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Definition: “Short Rotation Crops
“Short Rotation Crops” means woody crops such as Willows, Poplars, Robinia and Eucalyptus
with coppicing abilities as well as lignocellulosic crops such as Reed canary grass, Switchgrass
and Miscanthus.

Obijective:
The objective of the Task is to acquire, synthesise and transfer theoretical and practical knowledge
of sustainable short rotation biomass production systems and thereby to enhance market
development and large-scale implementation in collaboration with the various sectors involved.

Themes:
Linking producers and markets
SRC: Climate change and ecosystem services
Improving and optimising production systems
Energy, agriculture and environmental policies for SRC
Competition for land and water resources
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Efficiency in the production of short-rotation crops for energy
generation isincreasing rapidly as aresult of advancesin plant
breeding, agronomy, management logistics and conversion
December 2008 technology. Biomass productivity in short-rotation cropping
systems exceeds, by an order of magnitude, the productivity
of conventional systems designed originally for other purposes.
Due to advancesin resource utilisation and recycling, methods
of producing short-rotation crops for bioenergy are being
developed into sustainable systems. In most countries, the
implementation of recently-devel oped technological knowledge
has been slow. Thisis apparent from the large discrepancies
that exist between experimental and commercial results. Future
large-scale and sustainable provision of biomass, when grown
specifically as an energy source, can be realised through further
development and the implementation of efficient short-rotation
cropping methods.
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Introduction

Short-rotation crops grown for energy consist of non-woody or woody plant species which produce significant
amounts of biomass over arelatively short time period. The plants may be annual or perennial and include
trees grown in short rotations. Tree crops may be grown under coppicing systems (willow, poplar and
eucalypt species), or in single-stem plantations (hybrid poplar and eucalypt species) with arotation length
of 6-12 years. Plantations are often located on former agricultural 1and. Biomass suitable for energy purposes

is grown as a single product, or as a significant component of the harvested material.

Short-rotation bioenergy crop systems are similar in many respects to current agricultural production systems.
The technology and infrastructure used on farms can be used directly in the production of biomass for
energy from herbaceous annuals (e.g. oil crops and cereals) and perennial leys (e.g. switchgrass and el ephant
grass or Miscanthus). For woody perennial crops, minor adaptation of agricultural equipment can be made,
or forestry equipment can be used. Short-rotation crop systems differ from conventional forestry because
management must be more intensive and harvesting more frequent.

In general the term “efficiency” refers to the input/output ratios of main-system variables. These can often
be integrated. The efficiency of an entire bioenergy system depends on many factors, including conversion
into other energy carriers. This report is confined to biomass production and efficiencies associated with
short-rotation biomass cropping. The main aspect to be considered is the design of systems that have ahigh
net energy-yield and optimal performance in relation to other ecosystem services. For present purposes,
biomass production (kg/halyr) can be regarded as the output, and different inputs (e.g. amounts of energy
and other resources such as land, nutrients and water) can be assessed to indicate where efficiency can be
increased.

The main driver for improvement of efficiency in biomass production is the need to reduce costs. A lower-
priced product will be more competitive with fossil fuels, and would allow competition with other means
of land use. Other drivers include social and environmental concerns such as diminished availability of
water, nutrients and a reduction in biodiversity. The efficient use of nutrients, water and land is an

important contribution to the sustainability of biomass production systems (Figure 1).
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Background

Three aspects of the production of biomass for energy purposes are commonly considered to limit uptake

of the current technology:

1. Land-use efficiency islow and cropping interferes negatively with the production of other commodities
such asfood and fibre.

2. The use of resourcesisinefficient and compromises sustainable development (Reijnders 2006).

3. Costs are too high for biomass to compete with fossil fuels as a source of energy.

During the last decade many different methods have been developed for the assessment of crop production
efficiency. They include the measurement of biogeophysical variables (land, water, nutrients and light) and/or
socio-economic parameters. Different types of life-cycle assessment, environmental impact assessment and
overall energy-balancing have been applied. Several methods for complex integrated assessments allow
comparison of production costs, but in many cases these fail to capture the value of rural and environmental
benefits.

Most energy cropping systems are new and under development. Because of this, emphasis is placed on
efficiency indicators that are directly linked to processes involved in biomass production and &l so to processes
operating on a spatial scale that influence the practical management of short-rotation crops. Assessment of
the basic parameters shows where the production system needs to be altered in order to meet requirements

for economic performance and criteria for sustainability.

The major determinants of biomass production per unit area are macro-environmental factors (soil and
climate), crop management (modification of the micro-environment by means of tillage, irrigation and
fertiliser treatment) and the genetic constitution of the plant material. Inputs such as water and nutrients are
used to increase the efficiency of light-use by the crop. Plant-breeding programmes are aimed at minimising
production losses caused by pests and also at the optimization of metabolic resource alocation to increase
the amount of harvestable (above-ground) biomass. Comparison of the management of natural stands with
management of plantation forests and agriculture shows that the fastest gains in production per unit areaare
made in agriculture, closely followed by short-rotation plantation forestry. The gains are mainly due to site

improvement (weeding, fertilisation), pest and disease control, and advanced breeding. Although they are
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Figure 1: Lysimeter bunker, Uppsala, Sweden

often associated with large inputs of work and physical resources, current technological developments are
pointing the way to design of systems that are more energy- and cost-efficient, with potential for operation
on aglobal scale (Berndes et al. 2003; Mead 2005; EEA 2.

Water stress is currently estimated to reduce crop yield by 65% globally and by more than 80% in many
developing countries ( Figure 1). For example, even in temperate regions with moderate precipitation (e.g.

Sweden), water availability limits short-rotation willow yield in many areas (Lindroth and Béth 1999).

Projected climate change (IPCC 2006) is likely to aggravate this situation, increasing
the need for genetic improvement of water use efficiency in energy crops or for wider

use of C4 species such as sugarcane, corn, sorghum and switchgrass (see below).

Land-use efficiency

Most of the world's agricultural crops are grown on short rotations, and the efficiency of these agricultural
systemsisillustrated by the fact that 90% of the world's food supply is produced on a small percentage of

the available land area. Many agricultural crops play an important role as “non-dedicated energy crops”.
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Residues from crops originally grown for purposes other than biomass for energy (e.g. straw, sugar cane-
bagasse, rice husk, etc.) form avast resource for the energy industry and provide additional incometo farmers.
Although it is possible to increase the total biomass production of these crops, breeding goals usually have

a different focus (higher protein and starch content, high grain-to-straw ratio etc.).

In terms of land-use efficiency, developmentsin global forestry mirror those in agriculture crops. Less than
5% of the world's forests are plantations and these now produce more than 25% of global industrial roundwood.
They also generate vast amounts of residues that can be used by the energy sector. Although residues from
conventional forestry are less land-use efficient than short-rotation crops, they can make a substantial
contribution to regional energy supplies if alarge land-base is available. In Sweden, for instance, forest

harvesting residues satisfy aimost 20% of the national energy demand.

In terms of net biomass productivity per unit area, short-rotation forestry crops are up to 20 times more
productive than most natural or extensively-managed forests. In many instances they match production levels
of the best-performing traditional agricultural crops. Agricultural records show that annual yield increments
of up to 1% can be sustained over many decades. Several scenario studies use linear extrapolation for

estimation of futureyield.

Land-use efficiency in
biomass production is
limited by the availability
of light, water and

nutrients (Figure 2).

Figure 2: SUNY physiological research in willow plantation
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Supplies of water and nutrients are often restricted; if they are not, physiological constraints will eventually
limit yield increase. While European cereal yields have been rising steadily over many decades, cereal

yieldsin Africareached a plateau long ago, due mainly to shortage of fertiliser.
Light-use efficiency

In photosynthetic plants, productivity can be defined as the conversion of solar radiation into potential
energy contained in plant dry matter. Dueto the earth’s geometry and the scatter of radiation in the atmosphere,
most solar energy never reaches the growing site. Only half of the incoming radiation has the wavelength
captured by photosynthesis, and the quantum-use efficiency of photosynthesisisrelatively low. Due to these
uncontrollable factors, only about 0.5% of solar energy can be fixed in the annual harvestable dry matter

increment of a plant crop.

A harvest of 10 tonnes of dry matter can be regarded as part of atotal carbohydrate production of over 30
tonnes/halyr. How do we account for the other 20 tonnes? In many vegetation types, most of the energy
incorporated through photosynthesisis used in metabolic processes such as respiration, or alocated to parts
of the plant that are not harvested. In order to obtain maximum conversion of solar energy into biomass,
the ideal short-rotation crop should have firstly the smallest possible difference between gross and net
productivity, and secondly the ability to allocate the largest possible proportion of resources to easily-
harvestable plant parts. Pathogens and predators may consume biomass or decrease biomass production,
thereby reducing the real or apparent light-use efficiency of the system. These factors can be addressed in
order to improve the productivity of short-rotation crop systems, either through plant breeding and choice
of varieties, or by managing the site in such a way that respiration and allocation patterns are modified.
When the growing system is designed to yield specific plant components, breeding and genetic techniques

are used to change internal plant resource-allocation.

Although the photosynthetic pathway will eventudly limit light-use efficiency in cropping systems, constraints
on biomass production are usually dueto lack of the water and/or nutrients needed to maintain the maximum

photosynthetic capacity of the system.
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Nutrient-use efficiency

Traditional agriculture has undergone arevolution through the development of synthetic fertilisers. In nearly
all parts of the world, nitrogen availability has limited biomass production, and in many regions productivity
has been constrained by lack of phosphorus. Depending on crop and region, productivity has also been
limited by inadequate supplies of potassium, calcium, and other elements. In general, there is a strong
interaction between the availability of plant nutrients and soil pH. In the absence of an adequate supply of
water, the effect of fertiliser treatment on crop productivity islow or non-existent. Nutrient-use efficiency
(defined as the ratio of biomass to nutrient) drops rapidly and is costly if factors other than nutrients are

limiting.

Deposition of nitrogen compounds from the atmosphere has increased biomass productivity, especially near
urban areas, and this has reduced the need for nitrogen fertiliser. The availability of nitrogen-rich waste (e.g.
sewage sludge) provides opportunities for the recycling of nitrogen in the urban-rural environment. In some
areas, the abundance of nutrient-rich sludge and waste-water has triggered the establishment of short-rotation
crops for bioenergy purposes.

L eaching and nutrient run-off are major problems in traditional agriculture and in the growing of annual
short-rotation crop species. Precision farming and careful timing of fertiliser treatment can minimise losses
and will increase nutrient-use efficiency. Progress is being made on a landscape scale by the placement of
buffer-zones around heavily-fertilised areas. Another option, already in use, isthe diversion of nutrient-rich

surface water from agricultural areasinto energy plantations.

Nutrient removal at harvest is greater for annual herbaceous plants than for woody crops. For perennial
herbaceous crops, techniques have been devel oped whereby more nutrients can be | eft on site after harvesting.
If the harvest is delayed i.e. postponed from autumn until spring, nutrients are retained and remain available
for the next rotation. The harvested product also has better burning characteristics (reduced corrosion potential
and lower ash content). The harvesting of woody crops grown on agricultural sites poses few problems with
regard to nutrient removal, but greater nutrient-use efficiency can be achieved by extraction of larger stems,

which have a smaller proportion of nutrient-rich bark. Winter harvesting should also be encouraged.

Nutrient-use efficiency can be increased by growing nitrogen-fixing plants. Alnus, Acacia and Robinia have
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been grown successfully as short-rotation tree crops in nitrogen-deficient soils. The use of ley mixtures
containing Trifolium or other herbaceous legumes is now developing rapidly, the product being especially

suitable as araw material for anaerobic digestion.

During the last decade considerable technical progress has been made in the development of efficient and
sustainable nutrient management guidelines for short-rotation cropping. Unfortunately, progressin the
implementation of best—practice methods is lagging behind. For example, a recent inquiry revealed that
recommendations for fertiliser treatment had not been followed in more than 95% of the commercial willow

plantations in Sweden.
Water-use efficiency

It is often stated that the efficiency of water-use by fast-growing energy cropsislower than that in conventional
agricultural systems. This is amisconception arising from the fact that fast-growing (energy) crops use a
large amount of water. It isalso afact that the amount of water used per unit of biomass produced issimilar
for energy crops and conventional crops. Consequently thereis little difference in water-use efficiency. If
biomass for energy is produced with the same land-use efficiency, water use per unit of biomass will not

exceed that of conventional crops.

A major cause of water shortagein several regions of theworld is related to lack of vegetation cover, which
leads to soil erosion and rapid run-off of precipitation. A decrease in the water-holding capacity of soils
and vegetation reduces the availability of “green water”. Thisis water needed for evapotranspiration and
cell growth processes. Decreased availability of green water sometimes necessitates the use of “blue water”

from waterways for crop irrigation, and this may lead to competition for resources.

Genetic variability in water-use efficiency is a feature of many short-rotation crop species. It isatrait for
which selection can be made in plant-breeding. Two different photosynthetic pathways (C3 and C4) have
been observed in short-rotation crop species and it has been established that the C4 pathway is generally
associated with higher water-use efficiency. The faster-growing C4 species usually tolerate higher temperature

regimes.
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Selection of short-rotation crop species can be tailored to local water availability. If a short-rotation crop is
established on a degraded site, it may eventually increase the water-holding capacity of the soil through
deposition of organic matter. Specific guidelines for the use of short rotation cropping to regulate the water-
cycle are being devel oped in regions with salinity problems. Increasesin the level of saline water tables can
be counteracted by growth of short-rotation crops which use more water than is received through precipitation.
This can be done either in a spatial mosaic, allowing parts of the land to be used for traditional agricultural
crops (e.g. alley farming), or in atemporal sequence in which short-rotation crops are used to lower the
water table and then replaced with traditional agricultural crops (phase-farming).
Biomass production for energy or other purposesis aways closely related to the water cycle. Thisrelationship
should be considered on a landscape scale and can be used in water management. Given ongoing and
anticipated changesin climate, thereis an increasing need for examination of water-use efficiency in short-
rotation cropping, and for biomass production in general to be integrated with the use of water for other

purposes.

Cost efficiency

There is a perception that most of the above efficiency categories are based on misleading economic
numerators, and that monetary units, rather than resource utilisation per unit of biomass, should be used to
measure the efficiency of bioenergy production. Although this view is valid for analysis of stand-alone
supply-and-demand markets, it cannot be applied here. The energy market is strongly interlinked with other
markets that are not only energy-dependent but also influenced by “negative costs’ arising from use of fossil
energy. This fact becomes obvious during consideration of the “costs’ of climate change and the costs of

subsequent changes in ecosystems that will affect supplies for many commodity markets.

Cost-efficiency analysis can be useful for the detection of specific parts of the biomass production chain that

can be improved easily. It can also be used to predict the effects of scale on the performance of new crops.

Major findings related to the implementation and commercialisation of new energy crops are (1) that the
technical development of equipment (e.g. planting machines and harvesters) tends to proceed rapidly and
may reduce specific costs by 50 -70% over adecade and (2) that large-scale implementation leads to improved

cost-efficiency in many parts of the production chain.
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In 2004, Volk et al. concluded that “valuation of environmental and rural development benefits associated
with woody cropsis essential for the creation of acommercial enterprise”. Thisis certainly true for many
of the short-rotation crops in which biomass for energy is a by-product, and economically-viable systems

are currently being developed for crops grown specifically for bioenergy.

The overall cost-efficiency of a biomass production system is an aggregate of specific costs for resource
inputs such asland, water and nutrients. It will therefore be influenced by further technological developments

related to these components.
Integration of efficiencies

Integration of the different biogeophysical efficiency measurementsfor agrowing system can be accomplished
by standardization of relationships against acommon numerator, usually a monetary unit. Nowadays, the
consideration of growing systems has to include aspects of sustainability. This meansthat (1) the time period
over which a system is assessed must be greater than that usually applied in the economic evaluation of a
commercia enterprise (2) additional values such as environmental and indirect rural benefits should be
included in the analysis. The perception that “sustainability comes with a cost” will favour non-sustainable

practice if the matter isleft to conventional market forces.

Methods for improving the efficiency of different components of cropping systems often conflict with each
other. Lewandowski and Schmidt (2006) have reported incompatibilities in the maximization of nutrient-
use efficiency, energy-use efficiency and land-use efficiency in severa energy crops. The production system
should therefore be assessed in its entire operational context, and socio-palitical factors should also be taken

into account during system optimization.
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Conclusions and Recommendations

The capacity of short-rotation cropping systems for biomass production greatly exceeds that of natural, semi-
natural and conventional biomass production systems. Most |EA Bioenergy member-countries have defined
policiesrelating to current land use, climate, and environment. If compatibility with these policiesisto be
maintained, the implementation of large-scale, resource-efficient, and sustainable short-rotation cropping

systems offers the only means of satisfying increasing demand for biomass as an energy source.

Methods for optimising biomass production systems for energy purposes can be based on consideration of
the efficiency of use of biogeophysical resources during plant growth, and on socio-economic factors.
Maximization of the efficiency of use of one or several of these measures often conflicts with maximisation
of the efficiency of others. A systems analysis approach is therefore needed for overall assessment and

integrated optimisation.

Optimisation criteriavary from crop to crop. They are subject to socio-political opinion concerning production
systems and the land they occupy, and they are also dependent on the length of the time period for which
an assessment isvalid. Sustainability features, including the long-term effects on resources and environmental
impacts, are an integral part of the assessment, given the current policies of most IEA Bioenergy member-

countries.

Although it isagreat challenge, the bringing together of many skills needed for development, optimisation
and implementation of short-rotation crops is seen as an essential contribution to the maximisation of
efficiency of resource utilisation. The current IEA Bioenergy Task 30 amalgamates awide range of perspectives
from research institutes, commercial stakeholders and decision-makers in member-countries in order to

achieve this purpose.

Traditionally, efficiency in biomass production has been increased through the breeding and cultivation of
crop plants, or by maximisation of the yield of specific crop components. Further advances in energy crop
production systems can undoubtedly be made through research and the development of methods for efficient
resource use. These must include the integrated assessment of all relevant biogeophysical and socio-economic
factors. Work by an interdisciplinary team of scientists, stakeholders and policy-makersis required if the

potential of short-rotation crops grown for energy purposesis to be realised.
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