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Summary

When dealing with large-scale environmental (radioactive) contamination, a sound and sustainable
remediation strategy should be advocated. Such a remediation strategy should not consist of one simple
option but of a combination of measures adapted to the site-specific conditions. Change in land use as a
countermeasure is the modification of existing agricultural practice such that the products from the land are
radiologically acceptable. Impact on dose to people and on the ecology and economy of the affected area
may vary enormously: for, example change in crop variety will have much smaller impact than more radical
changes as the substitution of vegetables by cereals or changing {rom an arable or cattle system to forestry.
Some changes will necessarily be in place for many years and though radiological benefits may continue,
ecological, economic and social consequences may accrue during this period. Therefore, before advocating
and implementing substantial changes in land use, the situation and the possible consequences of the
remediation strategies should be thoroughly assessed.

For agricultural land, one possible measure is to use the land for non-food production. The use of vegetable
products (biomass) for energy, instead of fossil fuels, may be a valuable land use option for severely
contaminated areas where food crop production is banned or restricted on radiological grounds.

The emphasis in present study is on the evaluation of Short Rotation Coppice (SRC) for energy purposes as
a bioalternative for remediation of contaminated waste farm land with restricted uses. Other potential
energy crops (rape seed, winter wheat and sugar beet) are also discussed but in lesser detail. The cultivation
of energy crops in contaminated areas may have both positive and negative effects on radiological grounds.
Studies on the radiological and radioecological consequences of the implementation of alternative crops
are, however, scarce. Morcover, general ecological, economical and social aspects should also be
considered before advocating energy crops as a suitable corrective action.

Two different regions were studied: importance is dedicated to Belarus, of which a large part of the territory
was severely contaminated as a result of the accident in the Chernoby! nuclear power plant, and Western
Europe, where energy crops have already been studied rather intensively, except for radiological issues.

The principal questions we have answered are:

* What is the fate of radiocaesium in a willow cultivation system and other bio-fuel routes and what is the
expected radiocaesium concentration in the end-products?

* How does radiocaesium behave during the biomass processing?

* Whatis the dose acquired during biomass cultivation and processing?

* How well are the crops adapted to the climate and soil conditions in Western Europe and Belarus?

* How ecological sustainable is the cultivation of willow short rotation coppice and the other energy
crops in terms of energy efficiency, CO, release, nutrient leaching and waste generation?

*  What are the conclusions with regard to economic feasibility for the production and use of these energy
crops in Western Europe and Belarus?

*  What are the perspectives for these various energy crops, with emphasis on SRC, as alternative landuse
for large contaminated surfaces?

General aspects: cultures, conversion routes and regions considered.

In the SRC concept, fast growing tree species like willow (Salix s$pp.) are intensively managed and
harvested for biomass (stems) in three to five year cutting cycles for a 22 to 25 years crop lifetime. The
harvested biomass is converted into heat or electricity. The cultivation is not labour intensive and
specialised agricultural equipment is preferred but not necessarily needed. As conversion techniques, smali-
to-large-scale combustion and gasification units producing heat and/or electricity are considered. Small-
scale plants are possibly very interesting for decentralised power production.

Three other potential energy crops are studied in less detail: oil seed rape (OSR), winter wheat (WW) and
sugar beet (SB). The conversion routes considered are for OSR esterification to produce rape methyl esters
and for WW and SB fermentation to produce ethanol. These crops were selected since they are already




grown in Belarus and their biofuel conversion routes are well known in Western Europe. Technical and
economic feasibility is discussed for Western European and Belarus conditions.

Radiocaesium levels in end products of production and conversion

Flux of radionuclides should be studied to obtain information on the radionuclide levels in the wood
(exploitable plant part) and in the ashes after combustion. Emphasis is on radiocaesium, the major
radionuclide in the environment contaminated by the Chernobyl fall-out. Radiocaesium behaviour is studied

in a coppice ecosystem by investigating the soil-to-plant transfer on lysimeter scale (detailed study), on

farmer’s sites in Sweden and on test sites in Belarus. Further the radiocaesinm flux during conversion is

discussed.

On radio-ecological grounds there is not too much concern for none of the cultures. Activity levels in the

useable plant parts are generally low and the same holds for the waste products.

Estimates for the radiocaesium concentration in the willow wood can only be given with a substantial
uncertainty (as is for most crops). We were umable to derive transfer factor functions for estimating the
radiocaesium content in willow wood from soil characteristics. For specific soil groups an exponential
relationship between the TF and the soil solution potassium concentration was found, but parameter
estimates were different for different groups and reasons behind could not be revealed based on the vast

number of soil parameters determined.

Broadly we can say that in light textured soils with a low radjocaesium interception potential (RIP) the TF to
wood varies between 0.5 10” and 2 10 m? kg and, for soils with a medium to high RIP, between 0.2 10°

and 5 10° m2 kg

No effect of clone and stand maturity on TF could be derived. In the Swedish coppice trials only two
coppice varieties were planted and crop age at the different sites was not always the same for both varieties.
The variation in TF at the Belarus coppice trials was so high that no statistical difference in TF between the
different coppice clones was found. For the effect of stand maturity on the TF, we could assume from the
Belgian lysimeter trials that the radiocaesium TF would stabilise or even decrease from the second growing

season after cutback onwards.

The radiocaesium which accumulates in the willow roots was shown to become constant from the second
year of cultivation onwards. It may be expected that all caesium incorporated will be highly available at the
time of grubbing up (end of a coppice cultivation cycle), yet, less than 0.01 % of the soil radiocaesium is
incorporated in the roots. Moreover, the caesium potentially released during root decomposition will for

most soils be immediately fixed by the mineral fraction.

grown on the Belgian test sites and 2 17 year-old-forest in Belarus (4
years-old at the time of the accident) has shown that the net annual radiocaesium accumulation is about 35
times higher in the forest standing biomass than in coppice. Moreover, annual biomass increase is only 6 t
ha! for forests and may attain 12t ha™ for SRC grown on soils with an adequate water reserve and fertility
status. On these types of soil, SRC may hence be a more promising land-use option than traditional forestry.
On soils with low water reserve (e.g. sandy soil) willow yield without irrigation is maximally about 5t ha”,

and here forestry may be the preferred option.

Comparison between the willows

relatively fertile soil with a moderate to high RIP,
d off without concern. In case the high SRC-TFs for
\ly relevant for low fertile and low RIP soils, possibly

If the TF to SRC wood applies for coppice grown on
wood can be safely burnt and the ashes can be dispose
low-RIP soils pertain (2 10 m? kg™), which is potentia

acid and with a high ammonium concentration in the soil solution, wood burning would only be permitted
when willow is grown on a soil contaminated with <370 kBq m2 ¥Cs (considering Belarus exemption limit
for fuelwood of 740 Bq kg). Given that TFs for common forestry (2 107 m? kg™ and for straw of winter
wheat and oil seed rape (0.3 107 and 0.63 107 m? kg"') are comparable, the same applies for burning wood
or straw for energy. At higher soil contamination levels, wood {straw) could potentially still be burnt in
commercial electricity or heat plants but adequate exhaust filtering systems should be installed and
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appropriate disposal of the ashes should follow. In Belarus, waste i
. ash . , and contaminated bi
Chernobyl accident can be incinerated if activity levels do not exceed 3.7 I\/IBqnlig‘ajl lomass from the

DLfferent Fom_bustion techniques and type of power plants exist which affects the enrichment of

ra mEatesmm 12% thedaila%s. Broadly, caesium-enrichment factors (Bq kg ' ash / Bq kg™ wood) for the ashes
vary between 20 an . Fractions of caesium escaping thr

v syetoms) 1o an soner 13 9 ping through the stack vary between 1 % (modern

gef;‘ ‘i ;t;eouSgaab;z %rgdlt:)c_gs (rzalI:e_ ise:ec(;, \ﬁlheat grains, beet root) for the other biofuel crops considered range
. . m? kg™ and the liquid biofuels are almost free from activi i i
found on the TF of radiocaesium to the b iquid bi o Ao adiocnseiin e
y-products of the liguid biofuel cycles. Al di i i
the waste-products are generally of no concern. In case i iion (= 1000 kB m?). Codden by
) : of high deposition (~ 1000 kBq m™), C i
oil cake from OSR (~2000 t ha*) and the i ot enermption Ioves
_ ) pulp and vines from SB (~ 4000 t ha™*) exceed the ex i
cfi?;pxi;sseegsoz;?mal fcl))dder :..-mld t;)r incineration and should, therefore, be disposed off. Since amoi?lltgtignb}:ve}
are substantial, this involves a high disposal cost (u ;
_ ; : p to 20 and 60 % of the re
and SB, respectively). Possibly this waste could also be burnt in order to reduce its Volurnev g;lfbfgtgg I‘;

Radiation exposure
flr.l 1;ase 01; hlgl} confamination levels in the wood (3000 Bq kg™') (or straw or oil cake and pulp) doses at
g; n:::ln;) %‘;?tl??; n;ﬁth;, po:er plant may exceed the acceptable level of 1 mSv a”' for a member of the
ublic. The highest doses are at the fly-ash silo (16.4 and 3.5 mSva™ i i
5 m, respectively, from the collector). Under such itior o should best be oot (oo O
. ly, . conditions, workers should best b |
dosimeters). With appropriate work-rotation-sche , bt down oo
_ - -schemes doses can most probably be b ht d
1 mSv a’, even in case of high inati i : oty of o ack devetat
, gh(er) contamination levels. Doses in the close vicinity of i
mentioned highly contaminated ash might as well exceed th imi o Bomera] publc. Toonetn
\ : e dose limit for the general public. Th
also people dealing with the ash handlin i i : P onolleg
copl g and working at the ash disposal site should b
Contributions from other possible radiation igi o dusing oot
' - : pathways are negligible (external exposure during culturi
transport, inhalation dose in the plant and to the general public following wood or liquid bio-%uel bzrrlnniiga)nd

Crop requirements and yield
3(1;1; g;::gttlal ylilid o{ all four c\r}\(;ps studied is about 10 % lower under the continental Belarus climate
o yield estimates in Western Europe on a soil without water and nutri imitati i
pared to 3 ‘ : trient limitations. Since th
precipitation is mainly concentrated in autumn-spring i falyic i i
: ) pring in Belarus, potential-yield estimates on a s i
glilea;i \;.rater h(-)]ldlrllﬁ1 capai:;ty) are only 50 % for SRC and SB and only about 30 % for WW and O?SIE):hSzl(;ll
or a soil with an adequate water reserve. Since yield i i i
ield 1 _ i . yield is an important i
viability, appropriate yield levels are important. poriant parameter controlling economic
?e?trﬁyargd to the other biofuel crops considered, SRC s little demanding in terms of pesticides and
alrea;safcm. A}? an example, from the lysimeter study (and confirmed by literature data ) it was shown that
y from the second year onwards, the SRC system is practically autosufficient with regard to

potassium, due to retranslocation in autumn, recycli '
, : , recycling through litterfall and in ipitati
SRC can grow on a wide range of soils. © put by precipiation. Futher

Ecological sustainability

i:izgdﬁg% the ecl;)}laogtical sustainability of cultivating crops for energy production, the electricity or heat
e much better energy and carbon budgets than the liquid fuel F ,
there are still considerable uncertainties in th i . " and carbon batanes Howeons
| e estimates for the energy and carbon balance. Howev
. er, wh
;:;J\r;g;arg(d) w1th- gas and coal fired power pla‘mts, energy requirements are respectively a factor 16 and 2‘3V -
. . 121 emissions fr?m wood fuel burning are a factor 11 and 25 lower than for gas and coal burning
o ; g;zrft; Il energy eff"lmency of the SRC-route ranges between 10 and 30. For the liquid bio-fuels, the .
Iciency 1s close to one. Reduction of CO, emissions when using bi ’
: to-fuels i
;naxmlally_about a factor 1.5 to 3, with by-products included 2.5 to 3. ¢ s ransportfuel i
N :gg;ir{; ginzzgg)a;d pzsi;l(cjlde erpi_s;ions are high for OSR, WW and SB cultivation and erosion risk may be
. For , pesticide and fertiliser use is limited and leachin is insigni
. . _ £ to water table fi .
We showed t.hat nitrate levels in the leaching water under SRC was a factor 4 lower than und;sr?(f:f;llofam
annual cropping systems. Water requirements are comparable for all crops.
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Economic profitability
The economic sustainability of cultivation and conversion of energy crops was evaluated for Western

Europe and Belarus. Different scales/modes of production and conversion were studied. Important
differences in system parameters between both regions are that labour costs are a factor of at least ten lower
in Belarus, no grants are available in Belarus, farm machinery prices are lower in Belarus by up to 2 factor
of five, domestic heat and electricity prices are much lower in Belarus and finally, boilers for heat

production are cheaper by a factor of three to five in Belarus.

In Western Europe, electricity production from SRC is currently only viable with both production incentives
and electricity price support at the conversion side.

The cost of production of SRC in Belarus is potentially lower than in Western Europe, due to the lower
labour and machinery costs. However, to maintain this advantage, the yield of SRC in Belarus must

approach that in Western Europe. A 50 % reduction in yield renders the system un-economic. This implies

that SRC cultivation for energy production on sandy soils under the Belarus continental climate conditions
ut 5t ha’. Sandy soils should therefore be

will hardly be profitable since the potential yield is only abo
(e.g. pine forest). The cost-effectiveness of this

irrigated and fertilised or used for more appropriate cultures
action was, however, not investigated. Since about 60 % of the soils in Belarus are of a sandy pature, only a

small percentage of soils are apt for SRC cultivation. This may impinge on transport distance and
availability of product, affecting both profitability of preduction (if transport costs are to be paid by the
farmer) and conversion (availability). On the other hand, forests could be established on these marginal soils
and since power plants can be fed by a variety of woody fuels, SRC and forestry may be very

complementary land-uses.

An important parameter for system profitability is the bio-fuel price at delivery at the plant. To make
production profitable, about 40 EUR t is required. At this bio-fuel price, which is a factor 4 higher than the
amount paid for waste wood as biofuel, a profit can be made both at the production and the conversion site.
The harvesting technique also affects the profitability at the production side: harvesting in chips is preferred
to harvesting in sticks and separate chipping. Transport distance only affects production profitability to a

limited extent.

For conversion, the most significant parameter was the price that could be achieved for the heat or
clectricity. In Belarus the domestic tariffs (0.001 and 0.0032 EUR kWh, respectively) are much lower than
the industrial tariffs (0.026 and 0.034 EUR kWh'), and none of the schemes considered were economic for

domestic heat or electricity production.

For industrial tariffs, the heat schemes considered were all economic, under condition that they are run ata
higher availability (e.g. 80 %) than the quoted 16 %. Heat schemes already exist in Belarus using forest
residues as fuel. Our work has shown that SRC could be used as the fuel paying 40 EUR odt™ to the
producer for the delivered chipped fuel. Even when the costs of the conversion system are increased by a
factor 3-4 to the costs quoted for Belarus, these conversion routes may still be viable.

For electricity production in Belarus the results are more speculative, since no conversion plant currently
exists. In our original calculations we assumed a lower capital cost of conversion plant in Belarus than in
W. Europe, which led to large and small scale schemes being marginally profitable where industrial
electricity tariffs were achieved and availability was high. If capital cost of the power plant would be 50 % -
100 % of that in Western Europe, electricity production is not economic in Belarus without price support for

the electricity, or capital grants for plant construction.

Only a small percentage of the revenue from energy production is to be dedicated to the waste disposal in
case of the wood bio-fuel pathway. This will not render the profitable systems uneconoImic.

Regarding the economics for the other three crops, OSR, WW and SB can be grown successfully in Belarus
if soil conditions are appropriate to attain potential yields. Tn Western Europe, OSR production is only
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1 Objectives

When searching for suitable and sustainable remediation options in case of environmental {(radicactive)
contamination, radiological, ecological, economic and social aspects should be considered in the
optimisation approach. In this regard is Short Rotation Coppice (SRC) cultivation for energy purposes
evaluated as an innovative bioalternative for remediation of contaminated agricultural land.

The objective of this project was the radiological, technical, ecological and economic evaluation of
short rotation coppice as a realistic alternative for the remediation of contaminated farmland. For
fulfilling the overall objective of this project, following domains were elaborated:
L. Study of flux of radiocaesium and its analogue K in a willow cultivation system on experimental
plots, at farmers’ scale (Sweden) and test sites in Belarus. Additionally, the fate of radiocaesium during
biomass conversion was investigated.
2. Assessment of dose received by persons dealing with coppice cultivation and subsequent processing
of the biomass.
3. Evaluation of technico-agricultural feasibility of SRC and comparison with other bio-energy crops
for specific climate and soil conditions (W. Europe, Belarus).
4. Calculation of energy and carbon balances and assessment of economic feasibility for cultivation
and conversion of a number of energy crops: SRC, oil seed rape, winter wheat and sugar beet.
Assessments are performed for W. European and Belarus conditions.
5. Identification of parameters affecting system viability and sustainability and discussion of
perspectives of energy crops as alternative landuse option of contaminated areas.




2 Background

Following the Chernobyl accident, many thousands of square kilometres have been severely
in contaminated areas remains a key issue

contaminated in the CIS. The application of corrective actions
in large territories of Russia, Ukraine and Belarus. In Belarus, approximately 4.3 Mha, including
farmland and forests, were contaminated to levels in excess of 37 kBq m?(1Ci km™). The application

of simple clean-up operations leading to a rapid return of such a Jarge area to its normal state, is

unrealistic and would, in addition, generate an enormous amount of radioactive waste. Consequently, an

jmportant part of the contaminated agricultural land may be left deserted for many years, despite its
agricultural potential remaining intact.

ctives must be abandoned in such territoties because of irremediably high

When agricultural perspe
activity levels in food products or because of economically and technically non-realistic corrective

options, an increasing interest arises in developing more integrated and ecologically-based approaches.
In this regard, industrial crops not used for food production, may be an alternative remediation option.

In SRC cultivation, fast growing willows (Salix spp.) are intensively managed and harvested for biomass
in three to five year cutting cycles and a 22-25 year crop duration. Fast growing willow species are
among the fastest and highest biomass producers when optimally provided with water and nutrients
(Ledin, 1996). The harvested biomass is converted into heat and power. As such this non-food
production agricultural-industrial crop is a potential candidate for the valorisation of contaminated land

with restrictive use.

Interest in the cultivation of energy crops is not just Tinked with the re-valuation of contaminated
territories. For example, Belarus is presently importing more than 90 % of its energy. About half of the
energy produced (1716 Mte from a total of 4027 Mte) is obtained from combustion of peat and wood
(Gopa, 1996). Nevertheless it is acknowledged that wood has not yet been seriously exploited as an
energy source for boiler plants. Tn a study on the oil seed rape as bio-energy source (GOPA, 1996) it was
mentioned that there is some potential for some small-scale power plants. In comparable situations,
small-scale gasification units could apply (see further). At first glance, Belarus conditions appear

favourable for introducing renewable energy sources.

Also in Western European there 1s an increasing interest in the use of biomass as source of energy, the
reason being that biomass as energy Source is expected to have positive effects such as the reduction of
the emissions of green house gases, the valuation of marginal areas, the creation of new opportunities
for the agricultural sector and the useful allocation of land withdrawn from common agriculture.

¢ relevance to a contamination scenario but they contribute to a

These aspects may not have a direc
favourable context, a positive attitude and willingness for market development all important aspects for

novel developments/iand uses, certainly in a contamination situation, to be acceptable at a large scale.

3 Radioecological considerati
ons when advocati
alternative landuse ating energy Crops as

i\?:ft:;r;l E{%)nozillz)gu Ig)géfzgﬁ cro;()js as potential altern.ative landuse for severely contaminated land
oo syetems o ectde Sa.md knowledge .gamed on the fluxes of radionuclides in the cult,ivation (and
ol ot 121 d.pose. . Since shor't rotation coppice (SRC) was not yet considered as a possible re-
yauation A : 10act%vely conte.munated land, the flux of radionuclides should be studied to obtai

n on the radionuclide levels in the wood (exploitable plant part) and in the ashes after o ot

Radiocaesium behaviour is studied in detail in a willow coppi i
: ‘ ' _ ppice ecosystem by investigati il-to-
;r;t;ls)‘i“cie:ht:ld ilrlalc\lrio;if::z?a?[rchr;g on expenmenta.l scale (detailed study). Far)r[ners’ cogp?cr;gsttzicig Hoplant
establishes differ.em eden er the (Z:hemobyl accident were sampled to have a broader basis of transfer
(actors for differs types, coppice cl.ones and age classes. Test sites in Belarus were established t
e radionuclide transfer and yield potential of four coppice varieties in circumstances of °

1

Comparison i i i ium i i
p is made with the radiocaesium flux in a pine forest stand and with the expected radiocaesiuvm

uptake by 3 other bicenergy cro i .
processing. gy crops (oil seed rape, sugar beet and winter wheat) and its fate during

3.1 Transfer and cycling of radiocaesium in a SRC culture at experimental scale

3.1.1 Objectives

A detai . . o .
A aitzlllteecrin s;ittL;dy ?f r?dlocaesmm .cycimg in the willow SRC system is imperative for evaluating the cultu
as an alt lamve ar?r ood produ.ctlon_ on contaminated land. A study of radiocaesium concentration in there
& compafe Wﬂfowss(ﬁréd e.specml!y. in wood) during the growing season and over the years enables further
1o compare willow W:lth. tra_d.monal forestry or other alternative non-food crops. Because several
authors rmer ic;rg(; . Isgc;r;;ediénn;agt\l;ii)etwlegen radiocaesium and potassium in plants (Collander, 1941; Bunzl
. ; y and Willey, 1997), potassium is included in th in simnilari
ot o bo found! in presen siud . . . in the study. If certain similarities
y, an extension of radio i i i

;:{ould b_e made based on what is known from potassium.caesuml pehaviour to following cropping cycles

ecycling of radiocaesium to the soil by litter fall and litter decomposition and by leaching of the foliage

; . . .

3.1.2 Materials and methods

T . .

S{?icle 11"11;;[;?0?(; Icl:rglr(t)l;fj :;hf o'rlgzlnalll sandy spxl of 8 experimental plots (2 * 2 m®) were replaced with the upper

1990y T oo Llllwso (loamy soil, 4 plqts) or an orthic podzol (sandy soil, 4 remaining plots) (FAQO

solution (about 8 10° qurl::' %ge;?r?el:lslizfaﬁnui} atef Wi;h by miXin'sg the upper 25 cm with a *CsCl |

: L abo I : nation levels were 24 + 6 10° Bq kg™ dry soil for the 1 i

cgﬂ;g{n ;Itiloill i}z?rel;sg dry s'oﬂ for t.he sandy soil (c.hfference in bulk density accountsy for differencg ?r]:l ol

contamination | accorczix} weight basis). Selected soil characteristics are summarised in Table 1. The CEC

vas doermined accos 11:hf,rr to Chpab.rz.t et al. (I975) and the pH measured in 1 N KCl (1:2.5). Carbon content

es determin imeice sts' ough ignition. The radiocaesium sorption by the soils was measured as the

s ocacsum et REP 1/?;1 pol;f:r;]tla] (RIP), and the §olid~liquid coefficient Kp, [Bq kg*/Bq L] can be

1968), Bxcran De = K, With my the cc.)ncer?tratlon of potassium in the soil solution (M) (Wauters et al

by oo t.g - ions were determined in a2 1 M NH,Ac extract at pH 7. Soil solution was isolated”
ugation of soil samples {about 50 g), previously equilibrated for 24 hours with distilled water at

3



1 both extracts were analysed by Atomic Absorption Spectrophotometry (AAS).

field capacity. Cations i _ ] . ) )
Radiocaesium concentration in the soil and in the respective extracts were determined with a y-counter

(Canberra Minaxi, 5530 auto-y).

fter soil contamination (May 1996), the plots were planted with willows (Salix viminalis L.
equivalent to 52 500 plants ha'. This relatively high density allowed for
destructive samplings at the end of each growing season. Plant ﬁlensities during the second and the third
growing season Were equivalent to 42 500 and 35 000 plants ha™, respectively. All results of biomass
production or mineralomass are recalculated to the final plant density. One or two rows of plants were
planted around and between the plots as a buffer zone. Fer%ilisers wWere zlldded only in the kbaginning of the
second growing season (June 1997) at a rate of 80kg Nha", 15kg Pha” and40 kg K ha™. Pests and
diseases were controlled year-round and additional irrigation was provided intermittently during summer.
Plants were coppiced (cut-back to promote regrowth) at the end of the first growing season. At the end of
each growing season (R:S1, RzS; and R3S, plants: RXSY: Root x years old; Stem y year old) 3 or 4 entire
plants per plot were sampled (stems, roots and cutnngs). _ _
During autumn, the litter was collected on nets covering the entire surface of the plot (0.1 m efbove the soil).
Additionally, stems and leaves of R,S; and R4S, plants (2 or 3 shoots per plot) were sampled in April, June,
August and October. At all sampling occasions, standing biomass was estimated from length (R,S, plants)

or diameter (RsS; plants) following a relation "weight=f (length or biomass)" established with the stems

sampled.
All plant parts 0
for **Cs concentration (Y-
by mineralisat
to the planting

Two weeks a ‘
Var. Orm) with a density

f sampled plants were separated and dry weight determined (105 °C). Plants were analysed
counting) and K concentration (calcination for minimum 24 h at 500 °C followed

date. Radiocaesium Transfer Factors (TE) are calculated as follows:
lan

with radiocaesium concentrations ([Cs]) in Bg kg for plants and Bq m2 for soil, unless indicated

differently.

A litter decomposition test was carried out with the litter fallen in autumn 1997, Six litter bags per plot of
the sandy soil, containing approximately 9 g of air dried litter, were placed on non-contaminated sandy soil.
Mesh sizes were 1 mmat the bottom and 3 mm at the upper side. Ateach sampling occasion (after 1, 3, 7,

15,23 and 31 weeks) one

biomass, radiocaesinm and : |
Leaching of elements from the foliage was studied from August 1997 until December 1998. Rainwater

below the plant canopy was continuously collected with two gutters per plot and analysed for B4Cs
(concentrated on an exchange resin) and K concentration (AAS). A control gutter was placed outside the
experimental plots to determine the input of potassium in the system by rainwater or dry deposition.

litter bag derived from each sandy soil experimental plot was analysed for dry
potassium concentration.

3.1.3 Results

Soil characteristics
racterised by a clearly different texture (Table 1). The higher RIP value for the

fatter soil type is likely a consequence of its finer text.ure. The sandy soil has a highfer carbon content.

The evolution over the years for exchangeable potassium and potassium‘concentratmn in the soil solution is
given in Figure 1. Especially for the sandy soil, the exchangeable potassium content remains more or less
constant. The concentration in the soil solution, however, decreases each year during the growing season
(from March to December) and increases again a little during winter. This evolution is also found for the
joamy soil. The decrease in

K concentration is the largest in the first growing season, when the biomass
production started from (near

1y) zero. Also in the beginning of the second growing season the above-groun
biomass is zero and biomass production very high. However, the soils were fertilised in June and are not

3.1.3.1
The two soil types are cha

4

on with HCL, 38 %). All activities reported were corrected for radioactive decay with respect -

IS i e et s e e T o L .

deplet‘ed. In the tl.lil'd growing season, the K recycled by foliar leaching and litter and root decomposition, is
sufficient to sustain crop growth and the system is assumed to have become sustainable in terms of K

Table 1: Selected soil characteristics of the orthic luvisol and the orthic podzol at the start of the experiment
{data are means and standard deviations (in brackets) of the 4 replicate plots]

Soil characteristics Orthic Luvisol | Orthic Podzol
- Loamy soil - Sandy seil
CEC (cmol, kg™) 10.6 (0.7) 6.7 (0.9)
Texture (%) 100-50 pm | 10.7 (0.7) 90.6 (4.9
50-20 um | 40.6 - (2.6) 58 (0.3)
20-10pum | 31.7 (1.6) 0.6 (©.D
10-2 pm 2.0 (0.03) 0.7 (0.3)
<2um| 150 (0.3) 2.3 (0.5)
Total‘f C (%) 1 1.0 (0.4) 3.7 (0.
RIP" (cmol, kg™) 332 (76) 45 (13)
pH (KCI) 6.9 (6.2) 46 (0.1)
Exchangeable cations® (cmol. kg™ K*| 0.85 (0.05) 202 (0.02)
Ca:: 143 (0.57) 3.65 (0.35)
: Mg 1.34 (0.03) 6.39 0.17)
, RIP = radiocaesium interception potential
initial values (May 1996)
K Soil solution Exchangeable K
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Figure 1: Evolution of K concentration in the soil solution of the two soil types (left) and evolution in
exchangeable K of the two soil types (right) during the time of the experiment

Flgure. 2 shows the evolution in K concentration at actual humidity during one growing season (1998). The
potassium concentration is better buffered in the loamy than in the sandy soil. Especially in the beginiling
of June and in August, a decrease in soil solution K in the sandy soil is found. Increasing or decreasing K
concentrations could not be related to changing soil humidity (R* = 0.11 for both soils; data not showny}.
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Figure 2: K concentration in the soil solution of the two soil types during the growing season 1998 at
momentarily soil humidity
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3.1.3.2 Biomass production
The relations between stem length or diameter and stem weight could be described by: stem weight = a*x’,
with x stem length for the RS, plants and stem diameter for the R3S, plants. Correlations (R?) varied

between 0.85 and 0.97 for length/weight relations and between 0.97 and 0.99 for diameter/weight relations.
x + ¢*x%) gave a better fit than a

Only in December 1998, a polynomial function of the second degree (a + b*
power function. Also branch and leaf biomass are estimated based on shoot length or diameter.

Correlations were between 0.79 and 0.97.

Under the experimental conditions, woody biomass production was similar for both soil types. Plant growth
ing season which slows down

was characterised by a rapid biomass production in the beginning of the grow
afterwards (Figure 3). 1.0and 1.4t of dry wood per hectare were produced during the establishing phase of
the culture (R;S; plants) on the loamy and the sandy soil, respectively. In December the shoots were cut

back and stools resorted the following growing season.

35

- 1l

(%3
13
m——i::’;—_.—-—'

s
E 20 T # ELoamy soil
% « Sandy soit
%15
g Il
e T L

10 T - =

£:¢
’ 1 &
04— = B —_—

May-96  Dec-96 Jun-97 Jan-98 Jul-53 Feb-89

Figure 3: Biomass production in a willow SRC on experimental plots dots are means and bars are standard
¢ end of 1998

deviations of 4 plots per soil type)- biomass values are recalculated for the density at th

R,S, plants produced 8.5 tdry wood ha* on the loamy soil and 10.0t ha'! on the sandy soil. Variations
between the experimental plots did not exceed 20 %. During the third growing season (R3S, plants) biomass
production between the experimental plots on the sandy soil varied much more (> 40 %). Total standing
biomass was 20.6 t ha! for the loamy soil and 22.9 ¢ ha”! for the sandy soil. Woody biomass production
during the last growing season accounted thus for 12.1tand 12.9t ha™, respectively.

3.1.3.3 Evolution of radiocaesium and potassium in willow SRC throughout the growing seasons

Data for the willows grown on the sandy soil during the second and the third growing season are discussed
in detail. The final balance will be compared with the SRC on the loamy soil.

Increase of radiocaesium accumulation in the biomass (Figure 4) is comparable with the biomass increase
during the first half of the growing season (see earlier). However, while standing biomass remains more or
less constant in autumn, the total amount of radiocaesium accumulated in the above-ground plant parts
decreases. Indeed, part of the radiocaesium incorporated in the above-ground plant parts is retranslocated to
the below-ground parts (difference between maximal content during the growing season and the final
amount in the wood, litter and throughfall water).

As illustrates Figure 4, retranslocation patterns for ra
During autumn of the second growing season (RS, p
incorporated in the above-ground biomass (October) and 12.2 %

lants) 14.6 % of the maximal amount of radiocaesium

for radiocaesium and 56.2 % for K contents.
Contrary to the small amount retranslocated, a substantial part of the radiocaesium and K taken up by the

R,S, plants was returned to the soil by litter fall. This was due to an extremely dry period in August 1997
(with insufficient water supply) which caused rapid leaf fall. Plants did not have the opportunity to
retranslocate the nutrients to wood or roots before leaf fall. More than half of the total litter biomass in
1997 fell in August, while in 1998 litter biomass fallen in August accounted only for 6 % of total litter

biomass.

diocaesium and K are similar for both growing seasons.

of the maximal potassium content (August)
were retranslocated. Retranslocation figures for the third growing season (R,S; plants) were higher: 43.6 %
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The radiocaesium and potassium balance at th
e rad . e end of 1998 for the total plant -
Sv hichpg?i (\)&gz;; :Sé fgg%s. the ;1382 p‘iants (roots + wood) contained 19.£ 10° ](B??z::io?:zgs]ij;l}?\;;‘g‘mu; ’
o) oontaine a0 a;vgsg <133?d in th_? wood (stems + branches). Below-ground plant parts (¢ , t(:'
ot 1008 e ek 25 th Bq ha. - ENT accumulation in wood and below-ground plant ngs ’
s uont yea;s} ,“1r ;S o g 181;11ocsacsmm_ icontent in the respective plant part and i-1 ancf i twg S
Suosequent year equﬂibrium Stat. 110 Bé;[ ha™, r_ilespectively (Figure 5). Below-ground plant parts seemed
a0 38 10° B b rot tﬁ. 7 lq Bq ha” was leached from the foliage during the growing se o
02 kB hu'l o ner el o the soil with litter fall. Total net uptake during the growing seasong asﬁm
L2K5e ( ation accounted for 3.6 kBq ha™. Efficiency of radi ium i atio Fd
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ke K T Lesls{tflzgt;:;?d ;n ht.he plants at tl_le end of 1998 was principally incorporated in the wood (5
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- the largest part was found in roots + cuttings. The net accumulatilon c%uring.theo§998 growi
ing

season accounted for 40.7 k - ich sti
g K ha™ of which still 41 % occurred in the below-ground plant parts. 17.7 kg
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port to the shoots. Buysse ez al. (1995) showed that is was not the xyllfam transsport but
, but a

y (




Cs-134 K

Netto plant Uptake: 70.9

Netto plant Uptake: 9.2
(= 0.01 % of content in s0ilb)

Incorporation in

Incorporation in

wood: 3.6 wood: 24.2
(39 %%) (34 %)

Return with litter
fail: 3.8 (41 %)

Return with Return with
throughfall water: throughfall water:
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ocaesium (10° Bq ha'!) and potassium (kg ha'') uptake and partitioning of RS, plants on a
d at the end of the growing season

Figure 5: Net radi

sandy so0il * % of total radiocaesium or K contents immobilised in woo

oil by two processes: leaching from the foliage by through-
osition. The contribution of throughfall to the return of
radiocaesium was smaller than for potassium (31 % vs. 59 %). However, the seasonal pattern of foliage
leaching was similar for both elements (Figure 6). The leaching is highest in autumn during leaf senescence.
This is in accordance with observations of different authors (Witkamp and Frank, 1964; Tukey, 1970; Eaton
et al., 1973; Parker, 1983) and may be due to the ageing of the leaves. The leached potassium is supposed to
originate from the internal leaf tissue and 1o be exchanged by protons or ammonium cations deposited on the
leaf surface (Mecklenburg et al., 1966; Lovett and Lindberg, 1984; Marques, 1996).

Radiocaesium and potassium are returned to the s
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Figure 6: Cumulated radiocaesium (10° Bq ha'') and potassium (kg ha'') in throughfall under the willow

canopy (R3S; plants) in the SRC stands on the sandy soil

The lower leachability of radiocaesium compared to potassium is corroborated during litter decomposition

(Figure 7). During the decomposition test, the biomass of the litter did not change significantly, except for
the last two samplings (data not shown). After 7 weeks already, the concentration of both elements seemed
to have reached an equilibrium state. However, still 38 % of the initial radiocaesium concentration was
found and only 5 % of the initial potassium concentration. Only at the end of the experiment, the
concentrations decreased again. Also Witkamp and Frank (1970) and Clint ez al. (1992) found that
potassium concentration decreased faster in decomposing litter than did radiocaesium concentration.
Although soil particles adhering to the litter may distort the biomass changes during decomposition, the
nearly constant biomass during the experiment indicates that leaching is the more important process.
{1990) claim that leaching follows a certain nutrient release by biological

However, Joergensen and Meyer
decomposition. This may explain the decrease in conceniration in both elements at the end of the

8

e

o ) St el

e R

experiment, since also biomass decreased at that mom iolog

the small mesh sizes inhibi ent probably due to biological decomposti i

faster in the ﬁeél‘z;sdléléléblit;:ilhmacrofguna to enter th‘e litter bags, litter decompisition is sugszt::t;l 'tf lclal‘f:

Slapokas and Granball (1,9 oD ehexperlmenta} plots,' litter of the previous year was hardly perceptible ur

were and atizibared his o earti owed the_lt -wxllow litter decomposed more rapidly the larger the mesi; sizes

radiocacsium comes free dur W;l)nn activity. Supposed that nearly all potassium and a large part of the

are not intercepted immcdizgllf lt)Yep?ilsli Elgtl:gs Zﬂez[-faning. (before plant growth starts again), the elements
oy 1d radiocaesium can be fixed by the soil particles.
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13; :d.z’oi Evolurion of radiocaesium accumulation in the wood with time
aesium a ion i i
Radiocacsiun coilcct::iltlie;pon.m t;lhe willow _wood depends both on biomass production and on evolution of
Suting ot et tlgr-l hn e wood. Smc.:e radiocaesium concentrations in the wood is not constamt0
during the e gle loas;rlj ie 1, net accumulat.lon is not proportional to biomass production (Figure 8). For
y soll net accumulation in the wood accounted for 80, 183 and 204 kBq ha’ .for th
X e

three growing seasons, res i
» respectively. For th i .
consecutive years, y. For the sandy soil, 260, 6048 and 3643 kBq ha! was accumulated in the
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While the evolution in bi ion is simi
e the e :(1;1;);11 :Ital:ilg:};is;f proguctlon is similar for the two soil types (see earlier), the evolution in
e um dseumulation eI;: ue to different evolutions in radiocaesium concentration. The large
iy b doe I sepis Ton Oncen ation from- the ﬁI:St to the second year for plants grown on the loamy soil
Canty ol s e }rlxaf‘){roi:)css of rac_hocaesmm on the clay minerals after contamination. On t)l/'le
oo this process beymor :av?? ]I;:Iss important (lower % of clay minerals, Table 1). On the contrary.
o rum seomed Lo be more av hl able for the pl_ants on the sandy soil, since radiocaesium concent'ratio’n
K oot o e BESC (0 e ‘sccond growing season. This increase may be explained by a decrease
sronth e psion n the 5o Bu 1on in the beginning of the second growing season during rapid plant
ecmssery K coots o2 l;oniie c<Iac]:3au5nshall above-groun.d plant biomass is newly formed in 1997, the
iy hos o 1L w};ﬁ . Yy v]&; at was already in the wood and K concentration in the soil solution
oave dec uptake. Smotions 205n 1 ggrg:))WTt;llatd a decreas'e.of K in the soil solution increases

\ . The ec%mposmon of the litter from the previous year may




1. Indeed, radiocaesium returned to the soil by litter
fall during the first growing season accounted for 3102 kBq ha'! on the sandy soil, while this was only 340
kBq ha'’ for the loamy soil. After analysis the litter was put on the experimental plots mid January. As seen
in the litter decomposition experiment, part of the litter was probably decomposed and radiocaesium set free
Jution / soil particles equilibria) by the time the

and hence partially fixed (according to radiocaesium soil so
willows were resprouting. Part of the litter was decomposed during plant growth and the caesium set free

may have been directly available for the plants.

On the loamy soil, RsS: plants (1998) accumulated mo
they accumulated less on the sandy soil. Indeed, radiocaesium concentration in the wood of plants grown On

the loamy soil remained constant from the second to the third growing season, while however, not
significantly, the radiocaesium concentration in wood of plants grown on the sandy soil tended to decrease.
Radiocaesium concentrations in the wood at the end of the third growing season were 16 Bq kg' and 420 Bq
kg for the plants grown on the loamy and the sandy soil, respectively (soil contamination 8 10° Bq m>).
This is lower than the exemption limit for fuel woo he CIS which amounted to 740 Bq kg’

d put forward int
dry wood (Szekely et al., 1994). Radiocaesium TFSyooq &I 2 10 m? kg’l for willows on the loamy soil and
5 10° m? kg! for willows on the sandy soil at the end of 199

8. Supposed that the radiocaesium concentration
will not increase during the last year of the cutting cycle, the wood may be burne:

d for energy production.
Consequently, willow SRC can be established on a sandy soil (with similar soil properties as the one
studied) contaminated up to 14 MBq m?, or a loamy soil contamina

have contributed to the higher uptake on the sandy soi

re radiocaesium than did R,S, plants (1997), while

ted up to 370 MBq m>.

3.2 Radiocaesium accumulation in willows of different ages and grown on

different soil types

ective of the extensive sampling at farmer plots in Sweden was to have a sufficiently large
Jinked to different soil types, coppice varieties and age categories (o broaden the basis

Jevels in the coppice wood.

The major obj
data set of coppice TF
for estimating radiocaesium

Existing willow SRC plots were sampled once in central Sweden (north of Uppsala) between November
Chernobyl was one of the highest for Sweden. The plots

1997 and April 1998. In this area deposition from

were of different ages (all established after 1986), different clones and different soil type. Ten shoots per

plot were cut, the wood was ashed to concentrate the radiocaesium activity and '¥Cs and “K in the ashes

were counted in a HPGe-detector. The soils were analysed as described for the soils of the experimental
cs (Table 2). Few sandy soils were sampled

plots. The sampled plots differed in their soil characteristi
(Trodje, Tierp 1, Tierp 2 1M). Most sails were very clayey differing, however, in organic matter content

and/or nutrient status.
Soil-to-wood TFs ranged over three orders of magnitude: from 2.410% ¢
However, omitting the plots in Trodje, the variation in TF between the plots was not very large. Moreover,
notwithstanding very different values for the radiocaesium interception potential (RIP) , TF values between
some plots did not differ mmuch (e.g. Viksta 1 and Tierp 2 1G). Results from a simple regression analysis

d the most important factors affecting -

were conseguently not satisfactory. RIP value and clay content seeme
shown). Neither shoot age of the plants nor

the TF, but correlations were nevet significant (data not
biomass production did determine the TFs. Differences between clones could generally not be detected

since only at one plot (Viksta 1) two different clones could be sampled. At this plot, the clone RAFP
accumulated significantly less radiocaesium than did clone 78-183.

o 1.4 107 m2 kg’ (Table 2).

ses: the dynamic equilibrium between

radiocaesium in the soil solution (Kp) and the uptake of

lution (Smolders et al., 1997). Therefore, the transfer fa

The uptake of radiocaesium is a combination of two proces

radiocaesium sorbed on soil particles and
radiocaesium by the plant from the soil so

written as

ctor can be

TF = CF/Kp, or log(TE) = log(CF)-lOg(KD) (2)

Bq kg'] to the radiocaesium in the soii

e ratio of radiocaesium in the plant [
d thus CFs can be calculated by taking

with CF (concentration factor) th
solution [Bq L']. Radiocaesium concentrations in the soil solution arn
10

ageing into account (Absalom et al., 1999). T
. . 3 . he lo (CF 3
the soil soluti i ' ) 2(CF) can be estimated based sy
different hydr?)rclzﬁ?jz Sct;zll'i:glog(tm?’ 1;1%;] re 9]. The decreasing CF with increas(i)rrll gthmeKKig zrllsC: I;g;l tlc(ljl'l g

: ents for different crops (Smold ndn
Especiall ; ps (Smolders et al., 1996;
def:)re alge dy nalt ver;t(1 low K concentrations, the uptake of radiocaesium increase,sBuysse etat, 100

ore than proportionally to the reciprocal of the K concentration very sharply. The CF

.

K conc. (m3f)

Figure 9: Radiocaesium CFs ([Bg kg™’
i . ' q kg™ dry wood]/[Bq L soil soluti } 3
in the soil solution (mM) for the plots in Tridje and f?;r theoolt;:r ﬁ%ﬁﬂﬁiﬁwﬂ o the K concentration

From Figure 9 it i adj i ‘
e arge e gtlssfi)lfii, :Lla;et:il: Trlc;dje plots differ from the other plots. Trendlines (power functions) in th:
o the plows 1 TrOre. Ageis ;r.ld }?r the same K concentrations in the soil solutions, higher CFs are ’fl(;_1 de
Howerr. tho sofls oF ;[‘ierp ; fnd 2 ence the CF, may have been overestimated for the sandy Trddje lolt111
Trodhe, Comommtively b NEL* ierp 2 IM alslo have low clay contents, comparable to the resulti irliJ )
P eomt ek 13\,31% (Minm;o;c;ntrfggsn) 11'} ;l:s IS]OiIOSt(;iut'ion at Tridje may also have increased the
when analysed. A higher organic matter content could n);gthe: Sel)flgﬁz?r}(:tgoggehz??l& fé:dstsiﬁll:efloiiisr \;efz_dfy
rodje
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Site Variet
y ;;gsf’;( m;I':o_l kgont._2 RIP _ CEC |Exch.K| mg | pH |OM| Texture (%, pm)
T—l o = — 1;5 qm cmo{c kg Cmolcrkg‘ Cmolkg'] mM § (KCh | % | <2 ]2.20 20-2,00 >200
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soils. Finally, the difference may be due to a difference in clay mineralogy of the soils and thus different
sorption/desorption characteristics. Indeed, Trodje is located more North than the other plots and may have

different parent material. This parameter was not investigated.

From the predicted CFs, TFs can then be calculated following eq. 2 based on the Kp, value and the mg
according to the formula [iog(TF):bo—bllog(mK)-log(KD)]. From a non-linear estimation (by=8.23+0.33 and
b,=1.67+0.21), this function explains 63.4 % of the variation between the plots. However, when we leave
out the data of Trodje, it only still explains 13 % of the variation.

3.3 Case study in Belarus

For two major reasons, field trials were established in May 1997 in Belarus on former agricultural land, left -
uncultivated after the Chernobyl disaster. Firstly, yield and most probably also radionuclide uptake and -
distribution are highly climate and soil dependent. Results obtained in other trials (Belgium, Sweden) would

therefore not necessarily befit the Belarus situation. Secondly, the contamination in Belarus is of another

nature (more liable to the presence of hot particles than in Sweden) and probably more aged (due to gradual

fixation of radiocaesium by the soil particles) than in the trials set-up in Belgium.

3.3.1 Materials and methods

At two locations, Savichy and Masany (Figure 10) trials were established on a sandy and a peaty soil. Four _;.

NH,Ac). For Masany a less thorough soil characterisation was performed. At the end of the 1997 growin

season, the whole plot was harvested by cutting back the willows. At the end of each growin grseasoi
(November 97 and 98), stems of 10 plants per plot were cut and homogenised. A subsample was ovgen dried
ground and analysed for '*’Cs activity and K, Mg and Ca content in two-fold (for procedure, Chapter 3.1). ,

During the growing season measurements were ;
’ . performed for the th
discussions are dealt with in Chapter 5. growth modelling. All growth related

3.3.2 Soil characteristics and radiocaesium uptake

Crop performan(fe on the sandy soils was deplorable (at Masany the willow died during the first year; at
Savxch?' plants did hardl_y grow) and at Masany-peaty growth was limited due to the competition with’ weeds
At Savichy peaty, the willows were performing well. -

Table 3: Some soil characteristics of the sandy and ] i
v and peaty soil at Savich :
standard deviations between brackets) pead Y (averages between blocks

clones, selected for high yields, frost and pest resistance (Vandenhove et al., 1998) were planted in 4 ..
replicates at all four sites. The four clones selected are Rapp (Salix vimi

nalis), Orm (S. viminalis), Jorr (S.

viminalis), and Bjorn (S. viminalis x S. schwerinii).
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Figure 10: Locations of the Belarus test fields

The soils at Savichy are characterised as soddy-podzolic sandy soil on glacial associated sand superseded by
loose sand and as a low-land type peaty-marsh soil on medium-thick well decomposed sedge-rced-woody’_;;f
peat. Thickness of peat is 1-2 m. The Masany sandy soil is a soddy-podzolic sandy, sandy-loam on alluvial::
gleyic shallow-grainy sand. The depth of the humus horizon is 20-25 cm. The ground water table (May 5) is.
-1.2 m. The Masany peat bog peaty soil is located in lowland meadow. The ground water table (May 5)is at{_f;f

-0.25 m.

cleaned from weeds an
applied.

Every year at the end of the growing season, the soil of each block (five 25-cm cores per block:
homogenised and dried) was analysed for pH (KCl), exchangeable K, Ca, Mg and 137Cs (extraction with 1 N
12

The experimental site at Savichy was disked and cleaned from weeds. At Masany, a 40 by 40 cm square was &
d the coppice cuttings planted. Sites were not weeded afterwards. No fertiliser was .

At the start of the experiment the soil of the Savichy test sites was analysed for CEC, total carbon (loss-‘éf

through ignition), texture, apparent density and total 1305 and '**Cs. The results are presented in Table 3.

E

- ra— Y .
13%::1;2221% soil characteristics Savichy peaty Savichy sandy
o I 19385 (4784) 1438 (308)

Cs(Bqgh) 1 210 (53) 4.05 (970}
CEC (cmol, k]g' ) 41.7 (1.2} 1.b3 (0.42)
RIP cmol. kg™) 38.8(13.6) 17.5 (5.5)
Total C (%) 48.60 (0.87) 1.47 (0.24)

| Apparent density (kg L) 0.37 (0.01) 1.42 (0.02)
Texture < 10 pm ;5.5 (0:6)

10-50 pm 8.8(0.9
50-250 um 72.6 (3.2)
250-500 pm 114 (3.7)
>500 pm 0.7 (0.1
More variable soil characteristics
1998
Exchangeable cations (cmol, kg'l) K 0.55 (0.09) 0.043 {0.006)
Ca 33.35(2.19) 0.68 (0.38)
- Mg 3;172 (g,iS) 0.19 (0.03)
Exchangeable *'Cs (%) 1.27 50:2)6) 33;52 Eg.%)
1997 . ‘
Exchangeable cations (cmol. kg") K 0.54 (0.08) 0.048 (0.013)
I&)a 33;529(5) 1.342’) 1.00 (0.29)

o g . , .

5 I_;n soil solution (mM) 0.256 (0.1321) O.OOé; Egg}l)ﬁ)
44 (0.1
Exchangeable "*'Cs 1.48 Eo.zg) 2.393 Eg:gs)

For Masany, tpe contamination level was 315621070 kBq “’Cs m™ or 44+15 Bq g”. The soils are rather
poor in potassium: only about 1 (peaty) to 5 (sandy) % of the regular cation exchange complex is occupied
by potassium (Table 3). Soils with a low potassium status are rather liable to high radiocaesium transfer as is
the low pH of both soils. Notwithstanding, exchangeable Cs-levels are low: 3 % or less. Values for
exchangeable cations and exchangeable Cs did hardly change from one growing season. to the other.

Wood m_ltrient composition was only determined at the end of the second growing season for the sandy and
peaty soil at Savichy. Given the deplorable condition of the willows on the sandy soil, these data are n)(I)r
presented. For the peaty soil the concentrations were 2.4630.43, 2.94+0.57 and 0.94i6.10 g kg for K, Ca
and Mg, respectively. These contents are comparable with the values observed for the Belgian 1ysimet’ers
(Varlldenhc.)ve et al., 1998), indicating that the willows do not show nutrient deficiency.

Rafhocaesmn.l TFs are up to a factor of 1060 higher that the TFs recorded in Sweden and on the Belgian
1y51meter.§ (Frgur;e 11). They range between 0.24 to 2.60*10° m? kg™’ on the sandy soil and between 0.49 and
221 *10” m? kg~ on the peaty soil at Savichy. At the Masany peaty soil the TFs range between 0.18 a;nd

13




0.74 #*10° m2 kg™, It is also clear from Figure 12 that due to the large variation there is no significant
difference in TF between the different willow clones. -

6 r 8 15
Savichy Sandy T 0 197 Savichy Peaty 097 Masany Peaty
D198 O 1998 o 108

e

Bjorn Jorr Orm Rapp

Figure 11: Radiocaesium soil-to-wood transfer factors at Savichy and Masany in Belarus

The TFs on the sandy and peaty soil at Savichy are comparable. The soil K-status is similar for both soil

types but the RIP is a factor of two higher for the sandy soil and yet, the amount of radiocaesium available is

a factor two higher on the sandy soil. Since no additional soil measurements were done at Masany, it is
difficult to explain the fourfold difference in TFs between the two peaty soils.

The high TFs obtained are comparable with TFs at the Swedish Trodje sites (0.58-1.4 10° m2kg"), where
soils also showed low RIP values (103-113 jeq g, Table 2) close to RIPs at Savichy (175-333 peq gh.

TFs tend to increase with a factor two from the first to the second growing seasom, in accordance with the

observations for the Belgian lysimeters (sandy soil). The threefold increase in radiocaesium concentration n

the wood recorded for the willows grown on the experimental plots in Belgium (sandy soil) was explained
as follows. Firstly, by a rapid plant growth in the beginning of the growing season and a soil which could

not supply the high K-demand resulting in a depletion of soil solution K and hence an increasing Cs-uptake; -

secondly, by the radiocaesium released from decomposing litter. The Belgian lysimeters were fertilised in
the year after cut back (i.e. the second growing season) and radiocaesium concentrations in the wood
decreased during the third growing season. From observations we could also assume that the coppice system
became auto-sufficient in K from the third growing season onwards (2™ year after cut-back). This

observation is of importance for the Belarus scenario. Sites were not fertilised and hence we still may expect |

a slight increase in TF during the 3" growing season. If, on the other hand, it is assumed that, as was
observed on the Belgian lysimeters, the coppice system does not need any extra K-input due to internal
recycling of K, we may expect the TF not to increase anymore during the next growing seasons.

The hypothesised extremely low K-concentrations in the soil solutions in Belarus sandy and peaty soil and $

the likely presence of NH,* due to decomposition of the organic matter in the peaty soil, may possibly

clarify why the TFs in Belarus are a factor 100 higher than on the sandy soil in Belgium. This in spite of the

fact that in Belgium the contamination was rather recent (1996), compared to Belarus (1986) and the
radiocaesium was assumed to be less available in the latter scenario. It might well be that in the peaty (and

sandy ) soil in Belarus, there arc no Cs-fixing clay minerals present.

Given the high TF but more importantly, due to the extremely high deposition levels at the test sites, the

concentration of Cs in the wood (Table 4) was higher than the level acceptable for fuel wood which is set at |
740 Bq kg in Belarus. If we would consider an average transfer factor of 2% 10° m2 kg™ during the second
growing season and assumning this TF would not increase anymore, willows can only be safely cultivated on '

sandy or peaty soil contaminated up to 370 kBq m*.

Table 4: Concentration (Bq 17 s kgl ) in the willow wood

1997 1998
Savichy sandy 756 (563) 3015 (2363)
Savichy peaty 14180 (8186) 36657 (2363)
Masany peaty 598 (307) 1711 (923)
14

3.4 Radiocaesium uptake by other bioenergy crops

Sge i i

Reforestation of i ; :

comparable to th;‘?;taqnnated aralb le land is one possible remediation option. Initial investments a
limited revenue fro ptll)llcehl-)lar-ltanon costs but returns only showing after 60 years or more, exce tnf3

i1 order o vedics \:fgrkeer‘;’ ;r;{r;l;lg. If forests would be planted widely spaced so that thinnir;g is nI:)t lgeii{

sure, even no such intermittent i
At present. no i .. . ent revenue is to be expected.
pla:lzted aft,e ?Ct)}::igglgiatl%n 11s av_zclillab}e on transfer factors or radiocaesium fluxes 11E1) forests which
rnobyl accident. For the comparison of TF were

system and fo ' of TFs and fluxes between willow i

Y rests we will have to rely on data of forests which were in place at the time of t‘kilzg:éititloent

nt.

From the soil-to- i it i i

Prom arz Zot{; Ct; :vl(:}o(;i_ 1:1(1)16105;1140—13&1"1( TFs, 1? is obvious that in general TFs to coniferous and deciduo
Trodio and Belaras oote e éi:fr tha]t)r; for v;;ﬂlows (Table 5. Only the high TFs observed in willows ilrllS

. ‘ parable to the TFs for forests. It should h

in forests are not purely soil to plant TF since the foliage intercepted part :f‘:l?:i;gﬁf;la:zisr;ed fhatthe TFs

Table 5: Radiocaesium transfer factors i ' i
wnd Zadoate e o Jactors in coniferous and deciduous trees (following Ponomarev et al.,1997

Tree species | TFimood (M kg™) Tree speci 2
Fir vgooz 6.7 10‘:-2.0-10% Aspen Spe‘:lvevsood TFSOinméOdlgg L)
ar 3.0 107 - 1.5-10" 310
Pine Wood| 8310%-17-10° | Birch “]?c?;l(; %"37'10'2
Bark | 1.0-102-9.0-10° Bark : '1(*)3
Oak Wood | 1.810°-22:10° | Alder Wood 17;0 3
. Bark 6.8-10°-1 102 Bark : 1(')3
Lime Wood 8.5-10™ 71
Bark 4.5-10°

A compari i
oy foﬂlzct)rtlh‘:a; 1;1;;1; :Iit:;feein thfe annuz%l radtoca}esium accurnulation in wood of willows grown on the
et fales pronber : p o_ts in .Belglum fmd in wood of Pinus sylvestris L. in a traditional forestr
concentrations found inat;tnwigglgfsf;l;:;ts?zlllg ;tiir?: t-: oo m-zi 4000 e kg et y
t ‘ ees were nearly 4000 Bq kg i
TI‘lI;:Sn;(r):; ;Ef:;ltg ;fgglnegl trec? ring 'fmd bark). This gives a TFy0q 0f 3 lyO'3 m’ kgql, ihlcfg i‘vsvcs)?n{d]i%:f ?cl)l:tclllmg
Do e es. Wlth.a blom.ass prf)duction of 14.8 m® ha! year?, and a wood density of 0.4 tl;=J
s Hioher s f(x)lrz;(}:gl;;n:l:ltxng radzo_caesmrr} at a rate of 23.1 MBq ha™' year’. This accumilatio'n ,is 5e
{imes bigher than | ISL tWO years in the w11.low coppice system (lysimeter study, sandy soil), despi

s lower soil contamination level in the forest stand (Figure 12). For t};e scenario siu;ise}zlltire

can thus conclude that annual radi i
. adiocaesium accumulation in wi i
Forest stand 1 the Chermoba atton maer in willow SRC wood is much lower than for a

It . Sy s

COl; t;;;;}; ;r(vietl(l) Itjlci)s;ilscl)?ﬁl;at aclczi soil COl‘ld.ltIOI]S apd low K concentrations in the forest soil may have
1086, b Lo hfve bemo-woto t.ransfer in the pine forest. Further, though the pine stand was young in
otierng tees have beer on:han;mgted !3y deposition of the Chernobyl fallout. The Iargest part of the

o ocaesium inter folzest 1%; /t;l oliage is leached of by the rain during the first year (Ipatyev et al., 1998)
e st ot e et s s iy
orroot : : : e soll, caesium is less avai

uptafl:( ;ttlos g::i:zii)é Sf;;(:;idllay the dsoﬂ particles, Furtl}er, the amount of radiccaesium trans?c?x}tigo;;f?;f :;f)is
i 10 the Jeaves/need les an return.ed to the.soﬂ as litter is only a fraction of what would have been
g 1 the lier/humus in case of an 1.ntercept10n scenario. Since it is known that in a forest ecosystem
by roore e humﬁzllt:n cyc-hr}g is confined to the humus layer (highest fraction of cacsium taken up
o foots 's Trom the hun yer), it is very probable that the transfer factors to newly planted forests on

y the Chernobyl accident would be considerable lower than the TFs presented in Table
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be available from the PHYTOR-project (Vandenhove et al., 1999).

§ 183 kBa/ha

oo +204 kBg/ha

(loamy soil)

SRC
(sandy soil) ¥

Pine forest:

23100 kBg/ha/year

[ imeter study,
12+ Radiocaesium accumulation in willow SRC grown on a loamy and a sandy soil (lysimeter stucy

Bt pine forests (Vetka, Belarus)

Belgium) compared o a 17 years “old

diocaesium accumulation in

i in Fi 12, we could conclude that annual ra . .
F‘?l' e zﬁéaﬁSO%r?sselﬁiilg)iegrutfan for a forest stand in the Chlemobyl affected agea. iﬁl;ioeﬁsgnpotennal
gil;ﬁ:;s production by willows is higher (12t for SRC vs. 6t ha™ for forests), wood pro

isi i ter reserve of the soil is low,
i mising. However, if the wa h .
i nd in a SRC system seems to be pro 1g. Ho . o iy 3
COI'ltammated . dy soil, the potential (no putrient limitations) yield under Bt-alax‘v.s co s oty >
B s from the w1 he sandy soil at Savichy and Masany indicate, moreover,

;i : . ; ‘
that’. The resuls from the wiow FEER those sandy soils (low water reserve and nutrient status),

i nsiderably lower. For _ . )
thaE iztsli::iz;eligsaﬁi;eoﬁion than g SRC system. On soils with a higher water reserve (.g. loamy , pea y)
re-fo

SRC may be preferable. Both cultures are hence highly compatible.

were assembled: to wheat and
methy] esters (RME=diesel). TFs
RC. TFs to the seeds are generally

From the literature, a range of TFsto a number of potential energy crops

sugar beet for ethanol production and to rape seed for production of rape

to green mass and roots are comparable to a factor 10 higher than TFs to S

a factor of 5 smaller (Table 6).
biofuel crops (TF for sandy soil)

Table 6: TF to different plant components of liquid- (L
Crop Plant component TF,0 1;)3 (1)1142 g
Apcing wheat 2?2:;5 0.23-0.36
grain 0.08-0.16
- *
Cereals grain 0%0;’?0041 i
Winter whest zter:cz 0.08-0.18
i d leaves 0.12 (0.46 *2
Spring rape seed :z:;n‘: an R -
seeds 0.03-0.04 (0.0006 - 0.5 )
-3.4%
Brassicaceae seeds 0.0&183#
Sugar beet T00L A
Root crops 11'oot 0 e
aves .
—— Egﬁables * Ero; Nisbet et al. (1999), ** from Gopa 1996 and # from TAEA, 1994.

Data from Grebenkov (1997),

3.5 Fate of radiocaesium during biomass conversion
ination scenario, it is important to have an idea about the fate of t.he‘ radionuch;les durin
eesing & , nto a useable (energy) end product. Empl.lasm is on fate ©
d into heat and/or electricity by combustion (qr comParable)
d type of biofuel will affect the fate of radiocaesium, these

In case of a cont itis
the biomass processing and conversion 1
radiocaesium during valorisation of woo
techniques. Since the type of power plant an
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aspects are discussed in some detail. Fate of radiocaesium in other conversion routes {combustion of straw

and peat; wood pulping; conversion of rape seed into rape methyl ester and sugar beet and wheat into
ethanol) will be discussed in lesser detail.

3.5.1 Biofuels, techniques and processes

Stem wood is used as raw material in the production of paper pulp, sawn wood and heat and electricity.
Given the scope of the RECOVER project emphasis will be on the fate of radiocaesium during bjiomass
combustion and gasification and less so to the fate of radiocaesium during the pulping process.

To reliably estimate the transfer from biofuels to ashes it is important to know the ash content in the fuel and
the proportion of radiocaesium escaping with flue gases and condensation water. Since different
constructions of district heating plants exist and different combustion techniques are in use, it is impossible
to put forward a common fuel-ash transfer factor. Incomplete combustion of the fuel, resulting in varying
carbon contents in the ash, different ash contents for different biofuels and varying amounts of radiocaesium

escaping to the atmosphere, results in a broad range of ash enrichment factors (Cs in ash/Cs in fuel wood) of
radiocaesium.

3.5.1.1 Combustion technigues _
Fluidised bed combustion (FBC), grate firing and pulverised fuel firing (PF combustion} are among the most
common combustion techniques (Steenari, 1998). In the FBC technique, the bed where the combustion takes
place, is a mixture of fuel, ash and sand. Air brought in from below keeps the bed fluidised, thereby
improving the heat transfer, and combustion is more or less complete at relatively low temperatures (800-
900° C) and at low excess of oxygen. This is a common technique for larger heating plants with power
ranging from 20 to 160 MW (Nutek, 1994). Several varieties of this technique have been developed, BFB
(atmospheric bubbling bed), CFB (atmospheric circulating bed) and PFBC {pressurised fluidised bed
combustion) (Steenari, 1998).

In grate fired boilers the fuel is combusted on a large grate where the combustion air is brought in from
below. The grate is usually tilted where the fuel is fed to the upper part of the grate and the bottom ash
collected in lower part of grate. The combustion temperature is about 1100-1200° C (Steenari, 1998). The
technigue is most common for small and medium-sized heating plants.

In PF combustion, the fuel consists of a dry powder that is brought into the burner together with the
combustion air. In PF burners, a mixture of oil and biofuels can be used (Nordliner, 1989) and the
temperature is around 1300-1500° C (Steenari, 1998).

Gasification is a promising technology for the conversion of solid fuel to combustible gases. The gas
mixture (H,, CO and CH,) can be burnt in a generator for heat or electricity production. Biomass conversion
in small-scale gasification plants seems particularly attractive for decentralised power production close to
the biofuel sources and energy requirements, as may be the situation in Belarus.

3.5.1.2  Flue gas filtering systems

Filtering systems are used for removing impurities from the flue gases in heating plants. Examples of filters
are cyclones, textile baghouse filters and electrostatic precipitators. Cyclones are effective for separating
large particles from the flue gases. Part of the ash are large particles which are usually recirculated to the
furnace while the smaller ash particles are rejected as a residue (Steenari, 1998).

The fly ash is collected in textile filters (e.g. baghouse filters) or electrostatic precipitators where the flue
gases are passing an electric field and the ash is precipitated on one of the electrodes (Nordliner, 1989). The
collection efficiency for both electrostatic precipitators and fabric baghouse filters are very high. The mean
fly ash collection efficiency in three Finnish peat fired power plants ranged between 96.7 % and 99.0 %
(Jantunen ez al., 1992). Radiocaesium collection efficiency is probably slightly lower since the affinity of
radiocaesium is generally higher for smaller ash particles.

In the gasification plants, gas cleaning is often at low temperature: the gas leaving the generator is cooled
down in a water scrubber. In the Belgian pilot gasification plant (se 3.5.2.2) The water, which entraps the
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often used as bed material leading to a Si

is filtered and recirculated. To dry the cleaned gas, it is forced through a
of ashes (Steenari, 1998).

dried and brought back in the generator with the biofuel. The -content in the ashes which is generally higher than in oth
an 1n other types

dust particles and part of the tar,
filter and the tar containing filtrate is

impurities usually end up in the liquid effluents
Wood ash contains :
many reactive and strongly alkaline components which make some kind of stabili
' stabilisation

3.5.1.3 Wood ash

Ash composition depends on fue
bottom ash, are produced. Bottom as
melted ash that is well burnt and has a relativ

1 type and combustion technique. Generally two types of ashes, fly and

h is the residue at the grate after combustion and consists of partly

ely large particle size and density (Nutek, 1994). In a grate

fired boiler the major part of the formed ash is fly ash but the variation is large. Fly ash is the part of the ash
arned fuel than bottom ash and consists

that is transported with the flue gases and contains a larger part unb
of smaller particles. Concentration of volatile elements is generally higher than in bottom ash (Tradbrandsle,

1994).
FBC ash is produced in fluidised bed burners. The ash is separated from the flue gases in the same way as

fly ash. The main differences between fly ash from a grate fired burner and FBC fly ash are that FBC fly ash
contain a less amount of unburned fuel and that it also contains bed material (sand) (Nutek, 1994). Ina CFB

unit about 50 % of the formed ash is filter ash while the oth

3.5.1.4 Straw and peat ash

Peat consists of partl i
y decomposed biomass. Th i i
ot consists of part s. The chemical composition of the pe
potors as ggding ssccn’lil1 Sa)nc; rocltc) at the‘locau?n and how the water enters the pealt) bfggdgf;t(iis'(tm _SEVCI‘HI ‘
When veine pestand c. 1eat 0gs Wltl‘l a hllgh content of metals are usually not used for ey produc C?ff
bt aoh iy oo t()af) ;lii a f:ilel, lime is often added to reduce the sulphur discharg FrereY production
sts of three different compo : i .

coatah y € : ponents: a) nutrients and trace i
Sulphgdelz E;ec;:;izzt:; ;sf t;:lzltllczum t?arbonatcs and iron carbonates -phosphatesm eltliffrgfig]eihe oS

: : spars from t i i ’ N, e
o ©) duantz and ol P he adhering soil (Tammela et al., 1997). The ash content in peat

According to Hedvall (1997) the ash content for straw is 4-5 % of the dry matter

er 50 % is bed ash.

lic elements (boiling point temperature above 1500° C: Be, Mg,
and volatile elements (Na, K, Rb, Hg, Cd, Sn, Se, Te, Zn, Pb, As,
1994). The fly ash matrix is composed of lithophilic
When the temperature of the flue gases decreases, the
of the fly ash particles. Since the surface area
le elements is usually higher in the

ly soluble as they form salts with

During combustion a separation of lithophi
Ca, St, Ba, Ra, Ti, Cr, Mn, Fe, Ni, Cu, Al)
Sb, C1, Br, L, S, Mo, Cs) will take place (Béverman,
compounds which are transported with the flue gases.
volatile elements can be condensed and enriched at the surface
per unit mass is larger for small particles the concentration of volati
fraction of small particles. The surface enriched elements are often easi

chloride, phosphate and sulphate (Béverman, 1994).

3.5.2 Fate of radiocaesium during conversion

3.5.2.1 Fate of radiocaesium during combustion

Table 7: Ash content of different biofuels (after Steen ari, 1998) .
collected during and after combustion. It was found that for temperat
eratures common for field fires, the loss of

Fuel % ash content caesium fo the atmosoh
phere was 40-70 % ; .
Pine barking waste 1.8 almost all caesium was evaporated. b of the total caesium content while at higher temperature (1000° C)
Spruce barking waste 3.4
Birch barking waste 1,6 The percentage of radiocaesium in the fuel
, ey that i
Wood chips, unspecified 1,8-38 and Fhe Chal'fiCterlSthS of the biofuel. Jantunen ecta; b(e 13;;;6‘ . th'e ashes depem'is on the type of power plant
Straw, unspecified 2.2 -40 nuchc.ieS during peat combustion at four different héating 1;,?1?11?(1 the behavmu‘r of Chernoby! fallout
Salix 18-23 itrelcc:liilm?uetshhave been used. An increased enrichment facth;' forssﬁal;:iani whel.' e different combustion
cate i ; . ash part .
flue gaszs czi)'ih'C rteflldmcaesmm evaporates in the furnace and condenses on It)he ?1: o ;]vas fqund, which
Table 8: Inorganic element content (% W/W on dry matter) in wood and bark ash (after Steenari, 1 998) inversely Propoi‘ltlionZ;lfoa;trengery SCCEOHS of the boiler. As the surface to volunyleafat i% a(r:tff;les »:f-hel:n .the
Elemen | Pine Spruce Birch : s diameter, the smallest particles collect the hi partic e 15
t ood | Bark | Wood_| Bark Wood Fark :&Z ;‘gaegn; 211111;;36h1:1¥nt factor was 15 for fly ash and 10 for bott:;:n ;1:‘151 h;%?'e\s:ozr;m;in;()fﬁaesmm' For peat
n : : ‘ , He
Na 006 |04 006 |02 [006 }Od actor for radiocaesium of 41 for fy ash and 26 for bottom ash. (1597 found an
K 4,0 20 4,0 22 5,0 14 Hedvall (1997) exami .
ned the activity bal : .
Ca 6,0 52 8.0 50 7,0 30 : X y balance for in- and outgoing radi ivity i .
Mg 2,0 7.0 1,0 6,0 |20 5.0 :lsltsal::llf gf;ll::sgi EElllggtg;(tlle filter. The result showed that 12 + 2 %gof thl:iz(tiliv(:g el;l1 a peat ﬁreg Itlljzratlng plant
’ ’ ’ : timated the fraction of S . um escaped through the
P 0,4 6,0 0,7 50 |08 4.0 condensati o) €S ion of the radiocaesium that disa i
S g i S e e condesation v i 3 e o rd g e oo vih o, e et v
* € ‘ a o of the radiocaesiu . ecovering
surf. ; ot m content in the £ .
aces in the combustion system. This is in accordance with data Iflron(’al auliilnﬁlsllljgef;tugfegl o 101‘ b
power plant

After combustion of woody fuels most elements taken up by the tre¢ will remain in the ash with exception of Where 0.4 % of the in-goi i i
’ : . -going radiocaesium could be found in the di
e discharge (Nordliner, 1989)

nitrogen and sulphur. The carbon content in the ash depends on the combustion technique used. The amount

and composition of wood ash depends on tree species and compartment, whereby zones of high growth rate, :

such as the bark, branches, tips and leaves and needles show a higher concentration of inorganic elements
(Tables 7-8). When using wood as a fuel, soil particles usually enter the furnace together with the fuel which;_

will add quartz and feldspars to the minera! matter.

3-5. . | i‘l

9. Th t p - p

he type of combustion process used. Due to the lower combustion 400 °C.

Ash characteristics will also depend on t
temperature in a FRC boiler, bottom ash and bed material are mainly crystalline. Further, quartz sand is
18
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Table 9: Specifications of the UCL-proto-type downdraft gasifier T
Design Parameter ks =
Fuel feed-rate (maximum) oW
Thermal input (maximum) Atmospheric ait
Gasification agents jrgcaeed
Air flow-rate 5 Nons 1
Product gas flow rate 00eC
Product gas temperature o6 M Nar®
Product gas LHV

old willow wood with moisture content of 12 %. To simulate a

i i ed with water containing stabj
inati 17 d St respectively, the chipped biomass was spray g
wood conta@natlon bﬁ; gjrirc; calculate? mineralomass distributions and balan'ces, element coptfr(lt ég?{erc
G o M -fc;mlzl. Z(:f Man and Cs and Sr) was measured in the fuel, the residual bed xll}ate‘l('ixezw agt e
- 1‘:6, )Cz;tlt/;gr’odllct: ,(bot,tom ash from the ash-pot and fly ash from the cyclone) and the liqut
reactor),

and the gaseous effluents.

The feedstock consisted of chips from 3-year-

E . . .
. .

ﬁ
r QD.CDT ihtion of residual perficulates
Ash analysis (% of ash) | Ditribtion .
reoovered dried npes)
0248 81012 14 16 18 20 22 24 26 o (%ot
=3 0.0
50,00
©,
Yo |
Ny
o 168 5 A2 363
Wl S e em e
Tdd Bdfom Ayash Liquid Cesz0b
residel ah efl. efl.
bed {dw) {dw)
fraction of residual particulate recovered in

Figure 13: Ash composition of willow feedsg,‘ockl (left) and
different compartments of a gasification unit right)

istribution of the

lements showed a distribution between compartments comparablc_a to thSe mas; cci;;trl:/llag e owed
MC{St ol parti les. Generally recoveries between 92 and 99 % were obtained. Sr (an . , £ ,1 M o1
e els tion as illustrated by the highest content in residual ashes (> 99.7. o) ar‘ah o i
the' N ISF;fllOH ts. Cs and K were the most mobile among the elements studied w1-t . c i
e ine l'lI‘et?e ém‘ichment factors (calculated as the ratio of element conc?ntratmlm ;I(; re
theti?isaioe:lrfde;ilﬁit;villow chips) on particles of different size classes are presented in Table 10.
ma

. . 2

i icles (> 2 mm). Fine particles (<0. 1

i i isted predominantly (55 %) of large partic : (<02

ot feSldu_al b'ed rfnatigaflibc%r:lsrltsl::r gi, Al Fe, Ca, Mg and St were mainly f:ouccntrated on me'dllursn Iii:epthau

011313’ COﬂtf:ltl);lt;I:lgﬁrf:; partic;les K 1<Ta 7n. Mn and Cs accumulated predominantly on fine particles, :
and secon .K, Na, Zn,

medium and large particles.

Table 10: Enrichment factors in the residual char bed for different parlticle size classes
| i Elemen
Particle Particle mass : T T
size range distribution (%dw)| Si | Al |Fe |Ca | M Kl 13\1;! 2 =5
2 13 48 |51 | 239 (35 (44 |2 NE
o me 32 72 171 | 279142 |56 |16 24 :
gi_mlrﬁm 55 14 |14 jo0 |11 j12 j11 |1
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About 6 % of the Cs escaped from the installation while only 0.007 % of Sr was released with gaseous efffuents.
This is partly due to Cs condensation on the finest particles which are transported with the gas stream. According
to 2 permissible level of 40 Bq *’Cs m™ in gaseous effluents, and assuming a routine release associated with
operational conditions of present pilot system, it was calculated that the maximal ’Cs content in wood suitable

for gasification would be 1240 Bq kg™, This is higher than the exemption level of 740 Bq kg set for fuel wood in
Belarus.

3.5.2.3 Associative properties of *'Cs in biofuel ash.
The availability of radiocaesium in the ashes is important on two accounts: 1) the risk of radionuclide

leaching when ashes are disposed off and 2) the risk of transfer to the biomass and leaching when applied as
fertiliser.

The chemical form of radiocaesium in wood fuel ashes has been studied by sequential extraction of ashes
from two Swedish heating plants with grate fired bumers (Ravila, 1998). At one heating plant most
radiocaesium (70-80 %) was found in the water soluble fraction and the fraction available by ion exchange.
The water soluble fraction of the bottom ash (20 %) was much lower than the water available fraction of the
fly ash (40 %). The ash from the other heating plant contained a larger fraction of unburned fuel. The water
soluble part of the radiocaesium for this plant was much lower, 4 % for the fly ash and 8 % for the bottom
ash. The total biological available fraction was 60 % for the fly ash and 30 % for the bottom ash.

The biologically available fraction of caesium in peat ashes varied between 0 and 10 % for bottom ash and
between about 10 and 50 % for fly ash. This low availability may be attributed to the high concentration of

iron and silica and the fact that iron oxides may act as a catalyst for the alkali metal association to silica
particles.

Ravila (1998) has also compared the concentration of radiocaesium in wood for a forest fertilised with wood
ash with an untreated forest. The deposition in the area was 1600 - 2500 Bq nr*and was located in the
organic layer. Wood ash in a granulated fori from a district heating plant of Central Sweden was distributed
at a rate of 4000 kg ha™. The "Cs concentration in the ash was 2.2 Bq g’ resulting in an average deposition
of 900 Bq m™ of which about 25-50 % still remained within the granulates 5 years after the distribution in
the forest. The ''Cs activity in the stem wood from the wood ash treated area (15 Bq kg'') was twice as high
as for the untreated area. '*’Cs distribution between annual rings showed that the concentration of *’Cs was
highest in the youngest wood. Rantavaara (personal communication) said that preliminary results from plots
fertilised with Cs-containing ashes showed that Cs-uptake decreased. The observation was explained by the
high amounts of K also added with the fertiliser.

3.5.2.4  Valorisation of wood in a pulp and paper plant

Stem wood may also be used as raw material in the production of paper pulp. The main purpose of the
pulping process is to extract the cellulose fibres from the wood. The fibre yield is much higher for the
mechanical pulps (~100 % yield) than for the chemical pulps (40-70 %).

In mechanical or ground-wood puiping the wood is torn into pulp by pressing the wood against an abrasive
rotating grinding stone. The water used in the process is recycled after purification and than used in the
paper machine. Ground-wood pulps can be expected to retain a large fraction of the radionuclides present in
the wood before pulping. The fraction of radionuclides that dissolve into the process water are largely
removed during the water purification stages.

In the chemical pulp processes wood is cooked in a digesting agent, either acid alkaline or neutral which acts
to soften the wood structure. At the end of the cooking the mixture of softened wood chips and spent
digesting agents are directed to a washing plant where fibres are separated from the black liquor containing
the digesting agents. Black liquor is directed into an evaporation plant in order to remove excess water and
is then fed into the recovery boiler for combustion. The bark is burnt in the same combustion unit (Ravila,
1998).

For a typical alkaline pulp plant the inputs, outputs and radiocaesium concentration factors are given in
Table 11 (Ravila, 1998)
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Table 11: Inputs, outputs and radiocaesium concentration factors for an alkaline pulp plant (Ravila, 1 998)
Input Qutput
Product Amount | Product Amount Conc. factor
Dry wood 2.4t | Bark Ash 0.01 m* 68
Water 92 m? | Black liquor 0.05 m* 26
Chlorine, NaOH, O,, H;O, 0.074 t | Lime sludge 0.03 m? Not sign.
H,S0, 0.026 m® | Na;SO4 0.0024 t 195

3.52.5 Conclusions for wood biofuel

From the information above it can be concluded that the main part of the radiocaesium can be found in the

ash in a modern biofuel fired heating plant. The enrichment factor is generally higher for fly ash than for
bottom ash. Mainly fly ash is produced but the ratio of produced fly ash/ produced bottom ash has a large
variation. With an appropriate filtering system, more than 99 % of the fly ash can be separated from the flue
gases. The separation of radiocaesium can be a few percent lower due to higher enrichment of radiocaesium

and lower collection efficiency for smaller ash particles. For the pilot gasification plant, Cs recoveries were
about 95%.

There is not sufficient information available to closely describe advantages and drawbacks for different
combustion techniques from a radiological point of view.

For biofuel ashes two options seem realistic, to treat it as waste and dispose itin a landfill or use it as

erial is not recommended given the high level of alkali

fertilisers. The use of biofuel ash in construction mat
ised. From sequential .

metal species and chlorides. A large part of the radiocaesium in wood ash can be mobili
hown that between 70-80 % of the radiocaesium can be biologically

extraction experiments it has been s
available for certain ashes, where the water soluble part was between 5 and 40 % for the different ashes. In

peat ash the extractable fraction of radiocaesium is lower than for wood ash.
lation or agglomeration is necessary to

When using ash as a fertiliser some kind of pre-treatment as granu
avoid damaging the plants and the soil. One should also bear in mind that the use of ash as a fertiliser may

be restricted by the presence of hazardous elements like heavy metals.

3.5.2.6 Other biofuels
Although information is available on soil-to-plant transfer factors for radiocaesium for the bioenergy crops

of interest, only limited information is available on the fate of radionuclides during the biofuel production
process. In Gopa (1996) information could be found on the T to rape seed, rape seed oil and cake. The TFs

to ethanol from winter wheat and to sugar for sugar beet (0.5 kg ethanol formed per kg sugar) were
calculated with the same ratio between the TF between rape seed and rape seed oil. The remaining activity
duct(s) and the TFs were calculated considering the weight of the

was assumed to go entirely to the side pro
side product formed. (Goor, 19982) compared the amount of seed, root and energy product. In Table 12

mean TFs for the different cultures considered are given together with the activity levels for different
surface contaminations. These activities can be compared with the limits for 137Cs for food consumption
(grain, oil, ethanel, sugar) and fodder usc or burning (wood straw) in Belarus (Gopa, 1996} presented in

Table 13. No information was found on TF to other by-products as €.g. glycerine.

imary fuels for the different routes ar¢ of no
use of wood for combustion in household
be noted that, except for the TFs to rape

It is clear from Table 12 that the contamination levels in the pr
concern. Assuming the high TFs for coppice in Belarus apply,
wood stoves should be considered with care. It should, however,

seed and rape seed products, the TFs recorded are mean values for European conditions where soils are well
fertilised. The TFs obtained for Belarus were recorded on very poor soils, which were, moreover, out of
production for more than 10 years when the coppice trials were established. Their K-status was very low an

it is known that at low K Cs-TF increases exponentially (Smolders et al., 1997, Nisbet et al., 1999). The
mean TF for Sweden of 10° m? kBq and of 5 10 m2 kBq" recorded for the Belgian sandy soil, are

probably more realistic figures for European soil conditions.
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Table 12: T
Lable 1 Ofw]:; :‘: fz(;d crops and products (10° m? kg') and contamination levels, amount of waste and
per net energy output for 3 contamination scenario (185, 555 and 1480 kBq m* ? }}5 40

Ci km™)
CROP! inati
TF~ l(;::{tammat}on Waste produced | Amount® { Energy’ kg Waste
kg hal'* kg ha’ 1
Bq kg‘1 g ha MJ ha per GJ*
R SEED . 185 555 1480 | 185 | 555 1480 185 | 555 14
240 | 240 1940 Input 24| 24 268 g
Seed 0.45 83 250 23989 | |
R 666
iuﬁ;gﬁ ) 0.63 117 350| 932 ' 2888
R k01 0.11 20 61 163 1120 41050
il cake 0.86 159 477 1273 res20
Sm}w ash (4%) 30 5550 | 16650 | 44400 1700 26480
Cs in exhaust” 1.16 | 347 | 925 240
WHEAT '
184 | 184 184 Input 1.8 1.8 1.8
Grain 0.06 11 33 89 23589 |
gttLaw | 0.30 55 166 444 iégg
E ano 0.01 2.8 8.3 22 1460 pagye
ape 0.13 24 72 193 oo
Stre}w ashd4%) | 7.5 1110 | 4163 | 11000 o 2005
Cs in exhaust” 0.16 | 047 ] 1.26 2180
SUGAR BEET '
4000 Input 95.8
Roots 0.43 80 239 19025 |
X 636
Leaves & tops 0.6 111 333 888 o
fnﬁigai& . 0.06 10 31 81 gggg 60235
p & vines 1.27 236 707 | 1885
gth.amol v 0.11 20 61 163 4300 ILi52s
s in exhaust 0.58 1.73 4.63 00 HHe2
COPPICE
Input
Wood, Sweden 0.01 1.9 56 o
. . . 15
Ash (2%) v 0.5 92 277 740 Ry 220800
Cs in exhaust 0.06 0.18 0.48 240
COPPICE . .
Vons B 240 240
' Belarus | 2 370 | 1110 | 2960 at M
Asf‘l (2%) 100 18500 | 55500 | 14800 12000
Cs in exhaust” 11.2 35.7 95 240
FWORESTS .
ood 2 370 | 1110 aut e
2960 . !
ASI} 160 18500 { 55500 i 14800 oo
Cs in exhaust”® 11.2 35.7 95 120

§: Type and amount of com; i
ponents and their energy content according to G
: ¢ oor, 1998a. i is given i
%-%Sshi;::;:i otffwood and sct!raw after combustion for energy recuper%ition accordinzato'rr{z:f:l‘igl{ ;t;gﬂt forthe systenis gverin bold
: st for rape seed during burning of RME in diesel ideri ' .
Ve s in exha _ : ME in diesel motor considering 17.6 m? gases ar g imi i
it T c:w Sombustxon of ethano}. For the gasification of wood the data from the gasif%catio . I{IOduCed pel'. ko’ T camert oo e
Rg T o of e-hanol. Tor the gasifc n unit were used: with a measured dust loading of
= Rape seed: values accordi i
g e o o 191;14g. tgil::ii‘: t(;;astv’l; gsi ?, l-lngbO]PA’]Iggfﬁ); Wheat: most probable value on sand according to Nisbet ef al, 1999;
, . ! , : 3 ) ;
:-atze ot Joot ODIA.I-ESMd and oot robable satns Lo chdjs}\ia “;1:1 or green vegetables for sand following Nisbet et al., 1999; Coppice: mean
: A component is only considered as waste if the specific limi i
. - - c 1 -
:;O?t?enumon T Highe than 1000 e Ker e o egt cne ;;I;:th Ll':)\:;:scmed in Table 13 are exceeded. Ash is only considered as waste if the '¥'Cs
: If a component is considered as waste, its cnerg i Jasi
From the e b wvate and i lFT y 2y content is not considered. The amount of waste per net a i
aste, s 1 : mount of energy produced
" & Rape Mothy] Extor ween energy output and input. o s coleulted

When ¢ i ish tri
Cop;?ceh; ;rcl)e:?n'r’l;Ft ;ecorded in thf.: Swedish trials would prevail, there would be no problem for burning the
SoPpic forests. linﬁtsefg?r\igaoréf,fzulth the TFs éo c;:vooc{ for coppice on the peaty soil in Belarus, similar a% the
) el are exceeded when surface contamination i 2 or hi
oo _ ¢ 1on is 370 kB
ent on the exemption level of 740 Bq kg™ for fire wood is to the order. The level 33400%211%2?%5?
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fire wood is also for use in household wood stoves. For combustion at industrial scale with adequate

filtering followed by appropriate ash-handling limits for fuelwood Ievels may be considerably higher. The
maximal level for incineration of agricultural waste products is 3.7 MBq kg (see section 3.6, Grebenkov,

personal communication).

The secondary products as oil cake, rape, pulps and vines leaves and beet tops, may be used for fodder
consumption. Also straw may be used as fodder. For wheat, products may be safely used as fodder. Only at
the highest contamination Jevel, straw should not be used for dairy cows yet can be used for meat
production. At the highest deposition level considered, rape seed straw should not be used as fodder for
dairy cows. At 555 kBq m? oil cake can still be used for meat production. At 1480 kBq m” the
contamination level of the oil cake exceeds the limit for any fodder use and should hence be discarded as
waste. The same can be said for the pulp and vines from the sugar beet pathway.

The rape seed and wheat straw can also be burnt. Given the low TF to wheat straw burning, this type of
straw is of no concern for the contarnination situations considered. Concentration in rape seed straw may
exceed the 740 Bg kg limit for use as fuel. At depositions of about 800 kBg m or higher, paradoxically,

the straw can still be used as fodder for meat production.

Cs-levels in the exhaust gas following fuel conversion to electricity or heat is below the acceptable limits for
the public for all cultivation and conversion systems considered. Exhaust from gasification of coppice
cultivated in Sweden is a factor 3 (sugar beet) to 20 (oil seed rape) lower than for the other crops. It should
be emphasised that the calculations for the Cs emissions from the pilot gasification unit are conservative in
that not the optimal filtering system was used. With the coppice TFs recorded in Belarus, permissibie levels
for the public are exceeded when willows are cultivate in areas with contamination levels exceeding 620

kBq m~2. Dose limits for workers are not exceeded. The values mentioned in Table 13 are, MOoreover,
conservative since the exhaust emissions are always mixing with the surrounding air. This assumption is
minated fly ash from

corraborated with the few pSv dose contribution from atmospheric release of conta
wood with 1000 Bgq kg 1370, For comparison: the specific activity in the air generated by re-suspension

processes from soil with 740 kBq m” 3¢ ranges between 0.7 and 7 Bq m’® (GSF, 1993).

Table 13: Belarus activity limits for 137¢ in séme food products, cattle feed and wood (Bgq kg’) (GOPA,

1996) and for gaseous effluents (Belgian KB, 1963 Art. 36)
Product Limit
Food consumption
(il and fats 185
Bread, Flour, Sugar 370
Fodder Milk production Meat production
Hay 1480 1850
Straw 370 1110
Hay Forage 740 1110
Silo 296 555
Vegetable root crop 370 370
Grain 370 592
Green mass 185 296
Wood, straw for burning 740
Gaseous effluents 40 Bq m™ (public)
2000 Bg m” (workers)

3.6 Waste

Decontamination and remediation activity in
resulted in a large volume of radioactive materials in the CIS which sh

Level Waste (LLW, 1 Bq g'to100Bqg
“Conventionally Radioactive Waste” (CRW) requiring control an

ash from contaminated biomass-fired facilities is supposed to belong
The State Standard of the Russian Federation, No GOST(R) 22.8.02-94 called Disposal (Dumping - in
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the territories contaminated after Chernobyl accident has.
ow activity levels below than Low

1Y. This type of waste has been included in regulations as so called:
d special management. Nearly all bulk of
to CRW and the lowest range of LLW.

original) mentions that radioacti
: ctive waste of agricult i i
O e ) mentions that > Way g ure (contaminated agricultural prod
e el o 1adio gic;:l\f:zif]:r:;fiunitlonl exceeds the permissible limits) are to be iilis:ccii: gglssggggoggfas
cultural waste is accomplished .
e uilisation of . plished to produce economi
teChnOIOrgies ap}l}or svlzgoqucts (celiulose,.puip, chemicals, etc.) other than food. Only Z value gheat, power) ot
Gisposed ot Incmmati:)rrl1 e;c;ci:ordgréce with certain procedure must be used. Ol:ht'-;rwiseptil)nrazgr\i\;arl tet
wan erons, shian, oo WO01(1181 ered as the .appropriate technology to convert the combustibal Ste must be
maste (crops, stra d,o e no,t e é) yd\;aste, etc.) 1_r]1t0 ashes. Incineration is applied if specific acti\(:"tal gn;: i
o TABA (1090 s ot o3¢ ;eWhﬁ:Z gfflf;:l kg™, 'I.‘hxs is higher than the acceptable level for fuei \{'goczlnllmt
: ge area is contaminated, as i
a4 ,as1st i
clear waste handling may have to be performed outside the IAEA regu}};fi;z: © efer s muclear aceident,

Since biomass containin :

: g up to 3.7 MBq kg™! may be inci i

Sinoe blomass conta _may be incinerated under specified controlled iti

considerir aim na(t:e gi;:ionS’gcg ﬁ%}arus_ 2(2 10° m2 kg™), this would imply that coppice cc:)ali3 bec gﬂﬂi:;)?esé :'md

xcoedingty Hioh oxtoml o qm~-. In Sgch a scenario, cultivation would be banned on grounds of "
xposure (> 1 Sva™). The discussion on waste in continued in chaﬁier 7 -

3.7 Conclusions

On radic-ecological grounds there i
¢ i not much concern for f .
lant any of the cultures. A i
Eomaﬁ;t:t:(riel gegerally low anc}zthe same holds for the by-products. Only wislen zrlll?ty :egl’els in the useable
and (1000 kBq m™) some by-products should be treated as waste valed onvery
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l-lla a ay mineraio and hence radiocaesium adsorpti i poten & : g Y ep y
l : gy : © racl TPL10L and fixation pot i agein 115} an
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y-

TFs for will
s tor b{;:v m\;vszosr;v;;sﬁg:l??;ailé Is{xga.llc;{ tl;lan for common forests, in place at the time of the accident

: is higher (if water suppl i ility i .
faster and more regular, willow SRC seems a valuable altemaigil;)fg c?:zi;:iﬁ?}?geftsadequate), mnd evente

Considering the exemption limi i
ption limit for radiocaesium in fuel &
ommeen m _ uel wood (740 Bg kg’ ) onl i i
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4 Radiological aspects of SRC production and conversion

4.1 Introduction

Producing coppice fuel wood on contaminated land
involved in production and conversion. Establishing,
exposure from radiocaesium deposited on the ground. Further there is

fuel to the combustion site.

Workers may be exposed at the power plant. Wood-firing of 1370% contaminated fuel causes an enrichment
of ¥Cs in the produced ash. The concentration of 1370 in the ash is usually between 40 — 80 higher than in
the wood fuel. This makes deposits, containers and other locations, where ash is accumulated, critical sites
from a radiological point of view. Following is a summary of dose calculations for different situations
relevant for production of energy from contaminated willow. No information was found to make dose

calculations for the liquid-biofuel conversion.

may lead to enhanced radiation doses to workers
maintaining and harvesting the crop results in external
the exposure during transport of the

ses at a radiocaesium contaminated cultivation field

diological point of view is the time spent at a contaminated
field for establishment, management and harvesting. A high
y and better shielding, both entailing lower doses.

4.2 External effective do

One of the most crucial parameters from a ra
area. In SRC production, time is spent at the
mechanisation level will result in higher working efficienc

42.1 Calculation method

In the calculation the ploughed cultivation field has be
depths. The composition of the soil was set to: Si (8.2 %
%), Mg (3.08 %), P (1.01 %), 3 (2.1 %), 0 (52 %), C 2.
The methods that have been used for the calculations are
dose rate conversion coefficients were taken from Koche
given in Table 14. In a short-term perspective after an acc
considerably to the external effective dose.

en modelled as an infinite slab source with different
}, Al (3.17 %), Ca (25.1 %), Fe (2.33 %), K (0.87
14 %) and the apparent soil density to 1500 kg-m™.
described in Finck (1992). For the plane source the
r (1983). Dose rate factors for ¥¥'Cs and *Cs are
ident like Chernobyl, 34Cs can contribute

B70g and Cs.

Table 14. Dose rate factors [];_1Sv-h'1 per Bq-m’z] for
Ploughing depth [m] ) 0.1 0.2 0.25
BICs 19.10° | 77107 | 43107 |7.7-107
B4Cs 4.9-10° 9.0-107

4.2.2 External doses at ploughed and un-ploughed fields

For an uniformly distributed slab source (depth 0.25 m) with a contamination level of 1480 kBg-m’ the
effective dose rate is 0.52 uSv h! (Table 15). This means that 2000 hours can be spent on an area with this
contamination before receiving an external effective dose of 1 mSv. Newly deposited s from fallout
ed with a plane source gives an effective dose rate of 2.9 uSv h'! which means that

approximat
approximately 345 hours exposure leads to the effective dose of 1 mSv.

Table 15: External dose rate (uSv w') from B37¢s deposition for undisturbed and disturbed (10-25 cm) plane:

SOUYce
Deposition [kBq-m?] 37 185 555 1480
Infinite plane source 0,07 0,36 11 2.9
10 cm thick slab source 0,03 0,14 0,43 1,15
25 ¢m thick slab source | 0,01 0,06 0,19 0,52

g the soil after the fallout has occurred in order to reduce the photon =
urce to a uniform slab source by ploughing reduces the effective::
following ploughing (factor 1.9-5.9) were also found when
and ploughed soils at the Belarus test sites from the

Monte Carlo Model, MCNP version, considering -

This shows the importance of mixin
fluence rate. Converting a plane surface so
dose by a factor 5. Comparable reductions
calculating the external dose rate for the virgin

radiocaesium distribution in the profile at both locations {
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43 ; ' '
Comparison of dose during coppice and oil seed rape production

Since the external dose from ground shine i j
puace the oxtemal fron : ¢ is the major pathway contributing to th i
the field durir ggr 112 lﬁ(tillll:atll(;rlll 11:1 \?:t lmportant parameter. Coppice is not a laboﬁr intezs(,iis'zectuhl(:utruen : ol
a0 o) seed 1eoe prodictn « t100;1I,S),fstcrp. As an example external dose rates are compared forogpa{ed
estorn Bureapo progueti . . al coppice cycle (24 years) is considered. Data presented are f o
0 and are extracted from the data sheets for the economic modellil?;e((;)}fa;te 7
r 7).

Coppice
11\3‘/15tz}blishment of culture: 1¥ year: 2 h ha™
o ;:\I;I;:Eam-:e: 2 oufdof 3 years: 0,4 h ha''; over 24 years 0.4%16=6.4 h ha™
H ng._cach 3" year: 2 h ha™'; over 24 years 2*8= 16 h ha"* -
Tmai grubbing up: last year: 3 h ha™ :
otal time spent : :
Oil rape soc pent over 24 years: 27.4 h ha or 1.14 h ha'’ o

For a deposition level of 1480 kBq m™> i
ha™! for coppi 5q m and without ploughing this would result i
reduced wﬂ%lzefzgij éshtl tSh‘;}:ii)sior iaple seed. For a ploughing depth of 25121111 rtih:, Sgcl))s{uigs\ic?il?i-i kY
] : . calculations, no shieldi : . . e
adapted pl . h elding from mach
har\lf)e:tef- Zn;lﬁil()e.g. machine for planting vegetables: 5 h ha™) or harve;?iflrg;faz(l):iljlderedl In.case fess
period would mountafs ; séed ;S may be the case in Belarus, the average annual dose ojg t(lf.g' iﬂ?ge
harvesting would be 4 8 uSv ha for' a surface deposition of 1480 kBq m™. In case all pl e
corresponding doses n?tl}? mﬂnualéy, this would require 40 and 115 h ha™ res‘pectivel)z: Pda;? e and
e year of planting and harvesti j > anc the
extrem iti sting would be 116 and -1
e conditions, a farmer should not plant more than 8 ha a or harvestnmc?rist.lfaﬁs;vhl;aa"l U’l?l:1 eilthose
. I'he dose rates

Dose contribution from standing wood is also negligible

FO] C()]“l ar iSOll ﬂle allnual dO e i v [) p gl y
o 4 S€ recel ed fI‘OI'i'l the i ()'ai()es OWN On a Sa||(| S I ][I’]
” consumption Of ()‘[ W.
dEpCS]‘uon Gf 1 ISU kBq m (0-5 kg d ! and 66 ?’0 Of thc CS ].eft aftel' pl‘epal‘atiOIl) iS 246 SV
IJ. .

4.4 Dose during transport

Estimations of doses from t i nce following K Nelson
ransportation of contaminated
(197 L5 : ( nated wood (photon flue i
) m irom source with 1.3 m radius, 500 kg, s.g. 700 kg m-?) cultivat:c? cfnl?ﬁ;lc;g of 134685(1;11(3]3 ﬁrnls'(3
q

and a TF of 2.5 107 m2 kg'! :
- g, showed that th . .
external radiation dose from groand shine. is dose pathway is negligible (~0.2 uSvhata™l) compared to

4.5 D
oses to workers at a power plant firing "’ Cs contaminated wood Juel

The calculations were based
on the conceptual desi :
Elsaproekt A/S, 1994) in n P esign of the operating Mabjerg pl
. orthern Jutland, Den ; jerg plant (I/S Vestkraft and
wood chi X and, Denmark, where the fuel is partiall i
ps annually. The boiler of this plant is a combined unit, whicg can bg ;igst\l;:ttl?del?g : 300 o
er straw, wood

4.5.1 Calculation method
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4.5.1.1 Fuel contamination level
Considering the TF obtained at the Belarus trials of 2 10° m2kg” and a deposition of 1480 kBg m? the

resulting specific 13¢5 content in the willow wood would be 3000 Bq kg™'. With the average soil to wood
TF obtained for the Swedish and Belgian trials (107 m? kg') the 1375 contamination level would only be 60
Bq kg Bottom ash is generally assumed to have a density of 800 kg m®, whereas fly ash is assumed to
have a density of 400 kg m> (Jensen and Jorgenser, 1998). These figures were used in all calculations.

4.5.1.2 Contamination geomeiry’s .
After consultation with power plant engineering expetts (Jensen and Jorgensen, 1998) who worked out

drawings showing the geometry’s of the Mabjerg power plant 6 categories of locations of significant

concentrations of bio-material ash were identified. The doses have generally been calculated for two

distances (0.5 m and 5 m) from these locations.

Bottom-ash on sides and bottom of the boiler
£ the boiler. Only the parts of the boiler that might

Bottom-ash may build up on the inside walls and bottom O
influence the dose rate from the coptamination in this bottom-ash were modelled. Therefore, the design was
simplified, and the boiler was modelled as a box witha height of 17.15 metres, and side-lengths of 14.25

metres and 6.70 metres. The boiler sides were modelled as 200 mm thick Rockwool (the density was
estimated to be 160 kg m?) covered by 2 mm thick aluminium sheet. On average, the inside walls of the
boiler are assumed to be covered with a 5-10 mm thick layer of bottom-ash. In this case, the highest of these
values was applied to make the dose rate calculations conservative. The bottom of the boiler was assumed to

have a thicker coating of about 25 mm of bottom-ash.

Fly ash in bag house

Flue gas from the boiler is led through a bag-
maximal flue gas production rate of about 70 00
about 10 mg per Nm’. Filtered flue gas is then normally releas

filter, which is at the power plant in Jutland designed for a
0 Nt b, so that the dust content is reduced to typically
ed through a 120 m high chimney at ca. 105

°C.
The bag house building was modelled as having 5-mm thick steel walls. The building is assumed to be
divided in four chambers. In each chamber, with dimensions of 3.5 m by 3.5 m (side-lengths) by6m
(height), there would be a total of 240 thin membrane filter bags. Each bag has a length of 6 m and a

0.75 cm thick layer of fly-ash

diameter of 12.7 cm. On average, it is assumed that the bags are coated with a

The corresponding volume of fly-ash in total in the four chambers would be 17.2 g
If this volume of fly-ash were expanded over the whole chamber volume, the corresponding density would
be 23.5 kg m” (excluding the small contribution of the empty bags). Since the chamber has very large

dimensions, the distance from the chamber to a person is not an extremely critical parameter in the

evaluation of doses received. Based on a drawing of the Mabjerg plant, this distance is assumed to be abou
6 metres on average, when a person is standing in the bag house, directly under the chambers. In reality, thi

would only be possible during repairs or maintenance.

Fly ash in fly-ash silo

The fly-ash from the bag house filter is led to a fly-ash silo. Based on the power plant drawings, the fly-ash

silo was modeiled as a cylindrical container with a diameter of 2.8 m and a height of 6 m. In the model the

walls of the fly-ash silo consist of steel of 5 mm in thickness. The fly-ash silo was assumed to be filled bal
d to be 80 Bq em™.

with fly-ash. The 137 concentration in the fly-ash was again assume

Two ‘big bags’ filled with fly ash

From the fly-ash silo the ash is discharged to plastic ‘big bags’.
volume of 1.7 m’ of fly ash (modelled with a height ca. 1.7 m and side
be more ot less permanently located in the close vicinity of the fly-ash silo. Filled
be replaced and transported to a well-shielded repository in the vicinity of the power plant

Two filled ‘big bags’, each containing a
Jengths ca. 1 m), can be assumed to
‘big bags’ will eventual
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From the i
. calculations, it can be
‘ . con i
contain s Aculation cluded that the ash concentrations i
t
dhe power plant. If personnel is workin
kgse cozntrlbutions of about 15 mSv ma

qm™apply. In the W. E

' : . European

Jlower soil-to Fvorker:
ash concentr.

Bottom ash conveyors

The ash from the bott
om of the boiler is tr

through bottom-ash ¢ ler 1s transported to a bottom-ash contai .
received from standin(;n:i):;fts(; Wl;)wh may have different designs. Calcuiég::;s?;ietranzpor; the do

. ttom-ash ¢ ) made of the d
of conveyor is assu a0 h conveyor. Based on drawin Sh: 0SS
length is assund t;ngg ;0 I:l]a\;ha cro;ls~sectlonal height and width of 90 cﬁf ;)Ifczhszbfabjerg plant, one type
that the throe sides of the oo ¢ walls are assamed to have been made of cm, respectively. Its

. € conveyor will be ; . of 5 mm thick steel. It i
In a spiral type conve covered with a 5 cm thick | 1 assumed
ort _ . aver of b -
yor the bottom-ash is pushed through with a rotatizg scre\gm‘);;}it;s?lijs lindr
X cylindrical type

of conveyor, it is generall i
N ¥y so that maximally 40 % of the space is filled with bottom-ash, and this is wh.
, . is is what

Bottom ash in two containers

J g .

cross-sectional dimensions of 1.6 m b
. y 1.2 m and
steel walls and to be half-full of bottom-aeh, Onnavy:;legth of 4.8 m. They are assumed to have 5 mm thick

4.5.2 External exposure

Boiler | Bag Fi
y-ash ‘Big Bott -
house | silo , ottom-ash | Spiral bottom- | Bot
D= bass ¢ ottom-ash
D= (5)1511 m ,;, ig 362* | 685 5 6% 302““’3’ or ?5911 conveyor | containers
: 14.5 1.41 ' . 29.3
* Dose rate to people standing directly under the bag house filter 2063 0.03 1

Tab. :
able 17: Calculated annual doses (mSv a’),

wood with 3000 Bg kg " Cs received by workers (2000 k) at a power plant firing willow

Boiler | Bag Fl -
y-ash | ‘Big Bott
house | sil ‘ om-ash | Spiral bottom-
D=05m |15 0.9 T bags’ conveyor ash conve BOttofn'aSh
D=5m 0.7 16.4 13.5 1.6 0.0 yor containers
: 3.5 0 ' : 14.1
* Doses to people standing directly under the bag house ﬁi::r 0.03 0.02 Lo

4.5.3 Inhalation risks

If repairs and/or mainten

contaminated ash or dusta:riesgiln;;gfvag: oot g e
recommendable that operators wear masks
unde}~ normal operation of the power
certainly be addressed: °

ontainers, or significant i
. X ’ concentr
lzznizc: Into open air at the power plant, it would be wions of
plant théJ i ﬁm dgainst inhalation of radioactive material. Howev
certa The use of person.’al . ;ﬁ;)t\;:ng recomendation of the ICRP (1997) should -
Iciency and hence result in | Y protection is likely to red
" onger work times t y to reduce the general worki
radiation exposure and - s to complete tasks. Th o ng
.. any risks from conventi ’ e resulting increase in extern
?fCCISlon to use such equipment.” entional safety hazards should be taken into account in ﬂ?i’
a very high particulate concentration in the ajir

. ~ 3 e
resultant committed radiation dose can be calc (~100 mg m”) is assumed containing 300 Bq "'Cs g™, the

ulated from the realistic sti i
. pulation that a
According to ICRP (1995), inhalation of 1 Bq of?3$g§rgai%;if Zman

4.5.4 Conclusions

‘big bags’ giv ; v . n the fly-ash silo, in th
gs’ give the highest contributions to the extra external dose’rate tz E’vOttEm-a_Sh
orkers in

fgzrgfxclose :10 _these locations throughout an entire working vea
P h};:ctel , if Belarus soil-to-wood TFs and a depositioﬁg ;/f 1280
“wood TFs. Since workers are not ex;zc]i:dwtoulid be reduced with a factor of ~150 due to the
ations throush - o be positioned at a dist
ghout the whole working year, this estimate is probably lfi;ﬁ)? zs:slg SO;:m (}lfc the
rvative. If a
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person stands at a distance of 5 m instead, the dose rate would be reduced by a factor of at least 5, depending
on the characteristics of the ash-container.
ived through routine operation of the power plant would be

Based on calculations, inhalation doses rece:
considered to be negligible, and respiratory protection would not be required for radiological reasons.
d with the

Additional dose contributions received from contamination in the power plant should be compare
average annual dose received by merely staying in an area contaminated with some 4 MBg m of *'Cs.
This would amount to about 20-40 mSv, depending on the degree of shielding provided by dwellings. In
other words, the dose increment by working in a biomass-fired power plant does not appear to be dominant
compared with the doses received in the same area from environmentally distributed sources of radiation.

4.6 External effective doses at ash deposits
liser given their often caustic character.

Ashes are generally not returned to the cultivation field as a ferti
Tnstead the ash is deposited close to the power plant or at municipal refuse dumps. Disposal of radioactive
contaminated ash should be controlled in order not to result in secondary contamination. Workforce

osits was calculated using Microshield 4.10 software. Uncertainties in dose

exposure at the ash dep
calculation within 10 - 15 % of the true situation are to be considered as very good (Microshield, 1993).

Wood ash composition is taken from Steenari (1998). Ash density was taken as 0.6 g cm”. The ash is
assumed moisture-free. Soil composition was as described before. Values for carbon and oxygen are
estimations made by the authors. In case uncontaminated soil is used as a shield, the following soil
composition was used: 67.5 % Si0,, 13.5 % ALOs, 10.0 % H,0, 4.5 % Fe, 0, and 4.5 % CO; (Finck, 1992).

Effective dose rate is slowly increasing with the radius of the cylindrical deposit due to self-attenuation
within the deposit itself (Figure 14). The height of the deposit affects the dose rate more than the radius.
Due to self-attenuation, the surface area of the deposit you are exposed to is more important than the

volume. For a deposit with a radius of 30 m the effective dose rate increases gradually with a factor 2 fora

height from 1 to 4 m. If the deposit is an infinite slab, the thickness of the slab does not affect the dose rate

above the slab beyond a thickness of approximately two meter (also due to self-attenuation) .

T r Hiective dose equivalent rate as a fuction of
distance from a cylindric ash deposit (radius
30m, height 2m)

Effective dose equivalent rate 1 meter from the
boundary of an 1375 contaminated ash deposit.
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Figure 14: Effect of deposit radius (left) and distance from deposit (right) on dose rate.

Half a meter of soil above an infinite slab source of contaminated ash reduces the dose rate by a factor of
approximately 1000. The distance to the surface of the deposit is an important factor when assessing the

effective dose to workers (Figure 14). A dose rate reduction of a factor 5 is obtained when moving from 1 m*

(6.7-10° mSv-h per Bgkg ) to 5 m (1.5-10% mSv-h per Bqkg™) from the deposit.

A wood contamination level of 3000 Bg-ke! (Belarus TF: 2 107 m? kg™'; deposition: 1480 kBq m?)
contamination) will give approximately 150 000 Bqkg™ of ''Cs in the produced ash. This leads to a dose
rate of 10 ;1Sv-h'l or an armual dose of 20 mSv (2000 h per year) at the distance 1 m. At the distance 5 m th

dose rate is 2.25 uSv-h’l or 4.5 mSv annually.
30

In . .
Wat;?:z :;;)10(101-5' use(ii forfpulp anc! paper production, the ash and liquor sludge produced are disposed i
waste (1995) " in Z ahnd ill. Starting with a wood contamination level of about 10 Bq ¥'Cs k £ Rse 'lm ,
ound that radiation from radionuclides in a black liquor holding tank amountec% tc,) 32"1821 311:_(}
. nSv

. 4 3 p
l

4.7 filrs*sehssment o£ ghe ejfectivg inhalation and external dose due to atmospheric
ischarge of * Cs contaminated fly ash from a biofuel powered heating plant

Atmospheri i i

Ao \1{31 Ccielx;lii rzlfe.t';ﬁe of contaminated fly ash will lead to an elevated concentration of radiocaesium in the ai

in the viein y ; e power plant. To assess the maximum effective internal and external dose fro e
pheric releases of fly ash, a Gaussian plume model (Whicker and Schultz, 1982) has been all;lll)lied in

combination with dose conversion f; in li
St 100 ion factors found in literature (ICRP, 1991, Kocher, 1983; Lindborg, 1989;

Effective dose dne to inhalation of '~ Cs contansnated

: e Effective 137 .
Ayash in the vicinity of a biofuel powered heating plant ve external dose due to " Cs contaminaied flyash

in the vicinity of a biofuel powered heating plant (Pasquill
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Modern electrostatic filtering s

ler g systems collect up to 99.99 % of th i

o r : e produced fly ash (Inf

Stgcﬁpii?%iv Zgg;l‘le:t:{erfk). According to Hedval} (1997), between 1.4 and 10 % gf the(ﬂy(;r:}:a;;olr:e::f?? ﬁlB

sack In Swedish ézsléz]cf: ?Vc;wer plant(si. ’flhe fly-ash-collection efficiency was set to 90 % in order n%)t tg
' . s assumed that the surroundings of the plant consi i

depletion of the plume occurred due to wet or dry deposition or by gravli)tationglséfttl?ggc’f fa termein and oo

Fi i

hilggll::t ldSO ;:fzese?ts }tkhe dose calcu}atlons fpr the atmospheric stability class (Pasquill B) for which the

fiing woud witﬁpayllﬂc person stanfimg continuously in the dose maximum near a 100 MW heating plant

et sl e IrlS CTcilnczntratlon c?f 1(_]00 Bq-kg" would only receive an effective dose of a few pSv

be nogloctod for heatifl »» The dose contribution from atmospheric release of contaminated fly ash h ,
g plant with a modern filtering system. y ash cun henee

4.8 Conclusions

Dose i iati i
restraicsl;;ég;ogsg fllllz\;agla:t radﬁaﬁlon exposure dl‘lrmg SRC wood production and conversion will not
fostrain peopls from chan Igll?gtt eir landjuse to Wl}lOW SRp. On the contrary, doses received during willow
oo oo Comamjna? enilve ag_rlculture since maintenance is limited. The only problem may arise in
case of v e ion levels in the f}lel wood (3000 Bq kg''): external exposure of someone

y working close to the ash collectors in the conversion unit or at the ash deposit may exceed the

limit for the public. Under these it
. conditions, doses received b
workers may even be regarded as radiation workers. Y the personnel should be contolled and

3l



5 Agro-technical evaluation of some potential energy crops

5.1 Crops comparison and classification
g their use as energy crop, considering different parameters:

on area in Belgium and/or Belarus, hardiness and
productivity, development state of the chain(s) used for

biomass valorisation. As such, five annual crops (sugar beet, winter wheat, oilseed rape, Jerusalem artichoke
and sweet sorghum), one perennial crop (miscanthus: full duration: 10 y) and one perennial lignocellulosic
crop {willow cultivated as SRC: full cycle: 20-25 y; internal rotation: 3-5 y) were selected. Ecophysiological
(soil, water and temperature requirements) and phytotechnical indicators (rotation, soil preparation, sowing,
nutrient take-up and fertilisation, weeds, pests and parasites prevention and destruction, harvest and yields)
are studied. Furthermore, potential food and non-food uses and biomass energy balance are discussed. The
energy efficiencies (ratio energy output/fossil energy input) are calculated from crop establishment till the

useful product (wood, bio-ethanol or bio-diesel).

A number of crops were selected for evaluatin
background phytotechnical knowledge and cultivati
adaptability to various weather conditions, potential

The main results are summarised in Table 18. An extended description was given by Goor (1998a). The
wheat and oil seed rape) show more or less similar

three most common crops (sugar beet, winter
require temperatures round 20-25°C for optimum

characteristics. They hardly cope with acid soils and
growth. Nitrogen demands are high to reach acceptable yields. Since the transformation cycles (to bio-

ethanol and bio-diesel) are energy demanding, the global energy efficiency is rather low (around 2,5-3)
when the by-products, often used as fodder, are included. This value decreases down to 1 when only the
main energy products (bioethanol or biodiesel} are considered. Used as substitute for fossil fuels in the
engines, these liquid biofuels have an added value compared to wood, but their transformation cycle is

energy consuming.
Jerusalem artichoke is a high yielding hardy crop, little demanding for soil and available water and able to

grow in a wide range of weather conditions. The tubers can remain in the soil during winter, allowing the
farmer to harvest when time and workforce are available. Energy efficiencies up to a value of 11 are

reached. Crop regrowth may, however, disturb the following crop.
Sweet sorghum and miscanthus require high temperatures. The minimum germination temperature is 10-

12°C (only observed late in the growing season under continental climates as in Belarus), the optimum
growing temperature is between 25 to 30°C. These crops are better adapted to low latitudes where they can
reach very high yields. Energy efficiencies are high (comparable to Jerusalem artichoke).

Willow cultivated as short rotation coppice shows some advantages. It can be grown on lightly acid soils. It
is harvested during the winter, when farm work is available, and when all the leaves are fallen on the soil,
providing nutrients for the following growing seasons. Fertilisation can therefore be reduced. As perennial

it limits erosion and nitrate leaching (among others). The high yields (10 to 12 t of oven-dry matter)

crop,
(20 to 30, depending on the valorisation pathway chosen).

allow reaching the highest energy efficiency
However, water demands are high.

To summarise, sugar beet, winter wheat and oilseed rape are well-known, but their use as energy crops
depends on a heavy processing industry and their energy efficiencies are low. The interest of such crops for -

biofuels production in a given country will depend on market structure and often food crop overproduction.

Jerusalem artichoke is an interesting crop but its cultivation still faces some problems. Sweet sorghum and -
miscanthus cannot thrive in colder climates given their high temperature requirements. Willow seems to be -
the most promising crop: it is adapted to various soil and climate conditions; it is less demanding for j
fertilisation; it is highly efficient from an energy point of view and can be burnt in various heat and/or power

plants, separately or in combination with other biofuels.
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Disadvantage

Advantage

period to use it during the following growing period)

gen from the aerial parts to the rhizomes before the winter

after this period, the fertilisation h i
as to take into account the fact that the leaves come back to the soil and provide nutrients for the next i
next growing seasons
n product (bicethanol of bicdiesel)

the rotation length for Jerusalem artichoke varies from 100 days to 9 months according to the variety

d1ﬂl“|cuit to e.valuate {miscanthus is able to relocate the nitro
taking only into account the energy available from the mai

not during the establishment year;

from year 3
value for Helianthus annuus;

average value on 3 years
in oven-dry maiter

1

2
3
4
5
6
7
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5.2 Yield estimations for SRC and other crops for Western Europe and Belarus

A growth model was developed and validated to estimate the potential yields of the four energy crops
selected (wheat, sugar beet, oilseed rape and willow SRC) (Vandenhove ez al., 1998; Goor et al., 1999a).
The yield for willow is estimated for the R,S; growing year (2-year-old roots and shoots, no cut-back after
the first year) and the maximum value is hence not yet attained (about 20 % yield increase during the 3«
year). Table 19 shows the result of the simulations for two soil types, 2 sandy soil and a peaty soil,
representative of the local conditions in the contaminated area of Belarus. Calculations were performed for
Belgian and Belarus climate conditions. Climate data (average daily T°, irradiance, and precipitation) were

collected at both locations.

Table 19: Potential vield (oven-dryt ha'l) for a given soil type and climate conditions.

Crop Harvested parts Units Belgium Belarus
Sand | Peat | Sand | Peat
Willow SRC Stoms wood | Oven-dry tha™,ReSy | 7.5 | L7 51 | 105
Sugar Beet Tubers Fresh t ha' 547 | 575 | 348 | 573
‘Wheat Grain Oven-dry t ha™ 566 | 6.9 2.1 6.2
OQilseed Rape Seed Oven-dry t ha™" 2.8 3.2 1.0 2.7

¥ R=roots age ; S=stem age

The peaty soil is characterised by a high soil water reserve; the yields obtained in this case may therefore be
considered as potential (non-water limited) values. On this soil type, only small yield differences between
Belgium and Belarus for the four crops were obtained.

Water reserve is lower for the sandy soil than for the peaty soil and plants will suffer from water shortage.
Yield of willow is reduced most due to its high water demand. The difference in yield for Belgian and
Belarus growing conditions is much more pronounced on a sandy soil due to the irregular precipitation
pattern in Belarus and a shorter growing season (6 months; almost no rain during 3 months). Compared to
the peaty soil, yicld is on average 20-30 % lower on a sandy soil in Belgium. and 50-60 % on a sandy soil in

Belarus.

Water balance is more important on a sandy than on a peaty soil; this was also shown by a sensitivity
analysis (Table 20). The light conversion efficiency is certainly the most important factor affecting yield.
Water balance comes second on a sandy soil whereas there is no effect on a peaty soil.

Table 20: Sensitivity analysis for effect of LAL light conversion coefficient and water reserve on yield (t K"},

on a peaty and a sandy soil in Belarus

Parameter Peaty Sandy

Reference 10.895 3.857

LAI +20 % 11.521 4.113
-20 % 10.013 3.478

Light conversion efficiency +20% 13.074 4.628
-20 % 8.716 3.085

Field capacity +20 % 10.895 4.468
-20 % 10.895 3.368

5.3 Willow growth in Belarus

For the trials established in Belarus (section 3.3) mortality rate, stem number and height, and stem and leaf- '5

oven-dry matter (ODM) were recorded monthly between May and November 1997 and three times in 1998
Height of the plants was calculated by selecting 5 or 10 successive living plants in the same row and
measuring the height of the 3 to 5 dominant stems. Stem and leaf dry matter ODM was determined by
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As alread i i
y mentioned earlier and clearly shown by Figure 16, the willows on the sandy soil were hardl
y

growing (Savichy) or died off com, .

: pletely (Masany). S

lantat - ' y). Since weeds were not complet

plantation at Masany, they were hampering willow development. At Savichy pegt; eﬁlﬁiﬁ?;ﬁf?forﬁ i
J rmed well.

i

Peaty soil

Sandy soil

Figure 16: The test sites at in Savichy (sandy and peaty soils) in June 1998

5.3.1 Crop mortality

T, . , .
able 22: Mortality estimations (%) for four willow clones at Savichy sandy and peaty

Sandy soil Peaty soil
199§ A 1998 A
BIORN 33,5+23,0 17,5 26,1 + 10,8 11,5
JORR 47,0+ 13,1 39,4 1809 E) 4 ’5
ORM 173467 | 89 | 197+66 | 88
RAPP 304908 23,5 2234+6,8 6:1

4 = mortality progression between October 1997 and May 1998

llt}’ on the sa Y S il § bet

MOI'ta § nd 0- was between 20 and 50 % each year dependin

1C eaty soil lity rates re acceptable (~ o 1 ep sta ﬁson c;IO?eC(aTIEiﬂe 2a1)10n e
Savichy peaty soil morta y rates are more acceptab 20 % in the estab hment y ndas3-10 %

reduction in mortality thereafter (1997) i
- . The differen i i i
the peaty soil. At Masany-Peaty, mortality was only a(foﬁaf Ob‘;;xplamed Py the higher sofl watet eserve of

5.3.2 Growth parameters

Plant height at the Savich i
! y Peaty soil ranged bet iah :
plant height varied between 0.5 and 1.2 n‘% etween 2 and 3.5 m, which is satisfactory. For the sandy soil

@ Peaty

t/ha

= L T R O T - N . -
T RS N S, U R S|

L

Bjorn Jorr Orm Rapp

Figure 17: Willow yield (1998) at Savichy sandy and peaty
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’ i ! for the

Yield in 1997 (cutback yield, R,S;) was about 0.25 t ha ! for the san_dy s0il arﬁd ab;);ith Ell:fl (:nh?hefggvﬁ:hy
S lvich eaty soil. In 1998, yield ranges between 3 (Orm) a_nd 6_(Bjorn a‘nd .ap}\)N e e Eooa for e fire

a t s)c;i[; (Figure 17), the higher value being comparable with yield optamed in \ e O e Macany
izzryafter cut back. Due to competition with weeds, estimated wood ylel((ii wa§10£ g ;icc);y T clone Biom

i : i i the poor sandy soi .
. As is clear from Figure 16, willow does not grow on ' oil : '

Is)::gs tosi::e best adapted to the limited water supply on the sandy soil (not significant)

5.3.3 Concluding remarks
initi i il in Savichy gives sufficiently high
ials initially planted in 1997, only the peaty soi / giv : .
Aniggg'rtﬁz izgfi? ziﬂltf:jhz:: l\:rillg\f died off, could maybe better be reforested with Jittle water-demanding
yields. ,

1 1 i i - t grasses.
stris or cultivated with drought-toleran o o | before
g;g?rf :lfévtfad performance of the willows at Masany-peaty, it is clear that initial weed removal (

plantation) is indispensable.

i i i dRapp
Although a high variation in yield is observed, crop selection seems nevertheless important. Bjorn and Rapp

have statistically higher yields (at 10 % level) compared to the other varieties (at 10 % level)

g C p l) :1]' : C) 5C ’t] )12 C P tE El]' 18 J : C Cr IIIEEIEI[ *
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6 Ecological sustainability of willow and other energy crops

The use of biofuels such as biomass and liquid biofuels for energy production and transport fuels, may
reduce the fossil fuels demands to meet our energy requirements. This may have positive environmental
effects as a reduction in CO, emission. Apart from a possibly positive energy balance and a reduced
emission of green house gases, other ecological criteria may have to be considered when evaluating energy
crops. In a life cycle analysis for a number of energy crops, Biewinga and van der Bijl (1996) evaluated
additionally the emission of acidifying and ozone depleting gasses, leaching of minerals to soil and water,
emission of pesticides, soil erosion, ground water depletion, use of resources, waste production and
contribution to biodiversity and landscape values. Evaluating all these criteria is outside the scope of our
study. We only engaged in evaluating carbon and energy balances and the nitrogen leaching under different
cropping systems. Some consideration will also be dedicated to the amount of (radioactive) waste produced.

6.1 Carbon and energy modelling

Biofuels are often described as ‘carbon neutral’, since the carbon sequestered in the biomass is released
during the conversion so that there is no net increase in carbon in the atmosphere from energy production
from fossil fuels. However, this view does not account for the amount of fossil fuels used in the production
of the energy crop, and in the construction and maintenance of the machinery and the conversion plant.

The carbon and energy balance model (CEBM) used in this study (Matthews ef al., 1994) is particularly
rigorous in including direct fuel use in production, indirect fuel use in machinery and materials manufacture
and extraction costs of fossil fuels. Activities involved in production were also included. It therefore gives a
complete picture of the production of biofuels, provided sufficient data are available. Where data were not
available in the detail required for the modelling, estimates from published studies were used, As far as
possible, similar assumptions and values for the parameters were used as for the economic modelling
(Chapter 7). The CEBM does not cover convession, Values for the CEB for construction and maintenance of
the conversion plant have been taken from recent studies (Gover, 1996; Bates ez al., 1997; Mortimer, 1999j.

In the modelling process, all the operations involved in the biofuel production are identified and are the
same as those used for the economic modelling, so that there is consistency throughout the project.

The total energy requirements and CO, emissions include contributions from

* direct fuel usage in production, e.g. in farm and transport machinery

* fuel extraction costs associated with fuel usage

* indirect fuel costs associated with manufacture of materials and machinery in production
* indirect fuel costs associated with construction and maintenance of conversion plant

* direct fuel costs for running the conversion plant

* indirect fuel costs from materials used in the conversion plant

The data on operations performed in the biofuel production are the most up-to-date information available.
They were collected for the RECOVER project by the partners. The data on the amount of energy required
to produce machinery and materials is from the UK model. These data were the best available at the time the
model was written, but as stated by the author the data used are derived from results obtained 20 years ago.
It is possible that if data were available for more modern processing techniques, the energy costs of
Production may be reduced. No data were available for the energy required for production of machines and
materials in Belarus, and these systems were therefore not modelled separately from the W. European cases.

The output of this CEB study is an estimate of the energy requirements and CO, emissions from production
of 1 unit of the final product. In the case of electricity from woed, this is the production of 1 kW electricity.
In the case of liquid biofuels from oil seed rape (OSR), winter wheat (WW) and sugar beet (SB) this is from
traveiling 1 km in a car.
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6.1.1 Short rotation coppice o -
Table 22 gives energy and carbon data for energy produ‘ction from S_IEC. :S‘ap301ﬁcat15)lns w?re ’t;be iol‘i’oc\zciing.
area 10 ha (10000 cuttings per ha), cut and chip harvesting (2.3 h ha™), yield 12 t.ha , no ferti 1set ,ans -
contro} at establishment and after harvest, spraying after each harv;st, Crop durat'1on of 19 ye;rs, (ri anp
distance 40 km. The plant capacity was 33.4 MWe, with a conversion plant efficiency of 39 % an

availability of 80 %. Power plant life time was 20 years.

Table 22: Energy input and CO, emissions for SRC

i nergy cost CO; release Direct CO;release
Operation fw‘; inhe‘i o kWhe' g kWhe
Cultivation 0.059 19.3 8.2 1

Establishment 0.014 6.3 1. |
Management 0.012 4.1 0.
Harvesting 0.033 8.9 . 7.0
Transport 0.032 8.4 6. .
Conversion 0.02% 4.3% 4.3
TOTAL 0.11 32.0 19.2

*; Data from Mortimer (1999)

i i i t energy and emits most CO, at the
The results show that, Tor this scenario, the harvesting uses mf)s emil (
production site. If stick harvesting would be applied (1.8 h ha b, the harve:stmg itself would require al?%sé
the same amount of energy and produce similar amounts of CO,. About twice the amount of energy an 2

would however be needed and produced during storage and chipping.

Inclusion of spraying after each harvest gives rise to a significant increase in the energy requirement.

The assumed transport distance is 40 km. Doubling the transport distance doubles the amount of energy used

and carbon released in transport. In the above example, a 80 km journey would lead to the I;lransllngcrtlcot-s,l:st
being twice the harvest costs, and to an overall increase of 32 % of the total energy cost. It is unlikely tha

SRC will be transported further than 80 km to the conversion plant.

Energy requirements and CO, production are considerably lower at the conversion site than during
production.

At first glance, the energy requirements and C(O, emissions calcula.teq seem higher than thc_)se i‘n existing
published work. For example, Bates et al. (1997) compare CO, emissions for SRC production in folur
countries. The figures range from 17-27 g CO, kWhe'. Biewinga and van der Bijl (1996) report values

between 13 and 16 g CO, kWhe™. The emissions quoted are the direct emissions from fuel use in production

only, together with the emissions from construction and operation of- the t.:onversi.on.plant. ]E'lmlssy:f)ris9 f;om
the construction of machinery are not included. When only considering direct emissions a value of 19.2 g
O, kWhe is obtained, which is in close agreement with published data.

For comparison, Table 23 shows that the CO, emissions for a wood fired plant are about a ’r;asc;(o\;] c;lffl :;Slgss
than for a gas fired plant and about a factor of 25 less than a coal ﬁ1:ed pl.ant. Only about O.h g Ic; st
energy is required to produce 1 kWh electricity from wo_od fuel gasification. T%le reason why dl's 1tshat
lower than for fossil fuel plant is that wood is not a fossil fuel, so ti_le only fossil 1.°ue1 consume : is pat
required to produce the wood. For gas and coal plant the fuel used in the conversion plant is a fossil fuel.

Table 23: CO, emissions and fossil fuel needed for biofuel and fossil fuel fired power plants

Wood Fired Gas fired Coal fired
CO, kWhe'! 40 440 282
KWht kWhe' 0.15 2.4 )
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6.1.2 Liquid biofuels for transport fuels

6.1.2.1 Wheat
The simulations for the W. European large scale production of bioethano! from wheat (Chapter 7) was used
as the basis of the operations carried out for production of wheat for biofuels. Data were provided by UCL

and IPEP and fertiliser application rates were according to Audsley ef al. (1996). At the conversion site,
data from Gover (1996) were used.

The specifics were as follows: yield 8 t ha”, area 1 ha, 7 applications of pesticides and growth regulators,
NPK 240-26-50 kg ha™, a2 medium combine harvester (1.1 h ha™).

The energy requirements during production mount to 24.5 GJ ha* of which 9.1 GJ is linked to fuel use and
13.5 GI ha' for fertiliser and pesticide production. This is in clear contrast with the situation for the wood

fuel production. The value obtained is in good agreement with the energy requirements reported elsewhere:
18.1 (Gover, 1996) and 21.6 GJ ha™ (Audsley et al,. 1996).

In comparison with the two other studies the CO, emissions obtained in our study are high: 491, 51.4 and
176 kg CO, t" wheat, respectively. This is partly due to differences in fertiliser application rate (only 50 Kg
N by Gover, 1996) and different CO, to N conversion factors: 12.8,2.3 and 1.57 kg CO, per kg N,
respectively. The high value in our study is from Matthews (1994) and may be based on older data.

Total emissions for liquid biofuel productions are given in Table 24. The encrgy requirements during
production are taken from our study and for the CO, calculations the most appropriate CO; to N conversion
factor is taken from Audsley et al. (1996). For energy requirements and CO, emissions during transport of
wheat and bioethanol (to retailers) and during processing, we rely on Gover (1996).

Table 24: Total emissions for liquid biofuel production from wheat

Energy £CO,GJ?
MDI GI" ethanol
Agriculture 271 21000
Processing- natural gas 779 41896
Transport 15 1062
Distribution 8 561
Total 982 59800

Energy balance for bioethanol is very close to 1, for the scenario considered. The ratio will improve if
credits for straw are included but, as stated above, this is not thought feasible for a conversion plant at the
large scale.

CO; emissions from agriculture can vary by a factor of at least 3 due to the importance of the contribution
from fertiliser production and due to the variation in the estimates of amount of fertiliser applied and
emissions of CO; per kg fertiliser produced. The total emissions of CO, are dominated by the emissions

from processing, so that the variation in agricultural emissions leads to an uncertainty in the overall
emissions of about 16 %.

Comparison with fossil fuels

Bioethanol is most likely to be used as a transport fuel, either as a petrol extender or a high percentage
ethanol blend. We have assumed that the bioethanol will be used in a car petrol engine as a petrol extender.
It is beyond the scope of this report to consider the relative merits of bioethanol and petrol in detail, and we
assumed that bioethanol has the same performance as petrol in a blended fuel. The parameter of importance

for transport fuels is the fuel consumption per distance travelled, and here we have considered MJ km™ and
the associated CO, emissions g CO, km™.

If the energy value of bioethanol is taken as 23 MJ L™, then the fuel consumption assumed is 10 L 100 km.
This is in the range of the 8 to 10 L 100 km™ quoted for a modern petrol engine on the overall test results
under the new EC standard. The CO, emissions for the same engine are quoted as 180-226 g CO, k™. Thus
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le 25) leads to comparable energy use and CO, emissions. Since

d CO, neutral, then the CO, emissions to be compared are the

and indirect, emissions from the petrol. If

direct costs, then the total CO» emissions for
«m’} for bicethanol, less than a factor 2
nversion factor as proposed by Matthews,

the direct use of petrol or bioethanol (Tab
the combustion of bioethanol is considere '
indirect emissions from the bioethanol and the total, direct
extraction costs for the fossil fuel are considerec‘! ~10 % of the
petrol will be 200- 249 g CO, k', compared with 140 g CO;
reduction. However, more pessimistic assumptions (higher C/N co

1994) erode this advantage.

Table 25: Partitioning of energy requirements and CO; production be
fuel use during travel with bio-ethanol

a
Energy g COz km
M km'
*
Direct biofuel use 2.3 (1 1480 1
B A - d is the same as the CO; sequestered during wheat growth.

*Combustion of biofuel considered carbon neutral, since CO; release

1.2.2  Sugar beet and oil seed rape . . N
'?"lfcre wereugo published data available in the detail required to run the CEBM for sugar .beet }(1312()] ;1;11((11 ;16(1 .
seed rape (OSR). For winter wheat (WW) no results were available from Govg é;?%) smc:eih > consider

nd oi blished data (Walker, suggest tha
only sugar beet and oil seed rape. Howe;ver, some unpu (Walker, 1 e swheat, For OSR
irement for production of bicethanol from sugar beet will be s
:nsi.ﬂnr:rc;fui?trﬁe GovelP analysis is given below. These data were used because they are f1:orxz1 th;', ilam‘:s study
as some of the wheat data (so a comparable methodology has been used) and because the study follo
through the production of the liquid biofuel to its end use as a transport fuel.

. . o of
Table 26: Summary of energy requirement and emissions from the production, transport and distribution of

jodi inter oil seed rape. :
biodiesel from wint, 2 T TS e o
Agriculture a5 10607
Production _ ppoedd
(il extraction 230 o)
By product- cattle cake (85)
Processing L1954
Using natural gas 319
Transport 07
Seed and oil 10 ol
Distribution of RME 834 o
TOTAL

RME is 1.1, so that almost as much fossil fuel is used to produce

tio for
e G o e tamed frm comb f RME. However, again the energy balance can be

RME as energy is obtained from combustion ©
significantly improved if the straw is utilised.

Comparison with fossil fuels

Biodiese! can be used in existing :
adopted the assumption by Gover (1.99t.3) tha.t engine p
except that 5 % greater volume of biodiesel is required.

diesel engines without modification, replacing rrlir}eral diesel. .We? have
erformance is the same for mineral and biodiesel,

Table 27: Partitioning of energy requirements and CO; production between direct biofuel and indirect foss

fuel use during travel with bio-diesel

1
Energy g CO, km
MJ km’* ]
Direct biofuel use 12 (1;92)
e I leased was sequestered during the growing of the OSR.

% Combustion of RME is considered carbon neutzal, since the CO, re
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tween direct biofuel and indirect fossil

The energy use per km corresponds to a fuel consumption of 5.61 L 100 k! for RME. Data for a modern
diesel engine gives a range of mineral diesel consumption of 5.7-10.6 L 100 km, and associated CO
emissions of 151-250 g km''. With a mineral diesel consumption of 5.7 L 100 k™! and if extraction costs
are taken to be about 10 %, the total CO, emissions for mineral diesel are 166 g CO, k™. The use of RME
could therefore reduce the CO, emissions by up to a factor of three.

6.1.2.3 Conclusions

For the wood fuel system, there are still considerable uncertainties in the estimates for the energy and
carbon balance. However, when compared with gas fired and coal fired power plants, energy requirements
are, respectively, a factor 16 and 23 lower. CO; emissions from wood fuel burning are a factor 11 and 25
lower than for gas and coal burning.

For the liquid biofuels, the energy efficiency is close to one. Reduction of CO, emissions when using
biofuels as transport fuel is maximally about a factor 1.5 to 3. This is in agreement with results from the
study by Biewinga and van der Bijl (1996) that also found that electricity-production routes have much
better energy budgets and avoid more CO; emissions than liquid fuel routes.

6.2 The problem of nitrate leaching

The cultivation of winter wheat, sugar beet and oil seed rape for bioethanol and biodiesel production might
involve intensive agricultural methods, with considerable inputs of fertilisers and agrochemicals, which
production involves release of greenhouse gases and waste water. In contrast, SRC is grown with minimatl
input of fertilisers and agrochemicals, and hence emissions will be minimal.

Nitrate is the main element in fertilisers and N-requirements depend on a number of factors; therefore
optimal nitrogen application rates are not easy to estimate. Sometimes therefore, nitrogen is applied in
excess to plant consumption, and nitrate leaching may occur. The nitrate leaching risk depends on land
utilisation, being higher for arable farming systems (especially when soil is left bare in winter) than for
grasslands or natural vegetation systems, such as forests, where growth and hence uptake of water and
nutrients is almost continuous. Similarly, perennial agricultural crops as SRC, may limit the risk of nitrate
leaching.

6.2.1 Monitoring of nitrate leaching at experimental sites

The nitrate concentration in the soil solution was monitored using a capillary wick lysimeter. Experimental
plots (dystric cambisol) where situated close to the experimental farm of UCL in Louvain-la-Neuve
(Belgium) (Goor ef al., 1999b). Two samplers (replicates) were installed under SRC (SRC I and SRCII,
R,S; in 1997 and RS, in 1998) and two under a field where maize was grown in 1997 and wheat in 1998
{Crop I and Crop II}. Soil solution was collected and analysed between January and June 99. The dates for
which no water could be collected do not appear in the Figure 18.

Globally, the NO;™ concentration in the soil solution is 2 to 4-fold lower under the SRC plantation than
under the crop for this experiment. Moreover, the NOy concentration is below the threshold level for
potable water (50 mg L") only for coppice.

The amount of water collected under a SRC stand was also considerably lower than under the other crops,
probably due to the high transpiration rates of coppice. Extra nitrogen requirement is low, partly due to
recycling by litter fall. The annual litterfall is estimated to about 4-6 t ha. With a leaf N nitrogen content
ranging from 2.0 to 3.5 % at senescence, about 80-200 kg N ha™ is returned annually. Nitrogen supplies
thereiiore OI}ly have to compensate for the exportations of N from the system due to stem harvests (60-80 kg
N ha™ year™).

Previous studies in Sweden (Perttu and Kowalik, 1989; Ledin and Willebrand, 1995) and England (Hall ez
al., 1996) have shown that the NO;j” leaching risk under a SRC plantation is very low, even in the case of
intense fertilisation. In drier regions, however, even limited NO;™ application may result in high
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concentrations in water. If the NOy’ stock from the previous crop is high, SRC will not be able to reduce the
nitrate Jeaching at the beginning of its development, due to its relatively low N requirements at that point in

time.

Evelution of the NO3-N content in the soil solution with time
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nitrate concentration under short rotation coppice and common
1 & II are replicate measurements.

Figure 18: Evolution of the soil solution
agricultural cropping system (Crop 1 & ).

In conclusion, SRC is a suitable crop for nitrate sensitive areas for its limited fertilizer requirements and its
r strip for intercepting nitrate runoffs from

extensive rooting system. It could also be used as a buffe
agricultural land. The high transpiration rate of SRC, partly responsible for limited nitrate leaching, may,

however, result in soil drying, which may be worrying, if the SRC is introduced in wet ecosystems with high

ecological value.

6.3 Waste generation and other ecological criteria

The most important real’ waste product is the ash that is left after gasification or combustion. In principle,

these ashes can be used as fertilisers but may have to be improved before returm to the field, given their
often-caustic character. In actual practice, ashés are often dumped. The by-products from the other liquid
OSR and WW straw burning

biofuel conversion routes are often used as animal fodder. The ashes from
undergo the same fate as the SRC-wood ash. Table 12 gives an overview of the amounts of waste-considered

side produced during conversion. This matter will be discussed in more detail in Chapter 7.4.

For the discussion of other possible positive or negative ecological impacts we extract from the study by
Biewinga and van der Bijl (1996). OSR, SB and WW were found to score low on several ecological criteria.
This is predominantly linked with the fact that they are intensively cultivated. High fertilisation will lead to
a higher emission of acidifying and ozone depleting gasses and mineral emissions. The use of pesticides is
highest in WW cultivation and lowest in SRC. In general annual crops cause greater erosion risks than
perennials. Frosion risk is highest for SB and lowest for SRC. As to crop evaporation differences between

crops seemns not to be impressive.

6.4 Conclusions
The general assessment of the ecological sustainability for the different crops considered is the following.
OSR, SB and WW score generally very low. Their connected conversion routes, leading to liquid biofuels,
have a low energy efficiency (close to 1) and the reduction of CO, emissions when using biofuels as
transport fuel is maximally about a factor 1.5 to 3. Mineral and pestici

may be pronounced (SB).

For electricity production from SRC, the energy efficiency is high and the CO> emissions from wood fuel
butning are a factor 11 and 15 lower than for gas and coal buming. Pesticide and fertiliser use is limited
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de emissions are high and erosion risk :

f g

When a new - ion i i
e radi()loé?(r;:l ;12;01;:}33. ;s p;;posed, the economic su‘stainability of the proposed system is as important
e, Conlt)anﬁn; ty.rl } e;QECOVER project aims to assess the economic viability of a number
o oD o amin e fan 1. In practice, soc1a¥ and political considerations will certainly play an
e o ion o th1§ new land use option, positively (e.g. by giving a subsidy to farmers
converting o . rop production) or negatively (e.g. people unwilling to buy products from

areas; people reluctant to engage in something unknown. It is equally important that a market

The energy crops under consideration in present stud i
oo ' y are Short Rotation Coppice (SRC), Qil
g ]_read)}’r Z?Og;rnlize]; éfﬁzsanddW£nter Wheat (WW). The latter three crops weriépchos(cn be)causestizgl/ Ia{ripe
s e b de tz:m ; ey can.be converted to liquid biofuels in a straightforward process, which
et oot U_Kns rated. In partllcular, the production of energy from crops in Western Eurc;
y the and Belgium) is compared with that in Eastern Europe (represented by Bcisfus)

The economic modelling of ener i
gy production from crops was done with RECAP i
co
((:;ggs) (m(')d?ls developed by ETSU) and ECOP (UCL model). For more informatif)n :E::?Ehcmsp oier
racteristics, parameters calculated, parameter lists,...) we refer to Annexes 1-3 " modes

Economi i
ne \1?1\2;1:: rz;lEaL);solse\:as pzrlgonned for Wes'tern European and CIS conditions. Important system parameters
for Westerm/bur f\n nn an1 o ;lérus comparison are alluded upon below (Table 28 and 29) and are discussed
o o gxl ( R( yand 2 (ann-ual crops). Different types and scales of conversion systems f
o Sean.tie .ectncﬂly were studied. Similar systems were modelled for the Belarus an}:i Westeor

- Sensitivity analyses were performed both at the | i -
barvasing coods. poasts ot : at the level of crop production (e.g. yield

, \ gy crop price) and at conversion {(cost, ener; i ilabili

Data for the Western European scenario came from UK and Belgium and dagtg gg&%ﬁ:ﬁfs a\;g:evgglzlt:clzlt{ctg)-

7.1 Modelling short rotation coppice
7.1.1 Comparison of Belarus and Western situations

* labour costs are a factor of at least ten lower in Belarus

at present no grants are available in Belarus

farm machinery costs lower in Belarus by up to a factor of five

dOfnestic heat and electricity prices are much lower in Belarus

boilers for heat production are cheaper by a factor of three to five in Belarus
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Table 28: Factors important in the modelling of SRC economics an,

Western Europe.

d their respective values for Belarus and

Factor Belarus Western Europe Comment

labour cost 0.3-1.6 EUR hr' 6- 22 EUR D" A factor of at least 10 lower in Belarus

farm machinery cost 17 kKEUR 45 kKEUR A factor of 3 to 8 lower in Belarus,

(tractor) depending on the machine

wood fuel price (from 10 EUR odt” 20 EUR odt” Price at the roadside

residues) 40-60 EUR odt™ Price for chipped and delivered.

annual land rent 0 UK 225 EUR ha™ and Land in the contaminated zone cannot
up; Belgium 75 upwards be used for food production and is
(average 150) given a zero opportunity cost.

Production grants 0 Establishment grants UK: | Grants are in place in W. Europe to

heat conversion plant
cost (for 300 kW
gasifier)

heat conversion plant
cost (for 3 MW boiler)
Electricity conversion
plant capital costs

Electricity price

heat price

115-160 EUR kW'

55-100 EUR kW™

not known, estimate
500 EUR kW'

0.034 EUR kWh™-
industry

0.0032 EUR kWh-
domestic

0.03 EUR kWh'-
industry

0.001 EUR kWh''-
domestic

<1500 EUR ha'; B: O at
present; Set aside
payment UK ~ 450 EUR
ha™'; B: 230-420

300 EUR kWh''

150-200 EUR kW™

1500 EUR kW™
installed capacity

0.045-0.12 EUR kWh''
for renewable energy

About 0.03 EUR kWh'!

encourage diversification by farmers
and to establish fuel supplies for
biomass fuelled plant.

The W. European value is predicted for
commercial gasification plant at 30 MWe.
No plant exists in Belarus. If the plant
could be built in Belarus, we assume its
cost could be up to 3 times lower than in
W. Europe, in line with the relative costs of
the heat plant.

The Belarus industry rate is near the W.
Europe standard electricity price. The
domestic rate is a factor of 10 lower. There
is no price support for renewables currently
in Belarus.

Again, the domestic rate is much lower
in Belarus than in the UK, and no heat
schemes would be viable with these

rates.

7.1.2 Coppice production

Best estimates for Jarge-scale-production costs, excluding
3.8, for Belarus and W. Europe, respectively) are presented in Table 29. Yield is 12 odt ha™ in each case.
(0.045 EUR) for Belarus and W. Europe, and if establishment
s, the larger net margin and internal rate of return (IRR) will be
since they have lower costs as seen above. However, if the yield
in Belarus does not reach 12 odt ha’', but is nearer 6 odt ha™', then the net margin achieved in Belarus will
-l For the small-scale production systems
ha for a yield of 12 and 6 odt ha'
the land can be put to 100 EUR ha™ (gain from 1 ha wheat), farme
itions unless their land is exempted from crop production.

Table 29 shows that for similar cutting costs
and yield are the same in both situation
attained in Belarus. This is not surprising,

decrease to about 49 EUR ha
margin is 170 and 67 EUR per

under less favourable cond

For Belarus a woed fuel price of 10.2 EUR odt! was
profitable. Even at 20 EUR odt?, a slightly positive ne

small scale production and a yield of 12 odt ha™.

The W. European situation without grants s
opportunity cost of 225 EUR ha'!
production, and no storage costs.

assumed fo

hows a positive IRR and a net margin which just exceeds the
r the land. However, these data assume best practice in
This has not yet been achieved in the UK at least. In the UK grants are
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grants and opportunity costs (Annex 1: 3.5 and

quoted. However, at this price production was never
t margin of 52 EUR per ha was only obtained for

(Belarus case: Annex 1: 3.4) the net
I respectively. Since the opportunity cost of
rs will be reluctant to cultivate coppice

required to offset the risk of establishment i
of what is seen as a novel crop, a in i
‘ he r ,and
sufficiently attractive if the set aside grant can be claimed as well ’ e net margin Is only scen as

Table 29: Production costs and system profitability parameters for growing SRC in W. Europe and Belarus

Operation Belarus | W. E LEihs1d
: L . Europe C
Establishment ! fom Smes
ment, EUR ha 776 1500 Assuming cuttings from Sweden at 0.045 EUR
Management, EUR (haty)’ . 0 per cutting for both situations
Harvestin ippi 1
esting and chipping, EUR odt 7 (24) i1 Bt?larus low value assumes high rate chipper
with low cost, High value is slow chipper
Storage, EUR odt’ . o together with high capital cost,
Transpert, EUR odt’ 2.6 5
Fu L, deli '
Pla&::trevenue, EUR odt™, delivered to 40 60 (40) Fuel price set at 40 EUR for W. Europe for
Net margin, EUR ha! 192 (38) 226 (51) direct cost comparison
IRR, % 21 (6) 12 (5)

7.1.3 Conversion of short rotation coppice wood

A 3 L1} "
, frff;lzfst(fo;;?is::;locn ;J(:;);gass go;ne;aﬂz systems" have been modelled for SRC (Table 30). These cover the
s and the different technologies which we think might b i i
Western Europe. Both biofuel conversion e il o Belars, Soctorn
‘ : : systems to heat and electricity are modelled for Bel

using biomass for heat in Belarus are a medium scale heati i mcifior fo hostn and o
‘ : : eating boiler, a small scale gasifier for heati

cluster’ of heating boilers. Biomass is not cu ici B Belarus, and rach o

. . rrently used for electricity production i
the equipment used in Western Euro ici tom is still at the pilot st oo Howorr !
. pe for electricity production is still at the pil
: for c pilot stage. However,
ﬁfet:g;g)l;l b;orﬁazs f}?ulgd m::\k:i3 a contribution to electricity production in Belarus. Thfee systems 1'\-avere
odelled: the 8 MW demonstration scale gasifier, an estimate for a 30 i
: . \ MW commercial scal
gasifier and a small scale 150 kW gasifier. These s i al bas opon ¢
' scal . ystems were in general based on W
data, but in the sensitivity analysi i  ont besomina e
ysis the effect of reducing the cost due to the equi i
commercial and being manufactured in Belarus was i e s o
_ . considered. Small-scale systems wer

they could provide decentralised energy production in the remote areas of Beiﬁrus. e modelled becavse

gzesglés;iiiﬁisdgf;erence betweizn the Western European and Belarus situation is that in Western Europe
en generate electricity. The interest in electricity generation i i
SRC scheme : ] tion in W. Europe is off
political in origin, with governments aimin i gonorat b onoweh
, g to replace some of their generation capaci i
sources. For example in the UK a price su ici D eemabios s
pport offered for electricity generated from rene
Ul . wables, ha
%?J?Z;::’Stedheffor-t on elec;.ncny generating schemes. For medium scale schemes, at about 8 MWe tlie W
scheme is a gasification scheme for electricit i ! , .
: . y production. For small scale systems, we have
modelled the 150 kW Belgian gasifier, which is for electricity production. Additionally, a small scale 330

kW gasifier used for heat ion i .
Belanas. production in the UK was modelled, for direct comparison between the West and

Details on capital costs of the power plant are given in Annex 1.

Table 30: Conversion scenarios modelled

Conversi
— sion technology Belarus UK Belgium
Large scale, 28 MW(1) X
Medium scale, 3 MW(t) X
Small scale, 330 kW(t) X X
ELECTRICITY
Large scale, 30 MW(e) X X
Medium scale, 8 MW(e) X
Small scale, 150 kW(e) X §
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The conversion of wood fuel to heat is well known in Belarus, and a range of boiler sizes and small scale
gasifiers are in operation, fuelled with forest residues. Information from Belarus has therefore been used to
estimate the economics of a SRC fuelled system. The main parameters affecting the economics are the price
of the input fuel, the price obtained for the heat and capital cost and utilisation % of plant capacity. None of
the conversion systems modelled was econormic at the domestic heat price (Table 31).

The data from Belarus quote an utilisation of plant capacity of about 16 % for the boilers and gasifiers. This
equates to seasonal heating over a small proportion of the year. This seems a low estimate for utilisation,
both in terms of return on capital investment and in terms of the length of the heating season for Belarus.

We have therefore run sensitivity analyses with higher utilisation rates.

The price for fue] wood in Belarus quoted is 10.2 EUR odt”'. We speculate that this is the price paid for
wood collected from the forest. Qur calculations show that using Belarus machinery and labour, the wood
could be exiracted from the forest, chipped and transported to the power plant for about 28 EUR odt™. This

is the cheapest we believe wood fuel could be delivered to a plant of any commercial size. Our calculations
for production of fuel wood from SRC indicate that for the producer to make his target IRR, which generally
per hectare, the price of delivered fuel would be about 40 EUR odt’. In most

equates to a small net margin
of our scenarios we have therefore used 40 EUR odt™ as the minimum fuel price for determining if a SRC

scheme would be profitable.

The large scale boilers in Belarus are also profitable at W. European capital cost if availability is ~80 %.

Table 31: Summary of economics of conversion of SRC for heat production

Scheme Capital cost | Capital cost, Availability | Fuel price, | Heat price, IRR:
MEUR EUR per kW (%) EUR odt? | EUR kWh' %
installed

Small scale gasifier -.
e Belarus, 350 kW 0.02% 130 16 40 0.026 20
130 60 40 0.026 72
o UK, 380 kW 0.115 300 80 50 0.03 22

Belarus medium 0.38 100 16 40 0.026 12
scale boiler, 3 MW 80 42
Belarus cluster of 3.6 100 80 40 0.026 59
boilers, 28 MW 10.8* 80 40 0.026 22
14.4%% 80 40 0.026

Belarus cost as given by Grebenkov (1997) times 3 * or 4% §: if the cost for 350 kW gasifier with 16 % availability is estimated at
10 % to 50 % of the European cost, none of these systems is profitable (neg. IRR)

For electricity production from SRC (Table 32), we have again used a fuel price of 40 EUR odt”. The
capital and running costs of these plants are much more speculative, since they are based upon projections ©
costs of commercial plants in W. Europe, and upon assumptions about the relative costs of building a plant

in W. Europe and Belarus.

The main barrier for implementing any of these schemes, however, is the very low price paid by domestic
consumers for heat and electricity in Belarus. None of the schemes will be profitable at current electricity
and heat prices in Belarus, even with Jow capital costs and high utilisation. For heat, the industrial price in -
Belarus is similar to the price expected in W. Europe, and so heat schemes aimed at industrial users are
viable in Belarus. For electricity, the industrial price in Belarus is similar to the standard price for electricity
in the W. Burope. However, the schemes currently in place ot planned in Europe receive substantial price
support for producing energy from renewable sources. These prices will probably not be achieved in _
Relarus. Therefore, the schemes will only be viable if plant can be manufactured in Belarus, and if the plant
is at the stage of ‘tried and tested technology’. Alternatively, a capital grant for the construction would be
required. Even so, the model shows that the annual balance of costs and revenues is only positive if the

electricity price is at least 0.05 EUR KWh',
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Tab : ' '
able 32: Summary of economics of conversion of SRC for electricity production

Sche i i 14
mne Capltal Capltal COSt, Avail. Fuel pr ice Elec Price IRR
. b L]

cost EUR per kW % EUR odf! Kl
MEUR | installed | odt” | EURKWH™ | %

Small scale gasifier, 150 kW

* Belarus 0.04 267 80 40 0.05 10
e Belgium 0.17 1120 0132 %
i ) 12
UK m;filum scale gasifier, 8 39 2800, (incl. 80 gg o ™
MW. Pilot plan_t. capital grant) 12 »
Large-scale gasifier, ~30 MW
s Belarus 14 ‘
360 80 40

.o 0.034

23 1500 80 60 0.09 11255

7.14 Case study in Belarus

Ad i ici i
hypz:g:;giis‘?gl:lzcmgtﬁ production scheme by gasification of coppice wood fuel was evaluated for a
el vill egl ‘;n elarus. The ECOP-model was used for the analysis. As mentioned earlier, the ECOP
el odel n;aiie ;zr;:%;a;iflt by:leUlaEd outcomes were very similar. Contrary to RECAI,’ ECOP

: : L1ty of the global system, producti i |
ca el ot » production and conversion a

ity. For more information in ECOP we refer to Goor (1998b). [The pilot gasiﬁcaticmr ;I:;:ﬁgceic:ago?vn?s

evaluated in the TCR-Gaze! proj i i
CR-Gazel project and is proposed in Belgium for d i ici i
peak demands. This implies a low total production at high electricitye}‘):sirg.::l 1]lsed Flectrielty production a

For th i ion v

For w;}l?:l.let;:;r;t)’?;e:c; scenario, plz.mtauon was mlechanical with an adapted vegetable planter and harvest
old reoomdon o Beglaruar(vlegt;r. Ayield of 12 t ha™ was taken. This is somewhat higher than the potential
ondand vield for et $ 1 . ctl per ha; Chapter 4) but this yield was used since 12 t is considered as a
I e evefope SRC. Cost o.f lgcal machinery was used if these data were available. If not
e st fel;a?;?s o 15 we.ts.used. Specllahsed machinery was quoted at import price. o
e Basification gs o ;}r electricity producuon' was of 350 kW capacity. Its cost price was calculated fro
cactfion o b fapagitc tian ;oit _of a.n 830 kW gasifier (data from IPEP: 16 500 EUR) and the cost of a ”
e s capaci ger . % gllum. 388-375 EUR). The ratio of 23.5 obtained was then used to calculate the
oy e omoerton ti N artmf ﬂ_fl: arus. This factor 23.5 difference in costs was considered very high since it
g e plm}tpc " to ; 3; gasifier components have to be imported. Therefore a safety factor of 3 was
ites o s o st O 100 EUR. With an availability of 75 % this type of gasifier can provide a
IPEP with elociiy. Th cetichty yine and sl e won e s b33t (4t from

thel ellin . h . .

EUR kWh'") since at the low price for the domestic consfrgst?zn“g)s:(;3321??\;8EX)pigeest;I;:ﬁ?Zrif&;ty .

profitable. M i .
Table 33 ore details can be found in Annex 3. The results for this ba

Even wi . . .. .
o :3 (\;llf?e ;hg;lail;:nlfg% high electricity price, the system is not economically viable. The IRR is positive but
o or more for the industry (between 5 and 10 for agriculture). When the plant capital

cost proposed by IPEP is applied (ex
pected to be 11 000 EUR i
becomes 7.95 % and the required 10-15 % is almost reached 1orthe 30T uni0, the system IRR

se case scenario are presented in

Table 33: ic viabili i,
¢ 33: Costs and economic viability of electricity production from SRC in Belarus for reference case

Yariable alue
SRC production, EUR odt! ‘272 35
SRC storage, EUR odt™! 0 ;}’5
SRC transport, EUR odt! 0.08 -
SRC chipping, EUR odt" 0.00
NPV (global), EUR ha -100
NPV (ha"), EUR ha™ 431
IRR (global), % 4.86
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The harvesting option has a limited impact on system profitability: manual harvesting results in an IRR of

1.8 %, whereas for harvest in stems (imported Swedish machinery), the IRR becomes negative.

On the other hand, the price of the cuttings has a considerable impact on the global system profitability. A
cutting cost of 0.1 EUR results in an IRR of 4.4 %. At a cutting cost of 0.025 EUR (about one third of cost
in reference scenario) the IRR becomes 15 %. If cuttings could be produced in Belarus, this might render the
system more profitable the IRR becomes 20.11 % (see annex 3 for details). However, at domestic electricity

price or European capital costs, even this system is uneconomic.

A yield decrease of 50 % (6 t ha™) rendered the IRR negative.

Comparison with the RECAP analysis can be done to some extent since in the case of RECAP production
and conversion are considered separately. For the 150 kW gasifier (Annex 1, 3.4), the farmer only makes a
good profit (IRR 19 %) when yieldis 12 t ha” (cutting price = 0.045 EUR) and only marginally when yield
is 6 t (IRR 11 %). It should be noted that in these circumstances the fuel wood selling price is 40 EUR per t,
about 4 times higher than the value quoted for waste wood in Belarus. The plant owner only makes a profit
when the electricity selling price is 0.047 EUR per kWe, about 25 % higher than the industry electricity
price. Results from both models hence show that these conversion systems are only (marginally) profitable

in optimal conditions.

7.2.2 Comparison of producti 1 .
Europe p ion cost of different annual crops in Belarus and Western

;It’}zblt.a i‘ij shot\;"s that. the production cost per hectare is much lower in Belarus than in W, Europe. Ho
maryliz s acl IZde in Belar}ls are also much lower than in W. Europe. We have also ass.umed}:h.at thj(:}vfr,
gin required in Belarus is lower. It therefore turns out that the price of the feedstock for the conversiZn

process will be similar in W. Europe and Bel is i i imi
process Wil B¢ o p elarus. For OSR this is achieved by claiming the set aside grant

The sensitivity analysis revealed that yi i i
_ yield has an important impact on the net i
el ropondes o bt t yield h : et margin. Even for the lower
yields us, production is still profitable. Transport distance has a substantially smaller
For the Western European case, OSR ion i i |
\ production is not profitable without the set asid
]I?t:e?larus, ;cven_ue from OSR and SB production is close to the land opportunity cost © payment for OSK-In
halsF\gI?r(t) sg):}l:;getsl:?r; ;}tx: {qsua;mtgrso(’)foSOthurrently grown in Belarus is estimated by IPEP to be less than 400
. : abou a, and for WW 43 000 ha. This is small- i
with the amounts required to fuel the large-scale biofuel conversion plant proposesg.ale production compared

Table 35: The production costs for large scale production units, actual yield in Europe and actual and

potential yield in Belarus

0 . . - - C z .
72 Economics of liquid biofuel production from annual crops ROP Cost E;I;"“dgCt‘O“ Yield | Market |  Net Target | Min
As mentioned earlier, the economic modelling of the annual crops oil seed rape (OSR), winter wheat (WW) ha price margin net crop
and sugar beet (SB) was done using the CRISP model (Crop Resource Integrated System Model), a model 1 . margin price®
developed under RECOVER and compatible with RECAP. Gt T Haver T Soo T To t ha EURt' | EURbha" | EURha! | EUR t*
. Transport
7.2.1 Comparison of Belarus and Western European situations \(;/ll seed rape
The major differences between the Western European situation and Belarus outlined above for SRC also Be.lfrumpe 508 188 41 738 32 165 -210 225 300%*
apply for annual crops (Table 34). Current and potential yields (Chapter 5) are lower in Belarus than in us 125 75 12 212 2.0 166 120 100 156
Western Europe. 2.7
P Sugar beet 166 206
Table 34: Important faciors for modelling the economics of producing liquid biofuels from annual crops in ]\SV-IEUIOPG 678 287 304 1269 66 38 1239 225 23
Belarus and Western Europe clarus 309 81 97 487 25 25 137 100 o4
Factor Belarus Western Europe Comment Winter wh 55 25 744
Labour cost 03-1.6 EUR K" 6- 22 EUR h'! A factor of at least 10 lower in Belarus WHJIE‘, er wheat
Farm machinery cost 17 kKEUR 45 kKEUR A factor of 3 to & lower in Belarus, . Burope 413 107 92 612 75 110
: . Belarus 130 212 225 112
(tractor) depending on the machine 42 19 191 3.2 160 321
Crop prices, EUR ! E*To achie‘ve target net margin 100 95
WW 160 110-140 Similar price for OSR for Westlern Industrial OSR is produced at the market price with the aid of the set aside grant in W. Europe
SB 60 38 (50 for sugar) Europe and Belarus. Higher prices
OSR 166 165-185 quoted in Belarus for WW and SB. 7.2.3 Conversion costs for biodiesel and bio-ethanol production
Annual land rent 0 225 EUR ha upwards {kt l;;n;,sent , no opportunity cost for land For the conversion plant, we assume that all the crops will be processed into liquid biofuels fi
in Belarus : , 1quid bioluels
Production grants 0 437 EUR ha' OSR Set aside grant for OSR transport fuel. Estimates of capital costs have been based on Western estimates. Almost all Ior :_JSG . id
383 EUR ha”! WW Arca payment for WW grellarge-s.cale and in case of SB we assume that the beet-end plant already exis.ts. If this is fh:r::zalssce::oilrllSl cred
Presently no grants for Belarus elarus with currently only a small production area of SB is not clear.
No data available from Belarus.

Conversion plant

; T TR
capital costs able 36 shows that the cost of producing liquid biofuels is in all cases substantially above the cost of

?;lréeral d1ef:slel, 80 tpat subsidies for conversion to biofuels are required in all cases
cost of labour in Belarus, and also the rate of return on capital in Belarus is lower than in W. Europe

making the cost of biofuel producti i
malang the oc production lower (except for OSR), assuming the by-products can be sold on the

Recent advice suggests same equipment
costs as W. Europe

May not be able to | Important contribution | No data from Belarus. Data for W.

use if contamination | to reducing cost of Europe from literature.

levels high biofuel produced.

By- product prices

Assumed that they wili compete with

Market price for
mineral diesel.

biofuels
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beyond the scope of the present project.

conversion scales.
Product Feedstock By-product Capital Operating Biofuel
cost income cost cost cost During conversion, several b
1 1 -1 1 . g y-products can be formed. The most i real’ :
_ EUR t EUR t : MEUR MEUR y EURt™* that' is left after gasification or combustion. In principle these ;;h;;ng’;lﬁsﬂt rczl vaste Produ_ct is the ash
%;odElesel (I%I(f)) | 6 Meallg(g%c%rme Lo - 100 _gaSIﬁcatlon or sole burning (no co-burning with coal or municipal Waste)e KZ; esfzts fert1111sers in case of
. Burope, Oty : - UFtPI‘O;ed begor; hrc.=:turn to the field given their often-caustic character. In ;1ctual p:*gsgijesz IlllaVe - Ee
Belarus, 10000t ){*1 RME 166 191/511 12.4 1.3 390 The ashes from the straw burning from%éﬁﬁdb%eiﬁgmersfn routes are often used as animal fodder.
Belarus, 2000 t y' RME 166 191/511 3.0 0.2 420 ergo the same fate as the SRC-wood ash.
Bioethanol from SB Pulp/Vinasses In case of a contamination scenario, waste 7
) . ! , and by-product man i ;
W. Europe, 24000'} y' 25 95/95 18.0%* 3.7 550 m Chapter 3 gives an overview of the amounts of \I:'aste or by-piizr:ll:tr: I?c?c)lfubczgilitlr?ly dlfferem-' Table 12
Belarus, 24000 25 95/95 18.0 26 430 different energy crops considered. For OSR and winter wheat also the ash from straw burning is inc for the
Biocthanol from W\ﬁ’ DDG For a number of contamination scenarios (185, 555 and 1480 kBq m™) the containi?lwt' Ul'flllng Is'mcdedA
W. Europe, 24000} y 110 135 32.0 3.6 756 prod}lcts were calculated. It followed from Table 12 that for WW and OSR only th y I%Hfrevels In the waste
Belarus, 24000 t y 107 135 32.0 2.7 575 burning Shf)uld l?e considered as waste, the other waste products could still be u)s{ed Zsa Sanimc:inf&gdsuaw'
some considerations). Only at the highest soil contamination, the oil cake produced during OSRO coi:v(e\:;?;ns

Jucer and conversion plant operator meet their target rate of return

* Minimum ptice for biofuel for which both pro
d processing and animal feed processing already exists.

#* Fermentation plant only- assuming that beet en .
¢ avonp Y- assuming ¢ and the pulps and vines from SB conversion should be discarded as wastes. For SRC two calculati
. ulations were

Ea];l:i;g: \El;h t(l;e average trans:fer f.acyor recorded for the Swedish SRC fields and one for the TF recorded

o t;) los(t)eBon !:ihe exemption limits for caesium in fuelwood and with the lowest level of Low-Level

" aopty. With the % gs )f;i:; ;ggr}org alshes should not be regarded as wastes when the lower TFs (10 m? ;:(g"
. SRC in Belarus, which are comparable to the TFs to decid i

wood, even at the lower soil contamination level, all ashes should be considered (;cs:lwl::tles s confferous

The capital cost of new power plant for biofuel production in Belarus is most likely to be the same as that in .
W. Europe. The effects of reducing the capital cost in Belarus with a factor 2 reduces the RME, of
bioethanol from SB and WW cost to respectively, 290, 380 and 505 EUR t", still substantially above the
fossil fuel prices (187 and 210 EUR t). If the by-products cannot be sold in Belarus due to contamination
levels, then the cost of biofuel production will increase by about 25 % for bioethanol and about 90 % for

biodiesel.

Since the ion, it is i
pmducedseec;r:ps are produced for energy generation, it is important to have an idea of the amounts of waste
produced I;: tmount of net energy generated. The net amount of energy generated for the different
Chapon ¢ O?/tsh ;3811;2 p\:r;ts tfakenffrog Sgr{mr ;t al. (1998a). We did not take the energy values recorded in
since for and WW the energy from th i
ot i the analyt e cace s oot gy from the combustion of straw was not accounted
. ertain product (e.g. the straw from WW) i i

content was not incorporated in the net ene i o otialty sopion s (Tats 2
coJ rgy calculation. From Table 12 i i
it is clear that the amount of waste st o semeise o orety. A

: generated per net energy production is lowe i ,

. nt o st for co

the highest soil contamination, amount of waste per GJ is substantial for OSR and ‘JWVPPlce or foresty. &1

7.2.4 Conclusions
All three annual crops considered can be grown successfully in Belarus. The farmers will make high profits
on SB and WW at the quoted market prices. At the prices expected for fuel crops, the farmers can achieve a
net margin of at least 100 EUR ha™. In Western Europe, OSR production is only profitable with price :

support.
Both in Belarus and Western Europe, liquid biofuels produced all require price incentives to compete with

fossil fuels, even when revenue from by-products is accounted for.
T - Wi
able 37: Waste produced per net amount of energy generated (kg waste per GJ generated) for 3

an important contribution to the economics of the scheme, contamination scenarios (kBg m’>). For detailed informati Aty
. on, see Table 12.

The by-products of the conversion process make

especially for RME. The prices which could be achieved for these products in Belarus are uncertain, and CROP
there is a possibility that the by-products may be too contaminated to be used. In this case the cost of Rape soed 185 555 1430
bioethanol production will increase by about 25 % and RME production by about 90 %. . 2.4 2.4 26.2
Winter wheat 1.8 1.8 .
Sugar beet ) 91-8
. . . . . SRC TF=10° m’ kg 58
73 Extra costs linked with a contaminafion scenario it ol ﬁg}s(g:f;'i} 101 0 0
Forests 1 L1 1.1
: 1.1 1.1

Two types of costs may arise when dealing with a contamination scenario: a probabilistic cost, when having

to compensate for the dose occurred, and a cost linked with the disposal of contaminated wastes. There is a cost associated wi
with the waste products which h i
ave to be disposed off. Accordin,
. g to Grebenkov

19 e
g E%%;;ﬁgscgaélt;gﬁr;nécanan) t?g Iérl(c)spic‘?te_d cost for disposal of contaminated ashes wiil mount to about
. ensity of 0.6 kg L, this will mount to 13 EUR t*. Waste di
\ ) . i I -
gzlwc.ontalrlmnated wastes are in the order of 50 EUR t! (Andersen K., Risoe, personzllj?:iz;afr?lls;?c?é;gv
P 1tn§ the amount of waste generated per net energy generated (kg GJ”', Table 37) and the cost of wa-ste
, we can calculate the cost of the waste disposal per unit energy produced (EUR GJ™) (Table 38)

A discussion on the issue of compensating people when doses are in excess of 1 mSv a' (dose limittoa

member of the general public) goes beyond the scope of the project. For European countries an alfa-value -

ranging between 25000 and 250000 EUR per Sv is proposed. :
An extra dose can be obtained during production of the energy crops, transport of the product, conversion, .
disposal and discharges from the stack. From Chapter 4 it could be concluded that the extra annual dose

from cultivating SRC or annual crops is low and the dose from transport and atmospheric discharge is
negligible.
For people working constantly in the vicin

exceed the 1 mSv a” limit but only when ex
wood: 3000 Bg kg’l; 2000 hours at 50 cm from collectors (15 mSv a'yor 1 mfromt
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If't i WW iodi
Witllllet;eevg;;«z :Eicir?fézf;;a:glt( t ,fSZIZ) ar:id4t30dleslel (OSR) are 210 and 190 EUR per t, respectively, and
; ntents o an GJ t, this comes down to 7.24 and : 1
irﬁtsilzlz\;?v;:ly. For Burope the revenue/cost for electricity is 0.045 EUR kWhe™ andno géztsEEU[II{Rk%Jhé'l fi
o iezgzzgfnptiorg 1(:)1 Belarus (It is nc_)I use to do the calculations for the domestic electricity price sionrce
: only 0.0032 EUR kWhe™ renders the system non-profitable under all scenarios). With an

ity of the ash collectors or at the ash deposit, radiation levels ma

treme conditions are considered [high contamination levels in
he deposit (20 mSv a’
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average energy efficiency of combustion and gasification units of 0.30 we can calculate back the economic
value of one GJ wood-energy content, which is, respectively, 3.75 and 2.83 EUR Gr.

Table 38: Costs for the amount waste generated (EUR GJ ') under different contamination scenarios (kBq
m’) as described in Table 12 for a disposal cost of 13 and 50 EUR 1! in Belarus and Western Europe,

respectively. For SRC the situation with the highest TF was considered.
Belarus Western Europe

CROP 185 555 1480 185 555 1480
Rape seed 0.031 0.031 0.341 0.12 0.12 131
Winter wheat 0.023 0.023 0.023 0.09 0.09 0.09
Sugar beet 0 0 1.25 0 0 4.79
SRC and Forest 0.014 0.014 0.014 0.055 0.055 0.055

It is clear from Table 12 that for WW and OSR, about 33 % of the energy produced come from, respectively, -

the bio-ethanol and bio-diesel and that the remaining energy comes from the other products. The straw may
be burnt by which electricity is produced. For this electricity we have the same revenue as was mentioned
just earlier for fuel wood. For the sake of simplicity we will also consider that the other waste products are

burnt and not used for animal consumption. This means thus that for the revenue of the net energy output, 33

% will be rewarded at the price for bioethanol of biodiesel (7.24 and 4. EUR GJ 1y and 67 rewarded at the

electricity price (3.75 EUR GI'* for Europe and 2.83 EUR GJ* for Belarus). Now we can calculate how cost -

of the waste disposal per unit energy is related to the revenue per unit energy. This is presented in Table 39.

Table 39: Cost of waste disposal as percentage of revenue from energy production.

Belarus Western Europe
CROP 185 555 1480 185 555 1480
Rape seed 0.91" 0.91 9.91 1.95° 1.95 21.34
Winter wheat 0.55 0.55 0.55 147 1.47 1.47
Sugar beet 0 -0 17.2 0 0 66.15
SRC and Forest 0.5" 0.5 0.5 147 1.47 1.47

in Belarus 0.034 EUR kWhe: & European price 0.045 EUR kWhe'!

It follows from Table 39 that only a small percentage of the revenue from energy production should be
dedicated to the waste disposal in case of the wood biofuel pathway. It should also be remembered that the
situation here described for SRC is for the case with the high TF obtained in Belarus. With the lower

transfer factor recorded in Sweden, no waste is produced!
The amount of money, which should be envisaged for disposal, is in the order of 0.5 to 2 %. Except for

scenarios with high surface deposition, the amounts of waste produced in the GSR and WW pathways
become substantial: between 22 and 66 % for Western Europe and between 10 and 17 % for Belarus from

the revenue goes to the provision of a suitable waste disposal.

However, as was concluded from Chapter 7.3, conversion to liquid biofuel is not economically viable
without any price support. Since the disposal costs will most probably be allocated to the plant owner, his

loss (or the subsidies required) will increase even more.

In case of the 30 MW gasifier for electricity in Belarus, working at 80 % availability, 3500 ha (yield of 12t

ha™") are harvested each year and converted to electricity which is sold at 0.034 EUR kWhe'. This results in

an annual waste generation of 840 t. If this waste has to be disposed off at a disposal cost of 13 EUR per t,
this comes down to 10 920 EUR per year. Since the NPV of the conversion plant owner is 2 547 000 ECU,
the cost linked with the waste generated is about 0.5 % from the revenue, which is only a small percentage
and this pathway will certainly remain profitable. For other economically viable conversion routes, the part
of the disposal cost to the revenue was between 0.5 and 3 % and will hence not have a substantial impact o
system viability. Calculated percentages are also in close agreement with the ones calculated from literature

data as presented in Table 39.
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For the electricity produced with burning from wood or straw and other waste products from OSR and WW: * industrial energy price

8 Comprehensive evaluation

[érgicer the RECOVER project we have aimed to assess the potential of growing Short Rotation Coppice
{ ) a}nd three other bio-fuel crops, oil seed rape (OSR), winter wheat (WW) and suear beet SBpp
al_temat.lve Ccrops on contaminated arable land. The case of Belarus, the country most sgerio 331 CBas
:::;zirilénated as a}resufit of the accident at the Chernobyl Nuclear Power Plant, and a West;rsnéuropean
» were evaluated. Both radiological and radioecological con : i
economic aspects of the implementation of these alternativge option: ?;;ngzzsggrizne;:llj C:%)ngcal -
overview of the final assessment of the criteria considered for the different energy cré)ps crhea

;)verall, SRC is more appropri:fxte as alternative land-use option than the bio-fuel crops studied, since the
ormer energy route is economically and ecologically more sustainable. ,

On radio-ecological grounds there is not too
much concern for none of the crops. Activity 1 i
useable plant parts are generally low and the same holds for the waste productIsJ. yievelsinhe

iroadliiz we may say that in lig_kaxt tcxtured3soils with a low radiocaesium interception potential (RIP) the TF
am\ifV;)(}O-\;arlzels(b_?tween 0.5107 and 2 107 m? kg'l and for soils with a2 medium to hlgh RIP between 0.2 10-5
parts, of WE;Chg4 0 gnly al?out Ot.)Ol % of the soil radiocaesium was transported to the above-ground plant

) was ilised i :
littertall 0 immobilised in the wood and the rest returned by leaching-off by rain and

fgzler?tatfas,t for th‘e radiocaesium concentration in the willow wood can only be given with a substantial
o l‘adaim y (.':}s is the case for most crops). We were unable to derive transfer factor functions for predicting
ihe rac ;(i:gﬁs;t;;n io;lt;i‘lnt 113& évllllowlwood based on soil characteristics. However, the K concentration in the
ected the ~'Cs level in the wood to a large extent. Therefore, fertilisati i i
will dectonse e TF: Bobavtorer it . refore, fertilisation of K-deficient soils
. sium and K were not comparable in a SRC
could not derive the Cs-behaviour from what i oant oEfoct of vacie
at is already known about K. No signi i
. . gnificant effect of variety and
;trasréci ;?;til;r;tzyc;? th;l;I‘cI; was regealed, except for the rather short-term lysimeter trial. We found that f)cir the
e, ecreased continuously on a loamy soil whereas for the i i
: U sandy soil the TF increase
following the year of cut-back and stabilised (or even decreased) after the 1% year of re-growth. ’

:ilcvompa:;sonl}l)etween the willfnws grown on the Belgian test sites and a 17 year-old-forest in Belarus, has

ohe ;Nirsl at t_ e net. annu_al rad%o.caesmm ac.cumulation is about 35 times higher in the forest standing ’biomass

e Ccopplc;:. Since, in addition, po'tentlal annual biomass increase is only 6 t ha™ for forests and 12 t ha'.

col;l o , wc;lo prf)ductlo_nlon contaminated land seems more promising in a SRC system for these

alreazl ;0:2 ntt an.w1tthdt§adiltloﬁal forestry, for the present example. However, when establishing forests on
aminated land, the soil-to-wood TF is expected to be lower i i

: . ( . than in the scenario when the foliage

;r:i?r;?fgfig part (t)f the radwcaes;um dleposﬁed. Since the potential yield expectations of SRC grown on a °
w water reserve are 5 t ha” for Belarus and actual vield i imitati

: - . _ yields (nutrient limitations) are even lower,

dc:)r:s;tryols poimbly may be a better land-use option than SRC on this type of soils (economic comparison not

€). On soils with an adequate water reserve and nutrient status, SRC for energy production b
preferred to forestry. ’ e

il;eB;;?‘r,;i, nt}ie e):ieii%}:)tlgn l1§nt for burning fuel wood is 740 Bq kg™. Limits for Low Level Waste (LLW)
e | and J00Bq g~ If tl_le TFto SRC wood applies for coppice grown on relatively fertile soil

itha mpderate to high radiocaesium fixation capacity (RIP), wood can be safely burnt and also the ash
can be‘d1sposed. off without concern. In case the high SRC-TFs for low-RIP soils pertain (2 107 m? k Iy
which is potentially .relevant for low fertile and low RIP soils (e.g. peaty and sandy soils), wood bum%n)
;VOl_lld only be permitted when willow is grown on a soil contaminated with <370 kBq m',2 B¢, Undergthe
imits presented ab_ove, ashes should be treated as LLW. Given that TFs for common forestry (2 107 m2 ko't
and tjor str'aw of winter wheat and oil seed rape (0.3 and 0.63 m? kg™) are more or less compzrable e
E:;?;s)e:;t:;:sb Zo; bux;n_mg wood or s}tre;w for energy are alike. At higher soil contamination levels , wood

urnt in commercia ici i ’

be installed and appropriate ash-dispoia?cs{;g?l% ?:)lfllg?vt. plenis bt adeguate exbaust Mlering systems should
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Table 40: Final assessment of criteria for the different energy crops considered. ——
. i er
iteri Coppice
e ¢ During conversion, activity goes mainly
i ) ! Qenerally low TFs, except in situations with o Y
Radio-ecology * f low RIP and 160 by-products and wastes, bio
le:){fvres?)lﬁl%(hght’tcxwed Fotts© contaminant-free ationshi
i i d relationship
lower than for +  More information on TFs an
EF gf:nel‘aﬂy fctor 10-1000 love | soil characteristics and TF
L‘Z::lz in wood may be hlgher than the e OSR and SB, generally higher TF than
) SRC
exemption limits for fuel-wood
No u:1que relationship found between soil = High EF to Irsgz\:;l (lz:)rﬂ:te;; ;;1 fsl,lt;.ia_\:'w ;r:)?
tarnination level exceed exe
' Chma""enmci andv‘;on »  No problems (>labour intensive than
Dosimetry * et lab_our 'm "'mSI' " S§RC but only for high contammatlon of
.. | ’ : ~ ' cohcermn)
. ‘When dealing w1th hi ghly conta.tmnated wood, s If straw is bumnt and ashes hfaﬁ;g\?z
) dose in excess of 1 mSv a'' may occur during collected, doses in excess O
conversion and at ash disposal site may occur
i + Little-demanding; range of soils appropriate - .. | ¢ - Known r(;_l.ﬂtu,-:es ea 1:::) c.fr ;r;f;zlggégg on
Techmico- - ‘Technically easy culture; common farm ..+ crop performanc il
agricultural . h ld be ' " . farmers acquainted’
2T bilit imachinery’ may be used (some shou o All machinery available .
feasibili y ' ‘adapted) - Je ) 1
- T Relatively new crop; iess mformauon ol crop s 30 (WW) to60 % (SB, OSR) ylf}:lldidorsls
i rformance, new crop for farmer expected on soils with low watelr ot 1( ‘%/
C ]
EI:Ieed for new machinery for higher efficiency capacity when g?;ncgo rf:tc:trlr; ;?:;1 céﬁﬁ; _
~30 % yield loss expected on soils with low E]:I;Jpe)s)to amo
water reserve for contmental chmate (Belarus) ( é 31‘1 )
solopical . ; “ High energy efficiency (>6) :
Ecological .. . j.+ | ° ”‘Reduction in CO, emissions w1th factnr 11 and

 sustainability | )0

23 compared to gas and coal buming ;-
_‘ : ‘Low, crop requlrements, 1ow mmeral leachmg,
S5 Jow ernission of gases ST

. ‘ Hl gh fertiliser rates and pesticide use

Energy efficiency close to one. Ifby-
products considered: 2-3.
Max. CO, reduction factor 1.5-3

Economic

profitablhty |

i comparable toW Europ _
Conversmn in Belarus: at’ mdustnal tanffs,

R E]ectncuy sthemes are only margmally
" profitable (industrial tariffs, high avgllabihty,
[ planit. manufactured'in Bela.rus) o o e
« " Wood contamiration levels-are generally 50 Iow B
" “that ashes can be disposed off without concern. |-

" Incase ashes have to be cons.ldered as waste,

Productjon side in Belarus: gain'at wood—fuel_ SR

-price of at least 40 EURt and a ylelcl

L cons1dered were: potenually

-éxtra cost is about 0.5-3 % of'the revefiug

" In Belarus the OSR producer can: make

. - SB-and WW producncm in W Europe

i d1sposa1 costs only 0. 5 2 % of revenue’ -

. reasonable proﬁt 1f leId of 2 t ha 1s
“‘reached - -

proﬁtable if pricé for beet arid wheat is at
- least 23:4nd 110 EUR £l respectlvely
. Ih Case of contammatlon generally

Decentralised small-scale electricity production
in Belarus hardly viable.

Production side W. Europe only v1abie at high
yield, high bio-fuel price (60 EUR t!) and
without storage cost. If these optimal conditions
do not apply, grants are needed

Conversion side in W. Europe: generally not
profitable without price support

If by-products cannot be sold (hlgh
contamination), cost of RME and bio-
ethanol production increase with 100 and
20 %, respectively.

Production of OSR in W. Europe
unprofitable without set-aside payment.
For conversion, a substantial subsidy is
required both for W, Europe and Belarus-
In case of severe contamination (1480
kBqm® 2), disposal costs may mouant to 10
and 20 % for OSR in Belarus and W.
Europe and 17 and 66 % for SB

F.conomic risk

Lower risk than forestry since retums faster

Higher risk than annual crops
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TTs to the useable product (rape seed wheat grains, beet root) for the other bio-fuel crops considered range
between 0.08 10~ and 0.5 10° m2 kg™ and the liquid bio-fuels are almost free from activity. Radiocaesium
levels in the by-products are generally of no concern. In case of high deposition (~1000 kBq m), Cs-levels
in the oil cake from OSR (~2000 t ha™") and the pulp and vines from SB (~ 4000 t ha™), exceed the
exemption level for use as animal fodder and for incineration and should, therefore, be disposed off. Since
amounts to be disposed off are substantial, this involves a high disposal cost (up to 30 and 60 % of the

revenue for OSR and SB, respectively). This waste could also be burnt resulting in a mass reduction of
about 90 %.

In case of high contamination levels in the wood (3000 Bq kg™ (or straw or oil cake and pulp) doses at
different locations in the combustion plant may exceed the acceptable level of 1 mSv a™ for a member of the
general public. The highest doses are at the fly-ash silo (16.4 and 3.5 mSv a™ if at a distance of 0.5 or S m
from the collector for 2000 h). Under such conditions, workers should be controlled (personal dosimeters).
With appropriate work-rotation-schemes doses can most probably be brought down to less than 1 mSv a™,
even in case of high(er) contamination levels. If ash of this highly contaminated biofuel is disposed of, dose
at the disposal site may be as high as 20 mSv a™ (2000 h at 1 m distance). Therefore, personnel dealing with
the ash handling and working at the ash disposal site should be controlled.

Contributions from other possible radiation pathways (external exposure during culturing and transport),

inhalation dose in the plant and to the general public following wood or liquid bio-fuel burning are
negligible.

The potential yield of all four crops studied is about 10 % lower under the continental Belarus climate
compared to yield estimates in Western Europe on a soil with adequate nutrient level and water holding
capacity. On soils with low water reserves, potential yield decreases between 30 and 60 % in Belarus. Since
yield is an important parameter controlling economic viability, appropriate yield levels are important.

Regarding the ecological sustainability of cultivating crops for energy production, the electricity or heat
production routes have much better energy and carbon budgets than the liquid fuel routes. Compared with
gas and coal fired power plants, energy requirements are respectively a factor 16 and 23 lower for the wood-
fired power plants. CO, emissions from wood fuel burning are a factor 11 and 25 lower than for gas and coal
burning. The overall energy efficiency of the SRC-route ranges between 10 and 30. For the liquid bio-fuels,
the energy efficiency is close to one. Reduction of CO, emissions when using bio-fuels as transport fue! is
maximally about a factor 1.5 to 3.

Further, mineral and pesticide emissions are high for OSR, WW and SB cultivation and erosion risk may be
pronounced (SB). For SRC, pesticide and fertiliser use is limited and leaching to water table is insignificant.

The economic sustainability of cultivation and conversion of energy crops was evaluated for Western
Europe and Belarus. Important differences in system parameters between both regions are that labour costs
are a factor of at least ten lower in Belarus, no grants are available in Belarus, farm machinery prices are
lower in Belarus by up to a factor of five, domestic heat and electricity prices are much lower in Belarus and
finally, boilers for heat production are cheaper by a factor of three to five in Belarus.

In Western Europe, electricity production from SRC is currently only viable with both production incentives
and electricity price support at the conversion side.

The SRC production cost in Belarus is potentially lower than in Western Europe, due to the lower Iabour
and machinery costs. However, to maintain this advantage, the yield of SRC in Belarus must approach that
in Western Europe. A yield decrease by 50 % renders the production side unprofitable. This implies that
SRC cultivation for energy production on sandy soils under the Belarus continental climate conditions will
hardly be profitable since the potential yield is only about 5 t ha™. Since about 60 % of the soils in Belarus
are of a sandy nature, only a small percentage of soils are apt for SRC cultivation. These soils should better
be reforested or used for perennial grasses or with other crops adapted to low water and nutrient conditions.
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Another important parameter for SRC-production profitability is the price of the bio-fuel delivered at the
quired (in W. Europe even higher). At -

plant. To make production profitable in Belarus, about 40EUR t' isre
this bio-fuel price, which is a factor 4 higher than the amount paid for waste wood as biofuel, a profit can be -
made both at the production and the conversion site. The harvesting technique also affects the profitability at

the production site. Harvesting in chips is preferred to harvesting in sticks and separate chipping. Transport
distance only affects production profitability to a limited extent.

For conversion, the most significant parameter was the price that could be achieved for the electricity or

heat. In Belarus, domestic tariffs (0.0032 EUR kWhe™! for electricity and 0.001 EUR kWh'! for heat) are .
much lower than industrial tariffs (0.034 EUR kWhe! and 0.026 EUR kWh™), and none of the schemes

considered were economic for domestic electricity or heat production.

For industrial tariffs, the heat schemes considered were all economic, under condition that they are run at a
higher availability (80 %) than the quoted 16 %, which is for seasonal heat production. Heat schemes
already exist in Belarus, using forest residues as fuel. Our work has shown that SRC could be used as the
fuel paying 40 EUR odt’! to the producer for the delivered chipped fuel. Even when the costs of the
conversion system are increased by a factor 3-4 compared to the costs quoted for Belarus, these conversion

routes may still be viable.

For electricity production in Belarus, results are more speculative, since no conversion plant currently exists.
wer capital cost of conversion plant in Belarus, which led to -

Tn our original calculations we assumed a lo
large and small scale schemes being marginally profitable where industrial electricity tariffs were achieved

and availability was high. However, if part of the power plant components have to be imported, capital cost
may become more likely 50 % -100 9, of that in Western Europe. Using these figures, electricity production
is not economic in Belarus without price support for the electricity or capital grants for plant construction.

Only a small perceniage of the revenue from energy production is to be dedicated to the waste disposal in
case of the wood bio-fuel pathway. This will not render the profitable systems uneconomic.

Regarding the economics for the other three crops, OSR, WW and SB can be grown successfully in Belarus

if the potential yields (appropriate soil conditions) are attained. In Western Europe, OSR production is only
profitable with price support. Both in Belarus and Western Europe, the cost of liquid bio-fuels is about 3 to
4 times the cost of fossil fuels and hence price subsidy is needed to compete with fossil fuels. It is therefore -
highly improbable that these crops can be advocated as potential alternative crops for a contamination
scenario since the production-conversion schemes are even in non-contamination conditions un-profitable. A
nuclear accident will certainly affect the market structure, but how this will potentially change the

profitability of the bio-fuel cycles is beyond the scope of this project.

Conclusions

We may hence conclude that the energy
sustainable land-use option in situation o
depends on a number of factors: legislation, crop pe

market.

production from SRC is a potentially ecologically and economically
f contamination or not, but that the feasibility of the biofuel chain -
rformance and economics, social acceptability and

First of all, in case of considerable contamination and high soil-to-wood transfer factors, plant owners
should be allowed to burn biomass, which is contaminated, above the acceptable level for burning fuel-
wood. This would mean that exemption limits for domestic and industrial use should be different. Efficient
filtering systems should be adopted, disposal should be adequate and conversion plant workers and waste
disposal people should be controlled. On the other hand, if the conversion routes are found profitable,

disposal costs generally only account for a few percent of the revenue.

The economic viability of the systems should be thoroughly calculated through for the prevailing conditions
For Belarus, profitability at the production side largely depends on yield and price of the delivered bio-fuel.
Since most of the territory consists of sandy soil, for which yield estimates are too low to make production .
profitable (if no irrigation), conversion systems can only be implanted in a restricted area. However, the
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solls not :lpz cf)zxt'aiiu{.gafic;l;ld é); g:forested._ .Certamly under conditions of restricted land-use in case of
fatuor scale hont ConverSi(,m > and trac_htxonal forestry .seem‘complementary land-use options. Moreover
e oost Dot g oo ystems which can be supplied with various wood products and residues seersn
roduction eoncit < nue may .be con51de1.~ab}e‘ For smaller scale units, e.g. for decentralised h:aat

, 1ons should be optimal to attain break-even. Electricity routes are generally uaprofitable

unless they are exploited at al ' labili .
for Belarus. P most maximum availability and when plant building costs are the ones quoted

ﬁlritﬁla;:?;tlag; g;szg;iziage of gom‘ng a perennial crop is the higher risk for the farmer in comparison with
Roxibilty and s ;:rop. gh investment (fost§ for perennial crops can hardly abide the Jack of
a bigh costs. Perenialscannot b inluded i rotion seeasce ssremes and ivse oo et P
_ s. Pere -set-aside schemes and large-scale- i ‘
zﬁ;l:;l;z Bs- Elgl(;mi;«i fgo;npared to normati forestry, revenues arise from the 3 yfar on:aggiiﬂcsall{C and
onty after 20. g) oo r forests. If th{: forested area is sufficiently large, in the longer run, returns will
gularly. Only in the short-medium long term perspective revenues from forestry are small

Wh . . .
Con:ind:f;fsoz;a.st;ni or 1;1stall1ng anew culture and connected conversion route, an important aspect to
e mfrastructure needed and the availability of ,
conside e inf . y of a market to sell the product (heat a
fuec;;n:;?é)t.ﬂ'i‘iii Z;ac:)gltyt (()f th}?, syfitem will also depend on the macroeconomics [pri:c evollftion 0;'1 gossil
, eat (as already partly investigated), of transport i

iels, eloct artly : , of t port costs, etc] and on socio-political
Eenaigllogegifﬁas: ccl)f i severe contammﬁtlon, public perception and boundary economic condilt)ions will
cort )}/ ¢ affected. Assessment of th.e impact of macroeconomics and socio-political aspects, though

emely important, is, however, outside the scope of this project e °

Perspectives
Production of energy from SRC scores rather good on radio-ecological and general ecological grounds

(‘:/\;; ;:;ewnocgdazi ;3 ](_))1;[ fqiiwird trans-fe‘r functions which would predict the radiocaesium levels in the

e e o ;01 c sracterlst{cs. Gf:nerally, levels in wood will be of no concern and radiation

Pxposure durk Ie4 ition and conversion will _be far below the dose limits. In case caesium levels are
g n the exemption levels for fuel wood, just simple measures will be adequate to guarantee a low

radiation exposure. This would he i i
diolonteale nce mean that the SRC bio-fuel route would not be hampered by

With th i i

ﬁnanci;i Ell;es?:t p;lce sca]es.m V.Vester‘n Europe, large-scale use of biomass crops for energy would require

fnanci fl'pp b: ¥ pI'O.ductIOI'l Incentives or electricity or heat price support. This implies that produ?:tion
gy from biomass is not likely to be competitive in the short and medium term and will depend on

For Bel i i
por Be gir:“:},utehledS?C I’O(lilte for energy p¥o-duct1on may be viable. Cost of the cuitings, yield, and price paid
for the bio irrigztze\éegi laf’fect; thle V1Sall{31hty at production side mostly. Since it is rather iml,)robable thst
arge scale, SRC cultivation on sandy soil in Bel
recommended. Conversion pathways fi i ; e ot oo,
ys for heat are viable but a case-b i igation i

reoom ersiol : bie y-case investigation is needed.
ahem:‘;:;nl ;0 cTlecmc.lty is much more expensive. Liquid bio-fuel pathways should best not be advocated as
Semative & n -—usie, since pr.oducuon and conversion grants are required, to make them profitable. For

Yy viable conversion routes, cost of the waste disposal is just a few percent of the rever;ue

In a contaminati i ion i
constrarilnatrsnsgzlt;?? sctenfan(c)l, when f;)lod crop production is banned or when there are psychological
1vate food crops, the land can be turned into value b ivati i
corsira : _ ur value by the cultivation of bio-energy cro
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11 Contributions by the partners

The radioec?lagical aspects of the study were dealt with by SCKeCEN, U.LUND and RISOE. SCKeCEN
was resp-onmblfa for the lysimeter studies in Belgium and for a detailed radiocaesium flux stud' in a pil
gamﬁcatmn um.t running on willow wood. U.LUND was responsible for site selection and san'): linel Plfc't
coppice stands in Sweden. Sample analysis and interpretation of result were done in coIlaborat?on i'(:.h
SCKeCEN. ULUND was also responsible for the study of the fate of radionuclides for different bi i’ 1
and fm: the dosimetrical aspects. RISOE was in charge of the co-ordination of work done in Bel . IE_IE:J:ES
c?-ordmated the ‘coppice trials in Belarus and was assisted by the RIR, the PSRER and BSU z;;éis ofP
21;£§§5 (?;t(:lc.luction data was done by UCL and SCKeCEN interpreted the radiocaesium soil-to-plant ‘
ﬁifg;t% ;f coppice cultivation and processing were dealt with by U.LUND and RISOE (dose during
UCL dealt with the technico-agricultural aspects.
Economic feasibility of coppice cultivation and conversion was considered by UCL on farmer scale. ETSU
zlsl;;izzt;zc;(;d by SCK*(;EI\IT; modelled the energy and carbon balance and economic cost-benefit o.f the ,
coppice an
ollcoied Belss EI; oo ond c(l); ; :,rrf;rslgzi)t'iz;?gs. All data for Belarus were collected by IPEP. UCL and ETSU
SCK-CEN co-ordinated the project.
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Annex 1

Economic modelling of short rotation coppice
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1 The RECAP model

The Renewable Energy Crop Analysis Programme, RECAP, was designed in the UK to model the costs and benefits to producers and conversicn
plant operators of individual biomass schemes. It models perennial crops, such as SRC or energy grasses, where there are muitiple harvests and the
economic viability of the scheme needs to be assessed over the lifetime of the project.

RECAP calcaiates the economics of a biomass-to-energy system in terms of the Internal Rate of Return (IRR) and Net Present Value (NPV) to both
crop producer and energy producer, and net margin for crop producer. The system represents this process in three major stages, each with its owa
screen: :

1. Production; this models all the costs of production of the energy crop, from establishment of the plantation, throwgh the various
agricuitural activities required to grow the crop and harvest it. A total cost per hectare is calculated for each year from
establishment. Revenue is also calcutated for the assumed yield and crop ptice, and the farmer’s cash flow is thus calculated.

2. Interface; this models the rate at which stocks of energy crop rise and fail as it is produced and consumed; it monitors the resulting ©
loss of dry matter and moisture content as the wood is stored, and takes account of the tate of harvesting by the farmer and use by
the energy producer. It also calcaiates the requirement for secondary feedstock to make up any shortfall in supply or any
excessively we supply.

3. Conversion; this models the conversion of the wood to heat and power in the conversion plant. Tt calculates the energy producer’s
costs in terms of plant setup and running expenses and feedstock costs, and his revenue from the heat angd power sold.

There are additional screents in the system to define the variables which influence the economics. There is 2ls0 a “key variables” screen which
displays values of major fnput variables and shows the results (NPV, IRR for crop and energy producers and net margin for crop producer).

Detailed description of RECAP is beyond the scope of this report. However, 2 number of clarifying observations are needed for understanding its
operation

. RR is only calculated when there is a favourable NPV and an initial investment; no refevant figure is otherwise possible.

¢ A valee of “opportunity cost” for the land can be input; this gives a measure of the relative desirability of alternative land uses.

*  The program makes no assumption at all about the agro-climatic conditions which may be driving crop yield. A single vafue of
yield is input to the program by the user, who is assumed to have taken this iato account.

In this report RECAP has been used o model both SRC fuelled schemes and forest residue fuetled schemes.

2  Short rotation coppice systems modelled

A range of possible biomass to energy systems have beer modelled for SRC uader the RECOVER project. These cover the different scales of system

and the different technologies which we think might be applicable in Belarus. The systems modelled for Belarus come under two types.

*  Systems based on existing use of biomass for heat in Belarus. These uses of biomass for heat are 2 medium scale heating boiler, a small scale
gasifier for heating and a “chuster’ of heating boilers, The first two systems are based on data for heating units obtained from our partmers in
Beiarus. The third is a system which we feel might be economic in Belarus, and uses data on Belarus boilers

*  Systems for electricity production. Bicmass is not currently used for electricity production in Belarus, and much of the equipment used in
Western Europe for elecricity production s still at the pilot stage. However, potentially biomass could make a contribution to electricty
production in Belarus. Three systems were therefore modelled, the 8 MW demonstration scale gasifier, an estimate for a 30 MW comumercial
scale gasifier and a small scale 150 kW gasifier. These systems were based on Western European cost data, but in the sensitivity analysis the
effect of reducing the cost due to the equipment becoming commerciat and being manufactired in Belarus were considerad.

Part of ETSU’s remit was to compare the Western Buropean situation with that in Belarus. One immediate difference is that in Western Europe the
SRC schemes often generate electricity. In Belarus no electricity is generated from wood, which is used exclusively for heat production. The interest
in electricity generation in W.Europe is often political in origin, with Governments aiming to replace some of their generation capacity with
Renewable sources. For example in the UK the introduction of the NFFO scheme, offering higher prices for electricity generated from renewables,
has concentrated effort on electricity generating schemes. For medium scale schemes, at about 8 MWe, the W. European scheme is therefore a
gasification scheme for elecricity production. For small scale systems, we have modelled the Belgian gasifier which is for electricity production.
However, we have also modelled a small scate gasifier nsed for heat production in the UK, to try to obtain 2 direct comparison between the West and

Belars.

2.1  Sources of information

21.1 Information on Belarus N
Information on Belarus was from the RISO- IPEP reports from the RECOVER project. This report gave information collected from Belarus on the
economics of production of energy from wood waste.

2LLI Reliability/ relevance of information
In general, we used the Belarus data collected by RISO-IPEP where possible. However, data related only to woody waste, since no SRC is currently
grown in Belarus. Advice on the productior of SRC in Belarus was obtained from ECOP-UCL, as detailed under the individual smdies.

The conversion data supplied applied o heat production only, and was given i terms of ranges of values, which made it difficult to enter into RECAP
in the detail required. Some inconsistencies were also found in the data, and we used our judgement to obtain what we felt was a reasonable overall
picture. Estimates for the cost of electricity production plant were based on Western: information, adjusted for the assumption that 70 % of the
equipment could be manufactured in Belarus.
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2.1.2 Information from Western Europe

The UK data for production and conversion comes from the best avaiiable UK data, which has been verified and entered into RECAP.

as obtained from ECOP-UCL. As part of the RECOVER project, ECOP-UCL has undertaken a detaiied
version using a small scale gasifier under development in Belgium. It was therefore imporiant that the
le in their assessment of SRC economics. A detailed intercomparison of the two models was

deis were performing the calculations in a similar way, and used similar

d times for operations. There are some differences i the production

Information on SRC production in Belginm w
sensitivity analysis of SRC production and con
RECAP and ECOP-UCL models were compatib.
undertaken by ETSU.0 The intercomparison showed that the two mo
assumptions for the costs and depreciation of machinery, and labour costs an
scenarios between the UK and Belgium, which are discussed in the individual case stdies.

2.2 Important system parameters for West Europe/ Belarus comparison

221 Yield/ cost of cuttings

All the systems modelled used willow as the SR/
considerable experience of growing willow, usual
W.Europe, to improve pest and disease resistance an
EUR in the UK. The density of planting also varies, from about 10000 I
very vartable.

C material. Willow has been chosen as the preferred SRC material in Western Europe, and there is
ly on a three or four year cutting cycle. New varieties of willow are being produced all the timne in
d to increase yield. At the current time cost per cutting range from 0.045 EUR in Sweden to 0.12
o in the UK up to 18000 ha in Sweden. Cost of establishment is therefore

In general, wiliow has been established successfully, and a yield of 12 adt' o y is considered reasonable for the crop afier the first two rotations.

Plantations have an expected lifetime of 15-25 years.

For Belarus it is not clear what the source of cuttings would be. For the purposes of this study we have assumed that in Belasus cuttings wiil be
hought from Sweden at 0.045 EUR per cutting, and that establishment will be successful, with only a 5 % replacement required. The work on the
agronomy of willow in the RECOVER project demonstrates that potentially wiltow SRC could be grown successfully in Belarus. However, water
limited yields calculated for Belarus are considerably lower than the yiclds achieved in Western Europe, being about 5 to 11 adt haly, and actual

ields (34 odt ' ha® y) achieved in the trial plots are even lower .
Y

222 Labour costs/mechanisation

e a factor of at least 10 less than these for W.Europe. This reduces the labour costs to the extent that
mechanisation is often not cost effective. This is reflected in the way more operations are carried out manually according to the Belarus data, and in
the more simple production and conversion equipment which requires more manual operation. Typically in W.Europe, a plant is designed to be as
automatic as possible, leading to high capital costs but low running costs. These designs may not be appropriate to Belarus, and so as far as possible

we have used Belarus estimates of plant costs and labour.

The labour costs quoted for Belarus ar

223 Cost of machinery
Machinery produced in Belarus is considerably cheaper than that in W.Europe, sometimes by up to a factor of five. This reduces costs of schemes,
provided specialist equipment does not have to be imported for the scheme, For this reason we have assumed that schemes iz Belarus will be based oa

existing Belarus technology for heat schemes, and mainly manufactured in Belarus for efectricity schemes.

2.2.4 Grants

No grants are actuaily available in Belarus. For comparison all the base cases
quoted in the W.Europe situations include the price support available for renewable energy in all cases.

2.3 Sensitivity analysis for SRC for energy systems

In addition to the differences beiween West Eurcpe and Belarus noted above, some parameters are of particular concern within the SRC as an energy
source system, as being an important component of the total cost, but not well known at this time. These are the costs of harvesting, transport and
storage o the production side and the cost of capital equipment for commercial plant on the conversion side. :

2.3.1 Harvesting and storage

There are currently two methods of harvesting uader consideration
«  cutand chip harvesting, where the SRC is chipped at the same time as harvesting

. stick harvesting, where, the SRC is harvested and stored in stick form (for drying) and is chipped at a later date.

hips thet require careful management to avoid deterioration before use. Sticks are easier to stors, but the

Cut and chip harvesting is cheaper, but the !
separate chipping operation can be very costly. There is no allowance for storage in any of these scenarios. This is considered to be acceptable for

stick harvesting, but an: underestimate for cut and chip harvesting.

2.3.2 Transport
The RECAP model includes a simple algorithm for caleulation of transport costs. The same algorithm is used in the CRISP model. This should only

be seen as a rough cstimate of transport costs. In the work done for RECOVER, we have used the best guess of the vehicle which witl be used for

transport, and the average distance we believe the material wiil be transported. In particuiar, this may not be applicable to the types of roads found in

Belarus.

2.3.3 Capital equipment for conversion plant
The information available in the UK and Belgium for conversion plant to electricity is based on pilot or demonsiration plant. ftis estimated that the .
cost of commercial plant may be up to three times less than for the pilot plant. For the large scale gasifier, a case has been specifically set up for a

commercial scalé, 30 MW, plant using best cost estimates.

For the Betarus power plant, the figure m (03051 Ol arus
: ; s gures for the heat production plant have b i from th
combariscn . : P ve been derived as far as possibl ided from B O
: Ine P fri 4 Cmthp U_IS(Ohethmg plant show§ that the cost in Belarus is estimated 1o be about 5 timespicsslth:.n iz th Ie]d[{ata[-!porw Vi ed’ i d'ffezu 0. bur
ure of the comparisens because of the different elements included in each of the estimates. For electrici prod:ctim; th : ;T po ‘]SJ -
ty € costs are based on the UK

and Belarus plant data, and adjusted 1o Belaru i i
58 in the someiioiy saatysie § costs, assuming 70 % can be built in Belarns. Plant capital costs are therefore varied by up to a factor

3 Individual cases modelled

T, Conversion technology Belarus UK Belgim
Large scale, 28 MW(1) X
Mediure scale, 3 MW(t) X
Small scale, 330 kW(t) X
ELECTRICITY %
Large scale, 30 MW(e) X
Medinm scale, 8 MW{e) X
Smazli scale, 150 kW(e) X X z
X

3.1  Belarus boiler cluster for heat, large scale 28 MW(1)

311 Data Sources

The IPEP/ RISO data is used for

roducti i i i . -
boilers. production, combined with advice from ECOP-UCL. The boiler data is based on the IPEP general data on Belarus

31.2 Assumptions

At thi: i i i

i gshsgzstlz 1Eh;: 61(5:(:1 ?E: I}lar::ﬁlti]x}lég :;dlplanctlngh equipment will be optimised, and if separate chipping is the choice,
: oyed. tri i i :

SUppes by tho Seseen ron SRpc ' y e transport distances remain small, because we have assumed a cls

then a large chipper with a
ter of boilers each of which will be

3.1.3 Key input variables

have been run without production grants. However, the electricity prices :

Variable
T Basc; gg(s}ehzalue Most realistic values
E -
netgy crop price 10.2 EUR odt’ 1
Grants jaclnded Ni SRR
Crop suppliers discount rate 3 ‘;:
Plant capacity 7.5 odt k'
Electricity price l N/A
Heat pri
eat price . (.026 BUR kwh!
Energy producers discount rate 10 %
Whole shoot harvesting 1.8 hha!
Separate chipping 0 'I b oodt? 12
Average trausport distance .40 km =
Dry matter loss it storage 15 %
Capital cost of project 3.6 MEL;_IR
3.1.4 Key output parameters
T Varm!)]e Base case isti
ppliers net marein -61.8 BUR ha* Host realite gase
Cro; i : )
o p suppliers NPV -1164 BUR ha™ pent 1
op suppliers IRR Unprofitabl LR
Energy producers NPV 33PMEURe M
Enerey producers IRR 84 % ok
&
59 %

*  Harvesting costs- The rates of work for both harvester

3.1.5 Sensitivity analysis

This shqws the effect of varying chosen parameters on the key
conversion plant were considered,

*  Fuel price . The quoted fuel price i
DO Thi i iy 1 b b e ot o e Lol Yt h contersion plat oeror s making
profit. This is : pping and transport. The fuel pri i -+
costfcan b;’ kePIOtS;lcer and canverslo.n plant operator make a reasonable profit, showing that such a pl;xce s u}creased t0_40 e oot 1"_“
pt this low, and the capital costs from Belarus are achievable. Seheme s viable,provided fhe producton

In fact, assuming the production work rates i
 fact, can be achieved and th i i i
will lead to a profitable scheme for both producer and conversion piac;ip:)t:;:::f e aehievable. thefthepric of the wood focl of 70 EUR o

and chipper quoted are very high. The rates quoted in the RECOVER report for

hﬂ[ viesting and in the IPEF PP . N
g data for chi 1Ng are thﬂlﬂfﬁre inserted. The prodllCthD net IMarging and NPV remain pUSltI ve, but are now VEry fow
(]

Cap;tal costs of CONVErsion- Th q .
lowes S fi op
¢ lowest valugs in the range 101 e u1pment and bmldmg caosts hﬂ.Ve been used. If the end of the Iange are

3

\

output paramctgrs. In this case the fuel price, harvesting costs and capital costs of the




3
Variable Base 1 2
48 70
Fuel price, EUR odt” 10.2 2
Crop suppliers net margin : =
Crog suppliers IRR, % unpr(;i;table 52 -
Energy producers IRR, % £ 2
Barvesting time, h ha 3-6 3
Chipping time h ha™ .
{with 40ECU odt” price) - -
Crop suppliers net margin > =
Crop suppliers IRR, % = o ‘
Energy producers IRR, % = = vy —
Capital cost, MEUR § .6
{witk 40 EUR odt” price} - . - -
Energy producers NPV 2 2 = L
Energy producers IRR, %

*. 3.6 and 6, lowest and highest quoted price in IPEP

3.1.6 Conclusions

Ths js 2 viable set up for heat production in Belarus.
figher than normal for Belarus. This may be necessary t

sensitivity analysis shows that this could tum ¢he production to a loss.

3.2 Belarus boiler for heat, medium scale, 3 MW(1)

3.2.1 Data sources

The IPEP/RISO data is used together with advice from ECOP-UCL for production.

IPEP report.

322 Assumptions

For production, the equipment is assumcd. to be
was 6 km. The dataset for the boiler was mconip "

i i tion ooly and
required. The boiler was for heat produf: i
sucégesti.ng it was run on a seasonal basis only. The labour reqmre1
Belarus. The capital and operating costs ar¢ taken form the genera

years, and the plantation lifetime was matched to this.

There is considerable profit in ﬂ:e.conversion
o make production profitable, siace the pro

fuily utilised, although this is a smaller scal
lete, and was combined with general data o
ts efficiency was assumed to be abput
ments stated are very high,

_document, tespectively. Two other prices are lowest quoted price times 3 and 4.

side, so that the price paid for the fs{el can be
duction side costs could be underestimated, and the

The boiler data is used on the actual Belarus data described in the

e of operation at 120 ba™. The average tral'lsport dis'tance
n boilers from Belarus to estimate all the information
70 %. The availability was very low, about 16 %,
leading to a substantial cost even at the fow rates for
boiler costs in the IPEP data. The lifetime of the plant was assumed to be 25

323 Key input variables
- Variable Base case valhue Best cz;s(;aovalues
120 .
gr = cne;i);izrecp 10.2 FUR odt” 40 EUR odt
nergy cro 2
Grants included =
Crop suppliers discount 1at¢ TR
Plant capacity ol
gﬁcttﬂ C_ity R 0.026 EUR kwh
eat price EL
Energy producers disconnt rate o ; —
‘Whole shoot harvesting 0..511 . .
Separate chipping 2o e
Average transport distance o =
Dry matier loss in storage e
Capital cost of project . e -
Plant availability
- Key output parameters
s — Variable Base case Bes; gcase
aj
3 -210
Crop suppliers net margin, EI_l}R ha? — =
crop suppliers NPV, EUR ha” rioTiaE -
Crop suppliers [RR, % ot -2
Energy producers NPV, MEUR e L
Energy producers IRR, %

325 Sensitivity analysis

«  TFuel price- The fuel price was increase

i itive, but only just. The
d to 40 EUR odt™. This made the net margin and NPV for the producer positive y ]

conversioa plant operator is now making a loss.

4

*  Harvesting/ chipping costs- As in the gasifier case, the
cut and chip harvesting, or by reducing the chipping cos
price the production stili makes a loss.

+  Capital cost- The IPEP data give a ran
suggested by IPEP.

¢ Availability- Very low availabilities are quoted for the system,
strange both from the view of the heating season for Belarus,

. conversion operation becomes much more profitable.

profitability for the producer can be increased by reducing the harvesting cost, either by
t. However, at best this increases the Net margia to 209 EUR haand with a lower fuel

ge of vaiues for the capital cost of the equipment. The costs used are at the bottom end of the range

reflecting seasonal usage we assume. We feel that such a low availability is
and for the return on capital investment. If the availability were 80 % then the

Variable Base 1 2

Fuel price, EUR odt™ 10.2 40

Crop suppliers net margin -210 - 63

Crop suppliers IRR, % unprofitable 9.4

Energy producers IRR, % 12.3 nnprofitable

Bundle harvesting +chipping Yes

Forage harvesting Yes

(with 40 EUR odt" price) -

Crop suppliers net margin, EUR ha™ 63 209

Crop suppliers IRR, % 9.4 21

Energy producers IRR, % Unprofitable unprofitabie

Availability, % 16 80

{at 40 EUR odt" fuel price)

Crop suppliers net margin, EUR ha” 63 60

Crop suppliers IRR, % 9.4 9.1

Energy producers IRR, % Unprofitable 42

Cost of capital equipment, MEUR 0.38 1.14 1.52
(80 % availability)

IPEP estimate (FPEP x 3) (IPEP x 4}

Energy producerss NPV, MEUR 1.5 0.9 . 0.3
Energy producers IRR, % 42 19 13

3.26 Conclusions

In conclusion, the base case as presented from Belarus assumes a seasonal operation of  plant, a low capital investment and a low fuei price. We
assurme this comresponds to a fairty simple conversion plant, with ccnsiderable requirement for manual operation, using wood obtained as residues or
low grade woed from existing forests. Our model shows that if wood can be obtained at 10.2 EUR odt”, then there is 2 modest profit in producing
heat using this equipment. However, if the wood is grown as SRC, then the production operation is not profitable, even if the chipping costs are set
against the conversion plant operator and a yield of 12 odt ha™! is assumed.

The only way to make the operation profitable is to increase the price for the wood. We have tried 40 EUR odt™
Europe, and leads to a very small profit for the producer. Payment of 40 BUR odt”, however,
can be resolved by increasing the availability of the plant.

» which is a low fuel price in W.
leads to a loss for the conversion plaut operator. This

Two profitable scenarios therefore emerge
. scasanal operation with cheap fuel (current Belarus situation)
¢ alb year round operation paying higher fuel price of at least 40 EUR odt™,

3.3 Belarus gasifier for heat, small scale, 350 kW)

3.3.1 Data sources

RISO-IPEP data were used where possible. No SRC is currently
methods. However, information on general farm machinery in B
specialised machinery which may be appropriate for Belarus.

grown in Belarus, and no information was therefore available on production
elarus is available, and this was used in the run, together with advice from UCL on

Some data were also given by IPEP for a small scale gasifier. However, the data were so far outside our experience that we did not feel it was useful
to inclide them all. For example, labour rates of 2 man-days GI'! and consumables of 200 EUR GJ! were far in excess of anything which we would

expect. We speculate that labour costs may include time for chipping, stacking and loading, which have been included in other parts of the RECAP
model. However, we believe that the consumables cost must be an eror.

332 Assumptions N
together with a no input system for
ase, but we believe this is unrealigtic for
and the effect of reducing the yield to 3.4 odt ha™ y in line with estimates for Belarus has been investigated in the s€nsitivity

For produetion, a more manual system has been assumed for the smal? scale of SRC production required here,

fertilizers and use of herbicides only at establishment. The standard yield of 12 odt ha™ v is used in the base ¢
the small scale operation,

analysis.

For the gasifier, we have used the capitai cost and discount stated in the data, together with the imput of 0.1 odt hr'’, We have assumed that the plant

will be manned continuously while in operation, but that consurnables, exclnding fuel, will be 0.1 EUR ¢, Assuming a 70 % efficiency for the boiler,
we have a rating, for woodchips, of 350 KW(t).



333 Key input variables
Variable Base case value Best case values
arl:
12 ha .
EAI o e:::e;ggiii?p 10.2 BUR odt’ 40 BUR cdt
nergy ¢ =
Girants included o
Crop suppliers discount rate e
Plant capacity 0. o
ilec{tr;fiiz price 0,026 BUR kwh™
eal .
Energy producers discount rate v 312011 o T
Whole shoot harvesting . .
ippi 0.5 b odt
Separate chipping 2o —
Average transport distance oo T
Dry matter loss in storage 2
Capital cost of project ! M
Plant availability
34 Key output parameters
- Variable Base case Be;t;_'rase
i - -187
Crop suppliers net margin, EUR ha’ 18T s
crop suppliers NPV, EUR ha'! T L
Crop suppliers IRR, % B 2o
Energy producers NPV, MEUR - S
Energy producets IRR, %

3.5 Sensitivity analysis _ . _ ‘ o
'::‘hi hows the effect of varying chosen parameters on the key output parameters. In this case the fuel price, harvesting costs and yie
s shows

considered.
2
Yariable Base 410
Fuel price, EUR odt™” 1103?1 -
Crop suppliers net margin, EUR bz - B &
Crop suppliers IRR, % unprc; :;ta 12
Energy producers IRR, % 2
Bundle harvesting+chipping o
Forage harvesting
(with 40 EUR odt” price} _ = —
Crop suppliers net margin, EUR ha T =
Crop suppliers IRR, % 2 = -
TR ]:ir: f;cirﬁ R 12 34 3.4+forage harvesting
ield, odt™ ha
?;t 40,EUR odt? ¥uel price) 1 5 — —
Crop suppliers net margin, EUR ha” o 24
Crop suppliers IRR, % ;3 p oL 63
Energy producers IRR, % 22 3{; e
Availability, %
(at 40 EUR odt” fuel price) - = =
Crop suppliers net margin, EUR ha™ s o o
Crop suppliers IRR, % = 2 L
Energy producers IRR, % =2 oo 12
Cost of capital equipment, MEUR IPEP t;stjmate (100 % W. European cost) (50 % W. OEtsrzeafsan cost}
-0.09 -0.
Energy producerss NPV, MEUR 0;?34 ?1/ - :
Energy producess IRR, %

both production and conversion are profitable fora smalt seasonal gasifier pzlo;lucling heata"[th'h;tlzii ;;sge is
’ i i i ili not need to be stored for long, an )
S ; sts, with the assumption that the chips wili not n long a
when forage harvesting 15 -used " r;dﬁ:ul;e;re:e;t;?guc%dt ha? y! can be achieved. For the more real_xshc case of 3.4 odtha i , ﬂ;e :ic;lhc?:;:m 8
be e f-anlive thg:edt;g;l;c? tharvesting costs are minimised. This is in fact the only cost which can be reasonabley reduced,
be marginally viable,

7 in thi e.
estzblishment, production, storage and transport costs are afl very low in this schem

The analysis shows that at 40 BUR odt?

) H B § . s . .
f ahigher ﬂ.\fﬂilablhts‘ is assumed, the energy pI'OduCEIS return 18 gi'eaﬂy increased. IiOWeVEI, the S}‘Stﬁlﬂ is still not P!'OI_ fitable at the domestic heat
g ] ) .

prices quoted for Belarus. Smai increases in the capital cost renders the system uneconomic. .

X Conclusion . _
- £ scheme can be of use to a local group, for 2 complex of houses, or equivalent, where the fuel can be sourced locally and perhap:
This type of schem ,

i ippi i f the gasifier.
conversion unit run by the consumers, 1o minimise the costs of chipping fuel and maimtenance o ga

3.4 Belarus gasifier for electricity, small scale, 150 kW

34.1 Data sources

The same data sources were used for production as for the small scale gasifier for heat.

For the conversion data, there are no gasification units for electricity production currently in Belarus. The data used are therfore based on the Belgian
demonstration unit. Information on this ynit was received from ECOP-UCL. Since this unit is intended to be used for domestic consumers, the
domestic rate for electricity in Belarns was used, This was obtained from the RISO/IPEP data and is 0.0032 EUR kWh™.

342  Assumptions

The same production assumptions are made as for the small scale heat gasifier. For conversion, we started off using the same parameters as for the
Belgian scenario, except that the electricity price and fuel prices are thoses for Belarus, Conversion makes a large loss. We then tried adjusting the
scezlaric to Belarus conditions

*  Reducing the capital cost by a factor of 5 » to account for production of the equipment in Belarus

*  Increasing the availability to 80 %, so that the unit is producing base load electricity, rather than peak load oniy.

*  Increasing the electricity price by a factor of 10 to industrial levels. to simulate the maximum price which might be achievable in Belarus,

Even reducing the capital cost and fuel price do not make the scheme profitable. Looking at the conversion spreadsheet shows why this is so. At 40
BUR odt™ delivered fuel cost, the fuel price is equal to the electricity revenue, even using the industrial tariff, The 40 EUR odi! cannot be reduced, ag
producers are anly just making their target IRR of 5 %, and the assumptions about harvesting, storage and transport are already optimistic. Therefore
the only way to make this scheme profitable is to obtain a higher electricity price in Belarus. This will depend on the political will.

If we assume the capital cost is 20 % of that for the Belgian pilot plant and that an availability of 80 % can be achieved then an electricity price of just
under 0.05 EUR kwh™ must be obtained to achieve the target IRR of 10 % for the conversion plant operator.

34.3 Key input variables

Variable Dase case value Best case values
Area of energy crop 250 70
Energy crop price 40 40 EUR odt?
Grants included No
Crop suppliers discount tate 5%
Plant capacity 0.1 odth™
Electricity price 0.0032 0.047
Heat price N/A
Energy producers discount rate 10 %
Whole shoot harvesting forage harvesting forage harvesting
Separate chipping
Average transport distance 9 km 5 km
Dry matter loss in storage 15%
Capital cost of project 0.04 MEUR
Plant availability 30 %
Yield of biomass, odt ha’! 3.4 12

344 Key output parameters

Variable Base case Best case

Crop suppliers net margin, EUR ha™t 10 170

crop suppliers NPV, EUR ha™* -178 1749

Crop suppliers IRR, % 2 19

Energy producers NPV, MEUR -0.3 -0.001

Energy producers IRR, % . unprofitable 9.5

34.5 Sensitivity analysis

Variable Base 1 2 3

Electricity price, EUR kWh'! 0.0032 0.034 0.047 0.06
Crop supplier niet margin, EUR ha'" 16 10 L 10 10
Crop suppliers IRR, % 2 2 - 2 2
Enerpy producers IRR, % unprofitable unprofitable 9.9 34
Cost of capital equipment, MEUR 0.04 0.02 _- 6.01

at 0.034 EUR kWh'' electricity price) )

Crop suppliers net margin, EUR ha™ 10 10 10

Crop suppliers IRR, % 2 2 - 2

Energy producers IRR, % not profitable not profitable 1ot profitable

Yield, odt* ha' y 34 6 12

(at 0.034 EUR kWh elecirieity and 40 EUR odt” fuel price)

Crop suppliers net margin, EUR ha™! 10 &7 170

Crop suppliers IRR, % 2 11 19
Energy producers IRR, % Unprofitable unprofitable
Yield, odt* haly 3.4 6 12
(a2 0,034 EUR KWh! electricty and 20 EUR odt” fucl price)
Crop suppliers net margin, EUR ha -34 -11 52

L_Crop suppliers IRR, % - Na na 9

7




. In the Belarussian case the domestic, and even

the profitablifity of the conversion system
lectricity price must be at least 0.05 EUR kwi'!

o Elceiricity price. This is the determining factor in
eak load tariff obtained in Belgium. The &l

industrial tariffs cbtained are much lower than the p
for the scheme to break even.
e Capital cost. The system is relatively insensitive to capita

electricity prices.
Vield. I 12 odt ba™ can be achieved, the producer cap make a good profit. This is because the base parameters in this case are the lower cost

option of forage harvesting and a fuet price of 40 EUR ode™. For a yields lower than 6 odt ha! the system becomes un-profitable.

| cost reductions. This is because the annual net margin is negative for the Belarns

34.6 Conclusion

This system wili oaly be profitable in Belarus if an electricity price of 0.05 EUR KWh™ can be achieved, even with all other parameters optimal.

3.5  Belarus gasifier for electricity, large scale, 30 MW

351 Data sources
For the production, the same basic data was used a5 for all the Belarus runs. For the conversion, the base data was that projected

commercial gasifier.

for the UK 30 MW

3.5.2 Assumptions
This is assumed 1o be an efficient large scale cperation, achieving high work rates for harvesting and chipping, and 12 odt halyields. A transport

distance of about 20 km is assumed. The delivered fuel price is setat 40 EUR odt™

The base data for the conversiop plant is based ca the predictions for UK commercial gasification plant at the 30 MW scale. It is assumed that 70 %
of the plant can be made in Belarus, and overall the plant can be built for 0.3 of the cost of a plant in the UK. The same levels of staffing for operation

asre assumed.

The electricity tariff achieved is assumed to be the Belarus industrial rate of 0.034 EUR kWi,

3.5.3 Key input variables

Variable Base case value
Area of energy crop, ha’ 11000
Energy crop price, EUR odf” 40
Grants included 1o
Crop suppliers discount rate, % 5%
Plant capacity, odth’’ 18 odt b
Flectricity price, EUR KWh'! 0.034
Heat price, EUR k'Wh' N/A
Energy producers discount rate, % 10 %
Whole shaot harvesting, h ha* 1.8 hha'
Separate chipping, h odt” 0.1h odt’
Average transport distance, km 85 km
Dry matter loss in storage , % 5%
Capital cost of project, MEUR 14 MEUR
Plant availability, % 80 %
354 Key output parameters
Yariable Base case
Crop suppliers net margin, EUR ha™ 192
crop suppliers NPV, EUR ha 2013
Crop suppliers IRR, % 21
Energy producers NPV, MEUR 2.6
Energy producers IRR, % 12.5

3.5.5 Sensitivity analysis
This shows the effect of varying chosen parameters on the key output parameters. In this case
price and the fuel costs were considered.

the capital cost of the conversion plant, the electricity,

»  Electricity price.The scheme is only profitable is the industrial electricity price is achieved .
e Capital cost of conversion equipment. We have assumed for the base case that the plant will cost about 0.3 of the cost in the UK. In fact, this

is close to the break even point of 14 MEUR. Increasing the capital cost renders the system UNECOnOMLE.
o Fuel price. Reducing the fuel price to 28 EUR odt”, which is the price calcuiated for residues, makes the conversion scheme more P!

but this is not sufficient to allow production of eleciricity for the domestic market.

rofitable, -

i Variable Base
Electricity price, EUR kWh' 0.034 0 01132 :
| . 0.0032
Crop supplfer net margin, EUR ha 192 (ctprice JSBUR odr.
Crop suppliers IRR, % 21 12912 oA
Energy producers IRR, % | .
! s 12, =
Cost of capital equipment, MEUR 145 uﬂpfzf;tﬂblﬂ b
. ) 23
Crop suppliers net margin, EUR ha'! 192 et T Eerene) (ol costio W, Burop)
Crop stppliers IRR, % 21 3 2
Energy producers IRR, % 10 Not 12f b z
: . : ot profitable .
Yield, odt ha”' (fuel price 40 ECU odt™ 3.4 =
Crop suppliers net margin, EUR ba™ -1. 3 i o
Crop suppliers IRR, % U afa ) : e
Yield, Ddtllha (fuel price 20 EUR odt') 3.4 5 3
Crop suppliers net margia, EUR ha™! —6.4 : o
Crop suppliers IRR, % /a2 ;31 B
Fuel price. EUR odt™ 40 2; 3
28
= Supp]ém T s — (electxicity price 0.0032 EUR KWh'™)
Crop suppliers IRR, % 21 N A
Energy producers IRR, % 12.5 ?2/‘;‘ e
. unprofitable

3.5.6 Conclusion
If gasification equipment i i i
quipment can be built and installed in Belarus for the cost estimated, then it could supply electricity profitable to the ind
¢ to the industrial market.

3.6 UK gasifier for heat, small scale, 380 kW

3-6-1 Data sources
The pr oduction data is taken from stand. U - n ta :1 5 10 he
1 from the ndard RECAP K producfloﬂ runs. The conver sion data is b sed on smail scale heﬂ.[l]lg scheme: th UK.
.

3.62  Assumptions

For production,

Cuttings cost 0.12 EUR each

harvesting is by forage harvester

Storage is on field

Yieldis 12 odt ha'

local transport only for fuel

For conversion

*  conversion efficiency is 30 %

*  capital costis 115 kKEUR

¢ plant operates automatically, requiring minimum repairs and maintenance

.- o o s

3.6.3 Key input variables

—— Varm_ll)le Base case vaiue i i
TR Higher fuel price
Energy crop price, BUR odt’ %
Grants included S . e
Crop suppliers discount rate, % o
Plant capacity, odt h™! ¥
Electricity price, EUR KWh'! o
Heat price, EUR kWh'!
Energy producers discount rate, % o
Whole shoot harvesting, h ha™ fi - i
Separate chipping, h odt” s herveing
Average transport distance, km
Dry mafter loss in storage , % i
Capital cost of project, MEUR o
Plant availzbility, % - ]g(?"?IEUR
(<]
3.6.4 Key output parameters
Variahle
Crop suppliers net margin, EUR ha™ e e HHeher e price
|_crop suppliers NPV, EUR ha” e 0
Crop suppliers IRR, % 2 e
Energy producers NPV, MEUR o o
_Eneroy producers IRR, % 052;1 T
12




3.6.5 Sensitivity analysis _ 3.7.5 Sensitivity analysis
No formal sensitivity analysis was done, as this case was done simply as a comparison with the Belarus gasifier, However, we can sce that at the base o = T 3 2
2 45 . . P teria. ase
case both enrgy crop producer and conversion plant operator are just meeing their investment criteria Establishment cost, EUR o
. : . 1 .
. . . is net in, since the opportunity cost for land in the UK is estimated to be 10000 ha™ at 0.12 EUR cutting 2088
In fact, in the UK it is unlikely that farmers would produce SRC for this net masg L orice bs se at the more realistc price of 698 UR odt' 15000 ha™! at 0.045 EURcutting 1475
225 EUR ha'’. { This small scale gasifier in fact runs on forest residues.) If the fuel pric P : :
ab(?m coned fu | then the enere Dmducers IRR falls to about 12%. Crop supplier net margin, EUR ha’ 237 264
delivered chipped fuel, then the energy p Crop suppliers IRR, % 12 16
Energy producers IRR, % 9.5 9.5
3.6.6 Conelusion . Harvestin; base (f ) tick i
_ . . . . fiere th g ase (forage stic Stick, 3% loss
This type of small scale heating iastallation is viable in the UK, but margins are not large. They are most likely to succeed in situations W eraboﬁer Crop suppher net mrn EUR B 37 525 T
praduction and conversion operations are run together, for example where an institution uses wood supplied from its own land te fire its own s Crop supplicrs IRR. % B s 03
or when a farmer co-operative producing the fuel also runs the conversion facility. Energy producers IRR, % 05 0.5 03
Transport distance km base (44) 23 89
Crop supplier net margin, EUR ha™! 237 243 224
j ricity, medium scale, 8 MW Crop suppliers IRR, % 12 12.2 11.6
3.7 UK gasifier for elec A
Energy producers IRR, % 9.5 9.5 9.5
Cost of capital equipment, MEUR 39 24 14 127
371 Data sources . . Crop suppliers net in, EUR ha'! 237 237
Production data were based on the standard data used for UK in RECAP. We have aiso laoked at the recent trend towards stick harvesting and C;og sugf;ﬁers ﬂ{Rm;-:gl a 2 T 21327 213;
sergart;e ?;‘hipping Costs of cuttings are based on UK sourced cuttings, but the effects of importing the cheaper Swedish cqtupgeii \;fas tiillls% ﬁr‘lhsildﬂﬂig- Energy producers N"PV TEUR i3 T T T
; : i ification plant. The technology employed in such a pilot plant is not optimised for the scale, : : : : :
Conversion dara were bas'{::1d Orrli ?OStss:f:r;]:;iﬁa;;ﬂ:;iﬁgtg of the costs associated with a 30 MW commercial plant based on the same technology. Energy producers IRR, % 95 I? 34 not profitable
and so we have also considered in a sep Grants none capital Production
Crop suppliers net margin, EUR ha'! 237 237 385
3.7.2 Assumptions Crop suppliers IRR, % 12 12 54
Production Fnergy producers IRI.{,. % : 9.5 19 9.5
. Yield of 12 odt ha't ¥ at 0.045 EUR k'Wh-1 electricity prive
. Avcrage‘tral}sport distance 44 xm The sensitivity analysis shows that, for production, the method of establishment, harvesting and transport distance aff have a significant, but not
»  No fertilization overwhelming effect on the cost of prodacing the biomass, and that btomass production should yield about the opportunity cost for the Iand, under the
*  Spraying after harvest given assumptions for production (e.g. high fuel price). In the UK case this means that it is unfikely that farmers will plant SRC unless grants are
Base case available, both to increase the net margin they achieve on the crop, and to reduce the perceived sk of esiablishing the crop. The most likely scenario
¢  Forage harvesting for the UK therefore includes production grants, for establishment and for growing the crop on set aside land.
e  Cuttings cost 0.12 EUR each For conversion, the capital cost of the plant and the price achieved for the electricity are all important. Under the present eleciricity support scheme in
o Custing density 10000 ha™ the UK, the pilot plant costs still mean the project achieves a low rate of return. Including a capital grant ensures that the target rate of return is met. If
e  Storagelossis 10 % the cosi of the plant aze reduced te the projected cost of commercial plant, then the plant is very profitable, but onty if electricity price support is
s No grants included retained. If the electricity price drops to the standard UK price then the plant is not profitable.
Most likely case
e Stick harvesting and separate Chipping 3.7.6  Conclusion
i h
* Cutt}ngs dCOSt. 0'[.}4i ;;éole:? Under current best practice for SRC production, the crop wilt achieve a net margin comparable to the opportunity cost in the UK, and will therefore
s Cutting ensity 13 require subsidies to encourage farmers to grow it. At the 8 MW scale, the gasification plant is viable with a capital grant and electricity price suppaort.
+  Storagelossis3 %
»  Include production grants
Conversion . .
. For base case best estimate of capital cost is 39 MEUR 3.8 UK gasxﬁer fOI‘ electncuy, large scale, 30MW
+  For most likely inciude capital grant , to reduce capital cost to 23 MEUR.
e Fuel price is 60 BUR odt”
e  Eleciricity price is 0.12 EUR kWh' 3.8.1 ) Data sources ) ) )
Production data has been taken for the standard UK case from RECAP. Conversior data is projected commercial costs for such a plant.
373 Key input variables .
Variable Base Case Most likely 3.8.2 Assumptions
I 5000 ' 5000 Production: The same assumptions are made for the base case as for the 8 MW gasifier, except that the transport distance will be greater, average 89
Area of energy crop, ha o : )
. EUR ode 60 60 S km, because a much larger area of SRC is required to fuel the plant. :
Encrgy'crop PIice, 10 yes T Conversion: Capital costs are set assuming this is a commercial plant, which has been teplicated 30 times. Projected capital costs for such a plant are
Grants mcl}mecl - 3 8 1500 BUR kwh™' Therefore, costs for conversion are considerably lower both since the plant is not a one off and since the seale of operaticn is optimai
Crop suppliers dldsc;:‘xlnt tate, % 3 g for the technology. If this were to be a truely commercial plant, no subsidies or grants would be required. This is therefore run as the base case.
Plant capacity, odt v 0.12 »
—— - 0.12 :
Electricity price, EUR KWh™ A . .
Hea price, EUR Kh” NIA > 3.8.3 Key input variables _
Energy producers discount rate, % i5 - T3 Variable Base Case Most likely
‘Whole shoot harvesting, h ha' forage harvesting 0' T Area of energy crop, ha”! 12000 12000
Separate chipping, h odt’ ” a Energy crop ptice, EUR odt™ _60 60
Average transport distance, km . Grants included No Yes
Dry matter loss in storage , % ég 233 Crop suppliers diSCDlzlnt rate, % 8 8
Capital cgst nf project, MEUR = = Plant .ca_pactt).r, ot I ] ; :
Plant availability, % Electricity price, BUR kWh 0.045 0.09
Heat price, EUR kWh'! N/A N/A
Energy producers discount rate, % i5 15
t parameters
3.74 Key output p —— Most likely Whole shoot harvesting, h zia’! forage harvesting forage harvesting
Variable S hipping, k odt”
- - 421 eparafe chupping, k o
Crop supp%iers netv m;rég,higm ha zg; 3886 Average u'anqurt distance, km _ 89 89
crop supph.ers NFY, 12 101 caloulated Dry matter loss in storage , % 19 10
Crop suppliers IRR, % T o) Capital cost of project, MEUR 45 45
Energy producers ?&Rﬁ;/,;\mUR 9.5' 20 Plant avjailabii.ity, % : 80 80
Energy producers , % Conversion plant efficiency, % 39 $ 39
10
11




3.34 Key output parameters
Variable Base case Most likely
Crop suppliers net margin, EUR ha 226 374
crop supphiers NPV, EUR fia” 770 3407
Crop suppliers IRR, % 12 54
Energy producers NPV, MEUR -45 11.9
Energy producers IRR, % not calculated 19
3.8.5 Sensitivity analysis
Variable Base 1 2 3
Electricity price, EUR kWh? 0.943 (base) .09 0.12
Crop supplier net margin, EUR ha™ 226 226 226
Crop supplicrs IRR, % 12 12 12
Energy producers NPV, MECU -43 12 : 50
Energy producers IRR, % not profitable 19 30
Storage loss 10 5 15
Crop suppliess net margin, EUR ha'! 226 264 190
Crop suppliers IRR, % 12 13 10
Energy producers IRR, % not profitable not profitable not profitabie
Fuel Price, EUR odt” 40 (hase) 20 10
Crop supplier net margin, BUR ha™! 226 -12 -125
Crop suppliers IRR, % 12 a n/a
Energy producers NPV, MEUR -45 -0.12 -0.11
Energy producers IRR, % not profitable 2 3
Fuet Price, EUR odt™ 60 40 20 10
(with production grants and electricity price of 0.09 374 199 24 -64
EUR kWh')
Crop supplier net margin, BUR ba” 54 46 32 n/a
Crop suppliers IRR, % 12 26 39 47
Energy producers NPV, MEUR 19 23 27 29
Energy producers IRR, %

+  Electricity price- We can see from the sensitivity analysis that the fuel cost cannot be reduced below 60 EUR odt™ with present production
practices. The capital costs of this plant are 150 set at what we feel wiil be the costs for commercial gasification plant at this scale. Therefore,
the electricity price achieved must be at least 0.09 EUR kWh'* for the system to be profitabie. NB. Electricity price is not very sensitive to

reduction in fuel price in this analyss.

3.8.6 Conclusion
This system still requires support in terms of production grants and price support for electricity, However,
can b reduced to 0.09 EUR kWh™ and the plant will remain profitable.

the level of price support for the electricity

3.9  Belgian gasifier for electricity, small scale, 150 kW

3.9.1 Data sources
Production and conversion data is from Belgian data suppiied,

392 Assumptions

3921 Production

An intercomparison of the preduesion side of the UK
that, in general, the two models were in agreement, 4n
For the production rans in Belgium, the standard REC
materials and practices involved in SRC prodilction has been extracte
differences in the production data between Belginm and UK are

" the cost of cuttings is lower in Belgium, at 0.046 EUR cutting. However,
the establishment cost for Belgium is 1871 EUR ha™, compared with 2000 EUR ha in the UK.
e the harvesting is assumed to take place by forage harvester, and more qut
hka' in the UK,

There is fertilization at establishment.

There is assumed to be no beeting up, i.e. repalacerent of cuttings which have died.
No grants are included '

Transpozt is assumed to be local only, since the amount of SRC required is 10ha.

No allowance is made for storage, which will either be an field or in existing facilities.

modet RECAP and the Belgian spreadsheet for SRC production was carried cut This showed

d that similar values had been used for the machinery involved.
AP machinery table has therefore been used, but the Beigian data supplied for the time,
d from the Beigian spreadsheets and used in the RECAP runs. The main

3.822 Conversion
e  The conversion unit is a 150 ¥W gasifier for electricity production

The capacity of the unit is 0.1odt h”
The capital cost , excluding connection and civil engineering but inclading 15 % profit, is 168000 EUR,

The civil engineering cost is about 20000 EUR, including 15 % profit
The construction time is short, at 3 months

.. e & &

12

;[t:tzs h;mii.: opt_zra:;es automaticz-tlly,_ and only requires preparation of wood and maintenance.

Tmnsiiﬁ?;i ‘ t(i);:_ :L:dtlzg tl)m.t‘; étl:ls wiil tak;: 0.5 hodt". (This is excluded from the base run which includes cut and chip harvesting)
! ¢ 30 journeys of 1 h each. (This is more imisti oy

Maiotoagmos o gentios i by b bt oo u(;I:(l) N Te pessimistic than the base run, where 12 tt trangporter is used)

Maigtenance of motor is by contract, and costs about 0.0075 EUR kwh™'

Only_a small amount of waste is generated, and this is not included.

The life of the installation is about 20 years.

- The conversion efficiency to electricity is 26.3 %. The heat generated is used for drying the wood chips

An atractive electricity tariff is achieved by using the uni
: ¢ unit £ . e :
on 2t s 025 EUR | et is achieve przmi g- unit for peak load only, with an availability estimated 2t 11%. The tariff is 0.107 EUR

39.3 Key input variables

Variable

Area of energy crop, ha Bﬂs‘;: ==
Energy crop price, EUR odt” 58
Grants included
Crop suppliers discount ate, % HSO
Plant capacity, odth! 0.1
Electricity price, EUR k'Wh™ 0 I‘32
Heat price, BEUR kWh l\lI/A
s;zher;gy preducess discount rate, % 15

ole shoot harvesting, h ha'! i
Separate chipping, h ogt" rorese pervening
Average transport distance, km 6
Dry matter loss in storage , % 10
Capital cost of project, MEUR 0.168
Plant availability, % '12

3.94 Key output parameters

Variable
Crop suppliers net margin, EUR ha” Bazel ‘;15'3
crop suppliers NPV, EUR ha! 3019
Crop suppliers IRR, % 16
Energy producers NPV, MEUR -0.14
Energy producers IRR, % not caiculated

395 Sensitivity analysis

the stocking rate is much greater than in the Uk, at 18000 ha’. Overall §

ckly in Belgium than in the UK, at a rate of 1.6 hha™, rather than 4.68 :

Variable
: Base 1
Harvesting Forage stick stfck
Crop supplier net margin, EUR ha™ 312 Chlppi-“gs‘::5h e <lippls .20 o4t
grop suppliers IRR, % 16 not profitabie >
nergy producers NPV, MEUR -0.14 0.14 ¥
?nergy pr:ducers IRR, % not profitable not prc.)ﬂtable not -O;idt'abl
Cranspor _ : 12tonne 5 tonne = -
rop suppliers net margin, EUR ha 312 2
Crop suppliers IRR, % 16 1650
Energy producers IRR, %
s t
e no prsoéitable not profitable
Crop suppliers net margin, EUR ha'! 312 :506 5
Crop suppliers IRR. % 16 10 -
Energy producers NPV, MEUR -0.14 0.13 fot profbe
Ener.gy producers IRR, % not profitable 0-3 =5
Capital cost, MEUR 0.168 0. [;8 :
Crop suppliers net margin, EUR ha* 312 5 5
Crop suppliers IRR, % 16 T 2
Euergy producers NPV, MEUR -0.14 01 24 o
Energy producers IRR, % : ~ o
2 t
iy & ils] pr;)‘ftable 6 13
Crop suppliers net margin, EUR ha™ 312 o
Crop suppliers IRR, % 16 T
Energy producers NPV, MEUR -0.14 01169
Energy producers IRR, % not profitable éO

For the base case, the crop supplier achieves an IRR o % is is wi
A A 5€, ; S: rp supp : : f 16 b. This is without grants, and is due to the low harvesting cost using a forage harveste;
combined Wsﬂl a ze Di orage cost and low l:rainsport cost. It is therefore the most optimistic scenario. It is more likely that for short local joumeysr :'1
smaller tran D ort_er will be used. For chips, a larger storage cost is likely to be incurred, or if the harvesting is in sti g
. ) : i oip g y tobe i , Ori harvesting is in sticks, then storage could be zero, but

The analysis was therefore done for stick harvesting i i ipping, and franspo
. . sting including separate chij i i

: . - o g ‘ pping, fransport using a 5 tonne transporter. The data for chipping
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s Inclusion of chipping as a separate operation greatly increases the harvesting costs for the chipping time of 0.5 h/tonne given. This makes the
production operation unprofitable. The result is very sensitive to changes in the chipping time. K the time is reduced to 0.2 b/ionne, then an RR
of 10% is achieved.

«  For tansport, the cost increases from 128 EUR ha to 203 EUR ha™ for the smaller transporter. This does not have such an impact on the
profitability as the harvesting.

o  For conversion, the operation is not profitable, even with the high electricity prices achieved. The two parareters which were tested for
sensitivity here were the capital cost and the price of the fuel. We thought that the fizel price was realistic for delivered and chipped wood, and
indeed even reducing the fuel price down to 10 EUR odr! did not make the conversion operation profitable.

e The capital cost had to be reduced by 2 factor of three to make the sckeme achieve an IRR ¢lose to the target.

s The third way of making the operation more profitable is to increase the availability. If an availability of 80¢% is achieved, then the conversion
becomes profitable. However, it is unclear that these premium electricity prices can be achieved for a 80%% availability.

3.9.6 Conclusion

This system is unlikely to be profitable for the conversion plaat operator, unless & high tariff can be secured for longer than the 1000 hours operating
time quoted. On the production side, the operation is profitable with the best estimates of harvesting, storage and transpert. However, margins are still
low and it is Yikely that if the opportunity costs of land in Belgium are taken into account, farmers will not plant SRC unless some form of production
grant is also available.
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- Annex 2

Economic modelling of annual biofuel crops:
oil seed rape, winter wheat and sugar beet
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1 The CRISP model

The Crop Resource Integrated System Package, CRISP, was developed as part of the RECOVER project to model the costs and benefits to producers
and conversion plant operators of individual biomass schemes usiag annual crops as the feedstock. The CRISP model is based on the RECAP model
for perennial crops described in Annex 1. CRISP, however, has been developed to consider the income from by-praducts of the liquid biofuels
comversion processes, to deal with production on an annual cycle and to include information on the machinery and techniques associated with
production of annual energy crops.

The model is in three interrelated paris.

1. Crop supplier’s economics, modelling his income and expenditure strearns to calculate eritical financial factors for his operation.

2. Conversion plant operator’s economics, modelling his income and expenditure schemes as for the ¢rop supplier.

3. Aninterface between the two, modeling the price paid to the supplier by the operator for the ciop, the quantity supplied, phasing of supply and
consequent crop storage and decay.

The input values are used to calculate the foliowing major output parameters.
¢ Crop suppliers net margin

Crop suppliers NPV

Crop suppliers [RR

Conversion plant operators NPV

Conversion plant operators IRR

* & & w»

The data interface with the user is through 6 main screens. Three of these are the production, interface and conversion sereens described in Annex 1.
There are also screens showing information on the production machinery, and on the labour charges. Finally, there is a summary screen of the ‘Key
Variable® showing the major input variables and the outpat parameters.

A detailed description of the CRISP package is not at the order here. However, it is worth making a few ohservations about the model.

¢ All costs up to the point of delivery to the power plant, i.e. including storage and transport of the feedstack, are counted agaiust the crop
supplier.

*  The programme makes no assumptions about the agro-climatic conditions which may affect yield. Yield is entered as a single figure by the user.

*  Most operations on the production side are calcutated per hectare, However, the primary input for harvesting and chipping is hours per tonne.
Hazvesting costs will therefore increase with yield by default.

*  IRR is only calculated where there is ap initial investment and a favourable NPV. Otherwise no relevant figure is possible.

2 Apnual crop syStems modelled

A range of annual energy crops were modelled using CRISP to compare their economics with that of SRC and forest residues. The crops chosen were
Oil Seed Rape, (OSR), Sugar Beet, (SB) and Winter Wheat, (WW).

These crops :
*  arealready grown in Belarus and have a high potential yield in the Belarussian climate on snitable soils
*  canbe converted to biofuels in straightforward processes which are already demonstrated.

On the production side the advantage of these ctops is that they are well known to farmers, and so there should be no difficulty in their cultivation. On
the conversion side, the crops would be converted to liquid hicfuels. For OSR this involves esterification to preduce RME, and for SB and WW this
involves fermentation to produce bioethanol. Both these processes are well known and technically strai ghtforward. The liquid biofuels produced
could be used as transport fued or for power generation. A particular advantage of liguid biofuel is that it is easily transperted from the conversion
plant to where it is required.

For RECOVER we agreed to look at large and small scale production of RME, and large scale production of bicethanol. Only large scale production
of bioethanol was considered because previons studies have shown that this scale is required for the continuous extraction and fermentation processes.
Since we wanted to compare the Western situation with that in Belarus, production and conversion of all three crops under W.European and
Belartusian conditions was therefore modelled.

2.1  Sources of information

2141 Information for Belarus
Information about annual crops in Belarus was provided by IPEP for the RECOVER project.

The data from IPEP was generally good for production. Information was provided for the machinery used in Belarus, and for the culivation
operations for Belarus. We had some difficulties with individual parameters, and with interpreting the techniques used in Belarus in some cases, but
in general the production in Belarus was successfully modelled.

IPEP provided no daa for conversion for Belarus. They said that no liquid biofuels were clzrently produced 2nd so no data could be collected. For
RME data from the TACIS programme on conversion of OSR to RME in Belarus were used (GOPA, 1996)), These data gave estimates of the cost of
RME production in Belarus, based on investigations in Belarus. Details of how these data were applied are given in the RME section. For beiethanol
no data were received for either SB or WW. We therefore assumed that the same techniques would be used as in W.Europe. Latest advice from SCK
was that the costs of building new conversion plant in Belarus would be similar to those in W. Europe, We used this as our base assumption, but

applied labour rates for Befarus.

Some data for the price of the feedstocks, biofuels and by-products of conversion were provided by IPEP and GOPA. The IPEP data gave feedstock
prices as the prices currently achieved for food use of OSR, SB and WW in Belarus. These were used in the base modelling cases, but we believed
that lower prices might be acceptable for crops used as fuel. Lower prices for the feedstock were therefore also modelled, where these would still give
the farmer a net margin of at least 100 EUR ha™’,



few data were available for the by-product prices in Belarus. However, it was important to consider the by-product income, as they are an
duction. We assumed that they wouid be subject to international trade prices and
cn the effect of by-

Very
important contribution to the sconomics of liquid biofuel pro
therefore similar to those in W.Europe. Even so, the prices are subject to flucwations, and so a sengitivity analysis was carried out

product prices. Moreover, for Belarus, there is the possibility that the by-products will be too contaminated for use, so this scenario was also

modelled.

2.1.2 Information for Western Europe
Information was coliected from both Belgium and the UK. By using a combination of these two data sources, we obtained sufficient information to

model the production of RME from OSR and bioethanol from BS and WW.

2.1.2.1 Source of data for Belgium

UCL compiled some data on annual crop production for Belgium. The data covered Winter Wheat (WW), Sugar Beet (SB) and Oil Seed Rape (OSR).
The data o the farm machinery for Belginm was similar to that for the UK which was already in CRISP. The CRISP machinery table was

therefore retained.
The data for WW and SB was fairly complete, and so the Westem Europe run for these crops was based on the Belgian daea. The data for OSR

the production operatioas, The data which was given was checked agzinst the UK data, and the two

was missing some important informaticn on
lese, and the twao datasets were similar, the UK data was used for the W. European run for OSR for

were similar, Since the UK dataset was comp
CRISP.

»  The data provided from Belgi
and the price expected for the

information to model the converston process in CRISP, which requires de
was therefore used to model the conversion processes. However, there was a substantfal difference between estimates of the prices obt

the main and by products of the conversion process. These differences existed between the Belgian and UK estimates, and within the different
UK estimates considered. In the analysis the sensitivity of the system to price of all the products was therefore considered carefully.

um on conversion for annual crops was very limited. It comprised the name of the main product and by- products,

se products. The yield of the main products was stated, but not the yield of the by-products. This was not enough
tails about the costs of the conversion plant. Data from UK studies
ained for

2122 Sources of data for the UK

Information on production of WW, SB, and OSR in the UK was obtained from Nix (1997). This is updated annually, and the data used ace therefore
considered to be the best availabie in the UK.

A review of the literature was undertaken to obtain information on the conversion processes. A range of material was considered, and that most
relevant to the RECOVER project was incorporated into the CRISP model.

Our reservation abowt these data is that they are based an reports dating from 1994. We attempted to obtain more up to date information on
conversion to liquid biofuels, but the information was commercially sensitive. We also contacted the anchor of the original reports to see if the data
was stiil valid (Kerr Walker, personal communications). His view was that the costs of conversion woukd have remained constant or slightly

increased, since the technology is mature. One development highlighted was the introduction in the USA of conversion plants at large starch
processing works. In these cases the conversion plants fod with ‘waste’ starch which is unsuitable for food applications, so the feedstock is very low
cost and the conversion plants are profitabie. Unfortunately this scenario is not suitable for the Befarus situation, where the contamination levels will

preslude food use, so this avenue was not pursue further.

2.2 Important system parameters for Western Europe/ RBelarus comparison

2.2.1 Yield
The potential and actual yields for Belarus and the actual yields for W.Europe are shown in the table below.

Yield, t ha™ OSR SB wWwW
Belarus, potential 3.0 55 10.0
Belarus, actual 2.0 25 3.2
W.Burope, actual 3.2 60 7.3

the actual yields achieved are mmuch lower than this, and also much lower

These figures show that although Belarus has good potential for each crop,
d including harvesting are on a per hectare basis, the low yiclds have a

than those in W. Europe. Since for annual crops the production costs up (o an
significant impact on the farmers net margin.

222 Labour
Labour costs in Belarus are at least a factor of 10 lower than in W.Europe. This leads to lower running costs of conversion equipment, On the

the low cost of labour means that more operations are carried out manually, or using fess automated equipment. For this reason it is

production side,
ction phase. This has been achieved by using the information obtained by

important to model the Belarussian equipment and technigues in the produ
IPEP for Belarus.

2.2.3 Machinery

Machinery produced in Belarus is considerably cheaper than its counterpart in W. Europe. For exampie a tractor can be up to five times cheaper to

produce in Belarus. For this reason, and because of simpler equipment design, the Belarus production machinery is much cheaper than that in

W Europe. For conversica equipment, again equipment which is already produced in Belarus could be cheaper than an equivalent in W. Burope.
the cost of importing the equipment, or producing in Belarus, is likely to be

However, for specialised equipment not currently produced in Belaras,
similar and of the same order as the cost of the equipment in ' W.Europe. Since there is no large scale conversion to lignid biofuels in Belarus, the cost

of such plant is therefore assumed to be the same as estimated for W.Europe.

2.24 Grants
No grants are presently available in Belarus. In contrast, energy crops in W.Europe may quaiify for set aside grants or area payments. Tax relief is

also available in some W.European countries o enable the liquid biofuel to be competitive as a transport fael.

2

2.2.5 Sale of by-products

2.3 Sensitivity analysis for liguid biofuel production from annual crops

The factors considered for the sensi ivity ysi W Wi Vi y ge Vi on, and which we believe may have a
sittvity analysis are those which who: B j
. ; : _ . 3 se valie may be subject to a large variati i i
arge impact on the overal] ecanomics of the system considered. These are vield of crop, crop price, b -product i c versi
ot eost. - idor o , By timcome, conversion plant capital cost

2.3.1 Yield

We assume that the yields for W.Euro i in at the le
s . pe are likely to remain at the levels quoted j i
e ! t e quoted ju the literature. For Belarus, i
Ea_rvestiu ;uz o:;t?:;qﬁ;lii for the crops. The Fable belqw summarises the effect on net margin of changes to )Saesig i VBW::]I:Ited tc{;tmsmler s
and Highos ey oo e sar;xedper hectare irrespective of thf: yield. For 8B and OSR there is no change to the mana, ear;uS.t e ot nat the
e ugher. inm;ascd Weffwortwai dac o;ltlieie;t?r ;3 gogiei lf“i z;;cald high input scenarios. The results show that net margin inirea?;s ;zgt]t?];iflzni‘::g ol
g = f 4 008t yield must be considered carefully, as it d i i i N
net margin. This is particularly a consideration in Belarus, where availability and cost 0}1: agr:)ch‘;:i::l;tsﬁz;s;gﬁzabﬁeﬁ ?grefquwa!em tuerease o
armers.

Net margin as a function of yield for Belarus

-1
TR OSR@lzﬁgEUR I SB@25EUR 1! WW@160EUR t°
net margin, EUR ha’ IiB = =
Yield, t ha™ 2.7 o =
net margin, EUR ha™! léS 55 o
Variation in vield, % 35 e o
Variation in net margin, % 47 ;32 &
87

* WW high aad low inputs modelled

2.3.2 Crop price

The lel ce for the Crops qthCd fOl all thl'ee ¥ i a2 »
Ps ar ¢ food pri achieved ape. are available for 1]](1]15 rial OSR, anc for
" Crops are th ¢ prices ved. For W.Eur pe, prices fﬂi' OSR i i
SB for non quom Sllga[ - These lo WCT Prices ha. ve been considered for W .Eul'OPE, and also a ge].]eral approach hﬂs been takcn of reduci]]g the pri(:e of
the Ciop to that which would pIOdﬂCE the minimuim aCCC]Jta.ble net margin for the faml(‘,l This fi gure 15 o ubj ivi
: . gt ' -1 course sl Jectl e, and is esﬁmated to by

The table below ShDWS the cost in Belarus of biodiesel pr oduction CSﬂ.Iﬂath for the prices of Crops :
b4 Othamed when sold for food l
i DOSSl‘b!E EIET2Y pPrices.

OQSR#* SB WW
P ETR T fm;t;l3 6use fao;:louse ENErgy use food use ENErgy use
Farmers net margin, 1EUR ha'! 120 1012 1%5':' ;go -
Cost of RME,EUR t 390 >756% 430 >75é* ;’?;

* Maximum price achieved in W.Europe
** Net margin already low at quoted price.

2.3.3 By-product income

effect of by'p]’odllct inCDﬂlC has Lhere ore be i il i P S Ary showi E CC
cto of en looked at in detail in the individual Scenarti S
| 0S. HE@W& Iesent a I i the eff t on ¢os
of biodiesel when the by-pl oduct mcome is at the assumed interﬂaﬁﬂﬂﬂl market 13\‘615 and when there is no by-pmduct income.

Inchuding by-product? Yes s Ni = —

Meal @191EUR ¢' 390 742 e = xes =

Glycerine @351 1EUR 1 '

Pulp &vinasses @95 EUR

DDG @135 BUR ¢ 2 -

% increase in cost for no by-products 91 24 - 5
25

The table sh i i iti
ows that production of RME from QSR is the most sensifive conversion process to changes in by-product income. In fact, although the

cheapest liquid biofue! to produce including by- f i i
oo duid biofu £ by-products, it becomes the most expensive without them. 1t i3 therefore probably less well suited to the




234 Conversion plant capital cost
For RME production, estimates of capital cost for Belarus were taken from the GOPA repart. They gave a ‘best’ estimate which we used as our base e 3.1.4 Sensitivi .
case, but also said that Belarussian sources had estimated that plant could be built for 509 of this price. We therefore modelled both cases. The effect P OSR_ ) ensitivity analysis
of reducing the capital cost by 50 % was 1o reduce the price of the RME by 22 %. o is a well known crop in W, Europe, and the costs and likely vi
set aside payment of 488 EUR ha™. Wi th the gt ely vieids are well known. On the production side, th . .
L. ) i - grant OSR b ; : , the crop is not profitable wit
ation in Belarus. We therefors assumed that the cost of new capital 2(1)11;1 fgf; use. However, the impact on yield and seed qualit;csgiscﬁnaiteﬁgizjevi ?,F;t:ﬁotzainbzzn suggested that OSR may be grl:)wn with lo!wlze?;:lgﬁ
o E o . H 1 +
managerment cost reduced to zero, then the net margin for the crop without grants would{};?;?t;: :;:I;lif &eggll?\dh?? auality were maintained

It has been suggested that the OSR straw i
ggestex could be another income stream for the crg is Ii
abopt 6 EUR ¢, which could lead to an increase of about 5 % in the producers net m;;rpgr;ducer. The profit s producer s Hkely 10 make on st i

For bioethanol production from WW, we had no figures relating to the sitw
equipment in Belarus was likely to be the same as in W.Europe. We modelled the cost of capital equipment on a greenfield site for the same price as

W Eurcpe, and 80 % of this price, and also the cost of building a fermentation piant only, in case there are pre-existing siarch processing facilities.
The cost of bioethanol is reduced by 6 % if the starch processing plant already exists.

B currently produced in Belarus is The effect of price achieved for the grain is shown below

SB, again we had no figures from Belarus, but we did know that the amount of §

For bioethanol produstion from 3
very small. We do not know if existing ‘Beet end’ processing equipment exists In Belatus, and is now disused, or if no equipment exists. We therefore o Variable
modeited both cases. Assuiming oaly the fermeniation equipment is to be built. the cost of bioethanol is reduced by 12 % is the capital cost is hatved. L Base Base 1 2
¥ the beet end equipment is aiso to be built, then ihe scheme will be prohibitively expensive. grain price with tax relief with Tax relief
" 1
Crop suppliers net margin, EUR ha™ 26 058 165 195 195

235  Transport Conversion NPV, MEUR g -208 T4 12

so (hat transport is potentially an importans factor. Ous standard assumption is that the Conversion IRR, % gg =37 3

The RME and bioethanol piant modelled are large scale,
e 40 km. However, for the low vields achieved in Belarus, it is possible that distances of up to 100 km will be

average {ransport distance will b
required. For Belasus, the transporter detniled in the IPEP data is 5 t oad, but this has been quoted for shorter journeys. A larger transporter is likely
to reduce the transport costs, if available. The results show that the larger transport distances do not impact greatly on the costs of transport, partly o
because a higher average speed is assumed for the greater transport distance. N it the conversion side, things are less well known. The i ;
S since the plaa . . lhe Cﬂpltfil cost and runnine cost of the plant
ince the plaat modelled f a fargs scale plant. Data presented in both UK and GOPA reports s used are thought lo be at the low end of the range,
p ze decreases. ports suggest that the cost of RME production will rise as the

If the full fODd P O 5 W W £ d 1088
rice were to be ach]ave(i for the Seed, the pr duction gral][ woitld still be quuﬂed and the conversion Ollld new mak !

3 Individual cases modelled R In addition o the main product of RME, there are by products with |
R i : i o with commerci .
The foliowing section contains detailed descriptions of cach of the cases madelled. These are e in the UK and Belgium for prices achieved for these products are crcial value. These are meal for animal feed cake and glycerine. Estimates
1. Western Burope large scale production of RME from OSR L Product UK. EUR £
3 Belarus small scale production of RME from OSR Meal, 0.58 £ £ 1;1_0"80 Belginm, EUR t*
3. Belarus large scale production of RME from OSR Glycerine, 0.04 tt! pere 175
4. Western Burope large seale production of bioethanol from SB 73 B0 275
5. Belarus Jarge scale production of bioethanol from SB This table shows that the market for ani i
: N Y K mal feed is well defined, but that the g : s :
6.  Western Europe large scale producpon of bioethanal from WW suggested that 1f la_.rge quantities of glycerine are produced as a by Pl‘Odu:?g ;lRﬁegﬂe %ncg. 15 subject to large fluctuations. In addition it has been
7. Belarus large scale production of bioethanol from WW shows the sensitivity of the profitability of the conversion operation to the by prod ptm uction , then the price of glycerine will drop. The table below
oduct prices. :
. . -1
31  Western Europe large scale production o RME from oil seed rape, 30000ty RME Meal T
/4 4 4 f f pe; J (glycerine at 675 EUR 1) R EURL IS0 EUR 180 EUR £
; Conversion NPV, MEUR 53
311 Data sources Glycerine —: 25 1.3
: ; , 279 T - -
The data entered into CRISP was UK data, However, the UK data were checked ageinst the available Belgian data, and the two were found to be (meal at 150 EUR t'1) EURt 675 EUR t! 1050 EUR t!
comparable, so the CRISP run can be taked to be representative of the W. European case. Conversion NPV, MEUR 56
i 2.5
10.1

Crop price in the base case is 165 EUR t"! seed, from the UK study on biodiesel.

We assume a set aside grant of 487 EUR ha™ is payable

The crop receives 3 lots of fertilisation and 2 sprays in the year.

At barvesting, the crop is swathed and thea combined.

Storage is in an existing building, using portable grain walling. No drying is included.
Transport is assuming a 40 km distance to the processing plant.

The Sysfem is more sensitive to the char ECs in the meal price, due to the larger volu €S O WEeV
. .ﬁ ibuti itabili F
P s 2 s of meal prdllCCd. Howe: €1, both by prOdllCtS make a

3.1.5 Conclusion

RME pI'OdliC[IOIl from OSR is onl fi le . Europe with both productior a rice W
: y pro table in W . .
) P P faax nts and | Support fOI' the RME( assumnming the RME will be

The by-products, meai fi i : .
or animal feed cake and glycerine, make an important contribution to the profitabiiity of the conversion operation

e ® & 5 & @

We have used data from earlier UK studies (Walker, 1994 a, b). These studies attempt o break down the production costs and to 1ook at different
scales of production and considered large-scale planis, 20,000 t y* seed to 90,000t y! seed. For W.Etrope we thus {ooked at large scale production.

3.1.2 Key Input Parameiers 32 B
. elarus small scale production of RME from oil seed rape

Variable Base case with grants
Yield, tha™ 3.2
Area of OSR, ha* 27300 321 Data sources
Price for OSK seed, EUR 165 The data sources i o1
> paurt of this scenario is relevant to both
Grants included No yes RISO/ IPEP data, The conversion data i oth small and large scale production of OSR in Bel i i y '
. ! . ata is tak arus. The production data is taks
Crop suppliers discount rate, % 8 s taken from GOPA (1996) ? o en from the
Conversion plant capacity, th™ 13 3.2.2 Assumptions
Conversion discount rate, % ) 20
= T - The GOPA report reviews th
Price of RME, EUR t* with price support 390 (1st year onty) 390 {ail years) port reviews the technology used for RME production and th .
' with 1o price sUppost 187 report, and shows the way production costs vary with sizg of plant. and the costs for Germany and Ausiria. The table below is derived from the.
Price of meal, EUR t” 150 o
Drice of glycerine, EUR 1 675 D - _Type of plant Scale, 1y
. > eceniralised small scale ale, ty Cost, EGR I
T T e
P 2 2 - Centralised annex to oil mill 10000 0.62
Centralised la_rge scale -~ 40000 0.48
313 Key Output Parameters 100000 0.46
Variable _ Basecase with grants The difference in cost with scale is explained as a difference in pr : I
- . . ocess techn i - ; e s
SR producers net margin, EUR ha™ 08 580 ?Ild 100000 t y™ plant is explained because the technology has rgachzsds o;%m?igi);z?r :]ilii)gllgere]-llt scales. The small difference between 40000ty !
SR producers NPY, EUR ha ! 1507 3000 to an ol mill ? ty" and because the 100000ty plant 1s not an annex
Conversion NPV, MEUR '8 0.7 Th . . T
Conversion IRR, % 20 ;abiecg:;?;?g&r:ihmese‘estxmates is higher than that from the UK case described, and at the top end of the costs quoted inl the Belgian data The
broduct e estimated costs for 2 30000 t y"' RME plant from the CRISP model. The first e Uqu  ates £ St e
costs, and the second case the GOPA estimates for these parameters - st case is The est estimmales 1of 52 ae by T




Case Parameters Cost, EUR I'*

UK, 30000t v RME UK estimates 0.20
UK, 30000 t v RME (GOPA estimates 0.38

i i in CRISP, an output value of 0.38 EUR 1 was obtained.
the input seed cost and output costs for meal and giycerine used by GOPA were run in C , ¢ 381 :
‘Shir:z: th: CII(JISP rum is for a 3051(3)0 ty' RME plant, theacomparator on the GOPA data would be about 0.48 EUR L.I, which is 20 % bigher. The
capital and running cost assumptions for this size of plant made by GOPA are not known, so there is likely to be a difference there. Overall, the cost

comparison is considered to be satisfactery.

. - -1
We wanted to lock at 2 sizes of RME plant in Belarus, small and large scalc._ The GOPA report gives dzlita for 21500 ty™ a'nd a 100%0 lt ¥ R}:fi
plant. Two estimates are given ir the report for the costs of these plant. One is based on plant designed in W. Burope anc} tailored to Be orusamta o
requirements and the other on data from Belarus, The authors comment that the cost structure for the W.Buropean plant is based on proven da ,e :
that the cost estimates based on these data are more comprehensive and reliable than the lump sum estimates from Belarus. They recommend 1s

these data for estimating costs of RME production in Belarus.

As a base case we have therefore used the W.European capital estimate for the plant, amended to allow for some components being manufactured in
Belarus, and with Belarussian labour rates for running and maintenance.

There is considerable variation in the estimates of the cost of the OSR seed feedstock and the by products of processing. The table below shows the
estimates form the various sources.

Commodity UK estimate Belgian estimate GOPA estimate IPEP estimate
OSR seed, EUR t* 163 nof given 212 36§
Meal, BUR ' 150 175 191 not given
Glycerine 675 279 511 not given
Where possible we have used the IPEP data, otherwise GOPA data was used.
. The cost of OSR seed used in the runs is 166 BUR t*, as given in the IPEP data.
¢ No values zre given for the by products in the IPEP data, so the values from the GOPA report are used.
323 Key Input Variables
Variable Base case with RME price support
Area of OSR, ha'! 2600
Price for OSR seed, BUR t* 166
(Grauts included Ne no
Crop suppliers discount rate, % 5
Conversion plant capacity, t " 0.8
Availability, % '{g
i i te, %

(P;r(;g: ?;; lll{);[cg:s E}u;tt? with price support 420 (1* year only) 420 (a1l years)

with no price support 187
Price of meal, BUR t* 191
price of glycerine, EUR ¢! 511
Capital cost of conversion, MEUR 3
Operational cost, MEUR v 0.19
3.24 Key Qutput Variables

Variable Base case with RME price support

OSR producers net margin, BUR ha™ 128 128
OSR producers NPV, EUR ha™ 1394 1394
Conversion NPV, MEUR -2.5 0.06
Conversion IRR, % not calculated 10.3%

The base case shows that RME production is not profitable in Belarus without pricc support for the RME. The second case shows that the minimum
price for RME must be 420EUR t" if the conversion plant operator is to mect his target rate of return.

3.2.5 Sensitivity analysis
Three parameters have been considered: capital cost, by-product Income and yield

.2.5.1 Capital cost ' _ ‘ .
'3I,‘he capital cost gf the plant was estimated by GOPA based on W. European equipment tailored to Belarussian reguirements, and assuming some of

i it i i i d was used in the base case. However, GOPA also say
the equipment could be built in Belarus. This was thought to be the most reliable estimate and
that gstigxates from Belarus suggest that the capital cos?could be less than half the Western estimate. We have therefore looked at the effect of

reducing the capital cost by 20 % and 50 %.

1
Capital cost, MEUR RME cost, EUR
3.0 . 420
2.4 360
1.5 290

3.2.5.2 By product income

The income from the by- products glycerine and meal makes a congibution to the profitability of the conversion operation. The prices quoted by
GOPA are thought to be oplimistic, especially for the meal. We have therefore tooked at the effect of haiving the income from these by- products. In
addition it is possible that the by-proditcts produced from OSR in Belarus will be too contaminated for sale, 50 we have also modelled the case of no
income from the by- products.

In the following table the OSR seed cost is 166 EUR t”. The table shows that if the by-products cannot be sold the cost of the RME increase by a
factor of 1.8. In fact the cost will be greater than this because the meal and glycerine will require disposal.

Price of glycerine Price of meal Cost of RME
511 191 420
230 100 590
0 191 475
511 0 720
0 0 : 770

3.2.53 Yield

The yield in Befarus is assumed (o be 2 tha™'. This is the top end of the estimate of 1.5- 2 ¢ ha”! from Belarus, but is considerably lower than the
3.2t/ha achieved in the UK. The data from UCL suggest that 2.7 tha! might be achieved under optimum conditions in Belarus. We have therefore
looked at yields of 1.5t/ha and 2.7 £ ha™*. This will not effect the price of RME, but the profit to the producer.

Yield, t ha'! net margin, EUR ha NPV, EUR
2.0 128 1394
2.7 188 2047
1.5 49 530
3254 Conclusions

*  Ifthe producer can achieve 2 or more tha OSR seed at the costs quoted for Belarus, then he can make a reasonabie profit on. the crop, provided
he can sell at the market price of 166 EUR ¢,

*  Even at the lowest capitai cost considered in the study, the conversion plant operator cannot make & profit unless the price of RME is subsidised.

¢ Ifthe by products cannot be sold because of they are too contaminated, then the cost of the RME increases by a factor of about 1.8. In addition,
the cost of disposal of the by- products must be considered.

3.3 Belarus large scale production of RME fromoil seed rape, 10000 t a”* RME

3.3.1 Assumptions

The conversion plant is centralised, and comprises facilities for crushing the seed as well as RME production.

The production. data is taken from the [PEP data.

The transport distance is assumed to be 40 km, because the piant is now centralised

The conversion data is taken from the GOPA report (1996). The values for the W. European estimate, adjusted for Belarussian requirements, are
used, together with estimates of the cost of labour in Belarus.

The cost of seed is from IPEP, 166 EUR t*

¢ The price for glycerine and meal are from GOPA (1996)

*  meal 191 BUR ¢!

*  glycerine 511 EUR ¢

332 Key Input Variables

Variable Base case with RME price support

Area of OSR, ha'! 14000
Price for OSR seed, EUR t* 166
Grants included no no
Crop suppliers discount rate, % B 5
Conversion plant capacity, th! 4.3
Availability, % 75
Conversion discount rate, % 10
Price of RME, EUR £ with price support 410 (1st year only) 390

With no price support 187
Price of meal, EUR ! 191
price of glycerine, EUR t* 511
Capital cost of conversion, MEUR 12.4
Operational cost, MEUR v 1.29
3.33 Key Output Parameters

Variable Base case with RME price support

OSR producers net margin, EUR ha™ 120 120
OSR praducers NPV, EUR ha'! 1303 1303
Conversion NPV, MEUR 1.5 0.08
Couversion IRR, % 1ot calculated 10.1

The results show that the QSR producers profits are slightly lower for the large scale than the small scale production. This is because all the farming
costs are assumed to be independent of scale, but the trausport costs are greater for the centralised plant.



‘With no RME price support, the conversion operaticn is unprofitable. The price achieved for RME must be at least 390 EUR t for the conversicn
plant operator to meet his target return.

334 Sensitivity analysis
Four parameters were considered: yield, transport distance, by-product income and capital cost

3.34.1 Yield
The yieid in Belarus is assumed to be 2 t ha™. This is the top end of the estimate of 1.5- 2 t ha’ from Belarus, but is considerably lower than the 3.2.¢

ha™ achieved in the UK. The data from UCL suggest that 2.7 t ha™ might be achieved under optimum coaditicns in Belarus. We have therefore lnoked
at yields of 1.5 thaand 2.7 t ha™. This will not effect the price of RME, but the profit to the producer.

Yield, t ha? Net margin, EUR ba” NPV, EUR Transport distance, km
2.0 120 1303 45
2.7 206 2246 38
1.5 58 034 30

For the large scale production, we consider that the yield achieved is likely to be at the top of the range for Belarus, i.e. about 2 tha™.
The range of yields is large, and the difference to the net margin is afso large. This is because OSR is an anpual crop, and a high proportion of
the cost is in the establishment and management of the crop. These costs are proportional to the area cultivated not the yield. In addition, the

transport costs are greater when the area producing the crop is greater,

3.3.4.2 Transport distance

In the table below, yield is 2 tha™. The costs of @ansport in Belarus are low. Distance travelled does not have a large impact on producers net margin.

Transport distance, km Net margin, EUR ha’
45 120
23 122
90 115

3.3.4.3 By-product income
The income from the by- products glycerine and meal makes a contribution to the profitability of the conversion operation. The prices quoted by

GOPA. are thought to be optimistic, especially for the meal. We have therefore looked ai the effect of halving the income from these by- products. In
addition it is possible that the by-products preduced from OSR in Belarus will be too contaminated for sale, so we have also medelled the case of no

income frem the by- products.

In the following table the OSR seed cost is 166 EUR t. If the by-products cannot be sold the cost of the RME increase by a factor of 1.9, In fact the
cost will be greater than this because the meal and glycerine will require disposal. :

Price of glycerine Price of meal Cost of RME
511 19 390
250 100 560
0 191 445
511 0 690
0 0 745
3344 Capital cost

The capital cost of the plant was estimated by GOPA based on W. European equipment tailored to Belarussian requirements, and assuining some of
the equipment could be built in Belarus. This was thought to be the most reliable estimate and was used in the base case. However, GOPA also say
that estimates from Belarus suggest that the capital cost could be less than half the Western estimate. We have therefore looked at the effect of

reducing the capital cost by 20 % and 50 %.

Capital cost, MEUR RME cost, EUR ¢

12.4 390
10.0 360
6.2 305

3.35 Conclusions
Yield is the most important parameter for the OSR producer. In order to make a reasonable profit, he must achieve yields at the top end of those

quoted for Belarus, i.e.. 2 tha™.
+  The production of RME will require subsidy under any of the scenarios considered.
Sale of the by-products of conversion makes an important financial contribution to the scheme. If the by-products are too contaminated for
sale, the cost of RME production almost doubles.
On the most likely scenarios, the cost of RME production is lower on the larger scale plant than the small scale plant. However, these figure are
very dependent on the estimate of the capital cost of the equipment and of the prices achieved for the by-products. Both these parameters are

subject to considerable uncertainty in Belarus.

3.4  Western Europe large scale production of bioethanol from sugar beet

34.1 Data sources

i:;}ductigm data was provid;d by UCL. Sox?ne information on production costs and co-product prices was provided by UCL.
ormation oz the production process, capital and operating costs and an analysis of co-products was obtained from unpublished UK reports

342 Assumptions

*  Thesugar beet is produced in the normal way for W Europe.
*  There is no storage of the beet,
;Ir’lh: ;élégsai) grgge;jgg }g)f the beet takes place at an existing beet processing unit. (Cost of a new ‘beet end’ processing facility is estimated to he
Average transport distance to the processing plant is 40 km. '
The bivethanol facility is targe scale, producing 100000 { 4 bicethanol. - e
The b_y-prcducts pulp and vinasses are combined and sold as animal feed. (No molasses is preduced in bicethanol production)
The yield of beet, price of beet, price of by-preducts and price of bioethanol for the base case are all taken from the UcL data..

343 Key Input Parameters

e oTSEET Variable Ba::oc;se with grants
Price for SB, EUR t* 38
Production Grants included no
Crop suppliers discount rate, % 8 =
Conversion plant capacity, t/h 41
Conversion discount rate, % 20
Price of bioethanol, EUR t" with price support 756
with no price support 210
Price of pulp. EUR t* g5
price of vinasses, EUR ! 95
Capital cost of conversion, MEUR 18
Operating costs, MEUR v 3.7
344 Key output parameters
Variable i
SB producers net margin, EUR ha™ 1239 et 1239 R B
8B producers NPV, EUR ha'! 11456 11456
Conversion NPV, MEUR -46 4.2
Conversion IRR, % 2.5

3.4.5 Sensitivity Analysis

The production of sugar beet in W Eurape is well known, and the establishment, man i

¢ X R j L , . agement and harvesting costs are in close agreement for the UK
aultlii Belcg;?u data. The [mam parameters which will are subject to uncertainty and may cause a large effect in the profitability are t%;e yield at?cl!- price
achieved for the beet, wmcp are considered below. The effect of fransport distance is also considered, since it is likely that all the bioethanof wilt be
produced at one plant, and it is therefore possible that the beet may need to be transported up to 100km to the plant.

Yield, t ha™? 66
At 385t begt, . =
Crop suppliers net margin, EUR ha™ 1239 1061 762
Crop suppliers NPV, EUR ha! 11456 9810 7042
Price of beet, EUR t! 15 20 23
At 66 tha yield of beet 5 * =
Crop suppliers net margin, BUR ha™" -287 51 249
. . 381 1239 2031
Crop sm_)phem NPV, EUR/ha -2576 474 2304 3525 11456 18778
Conversion plant NPV, MEUR 30.0 24.8 214 19.1 42 -8.6
A1 7565t bioethanol ' ' '
Transport distance, km 40 80 160
Transport cost, EUR t* 46 6.3 7.8
Crop suppliers net margin, EUR ha! 1239 1127 10.24
Cron supplicrs NPV, EUR ha”! 11456 10413 9474

Th]—fi tables above show thﬁt the most important parameter for the profitability to the producer is the price achieved for the beet. The producer needs to
achieve at lez?.st 23 EUR t to m{;lke a reasonable profit, and the profit is very sensitive to changes in price arcund this valie. The table also shows that
;rgguitﬁtgg highly subsidised price of 756 EUR t* bioethanol, the conversion plant operator capnot pay the price achieved for beet going into sugar

For the conversion of sugar beet into bioethanol, the cost of bioethanal will vary with the price paid for the feedstack and the price achieved for the
by-preducts. In all cases we have assumed that the pulp and vinasses will be combined to produce an animal feed.
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Cost of feedstock, EUR t* 15 20 23 25 38
Cost of bioethanol, EUR t* 430 490 530 550 715
Pulp and vinasses 95 EUR t*
At 38 EUR t” beet and 720 EUR t bioethanol
Cost of animal feed, EUR 1 90 95 110 120
Cost of bicethanol, EUR t* 720 715 695 685
Pulp and vinasses 95 EUR ¢!

The tables show that over the range of by-product prices the variation to the bioethanol price s about 5 %. The feedstock cost is of greater importance
in determining the bicethanol cost.

34.6 Conclusions

* It would not be feasible to build a bioethanof plant for sugar beet on a green field s%te, because of the hig}} capital cost of the beet end
processing. The scenarios therefore consider building a bioethanol plant at an existing sugar beet processing plaat, N

»  Even under these conditions, the conversion of sugar beet into biocthanol requires subsidy under W.European conditions. )

s  For producers, the system is most sensitive to the price of beet achieved. ;I'hjs must be at least 23 EUR t, although beet grown in excess of
quota for sugar may be available at alower price than this (say 15 EUR t™). ) ) . .

*  For the conversion plant operator, the cost of the feedstock is an important consideration, but even the lowest priced feedstock does not allow
bicethanol to be produced without subsidy. '

*  The by-product revenue is fairly stable, and offsets the cost of bicethano} praducufm b}( about 20 %. ;

e With the assumptions made in the base scenario, the cost of producing bicethanof is estimated to be 715 BUR t,

3.5  Belarus large scale production of bivethanol from sugar beet

3.5.1 Data sources

Data for production of sugar beet came from IPEP. ) ‘
There was 10 coaversion data from Belarus, so the conversion costs were estimated from the W.Buropean costs.

3.52 Assumptions

For production

The price achieved for the sugar beet is 60 EUR t”, from IPEP data.
Planting is with ordinary seed drill, followed by thinning of plants.

A small trailed harvester is used.

There is no storage, with beets transported directly to the plant.

The average transport distance is 40km, using a 5 t trailer.

For conversion

¢ The same costs are used as for W.Europe, except that Belarus labour zates are used.
¢  The fermentation plant is built onte an existing beet processing piant.
s The price achieved for the by-products is the same as for W, Europe
*  There is no price support for the bioethanol

. & &4 o »

3.5.3 Key Input parameters

Variable Base case most realistic

Yield of SB, t ha™ . 25
Area of SB, k™ : 11500
Price for SB, EUR t” 60 25
Production Grants included 1o no
Crop suppliers discount rate, % 3
Conversion plant capacity, th' 41
Conversion discount rate, % 10
Price of bioethanol, BUR t' with price support 430

with no price support 210
Price of pulp, EUR t* 95
price of vinasses, EUR t1 95
Capital cost of conversion, MEUR 18
Operating costs, MEUR Ny 3.7
3.54 Key output parameters

Variable Base case with grants

SB producers net margin, BUR ha 1012 137
SB producers NPV, EUR ha'! 111038 1501
Conversion NPV, MEUR 07 0.3
Conversion IRR, % 10

10

3.5.5 Sensitivity analysis

Unless otherwise stated, the price of sugar beet used is 25 EUR ', the yieldis 25 t ha™!, the transport distance is 40%m and the capital cost is 18
MEUR, for the fermentation plane only.

3.5.5.1 Production :

The purameters considered for production were the price achieved for beet, the yield of beet and the transport distance. Please note that the machinery
used for sugar beet production in Belarns, as advised by IPEP, relates o a small area of sugar beet grown, cuirently 378ha. For the large scale unit
described here about 11500 ha are required. It is possible that planters, harvesters and transport more like that used in W.Europe would be used on
this scale.

Yield, t hat 25 55
At 25 BUR £ beet.
Crop suppliers net margin, EUR ha" 137 i 744
Crop suppliers NPV, EUR ha'! 1501 8112

The transport distance and the harvesting time/ha™ are assumed to be the same for the different Yields. The yield of 25 vha™ from the data on actual
yields seat by IPEP. 55 tha™ is the potential yield estimated by UCL. This corresponds to a high but achievabie yield in W.Enropean terms,

Price of beet, EUR ! 15 25 38 60
At 25 t/ha'! yield of heet
Crop suppliers net margin, EUR ha™! -112 137 462 1012
Crop suppliers NPV, EUR ha'! -1223 1501 5044 11038
Conversion plant NPV, MEUR (at 756 EUR biogthanol) 74 54 27 -18
Conversion plant NPV, MEUR (at 210 EUR ¢* bioethanol) -15 -36 -62 -107

The price of 60 EUR ! quoted by IPEP is the price for sugar beet destined for sugar production. This is ualikely ever to be achieved for bioethanal
production, and feads to a large conversion plant loss ever at the Belgian subsidised price for bioethanol.

At the W.European price of 38 EUR (" for beet, and 756 EUR (! bioethanol, both producer and conversion plant make a substantial profit in Belarus.

However, we feel that the crop producer would accept the profit margin associated with a beet price of 25 EUR t, and this has been used in
subsequent runs and in the most realistic scenario, At 25 EUR t", the cost of conversion to meet the conversion target return of 10% is 430 EUR ™.

Transport distance, km 40 80 100
Transport cost, EUR t! 3.9 5.4 6.6
Crop suppliers net margin, EUR ha' - 138 99 68
Crop suppliers NPV, EUR ha! 1501 1074 745

The transport distance should be kept below 80 km to maintain the producers profit margin. However, these figures are based on the use of a 5 tonne
transporter. If larger vehicles are used the transport costs for larger distances will reduce. The average speed for the 80 and 100 km journeys is
assumed to be 50kpm, whereas it is 30 km for the shorter journey.

3.5.5.2 Conversion

Capital eost ISMEUR 14 MEUR 0.9 MEUR 35 MEUR
W.European cost full cost*0.8 full cost*0.5 full cost of (fermentation+beet end)*0.5
Cost of bioethanol, BUR ! 430 410 380 335

Recent evidence is that the cost of building new plant in Belarus will be between 80 % and 100 % of the cost in W.Enrope. These costs are therefore
displayed in the table. If the fermentation plant could be built in.Belarus for 50 % of the W.European price, then the bioethancl price would be
reduced by about 12 %.

The current amount of sugar beet grown in Belarus is very small. If there ase no existing under-utilised or redundant large scale beet end processing
plant in Belarus, thea we estimate that this will be an additional 52 MEUR capital investment at W European prices. The effect on bioethanol price is
shown in the table.

by-product price, EUR t* 95 40 (]

cost of bioethanol, EUR ¢ 430 490 530

We have assumed that the maximum value of the by products pulp and vinasses is realised by combining the two into an animal feed, worth 95 EUR
t'. This price is the Belgian price, since no estimate was received from Belarus, If the by-products price is lower in Belarus, say 40 EUR t then the

* cost of bioethanol is increased by 14 %. If the by-products cannot be sold because the levels of contamination are too high, then the cost of producing

bicethanol is increase by 23 %, plus the cost of disposing of the contarninated material.

356 'Conclusions

Bioethanol cannot be produced in Belarus from sugar heet without price sapport.

Under typical Belarussian growing conditions, the producer can make an acceptable profit if sugar beet is sold at 25 EUR t.

AL this sugar beet price, cost of bioethanol ranges from 430 EUR t! for an optimistic scenario, to over 530 EUR ¢ if o by-products can be sold.
This equates to a price subsidy of 220 EUR ¢! to 320 EUR t,

- e
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3.6  Western Europe large scale production of bio-ethanol from winter wheat

We have assumed that the wheat is grown in the standard high input way for Western Europe. Only large scale conversion is cansidered, since
previous studies have shown that the process is most likely to be economic at this scale.

3.6.1 Data Sources

Production data

*  The data was taken from the Belgian data provided by UCL.

*  Where Belgian data was not available, UK data was used.

Conversion data

e Belgian data was not available in the detail required for CRISP.

*  Dara from UK studies was therefore used. These data were from 1994,

3.6.2 Assumptions

The Belgian and UK data for wheat production were found simitar. This run is therefore considered representative of the W.European case.
The conversicn plant was assumed to be on a greenfield site.

The average transport distance was taken as 40km.

No allowance has been made for drying.

Storage is assumed to be in existing buildings, with grain watling.

The by-product DDG is assumed to be sold as animal feed. o ) . _
There is considerable variation in the literatare between estimates of the preductivity of bioethanol and its associated by-products from wheat.

*« & & @ & 9

For bioethanol, estimates for the amount of bicethanol produced from 1 toane of wheat range_fmm 212 kg (UCL dnta). to' 395 kg (Wanen, 1694). This
may in part be due to the use of wheat at different moisture contents, but even allowing fqr this the UCL figure is pessimistic. In this study we have
used the value given by Warren (1994), relating to odt wheat, and allowed for a 16 % moisture content at harvest, We have therelforf: assumed that 1
tonne wheat(at 16 %moisture} produces 256 kg bioethanel and 280 kg DDG. There is also a small amount of bran produced, which is a Tow value

Price of wheat, EUR t seed 10 80 102 110 140
At7.5 tha” wheat seed
Crop suppliers net margin, EUR ha™! -540 -16 153 200 509
Crop suppliers NPV, EUR ha’ -5000 -146 1411 1933 4706
Caost of bicethanol, ETJR t! 360 640 720 756 910
At 135 EUR t* for DDG

Farmers are ltkely to require a net margin of at least 225 EUR ha™ on the crop in W.Europe. This equates to a cost of 756 EUR t! of bicethanal.
In the USA bioethanol plant are being built next to starch processing plant, and using low value starch as feedstock. If the feedstock is essentially a
‘waste’ product available at a nominal charge of 10 EUR t, then bioethanol can be produced for 360 EUR /t.

Transport distance, km 40 80 100

40 kpm av 56 kpm av 56 kpmav
Transport cost, EUR t* 73 10.5 13.1
Crop suppliers net margin, EUR ha™ 209 187 168
Crop suppliers NPV, EUR ha’! 1933 1730 1561

For such a large scale plant, it is fikely that the transport distance will be greater than 4( km, perhaps up to 100 km.

3642 Conversion

For W. Europe, the cost of the feedstock and
bioethanol. The effect of feedstock price is s
The effcet of the price of the by-|

obtained.

price achieved for the by-products are likely to be most uncertain and to have most effect on the cost of
hown above, assuming the by-product is sold at 135 EUR ¢,
product DDG is shown below. The value 135 EUR t* used in the base case is thought to be the maximum fikely to be

product and is not included in the analysis.

3.6.3 Key Input Parameters

Contribution of by-product at 7.5 t ha™! wheat seed

Cost of DDG, EUR 60 20 120 135

Cost of bigethanol, EUR ¢! 840 300 770 756

The discount rate for the conversion plant operator is set at 20% for all these cases. This is a high value, which is thonght to be reasonable in the light
of the perceived risks of bicethanol production. The main risks being securing the supplies of wheat at the tight price over the 15 year lifetime of the
project, and the reliance on subsidy of the product (and possibly the feedstock). We believe it is likely that if the discount rate is reduced to about 10%
then the project payback time will be reduced to 10 years. The table below shows the effect of reducing the discount rate, with a 15 and 10 year
lifetime.

Discount rate, % 20 10 10
Lifetime of project 15 15 10
Cost of bioethanol 756 620 670

If the plant were sited at an existing starch processing facility,

equipment, say 18 MEUR. This,

then the capital cost of the plant would be reduced to the cost of the fermentation

together with a low cost feedstock would give the lowest available cost for bioethanot.

Capital ¢ost, MEUR 32 18 18
Peedstock price, EUR 110 110 10
Cost of bioethanol, EUR 1 756 620 230

3.6.5 Conclusions

Variable Base case with grants
Area of WW, ha'! 1200
Price for WW, EUR ¢ 110 .
Production grant, EUR ha™ no set aside, 487
Crop suppliers discount rate, % 8
Conversion plant capacity, t 13
Conversion discount rate, % 20
Price of bioethanol, BUR t” with price support 756

With no price support 210

Price of DDG, EUR t* 135
Capital cost of conversion, MEUR 32
Operating costs, MEUR ' 3.6
Key output parameters

Variable Base case with grants
WW producers net margin, BUR ha™ 209 696
WW producers NPV, EUR ha™! 1933 64335
Conversion NPV, MEUR -57 0.5
Conversion IRR, % . 20.4

The producer can make a reasonable profit, even without production grants, provided that the market price can be achieved for wheat grown for

ethanol. . i _
For conversion, at this feedstock price, the plant operator is just meeting his target rate of retumn with a price of 756 BUR t"! for the ethanol and a good

price for the DDG by-product.
3.6.4 Sensitivity analysis

3.6.4.1 Production

Recently low input methods of growing wheat have been tried, ircorporating a clover understorey, (ref 8). This method l_eads to a‘rcductiou in th_e
inputs of agrochemicals required, but also a reduction in yield. The analysis below shows the effect on farmers net margin, assuming the harvesting

costs are the same for the lower yielding crop.

high input low input
At 110 EUR per t seed.
Yield, tha” at 16 % moisture 7.5 4.0
Management cost, EUR ha! 233 30
Crop suppliers net margin, BUR ha? 209 87
Crop suppliers NPV, EUR ha 1933 810
12

*  Under the conditions found in W.Europe today, the cost of producing bicethanol is estimated to be 756 EUR ¢

*  Biocethanol as a transport fuel therefore requires a substantial subsidy te compete with fossil fuels.

¢ In order to make really significant reduction in the cost of bioethanol, by a factor of 2 say, the feedstock cost must be greatly reduced. This
could be achieved by using low value starches produced from an existing operation. This option is also likely to reduce the capital cost, since all
the processing plant except the fermenting equipment will already exist. With this option bicethanol comes elose to competing with fossil fuels.

3.7 Belarus large scale production of bioethanol Jrom winter wheat

371 Data sources

*  Production data was taken from the Belarus data provided by IPEP.
*  Conversion data was the W.European data, with the labour rates for Belarus inserted.

3.7.2 Assumptions

The conversion plant is a Jarge scale plant built on a greenfieid site, at the same cost as for a W .European plant.

The by product of ethanol produgction, DD, is sold as animal feed at 135 EUR t1,

The wheat is produced in the standard way for Belarus, using less inputs than in W.Europe and smaller and simpler harvesting machines.
No allowance is made for drying. .

Transport is assumed to be 40 km on average to the conversion plant.

The price of wheat grain is 160 EUR t7, as advised by IPEP.

The discount rate for the producer is 5 %, and for the conversion operation 10 %. The fifetime of the plant is 15 years.

The conversion efficiency to bivethanol and DIDG is assumed to be the same as in W. Europe.

* & & & & & w @
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3.7.3 Key Input Parameters

Variable Base case
Area of WW, ha'! 28000
Yield , tha grain at 16 % moisture 3.2
Price for WW, EUR ¢ 160
Production grant, BUR ha’ No
Crop sappliers discount rate, % 5
Conversion plant capacity, t b 13
Conversion discount rate, % 10
Price of bioethanol, EUR t' with price support 756
Price of DDG, EUR t! 135
Capital cost of conversion, MEUR 32
Operating costs, MEUR v 2.7
374 Key output parameters

Variahle Base case
WW producers net margin, EUR ha! 321
WW producers NPV, EUR ha'* 3497
Conversion NPV, MEUR -3.0
Conversion IRR, % 8

375 Sensitivity analysis

3.7.5.1 Production

The yield quoted in the IPEP data is 0.32 tha” y", which we believe is an error. We have assumed the yield isinfact 3.2 tha'! y''. The production
system in Befarus s lower input, and this value is consistent with the yields from other low input systems. If the yield could be increased by a factor
of two without increasing the harvesting costs, then the farmers net margin would increase substantially. However, it is unlikely that the necessary

inputs would be procured in Belarus.

high input low input
At 160 EUR £ seed.
Yield, t/ha at 16% moisture 6.4 3.2
Management cost, EUR/ha 236 22
Crop suppliers net margin, EUR/ha 600 321
Crop suppliers NPV, EUR/ha 6540 3497

The price of grain quoted in Belarus is very high, and makes the cost of bicethanol higher in Belarus than in W.Europe. The model was therefore run
using the W.Furopean price for grain, the price which gives Belarussian farmers 150 EUR ha"! margin and the marginal price {or waste starch of 10

'_ic transport costs do not vary much for tke distances considered, and all are lower than for transport in W Europe. However, this assumes that there
is a suitable network of roads for transport in the grain producing region.

3.7.5.3 Conversion

'Ib'he effect on the cost of bioethanol of changes in the price of grain as feedstock and the price achieved for the by product DG have been considerad
above.

Most recent advice is that if a plant were to be built at a greenfield site, then the capital cost of the plant would be close to that in W.Europe. We have
therefore used the full W.E!_1r0pean cost as the base case, and also looked at 80 % of that cost . We do not know the current grain processing set up in
Belam§, zut itis pgss1blt: with the amount of grain currently produced in Belarus that large processing plant already exists. If the bioethanol plant
were sited at an existing starch processing facility, then the capital cost of the plant would be reduced to thy i i

were sited at an existing st p ' o the cost of the fermentation equipment,

Capital cost, MEUR 32 26 18 18 i8
Feedstock price, EUR t* 110 110 110 160 10
Cost of bioethanol, EUR t* 585 350 505 700 115

EUR ha™.

Price of wheat, EUR t” seed 10 107 110 160
At 3.2 t ha'! wheat seed
At 135 EUR £ DDG
Crop suppliers net margin, BUR ha™ -159 151 161 321
Crop suppliers NPV, EUR ha’ -1734 1648 1754 3497
Cost of bioethanol, EUR t 200 575 585 T80
At 135 BUR t! for DDG

To achieve 2 margin of 150 EUR ha’, the price of grain must be a¢ least 107 EUR t!, leading to a bioethanol cost of 575 EUR t!, assuming by-

product income is also obtained
In the USA bioethanol plant are being built next to starch processing plant, and using low value starch as feedstock. If the feedstock is essentially a
‘waste’ product available at 2 nominal charge of 10 EUR t”, then bioethanol can be produced for 200 EUR t' in Belarus,

3.7.5.2 By product income

Price for DDG, EUR t* 0 10 135

cost of bicethanol, EUR t 730 655 585

No price for DDG was given for Belarus. [n the base case we assume it is similar to the 'W.European value for animal feed of 135 EUR tL A,
however, the price is lower by a factor of two in Belarus, this leads to an increase in the cost of bicethanol of about 12 %. It is possible that the DDG
may exceed the limits set for contamination of feedstuff, in which case it cannot be sold. In fact it will then lead to a fusther cost for disposal. In this
case the cost of bioethanal will be at least 25 % higher than in the base case.

For the large scale plant, and particularly at the lower yields achieved in Belarus it is likely that the transport distances will be greater than 40 km. The
table below shows the effect of the larger transport distances. The speed given for the Belarnssian vehicles is 30 kpm average, for 2 5 km journey. We
assume this will be maintained for a 40 km journey, but will increase to 56 kpm for journeys of 80 km ot mors.

Transport distance, km 40 80 100
30 kpm av 56 kpmav 536 kpm av
Transport cost, EUR t 55 5.6 7.0
Crop suppliers net margin, BUR ha™ 321 320 316
Crop suppliers NPV, EUR ha” 3497 3490 3442
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’ljhe table shows that the greatest effect on the cost of bicethanol is the price of the feedstock. Unless this is essentially a waste product produced on
site and transferred at a nominal cost to the fermentation plant, the production of bioethanol requires a subsidy.

3.7.6 Conclusions

¢« The s?ale of p%ant considered requires 28000 ha™ wheat production. This is more than half the current production in Belarus, We do not know if
there is potential for further wheat production on this scale for bioethanol production.

¢ Agsuming the potential for wheat production exists, then if the farmers are to make a reasonable retura on their crop, the bicethanol produced
must be subsidised.
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Economic modelling of small-scale decentralised
electricity production in Belarus
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1 The ECOP-model .

A fuil description of the ECOP-madel can be found in the deliverable Main economic parameters for the growing and the conversion of willow SRC:
overview and sensitivity analysis (Goor, 1998). In this model, both production and conversion are run together, for example by one farmer, a farmers’
ce-operation, a community. The pilot gasification plant described in this deliverable has actually been set-up being conmsidered for decentralised
electricity production at peak electricity demand (high availability, low production, kigh revenue per kWhe)

2 Model hypotheses (reference case)

. The reference case assumes an interest rate of 10 %, a retation length of 3 years during 8 rotations {no cut-back after 1 year), a density of 15 000
cuttings ha” (price of cuttings : 0.062 EUR), mechanical plantation with an adapted planter (initially built for harvest of vegetables) and harvest
with an adapted local forage harvester (special head : circular saws).

¢ Machinery and workforce characteristics were chosen as close as possible to common values in Belarus; they were taken from economic models
databases (RECAP, ECOP)} and from the data provided by IPEP. Cost of local machinery was used if the related data were available. If not a
price ratio West/Belarus of 5 was used. Specialised machinery was quoted at import price.

*  The gasification system for electricity production was of 350 kW capacity. Its cost price was calculated from the ratio of the prospected cost of
an 830 kW gasifier (data from IPEP: 16 500 EUR) and the cost of a gasifier of the same capacity in Belgium: 388 375 EUR). This ratio of 23.5
obtained was then used to calculate the cost of 2 350 KW gasifier in Belarus (11 000 BUR). This factor 23.5 difference in costs was considered
very high since some of the gasifier components may have to be imported. Therefore a safety factor of 3 was applied, finaily giving a plant cost
of 33 000 EUR.

*  The chips are assumed to be stored in existing barns; no storage building costs are therefore considered.

= For each operation, the salaries are calculated considering ane engineer (0.5 EUR &™) and as many workers (0.3 EUR b as necessary.

*  Neither inflaticn ner land cost are taken into account. All the commen agricultural tools (tractor, soil preparation tools, etc.) are supposed 1o be
the farmer’s own property (no renting costs). :

e The SRC is growa on “sujtable" land (¢.g. peaty soiis); the expected yield corresponds therefore to the common reference value (12 th' v for a
well-established plot —i.e. from 3 years after plantation).

#  The power piant capacity is 350 kW and electricity is produced all along the.year at 75 % availabifity. Considering the global consumption per
capita (total =970 kWh per inhabitant v}, the k'Wh produced are suffient to supply electricity to a smaif village of more or less 2400
inhabitants (decentralised production). This production requires 230 hectares of SRC plantation (considering average annual yield of 12 t ha™)

¢ The cost of electricity (required for SRC production) has been fixed at the domestic price (0.0032 EUR ¥Wh'™"). The seliing price of the

" electricity produced in the gasifier is difficuit to determine a priori (decentralised production of electricity in small-scale gasifiers does not yet
exist in Betarus). The model was run with the industrial price (0.034 EUR ¥Wh'™). None of the cases modeled was profitable at the domestic
electricty price of 0.0032 BUR kWh'. . .

*  No subsidies are considered to evaluate the production, storage, transport and crushing costs. The project profitability could also be evaluated
considering a land subsidy of 100 EUR ha* y all along the SRC plantation lifetime (in order to compensate the loss of profit due to soil
contamination}. This value of 100 EUR corresponds to the potential net revenue of a wheat grown on the same soil (yield: 2.8 tons ha™! grain;
seHing price: 0.18 EUR kg grain ~ IPEP data), ) _ '

. Financing of the conversion plant (gasifier + engine) is considered over 24 years with an annual repayment at ¢ % interest.

. Before plantation, chemical fertilisers and organic manure are applied (common agricultural practice in Befarus). The crop is also fertilised after
each harvest to compensate for the exports with the stems harvested. Weed control and pesticides are applied according to Belgian practice.

e Net present value (NPV) and internal rate of return (IRR) were calculated. For information on terms see Annex 1.

3  System profitability and sensitivity analysis

The relevant parameter values are presented for the reference case described above. The influence of changing some pafameters is then studied. Only
the values that have been changed are presented.

3.1 Harvesting method

A land subsidy makes the project profitable. The total subsidy (all along the SRC plantation lifetime) is

EUR (which is hardly realistic since it corresponds to 18-fold the gasifier-building cost).

3.3 Gasifier building cost

1100 EUR ha y™' # 230 ha * 26 ¥ = 598 000

Variahle 33 000 EUR ¢ref.) 11 000 EUR 258 500 EUR
IPEP estimate x 3 IPEP estimate Belgian estimate
NPV (global) -100 308 EUR -42 167 EUR -692 091 EUR
NPV (ha™) -431 EUR -181 EUR -2973 EUR
IRR (global) 4.86 % 7.95 % not caleulated (<0)

The project is not profitable, even with low local building costs for the gasifier if a giobal IRR of at least 10 % is required. The sitnation is obviously
worse when the building cost of the SRC-Gazel pilot gasifier (Belgian reference) is considered .

3.4 Cuiting price

Variable 0.662 FUR (ref.) 0.025 EUR 0.1 EUR 0.00035 EUR’
SRC cultivation 22.35 EUR codt™ 15.50 EUR odt! 29.20 EUR odt™ 25.55 EUR odt™
NPV (global) -100 308 EUR 66 389 EUR -150 723 EUR 79 606 EUR
NPV (hay -431 EUR 285 EUR -647 EUR 342 EUR
4.86 % 14.94 % 442 % 20.11 %

IRR (global)y
* Frice of cuttings produced mantaily from one-year old SRC pIanEHoR 1 Belans

The price of cuttings direetly produced in Belarus has been calculated as follows ;
¢ Workforce required for SRC manual harvest : 92 h ha™

¢ Preparation of cuttings: 83 h ha™*

¢ Ideally, cuttings should be made taken from 1-year old plantations. At this stage, plants have 2 stems {(on average) and 5 cuttings of 20 cm
can be obtained from each stem, which means 10 cuttings plant™ or 130 000 cuttings ha™ (initial planting density : 15 000 plants ka).
e  Time to prepare and handle cutting: 2 seconds per cuttings or 83 h ha™.

The total time required to produce the 150 000 cuttings from 1 ha is 92 + 83 = 175 ha™ . Since for plantation 15 000 cuttings ha ' are needed, it

follows that preparation of own cuttings will require 17.5 h ha™
5.25 EUR ha™ or 0.00035 EUR cutting™. It should be noted that

. Since the salary of a worker in Belarus is 0.3 EUR h™, this comes down to cost of
this cost does not include the cost of machinery {circular saw, ...} nor the transport

cost. Further, if high-yielding varietics were imported from Europe, there are often breeders’ rights on these varieties which implies that these willows
can only be propagated if a certain amount (is Evrope 0.01 EUR per cutting) is paid to the breeder.

The price of SRC production varies from 15.50 to 29.20 EUR odt" when the price of cuttings is multiplied by a factor 4 (from 0.023 to 0.1 EUR
cutting™). NPV and IRR values show that the global project is profitable for low prices of cuttings, particularly when the cuttings are locaily
produced. The impact of the price of cuttings on the NPV is concentrated on the three first years (i.e., the crop establishment phase).

It the capitai cost of the conversion unit would be the prospected Belgian capitai cost, the system is not profitable, even not at the lowest cutting price

{datza not shown)

3.5 SRCyield

Variable 12 t ha (ref.) 10.5t ha’ 6 tha®

Surface required 233 ba 265 ha 460 ha
SRC cultivation 22.35 EUR odt” 25.53 EUR odt” 44,70 BUR odt”
SRC transport 0.75 EUR odt™ 0.75 EUR odt?! 0.75 EUR odf*
SRC storage 0.08 EUR odt™ 0.08 BUR odt” 0.10 BUR odr”
NPV (glohal) -100 308 EUR -151 027 EUR -397 129 EUR
NPV (hah) , -431 EUR -568 EUR __ -853EUR
IRR (glohal) 4.86 % 202 % not caleulated (<0} |

Variable Harvest in chips (ref.) Manual harvest Harvest in sticks
SRC cultivation 22.35 EUR odi™ 19.88 EUR odf™ 24.35 EUR odt”
SRC transport 0.75 BHR odt! 0.58 EUR odt™ .58 EUR odr*
SRC storage 0.08 EUR odt! 0.10 EUR odt” 0.10 EUR odt!
SRC crushing 0.00 EUR odt?! 5.63 EUR odt" 5.63 BUR odt”
NPV (global) -100 308 EUR -141 881 BUR -210 937 EUR
NPV (ha™) -431 EUR -044 EUR 957 EUR
IRR (glohal) 4.86 % 1.80 % not calcufated (<0}

Frem SRC production to SRC crushing, the option “harvest in chips” is globally cheaper than manual harvest or harvest in sticks. The production cost
is, however, lower for "manual harvest”. The first option (harvest in chips) is interesting for Belarus because it can be carried out with locaf ~
machinery. A more detailed analysis comparing the impact of workforce and machinery cost (data not presented) sensitivity analysis revealed that the
lower global production cost in case of manual harvest is not only due to the very low workforce cost, but rather to the important difference between
costs of workforce and machinery. The values for the NPV and IRR show the project is not profitable for the conditions evaluated

3.2 Land subsidy

Yariable No subsidy (ref.) Subsidy: 100 EUR ha'a™
SRC cultivation 22.35 EUR odt™ - 10,33 BUR odt”
SRC transport 0,75 EUR odt” 0.75 EUR cdt™
-SRC storage 01.08 BUR odt™ .08 EUR odr’

SRC crushing 0.00 EUR odt™ (.00 EUR odr!

NPV (global) -100 308 EUR 90 427 EUR

NPV (ha™) -431 EUR 388 EUR

IRR (riobal) 4.86 % 14.49 %

-The SRC yield has an important effect on the area required to supply the gasifier, which influences SRC production cost (more cuttings; more surface
to prepare, plant, maintain and harvest) and SRC transport caost (longer travels),
Since project profitability was not acceptable under reference case conditions with the higher yield, it is clear that project profitability will worsen
with even lower vields.



