content at 30-60 cm 3.98 16.8 1.87 7.9 196.4
different 60-90 cm 3.05 13.1 1.08 4.7 253.4
levels

Source: own research

A particular object of research was establishethatiBMER Centre at Kludzienko: after two
(year 2008) and three (year 2009) full growing eeassince the establishment of plantations.
These studies conducted in the Centre showed lbkatdntent of ammonium nitrogen up to a
depth of 60 cm of soil, on willow plantation, isgher by 15-30% than on the field with annual
crops (Figure 5). In the case of nitrate nitrogéfeknces were much higher. On the willow
plantation only small quantity of these ions wasesled, but on the arable field - several times
more (Figure 6).

Until now, fairly well recognized phenomenon oflstarbon accumulation was in forest areas.
Research on these natural environments suggestshthaarbon content increases with forest
age. Only immediately after planting decreaseshefdrganic carbon content, associated with
intensive cultivation of the field preparing to s@b plantation, can occur [Hansen 1993].
Dowydenko [2004] says that abandonment of deepvatithtn prior to planting a forest could
increase the possibility of accumulation of carbothe soil on afforested land.

The youngest plantation in the IBMER Centre at Kiedko, where samples were taken in order
to determine organic carbon content, was only twary old. Analyses carried out in soll
samples taken from the plantation have shown thatdy in the initial period after the
establishment of plantation fairly large changesnganic matter content occur in the soil. This
is illustrated on the Figure 7, which shows thatthe willow plantation after two years of
establishment, content of organic carbon in thevgas significantly lower (by about 12%) than
on arable field.
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Figure 5. The content of ammonia nitrogen on thewiplantation and
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Figure 6. The content of nitrate nitrogen on thdow plantation and arable
field (silt loam) (Ktudzienko 2008-2009)
Source: own research
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Generally, on older plantations, the phenomenonaafumulation of organic carbon was
observed. For example, on the soil characterizelight loamy sand, after five seasons after
plantation establishment, organic carbon contetreased on the willow plantation, at 0-10 cm
layer, by 3% compared to the control surface whvias fallow, and by 6% compared to the
arable field (Figure 8).
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Figure 8. Organic carbon content in the soil affelient levels in
the willow plantation near Bydgoszcz (light loarang) after
five seasons of plantation exploitation

Conclusions

The following chemical changes in the soil are ocdion energy crop plantations during the
first decade of plantation exist:

1. The pH in the soil layer of 0-30 cm decreassgeeially on strongly fertilized plantations.

2. Content of available phosphorus in the heavg sioi the topsoil, has increased by within 8-
13%.

3. Changes in content of available potassium waialsOnly on the plantations of miscanthus
reduction of this nutrient content was observed.

4. Changes in content of available magnesium aticel to the control surfaces did not
generally exceed a few percent.

5. Changes in total nitrogen contents were reltikagge, especially in the surface layer of O-
30 cm. Regardless of soil conditions, the averagigegen content in this layer was higher by
4% than on control surfaces.

6. Very high levels of nitrate nitrogen in the dagifore winter, causing a threat to the
environment, occur only on plantations of energypsrharvested every three years (willow),
which were fertilized "on reserve" after the hatv&iomass.

7. The risk of harm to the environment from the enath forms of nitrogen in a case of not
fertilized and fertilized with low doses energy gsqwillow, miscanthus and Sida
hermaphrodita) is negligible.

8. Cultivation of energy crops such as willow, naisthus and Sida hermaphrodita affect
changes in the content of organic carbon in thie Sbe direction and magnitude of these
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changes varies greatly and depends on the agamtbfibns and soil conditions. In the first
2-3 years after the establishment of plantatioa,diécrease in organic carbon content in the
soil may occur. Generally after, 5-9 vegetatiorsseea organic carbon accumulation is
observed, especially in the topsoil 0-10 cm. Thgmitade of this accumulation is greater
than on cultivated fields, overgrown with grassorfaces that are fallow.

Relatively large changes in the soil duringtfysars after establishment of the plantation of
energy crops suggest the need for monitoring sfggthenomenon until the liquidation of the
plantations.



2.3 Photosynthetic productivity and efficiency of prennial energetic crops
Wiodzimierz Majtkowski, Gabriela Majtkowska, BarroSomaszewski

Summary

On the existing production fields in the periodnir@007 to 2009 the growth of plants and the
height of three perennial species vyields planted doergetic purposesSalix viminalis
Miscanthusx giganteusand Sida hermaphroditawere examined. The highest biomass yield
(23.7 t DM/ha) was obtained fddiscanthus giganteusn the plantation in Radzikow, where it
was planted on podzolic soil belonging to IV quabtass. The smallest yield (8.3 t DM/ha) was
observed orSida hermaphroditgplantation in Gronowo Gorne near Elpl on mineral soil
belonging to class Ill. What had a negative impactplants development was: damp deficit,
weed infestation, low content of nutrients in tiod and low pH. The diversity of photosynthetic
productivity depending on species and the impadcitbér factors having influence on biomass
yield were also examined. The species of C3 phatbsgis had higher photosynthesis intensity
when water management was not effectiSalix hybrids showed the highest intensity in full
lighting (about 6.5 pmol ¥O/m?/s), when the lowest intensity was examined Ntiscanthus
giganteus(about 4 pmol KO/M?/s). The increase in photosynthesis intensity eséhspecies
was connected with the decrease in stomatal coadcet The rate of transpiration grew
simultaneously, what indicated little effectivene$svater management.

Methods

Each species was examined on 3 production plantaf(ibable 10). The following factors were
checked: plants overwintering, weed infestationthad plantations and pathogens occurrence.
The plantations productivity and the plants biomsetneasurements were done after the end of
the plants vegetation, i.e. in the period from ®@etoto March. Biomass was collected from 30
plants (3 replications). Humidity and the actuaintuer of living plants compared to used plant
density were included while converting yield to amea of 1 ha. Soil samples were collected
from the examined areas, for which Nowosielski'sticaltural method [2004] was used to
determine:

- pH and salinity, in distilled }D,

- N-NOs — with the use of ion-selective electrode,

- P — colorimetric method (Spekol 11 Carl Zeissa)e
- Ca, K, Na — method of emission spectrometry,

- Mg — method of atomic absorption (atomic absorptispectrophotometer PU 9100X
Philips).

The ranges of fertility, reaction and salinity the examined soils were established on the basis
of the obtained results. The analyses of chemioahposition were done in the Chemical
Laboratory of the Department of Root Crops Produrctiechnology of Plant Breeding &
Acclimatization Institute in Bydgoszcz.

In the period of growth and development the measargs of gas exchange, including for
instance net photosynthesis intensity (Pn), traapn (E) and stomatal conductance (Gs) were
done. The measurements were performed with theuk€i device (Li-COR Company). The

same leaves were always used in the measurementiseir middle parts, under comparable
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environmental conditions, during the same hoursleurconstant-adjusted irradiation intensity
PAR - 1200umol/m?/s, under an average air temperature of°@3 The parameters were
examined in full lighting and in shadow (inside danopy); in the morning, noon and afternoon
on experimental fields in Botanical Garden in Bysigrz; on podzolic soil belonging to class IV.
On the basis of water utilization rate — WUE, theds calculated from the ratio of net
photosynthesis intensity to transpiration intensitgfficiency of water utilization in
photosynthesis was described [Pietkiewicz and stB@05].

Table 10. List of plantations under investigations

Species Location Year of plantin Area
P (voivodeship) planting 1 mgqj
I Marcelewo (kujawsko-pomorskie) 2004 50
Salix . : :
viminalis Przysiersk (kujawsko-pomorskie) 2005 7.5
Suponin (kujawsko-pomorskie) 2004-2006 50
] Gronowo Gorne (pomorskie) 2006 2
Miscanthus .
giganteus Drewnowo (pomorskie) 2006 40
Radzikow (mazowieckie) 2006-2008 40
g Gronowo Gorne (pomorskie) 2006 15
Sida :
hermaphrodita) Drewnowo (pomorskie) 200y7 20
Czciradz (lubuskie) 2008 10

The experiments results and discussion

The productivity of examined energetic plantatiovess diversified, depending on species and
location (Table 11). The highest yields were olddifior Miscanthus giganteusm Radzikéw,
which was grown on podzolic soil belonging to clas$23.7 t DM/ha).

The sample yields of Miscanthggganteusfrom chosen European experiments are shown in
Table 12 [Lewandowski and others 2000]. In the cciteork the authors demonstrate that
Miscanthus giganteugields were very differentiated and were includedhe range from 4 to
44 tons of dry matter (DM) from 1 ha during the iyaepending of soil and weather conditions,
fertilization level, plantation age etc.

Sida hermaphroditgields from plot experiments after Borkowska argk$2003] are shown in
Table 13. They fluctuated from 9 to 18 tons of drgtter from 1 ha per year on the soil of good
wheat complex.

The dry matter yield of willow wood from an areaitumight be much diversified. It contains
from several to tens tons of dry matter of woodhiré hectare per year. The productivity of
willow from selected countries is shown in Table 14
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Table 11. Results of yielding estimation of enamyetops from productive plantations

. Location of plantation Bloma}ss Plant Yield
Species soil class/year of planti’ng humidity | density DM
[%] [%] [t/ha]
Radzikow, 43.2 70.3 23.7
soil IV cl./2006
: : Drewnowo, 32.8 73.7 17.5
Miscanthus giganteus soil Il c1./2006
Gronowo Goérne, 41.2 63.3 15.2
soil Ill cl./2006
Czciradz, 24.1 68.2 14.4
soil IV cl./2003
: . Drewnowo, 20.5 100 17.7
Sida hermaphrodita soil Ill cl./2007
Gronowo Goérne, 28.6 83.3 8.3
soil Ill cl./2006
Marcelewo, soil IV cl., 58.5 96.7 14.9
variety TORA/2004
Marcelewo, soil IV cl., 57.7 96.7 12.3
variety TORDIS/2004
Salix Marcelewo, 56.1 96.7 10.8
(2-year-old shoots) soil V cl./2004
Suponirt, 56.8 100 16.1
soil IV cl./2004-2007
Przysiersk, 57.0 100 8.5
soil IV ¢l./2005
* - set of harvester
Table 12. Examples of yields from selected Europequerience
Average Age of . .
Country temperature plantation Period of Yield Comments
and harvest [t DM/hal/year]
o [years]
precipitation
Denmark 7.3°C, 4-6 April 7-15 70-100 kg N/ha
693 mm
(o]
Germany 6?3(:)3?6% n(1:m 3-4 December 4-20 80 kg N/ha
UK 500-700 mm 3 Spring 10-15
Switzerland 7.5°C, 1-2 January 13-19 0-80 kg N/ha
944-1066 mm|
: 8,8°C,
Austria 200 mm 3 22
Italy 450 mm 2-3 Late spring 30-32 120. kg .N/ ha,
irrigation
. 12-15°C,
Spain 1900 mm 4 14-34 0-120 kg N/ha,
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Table 13. Dry matter yield of stems of Sida hernmagha depending on the substrate (average
of 3 years)

Dry matter yield Ash content Precipitation
Type of substrate [t/ha] [%] (%]
Mineral soil 42.8
(good wheat complex) 13.8-17.8 3.4-4.1 (harvest X)
Sewage sludge 9.3-11.3 3.7-4.2 28.2
' ' o (harvest XII)

Table 14. Yield of willow by various authors

Dry matter
Country [thalyear] Author Comments
Sweden 12-18 Gigler & others [1999] good soil, aryeycle
Germany 6-14 Hoffmann & Weih [2005] good soil, 3ayeycle
USA 13-23 Kopp & others [1997] fertilization and irrigation,
3-year cycle
loam soil, fertilization, 3-
Canad 23 ' '
anada Labrecque & Teodorescu |Yyear cycle
[2003] 0w
Canada 9 san_dy spll, without
fertilization, 3-year cycle

One of the most important factors having an impactplants development on the observed
plantations was climatic conditions — precipitateord temperature. The temperature in the years
2008 and 2009 during the growing period exceedediderably the average temperature in the
period from 1951 to 1980, whereas the total préatijpins were below the average. The periods
of moisture deficit, caused by high temperaturesindu spring months, were especially
unfavourable for the plants development, partidyléor willow (the data from the weather
station in Botanical Garden of Plant Breeding & Wuoatization Institute in Bydgoszcz - Figures
9, 10). Mild winters might also have a negative atipon the plants development, according to
what was observed oiliscanthus giganteuplantations near Elby during the winter period
2007/2008. After the warm December and Januarpkiets vegetation began, whereas after a
typical winter the vegetation should start at timel ®f April and the beginning of May. The
destruction of most young shoots appeared as & mfsemperature drop to -& in the North
Poland terrain at night of April 21/22. The plamdas valorisation done at the end of May 2008
showed that the plants had new shoots from the pattien below the ground and the buds that
were not damaged by the frost, but the amount loi€was lower.
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Figure 10. Weather data summary from 2007-2009 grgpweasons — temperature

The weed infestation of a plantation is also veignificant to obtain high yields. Weeds
occurrence might increase the level of moisturéctdeh soil caused by the periods of drought.
The observations of weed infestationMiscanthus giganteuglantations in Radzikéw showed
the link with plants age (development degree). Tifeerentiation of species causing weed
infestation of particular fields with the crops mie@d in 2009 could have had the connection with
forecrop (Table 15).
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Table 15. Evaluation of weedy state of Miscanthigaugteus depending on the age of plantation
and forecrop (Radzikow, 10.09.2009)

No. Year plﬁgtlng/fleld Weed [%] Dominant species Forecrop

1 2006 1 Artemisia vulgaris maize

2 2008 30 Conyza canadens{20%)), barley
Echinochloa crus-gall{5%)

3 2009 /1 90 Agropyron repen$60%), barley
Echinochloa crus-gall{20%)

4 2009 / 1A 90 Solanum nigrung88%) winter wheat

5 2009 /1B 85 Echinochloa crus-gall{(60%), barley
Solanum nigrun25%)

The analyses of chemical composition of the saih@as that were collected from the areas of
the examined plantations indicate nutrient exhanséind low pH on all examined plantations
(Table 16). Optimum pH for willow and Miscanthgganteuss 5.5-7.0 [Stolarski 2004].

Table 16. Summary of results of the chemical of Bom the test plantation of energy crops
(analysis 2009)

No. P pHin | Salinity | N-NOs | P | K [Na| ca | Mg
KCI' | [g/dm?] [mg/dm? of soil]
1 | Radzikéw Miscanthus planted 2006 | 6.7 0.07 <10 |18 | 53 |17 | 287 | 53
2 | Radzikéw Miscanthus planted 2008 | 7.9 0.05 <10 |30|146 |28 | 375 | 43
3 | Marcelewo Salix soil 1V cl. 7.4 0.03 <10 28 | 369 | 86 | 1604 | 98
4 | Marcelewo Salix soil V cl. 6.5 0.04 <10 21| 270 | 47 | 1086 | 64
5 | Marcelewo Salix soil VI cl. 5.9 0.02 <10 50| 137 | 21| 960 35
6 | Przysiersk Salix mineral soil 7.8 0.07 <10 | 24| 357 |32 1698 | 56
7 Przysiersk Salix peat soil 6.5 0.06 12 24 | 420 | 34 | 376 62
8 | Gronowo G. Sida 5.9 0.31 100 54| 75 |40 | 140 70
9 | Gronowo G. Miscanthus 5.3 0.11 26 50 | 100 | 45 86 62
10 | prewnowo Sida 6.2 0.14 20 88| 180 | 40 | 252 45
11 | prewnowo Miscanthus 5.9 0.05 15 47 | 77 | 65| 110 50
12 Suponin Salix planted 2004 4.8 0.11 <10 68 | 185 | 25 | 570 77
13 Suponin Salix planted 2005 4.5 0.13 <10 53| 90 | 64 | 488 61
14 | Suponin Salix planted 2006 3.6 0.05 <10 36| 64 | 25| 267 | 43
15 Suponin Salix planted 2007 2.7 0.24 16 36| 37 | 25| 187 17
16 | czciradz Sida 4.2 0.13 0,11 [41| 77 |20| 542 | 48

Photosynthesis is the most essential process #tatndines the creation of plants dry matter.
The examined species differed in net photosynthetssity depending on light conditions. The
highest photosynthesis intensity (about 15 umob/@@s) in full lighting in the morning was
observed foSalix hybrids. The value grew till the noon hours &alixand Sidehermaphrodita,
reaching 21 umol C#m%s and 17 pmol C&m?/s, respectively. During the afternoon hours
photosynthesis intensity of species that are meatiambove decreased, whereas it increased for
Miscanthus giganteusill the level above 15 pumol G@n?s. The highest photosynthesis
intensity during the morning and afternoon hours &0 observed fdalix hybrids in limited
light conditions in shadow (inside the canopy) (Fey11).
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Figure 11. Process of net photosynthesis intefigityol CO/n/s] of the tested species in full
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12

10

2/s]

Stomatal conductance [mol/m

mEl s B [ ]

(o} Fl | C Fl | (o}

0
. |

M N A
Time of day [M - morning, N - noon, A - afternoon, FI - full light, C - stand conditions]

I

I Osida hermaphrodita B Miscanthus giganteus DSaIixI

Figure 12. Stomatal conductance [mol/s} of the tested species in full light and in strad
(inside the canopy).

37



20/m?/s]

Transpiration intensity [umol H
w

01
Fl C FI (03 Fl
M N A

Time of day [M - morning, N - noon, A - afternoon, FI - full light, C - stand conditions]

I Osida hermaphrodita B Miscanthus giganteus l:lSaIixI
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The coefficients of water utilization in photosyesis ofSalix hybrids andSida hermaphrodita
were at the similar level. The highest water wilian coefficienttWWUE) level and the lowest
transpiration intensity oMiscanthus giganteusndicate effective water management in gas
exchange process, what is connected with high IBermpeoduction (Figure 14).
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Figure 14. Water utilization coefficient [WUE = ph@O,/m?/s: pmol BO/nf/s] in shadow
(inside the canopy) and in full light conditions.
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Kalaji & Zebrowski [2004] and Starck [1995, 2002] demonstidbat photosynthesis intensity
(temperatures to some degree) increases togethar aki temperature. The plants of C4
photosynthesis make better use of increasing pyattostically active radiation (PAR) intensity
in photosynthesis than the plants of C3 photoswmsh®hotosynthesis intensity of the species of
C4 photosynthesis increases when the temperatu?@ €, whereas a reverse phenomenon
occurs for the species of C3 photosynthesis [LEB®B1

The examined plants species also differed in ttee ghtranspiration and stomatal conductance.
Salix hybrids showed the highest transpiration intensityfull light conditions (6.5 pmol
H,O/mé/s), the lowest transpiration intensity was obserf@ Miscanthus giganteu§% pumol
H,O/m?/s). The growth of photosynthesis intensity of thepecies was connected with the
decrease of stomatal conductance. The rate ofpiratisn increased simultaneously, what
suggested the low effectiveness of water managerBafik hybrids were characterized by the
highest value of transpiration also in shadow @eghe canopy) whereas this process increased
till the afternoon. The decrease of transpiratiamirdy a day was observed fddiscanthus
giganteuswhile a reverse process occurred in full lightditions (Figure 12, 13).

Conclusions

The height of biomass yield of grown energetic g®ts the resultant of many climatic- site and
agrotechnical factors.

Biomass yields that were collected from the exacdhipppduction plantations were lower than
the experiment yields: from 38% to 67% low&aliX)), 15.7-60.5% $ida hermaphroditaand
23.3-50.8% iscanthus gigantedisdepending on plantation location.

The examined species of energetic crops differateinphotosynthesis intensity. The species of
C3 photosynthesis showed higher photosynthesisigittewhen water management had low
effectiveness.

The cultivation of species that have high levelwgadter utilization (for instance Miscanthus
giganteu$ will allow using the terrain where moisture défimccurs for biomass production.
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2.4 Value of biomass energy, gas and chemical conggimn and ash content

Wiodzimierz Majtkowski, Gabriela Majtkowska, BartoS§omaszewski

Summary

Biomass quality was estimated, considering esggaalemical composition of plant material,
the amount of obtained ash and humidity of biomalstined from selected energy plant
speciesMiscanthus giganteussida hermaphroditand Salix. Biomass samples were collected
after the end of plants vegetation in the perioinfiNovember till April. The smallest content of
water was observed in case Qifla hermaphroditand Miscanthus giganteydarvested in the
middle of February 2009. They are as follow: 11.486 20.7% expressed in aerial dry matter
(ADM). The humidity of collected fresh willow chipsas about 46.4% ADM after 7 months of
having been stored under an umbrella roof, on 2efrea high heap, the humidity fluctuated
from 22.9 to 13.9% ADM and depended on the deptlibath a sample was collected (value as
follows: for 150 and O cm).

In research stove HDG EURO of 50 kW power, desigfuedburning of solid biomass, the
quantity of produced “usable” energy (placed inféxs) and the amount of ash obtained after
burning were examined. Research results provedela¢ion between thermal value and the
humidity of energy material. Usable thermal eneafywooden pellets with 7.5% moisture
content was 11.9 MJ/kg, favliscanthus giganteustraw of humidity amounting 22.2% - 7.2
MJ/kg, and for willow chips with humidity amountin§0.1% - 1.6 MJ/kg. Ash quantity
depended on plant species (for instaMiscanthus giganteustraw - 5.4%, wooden pellets -
0.5%). The measurement of combustion gas durindptineing of biomass with humidity above
30%, with the use of TESTO 300 M analyser, showsdexcess of limiting concentration for
CO (> 5000 ppm) and NO (> 3750 ppm). As the resiufirotection of analyser against damage
an automatic blackout of fumes pump occurred #fterexcess of limiting concentration.

Due to the fact that biomass of energetic cropteiffrom conventional energy sources in
physico-chemical properties, the analysis of quabhrameters connected with its burning is
essential. The unfamiliarity with the specific biass properties as well as improper apparatus
and technological solutions connected with biomagplying in energetics might waste its
beneficial ecological effect, stemming from woodbrhass features. Biomass quality was
assessed, considering especially the chemical caitrgpo of plant material, the amount of
remaining ash and the humidity of biomass obtaifiech chosen species of energetic crops:
Salix, Miscanthus gigantewusnd Sida hermaphroditaThe samples of biomass were collected
after the end of the plants vegetation in the geffom November to April. The lowest water
content (up to 20% of aerial dry matter) was obsern Sida hermaphroditand Miscanthus
giganteusbiomass, harvested in the middle of February 200@. humidity of freshly collected
willow chips was about 46.4% ADM After 7 months ledving been stored under an umbrella
roof, on 2.5 meters high heap, the humidity flutddafrom 22.9 to 13.9% ADM and depended
on the depth at which a sample was collected (gdioie150 and O cm respectively). The results
of research done in HDG EURO 50 kW boiler proveldrifec value relationship to the humidity
of energetic raw material. “Usable” thermal eneafywood pellets that had humidity of 7.5%
was 11.9 MJ/kg, foMiscanthus giganteustraw of humidity of 22.2% - 7.2 MJ/kg, and for
willow chips with humidity of 50.1% - 1.6 MJ/kg. Asgquantity depended on plant species (for
instanceMiscanthus giganteustraw - 5.4%, wooden pellets - 0.5%).
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Materials and methods

The aim of investigations was the assessment ohdss quality, considering especially the
chemical composition of plant material, the amoohtremaining ash and the humidity of
biomass obtained from chosen species of energesSalix, Miscanthus gigantewsdSida
hermaphrodita The samples of biomass were collected after titeod the plants vegetation in
the period from November to April. The plant matérivas dried at a temperature of
approximately 68C in order to determine the content of air-dry eratThe impact of the length
of the period of biomass conditioning on the deseeaf humidity content was assessed. In HDG
EURO 50 kW boiler, designed for solid biomass hbognithe quantity of produced “usable”
energy (placed in buffers) and the amount of asmaneed after burning were examined. The
efficiency of the combustion process on the basisambda coefficient and CQrontent in
combustion gases was investigated.

The analyses of the chemical composition of thentplaaterial were done in the Chemical
Laboratory of the Department of Root Crops Produnctlechnology of Plant Breeding &
Acclimatization Institute in Bydgoszcz. After millj and mineralization of the samples in
sulphuric acid (in aluminium block) the followinguameters were assessed:

- total nitrogen - Kjeldahl method (distilling appéus Buechi B-324),
- total phosphorus - colorimetric method (SpekolCEtl Zeiss Jena),

- potassium, sodium, magnesium and calcium - methbdatomic absorption (atomic
absorption spectrophotometer PU 9100X Philips).

Results and discussion
The biomass humidity depending on the speciestankarvest time.

The humidity of collected biomass depending onsipecies and the harvest time was examined.
All of the examined species mature after the endegketation, what causes that biomass that is
collected during this period is wet. The list okethesults of biomass humidity assessment
depending on the species and the harvest timewsrsin Table 17.

The lowest water content was observed for the bssneéiSida hermaphroditandMiscanthus
giganteuscollected in the middle of February 2009 (11.4% 80.7% respectively, expressed in
aerial dry matter). The humidity of freshly colledtwillow chips (the harvest was done during
the leafless stage) was 46.4% ADM on average (TEDleThe high humidity of willow biomass
causes serious difficulties with the storage oslirehips. In wet piles as the result of happening
microbiological processes the fast cellulose deamsition into CQ and water occurs, during
which heat emission and the increase of temperaaikes place, causing the significant loss of
calorific value. Janowicz and Hunder [2006] empbadhe occurrence of chimney effect in
dump in which chips were in storage, leading todtierentiation of temperature, humidity and
steam pressure between the external and interped (Aottom). The decay of organic matter
caused by the development of microorganisms, interespecially in the dump interior, causes
the increase of temperature and evaporation. Toeedge of air temperature and the increase of
vapour condensation and liquefaction of water ighbst layer of the dump occur as
convectional air and water vapour translocationthe top of the dump takes places. The
consequence of these processes is the differemtiafi biomass properties in different parts of
this dump - partly dried material is inside, wheréze internal layer is the layer of the deposition
of wet material. According to Danish data such k& ghouldn’t be higher than 7-8 meters,
because of the risk of sudden ignition [Serup .€2@01].
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Table 17. Biomass humidity depending on specieshangest time

Species Harvest time Humidity [% ADM]

13.02.2008 45,8

19.03.2008 34,0

4.04.2008 22,2

Miscanthus giganteus 14.11.2008 39,1

19.02.2009 20,7

17.12.2009 28,9

25.03.2010 26,0

5.12.2007 21,6

Sida hermaphrodita 4.04.2008 20,1

19.02.2009 11,4
Salix annual shoots 48,2
Salix shoots 2-year 2.03.2008 47,6
Salix shoots 3-year 43,3

Source: own research.

There are good possibilities of adjustment of bissnharvest time to optimum (low) humidity
on the plantations ddida hermaphroditandMiscanthus giganteu®oth species belong to C4
photosynthesis and compared with the species frativen Polish flora, the type of C3
photosynthesis, they start the vegetation at theé @h April and the beginning of May.
Rescheduling of the harvest time of these spemeshe spring is a beneficial activity, in
comparison with the winter period recommended imyrarevious publications [Huisman 1994,
Roszewski 1996, Kaik and others 2004, Gumeniuk 2007]. GostkowskiOg]Oreached a
similar conclusion recommending the delayMicanthus giganteukarvest time till May. The
observations oMiscanthus giganteuglantations near Eliy (Gronowo Gorne and Drewnowo)
that were done in the period from 2007 to 2010 edothat the right conditions of biomass
gathering occurred not until the spring. Mild wirsteluring the years 2007/2008 and 2008/2009,
without the periods of low temperatures, made ipossible to drive the machines and
equipment on slimy ground. When the humidity of sohigh the wheels of the machines used
for harvest might be the cause of the damage oéngndund rhizomes, leading to the decrease
of yields even to 25% in the following year [Jonkkn1994]. The winter 2009/2010 that was
long with abundant snowfall also made biomass srvepossible because of snow cover that
was about 0.5 meter thick. However, the spring tohéMiscanthus giganteugathering is
connected with the decrease of dry matter yieldatvidr emphasized by Roszewski [1996]. It is
caused by leaf fall on the soil surface, underitifieence of strong winds in the winter period.
The decrease of yields resulting from leaf fall migeach even 30%. Fallen leaves are one of the
causes of the limitation of weeds development ardricrease of humus content in soil.

The humidity of willow shoots during the winter &t remains at the same level and the delay
of harvest time is not necessary. The decreaseatdrwontent of a few percents is observed for
willow shoots collected in a three-year cycle.

Ecological aspects of biomass burning

In HDG EURO 50 boiler, the specialist boiler foredy in which the studies were conducted, the
process of biomass combustion was divided int@§est:

- drying (evaporation),
- gasification and burning,
- combustion complement of charcoal.

42



The humidity had the greatest impact on the cowofsburning process of different biomass
types. It is proved that willow biomass that wasshly collected from the plantations is not fit to
be burnt in the research boiler. The combustionvodd which humidity is higher than 30%
might lead to the damage of a boiler caused by twsubstances pollution, formed during wet
fuels burning. The measurements of combustion g#s the use of analyzer TESTO 300M
showed exceeding of boundary value of CO conceotrgt 5000 ppm) and NO concentration
(> 3750 ppm). The automatic shutdown of fumes porgurred after the excess of limit in order
to protect measurement cells CO and NO from damageording to Zawistowski [2004], the
humidity content in raw biomass that is above 4586 ln impact on the decrease of the
effectiveness of combustion process. The low datovialue per volume unit results in the
necessity of the use of biomass amounts that Hevedlume several times bigger. Moreover,
improper apparatus and technological solutionsecdlis great increase of harmful substances
emission into the atmosphere, also carcinogenimading the beneficial ecological effect
stemming from wood biomass features. Wood biomassbastion in boilers that are not
constructionally adapted to it, is the cause ofeegive fume composition emission, because of
the high content of humidity and volatile matter tiis emission. Budny [2005] also pays
attention to the ecological aspects of biomass cmtiin. He emphasizes that the emission of
fume composition is dependent on biomass typetanghisical properties.

Pisarek et al. [2000] as well as Niedziétka andhfuarz [2006] emphasize that the humidity of
biomass of plant origin that is collected after #mel of vegetation is included in the range from
15-60%. Calorific value of biomass that has the idlitgpn 50-60% fluctuates from around 6-8
MJIkg, partly dried to air-dry conditions, i.e. 10%-2@¥humidity, increases to 14-16 Mg*
and around 19 Mdg™ for completely dried biomass.

The results of the research performed in the Bo#dniGarden of Plant Breeding &
Acclimatization Institute in Bydgoszcz proved thepdndence of calorific value on the humidity
of energetic raw material. Calorific value of p&lenade from wood sawdust that had humidity
7.5% was 11.9 MJ/kg, 7.2 MJ/kg fétiscanthus giganteusf humidity 22.2%, 1.6 MJ/kg for
willow chips of humidity 50.4% (Table 18). The sage of willow chips allowed the decrease of
humidity to 28.2% (after 12 months) and 17.2% ¢af® months), what improved calorific value
to 6.7 and 9.7 MJ/kg, respectively. Ash contentetheled on plant type (for instankiscanthus
giganteusstraw — 5.4%, wood sawdust pellets — 0.5%).

Table 18. Calorific value of bio-fuels dependingtbha humidity (burning in the HDG EURO, 50
KW)

No Fuel Humidity | Net calorific value* | Ash content
' [%] [MJ/kg] [%]
1 | Beech wood chips 10.5 10.5 1.1
2 | Fresh willow chips 50.4 1.6 2.6
3 | Willow chips seasoned 12 months 28.2 6.7 3.0
4 | Willow chips seasoned 18 months 17.2 9.7 7.0
5 | Wood pellets from sawdust 7.5 11.9 0.5
6 | Pellets from maize straw 8.2 11.9 5.3
7 | Miscanthus sacchariflorustraw 34.3 5.1 10.3
8 | Miscanthus giganteustraw 42.8 2.1 5.6
9 | Miscanthus giganteustraw 22.2 7.2 54
10 | Miscanthus giganteustraw 15.5 9.2 3.2
11 | Reynoutria japonicatraw 7.0 8.0 3.8

Source: own research
* - does not include chimney losses
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The results of the assess of biomass humidity psrikng on the species, harvest time and the
length of storage period (willow) are shown in T&@ldl9. The analysis of the obtained results
proved that the humidity of willow chips that westored under the dump that was 2.5 meter
high during the period of 7 months, fluctuated fr@®9% to 13.9% expressed in ADM and
depended on the depth of water uptake (the vabree% m and 0 cm, respectively).

Table 19. Results of moisture content of biomass

No. Species Harvest time Storage period [%Mz;'iztg&]
1 13.02.2008 - 39.3
2 | Miscanthus 5 days 36.3
3 giganteus 14 days 32.3
4 8 months 9.0
5 17.01.2008 - 57.4
6 17 weeks 23.8
7 4.02.2008 - 50.1
8 . 9 days 49.8
9 V\ggﬁ;’(" 15 weeks 30.3
10 28 weeks 0* cm 13.9
11 28 weeks 50* cn 14.5
12 28 weeks  100* cm 25.1
13 28 weeks 150* cm 22.9
14 12 months 21.7

18 months 10.7

Source: own research
*sampling depth of wood chips from the heap

The humidity of energetic raw material has an impacthe efficiency of combustion process
and the value of.ambda(excess air coefficienth coefficient defines the ratio of actual air
quantity, in which fuel is burnt, to theoretical anmt needed for complete fuel burning
(stoichiometrical quantity). Too little air amourduses incomplete combustion of coal particles
and the appearance of dangerous CO, and also thetrggon of incompletely burnt
hydrocarbons to fumes. Air excess causes the deradaboiler temperature and the decrease of
its efficiency leading to the appearance of harmfiitic oxides. The dependence between
Lambdacoefficient and the percentage content of oxygah @arbon dioxide in fumes during
willow chips burning, that were in storage durihg time of 12 months, is shown on the Figure
15 (the measurements were done every ten minutes).

Physico- chemical properties of biomass

Silvennoinen and Sadowski [2009] emphasize thatptioperties of biomass solid fuel among
other things depend on: soil type, plant species, gart of used plant, the characteristic of
yielding period (precipitation, temperature), fiezing technology and harvest (pollution).
Biofuels of agricultural origin might contain a laf sulphur from used fertilizer or plant
protective agents. The research of the chemicalposition of plant material collected from
energetic plantations proves the high diversityemheling on the species and the localization of
plantations (soil conditions) (Table 20).
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Figure 15. The relationship between Lambda factot the percentage content of &nd
CO; in the exhaust gas after combustion of willow shif? months after harvest.

Table 20. Summary results of the chemical compmsitf biomass collected from selected

plantations.
Species Locatior_1/year Harvest time N P Na K Ca Mg
planting [%] | [%] [%] [%] (%] (%]
Radzikéw/2006 11.10.2007 0.54 0.026 0.0b9 0.896 23.0 0.09
Miscanthus Gronowo G./2006 512 2007 0.99 0.058 0.030 1.3531 0.206 0.102
giganteus Gronowo G./2007 1.17 | 0.033| 0.037, 0.913 0.227 0.060
Gronowo G./2007 | 18.02.2009 0.33 0.029 0.01B 0.325 0.253 0.112
Radzikéw/2006 17.12.2009 0.54 0.08 0.02 0.205 0.118.04
_ Czciradz/2003 13.10.2007 0.47 0.028 0.048 0.876 540.5 0.096
hermilsr?rodita Gronowo G./2006 | 5.12.2007 0.43] 0.0071 0.044 0.315 0.6p0 0.054
18.02.2009 0.19 0.012 0.0283 0.223 0.247 0.107
Przysiersk/2005 25.01.2008 0.76 0.0y3 0.044 0.415369D| 0.054
Marcelewo/2004 0.78 | 0.119| 0.014{ 0.228 0.436 0.123
- shoots annua|
19.01.2009
- shoots 2-year 0.64 0.095 0.010 0.211 0.390 0.p14
- shoots 3-year 0.57 | 0.098| 0.011 0.203 0.372 0.110
Salix Marcelewo/2004 1.18 | 0.040| 0.0121 0.440 0.200 0.068
- shoots 2-year
Bydgoszcz/2004 1.38 | 0.042| 0.0121 0.340 0.210 0.0%8
- shoots annual 25.02.2010
- shoots 2-year 1.02 0.03f 0.011 0.2p0 0.240 0.p46
- shoots 3-year 0.84 | 0.040| 0.046| 0.360 0.230 0.0%6

Source: own research
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Gtadki [2009] emphasize that energetic utilizata@rbiomass is also made difficult by chlorine
content and ash fusibility. The high content ofadilke compounds and chlorine (it might
fluctuate from 0.02% to 1% in dry matter) might thee cause of boilers damage [Wisz and
Matwiejew 2005]. Alkalies (sodium and potassiumydighe greatest significance because of the
tendency for reacting with chlorine, sulphur aniccen, depending on their content in fuel. The
proportions of alkaline compounds (Bg CaO, MgO, NgO, K;O, R.0Os) to acid compounds
(Si0,, AlO3 TiOy) included in ash are especially importafitijzko et al. 2006, Zamorowski
2006]. The more reactive alkalies included in filnel higher the tendency to problems connected
with ash and boiler operation (for instance aggl@ten, deposits overgrowing, slag creation
and corrosion).

Technological difficulties in using of plant raw tedals for energetic purposes might also
originate in the specific physico-chemical propestof biomass compared with fossil fuels, that
are shown in Table 21 [Zawistowski 2007].

Table 21. Summary of relevant technological prapermf coal and biomass

Pit coal Willow
. Brown . Straw
Parameters Unit sort. nut sort. coal chips (pressed)
' culm (3-year) P

_Volatlle fraction conten % 312 30.9 46 80 70
in the dry state
M0|s_ture content in % 4 10 48 47 15
working state
SBt‘;tl;de“S'ty inworking| 3 | 700 850 800 370 180
Calorific value in GJ/Mg 29.0 21.8 9.0 8.3 15.0
working state GJint | 20.3 18.5 7.3 3.0 2.7

Source: Zawistowski [2007]

Conclusions

Humidity is the most important factor determininglarific value of biomass. It is the
characteristic feature of species and connectduspiecies time of agrotechnical maturity.
Biomass of different energetic crops species cemaliy differs in both ash content and its
elemental composition. The content of alkaline esgidresponsible for the decrease of
temperature of ash fusibility is especially sigrafit. This diversity must be taken into
consideration while planning biomass utilizationdombustion process or as the addition to
fossil fuels.
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3

Water management in growing crops for energy

3.1 The usefulness of spatial evaluation of arablands for cultivation of energetic crops
Janusz Ostrowski, Agnieszka Gutkowska, EdmundnBksi
Summary

This chapter presents methodical assumptions adloptanodelling the categorization and
evaluation of land usefulness for cultivation ohaienergetic plants and their cartographic
presentation using computer technique. This pranged based on resources of a spatial data
base for Polish marginal soils, elaborated andtfoning in The Institute of Technology and
Natural Sciences in Falenty (formerly IMUZ). Owirtg this base is possible, not only
cartographical visualization of location in regiscale of soils, with various water conditions,
useful for energetic plants cultivation, but alstamcing their occurrence areas.

Abstract

The following assumptions and procedures were a&dopbd accomplish the task of spatial
evaluation:

- evaluation and spatial delimitation of arabledswill be made with the computer technique
using spatial information contained in the datalmsenarginal soils [Ostrowski, 1999],

- general identification criteria take into accotim¢ habitat values of arable lands which may be
allotted for energetic plant crops without detrimenfood crops,

- built diagnostic models based on available patareeallow for constructing algorithms of
spatial data processing,

- special software of these algorithms and qualiiosn of arable lands realizes processing
procedure that serves automatic generation of mohfiee usefulness of these lands for growing
energetic plants and calculating areas in valoosajroups.

Guided by resource criteria that determine thestwi of arable lands according to their crop
values and by crop criteria that ensure the agreeofehabitat conditions with the requirements
of energetic plants (at allowable minimization affifment of these requirements), we made
general analysis of agricultural usefulness of ssdidor growing energetic plants. It was
demonstrated that large part of grounds singledafter these criteria show crop limitations
which, however, fall within the range of toleranme energetic plants or are possible to correct
with agro-technical measures (e.g. fertilizatiodanp selection, location of crop fields,
irrigation).

Taking into account these limitations, arable lamvdsre grouped into five categories of
usefulness [Ostrowski 2008]:

1 (P) — arable lands preferred for growing enecggtiants and fulfilling their habitat
requirements,

47



2 (PW) — arable lands useful for growing energelamts but limited by water factor resulting in
the need of growing plants that tolerate wateraitsfor of using irrigation,

3 (PZ) — grounds preferred for growing energetanps — restored or heavily polluted,

4 (PO) — arable lands useful for growing energelamts with the preference for ecological and
protective functions and a possibility of growinigmts that are not spatially expansive,

5 (PR) — arable lands useful for growing energatanits with the preference for agricultural use.

As seen from above definitions, grounds divided idifferent categories have different habitat
conditions which differentiate their usefulness goowing particular energetic plants. This was
reflected in the selection of criteria used in eadibn of the usefulness of these ground to
cultivate energetic plants.

Two separate diagnostic models were constructedtegorise the grounds and to evaluate their
usefulness for energetic plant crops. Both served cdomputer delimitation the grounds
according to criteria adopted in these models.

Diagnostic structure of the first — the categorsaimodel — [Ostrowski, 2008] is composed of
the relations of diagnostic systems parameterittiegollowing criteria:

soil productive potential,

hydro-climatic conditions,

agricultural usefulness of soils and grounds,
land use.

The second diagnostic model [Ostrowski, Gutkowsk@82 that serves for evaluating the
usefulness of grounds for cultivation of nine eediy plants was constructed in a form of
relational table and considered the following dasjrc criteria:

- soil - with the division into arable lands andgnds degraded or chemically polluted,

- water — understood as a need for or toleranca boited soil moisture during vegetative
season,

- climatic — pertaining to the response of paracydlants to rainfalls and thermal conditions,

- location — as an outcome of spatial expansioer@rgetic plants in view of a possibility of
their growing in protected areas.

Based on comparative analysis of criteria of thesented diagnostic models and on water
requirements of plants the relationships were ed8oh between these requirements and
parameters characterising habitat conditions d$ sdth respect to water conditions.

Combining water requirements of energetic plants their response to moisture conditions and
fulfilment of these demands during vegetation pritne grounds useful for plant cultivation
may be classified into three following groups:

| — grounds useful for growing plants that preferod soil moisture and are sensitive to
precipitation deficits: the common osi&alix viminalisL., the giant knotweedReynoutria
sachalinensigF. Schmidt) Nakai, the reed canary gl@kalaris arundinaced..;

Il — grounds useful for growing plants that tolerairiable soil moisture and are less sensitive to
precipitation deficits: the prairie cord greSgartina pectinatdoscex Linl, the giant silver grass
Miscanthus sinensis gigantdaM.Greef & M.Deuter;

[l — grounds useful for growing plants that tokerdimited soil moisture and are resistant to
precipitation deficits: the Virginia mallo8ida hermaphroditd. Rusby, the Jerusalem artichoke
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Helianthus tuberosus., the big bluestenAndropogon gerardiVitman and the Amur silver
grassMiscanthus saccharifloru@axim.) Hackel.

Based on presented models and constructed algarithe procedure was programmed
for processing respective spatial data containgdardatabase on marginal soils. The data coded
in a system of spatial reference fields [Podladl®83] enable generation of the following raster
maps in the scale 1:250 000 [Ostrowski, GutkowSkajnski, 2008, 2009]:

map of arable lands categorisation,

maps of the soil usefulness for growing energdtats (separately for each plant),

map of the evaluation of water conditions,

and appropriate tables with surface data.

Figure 16 shows an example of categorisation mdd-agure 17 gives a legend to this map.
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Figure 16. A map of categorisation of soils uséulgrowing energetic plants
(Opolskie voivodeship — fragment, scale 1:250 080ghtly enlarged)

Source: own elaboration
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MAP OF CATEGORIES OF SOILS USEFUL FOR
GROWING ENERGETIC PLANT

Opolskie voivodship scale 1:250 000
LEGEND:

Categories of usefulness:

| - croplands useful for energetic plant cultivation
fulfilling their habitat recuirements

I - croplands useful for energetic plant cultivation
with limited water factor

1 - croplands useful for energetic plant cultivation
recultivated or strongly polluted

\Vi - croplands useful for energetic plant cultivation
with preference of the ecologically - protective function

v, - croplands useful for energetic plant cultivation
with preference for agricultural use

Complexes of agricultural usefulness of soils:

1 wheat very good 8 rye - pasture strong

2 wheat good g rye - pasture weak

3 wheat imperfect 10 wheat mountain

4  rye very good 11 rye mountain

5  rye good 12 oat - potato mountain

6 rye poor 13 ocat mountain

7  rye very poor 1z grassland very good and good

2z grassland average

3z grassland very poor and poor

Other symbols:
woods wasteland
waters built-up areas
county borders —— CIVOdShip borders

Figure 17. Legend to the map of categorisationodfaiseful for growing energetic plants
Source own elaboration
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3.2 Water use efficiency of energy crops
Agnieszka Trojanowska
Summary

The advantage of perennial energy crops is higld y& biomass. However, significant water
demand and logistic problems related to harvesinigoe or storage of biomass with high water
content are in contradiction.

On the other hand, comparing water use efficieranry be stated that perennial crops more
effectively use water resources. Amount of wateuned to ensure growth of energy crops is
significant. However, biomass yields are much higtltean the ones of traditional annual
cultivations. Nevertheless, demand for water ofgynerops have to be taken into consideration
while establishing plantation, particularly in aga scale. Perennial crops require more suitable
water conditions than traditional agricultural csppherefore they can negatively influence on
the environment and water supplies [Kowalik and&uaghe, 2009].

Abstract

Cultivation of energy crops in a large scale reggiievaluation of availability of land and
selection of appropriate locations for plantatidihgs essential to take into account fertilization
requirements of energy crops to optimize yielddioimass, as well as, soil and ground water
contamination. Moreover, estimation of water demeordsuch crops is of high priority because
of the limited water supply in Europe; in Polandasl.

In the paper, based on a literature analysis, eleenergy crops have been described due to
their water demand and water use efficiency. Waser efficiency (WUE) indicates on biomass
growth per unit of water used. WUE is generallyheig for crops with ¢ photosynthesis
pathway [Berndes, 2002].

Willow

Undoubtedly, willow is a water-demanding crop. \Gll is often located close to water supplies;
the crop grows well in wet areas. Simultaneousgk |lof appropriate amount of water limits
biomass growth [Martin and Stephens, 2008].

Transpiration of willow is high. This results inhggher water demand during vegetation season
[Linderson et al, 2007]. Transpiration index of laal is higher than of other crops [Hall et al.,
1998]. Increased water requirement has not to tegative characteristic of the crop. Willow is
interesting species in term of possibilities tdizgi huge amounts of wastewaters [Pistocchi et al,
2009]. Waste water contains significant amountitbgen and phosphorus that can positively
affect biomass growth without necessity to use tamthl fertilization. The crop collects
elements from waste what improves quality of agplaste water before leaching to the ground
waters [Pistocchi et al, 2009]. Simultaneously, teagater is an additional resource of water for
crops, beside the precipitation. However, to optanwaste water use on willow plantation
taking into account environment protection (minieniautrient leaching to ground water) it is
essential to evaluate precisely water demand fdn stop [Pistocchi et al, 2009].

According to research carried out by Pistocci etf2009], total evapotranspiration of willow
Salix albaequals from 607mm (low fertilization rate) to 91@nthigh fertilization rate) during a
vegetation season. Observation was made in theyées of a second rotation. Willow grows in
2 year harvest cycles, with harvesting after fiistwing season. The same species of willow was
analyzed also during two following years of a ficgfcle of cultivation. Results achieved by
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Guidi et al. [2008] are as follows: evapotransjpiratin a vegetation season with no fertilization
equalled from 620-890 mm to 1190-1790 mm on alieztl plot. That indicates on fertilization
influence on a demand for water. Maximal evapojaaton was observed during summer what
iIs most likely a result of high force of atmosphkegvaporation in that time, as well as, higher
leaf area index and crop size. In autumn, evapspigation decreases due to not sufficient
amount of light and lower temperature.

Martin and Stephens [2006, 2008] indicate on chsnge evapotranspiration of willow
depending on crop’s age. Changes on sandy loam detsgmined at level of 359, 868 and
1192l in following growing seasons. The first valwas estimated for the year of plantation
establishment. The intensification of evapotraragmn in summer months was observed (half of
June — September). That consists of 67-78% inioeldb the whole vegetation season. In the
half of July, depending on soil condition evapos@iration equalled 1.4-13.6 | per day.

Quite low transpiration of willow present Lindersaet al. [2007]. Authors determined
transpiration of willow at level of 100-325mm. P&wa [1997] estimated transpiration of willow
on a similar level, 255-375mm in a growing seasori{ — October). Evaporation on a willow
plantation equalled 2,3mm per day. In other papawedver, Persson [1995] assessed that
willow’s demand for water is higher, approximatéBOmm.

Daily water usage of willow was estimated by maagearchers, also by Guidi et al. [2005].
Average evapotranspiration of willow was evaluaasd.2-7.6 mm per day. That was confirmed
by Elowson [1999]. Author estimated daily usagewatter at level of 5mm. Slightly higher

values of evapotranspiration present Persson andotth [1994]. The daily water demand
equals 8-9mm.

Biatowiec et al. [2007] carried out research imatiein to evapotranspiration of willo®alix
amygdalina Evapotranspiration was oscillating between 150 245 mm (sandy soll fertilized
with sewage sludge) and between 183 and 411mm \(ssoit). Correlation between biomass
growth and transpiration rate was estimated. It agsessed that 1 kg d.nf/liomass growth
causes transpiration increase by 310 mm in theyiar and by 388 mm during the second year
of cultivation. Authors quote results of Agopsow[@®94] who estimated evapotranspiration of
3-month-old willow at level of 960-1080 mm.

Irrigated and fertilized willow growing on a loanspil has evapotranspiration in range of 360
and 404 mm [Dimitriou et al, 2009 after Person amdlorth, 1994]. However, Hall [2003a, b]
estimated evapotranspiration at level of 600 mm.

Different locations and conditions, under which lew is cultivated, cause divergence of
particular research results. Above information wgathered in Table 22.

Estimated evapotranspiration of willow is high caripg to annual crops [Hall, 1998].
However, it is significantly connected with locdlntate-soil conditions and with i.e. age of
plants or cultivated species [Dimitriou, 2009]. Be&ranspiration rates differ between locations
and over time [Persson, 1995]. Willow as a new gexquires further research and observations
related to demand for water in small and big scalgvations.

Authoritative information about water requiremerds willow assures value of water use
efficiency factor. According to Weih and Nordh [Z)Qvater use efficiency (WUE) depends on
level of CQ assimilation per unit of water. Ability to keep t@aduring drought also determines
WUE value. Martin and Stephens [2006] estimated Wl for willow. Value of this factor
was estimated on a basis of several-year resefctE equalled 1.36-5.05 g Kg The biggest
differences were observed between particular yaadsdue to soil condition. Linderson et al.
(2007) estimated WUE at level of app. 5.3 g-kgindroth and Ciencala [1996] estimated the
factor for whole crop, with underground parts. Aarthevaluated WUE at level of 6.3 gkg
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Table 22. Water demand (evapotranspiration) ofowilaccording to different researchers

Author During vegetation season Per day
1 Pistocchi et al. 607 mm- no fertilization
919 mm
2 | Guidi et al. 620-890 mm- no fertilization
1190-1790 mm
3 | Guidi et al. 3.2-7.6 mm
4 | Martin and Stephens359 I, 868 |, 1192 | in following years 1.4-13.61
5 | Person 255-375 mm transpiration
6 | Persson and 8-9 mm
Lindorth
7 Elowson 5 mm
8 | Bialowiec et al. 150-545 mm sandy soil fertilizeith sewage sludge
183-411 mm sandy soil
9 | Agopsowicz 960-1080 mm
10 | Hall 600 mm
11 | Linderson et al. 100-325 mm

Source: Own elaboration

Miscanthus

Miscanthus, like willow, is a perennial crop. Theog has G photosynthesis pathway what
enables to produce significant yields of biomasgegetation season. Biomass yields depend on
location of the plantation, fertilization level ahdrvesting time.

In Germany, yields of biomass, due to location gear equal from 6.2 to 19.8 t DM h@Kahle
et al., 2001]. In Italy observed yields of biomasre much higher — in average 28.7 t DM*ha
[Angelini et al. 2009].

Demand for water of Miscanthus was estimated bye@iso et al. [2007]. Crops were
cultivated in non-stress conditions. Evaporatedewatas supplied. Crops were cultivated in
three different systems (with supply of evaporateder in 25%, 50% and 100%). In the most
favourable water conditions, during the secondtiataof cultivation, demand for water was
391.7; 557.6 and 932.9 mm. During the next vegatatieason water demand was lower and
equalled 347.9; 368.3 and 491 mm, in the descridid/ation systems. Increasing of the water
supply resulted in decreasing effectiveness of mizde by crops. WUE factor during 2 observed
years, oscillated between 2.56-4.83 and 3.49-41&fy respectively. The low rate of WUE,
connected with high water availability, the authexplain with higher water use than necessary
for crops to grow.

Water use efficiency was also estimated by ClifBsown and Lewandowski [2000]. WUE for
whole crop was assessed at level of 11.5-14.2 g kM The factor rate did not differ
significantly between particular experiences (plotgth different irrigation. According to
biomass yields (the upper parts of crop) WUE egdal.2-4.1 g kg with relation to the species.
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Beale et al. [1999] showed relation between watgply and effectiveness of its use. WUE
factor calculated for crops growing only with prgition water supply equalled 9.2 - 9.5 g'kg
However, crops additionally irrigated were charezesl by WUE 7.8-9.1 g k§ Authors
estimated also the crop index #@r Miscanthus. The index was 0.85 for crops nogated, in
April-August. Irrigated crops had the crop indexeatel of 1.29.

In Table 23 data on effectiveness in water usepegeented. Data are gathered for willow and
Miscanthus.

Table 23. Water Use Efficiency factor — Willow alliscanthus

| Author | WUE
Willow
1 Martin and Stephens 1.36-5.05 g'kg
2 Linderson et al. 5.3 g Ky
3 Lindroth and Ciencala 6.3 g k¢whole crop)
Miscanthus
4 Cosentino et al. 2.56-4.83 and 3.49-4.51q kg
5 Clifton-Brown and Lewandowski 2.2-4.1 gkg
11.5-14.2 g DM kg (whole crop)
6 Beale et al. 9.2-9.5 g Kg

Source: Own elaboration

On a basis of above data can be stated that eificief water use of Miscanthus is higher than
willows’. However, the water requirements during&tation season for both crops are similar.

Traditional crops (wheat)

Demand for water of energy crops is high and duviegetation season equals in average 600-
1000 mm. The comparison of water demand of anmulparennial crops was done. Water use
of wheat was analyzed. On a basis of researchedaout by Qiu et al. [2008] it was estimated
that wheat requires 257-467 mm of water in vegamtaieason. Research was carried out in
2002-2003; level of irrigation of plots was diffate Water use efficiency factor was 1.15-2.13 g
grain kg* water. Observations were done also in followingwing seasons. WUE factor was
lower and equalled 1.29-1.52 g grairi‘*kgater. Evapotranspiration of wheat was observest ov
several years. It was estimated that wheat uses38mm of water during year [Pala et al.,
2007]. Authors assessed a WUE factor at level Big2grain hd mm™ (0.27 g kg'). Wheat is a
traditional agricultural crop. Its basic producgisin, therefore most analysis compare water use
efficiency with grain yield. However, for energyopluction purposes the by-product (straw) can
be used. According to Corbeels et al. [1998] wats efficiency factor for wheat straw equals
app. 2.8-3.1 kg DM hiamm™* (0.28-0.31 g kg).
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3.2 Water consumption and utilisation by the commorosier and giant silver grass
measured in lysimetric and field studies

Sergiusz Jurczuk, Mariusz Rydatowski, Anna tempicka

Summary

Studies on water consumption by the common oSialix viminalis L. performed in the
lysimetric station in Falenty on black degradedleahowed that appropriate water conditions
markedly affected plant yield but resulted in @éawater consumption. Comparison of the crops
grown under productive conditions without irrigatiehowed that water consumption by the
giant silver grass was 400 mm per the vegetatias@ewhile that by the common osier was by
85 mm larger. The efficiency of water use by thesgrwas much better than by the osier and dry
matter yield was two times bigger. Plant coeffitienat assumedly high osier yields of 20 t'ha
was also high and ranged between 0.97 and 1.3%iefds of c. 10 t h& the coefficient was
0.78. In the giant silver grass yielding 20 t'hke coefficient amounted only 0.66.

Introduction

The cultivation of plants for energetic purposesynraprove economic situation of Polish
farmers, create new jobs and facilitate regionaktigpment. The development of fast growing
crops of energetic plants may, however, cause digtable environmental consequences.
The problem of water management of fast growingp€ng important when considering issues
associated with the cultivation of plants for emigpurposes and conditions required for their
proper growth. Water in the natural environmerd imeans of biomass production and a factor
affecting ecological equilibrium. It is thus vemportant to estimate water consumption and its
effectiveness in Poland. Climatic changes alreaddsgnt in Poland manifest themselves by
extreme meteorological phenomena like alternatorgy lterm droughts and excessive rainfalls
and may interfere in the quality and amount of kasm production in many regions of the
country. It is also important to estimate the dffetfields on soil water resources. Fields of
perennial energetic plants set up now may haveaswilwater requirements markedly different
from those established before. This may unfavoyralflect water relations near fields and
disturb environmental water equilibrium.
The number of publications devoted to the croperadrgetic plants is increasing in the world
literature due to increasing demand for biomasseioergy production. Literature on water
demands is, however, insufficient. One may findyageneral information on water and habitat
requirements of energetic plants in Polish literatu
It is assumed that the long term crops of energa#tiats have higher demands for water than
traditional crops since the former produce, asle, farger biomass. It is estimated that water
demands of the common osier are higher by 150 -n2®0as compared with traditional crops
[Hall 2003, Faber 2008]. There is a need of mouate estimation of water consumption by
osier and of searching for energetic plants of Enalemands for water but of comparable
yields. Water needs of other perennial energetintplare known still less than those of osier.
The aim of undertaken studies was to estimate ¢dlhswmption and utilisation of water and to
assess the effect of energetic plants on wateuress. Lysimetric studies on the crop of the
common osier3alix viminalisL.) and field studies on the common osi8al{x viminalisL.) and
the giant silver grasiscanthus sinensis gigantgusere performed. The study involved:
- estimation of optimum ground water levels in sailtended for fields of fast growing plants,
- estimation of water consumption and utilisatiop dnergetic plants and (based on these
estimates) an evaluation of the need of theiratran,
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- an assessment of the effect of biomass produotiahe amount and temporal variability of
water resources.

Methods

To solve the problem of water management the studg performed under experimental
conditions in lysimeters and under productive cbods. The lysimetric experiment was carried
out in the study plot in Falenty [Jurczuk, Rydat&n@009]. Soil in lysimetric station was black
degraded earth of the class IVb built of weaklynigesand to a depth of 60 cm overlying a thick
layer of loose sand. Ground water table was situatea depth of 100 — 150 cm beneath the
ground surface. Nine lysimeters with three vagasftground water table depth (0.3, 1.0 and 1.7
m) in three repetitions were set up in a field gegb with the common osieBélix viminalisL.)

var. Turbo. Piesometers were installed in lysingetercontrol ground water level and sensors to
measure soil moisture. Ground water table depthee vkept constant and measurements
involved: soil moisture, plant height and annualgibiomass. Meteorological data were taken
from the station situated near lysimeters.

Water budget of energetic plant crops was calcdlfiieten-day periods according to equation:

ETr=W,+ 4+ P — W

where:

ETr — actual evapotranspiration, mm,

W, — soil water reserve at the beginning of the pemoah,

W — soil water reserve at the end of the period, mm,

P — atmospheric precipitation, mm,

4, — difference between poured and poured out wayer to maintain constant water table, mm.

Evapotranspiration in lysimeters was compared withindex of evapotranspiration calculated
for a standard plant (frequently mown grass) wiih method of Penman-Monteith [Allen et al.
1998] based on meteorological data to calculatatptaefficientk. that served for estimating
water demands and deficits. From water consumpdéind yielding an index of water use
efficiency (WUE) i.e. the ratio of dry matter yietlol the amount of used water was calculated.

Field studies were carried out in three fields e tommon osier and of giant silver grass. In
several points of each field soil moisture and gbwater table were monitored and biomass
yield was measured every year.

The following fields were studied in Masovian Pruse:

A — field of the common osier in Plecewice (Broché@mmune) of an area of 1.5 ha situated
on mineral brown soil class IVb built of sand aomdrhy sand to a depth of 1.0 m and of
dusty silt and silt deeper. The common osier v@b4lwas planted in spring 2006 at a
spanning of 70x38 cm.

B — field of the common osier around lysimetrictista of the Institute of Life Sciences and
Technology in Falenty (Raszyn commune) situatedhlank degraded earth class IVb. The
common osier var. Turbo was planted in spring 2808 spanning of 50x50 cm.

C - field of the giant silver grass of the Indgtwf Plant Breeding and Acclimatization in
Radzikow (Btonie commune) of an area of 6.0 haasétd on podzolic soil class IV b built
of loamy sand, light loam and sandy dust to a depth3 m and of loam deeper. The giant
silver grass was planted in spring 2006 at a spanoii 100x100 cm.
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Piesometers to measure ground water level, 1.0 mg tbin-walled pipes to measure soll
moisture with Delta-T Profile Probe and automatigvipgraphs were installed in these fields.
Measurements of energetic plant yielding includadting of plants, determination of fresh and
dry matter yield and of plant neatness. Ten plaai® cut in each stand.

Soil water resources were estimated based on neasuats of soil moisture and ground water
table depth. Field water consumption was calculaieda sum of precipitation and water
depletion from soil during vegetation season amahtptoefficienk. and the WUE index - as for
lysimeters. Vegetation period for all crops wasuassd to be April till October.

Results and discussion

Precipitation in the vegetation period of 2008 wkxse to long term average as seen from long
term measurements of meteorological conditionhéndtation Falenty. Mean precipitation from
3 fields in 2009 was by 128 mm higher than tha2@8. The whole vegetation period of 2009
was characterized by abundant rainfalls close #oetkireme measured in the station Falenty
(Table 24).

Table 24. Precipitation sums in the vegetationqueri(April — October) [mm]

Lvsi . . Field — plant
Year y3|metr_|c station C aartsiver
osier A — osier B — osier g
grass

2008 411.8 287.7 411.8 332.9

2009 524.8 390.6 524.8 501.9
1966 — 2009 390.7 n.d” 390.7 n.d’
D' No data

Source: own calculations

Studies in the lysimetric station showed a straeigtionship between the yield of common osier
and water conditions. In the average year 200&gtenum water level was c¢. 100 cm and dry
matter plant yield obtained under these conditinas 21.2 t ha (Table 25). At a shallow
ground water table (30 cm) substantial soil mosstiimited plant mass increments while at a
deeper one (170 cm) the plant yield markedly dedlito 12.0 t ha due to the depletion of
easily available water. In the very wet year 2008 largest yield was obtained at the lowest
ground water table depth of 170 cm (18.6 t)hand the smallest — at a level of 30 cm (12.7 t ha
Y. Yields at the optimum water level may be considgotential.

Table 25. Ground water table depths and dry mgitéds of the common osier and giant silver
grass in the vegetation period April — Octoberdt]

. . Field — plant
Lysimeter - osier,
Year ground water table depth in cm C — giant silver
A — osier B — osier grass
Gwd" Gwd" Gwd"
30 100 170 [cm] Yield [cm] Yield [em] Yield
2008 16.66 21.16 12.01 192 9.50 141 7.0 202 19,00
2009 12.72 13.52 18.60 148 11.40 133 11.7¢ 182 21.20
Mean 14.69 17.34 15.30 170 10.45 13y 9.Y5 192 20.10

U'Mean ground water table depth
Source: own calculations
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The dry matter yields of the common osier fromdiél were 9.5 t ha in 2008 (Table 25) at a
mean ground water table depth of 192 cm and 1ha in 2009 at a mean ground water table
depth of 148 cm. Mean annual yield was 10.4% i field B mean ground water table depths in
the years 2008 and 2009 were 141 and 133 cm, tesgdgcand annual yields were similar to
those from field A. Annual dry matter yields obtihfrom various soils in field experiments in
Poland vary from 5.4 and 21.7 thahose from light soils range between 5.4 and 1&!
[Faber et al. 2007]. Therefore, yields obtainednfrstudied fields are similar to the country mean
yields from light soils.

The yields of the giant silver grass from fieldrCthe third and fourth year of growth were c. 20
t ha® (Table 25). Yields obtained from other fields w&fe6 — 14.1 t Ha[Podlaski et al. 2009],
17.9 — 18.9 t ha[Kus, Matyka 2009], or 13.8 — 26.8 t h@Faber et al. 2007]. The vyields from
field C are thus similar to the average resultB8atand.

The common osier grown in lysimeters showed a lavgter consumption of 660 to 887 mm
during the vegetation season of 2008 and 809 -n805n the vegetation season of 2009 (Table
26). In the year 2008 at ground water levels oicB0and 100 cm water consumption was the
same and amounted 887 mm while at the ground wiafgth of 170 cm it was slightly lower —
660 mm. The largest water consumption in 2009 vedschat the deepest ground water level and
the smallest — at the medium one.

Table 26. Water consumption by the common osier giadt silver grass in the vegetation
period April — October [mm]

Lysimeter — osier, Field — plant
ground water depth in cm P
Year _ '
30 100 170 A — osier B — osier | ©~giantsilver
grass

2008 886.9 887.2 660.5 470.9 480.5 355.2
2009 864.2 808.6 905.1 419.3 559.8 439.2
Mean 875.6 847.9 782.8 445.1 520.2 397.2

Source: own elaboration

Mean water consumption by the common osier in #getation periods of the years 2008 and
2009 was 445 mm in field A and 520 mm in field Bable 26). Larger water consumption in B
than in A at a similar plant yield may be explairmdhigher level of ground water table. Water
consumption by the giant silver grass in field Csvgaaller and amounted 397 mm as a mean
value of two seasons. Hence, field studies dematestithat water consumption by osier was by
85 mm larger than that by the giant silver grasdemme yield of the former was two times
smaller than the yield of the latter.

Evapotranspiration by willow was estimated in Swed¢ 365 — 495 mm [Persson 1995], in
England — at 550 — 650 mm [Hall 2003]. In Italy #heapotranspiration dalixalba in the first
vegetation season was estimated at 620 mm in afembiised lysimeter and at 1190 in a
lysimeter fertilised with nitrogen and phosphorumsthe second vegetation season the respective
values were 890 and 1790 mm [Guidi 2007]. Resuitained in lysimeters in Poland show that
evaporation values fall within the range determimedther European countries and are typical
for our geographic location.

Results obtained by Marcilonek [1979] for the péripril - September may be used to compare
water consumption by energetic plants under prodeiconditions with that by traditional plants
in fields of natural water budget. For a crop riotatcomposed of 4 — 8 plants, mean water
consumption was 408 mm in light soil, 431 mm in medsoil and up to 494 in heavy soil.
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Other data indicate that water consumption by mogated crop plants in Poland was: for
potatoes — 420 mm [Trybata 1996]. winter wheat 6 88n, sugar beets (April — October) — 401
mm [Lakedzki 2006]. Having in mind these data one may amhelthat water consumption by
the giant silver grass was similar to water consuonpby traditional field crops while that by

the common osier was by c. 85 mm larger.

Plant coefficientk, for the common osier in lysimeters was 0.97 — In3the vegetation period
2008 and 1.23 — 1.38 in the vegetation period 20Gble 27). Sometimes in the literature
coefficientk. for energetic plants is given for the period ApriSeptember. Considering this, the
coefficient for studied crops was slightly smakkerd amounted 0.86 — 1.22 in 2008 and 1.16 —
1.32 in 2009. In Italy the coefficient for the petiApril — September was 1.25 — 2.84 in the first
year and 1.97 — 5.3 in the second year of planivirqGuidi 2007]. Under field conditions
without irrigation at nearly twice lower yield ohé common osier the coefficient was also
smaller and equal to 0.78 on average. The coeiti¢te the giant silver grass was only 0.66.

Table 27. Plant coefficiet for the common osier and giant silver grass inviiigetation period
(April — October)

Lysimeter —osier, .
ground water depth in cm Field — plant
Year
30 100 170 A — osier B —osier | C ~9giantsilver
grass

2008 1.30 1.30 0.97 0.76 0.69 0.57
2009 1.32 1.23 1.38 0.80 0.85 0.75
Mean 1.31 1.26 1.18 0.78 0.77 0.66

Source: own elaboration

The index of water use efficiency in lysimetersiedrfrom 1.82 to 2.39 g dry matter per
kilogram of used water in 2008 and from 1.48 t6tkg" in 2009 (Table 28). In both years the
index was highest at the optimum ground water tdelgth. Jargensen and Schelde [2001] for
evapotranspiration of willow without leaves, basedLindroth’s data for leaved plant, estimated
the WUE index at 2.2 — 2.9 g kgBased on Mortensen’s data the index varied bet@e® and
1.7 while their own data gave the values from 9.1.8 g kg'. Values of the WUE obtained in
lysimetric station in Falenty fall within the linsigiven by the above authors. For osier in field A
mean value of the index from two years was 2.37iarild B — 1.85 g kg. For the giant silver
grass the index was much higher with the meanQsf §.kg'".

Table 28. The index of water use efficiency by thenmon osier and giant silver grass in the
vegetation period (April — October)-fay”]

Lysimeter — osier, Field — olant
ground water table depth in cm P
Year
30 100 170 A — osier B —osier | C T giantsilver
grass
2008 1.88 2.39 1.82 2.02 1.62 5.35
2009 1.48 1.67 2.06 2.72 2.09 4.83
Mean 1.68 2.03 1.94 2.37 1.85 5.09

Source: own elaboration
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Summary

Studies in lysimetric station in Falenty on the coom osierSalix viminalisL. yielding carried
out at constant but differentiated ground wateletalepths (30, 100 and 170 cm) showed that in
a vegetation period of average precipitation thgh&st dry matter yield (21.2hd) was
obtained at the ground water level of 100 cm. In rilext wet year the highest dry matter yield
(18.6 tha') was obtained at the ground water level of 170 ¥ields were large and may be
seen as potential.

In productive fields of the osier cut every yead agrown on soils of the class Vb without
irrigation and moderate ground water depths (137174 cm on average) and under
meteorological conditions of dry and wet year tig matter yields amounted c. 10 t"hry
matter yields of the giant silver grass grown o gbthe same class at a mean ground water
depth of 192 cm were much larger amounting c. Bt Obtained yields of both plants were
similar to the means from other fields in Poland.

Lysimetric studies showed that providing approgriatater conditions markedly affected
yielding of the common osier but resulted in a déangater consumption. Water use by the
common osier in lysimeters was 660 — 887 mm irfilseand 809 — 905 mm in the second year
of plant growth.

Under productive conditions without irrigation thvater consumption by the common osier was
smaller. Comparison of both crops during two yelmsg study showed that field water
consumption by the giant silver grass was c. 400 pemvegetation season while that by the
common osier was by 85 mm larger.

Plant coefficientk; calculated to estimate water needs and deficita thie Penman-Montheit
method was high (0.97 — 1.33) at large yields efdbmmon osier (c. 20 t fip At a yield of 10
t ha' the coefficient equalled 0.78. For the giant silgess of a yield of 20 t Hat was only
0.66.

The index of water use efficiency calculated fairtyetric data from the year 2008 was 1.82 —
2.39 dry matter per kilogram water being most faable at a mean ground water table depth. In
2009 it was 1.48 — 2.06 and the highest values wbtained at the deepest ground water level
(1.7 m). The WUE index for osier fields withoutigrtion ranged between 1.85 and 2.40 d.kg
The giant silver grass used water more economiealtiits index was 5.1 g Rg

To increase yielding of the common osier one shaylply irrigation. As shown in studies in
lysimetric station in Falenty the fulfilment of aWater demands would allow for obtaining a
potential yield of over 20 t Rainstead of 10 t hhobtained without irrigation. The need for
irrigation of the giant silver grass is less impott At a natural water budget one may obtain
yields of c. 20 t hA Due to limited water resources in Poland the @npntation of large-scale
production of the common osier may lead to the deey of water deficit.
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3.3 Water requirements and deficits in energetic ilow on mineral soils in view of the
model studies

Leszek Lakhdzki, Ewa Kanecka-Geszke
Summary

Mean water requirements of energetic willow yietdib3 — 15 t hd in central Poland are 420
mm as shown in model studies. Mean water defidienergetic willow grown in this region on
mineral soils with deep ground water table rangenfi25 mm in soils of the largest available
water reserves (300 mm) to 105 mm in soils of #wst reserves (100 mm). Water deficits
indicate a need of irrigation in the crops of eetigwillow in July, August and September.

Crops of energetic willow in sandy-loamy soils witbep ground water table not fed with this
water in the region of central Poland are threatewéh periodical water deficits and need
irrigation to obtain high yields.

Introduction

Energetic willow is considered a water demandiranpllts crop needs soils of large resources
of plant available water [Halldin, Lindroth, 1989zinski, Augustyniak, 2005; Pistocchi et al.,
2009]. Water requirements by highly productive @l are by 150 — 200 mm higher as
compared with traditional crops [Hall, 2003; Fab2008]. Demands for water in willow
plantations during the vegetation season are einat 550 — 650 mm while water
consumption may reach 5 - 11 nafh [Hall, 2003]. Kowalik and Scalenghe [2009] estigtht
water requirements of energetic willow as a prodofttyield and transpiration coefficient
adopted from spruce. At reference vyields of 8't Wwater demands amounted 194 mm during the
vegetation season. Under productive conditions,dvew yields may reach 16 — 20 t'hdhen
water demands of plants may increase to 400 — 580 m

In reference to the unit yield, a willow field issumed to use 300 — 500 Haf water per kg dry
matter [Roszewski, 1996]. Hall [2003] noticed tlpdéints may contribute to water deficits in
areas where summer rainfalls are smaller than 580@motuj et al. [2008] reported that willow
needs more than 500 mm of precipitation annuallgdoieve abundant growth and drought may
decrease its yielding even by 50%.

According to Ostrowski et al. [2009] energetic will is a plant that prefers high soil moisture
and is sensitive to low precipitations. Its cultiva is recommended on moist but not long
flooded soils with optimum ground water table deptii00 — 130 cm in sandy soils and 160 —
190 cm in loamy soils. Assuming the efficiency dditer use equal 3.35 g dry matter‘kof
Watelzr the authors estimated that 360 mm of wateeésled in the vegetation period to obtain 12
t ha” yield.

Jurczuk and Rydatowski [2009] based on lysimetiicies found that energetic willow used 887
mm of water in the vegetation period when groundewgable was maintained at depths of 30
and 100 cm. When the depth was maintained at 17thenconsumption of water decreased to
660 mm.

According to Jgrgensen and Schelde [2001] the tsaheof appropriate energetic plants for a
given region must be based on the evaluation oém@quirements in relation to local water
conditions since water is often a yield-limitingfar.

Water requirements of crop plants depend on tleeaatl amount of biomass increments which
determine the obtained yield. The higher is thédytee more water is used by plants for its
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production. Rational water management requiresgmsong water demands of plants which
show a simple relation to yields under given hatmtanditions. Water requirements not fulfilled
by natural inputs cause water deficit which mustdbeermined to predict yields or to stabilise
them through irrigation.

Water requirements of agricultural crops are urtdets as the amount of water needed to
achieve a definite productive effect (final yieltlyater deficits are the water requirements minus
atmospheric precipitation and soil water resouesaslable for plants. Water deficits point to the
need of water delivery from outside and to watenaleds for irrigation purposes.

Results of presented studies pertain to the demamdisvater deficits of energetic willow grown
on mineral soils of precipitation-retention waterdget with a deep ground water table without
ground recharge of the moisture in the root zone.

Method of calculating water requirements and defidis

Water requirements and deficits for various prolizs of exceeding were calculated for
meteorological station of the Institute of Techmyl@nd Life Sciences, Bydgoszcz with the use
of long-term databases (from the years 1970 — 2009 station represents climatic conditions
of central Poland. Water balance of the root zoas based on methods elaborated by Allen et
al. [1998], Doorenbos and Pruitt [1977], &dkki [1997, 2006], Roguski, Sarnacka and Drupka
[1988] and by Smith [1992] with the use of the CRYXEF model [Lakdzki 1997, 2006].
Balance in each year was initiated with the assionpif full soil useful retention in spring (at
field water capacity). Calculations were made falendar decades (ten-days periods). Monthly
sums and sums for the whole vegetation period tdrial evapotranspiration and water deficit
were calculated for definite probabilities of exde using Pearson type Il probability
distribution to describe their random character.

Available water reserveZ\(VD) understood as a sum of useful water (the differdsetween the

state of field water capacity and the state of peremt wilting) in the soil profile of a given
depth and the amount of water delivered througlilaaprising from deeper soil layers to root
zone were balanced. Calculations were mad&Web from 100 to 300 mm every 10 mm.

Changes of available water reserves in soil weleulzded for the vegetation period from April
1. till the end of September in decade periods tacequation:

ZWDy = ZWD 1) = ZWDy-1y * Pa— ETR,
where:

ZWD,: — the reserve of useful water at the beginninthefdecadein root zone (mm),
ZWDx¢-1y » ZWDp -1y — the reserve of useful water in the end andebtginning of the decade

t-1in root zone (mm),
P;1 — precipitation in the decadel (mm),
ETp_, — potential evapotranspiration in the decadgmm).

Potential evapotranspiratioBTp)in a decade (mm) being the actual plant evapgbieaton at
sufficient soil moisture was calculated as:

ETp=k.ET,
where:

ET, — index evapotranspiration acc. to Penman-Mon{eitm),
ke — plant coefficient dependent on the plant gropithse and yield.

63



The exhaustion of easily available water at whildmpgrowth is not inhibited was adopted as a
criterion of water deficit in the decadel of the vegetation period. In the period when gasil

available water was exhausted, water defigit; in the decadé-1 was calculated from equation:

N1 = ZWTD-ZWD ¢
where:

ZWTL - reserve of hardly available water (mm).
The reserve of hardly available water was calcdlaiging a coefficient of water availabilify
which determines the contribution of easily avdéai total available water:

ZWD = p[ZWD

ZWTD=(1- p)[ZWD
where:

ZWLD - reserve of easily available water (mm),
p — coefficient of water availability,
ZWD - reserve of available water (mm).

Coefficient of water availabilitp determines which part of available water is easgilable to
plants. It depends on plant growth phase and odepéh of roots.

Now, there are no detailed data on coefficidgtandp for energetic willow. Therefore, they
were adopted based on scarce literature data. &efficientk. was estimated based on values
given by Allen et al. [1998], Allen [2009] and Psos [1995] (Table 29). Coefficient of water
availability adopted in the model was= 0.5 as in most field and garden crops [Alleralet
1998; Doorenbos, Pruitt, 1977].

Table 29. Plant coefficiet from Penman-Monteith equation

Month Decade K.
0.3
0.3
0.3
0.4
0.4
0.4
0.6
0.6
0.6
1.0
1.0
1.0
1.2
1.2
1.2
1.2
1.2
1.2

April

May

June

July

August

September

WINIFRPIWINFRPIWINFPIWINIFPIWINEFPWIN|FP

Water deficits calculated with eq. (3) should baltieith as reference (index) deficits pertaining
to soil profile not deeper than 200 cm. Reservesseful water in such a profile are 100 — 250
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mm in light and medium soils. Together with theuhpf water from deeper soil layers they
form reserves of water available for plants whichynbe balanced. The deficits pertain to
habitats with mineral soils not fed with ground araand with a deep ground water table which
does not affect soil moisture in the layer beinigheed (0 — 2 m).

Coefficientk; determining the value of potential evapotransprashould be related to biomass
or final yield. Potential evapotranspiration maydggiated with water demands of plants giving a
definite yield. There are no results of studies thauld allow for estimating the relationship
betweenk; and yield. For the needs of this study one mayrassthat calculated requirements
and deficits of water refer to willow yields of £315 t h& as indicated in calculations by
Kowalik and Scalenghe [2009]. Adopted values ohpleoefficientsk; pertain to willow in the
second and third year of its growth.

Water deficits are calculated for fixed probalektiof exceeding which determine the frequency
of appearance of water deficits of a given valuenigher (e.g. 50% probability means that a
given water deficit or larger deficits would appe&ery second year; 20% probability means its
appearance every five years). So calculated watécitd may be identified with net water
requirements for irrigation.

Water requirements of energetic willow crops

Water requirements of highly vyielding energetic leml (measured as potential
evapotranspiration) in the periods April — Septendfehe years 1970 — 2009 in central Poland
varied from 352 mm in 1987 to 502 mm in 1975 (Tak®. Mean water requirements for the
long period were estimated at 420 mm with standkdation equal 34 mm which indicated
small variability of the needs for irrigation inettanalysed period (variability coefficient = 8%).
Water requirements of a probability of exceedin®.&f compared with the mean value showed a
slight asymmetry of their distribution.

Table 30. Statistical parameters of water requirgmeof energetic willow ETp) and
precipitationP in vegetation periods of the years 1970-2009

Parameter ET, (mm) P (mm)
Mean 420 325
Standard deviation 34 96
Minimum (year) 352 (1987) 113 (1989)
Maximum (year) 502 (1975) 651 (1980)
Value forp=0.5 417 311

p — probability of exceeding

When comparing mean water demands with mean atredsgirecipitations one may come to
the conclusion on expected deficit of rainfall negdo fulfil water demands of energetic willow
grown in such climatic conditions. In particulamaye this balance might not be negative. The
highest and the lowest water demands occurreceigeahrs other than the lowest and the highest
precipitation (Table 30). Water requirements anteweonsumption depend also on other
meteorological factors like temperature, air hutyidnd solar radiation.
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Water deficits of energetic willow crops

Water deficits calculated in decades depend onptation, potential evapotranspiration i.e. on
plant demands for water and on soil water reserves.

In the whole vegetation period (April — Septembaegan water deficits for energetic willow
ranged in the years 1970 — 2009 from 25 mm in thleo§ the largest reserves of available water
(ZWD= 300 mm) to 105 mm in the soil of the smalleserges ZWD = 100 mm) (Table 31).
The smallest water deficits were noted in 1985%aat they did not occur in any soil. The largest
deficits were recorded in the year 1992 which wesracterised by an extreme drought. In the
vegetation period they amounted from 160 mm inafihe largesEWDto 265 mm in soil of

the smalleszWD.

Table 31. Statistical parameters of water deficitsenergetic willowN in vegetation periods of
the years 1970-2009 in soils of available wateemess =ZWD

N (mm)

ZWD (mm) mean jé%?;fgg minimum (1985) ma);;gnzu)m
100 105 70 4 265
150 79 66 0 234
200 56 61 0 220
250 38 53 0 190
300 25 42 0 160

Based on deficits of a definite probability of eedeng (Table 32) during the vegetation period
in central Poland one may expect every secondtiieawater deficits in crops of energetic
willow from 10 mm in soils oZWD = 300 mm to 100 mm in soils @WD= 100 mm. Every
five years the deficits might amount from 50 to 180, respectively.

Table 32. Water deficitdl in energetic willow crops of a definite probabilizf exceeding in
the vegetation period in soils of available watserves ZWD

N (mm) forp
ZWD (mm)
0.01 0.05 0.10 0.20 0.50 0.80 0.90 0.95 0.99
100 295 229 197 160 98 46 22 5 0
150 264 198 166 131 71 23 2 0 0
200 239 170 137 102 46 4 0 0 0
250 208 139 108 75 27 0 0 0 0
300 173 108 79 51 13 0 0 0 0

The relationship between water deficits of a prdiigof exceeding ofp = 0.5 and available
water reserves in salWD had nearly linear character (Figure 18). Hence rétationship may
be described with linear regression with the catreh coefficientr = - 0.99. Based on linear
regression one may find that the crops of energdatiow in central Poland will not be exposed
to water deficit in an average yegqr £ 0,5) if they have at their disposal at least 81 of
water in soil in a form of easily available watedavater from the capillary rising.
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Figure 18. Linear regression of water deficits Neimergetic
willow of 50% probability of exceeding in the vegein
period on available water reserves in soil ZWD

Water deficits for energetic willow appear not garthan in July. Even in soils of the least water
reserves {WD = 100 mm), after-winter reserves are sufficientower water demands till the
end of May. In July in middle Poland one may expeater deficits in energetic willow crops
every second year ranging from O mm in soil@8fD = 300 mm to 26 mm in soils @WD =
100 mm (Table 33). Every fifth year the deficitsymaach 10 mm and 62 mm, respectively.

Table 33. Water deficitdl in energetic willow of a given probability of exagingp in July in
soils of available water resourceZ%/D

N (mm) forp
ZWD (mm)
0.01 0.05 0.10 0.20 0.50 0.8Q 0.90 0.95 0.99
100 155 107 86 62 26 0 0 0 0
150 139 92 71 48 15 0 0 0 0
200 114 70 51 32 6 0 0 0 0
250 84 49 33 19 1 0 0 0 0
300 54 30 19 10 0 0 0 0 0

The relationship between water deficits of a prdigbof exceedingp = 0.5 in July and
available water reserves in sadWD also showed linear character (Figure 19). When
approximating this relationship with linear regiessone obtains correlation coefficient= -
0.98. Based on this regression one may find thatctiops of energetic willow from middle
Poland in July will not be exposed to water defigitan average yeap E 0.5) if they have at
least 250 mm of water in soil at their disposal.
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Figure 19. Linear regression of water deficits NoGP6 probability of
exceeding in energetic willow in July on availablater reserves

ZWD in soil

In August, in middle Poland water deficits in th@ms of energetic willow may occur every
second year and amount from 7 mm in soilZ8D = 300 mm to 50 mm in soils @WD = 100
mm (Table 34). Every fifth year the deficits mayek 30 mm and 80 mm, respectively. The
relationship between water deficits of a probapitit exceedingp = 0.5 in August and available
soil water reserveBWD (Figure 20) approximated with linear regressionega high correlation
coefficient ofr = - 0.997. Based on this regression one may assaen August the crops of
energetic willow from central Poland will not bepmsed to water deficits in an average ygar (
= 0.5) if they have at least 320 mm of water irl abtheir disposal.

Table 34. Water deficithl in energetic willow of a given probability of exasingp in August in
soils of available water reserveZ%¥D

.99

N (mm) forp
ZWD (mm)
0.01 0.05 0.10 0.20 0.50 0.80 0.9 0.4
100 130 106 93 78 50 23 9 0
150 123 97 84 68 40 13 0 0
200 118 87 71 55 26 4 0 0
250 109 75 59 42 15 0 0 0
300 99 63 47 30 7 0 0 0
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Figure 21. Linear regression of water deficits Neimergetic
willow of 50% probability of exceeding in Septemberavailable
water reserves in soil ZWD

In September water deficits in central Poland heeléast out of the three months of occurrence.
Every second year they may reach from 3 mm in s$iBWD = 300 mm to 15 mm in soils of
ZWD = 100 mm (Table 35). Every fifth year the defiaibgy amount from 15 mm to 35 mm,
respectively. The relationship between water disfiof a probability of exceeding = 0.5 and
available water reserves in s@WbD (Figure 21) approximated with linear regressioavetd a
high coefficient of linear correlation= - 0.987. Based on this regression one may asthahe
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September the crops of energetic willow in cenraland will not be exposed to water deficits
in an average yeap £ 0.5) if they have at least 350 mm of soil watetheir disposal.

Table 35. Water deficits in energetic willow of men probability of exceeding in September
in soils of available water reserveZ%D

N (mm) forp
ZWD (mm)
0.01 0.05 0.10 0.20 0.50 0.80 0.90 0.95 0.99
100 76 55 45 34 15 1 0 0 0
150 71 50 40 29 12 0 0 0 0
200 66 45 35 24 8 0 0 0 0
250 60 40 30 21 6 0 0 0 0
300 49 31 23 15 3 0 0 0 0
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A

Material-energy inputs

4.1 Comparison of unitary cumulative energy consumjpon for crops of: willow,
miscanthus and Pennsylvanian mallow

Marek Hryniewicz, Anna Grzybek

Summary

A method of calculation of material-energy expenisas been presented for crops of: willow,
miscanthus and Pennsylvanian mallow. The cumulanergy method for crops estimation has
been applied in calculations. The method affordssilities for a comparison of different
production technologies in complete independenoenfchanges of market prices. Detailed
technological charts were presented for energy plaptations. Calculations were related to one
hectare of crop. It enables comparison of calcutatiresults for plantations of any size. The sum
of unitary cumulative energy consumption per onetdme of particular crops amounted as
follows: willow 100,944 MJ/ha, miscanthus 207,389/Na, Pennsylvanian mallow 198,469
MJ/ha. Willow crop in whole life cycle of productiovas about 50% less energy-consuming in
comparison with crops of miscanthus and Pennsywanmallow. Moreover, crop of
Pennsylvanian mallow was slightly less energy-comag than miscanthus.

Introduction

Each energy crop (as willow, miscanthus or Penmasyan mallow) has its own specific
production technology. It would be interesting tompare these technologies independently
from plantation size with assumption of using maximunified equipment. It would allow
making conclusions about material-energy inputsiireq for each crop. It could give to planters
an advice when making their decision about choi@ppropriate energy plant.

The method

Cumulative energy consumption method has been idedcin details in works of Grzybek
[2003], Roszkowski [1980] and Wdjcicki [2000]. Theethod is based on calculation, in energy
units, of material-energy streams which are reqguifer given kind of energy biomass
production with use of given technology. Materiakagy inputs can be related to one hectare of
crop or to one GJ of energy included in biomassa#dwantage of unitary energy inputs per one
hectare is independence from crop area. Investigativere done on the basis of technological
charts where types of used tractors and machioels, time of work for machines and tractors,
tools, fuel consumption, type and quantity of uskdmicals and sowing material were given for
all operations. Also human labour inputs were tak@n account during the investigations.
When selection of machines for technologies, thecjple of using the best part of the same
type machines in all technologies was kept. It pré@d discrepancies connected with utilization
of different power tractors (what could make resuhterpretation difficult). Technological
charts for willow, miscanthus and Pennsylvanianlomalcrops are presented, respectively, in
tables 36, 37 and 38. Unitary quantities of enargsulated in different kinds of machines,
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energy carriers, chemicals and sowing materialpaesented in Table 39. Table 40 presents
unitary quantities of energy cumulated in specifiachines and tools. They include sum of
primary energy input for production of machine @oltand primary energy demand for disposal.

Table 36. Technological chart for willow crop

Source: Muzalewski (2009a)
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Labour inputs Consumed materials,
. Tractoror | Fuel . per 1 ha harvests
Operation self-propelled cons. Machine otor- | 1abour-
harvester [I/h] hours | hours Kind Q-ty
Plantation establishment 8.51| 15.79
Sprayer 12 m. 800
Spraying Trac. 60 kW 8 |l 0.48 0.56 | Roundap (I/ha) 5
Plough 5- fur.
Deep ploughing Trac. 118 kW 15.6 | rotated 1.09 1.16
Fertilizer
Fertilizing NPK Trac. 60 kW 8 | distributor 0.69 0.69 | NPK 8-24-24 (kg/ha 160
MX1200 18 m
Fertilizer Ammon. nitrate
Fertilizing N Trac. 60 kW 8 | distributor 0.69 0.76 (kg/ha) ' 140
MX1200 18 m
Cultivator
Tillage Trac. 118 kW 15.6 |aggregate QUICK| 0.84 0.91
3 m)
Planter 2-rows Cuttings (thou.
Planting Trac. 60 kW 8 | STEP 4.2 11.11] pcs./ha) 14
Sprayer 12 m. 800
Spraying Trac. 60 kW 8 |l 0.52 0.6 | Lontrel 300SL (I/ha) 0/5
1st 3-years cycle 6.36 6.47
Harvesting Claas J. 860 39.73 Attachment HS 0|83 4 (.€hips (t/ha) 16.9
Chips transporting Trac. 60 kW 8 Trailer 4.5t 2.2 2.2 | Chips (n¥ha) 22.5
Chips transporting Trac. 60 kW 8 Trailer 4.5t 2.2 2.2 | Chips (n¥ha) 22.5
ggzﬁgorm'”g and chipStoc 6okw| 8 | Loader TUR151 1.1 113  Chip&tm) 45
The next 3-years cycles— 5 cycles 10.12  10.43
. Fert. distributor
Fertilizing NPK Trac. 60 kW 8 MX1200 18m 0.74 0.81 NPK 8-24-24 (kg/ha) 140
Ammon. nitrate
Fertilizing N Trac. 60 kW, 8 Attachment HS2 0.6b 0.712kg/ha) 120
Interrows scarification| Trac. 60 kW 8 Cultivator 3 m 0.76 0.82
Harvesting Claas J. 860 39.89 Attachment HS 0/89 1 ipsGhiha) 23.3
Chips transporting Trac. 60 kW 8 Trailer 4.5 t 2.36 2.36 | Chips (fflha) 22.1
Chips transporting Trac. 60 kW 8 Trailer 4.5t 2.36 2.36 | Chips (fiha) 22.1
Chips transporting Trac. 60 kW 8 Trailer 4.5 t 2.36 2.36 | Chips (ffiha) 22.1
ggzﬁgorm'”g and chipStoc 6okw| 8 | Loader TUR15{ 141 141 Chipdta) 66.4
Plantation liquidation (forecast) 7.7 74.77
Sprayer 12 m. 800
Spraying Trac. 60 kW 8 |1 0.45 0.52 | Roundap (I/ha) 6
Roots removing Trac. 60 kW 8 2-furrow plough 4.01 .04
Manual labour 4 persons 0 Manual tools Q 67
Roots transport Trac. 35 kW 4. Trailer4.5t 0.230.23
Heavy harrow 3.2
Harrowing*2 Trac. 60 kW 8 |m 3 3



Table 37. Technological chart for miscanthus crop

Labour
expenses Consumed materials, harvestg
Tractor or self-| Fuel
Operation propelled cons. Machine per1 ha
harvester [/n] Mo~ | |abour- .
tor- hours Kind Q-ty
hours

Plantation establishment
Spraying Tract. 60 kW 8 Sprayer 2000, 18m (.21 0.21| Roundap (I/ha)
Disc harrowing Tract. 118 kW 15.6| Disc harrow 3m 39 0.39
Deep ploughing Tract. 118 K 15.4 Plough 5-furated 1.171 117
Harrowing Tract. 60 kW 8 Harrow 6-p. heavy 0J58 0.58
Fertilizing NPK Tract. 60 kW 8 | Fert. distr.1000 kg, 18m 0.9 0.29| NPK 5-20-30 (kg/ha) 250
Fertilizer loading Tract. 60 kW 8 Loader Big-bag 0®] 0.06
Fertilizer transporting Tract. 60 kW 8 Trailer 6 t 0.1 0.1
Tillage before sowing Tract. 118 K 15.4 Rotatedds,3 m 1.33 1.33
Cuttings transporting Tract. 35 kW 4.6 Trailer 4 t 0.25 0.25
Planting Tract. 60 KW 8 Planter 4 rows 2.2 2.2]| Root cuttings (kg/ha) 1P
Spraying Tract. 60 kW 8 Sprayer 2000, 18m (.210.21| Herbicide (I/ha) 0.63
Rolling Tract. 60 kW 8 | Roller Cambridge 6 m 0.7 0.27
1st production cycle (4.0 t/ha)
Spraying Tract. 60 kW 8 Sprayer 2000, 18m (.210.21]| Herbicide (I/ha) 0.6
Fertilizing N Tract. 60 KW 8 Fert. distr.1000 k@t 0.23| 0.23] Amm. nitrate (kg/ha) 7
Fertilizer loading Tract. 60 kW 8 Loader Big-bag 0.0p 0.11
Fertilizer transport Tract. 60 kW 8 Trailer 6 t 5p 0.1
Mowing Tract. 118 kW 15.6 | Disc mower+cond. 3m 0}67 0.67] Yield (t) 4
Harvesting and baling Tract. 118 kW 15.6 Baler Viicd312200 0.64 0.62] String (kg/ha) 3.4
Stacking and bales loading _Tract. 60 kW 8 LoadeRTL5 t 0.33 0.33
Bales transporting Tract. 60 kW 8 Trailer T023 0}21 0.21
Bales transporting Tract. 60 kW 8 Trailer T023 0}18 0.18
Bales unloading and Tract. 60 KW 8 | Loader TUR 1.5t 029 0.29
stacking
2nd production cycle (12.5 t/ha)
Fertilizing NPK Tract. 60 kW 8 Fert. distr.1000 kg, 18m 0.29 0.29]| NPK 5-20-30 20(
Fertilizing N Tract. 60 KW 8 Fert. distr.1000 kg@ri 0.23| 0.23] Amm. nitrate (kg/ha) 7
Fertilizer loading Tract. 60 kW 8 Loader Big-bag 1®] 0.23
Fertilizer transporting Tract. 60 kW 8 Trailer 6 t 0.2 0.25
Spraying Tract. 60 kW 8 Sprayer 2000, 18m 0.43 0.23| Herbicide 0.63
Mowing Tract. 118 kW 15.6 | Disc mower+cond. 3m 0]67 0.67] Yield (t) 12.5
Harvesting and pressing Tract. 118 k\ 15]6 BaleoWiLB12200 0.832 0.82] String (kg/ha) 11.1
Stacking and bales loading Tract. 60 kW 8 LoadeRTL5 t 0.74 0.74
Bales transporting Tract. 60 kW 8 Trailer T023 0}15 0.15
Bales transporting Tract. 60 kW 8 Trailer T023 0.18 0.15
Bales transporting Tract. 60 kW 8 Trailer T023 0}15 0.15
Bales unloading and Tract. 60 kW 8 | Loader TUR 15t 0.45 0.65
stacking
The next production cycles (13*19.4 t/ha)
Fertilizing NPK Tract. 60 KW 8 Fert. distr.1000 KkiBm 0.29] 0.29] NPK 5-20-30 (kg/ha) 200
Fertilizing N Tract. 60 KW 8 Fert. distr.1000 k@t 0.23| 0.23] Amm. nitrate (kg/ha) 7
Fertilizer loading Tract. 60 kW 8 Loader Big-bag 1®] 0.23
Fertilizer transporting Tract. 60 kKW 8 Trailer 6 t 0.2 0.25
Mowing Tract. 118 kW 15.6 | Disc mower+cond. 3m 0]83 0.83] Yield (t) 19.4
Harvesting and pressing Tract. 118 k\ 15]6 BaleoWiLB12200 1.14 1.14| String (kg/ha) 17.1
Stacking and bales loading _Tract. 60 kW 8 LoadeRTL5 t 1.0 1.06
Bales transporting Tract. 60 kW 8 Trailer T023 0.4 0.2
Bales transporting Tract. 60 kW 8 Trailer T023 D.2 0.2
Bales transporting Tract. 60 kW 8 Trailer T023 0}23 0.23
Bales unloading and Tract. 60 KW 8 | Loader TUR 15t 098 0.98
stacking
Plantation liquidation
Spraying Tract. 60 kW 8 Sprayer 2000, 18m (.230.23| Roundap (I/ha) L
Grinding Tract. 118 kW 15.6| Disc harrow 3m 159 1.59
Harrowing *2 Tract. 60 KW 8 Harrow 6-p. heavy 107 1.17
Source: Muzalewski (2009b)
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Table 38. Technological chart for Pennsylvanianlomatrop

Labour .
Consumed materials
Tractor or Fuel EXPENses Harvests
Operation self-propelled cons. Machine per 1 ha
harvester | /M MO~ 1 abour- .
tor- hours Kind Q-ty
hours
Plantation establishment
Spraying Tract. 60 kW BSprayer 2000, 18m 0.27 0.27| Roundap (I/ha)
Tract. 118
Disc harrowing kw 15.6| Disc harrow 3m 0.3 0.39
Tract. 118
Deep ploughing kw 15.6| Plough 5-fur. rotated 1.6 1.16
Harrowing Tract. 60 kW BHarrow 6-p. heavy 0.5 0.58
Tract. 118 Aggregate U 749
Tillage before sowing | kW 15.6(3.7m 0.51] 0.51
Sowing Tract. 60 kW BCereal drill 3m 0.8 0.88] Seeds (kg/ha)
Spraying Tract. 60 kW BSprayer 2000, 18m 0.37 0.27|Herbicide (I/ha)] 2.5
1st production cycle (6.0 t/ha)
Spraying Tract. 60 kW BSprayer 2000, 18m 0.27 0.27|Herbicide (I/ha)] 2.5
Hoeing Tract. 35 kW 4.pHoe 5-rows 3.21 321
Hoeing Tract. 35 kW 4.pHoe 5-rows 3.21 321
Tract. 118 Disc mower+cond. 3
Mowing kw 15.6[ m 0.62] 0.62
Tract. 118
Harvesting and baling | kW 15.6| Baler Vicon LB1220Q 0.77| 0.77]| String (kg/ha) 6.1%
Stacking and bales Tract. 60 kW
loading 8|Loader TUR 1.5t 0.5f 0.57
Bales transporting Tract. 60 kv &railer T023 0.3§ 0.38
Bales transporting Tract. 60 k(v &railer T023 0.43 0.43
Bales unloading and | 60 d Loader TUR 1.5t 045 0.45
stacking
The next production cycles (14*average 12.0 t/ha)
Tract. 60 kW Fert. distr.1000 kg, NPK 5-20-30
Fertilizing NPK 8|18m 0.3 0.35| (kg/ha) 300
Tract. 60 kW Fert. distr.1000 kg, Amm. nitrate
Fertilizing N 8|18m 0.29 0.29( (kg/ha) 100
Fertilizer transporting Tract. 60 kW railer 4 t 0.2 0.25
Tract. 118 Disc mower+cond.
Mowing kw 15.6( 3m 0.7 0.7
Tract. 118
Harvesting and baling | kW 15.6| Baler Vicon LB1220Q 0.89 0.89] String (kg/ha) 10.]
Stacking and bales Tract. 60 kW
loading 8|Loader TUR 1.5t 0.9p 0.95
Bales transporting Tract. 60 kv &railer T023 0.63 0.63
Bales transporting Tract. 60 k\\V &railer T023 0.5 0.5
Bales unloading and | Tract. 60 kW
stacking 8|Loader TUR 1.5t 0.9p 0.95
Plantation liquidation
Spraying Tract. 60 kW BSprayer 2000. 18 m 0.29 0.29| Roundap (I/ha)
Tract. 118
Grinding kw 15.6[ Rotated harrow, 3 m 1.84 1.54
Harrowing *2 Tract. 60 kW 8Harrow 6-p. heavy 1.1 1.17

Source: Muzalewski (2009c)
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Table 39. Unitary quantities of energy cumulateganticular kinds of production inputs

Kind of input Value Unit
Diesel oil 58.3 MJ/
Labour 80 MJ/Ibh
Willow cutting” 0.0204 MJ/pcs
Herbicides 351.6 MJ/
NPK 12.16 MJ/kg
Ammonium nitrate 26.18 MJ/kg
Tractors 125 MJ/kg
Tractor tools 100 MJ/kg
Agricultural land 10 000 MJ/halyear
Manual tools 100 MJ/kg
Root cutting 100 MJ/kg
String 50 MJ/kg
Seeds 100 MJ/kg

Source: Wojcicki (2000) estimation

Table 40. Unitary quantities of energy cumulatedpecific machines and tools

Machine or tool Mass Energ.
[name] [ka] [MJ]

Tractor 35 kW 2 500 312 500
Tractor 60 kW 3905 488 125
Tractor 118 kW 5920 740 000
Sprayer 2000, 18m 1685 168 500
Disc harrow, 3m 690 69 000
5-furrow, rotated plough 500 50 000
Harrow, 6-p. heavy 1205 120 500
Fertilizer distributor, 1000 kg, 18m 265 26 500
Loader Big-bag 300 30 000
Trailer 6 t 2120 212 000
Rotated harrow, 3m 1180 118 000
Trailer 4.5t 1950 195 000
4-row planter 310 31 000
Roller Cambridge 6 m 2 340 234 000
Disc mower-conditioner 3m 475 47 500
Baler Vicon LB12200 8 500 850 000
Loader TUR 1.5t 400 40 000
Trailer T023 3700 370 00Q
Forage harvester Claas J. 860 10800 1 350 000
Attachment HS2 500 50 000
Manual tools 10 1000
Cultivator aggregate QUICK (3 m) 500 50 000
Planter 2-rows STEP 180 18 000
2-furrow plough, 250 25 000
Cultivator 795 79 500
Aggregate U 749, 3.7m 500 50 000
Cereal drill, 3m 490 49 000
5-row hoe, VCO-5-430 470 47 000

Source: own calculations
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Results

Unitary inputs of cumulative energy for willow crepe presented in table 41. Figure 22 presents
the graphical visualization of values of specifieams of cumulative energy inputs per hectare
for willow crop. The per-cent structure (distritart) of cumulative energy inputs per each cycle

of willow production is visualized on Figure 23.

Table 41. Unitary inputs of cumulative energy falaw crop

Cumula- Cumula-
tive Cumula- | Cumula-| Cumula- .
energy of| tive energy tive |tive energy tive Sum O.f
Cycle| Year machines| of Diesel | energy of en;:frgy czrr:l;rlait‘la\;e Structure
asse)mblﬁ/ oil of labour| chemicals cuttings g
[MJ/ha] [MJ/ha] | [MJ/ha]l [MJ/ha]| [MJ/ha] [MJ/ha]  [%]
0 0 595 4823 1263 7 545 367 14593 14.46%
1 0 0 0 0 0 0 0.00%
2 0 0 0 0 0 0 0.00%
3 544 4501 518 0 0 5563 5.51%
4 0 0 0 0 0 0 0.00%
I 5 0 0 0 0 0 0 0.00%
6 910 7031 947 4844 0 13732 13.60%
7 0 0 0 0 0 0 0.00%
i 8 0 0 0 0 0 0 0.00%
9 910 7031 947 4 844 0 13732 13.60%
10 0 0 0 0 0 0 0.00%
v 11 0 0 0 0 0 0 0.00%
12 910 7031 947 4844 0 13732 13.60%
13 0 0 0 0 0 0 0.00%
\ 14 0 0 0 0 0 0 0.00%
15 910 7031 947 4844 0 13732 13.60%
16 0 0 0 0 0 0 0.00%
Vi 17 0 0 0 0 0 0 0.00%
18 910 7031 947 4 844 0 13732 13.60%
Vil 19 497 3543 5981 2110 0 12131 12.02%
Sum 6 186 48 020| 12 497 33 874 367| 100944 100.00%

Source: own calculationd’sum of cumulative energies of tractors and tools

76



Unitary cumulative energy [MJ/ha]

8 000

7 000 -

6 000

5000

4 000 -

3 000 -

2000 -

1 000 -

O Cumulative energy of
machines assembly

B Cumulative energy of
diesel fuel

O Cumulative energy of
labour

O Cumulative energy of
chemicals

B Cumulative energy of
cuttings

Cycle

11-VI

VII

Figure 22. Graphical visualization of values of sifie categories of
cumulative energy per hectare for willow crop
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Table 42 presents unitary inputs of cumulative gyar miscanthus crop.

Table 42. Unitary inputs of cumulative energy fasoanthus crop
Cumula-| Cumula- Cumula- Cumula-| Cumula- Cumula- Cumula-
. . tive . . tive . Sum of
tive tive tive tive tive .
Cycle | Year energy of energy cumulativ | Structure
energy | energy of machines| €Neray | energy of of energy of e eneraies
of tractor tool of labour| Diesel oil . chemicals 9
assembly cuttings
[MJ/ha] | [MJ/ha] [MJ/ha] | [MJ/ha] [MJ/ha] [MJ/ha] [MJ/ha] [MJ/ha] [96]
0 0 471 68 538 564 6728 1000 4316 13 147| 6.34%
| 1 196 90 286 236 5550 0 2234 8307 4.01%
1] 2 291 120 411 365 6 483 0 5041 12 300 5.93%
-XVI 3 365 158 523 451 6 017 0 5120 12109 5.84%
XVII 17 213 42 254 239 1842 0 1758 4094 1.97%
Sum 6 279 2526 8 805 7 716/ 104 835 1000 85024 207 380 100.00%

Source: own calculations’sum of cumulative energies of tractors and tools

Graphical visualization of values of specific categs of cumulative energy per hectare for
miscanthus crop is on Figure 24. The per-cent strac(distribution) of cumulative energy
inputs per each cycle of miscanthus productionissialized on Figure 25. Table 43 presents
unitary inputs of cumulative enerdgr Pennsylvanian mallow crop. Graphical visual@atof
values of specific categories of cumulative engrgy hectare for Pennsylvanian mallow crop is
shown on Figure 26. The per-cent structure (distidm) of cumulative energy inputs per each
cycle of Pennsylvanian mallow production is viszetl on Figure 27.

Table 43. Unitary inputs of cumulative energy f@enRsylvanian mallow crop

Cumula- Cumula- | Cumula Cumula Cumula-
. Cumula-| .. : -tive | Cumula- .
tive : tive energy| -tive . tive Sum of
tive energy tive .
Cycle| Year | energy of energy energy of| cumulative| Structure
energy of . of energy of] : .
of machines of . ; chemical| energies
tool Diesel | cuttings
tractor assembly) | labour ol S
[MJ/ha] | [MJ/ha] [MJ/ha] | [MJ/ha] [MJ/ha] | [MJ/ha] | [MJ/ha] [MJ/ha]
0 0 285 36 321 325| 4594 300 1934 7474 3.77%
I 1 463 157 620 793| 4687 0 1187 7287 3.67%
-
XV 2 352 154 505 440| 5084 0 6 801 12830 6.46%
XVI 16 211 42 254 240| 1842 0 1758 4094 2.06%
Sum 5884 2385 8269 7512| 82296 300| 100 092 198 469 100.00%

Source: own calculationg’sum of cumulative energies of tractors and tools
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Figure 24. Graphical visualization of values of sifie categories
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Conclusions

The sum of unitary cumulated energy inputs perloatare of crop are: willow 100.944 MJ/ha,
miscanthus 207.389 MJ/ha, Pennsylvanian mallow4B8MJ/ha. Willow crop in whole life
cycle of plantation is about 50% less energy-consgrm comparison with crops of miscanthus
and Pennsylvanian mallow. Moreover, crop of Pervasyan mallow is slightly less energy-
consuming than miscanthus. Much lower cumulatedggnaputs for willow crop in comparison
with miscanthus and Pennsylvanian mallow crops loanexplained by fact that willow is
harvested every three years. Miscanthus and Pemmsyh mallow are harvested every year. It
is the reason of bigger utilization of machinespstonption of Diesel oil and human work in
whole life cycle of plantation.
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5

Economic Evaluation

5.1 Economic profitability of willow biomass produdion for energy purpose

Jan Pawlak

Summary

The per cent share of labour in total operationt @sicture growth as the man-hour cost
increases, and drops along the increase of medcttmmzlevel. The purposefulness of
application of the high level mechanization teclggl variant is the higher, the larger is the
willow plantation, and the more expensive is thmolar.

In 2008, prices of Diesel oil and electricity inl&wd were, in general, lower than in West
European countries, but higher than in South Katapan and USA. During 2000-2008 growth
of Diesel oil prices ranged from 28.5% (Czech Réipubo 163.5% (S. Korea), and of electricity
from 3% (S. Korea) to 109.7% (Hungary).

Introduction

Concern over national energy security and the s#geto overcome burdens associated with
fossil energy sources has prompted interest inrekpg domestic renewable energy markets.
Biomass, and in particular dedicated energy croas,received growing attention as a promising
means to develop local, sustainable energy solirtker et Al. 2003]. The biomass is closely

connected with agriculture and in Poland it is nbe main renewable energy source.

The use of renewable energy source is justifiablgeu two conditions: 1) positive net energy
output-input ratio, meaning that the calorific \@lof received renewable energy carrier is higher
than direct and indirect energy inputs for its prcttbn, 2) price of energy unit in the renewable
source is not higher than in currently used folssls. Results of American research, using life
cycle assessment, show that with current praciicéew York State one can receive 55 units of
energy produced in biomass from short rotation woadp per unit of fossil energy [Heller et
Al. 2003].

There are many ways to improve the efficiency dfomi biomass production, both in energy
and economic aspects. In a case of willow biomassriergy there are two pathways to make its
use economically viable. One is to improve thecedficy of production by reducing operating
costs and increasing yields. The other is to viteeenvironmental and rural benefits associated
with the system [Keoleian, Volk 2005]. To lower tl®sts and improve the production
efficiency of biomass, the knowledge of influence different factors, such as production
process technology, scale of production, kind & f&r plantation, labour costs, price of biomass
produced, as well as interrelations between themecessary.

The knowledge of the production cost per unit & tlalorific value of the energy crop makes it
possible to compare different renewable energy cesuland different technologies of their
production. It can also serve as a meter to evalaapurposefulness of the use of renewable
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energy source instead of a fossil energy carriewill also help to make a choice of the most
convenient energy crop with regard to economicemdronment criteria.

The purpose of this chapter is to present restiltssearch and studies of economic profitability
of energy crop cultivation, carried out within theoject “Modelling of biomass utilization for
energy purpose”.

The range of present analysis is limited to thesgméation of model based simulation studies of
willow biomass production costs. The effect of sdiaetors on economic efficiency of the use
of willow biomass for energy purposes is shown.c8ithe competitiveness of biomass for
energy depends, among others, on prices of cuyresdéld fossil fuels and electric energy, results
of studies of prices of selected conventional enargrriers in Poland and in some other
countries are also presented.

Material and methods

Model method has been applied to study effectsiféérdnt factors on costs and efficiency of
willow biomass production for energy. Materialsrfrcearlier publications [Dubas et al. 2004,
Dubas, Tomczyk 2005, Pasyniuk 2007, Stolarski 20&tJarski et al. 2008, Szczukowski,
Budny 2003, Szczukowski et al. 2004] were usedragmput data to elaborate models of two
variants of technology processes [Pawlak 2010].iaviarl is labour intensive, especially
regarding planting and harvest operations. Hardestaterial is transported to storage place in
not chipped form. In variant Il majority of opemats is mechanized, and harvested material is
chipped on fields with direct loading on transpodans and carried to storage place in a form of
woodchips.

The model base-case scenario assumes six 3-yestionst and includes site preparation,
coppicing after the first year of growth, and teenoval of willow stools at the end of the useful
life of plantation. Harvesting is executed on 3ryegles.

Production cost of willow for energy includes labomachinery operation costs and costs of
materials. Cost of labour is calculated by multation of number of workers, time of work and

salary (including all taxes and allowances) pet ohitime. Operation cost of power (tractors,

engines and so on) and machinery includes hereedepon, storage and conservation,
insurance, repair, maintenance and energy. Matepaits (cutting units, fertilizers, pesticides,

etc.) in relevant units of measure are multipliggohbce per unit of measure.

Total amounts of production costs together with kewalue of produced energy crop and its
calorific value create the base of model for euvadua of the economic efficiency of the

bioenergy production. The economic efficiency obdarction of i-th energy crop can be
calculated using the following formula:

Where:

E.i - efficiency of production of i-th energy crop
P, - market value of produced i-th energy crop, PL&*h
N, - costs of production of i-th energy crop, PLN*ha

For comparative purposes, the cost of productianupé of the calorific value of i-th energy
crop should be determined:
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Cei~ g;‘ (PLN*MJ)

Where:

C.i - the cost of production of the unit of the cdiorvalue of i-th energy crop, PLN*MY
Q. - calorific value of produced energy crop, MJ*ha

When analyzing prices of energy, data of Centralti§tcal Office (GUS) as well as of
international organizations, engaged in researaitaming energy, like International Energy
Agency [IEA 2009, IEA 2009a] and Energy Informatiand Administration [2010] were used.
Lack of 2008 data on electric energy prices for n@ery and Japan in publications of
International Energy Agency caused, that in theseg estimations were necessary.

Results of model-based simulation studies

Biomass production costs on willow plantations dase, and the efficiency of production
increases as the size of plantation grows. Kindheftechnology variant applied for a willow
bioenergy production has an effect both on level structure of operation costs.

With equal price of biomass and prices of machindrg purposefulness of application of the
high level mechanization technology variant isliigher, the larger is the willow plantation, and
the more expensive is the labour. With the labasts of 8 and 10 PLN*h on 0.5 hectare
plantation application of such technology variaastnot advisable. Under such conditions
technology variant Il generates operation cost$%g% higher when the labour costs amount to
8 PLN*h’ and by 2.1% higher when the labour costs amouOt®LN*H. Therefore, on 0.5
hectare plantation more convenient, from econoroiantpof view, is adoption of the variant I, if
the labour cost amounts to 8 and 10 PLN*When the cost of labour amounts to 8 PLN*h
adoption of the highly mechanized technology vdriams justifiable only on plantations of 5
hectare and more. However, when the labour costiatado 15 PLN*H, technology variant I

IS more convenient even in a case of 0.5 hectargation (Figure 28).

If the technology variant | is applied, labour doates in the operation cost structure. Its share
ranges from 78 to 84% when the unitary cost of latmmounts to 10 PLN*h The share of
labour in total operation cost structure dependsnan-hour cost. It ranges from 84 to 89% in a
case with price of man-hour of 15 PLN*hThe per cent share of labour in total operatiost c
structure grows as the size of plantation incredsésa result of increasing operation capacities
during machinery works when size of fields growspphAcation of highly mechanized
technology variant Il brings about drop of per cehare of labour in total operation cost
structurle to 6% with labour unitary cost 10 PLN*and to 9% with labour unitary cost 15
PLN*h™.

As a result of an increase of operation capacitiben field works executed with machines,
along with grows of size of fields, the reductidnoperation costs is observed. When the labour
intensive technology variant | is applied, this uetibn is of relatively little importance. On
plantations of 50 and more hectares operationwitktlabour unitary cost of 10 PLN*his by
8.9% lower than on 0.5 hectare plantation. Howewalpption of the highly mechanized
technology variant Il brings about more importamstaeduction - by 25% (Figure 28).
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Values of unitary labour and machinery inputs whegparing of site and planting the willow for
energy, received as a result of calculations usnoglel method, are lower than the ones from
research in practice [Kwaiewski 2007, 2007a, 2008]. It has also an effecbperation costs.
When building the model, optimal work organizati@envenient location of plantation and a
good technical shape and choice of equipment wesanaed. In practice, there is difficult to
fulfil all these conditions. Therefore, resultse®@d in practice are usually les favourable than
the ones from model studies.

Operation costs together with material ones havesféatt on efficiency of willow biomass
production for energy. If the price of GJ of proddawvillow biomass would be equal to the price
of GJ in coal-dust, even with unitary man-hour aofs8 PLN*h* efficiency index over 1, in a
case of adoption of highly mechanized technologygiama 1, would be available only on
plantations of 50 hectares and more. Applicationatiour intensive variant | would assure
minimal efficiency even on plantations of 2 hectarender condition that the willow was not
planted on waste land, where inputs for preparatiosite are higher than on arable land or on
meadows and pastures. If the price of GJ of pradiweéiow biomass would be equal to the
price of GJ in coal-dust and unitary man-hour cdstO PLN*h* efficiency index slightly higher
than 1, in a case of adoption of highly mechanteetinology variant I, would also be available
only on plantations of 50 hectares and more, buleurrondition that the plantation was not
planted on waste land. With unitary man-hour cdst® PLN*h’, even on plantations of 50
hectares and more, achievement of efficiency iratdgast 1, would not be possible irrespective
of a variant of technology adopted (Figure 29).

If the price of GJ of produced willow biomass wowthount to 21.4 PLN*GY and unitary
man-hour cost 8 PLN*h efficiency index over 1, in a case of adoptiorhigfhly mechanized
technology variant I, would be available on pldimtas of 2 hectares and more, but under
condition that the plantation was not planted orsteydand. Adoption of technology variant |
would be minimally efficient even on 1 hectare pédions. With the price of GJ of produced
willow biomass of 21.4 PLN*G3 and unitary man-hour cost of 10 PLN*fefficiency index
over 1, in a case of adoption of highly mechanimsthnology variant I, would be available on
plantations of 2 hectares and more, but under tiondihat the plantation was not planted on
waste land. With the price of GJ of produced willowomass of 21.4 PLN*GY and unitary
man-hour cost of 15 PLN*h efficiency index above 1, in a case of adoptionhdfhly
mechanized technology variant Il, would be avadatnh plantations of 5 hectares and more, but
under condition that the plantation was not plamtedvaste land (Figure 30).

Above examples show that efficiency of inputs feodquction of willow biomass for energy
purpose depends not only on size of plantationleawel of mechanization, but also on kind of
the site for planting.

More significant, than kind of the site for plargjns the price of produced biomass. The effect
of this factor on production efficiency of the v biomass for energy will be shown on the
following examples, with assumption that the prodeunit of energy in willow biomass would
amount to 25 PLN*GJ. However, we have to remember that increase @epof energy in
willow biomass with constant price of fossil fuebwld cause the competitiveness of biomass
energy to decrease.

Price of 25 PLN*GJ with unitary man-hour cost of 8 and 10 PLN*would assure efficiency
index over 1, in a case of both technology variagwen on plantations of 0.5 hectare. With the
price of GJ of produced willow biomass of 25 PLN*3&nd unitary man-hour cost of 15
PLN*h, efficiency index over 1 would be achievable oiya case of adoption of highly
mechanized technology variant Il on plantation2 bectares and more (Figure 31).
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Above examples show that by rational choice of patidn technology, taking into account local
conditions, such as size of plantations, priceroflpced biomass, labour cost and kind of site for
plantation, one can to have an effect on operatimsts and efficiency of inputs for willow
biomass production for energy.

Results of model simulation studies for Poland ramre optimistic as compared to American
example. Current cost to produce and deliver stoaation woody crops in the USA are 2.60-
3.00 USD*GJ [Tharakan et al 2005b]. This prices are greatan ttommonly used coal, which
for large-scale power producers in the NortheasAU8nged from 1.40 to 1.9 USD*GJ
[Keoleian, Volk 2005]. A reason of the divergenseprobably significantly higher cost of man-
hour and lower price of fossil energy carriersha USA, as compared to Poland. Next section of
this chapter will show comparison of fossil fueli€Bel oil) and electric energy prices in selected
countries, including Poland and the USA.

Prices of selected conventional energy carriers

In 2009 average prices of hard coal, coke, natmal and electricity in Poland were by 4.9 to
16.6% higher than in 2008 (Fig 32).

Instead liquid fuels derived from crude oil and LR@re by 4.1 to 16.1% cheaper (Figure 33).
Both increase, and drop in prices of energy carneiginated from crude oil had clearly lower
dynamics than price of raw material (crude oil -erg).

In 2008 r. average yearly price of Diesel oil inda was a little lower than in West European
countries as well as in Czech Republic, Slovakia ldungary, but higher than in South Korea,
Japan and much higher than in USA (Figure 34).

Diminution in value of US dollar as related to coyrvalues caused that dynamics of changes in
prices in this currency was stronger then the an®ational currency. Increase in prices of Diesel
oil in national currencies during 2000-2008 ranfredn 28.5% in Czech Republic to 163.5% in
South Korea. In Poland it achieved 65.1% (Figure 35

As compared to Western Europe also price of etgstrin Poland was generally lower.
However, after increases during last years it wa®0i08 by 14.2% higher than in France. Lower
than in Poland were in 2008 prices of electricitySouth Korea, USA and Czech Republic
(Figure 36).

During 2000-2008 prices of electricity in natior@irrencies of countries being subject of the
analysis increased by 3.0% in South Korea to 109i7%dungary. In Poland the increase by
63.4% was observed. Only in Japan decrease in Ipyiée6% was noted (Figure 37).

Changes in prices of conventional energy price® llhg influence on competitiveness of energy
originated from renewable source including biomass.

Conclusion

Biomass production costs on willow plantations dase, and the efficiency of production
increases as the size of plantation grows.

With equal price of biomass and prices of machindrg purposefulness of application of the
high level mechanization technology variant isliigher, the larger is the willow plantation, and
the more expensive is the labour.

On small-size plantations application of highly mma&gcized technology variant Il generates
higher costs as compared to labour intensive tdogpwariant I, if the labour costs amount to 8
and 10 PLN*H. Under such conditions, on 0.5 hectare plantajmplication of such technology
variant is not advisable. However, increase of lmbcost to 15 PLN*H would cause the
viability of the technology variant Il even on h&ctare plantation.
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The kind of a site for planting also has an effattthe efficiency. In a case as it is planted on
waste land, the inputs are higher than when itl@tpd on arable land or on permanent
meadows or pastures.

Average prices of hard coal, coke, natural gaseaectricity in Poland in 2009 were by 4.9 to
16.6% higher than in 2008, and liquid fuels derifemm crude oil and LPG were by 4.1 to
16.1% cheaper.

In 2008, average yearly prices of Diesel oil angceicity in Poland were, in general, a little
lower than in West European countries, but highantn South Korea, Japan and the USA.

Research undertaken within the interdisciplinargjgut "Modelling of biomass utilization for
energy purpose” provides data enabling the choideahnology of production of energy crop
the most convenient from economic point of vieweThoice has to include in reckoning local
conditions, effecting both the yield and quality gbduct. That is why results from different
habitats are needed.

The analysis shows the usability of the method setbm this work to evaluate the efficiency of
biomass production for energy. Received resultsetbat the choice of suitable technology can
improve the efficiency of willow for energy produan.

The diversity of both natural conditions and othactors having an effect on economic

efficiency of production of energy crop cause tbantinuation of research in this field is

necessary. Use of biomass for energy, as the rdiewaergy source is to be a way to protect
the environment. Therefore, economic analyses twtake into consideration also environment
costs.
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5.2 Costs and profitability of production of energycrops

Aleksander Muzalewski

Summary

The research of cost and profitability was caroatlin the six plantations of willow, miscanthus
and Sida hermaphrodita. Cost of production of gnemgps in the entire lifetime of the
plantation ranges from 1546 to 2640 PLN/hal/year ianrms of calorific value of biomass -
from 13.2 to 32.7 PLN/GJ. In the structure of prcithhn costs operating costs of mechanization
dominate. Their share is in the range from 31.1%A®%. The results indicate a relatively high
profitability of energy crops on most of the stuij@antations. A proof of this is profit from 344
to 900 PLN/hal/year achieved on five plantationsweleer, on 1.6 hectares of willow plantations
a negative financial result was received.

Introduction

Profitability of production of energy crops is catmmhed by the prices charged by energy sector
for agricultural biomass and its production costiggson et al. 2009]. For the development of
this kind of production, the implementation of efige cultivation technology is also important
[Chotuj et al. 2008], including the specialized miaery, especially to harvest willow
[Muzalewski 2009]. These factors influence on tis& mssociated with investing in long-term
energy plantations and decide on the profitabdiftyhis kind of production.

Purpose and scope of research

The aim of the study is to analyze and evaluatéscarsd profitability of production of selected
energy crops. The study included plantations estadd in 2004-2008:

- Willow (Salix viminalis) with areas of 1.6 and Fa,

- Miscanthus (Miscanthus sinensis x gigantheud) ateas of 5 and 20 ha,

- Sida hermaphrodita with area of 1 and 4 ha.

Selected elements of the surveyed plantationsrasepted in Table 44

The method of research

Production inputs and their costs were analyzedutiitout the lifetime of plantations, which
include: the establishment, operation and liquatatof plantations, including the cost of
handling (from field to farm). Data for analysis neeollected during the visits of plantations in
the first half of 2009. Above-mentioned data concéne process of production and costs
incurred in the first years of energy crops proauctAs a result of combination with literature
data ([Dubas 2006], [Faber et al. 2009], [GostkawX)06], [Kowalczyk-Jeko and Gradziuk
2006]), the determination of the further coursepodduction process was possible, including
assessment of costs and benefits of throughouifétiene of the plantation also including the
costs of liquidation [Stolarski 2008].

Costs of production of energy crops in the entifetime of the plantation were calculated
according to the level of net prices (excluding VJAST the end of 2009. These costs include both
the costs of any material inputs, including de@gan of capital assets and costs of labour and
money considerations (insurance, taxes).

Costs of machinery on the plantations were detexchiny calculation method [Muzalewski
2009], also using indicators for selected macha@ording to German sources [KTBL 2006].
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The costs of machinery services were accountedr@iogpto market prices or estimated using
calculation method.

The cost of human labour inputs was calculatechatyprate of salary, equal to 15 PLN/hour.

For the analysis of the profitability of productiohenergy crops the term of profit was used as
the difference between incomes and production costs

The revenues associated with the production ofggnerops consist of the value of harvested
yield and potential revenues in the form: Singlea@iPayment Scheme (SAPS), payments to
favoured areas (LFA), payments for energy crops) @tfl a grant to establish perennial energy
crops (TRE). It should be noted that since therggg of 2010 the support for the production

of energy crops in the form of payments RE andtgraRE are no longer used.

To estimate the value of the harvested yield ofggnerops a purchase price was assumed in the
amount of 18 PLN/GJ of calorific value.

Characteristics of surveyed plantations

The characteristics of surveyed plantations arergim Table 44. The lifetime of the plantation
adopted to analyze, covering the years of direetggncrop production in the subsequent cycles
(1 - or 3-year), as well as one year necessarydpape the field to establish and liquidation of
the plantation, amounts from 16 to 20 years, dependn the kind of plantation.
The average dry matter yield of harvested crogsnated on the basis of empirical data and the
forecasts of further use of plantations, was i@ tlase of willows 6.88 and 8.00 t/hal/year,
miscanthus 10.45 and 11.08 t/ha/year, and Sida d@hmadita 9.28 and 10.82 t/halyear
throughout the lifetime of plantations. The humjdit harvested willow chips was 55%, bales of
miscanthus 30% and Sida hermaphrodita (bales @f) d8a20%.

Table 44. Characteristics of tested plantationsnefrgy crops

ltems Willow Miscanthus Sida hermaphrodita
Symbol of plantation w1l w2 M1 M2 S1 S2
Plantation area, ha 1.6 70.9 5.0 20.0 1.0 4,0
Useful life, years 20 19 16 16 16 16
Transport distance, km 15 2.0 1.25 4.C 0.3 2.0
Date of planting (sowing) IV.2005 | XI.2005| 1V.2006| 1IV.2006| [IV.2008 1V.2004
Density of plant., 1000 pcs./ha 29 18 10 10 28 29.6
Number of harvesting cycles 1+6 6 15 15 15 15
Form of harvested biomass* S.Q C B B CH B
Yield of fresh mass, t/ha/year 15.30 17.7 14.63 .835| 13.20 11.6
Humidity of biomass, % 0.55 0.55 0.30 0.30 0.18 00.2
Dry matter yield, t/ha/year 6.88 8.00 10.45 11.08 0.82 9.28
Calorific value, GJ/t f.m. 6.63 6.63 12.38 12.3|8 .63 13.25

Source: Own research in the project EN 0073

* S - long shoots, C - willow wood chips, B — balépressed plants, CH - chaff.

Production technology and level of expenditures

On the plantation W1 (1.6 ha) willow cuttings wegrkanted by hand. The harvest of willow

stems were made by tractor mower with a cutting.difie cut stems were stacked near the field,
and then they were brought to the farm and aftas@@ng were chipped by stationary chipper.
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The first harvest was performed in the year afterflanting and further six production harvests
were performed in the three-year cycles.

On the plantation W2 (70.9 ha) the planting of ewillwas carried out by planter in quantities of
18.000 pcs/ha. The harvest was done by a self-jpedprage harvester (317 kW) with extra
shearing unit HS-2 (see Phot. 6) [Muzalewski 208%9ijlow chips were brought to the farm by
volume trailers. Willow harvests were realizedhree-year cycles.

Plantations M1 (5 ha) and M2 (20 ha) were planteglanters in an amount of about 10.000
pieces of Miscanthus rhizome per hectare.

On the plantation S2 (4 ha) seeds of Sida hermdghravere sown by drilling machine. Disc
mowers with conditioner were used for annual cgtoh miscanthus and Sida hermaphrodita on
each of the above three plantations. Cut-off stras collected by big balers forming
rectangular bales with a volume of about 2.0-2*land a weight of 300-360 kg (Phot. 7).

harvester with a unit HS-2
(Photo by W. Markiewicz IBMER)

.-

Phot. 7. aresting o Miscanthus wi baler
(Photo: L. Hak Agro-Energy)

Telescopic handlers were used for loading baleshentrailers, as well as for unloading and
stacking them on the farm. Bales of pressed eneiggts were brought to a farm with

specialized platforms for straw bales, and on thatption M1 (5 hectares) with the usual tractor
trailers. On a small plantation S1 (1 ha) plantfigida hermaphrodita was made by hand from
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prepared on the farm seedlings. One row tractovdsaer-chipper was applied for Sida
hermaphrodita harvesting.

The studied plantations differ in the energy inpatsd in particular in the level of mechanization
of work (Table 45).

Table 45. Production inputs on particular plantadio

ltems Willow Miscanthus Sida hermaphrodita

Symbol of plantation w1l w2 M1 M2 S1 S2
Plantation area, ha 1.60 70.9 5.0 20.0 1.0 4)0
Fertilizers NPK, kg/hal/year 76.8 90.4 61.9 1119 6.81| 125.1
Labour, h/halyear 70.1 9.9 9.5 6.0 36.4 7.1
Energetic h/halyear 16.7 5.7 7.5 5.2 16.6 5,7
means kWh/halyear 610 512 651 469 704 484
Diesel oll, I/ha/year 87.8 66.4 87.8 62.4 95.6 65)3

Source: Own research in the project EN 0073

On plantations W1 and S1, located in small farrabplir-intensive production technologies
dominate, using tractors of low power and low-c#yamachines. Much work is done by hand
with the result that unit labour inputs are vergthand are respectively 70.1 and 36.4 h/halyear.
Plantations W2, M1, M2 and S2 are run by largecadjiral enterprises, which possess powerful
tractor-machine sets and self-propelled machin@msoduction technologies used in these
enterprises for energy crops are characterizeceby lew unitary labour inputs - from 6.0 to 9.9
h/halyear.

The average consumption of fertilizers throughabetlifetime of the studied plantations amounts
(in a pure component) from 61.9 to 125.1 kg/halyaad Diesel oil from 62.8 to 95.5 |/ha/year
(Table 45). The inputs of energy means (tractorshile machinery, motor equipment) ranges
from 5.2 to 16.7 h/hal/year and in units of energyf 469 to 704 kWh/ha/year.

Production costs

The highest cost of production of energy crops feasd on a willow plantation of 1.6 hectares
(2640 PLN/halyear), and lowest on the willow plaiota of 70.9 ha (1546 PLN/ha/year) (Table
46). The production costs of miscanthus and Siden&ehrodita on all four tested plantations
ware similar and ranged from 2192 to 2499 PLN/rexlye

Operating costs of the means of mechanization daim the cost structure of energy crops
production. Their share is in the range of 31.1%r({ation S1) to 47.6% (W2) (see Figures 38-
40). In the case of poorly mechanized productiatnelogies on small plantations of willow
(1.6 ha) and Sida hermaphrodita (1 ha) high propof labour costs was found, respectively
39.8 and 21.8%.

Table 46. Costs of production of energy crops

Items Willow Miscanthus Sida hermaphrodita
Symbol of plantation w1l w2 M1 M2 S1 S2
Plantation area, ha 1.60 70.9 5.0 20.0 1.0 4.0
(PLN/ha/vear 264( 154¢€ 2371 242¢ 249¢ 219
Total cost| (PLN/t f. mas 216.¢ 91.¢ 169.¢ 163.t 216.1 201.t
(PLN/GJ) 32.7 13.8 13.7 13.p 158 15.2

Source: Own research in the project EN 0073
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On the plantations of miscanthus (M1 and M2) thetxmf purchase of planting material
(rhizomes) had a significant share in productiostgorespectively 26.3 and 28.4%. The share of
the cost of consumed fertilizer in the cost of itbn of energy crops varies from 5.5 to 16.9%
and the share of used chemical plant protectiomme&om 0.5 to 6.9%, depending on the plant
or technology.

In the cost structure of energy crops productiontyme of operation (Table 47), the highest
average share have activities directly related e harvest (19,2-34,5%), followed by
mechanical planting of miscanthus rhizomes (27.8 29, 4%) and manual planting of Sida
hermaphrodita seedlings (19.4%).

Table 47. The level and structure of productiort cd€nergy crops on the plantations examined
by type of production operations

Items Willow Miscanthus Sida hermaphrodita
Symbol of plantation w1l w2 M1 M2 S1 S2
Plantation area, ha 1.60 70.9 5.0 20. 1.0 410
Ti‘?]t;'ufj?rf; ((f;/o")':\" halyear), 2640 | 1546 | 2377| 2426| 2499 2192
Soil cultivation 0.5 1.7 14 1.1 1.2 1.0
Fertilization 6.8 21.1 6.4 14.4 13.8 197
Plant protection/care 10.2 4.1 0.2 0 12.0 9.4
Planting (seeding) 6.5 7.3 27.9 29 19.4 16.5
Harvesting 26.5 26.6 34.5 28. 19,2 25.9
Eﬁ:r?]”ng’ stacking bales, shaping g o 14.4 12.7 9.4 16.3 9.4
Chipping 22.5 - - - -
Liguidation of plantation 3.2 8.2 1.1 1.1 1p 1/0
Overheads and Inventory 3.0 4.2 8/4 8.2 5.9 D.1
Taxes and insurance 14.9 12;3 7.4 1.2 11.1 8.0

Source: Own research in the project EN 0073

These costs include operating costs of used tsa@nd machinery, the people involved and
consumable materials and other inputs (seedlilggomes, string for balers etc.). In the case of
plantation W1 a significant share (22.5% of proguciosts) also has the costs of chipping the
willow shoots with stationary chipper.

Profitability of energy crops

The category of profit (P) was used to assess ribietqbility of production of energy crops. The
profit P1 from the production of energy crops, deieed as the difference between value and
costs of production, on the plantations W2, M1, M&, and S2 was from 344 to 880
PLN/ha/year (Table 48). Only on a willow plantatiol (1.6 ha) a distinct loss of -1186
PLN/ha/year, on average throughout the lifetimahef plantation, has been observed. Among
the surveyed crops miscanthus had the highesttgiodity of production (profit P1 = 743 and
880 PLN/hal/year). Profit from the production of &itermaphrodita was over twice lower (P1 =
344 and 402 PLN/hal/year).
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Table 48. Calculation of profit (in PLN/ha/yeardiin the production of energy crops

Items Willow Miscanthus Sida hermaphrodita
Symbol of plantation W1 W2 M1 M2 S1 S2
Plantation areeha 1.6 70.9 5.0 20.0 1.0 4.0
Production value 1454 2011 3120 3304 2843 2594
- Production costs 2640 1546 2377 2426 2499 2192
= Profit P1 -1186 464 743 880 344 402
+ SAPS 507 507 507 507 507 507
= Profit P2 -679 971 1250 1387 851 909
+ LAF 179 179 179 179 179 179
= Profit P3 -500 1150 1429 1564 1030 1088
+ RE 181 180 178 178 17 17
+ TRE 215 226 338 338 19% 19
= Profit P4 -104 1557 1945 2082 140 1457

Source: Own research in the project EN 0073

The level of profit is significantly increased blyet payments and subsidies for energy crops
(SAPS, LFA, RE, TRE). In 2009, the total amounttieése potential revenues on surveyed
plantations of willow amounted from 1012 to 1092\#ha/year, miscanthus - 1202 PLN/ha/year
and Sida hermaphrodita — 1055 PLN/ha/year. On thi®wv plantation W1 total of these
payments limited potential loss for P4 to -104 Phdyear, and on the remaining five
plantations increased value of the profit P4 frod0@ PLN/ha/year (plantation S1) to 2082
PLN/halyear (plantation M2).

For the market price of the biomass of 18 PLN/@l¢udated purchase price of fresh biomass
ranges on the tested plantations from 119.3 PL0N246.9 PLN/t, depending on the species and
the calorific value of plants (Tables 44 and 49).

In order to ensure the profitability of willow proction on plantation W1, the equilibrium price
EP1, i.e. the price paid for the willow chips whighlances the production costs (profit P1 = 0),
should be 216.6 PLN per 1 tonne of fresh chips i@ 4B).

After taking into account all of the potential pagmbs to the willow plantation the equilibrium
price EP4 (for profit P4 = 0) decreases up to 1PLH/t. On the other five profitable plantations
market prices of energy crops are higher than dheutated equilibrium prices.

Table 49. Purchase and equilibrium prices of energgs

Items Willow Miscanthus Sida hermaphrodita
Plantation area, ha 16| 709 5. 20.0 1.0 400
Purchase PLN/GJ 18.0
price PLN/t fresh m. 119.3| 1193 2228 222)8 2459 2385
Equilibrium price (PLN/t fresh m.):
EP1forP1=0 2166 91.8 169.8 163.5 216.1 201.5
EP4forP4=0 1279 26.9 83.9 82.5| 124.8 1045

Source: Own research in the project EN 0073

Summary

The production costs on six surveyed plantationsnafrgy crops range from 1546 PLN/ha/year
(plantation W2) to 2640 PLN/halyear (W1), and imte of calorific value of the harvested
biomass - from 13.2 PLN/GJ (M2) to 32.7 PLN/GJ (W) the structure of production costs
operating costs of mechanization dominate; tharesks in the range of 31.1% (plantation S1) to
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47.6% (W2). Similarly, in the structure of prodwacti costs by type of operations the highest
average share has the harvesting of energy cr8pz-84.5%).

The results of field research, including analysgisiputs, production costs and effects, indicate a
relatively high profitability of energy crops on stmf the studied plantations. A proof of this is
achieved in five plantations profit (Z1) in heighdm 344 to 880 PLN/hal/year. The scale of this
gain can be significantly enlarged by the potergeyments for energy crops (SAPS, LFA, RE,
TRE). A loss of 1180 PLN/ha/year was recorded amya willow plantation of 1.6 hectares.
This loss was primarily caused by too labour-conagnproduction technology, in relation to
the effects achieved.

It should be noted that the results of the analgsesbased on data from the first years of use of
plantations (plantations were established in 200@82, assuming a model production processes
in the subsequent years of use of the plantatiaggh Brofitability of production of energy crops,
found in this study, is due to the effect of relaly high yields, in relation to the average mitera
fertilizer inputs (62 + 125 kg of NPK/ha/year), acttemical plant protection means.

The final cost-effectiveness of production and retirlg of energy crops will be determined by
the management of harvested biomass, includingpah costs to power plants, as well as any
additional costs of converting biomass (dryinggbetting, pelleting).
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6

Monitoring methods of remote sensing elaborations
energy crops

6.1 Application of remote sensing based informatiofor monitoring development of plants
used for energy production

Katarzyna @browska—Zieliska, Zbigniew Bochenek, Maria Budiska

Summary

The aim of the Project is to develop the methodplmg monitoring development of plants for
energy production in order to estimate their biosnds is made by analysis of plant growth
conditions and increase of biomass based on satéiages with low- (AVHRR, TERRA
MODIS) and high spatial resolutions (Landsat ETHiystly, terrain works were made, which
were focused on locating and describing growth tmns$ and the area for fourteen plantations
of energetic willow. At the second stage, the asialpf satellite images has been made, from
which NDVI index was estimated, for the 2005 —2@@8wing seasons. Additionally, radiation
temperature of vegetation was estimated from MO@d&. Those studies allow us to state that
remote sensing gives us the possibility of moni@rihe plantations of plants for energy
production, and finding out in which season theputhi be irrigated. The remote sensing
approach allows also to choose less-favoured dtyrali areas, which can be used for setting
plantations mentioned above.

Theoretical Background

Remote sensing based information can be an eféetvol for determining areas of plants for
energy production and for biomass monitoring. Imtipalar, various types of satellite data,
including high-resolution images, acquired by LatdsSPOT and ASTER satellites, and
medium resolution images of MODIS type, are pradedt for this kind of work. In the
presented work it was assumed, that several typsatellite images, characterized by different
spatial and spectral resolutions, will be usedpnter to precisely characterize development of
plants for energy production and infer on theimbéss amount.

Possibilities of monitoring plant development witle use of remote sensing technique is closely
related to behaviour of radiation, while interagtinith vegetation. Reflection and absorption of
radiation by plants is dependent on leaf pigmemgger content and cellulose. These substances
react differently to radiation, depending on wawglé. In visible range, covering 400 — 700 nm
wavelengths, reflection is controlled by pigmemntsatained in leaves. Part of visible radiation is
absorbed and used in photosynthesis process. @hlgrca and b are the main assimilation
pigments taking part in this process. They haveimam of absorption in blue (ca. 450 nm) and
red (ca. 680 nm) part of spectrum, while reflattod radiation by vegetation is located in green
(ca. 550 nm) radiation range. In near infrared eaf¥®0 — 900 nm) high increase of reflection is
observed. Magnitude of near infrared reflectiorighly dependent on type of plants, creating
possibilities of their distinguishing.
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In a case of longer infrared wavelengths changesfiaction depend mainly on water content in
plant cells, as well as on content of lignin antlubese. High content of water in plant cells
causes decrease of reflection of infrared radiatidnle in drought conditions, for plants under
water stress, reflection in this spectral rangaiBantly increases.

Knowledge on reflection of radiation by vegetationvisible and near infrared bands and

emission of radiation in far infrared band was ai®dor construction of instruments recording

these wavelengths of spectrum. These instrumealiledamultispectral scanners are installed on
boards of numerous environmental satellites. Twahateon bands — red and near infrared -

proved to be especially important for studying \atgien, hence they were used most frequently
for constructing vegetation indices, characteriztant development.

In order to examine usefulness of remote sensing fitet monitoring plants used for energy
production two types of satellite images were usdathages with high temporal frequency
(NOAA AVHRR, TERRA MODIS), characterized by relatiy low ground resolution (250 —
1000 m), as well as archival and recent high-régmiumages of Landsat ETM type. The aim of
the analyses was to prepare methodology of mongodevelopment of plants for energy
production in order to estimate their biomass. e of work has been already carried out at
the Institute of Geodesy and Cartography in retatto the main crops and grasslands
(Dabrowska-Zielinska K., 1995). As a result of #heworks the system for monitoring
crop/grassland conditions with the use of low-regoh satellite images has been elaborated, as
well as method for forecasting yield of the mainps has been prepared. Experience gained in
the course of these activities was used for comuyitasks within the presented work.

Vegetation indices used for environmental studies

Among several remote sensing based indices useddnitoring vegetation the most commonly
are: simple Vegetation Index (VI) and more modifddrmalized Difference Vegetation Index
(NDVI). These indices serve first of all for loaagi vegetation, but also for determining
biophysical parameters of plants (Running et &94).

Vegetation Index VI is defined as ratio of radiati@flected in near infrared and red band. It is
described by a formula:
VI — pNIR
Prep

where:
Pur- reflectance in near infrared band;

Prep - Feflectance in red band.

This index emphasizes vegetation on the sateliitege through its distinguishing from other
land cover categories existing on Earth surface.

Normalized Difference Vegetation Index (NDVI) isethmost frequently used index for
vegetation studies. It is described by a formula:

NDVI = (pNIR _pRED)
(leR + IORED)

This index can vary from -1 to +1. Positive valugspear for areas, where near infrared
reflectance is higher than that in red band. Negatialues are characteristic for areas not
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covered with vegetation. In a case of positive NDMlues its magnitude is determined by
density of vegetation canopy (biomass) and itswigo

If vegetation cover is sparse, VI and NDVI indiegs influenced by reflection of radiation from
soil. Depending on soil colour magnitude of bottlices can be higher or lower; dark soils cause
their increase, while bright soils decrease. Sailsture also has impact on both indices; wet soil
has similar reflectance as dark soil, so it inaesanagnitude of VI and NDVI indices.

NDVI index is a basis for deriving new index, esp¢ used for monitoring vegetation, while
having long series of satellite observations. taed Vegetation Condition Index (VCI) and is
constructed, taking into account minimum and maximNDVI value from multiyear NDVI
data, The following formula is applied for this axd

vel =100 NPV = NDVI,,
NDVI,_,.— NDVI_.

Beside these commonly used indices also other a&ggetindices are worth mentioning,
especially those, which consider impact of aerogolthe atmosphere on amount of reflected
radiation. Many of them were recently tested — Adpieerically Resistant Vegetation Index
(ARVI), Soil Adjusted Vegetation Index (SAVI), Glab Environment Vegetation Index
(GEMI). Studies on these indices led to elaborakngironment Vegetation Index (EVI), which
became one of vegetation products offered from TERRODIS data. This index is based on
red, infrared and blue band, which is highly abedrby plants and scattered by atmospheric
aerosols. The index compensates the effect oftradiacattering, being calculated according to
formula:

EV| = 2,0><( Pnir ~Prep j
1+ Pur T 610RED - 7'5pBLUE

Apart from indices based on reflected radiatiospatome indices which use long wave, far
infrared radiation are applied. Among them the nkogiwn is Temperature Condition Index —
TCI, which takes into account minimum and maximuemperature within time series

temperature data. It is determined according toba:

TS~ T
TS‘nax - TSnin

TCl = 100

TCIl index characterizes water availability for vegemn development. It is changeable
throughout vegetation period — its low values inyeapring confirm good conditions of plant
development, while in later phases of vegetatioriodethey can be an indicator of stress
conditions, leading to drought situation.

Preparatory Field Campaign

At first stage of research works plantations ohpdor energy production, to be used for remote
sensing based analyses, were selected. They wdigated by the Institute for Building,
Mechanization and Electrification of AgricultureBMER) within podkarpackie, lubelskie and
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kujawsko-pomorskie voivodeships. 16 plantationsmifow used for energy production were
located and described on the area of the followmgnties and communes:

* Ropczycko-sedziszowski county — Ostrow and Ropczgeemunes
» Stalowowolski county — Stalowa Wola commune

» Tarnobrzeski county — Nowa Deba commune

* Lubaczowski county — Lubaczow and Oleszyce communes

* Przemyski county — Fredropol commune

* Bydgoszcz county — Dobrcz commune

Location of each plantation was done on the bdsis general description, applying for precise
location GPS measurements. After finding plantatiothe field, its accurate boundaries were
drawn on the 1:100 000 map and on the Landsat Tinemapper satellite image. Exemplary
image of Stalowa Wola plantation is presented gufé 41. Next development stage and size of
each plantation was described. The selected pilansatwere characterized by various
development stages — from recently harvested teedergetation cover up to 4 meters high.
Also size of plantations varied — from 7 ha at Noaba commune to 80 ha at reclamation
dump close to Stalowa Wola.

As a result of field work the technical report leen prepared; it contained the detailed
information on location and development stage efdélected plantations. This information was
indispensable for next phases of the work, whefemiht types of satellite data were applied.

Analysis of high-resolution satellite images for th selected plantations

At first stage of the works application of high-sagion satellite images for monitoring biomass

of plants used for energy production was studiethdsat Thematic Mapper images were used
for this purpose; they were collected from archivedources for 8 plantations, located in 4

voivodeships (podkarpackie, lubelskie, swietokrays&nd kujawsko-pomorskie), namely for:

» Stalowa Wola plantation — ca. 80 ha

* Lubaczow plantation — ca. 40 ha

e Chmielow plantation — ca 38 ha

» Tarnowska Wola plantation — ca 24 ha
* Rozwienica plantation — ca. 10 ha

* Chotelek plantation — ca. 20 ha

* Marcelewo plantation — ca. 50 ha

e Suponin plantation — ca. 41 ha.

Landsat Thematic Mapper images were collected®062- 2007 period, for different vegetation
phases (from May till September). Changes of NDwleix in this period for 6 plantations

located in southern Poland were presented in Fig@re Changes of NDVI values illustrate
fluctuations of this index, depending on vegetatgrase and environmental conditions. At
middle phase of 2006 vegetation period (June -) Jolyall analyzed plantations high NDVI

values were observed, manifested due to dense gdanapy and good growth conditions (no
water deficit). In September 2006 decrease of NIbdex appeared for majority of plantations,
related to development cycle of plants and managermeactices conducted on plantations.
Similar situation could be observed on the basavailable 2007 Landsat TM images.
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Special emphasis was put to two plantations — Menee and Suponin - monitored by the
Institute for Land Reclamation and Grassland FagmiMUZ) and the Plant Breeding and
Acclimatisation Institute (IHAR). They are locateth kujawsko-pomorskie voivodeship
(Bydgoszcz district). Both institutes make on thetntations regular measurements of agro
meteorological parameters: air temperature, soistae, amount of precipitation and sunshine.

In the course of field work information concernidgvelopment cycle and agronomic practices
for both plantations was collected. Also air tenapere, monitored by IHAR, was obtained. All

types of information were used in the course oflymma of 2006 — 2007 Landsat Thematic
Mapper images, acquired for Marcelewo and Supolaintations.

Analysis of low-resolution satellite images for theelected plantations

Due to needs of long-term, regular monitoring @& felected plantations analysis of application
of low-resolution satellite images was done at tlext stage of the works. The data were
acquired by AVHRR scanner installed on the boafdd@AA satellites. This scanner enables to
collect radiation information in 5 spectral bandsyering visible, near infrared and far infrared
ranges. Ground resolution of these images is 1008@AA AVHRR images are daily captured
at the Institute of Geodesy and Cartography with uee of NOAA receiving station. They are
next processed in order to derive vegetation ird®DVI, characterizing development stage of
plants. Acquisition of images in a daily sequeneeé toeir analysis in ten-day’s cycle enables to
monitor vegetation growth and to infer informatimm amount of biomass.

Database of NOAA AVHRR satellite images, existing the Institute of Geodesy and
Cartography, beside original data, contains thairious transformations, including ten-day
composites of Normalized Difference Vegetation kndeNDVI, covering 1997 — 2010 period.
For the presented work NDVI images covering 20068 period, i.e. period of development
of plantations of willow used for energy productiavere applied. Three the largest plantations
were selected, namely:

* Plantation close to Chmielow - ca. 38 ha
* Plantation close to Lubaczow - ca.40 ha
* Plantation close to Stalowa Wola - ca. 80 ha

For each plantation, located on the satellite irmagih the use of coordinates, measured in the
course of field work, values of NDVI index were @ehined in the succeeding decades of
vegetation period, i.e. from April till September.

On the basis of NDVI index determined for the sidcplantations in 2005 — 2008 period
graphs representing variability of this index wprepared. They were presented in Figures from
43 to 46.

Analysis of changes of NDVI index through vegetatiperiods reveals high differentiation

resulting from vegetation conditions and developmprase of plants. In 2005 at the beginning
increase of NDVI was blocked for all 3 plantatiomgjile later up to July quite even increase
was observed; afterwards lower NDVI values appedregito unfavourable weather conditions.
Similar situation was observed in 2006, when &t fiwo decades values of NDVI did not grow
much, while in the succeeding period, up to begignof July increase of this index was
observed, followed by gradual decrease for all talgons (and for reference podkarpackie
voivodeship) up to end of August.

Different situation, expressed by NDVI changes,egppd in 2007. At first part of vegetation
period (April — May) fluctuations of NDVI were olbrsed for all plantations, with increase up to
mid-June, decrease with minimum at the end of Jblginning of August and gradual increase
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up to end of August. Slightly similar shape of ND&lrves was observed in 2008. Fluctuations
of NDVI appeared in April, next maximum values wesached in June / beginning of July,
followed by decrease up to mid-August and sligbtease at the end of August.

Values of NDVI index were also studied in time [lieo2005 -2008. Its comparison reveals, that
depending on agrometeorological conditions NDVIueal at the same decade in various years
can differ, indicating shift of start of vegetatigeriod or drought conditions. Comparative
analysis of this type was presented on the exaoff®alowa Wola plantation in Figure 47.

Analysis of TERRA MODIS satellite images in 2006 2008 time profile

MODIS instrument (Moderate Resolution Imaging Speeidiometer) installed on the board of
TERRA satellite records radiation in 36 narrow spdands from 400 till 14400 nm. First two
spectral bands 620 — 670 nm and 841 - 876 nm aaeacterized by the highest ground
resolution — 250 meters; they are applied for datwg Normalized Difference Vegetation

Index — NDVI. The remaining bands have ground rgsmh of 500 m (for visible spectrum) and
1000 m (for middle and far infrared). Path widthr dODIS instrument is 2330 km, which

allows for collecting data for the same area widiydfrequency. On the basis of daily images
various products are generated, for instance Semayposites of NDVI index and radiation

temperature. These products are stored at the atsabf the Institute of Geodesy and
Cartography; they were used for conducting nexgestd the works.

In this stage TERRA MODIS data collected in 20062608 vegetation periods (April —
September), were analyzed. Two parameters were tate consideration: NDVI index and
radiation temperature of plants. The analysis wasedfor Marcelewo plantation, which is
monitored by 2 agricultural institutes — ITP (fomiglUZ) and IHAR.

Changes of NDVI MODIS for Marcelewo plantation imrée vegetation periods — 2006, 2007
and 2008 - are presented in Figure 48. Analysisthafse graphs generally confirms
characteristics of NDVI changes obtained on theésbaisSNOAA AVHRR images. Development

of plantation starts at the beginning of April 20@@m low NDVI values; next gradual increase
is observed up to maximum value at the end of JAhdhe second part of 2006 vegetation
period fluctuations of NDVI index, related to metelogical conditions, appear. Changes of
NDVI in 2007 reveal differentiated development cibiods at first stage of vegetation period,
expressed by relatively slow increase of the indexthe middle of vegetation period (June)
significant increase of index was observed andtdbilization on the high level for a quite long
time. In 2008 relatively slow increase of NDVI indappeared till beginning of July, followed

by its quite high values till the end of vegetatperiod.

Similar graphs were prepared for changes of radhatemperature, determined on the basis of
thermal channels of MODIS instrument. They are gmésd in Figure 49. Graphs reveal quite
high fluctuations of temperature, in particularnaiddle and second part of vegetation period,
with amplitude, which is different for 3 years undgudy (2006, 2007 and 2008). In order to
analyze, if these fluctuations had impact on ptiwelopment, it was decided to compare values
of radiation temperature, derived from satellitéadaith air temperature, measured at the same
time in the field. So, first graphs illustratingastges of air temperature in three vegetation
periods — 2006, 2007 and 2008 - were prepared; wexg presented in Figure 50. Next for
succeeding 8-day periods differences between radi@nd air temperature were calculated.
Magnitude of these differences can be an evidefha#ress conditions in plant development.
Changes of temperature differences within vegetaperiods (2006, 2007 and 2008) were
presented in Figure 51.

In order to examine, how described above conditar@ant development can affect amount of
biomass, expressed by cumulated NDVI index, grappgesenting this index were prepared for
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three vegetation periods. They were presentedguar€i52. It results from their analysis, that at
first two years of plantation development increasdiomass was similar, while in third year

(2008) distinct increase of biomass, expressed uoputated NDVI index, was observed,

especially in the second part of vegetation perib@roves, that high amount of biomass was
formed at the plantation, regardless of temperdtuctuations, which appeared in 2008.

The following conclusions can be drawn from analydithe prepared graphs:

* In 2006 stress conditions of development, exprebsekigh difference between air and
radiation temperature, appeared in May and at #ggnhing of June. To a lesser extent
this phenomenon could be observed between July gugtuand between August /
September;

* In 2007 conditions of plant development were gathaeihd of June / beginning of July,
when the highest differences between temperatuppsazed. At the second part of
vegetation period situation was fairly stabilizeddluding second part of August);

* In 2008 relatively the highest fluctuations of dittnces between air and radiation
temperature appeared, with maximum values obsarvedd-June, mid-August and in
September.

Conclusions

Monitoring of areas covered by plants used for gnegsroduction applying remote sensing
techniques gives possibilities of yield estimataomd determination, at which phase of vegetation
period irrigation should be applied. Both types sattellite images proved to be useful for
monitoring vegetation conditions — medium-resolotdata of MODIS type, which allow for
monitoring with high temporal frequency, using botkegetation indices and temperature
information, as well as high-resolution data of dsat TM type, which deliver more precise
spatial information on development phase of plamtat Further works are conducted on
determining amount of evaporation and on applyingistare indices, derived from ratio of
current to potential evapotranspiration. Remotesisgnimages and techniques can also support
selection of less-favoured agricultural areas, Wwhtan be suitable for developing plantations
with plants used for energy production.
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Figure 41. Location of Stalowa Wola plantation eandsat Thematic Mapper
image
Source: in-house preparation

090 4

U,BD I - I n

070 I

060
B Lubacziw

050 B Rofwienica
O Stalowa Wola

0.40 @ Chrnieldw

' B Tamowska Wola

B Chotelek

0,30

020

0,10

000

¢§¢@§§§@§@@@@%@@“§§@“@@“@
@_&_@,m@@@@@@@@@_&@@&% @»@@

DATE

NDVI

Figure 42. Changes of NDVI TM index for 6 plantason southern Poland in 2006 — 2007
period
Source: in-house preparation on the basis on IGEaurces.
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Figure 43. Changes of NDVI NOAA index in 2005 \etipmt period
Source: in-house preparation on the basis of IG#Kaurces
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Figure 44. Changes of NDVI NOAA index in 2006 \etimmt period
Source: in-house preparation on the basis of IG#Kaurces
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Figure 45. Changes of NDVI NOAA index in 2007 \etipmt period
Source: in-house preparation on the basis of IGéKaurces
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Figure 46. Changes of NDVI NOAA index in 2008 \ati@t period
Source: in-house preparation on the basis of IG#Kaurces.
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Figure 47. Analysis of NDVI NOAA changes for Stald¥ola plantation in 2005 — 2008
period
Source: in-house preparation on the basis of IGeKaurces
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Figure. 48. Changes of NDVI MODIS index for Margedeplantation in 2006 — 2008 vegetation
periods.

Source: in-house preparation on the basis of IGéKaurces.
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Figure. 49. Changes of MODIS radiation temperatismeMarcelewo plantation in 2006 — 2008

vegetation periods
Source: in-house preparation on the basis of IG#Kaurces.
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Figure 50. Changes of maximum air temperature farddlewo plantation in 2006 — 2008
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Source: in-house preparation on the basis of IGéKaurces.
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Figure 51. Changes of differences between radiadiach air temperature for Marcelewo

plantation (2006-2008).

Source: in-house preparation on the basis of IGéKaurces.
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Figure 52. Changes of cumulated NDVI MODIS indexvarcelewo plantation in 2006 — 2008.

Source: in-house preparation on the basis of IG#Kaurces.
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6.2 Can we simulate runoff from agriculture-dominaed watersheds? Comparison of the
DrainMod, SWAT, HBV, SOUP and INCA models applied br the Skuterud catchment.

Johannes Deelstra, Csilla Farkas, Alexander EntgireSigrun H. Kveerng, Stein Beldring,
Alicja Olszewska and Lars Nesheim.

Summary

Models are indispensable tools in facilitating demm making relative to the implementation of
mitigation measures to improve water quality wikte tobjective to achieve good ecological
status by 2015 as embodied in the EU - Water FrameWirective. Different models can be
used to predict nutrient and soil loss from agtioall dominated catchments, however a
prerequisite is that the dominating hydrologicawfl processes are represented. This chapter
presents results of an application of 5 differemdeis (SWAT, DRAINMOD, COUP, HBV,
INCA) to Skuterud, an agricultural dominated cateimin The catchment is located in south-
eastern Norway, approximately 35 km south of Osld & since 1993 part of JOVA - the
Norwegian Agricultural Environmental Monitoring Bramme. The total are of the catchment
is 450 ha, with arable land constituting 61%, fox@s/ering 29 % while the rest is urban area
(8%) and bog (2%). The models were parameterisdihrated and compared with respect to i)
spatial resolution, ii) the processes consideti@djata and parameters required, iv) initial and
boundary conditions and v) goodness of fit to theasured runoff at the catchment outlet. Two
of the models (DRAINMOD, COUP) are one-dimensiomabfile-based models concentrating
mainly on physically based representation of thérdipgical processes, while the HBV, INCA
and SWAT are semi-distributed catchment modelsridesg the surface and subsurface runoff
generation processes in an integrated way. In Byvargood agreement between the measured
and simulated runoff was obtained for the diffener@tdels when integrating the results over a
week or longer periods. However efforts have tartagle to obtain improved results also on a
daily basis, especially as models are potentiabgeful tools in assessing the possible
consequences of climate change on hydrology, miiteied soil loss. The results indicated that
forest appears to be very important for the watdardce in the catchment, and additional
information about the different water balance eletsdor forests seems to be crucial. The
results showed wide variation in model behaviouthwespect to the simulation of different
water balance elements (i.e. evapotranspiratiofiase and subsurface runoff) for various land
use types. Additional information is required taluee the uncertainty of the different water
balance elements to be able to carry out an olbgctiented model selection.

Introduction

Agriculture is one of the main contributors of nemt loads to open water courses, being to a
large degree responsible for the eutrophicationntEnd and coastal waters. Water is the
transport mechanism for nutrients and soil pasitteopen water courses and groundwater and
therefore a good understanding of the hydrologynigortant in selecting the right mitigation
measures to improve water quality. In a study edrout in the Baltic and Nordic countries,
Vagstad et al. [2004] was found that the hydrolpayed an important role in explaining the
differences in nutrient losses between catchméPaschments having a large contribution of
groundwater runoff in the total runoff, in genenald lower nitrogen losses. Atrtificial drainage
of agricultural land is an important hydrologicaltip way and can lead to an increase in nitrate-
nitrogen runoff, its magnitude however influenceddoil type, drain spacing and drain depth
[Skaggs et al. 1980]. Tiemeyer et al. [2006] madelar observations and showed in addition
that measurement scale can essentially influenloellated nutrient loss. At the same time do
subsurface drainage systems reduce the overlandaihal the risk for surface runoff induced
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erosion and phosphorus loss [Turtola and Paajah®85]. Deelstra et al. [2007], when
characterizing the hydrology in agricultural dometh catchments, showed that large diurnal
variation in discharge could occur, often causea lopmbination of scale, soil type, subsurface
drainage intensity and topography. Especially i Mordic countries hydrological flow paths
can be influenced during the winter season witlowetero temperatures affecting nutrient loss
and soil erosion [Deelstra et al., 2009]. Knowled@peut these flow processes in hydrology is
important with respect to 1) their impact on nuttiand soil loss processes in catchments, 2)
the choice and implementation of suitable mitigatimeasures to abate present and future
pollution problems, 3) the design of hydro-techhiraplementations and 4) the effects of
replacing traditional land use and soil managensgatems by new ones, e.g. growing energy
crops on water and nutrient transport in the sui water bodies.

This becomes even more important when considetweginfluence of climate change on
hydrological flow paths, nutrient and soil loss s respect models can be indispensable tools
to facilitate decision making relative to the implentation of mitigation measures to improve
water quality with the objective to achieve goodlegical status by 2015 as embodied in the
EU - Water Framework Directive. Different modelsidze used to predict nutrient and soil loss
from agricultural dominated catchments, however rargguisite is that the dominating
hydrological flow processes are represented. Asetsodill be applied to catchments, an
additional requirement will be that they are allesimulate the water balance for various land
use types ranging from agricultural crops to ddfertypes of forest.

This chapter presents results of an applicatio® dfifferent models (SWAT, DRAINMOD,
COUP, HBV, INCA) to the Skuterud, agricultural deorated catchment with a land use
covering agriculture, forest, bog and urban area.

Materials and methods

Catchment description

The Skuterud catchment was chosen as the pilotfareaaodel comparison studies. Skuterud
catchment is since 1993 part of JOVA — the Norwedigricultural Environmental Monitoring
Programme. The catchment is located in south-eadterway, approximately 35 km south of
Oslo. The total area of the catchment is 450 hah w&rable land constituting 61%, forest
covering 29 % while the rest is urban area (8%) lbod (2%). A large database containing
detailed information about runoff, nutrient andldoss is available in addition to data on
farming practices, soil physical and chemical props and meteorological data (Deelstra et al.,
2005). The long-term mean annual temperature fante8kd is 5.3C. The mean annual
temperature for 1993 — 2007 was 6@, varying from 4.6 — 7°Z (Table 50). The highest
temperatures occur during the growing season fraay td August. Below - zero temperatures
can already occur in November but in general th&tewistarts in December and can last until
March, however with significant variation over thears. The average yearly potential
evapotranspiration (PET) is 535 mm and varies fd@88 — 691 mm. The long term annual
precipitation is 785 mm while the average prectmptaduring the observation period was 857
mm, varying from 651 to 1200 mm. In general thenkg} precipitation occurs after the growing
season during the period from October to Decembee. meteorological data was obtained
from the climatological station at IMT/Norwegian Wersity of Life Sciences (1961 — 1990) at
As, located approximately 4 km south-west from$keterud catchment.
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Table 50. Yearly temperature, precipitation, evegpiration, runoff, nitrogen and soil loss at
the Skuterud catchment for 1993 — 2007.

Average Maximum Minimum
Temperature®C) 6.2 7.2 4.6
Precipitation (mm) 857 1200 651
PET (mm) 535 691 463
Runoff (mm) 528 919 278
Nitrogen loss (kg Ha 30 45 17
Soil loss (kg hd) 779 2009 170

The highest runoff and nutrient loss occurs dutivgoff-season from September — March. The
average yearly runoff is 528 mm. There is a largeation in the yearly runoff for the period
1993 — 2007 (Table 50). Similar variations in theagen and soil loss are observed. There is a
strong seasonality in runoff generation. On avei@gyg 13% of the yearly runoff is generated
during the summer season from May — August while @3 the yearly runoff is discharged in
less than 150 days. Surface runoff can occur duhtiegautumn due to excessive precipitation
over longer period. However more often surface flunes generated due to
precipitation/snowmelt in combination with frozeails which can occur both during autumn
but more frequent during snowmelt at the end ofthrger season.

Model description

Five different dynamic mathematical models wereapeeterised, calibrated and compared with
respect to i) spatial resolution, ii) the processmssidered, iii) data and parameters required, iv)
initial and boundary conditions and v) goodneséitdb the measured runoff at the catchment
outlet. Two of the models — Drainmod [Skaggs, 19t Coup [Jansson and Karlberg, 2004] —
are one-dimensional, profile-based models concemgramainly on physically based
representation of the hydrological processes, while HBV [Seelthun, 1996], INCA
[Butterfield et al.,, 2008] and SWAT J[Arnold et aR002] are semi-distributed catchment
models describing the surface and subsurface rgeofération processes in an integrated way.
A short description of each model is presentedvibelthe comparison of the main processes
incorporated in the five models is given in Table 5

The DRAINMOD model was developed to simulate the hydrologyadirly drained soils with
high water table [Skaggs, 1990]. The latest verstombines the original DRAINMOD
hydrology model with DRAINMOD-NII (nitrogen sub-mef) and DRAINMOD-S (salinity
sub-model) into a Windows based program. It predibe effects of drainage and associated
water management practices on water table deptbssdil water regime and crop yields. The
model calculates surface runoff, changes in sotewaontent, subsurface drainage flow and
evapotranspiration on a daily basis in responsgiten inputs consisting of meteorological
data, measured or calculated potential evapotreatgpi, soil and crop properties and drainage
design parameters. Approximate methods are usegidioiate the various mechanisms of soil
water movement and storage. Complex numerical rdstloe avoided by assuming a drained
to equilibrium state for the soil water distributi@above the water table. The model has been
adjusted to cold conditions by incorporating thathéow equation to predict soil temperature
[Lou et al., 2000]. When freezing conditions ardicated by below zero temperatures, the
model calculates ice content in the soil profilal anodifies soil hydraulic conductivity and
infiltration rate accordingly. Snow is predicted txcumulate on the ground until air
temperature rises above a snowmelt base temper&uoilesurface temperature is recalculated
when snow cover exists. Daily snowmelt water iseadtb rainfall, which may infiltrate or run
off depending on freezing conditions. Differentsiens of DRAINMOD have been developed,
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among others to simulate the hydrology of wetlaauid forests [Amataya et al, 1997; Skaggs et
al., 2005; Tian et al., 2010].

The coupled heat and mass transfer model for smity@tmosphere system£dup” [Jansson
and Karlberg 2004] is a process-based, one-dimealsinodel simulating vertical water, heat,
carbon, nitrogen and solute transport in a soifileroCoup model is based on the previous
SOIL + SOILN models. Water flow in unfrozen and tgaly frozen soil is calculated using
Richard’s equation (Darcy’'s law combined with th&vlof mass conservation). A two-domain
approach can optionally be chosen to account farosgore flow. Coup calculates heat fluxes
in the soil profile by the general heat flow eqaatin combination with the law of energy
conservation, including parameters like heat caparid thermal conductivity, both adjusted to
account for the influence of soil ice content. Sndymamics is also simulated: Precipitation
falls as rain, snow or a mixture, depending onaterair temperature thresholds. Melting and
refreezing of the snowpack is simulated using eitlne empirical function including global
radiation, air temperature and soil heat flux, aremergy balance approach. Free water is
released from the snow pack according to snow tietegapacity. Water infiltrates into partly
frozen soil through pores that are still filled kvitquid water, or through large, air-filled pores.
The amount of ice and liquid water in the soil apamynamically as total water content and
soil temperature change, and depend on a freeping gepression function. A redistribution of
liquid water may occur as infiltrating water refres, releasing heat which melts water in
smaller, ice-filled pores. When the soil's infili@n capacity and surface water storage capacity
is exceeded, surface runoff is generated by adindgr rate process. Subsurface drainage can be
calculated by empirical and/or physically basedagigns. Groundwater flow is considered as a
sink term in the model. Evapotranspiration is cit@d from the Penman-Monteith equation.
The Coup model is able to simulate the water baldoc different land uses and has among
others been used for forested areas (Alavi ee@Q]; Persson, 1995)

Table 51. Comparison of the five different modelsthwrespect to
hydrological processes

Model layer Processes DrainMod| Coup HBV INCA SWAT
hel Precipitation Driving Driving Driving Driving Driving
§ .§ “C) Snow dynamics/snowmelt Calculated | Calculated | Calculated | Calculated | Calculated
E’ % g Interception Indirectly | Calculated | Calculated Indirectly Calculated
g E.)) Transpiration Indirectly | Calculated | Calculated | Indirectly | Calculated
g _ 8 Evaporation Indirectly | Calculated | Calculated | Indirectly Calculated
(5_; ug Surface runoff Calculated | Calculated | Calculated | Calculated Indirectly
0 [Infiltration Calculated | Calculated Indirectly Indirectly Indirectly
- Bypass/ macropore flow NO Calculated Indirectly NO Calculated
g Plant water uptake Indirectly | Calculated | Indirectly Indirectly | Calculated
; Soil water redistribution NO Calculated | Calculated NO Uniform
% Capillary rise Calculated | Calculated NO NO NO
% Water flow in frozen soil Indirectly | Calculated | Calculated NO at saturation
g Lateral flow to stream NO NO Calculated | Calculated | Calculated
Subsurface drainage flow Indirectly | Calculated NO Indirectly Indirectly
Percolation to sat. zone Calculated | Calculated | Calculated | Calculated | Calculated
Lateral inflow Parameter | Parameter NO NO NO
Capillary rise to unsat. zone NO Calculated | Calculated NO Indirectly
Recharge to deep aquifer NO NO NO NO Calculated
Base flow NO NO Calculated | Calculated | Calculated
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The HBV model is a semi-distributed, conceptual hydrolagimodel that describes the
essential characteristics of the precipitation-fiipoocess; it simulates the volumes of water
stored as snow and subsurface water, and the sfteaamThe model performs water balance
calculations for 10 elevation bands within a wdtetsin order to take into account the altitude
variation of the driving precipitation and temperatdata. Each elevation band may be divided
into a maximum of four computational elements; taod use zones with different vegetation
and soil types, a lake area and a glacier arehadt components for accumulation, spatial
distribution and ablation of snow, interceptionratge, spatial distribution of soil moisture
storage, evapotranspiration, groundwater storagk ranoff response, lake evaporation and
glacier mass balance. Potential evapotranspiraianfunction of air temperature, however, the
effects of seasonally varying vegetation charagties are considered. Water evaporates from
interception storage at the potential rate, whilaperation from the soil is reduced below the
potential rate when soil moisture storage is befi@d capacity. The algorithms of the model
were described by Bergstrom [1995] and Seaelthung]L99

The INCA model is a processed based dynamic model desgnimter and mass transport in
the plant/soil system and in the stream and camsbd for various land use/vegetation types. In
the INCA model, hydrological effective rainfall tke input to the soil water storage, driving
water flow through the catchment. Hydrology witlancatchment is modelled using a simple
two-box approach, with key reservoirs of water ime treactive soil zone and deeper
groundwater zone. Flows from the soil and groundwabnes are controlled by residence times
in the reservoirs. The Base Flow Index is useglit Isetween the volume of water stored in the
soil and the groundwater [Wade et al., 2002]. Qatan of river flow is based on mass balance
of flow and on a multi-reach description of theersystem [Whitehead et al., 1998]. The model
incorporates an empirical function for simulatiral $emperature changes below the seasonal
snow pack and a simple degree-day model to simthatelepth of the snow pack [Rankinen et
al., 2004]. The heat flux from the snow surfaceh® soil is calculated by the heat conduction
equation.

The Soil and Water Assessment ool (SWAT) [Neitsch, Arnold et al. 2005] is a continuous
time, semi-distributed watershed-scale model thadrates on a daily time step. SWAT is
physically based and developed to quantify the ochpé land management practices in large,
complex watersheds. SWAT requires information abmeather, soil properties, topography,
vegetation, and land management practices in thersleed. The physical processes associated
with water movement, sediment movement, crop growitktrient cycling, etc. are directly
modelled by SWAT using these input data. For mauglurposes, a watershed may be
partitioned into a number of subwatersheds or ssibbavhich are spatially connected. Input
information for each subbasin is grouped into hialyic response units or HRUs. HRUs are
lumped land areas comprised of unique land cowdr, dope, and management combinations.
Runoff is predicted separately for each HRU andteduo obtain the total runoff for the
watershed. SWAT calculates canopy storage (watterdepted by vegetative surfaces),
infiltration, redistribution (movement of water tugh a soil profile after input of water),
evapotranspiration (ET and PET), lateral subsurfimwe, base flow and surface runoff. Surface
runoff is computed using a modification of the S&8ve number method. The curve number
method varies non-linearly with the moisture conhtgfrthe soil. The curve number drops as the
soil approaches the wilting point and increasesdar 100 as soil approaches saturation. The
model increases runoff for frozen soils but stilbws significant infiltration when the frozen
soils are dry.

118



Models set up and parameterisation

The five models were run with the same driving rosdgical variables and available soil and
vegetation data for the Skuterud catchment. Commiial and lower boundary conditions
were defined for all the models. Those parametass Wwere common in at least two models
were set to the same value based on the availdolenation and literature.

In case of distributed models, one simulation cstesi of one model run, while the profile-
based models (Coup, DRAINMOD) were run separatafricultural and forest areas. Minor
land use types in the catchment (urban and bogg Weft out from the simulations and

considered as forest areas. The total catchmemtffrwas obtained by calculating the area
weighted runoff from Drainmod and Coup. The modelksre run for the period between
January 1, 1993 and December 31, 2007. The yed W88 considered as a “warming up”
period to eliminate initial bias. The calibrationdavalidation periods were defined from 1
January 1994 to 31 December 1999 and from 1 JanR@®p to 31 December 2007,

respectively The models were calibrated individually by tuning enodel parameters to

minimise the difference between the measured andlated runoft.

The determination coefficient fRand the Nash-Sutcliffe statistics (N-S) were ufsgdnodels
evaluation. The model outputs were compared wighntleasured runoff at the catchment outlet.
The water balance elements (transpiration, suréawk subsurface share of the total runoff)
were evaluated, using the available informatiomfithe catchment and literature data. We also
compared the models results for the different segstocusing on winter and snow melt
periods.

Results and discussion

Figure 53 presents the*Rand N-S statistics, based on the simulationshfemperiod from 1994
to 2007 comparing the measured and simulated rutede on a daily, weekly, monthly and
yearly base. The Rand N-S statistics were in the same order of ritage for all the models,
indicating that even one dimensional model like iDvdod and COUP can be used for
simulating runoff dynamics at catchment level.

The SWAT showed the largest deviation between thiy cand yearly integration. Model
performances, in general, improved when integratimg results over longer time periods,
indicating that the daily runoff dynamics were mohulated satisfactorily, while the weekly
and monthly runoff was simulated quite well. TheSNand R statistics for the models varied
from approximately 0.30 - 0.65 to 0.70 - 0.90 wreggregated on daily and yearly basis,
respectively. On a yearly basis, the SWAT modelegéhe best estimate for the total runoff at
the catchment outlet, while the other four modelgegmore reliable estimates for daily, weekly
and monthly dynamics. This is an indication, thhee SWAT model needs further tuning with
respect to redistribution of water between theedéht compartments, i.e. surface/subsurface
drainage and base flow runoff and residence timevater between the root zone and the
catchment outlet.

Selected water balance elements, calculated foardigle and forested areas as well as for the
whole Skuterud catchment are given in Figure 54elVhsing the one-dimensional models

Coup and Drainmod, the total simulated catchmembffuvas obtained as the weighted average
of the runoff obtained for forest and arable laapgasately. Calibration was done with emphasis
on obtaining realistic values for the different @rabalance elements for both forested and
agricultural land use. However this was a diffictdsk because only the total runoff at the

catchment outlet was measured. An additional problas the lack of data for water balance

elements for forested land use in Norway.
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The first thing considered was the difference betwihe measured precipitation in As and the
measured discharge from the catchment. On aveoagbd 15-year long simulation period this
difference was 338 mm/yr, varying from 273 - 428 fynmThese values appear to be somewhat
small, compared to the evapotranspiration (ET)esl@stimated in As using other approaches.
For example, in two plot studies carried out in e average difference between precipitation
and discharge was 342 and 403 mm [Kveerng and Bethri2@10]. In a lysimeter study with
four different soils cropped with cereal, evapos@ration from May to November was
estimated to be around 330 mm on non-irrigatedtesiprotected soil columns, and around 390
mm on irrigated, not winter-protected soil colum(uhlen et al., 1996). According to these
results, we assume that the catchment-scale siowlatodels gave better estimates of ET for
arable land (353 mm- INCA and 390 mm —SWAT) tham phofile-based models (Figure 54).
The profile based models need further parametesizatand calibration to improve
evapotranspiration predictions.

Concerning evapotranspiration from forested aneasyverall conclusions can be drawn due to
lack of measured data for soil and plant propedies$ runoff dynamics in Norway. In general it
iIs assumed that ET from forest is somewhat highan tfrom arable land, and since the
expected ET on arable land most likely approachexceeds 400 mm, the overall ET from the
Skuterud catchment is probably higher than the utalled precipitation-runoff difference.
Possible explanations for the smaller than expedtiéerence in Skuterud is that the measured
discharge may contain uncertainties due to mea®memrrors originating from submerged
flow condition during periods with high runoff, iawect catchment boundaries and the in this
case incorrect inclusion of the urban areas as gfathe forested land use. Also, there are
uncertainties in the precipitation measurements;luding effects of local variation
(meteorological station is located some kilometesy from the catchment) and measurement
errors due to the effects of wind drift on preagin.

Knowledge about the partitioning of total runofftansurface- and subsurface runoff is of
special importance with regard to the Water Framkviirective and the implementation of
mitigation measures to decrease soil - and nutlosst for improving water quality. The surface
runoff from the agricultural areas generated by@oeip and SWAT models is 18 and 35% of
the total runoff respectively and is only 2 and #8%the DRAINMOD and Inca models (see
Figure 54). For all the models, except SWAT, thaltounoff generated for the forested area is
less than for the agricultural area.

It is hard to decide which model performed begpantitioning of total runoff into surface and
subsurface runoff since very few measured dataeadable. For four sites on drained marine
clay soils the share of measured surface rundfieaotal runoff was in the range 10 - 30 % on
average [Kveerng and Bechmann 2010]. Consideringettimdings, the Coup and SWAT
models performed best in partitioning the totalaffifrom agricultural land.

Evaluation of the models on a seasonal basis shotvatithe models performed well in the
autumn period, having N-S values ranging from @&%8.81 and from 0.88 to 0.94 on a daily
and monthly bases, respectively (Figure 55). Tlreissics for the winter period are also
satisfactory. The summer period shows poor respithably due to uncertainties in simulating
evapotranspiration and because at low flow amailnetselative error can be high.

The period of snow melting, when the major parsaif and nutrients loss occurs, is crucial in
simulations. At the same time, this period givesltlggest challenge in simulations, because of
the complexity of processes. Contrary to the CoupSWAT models, INCA and the DrainMod
showed good performance for the spring period.dpgffices in model performance can be due
to the complexity of the models and the need forarmecise parameter tuning to capture the
dynamics of the processes involved.
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Conclusions

In overall, a good agreement between the measum@diaulated runoff was obtained for the
different models when integrating the results caexeek or longer periods. However efforts
have to be made to obtain improved results als@ alaily basis, especially as models are
potentially useful tools in assessing the possiblesequences of climate change on hydrology,
nutrient and soil loss. In some cases the morelsimpdels (DrainMod and HBV/INCA), gave
better prediction of the catchment runoff compat@dhe more complex models (Coup and
SWAT). This indicates that some of the processe® wet yet carefully parameterised in the
more complex models, and need further investigatod calibration. Model simulations
indicate that forest appears to be very importanttiie water balance in the catchment, and
therefore obtaining proper information about thi#edent water balance elements for forests
seems to be crucial.

Hydrological pathways are important in the transpmr soil and nutrients. Models used in
integrated water resources management should grdaath surface and subsurface runoff as
output. However improved information on the relatigontribution of the different runoff
components at catchment scale is of utmost impcetémbe able to calibrate these models.

Our results indicate that profile based 1D models be used for evaluating the runoff from
small catchments, where the travel time from ramiezto the outlet is relatively small either
due to short distances or the effect of drainshith case models have to be calibrated separately
for all the representative soil — land use combamst and modelling results need to be
compared with catchment outlet measurements byratieg them according to their area
weights.

None of the models excelled with respect to allgtaluation criteria. The results showed wide
variation in model behaviour with respect to thmwdation of different water balance elements
(i.e. evapotranspiration, surface and subsurfageffufor various land use types. We conclude
that additional information is required to redube tincertainty of the different water balance
elements and that further model calibration is edetb be able to carry out an objective-
oriented model selection.
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