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Abstract 
 
Miscanthus Giganteus is a rapidly growing perennial grass utilizing C4 photosynthesis that is 
a promising candidate as a raw resource for “second generation” biofuel production. This 
study seeks to determine the long-term sustainability, from a water balance perspective, of 
cultivating this plant in different climate zones. CoupModel, a model for the soil-plant-
atmosphere system, is utilized to model M. Giganteus and simulate its cultivation over a 30-
year period at four sites in Europe, each representing a different climate zone. A future 
climate scenario building on historical climate data together with projections for monthly 
changes in temperature and precipitation, as modeled by the HadCM3 global climate model in 
the A2 emission scenario, is then created and used for another simulation at each site. The 
growth, yields, and water balances in each simulation are analyzed and compared. The highest 
yields and water use efficiencies are achieved in the warmest climates, but the most 
sustainable zones when taking water balance into account are the more humid ones. The 
humid continental, Dfb, zone and the humid subtropical, Cfa, zone are determined to be 
sustainable in the long-term for cultivation of M. Giganteus. 
 

Sammanfattning 
 
Miscanthus Giganteus är ett snabbväxande perennt gräs med C4-fotosyntes samt en lovande 
kandidat som resurs i tillverkandet av andra generationens biobränslen. Denna studie syftar 
till att bestämma den långsiktiga hållbarheten av odling av denna växt i olika klimatzoner ur 
ett vattenbalansperspektiv. CoupModel, en datamodell som simulerar systemet “jord-planta-
atmosfär”, används för att simulera M. Giganteus och dess tillväxt över en 30-årsperiod för 
fyra platser i Europa vilka alla representerar en klimatzon. Ett framtida klimatscenario som 
bygger på historisk klimatdata tillsammans med projektioner för framtida månatliga  
förändringar i temperatur och nederbörd, framtaget av HadCM3 för IPCC:s utsläppsscenario 
A2, tas sedan fram och används för att göra ytterligare en simulering för varje plats. Plantans 
tillväxt, skörd och vattenbalans för varje simulation analyseras och jämförs. De högsta 
skördarna och högst vattenanvändningseffektivitet uppnås i de varmaste klimaten, men de 
mest hållbara zonerna för odling av M. Giganteus när vattenbalansen tas hänsyn till är 
zonerna med mest nederbörd. Dfb-zonen, med fuktigt inlandsklimat, och Cfa-zonen med 
fuktigt subtropiskt klimat bedöms vara långsiktigt hållbara för odling av M. Giganteus. 
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1 Introduction 

1.1 Background 

The population of the earth increases and at the same time more people achieve a higher 
standard of living. To meet the growing demand associated with this, more energy and 
resources are required. However, in light of a changing climate, it is essential to switch from 
fossil fuels and meet these demands with renewable energy. This need has in turn greatly 
increased the demand for biofuels in recent years, which is predicted to experience continued 
high growth. The International Energy Agency (IEA) estimates that the consumption of 
biofuels in 2030 will have increased to almost five times the level of consumption in 2006 
(2008).  
 
However, studies have shown that biofuels might have a greater negative influence on the 
climate than the fossil fuels they are replacing, depending on previous land use for the land 
converted to cultivation of biofuel crops (Searchinger et al., 2008; Fargione et al., 2008). If 
the converted land previously was agricultural or forested land, this change might have 
negative impacts on the carbon balance manifested in CO2 emissions released to the 
atmosphere (Field et al., 2008). The magnitude of these emissions depends both on previous 
and current land use, including the type of vegetation in both cases (Field et al., 2008). 
Converting land used for agricultural production might lead to deforestation somewhere else 
due to higher food prices induced by this land use change (Field et al., 2008). 
 
To meet the energy demand with biofuels and at the same time reduce greenhouse gas 
emissions compared with fossil fuels, it is important that the climate-negative impacts related 
to the land conversion are avoided (Fargione et al., 2008). It has therefore been proposed that 
perennial plants could be grown on marginal lands, including abandoned and degraded 
cropland, to fulfill these requirements (Field et al., 2008; Fargione et al., 2008)  Tilman et al. 
(2006) has shown that the carbon content in the soil can increase when perennial grasses are 
grown on degraded agricultural lands. That is, perennial grassesand specifically their root 
systems can act as a carbon sink when grown in the right location. 
 
However, the concerns regarding the sustainability of growing plants used for biofuel 
production do not end here. Cultivation of crops in general requires large amounts of water, a 
need which can be met by precipitation, irrigation, or a combination of both. Changes in the 
climate, manifested in higher temperatures and/or shifting patterns of precipitation, might 
increase the water demand for crops, including crops for biofuel production, in certain climate 
zones (The World Bank, 2009, p. 21). Due to this potential increase the pressure on water 
resources will intensify, which may lead to conflicts between water withdrawal for drinking 
and food production, depending on the local situation. There are studies pointing out that 
water will be the limiting factor for the size of the crop yield used for biofuels in the future 
(FAO, 2008 cited in Ravindranath, et al., 2011). 
 
When there is a shortage of water for food production and drinking water, it cannot be 
considered socially sustainable to use water for the production of fuel, considering that clean 
drinking water has been formally declared a human right by the United Nations (UN Office of 
the High Commissioner for Human Rights, 2010). With this in mind it is important to 
consider the effects of a changing climate on the water needs for a crop used for biofuel 
production. There is a very real possibility that biofuel production will not be sustainable in 
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parts of the world where there is today a functioning system. In order to determine the long-
term sustainability of cultivation of crops for biofuel production it is important to consider 
how the growth of these plants, in the light of a changing climate, affects the water balance. 
 
In this study a model for simulation of the plant-soil-atmosphere system, CoupModel 
(Jansson & Karlberg, 2010), is utilized as a tool in order to evaluate the effects of potential 
future climate scenarios on the water demand for the perennial grass Miscanthus Giganteus 
(M. Giganteus), in comparison with historical scenarios in different climate zones. 
 
The report first covers the purpose and the aims of the study followed by a theoretical 
background, a description of the COUP model, a description of the climate zones, the 
parameterization of the plant, and the weather data used in the simulations. Then the report 
presents the results from the simulations, including the water balance at the sites and the 
yields obtained, and an analysis if the results. Subsequently the results and analysis are 
discussed along with other issues raised within this report. Finally, the conclusion section 
presents conclusions drawn from the results and discussion. 

1.2 Purpose 

The purpose of this study is to determine the long-term sustainability, from a water balance 
perspective, of cultivating M. Giganteus in different climate zones. 

1.3 Aims 

The aims of this study are as follows: 
. 
1) A description and literature review of M. Giganteus as a potential biofuel crop. 
 
2) An identification and description of four different climate zones in Europe where 
cultivation of M.Giganteus for biofuel production is possible under present climate 
conditions.  
 
3) The identification and description of four sites, one in each climate zone, with the potential 
for agricultural activities and with available, verified historical climate data.  
 
4) An identification of suitable parameters for modeling M. Giganteus in CoupModel. 
 
5) The identification of a reasonable future climate scenario at each site, and the procurement 
and creation of weather data for this scenario. 
 
6)  An analysis of the water balance for the cultivation of M. Giganteus at the four sites under 
historical and future conditions, as shown in output from CoupModel.  
 
7) An examination of water use efficiency at the sites, for both present and potential future 
scenarios.  
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2 Theory and methodology 

This study aims to achieve its purpose primarily by use of a computer model which simulates 
the plant-atmosphere-soil system, and can be used to model the cultivation of M. Giganteus. 
Results from the simulation give detailed data for many variables and can be gathered and 
interpreted in order to analyze growth, harvest, and the water balance. 
 
A literature study was performed in order to find information about M. Giganteus and climate 
zones where the plant can be cultivated. The literature used was mainly articles about 
cultivation in Europe and the United States, where most studies seem to have been carried out. 
Furthermore, journal and encyclopedia articles were used to identify a climate zone 
classification system, relevant climate zones, and thereafter characteristics of the selected 
zones.  
 
Historical weather data for model simulation was obtained from an EU project called Water 
and Global Change (WATCH) (Weedon, et al., 2010). A literature study and internet research 
led to the creation of future weather scenarios using a data set (Mitchell et al., 2004) 
integrating modeled changes in the climate for Europe under the SRES A2 emission scenario 
(IPCC, 2000). In order to create a weather scenario for the future the historical weather data 
was used as a starting point, then a change in temperature and precipitation for each month 
was made according to the future climate scenario.  
 
A computer model which simulates the plant-atmosphere-soil system, CoupModel (Jansson & 
Karlberg, 2010), was used in order to simulate the growth of M. Giganteus, and the associated 
effects on the water balance, in four climate zones for the two scenarios adding up to eight 
simulations. An analysis of the simulated results regarding the water balance and the yield 
was done to increase the understanding of the results. A comparison between the eight 
simulations was made in the analysis; that is, a comparison between the climate zones for the 
historical scenario simulation and a comparison of the future scenario simulation and the 
historical scenario simulation for each climate zone. Furthermore, the results were processed 
and water use efficiency (WUE) was calculated for each scenario simulation in each climate 
zone.  

2.1 Köppen-Geiger climate classification / Climate zones 

An updated version of the Köppen-Geiger climate classification system published in 2007 
was used to identify four major climate zones in Europe and four specific locations that can 
be considered as representative of the zones (Peel, Finlayson, and McMahon, 2007). This 
system, first developed by Wladimir Köppen, a German botanist in 1900 was formulated to 
identify climate zones that would fit vegetation zones around the world. This system first 
divides classifies five types of climates, four according to temperature (A, C, D, and E) and 
one (B) according to precipitation. There are 17 different climate zones in Europe, but type C 
and D dominate, and so these were chosen for this study. Type C and D zones are subdivided 
according to seasonal distribution of precipitation: “s” for dry summer, “w” for dry winter, 
and “f” for even distribution. These are then subdivided according to the temperature of the 
warmest months: “a” for 22 °C or above, “b” for four months above 10 °C, and “c” for 1-3 
months above 10 °C (Köppen climate classification, 2013).  
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The updated Köppen-Geiger world map was consulted and four major climate zones of 
Europe were identified according to total land area and general viability for agricultural 
purposes. These zones were Cfa, Cfb, Csa, and Dfb. Within these zones, locations were 
identified that can be considered representative of their respective climate zones. These were 
safely within their respective climate zones and in areas which could plausibly be used for 
agriculture.  
 
Locations were also chosen with the limitation of available historical climate data. A vertical 
and horizontal cross-section of locations in Europe was available, which covered the relevant 
climate zones but not all regions of the continent. 

2.2 Water Balance - theory 

The water balance refers to water supply together with water use in a system. In this case, the 
system for which the water balance is considered consists of the soil surface, soil-profile, and 
plant (see figure 1) (Jansson and Karlberg, 2010).  
 

 

Figure 1- The water balance 
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The total amount of water added to the plant-soil system in the form of precipitation (P) 
and/or irrigation (I) is equal to the evapotranspiration (ET), the total runoff (R) and the change 
in the soil’s water storage (∆S) (Knutson & Morfeldt, 1993), see equation 1.  
 

 ( 1 ) 

 
The total runoff is the water leaving the plant-soil system, that is, the water which is not 
utilized by the plant and lost to the atmosphere, stored within the soil or lost to the atmosphere 
due to evaporation (Knutson & Morfeldt, 1993). In this study the total runoff is the sum of the 
drainage and the surface runoff, the former being the water which has infiltrated into the soil 
and leaves the system through a groundwater flow. 
 
The evapotranspiration is divided into four parts namely soil evaporation, snow evaporation, 
interception evaporation and transpiration. The former three are water losses due to 
evaporation from soil, snow and plant surfaces. Transpiration, on the other hand, is the water 
that first is taken up by the plant and then evaporated within the leaves and lost through the 
openings on the leaf surface. Only a small fraction of the water is used within the plant itself, 
the rest is lost to the atmosphere due to this process. The evaporation and transpiration 
processes are both governed by the solar radiation, temperature, vapor pressure in the air and 
at the soil surface and wind speed. In addition the transpiration is governed by soil 
characteristics and water conditions in the soil.  Of particular note for this study is the 
relationship between wind speed and evapotranspiration. Evaporation occurs more easily with 
a lower relative humidity, but this increases as water evaporates. Wind blows away air with a 
higher water content and speeds up evapotranspiration (Allen et al., 1998). 
 
The storage term represents the water which is stored in the soil as ground water (saturated 
conditions) or soil water (unsaturated conditions) and it can be either negative or positive 
depending on whether the water storage in the soil is decreasing or increasing. (Knutson & 
Morfeldt, 1993) 

2.3 Water use efficiency 

Water use efficiency (WUE) is a measure of how much biomass is produced per amount 
water consumed. A common way to calculate this is by dividing yield in the form of kg dry 
weight biomass per hectare by evapotranspiration (evapotranspiration efficiency) or 
transpiration (transpiration efficiency) in form of kg water (Kirkham, 2004) as shown below 
in Equation 2 and 3, where ET is evapotranspiration and T is transpiration.  
 

 

 ( 2 ) 

 

 

 ( 3 ) 

𝑃 + 𝐼 = 𝐸𝑇 + 𝑅 + ∆𝑆 

 

𝑊𝑈𝐸 =
𝑦𝑖𝑒𝑙𝑑
𝐸𝑇

 

 

𝑊𝑈𝐸 =
𝑦𝑖𝑒𝑙𝑑
𝑇
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There is a difference between the water use efficiency based on transpiration and 
evapotranspiration respectively. The latter depends on factors which can be altered by 
technical means, for example by preventing soil evaporation through various methods. 
Transpiration efficiency on the other hand cannot be altered because it is only related to how 
efficiently the plant uses water. (Kirkham, 2004) 
 
For this calculation total evapotranspiration is first converted from total mm for 30 years to 
kg/ha with equation 4. The same is done for transpiration. 
 
 ( 4 ) 
 
There are different ways of calculating, but in this study the WUE is calculated as seen in 
Beale, Morison, and Long (1999), resulting in g DW / kg water, se equation 5: 
 
 

 ( 5 ) 

 

2.4 CoupModel 

This study has utilized the CoupModel, a “Coupled heat and mass transfer model for soil-
plant-atmosphere system”, in order to achieve the stated purpose (CoupModel, 2012). This 
model is freely available online for the research community online at: 
“http://www2.lwr.kth.se/CoupModel/”. 
 
This complex model combines several earlier models to provide a more complete picture of 
soil, heat, and water processes in soil and the atmosphere. With it soils and plants of any type 
can be modeled through user parameterization and run through sets of climate data. The full 
cultivation cycle of plants can be simulated and run under many different hypothesized 
scenarios, using historical measured climate data or even generated data (Jansson & Karlberg, 
2010). 
 
In the program a model of M. Giganteus was parameterized from parameters and plant 
properties given in studies regarding cultivation of the plant, but also from studies in which 
M. Giganteus was modeled. Due to difficulty of finding some parameters, physical features of 
the plant and yields given in the literature were used as guidance. Parameters were altered in 
the program to simulate the plant in line with results from studies in which M. Giganteus had 
been cultivated and measures had been taken. 
 
Subsequently the growth of the plant was modeled for two different scenarios in four climate 
zones. The scenarios were a baseline scenario with historical weather data and a future 
scenario with weather data made from modeled monthly changes in temperature and 
precipitation.  
 
Due to time limitations the parameterization of M. Giganteus was not able to model the actual 
plant with a high level of accuracy. The resulting parameterization creates a somewhat rough 
model, but it serves the purposes of this study. 
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2.5 Parameterization of Miscanthus Gigantues and the system 

2.5.1 Plant characteristics/Physical features  
Miscanthus Giganteus is a perennial grass (Lewandowski et al., 2000) native to east Asia, 
which can reach a height of 3.5 m after two to three years from sowing (Somerville et al., 
2009). The roots can, according to the same study, reach a depth of 1.8 m. As a C4 plant, it 
utilizes a form of photosynthesis with higher efficiency in terms of radiation, water, and 
nutrients than most C3 plants that are native to more temperate climates (Lewandowski et al., 
2000). The species is part of the larger Miscanthus genus which includes a number of 
candidates for development as a biofuel crop. The advantage of Giganteus is that it is a sterile 
hybrid that is capable of producing a large amount of biomass relative to other crops 
(Anderson et al., 2011). Other species can act be invasive in non-native locations and 
negatively affect unique local ecosystems.  

2.5.2 Temperature and growth 
The threshold temperature for emergence for M. Giganteus is, according to one study, in the 
range of 10 °C to 12 °C (Clifton-Brown, cited in Lewandowski et al., 2003). In another study 
(Price et al., 2004) a value of 6 °C was used. In this study the threshold temperature for 
growth is set to the latter value. After about 90 cumulative degree-days M. Giganteus emerges 
(Zub et al., 2010). It can reach a high level of growth at temperatures around 10 to 14 °C (Zub 
et al., 2010), but the optimal temperature is 35 °C. Therefore two optimum temperatures were 
used while modeling the plant in this study, the first one at 12 °C and the last one at 35 °C. No 
maximum temperature was found in the literature, and therefore a maximum temperature of 
45 °C was speculated to be reasonable. In any case, the climate data never achieves such a 
high temperature, making this choice insignificant for the simulations here.                    

2.5.3 Radiation use efficiency 
As a C4 crop M. Giganteus in theory has a higher radiation use efficiency than C3 crops (Atwell, 
et al., 1999). Nevertheless, Lewandowski et al. (2000) concluded that RUE values reported 
from different studies in Europe are both higher and lower than those reported for C3 crops. 
For example, a RUE close to 3.3 g DM/MJ PAR has been obtained in Europe, which is higher 
than for C3 crops. In Illinois the RUE was estimated to be 4.1 g/MJ PAR (Heaton et al., 
2008b) for a plant not stressed by a limited water and nitrogen supply. In this study this value 
is used and converted to g/MJ global radiation, that is, multiplied with a factor of 0.47 
(Jansson & Karlberg, 2010). 

2.5.4 Leaf area index 
Leaf Area Index (LAI), is an index representing leaf area per land area, which can generally 
be regarded as a measure of growth for this study. For studies in Europe, a leaf area index 
between 6 and 10 has been reported for M. Giganteus (Zub et al., 2010). The values vary due 
to different climates and cultivation practices. 

2.5.5 Biomass and coal allocation/content in the plant 
According to Monti et al (2009) the distribution of the roots for M. Giganteus is exponential. 
Their study also reported that 90 % of the below ground biomass is located in the 35 cm thick 
soil layer closest to the ground. Another study (Neukirchen et al., 1999) resulted in a dry 
weight of 14 ton/ha, in a soil layer 0 - 1.8 m deep, when harvested in November. The same 
study found that the total root dry weight differed throughout the year. When harvested in 
spring before emergence the below ground biomass ranged from 15 to 25 t/ha in the 40 cm 
topsoil layer (Kahle et al., 2001). The same study estimated the above ground biomass at the 
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end of the growing season to range between 14.8 t DW/ha and 33.5 t DW/ha. After harvesting 
the above ground biomass in the winter a loss of 16 % - 35 % had occurred mainly due to 
leaves falling off. Himken et al. (1997) harvested 30 ton DW/ha at the same time of the year, 
in September. In their study a loss of 30 % of the above ground biomass took place in the 
winter. Another study (Christian et al., 2008) estimated the biomass above ground to consist 
of 82-98 % stems at the time of harvest in winter. Ercoli et al. (1999) estimated the stems to 
have a share of 73-77% of the total above ground biomass in October.  
 
In order to estimate the approximate shares of biomass in leaves, roots, and stem it was 
assumed that the loss in biomass occurring after the growing season was mainly leaves. That 
is, the leaves consist of 16 % to 35 % the total biomass above ground. Furthermore the results 
of the study of Neukirchen et al. (1999) regarding the above ground biomass at the end of the 
growing season and the below ground biomass in spring was used to find the percentage of 
biomass allocated above and below ground at this time. Assuming that the below ground 
biomass before emergence is the same as after the vegetative period, which is shown not to be 
true (Neukirchen et al, 1999), the below and aboveground biomass was estimated to have a 
share of 50 % each of the total biomass. Given these simplifications the share of the total 
biomass is thereby 12.5 % and 37.5 % for the leaves and stem respectively. Furthermore, 
these shares were used as a guideline when simulating the plant to get a carbon balance as 
consistent with the real plant as possible.  

2.5.6 Harvesting practices 
The stems of M. Giganteus are left standing during the winter and are often harvested in the 
winter or spring the following year (Christian et al., 2008). At this time the stems will have 
dried and thereby contain a higher concentration of dry matter than if harvested at the end of 
the vegetative season (Himken et al., 1997). This is favorable from a net energy gain point of 
view due to less energy required to dry the biomass before combustion (Ercoli et al., 1999). 
 
Another reason for not harvesting at the end of the growth season is the plant's ability to 
reallocate nutrients between its different parts. During the winter the plant reallocates 
nutrients from the stem to the roots. By harvesting in the winter or early spring fewer nutrients 
are removed from the plant-soil system and thereby less fertilization is required. (Christian et 
al. 2008) 
 
In this study harvest is simulated in late November. For harvesting purposes, leaves and stem 
are regarded as the same component, that is, an assumption is made that some leaf matter 
turns into stem after the growing period. In the model 90 % of the leaves and 99 % of the stem 
are harvested although it has been found that the leaves, to a great extent, falls off during the 
winter (Kahele et al., 2001; Christian et al., 2008). M. Giganteus is a perennial plant and 
because of that the root system is not harvested. The remaining leaves are left on the soil as 
litter. 

2.5.7 Soil  
A simplification was made regarding the soil at the sites. The same soil was utilized in the 
model at all sites in order to avoid any influence on the results from a change in soil 
properties. The soil simulated in the model is a loam soil with a mix of clay, sand, and organic 
material in the topsoil. This is a typical soil used for agricultural purposes. M. Giganteus 
thrives in the same types of soils as corn, one of which is loam (Jones and Walsh, 2001). 
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2.5.8 Yields 
In Europe yields for non-irrigated M. Giganteus harvested in winter has reached up to 15 and 
19 tons DW/ha (Zub et al., 2010). The parameterization of the plant sought to achieve a 
similar harvest.  
 
In order to be able to utilize yield results in comparisons and calculations, the yield output 
from CoupModel was recalculated from total 30-year yield to grams carbon/m2 per year. 

2.5.9 Fertilization 
It is assumed that the plant always has a nitrogen supply adding up to 80 % of the supply 
required for maximum growth if the plant is not stressed by other factors. This percentage was 
chosen as a reasonable estimation that reflects the variability of the spreading of fertilizer in 
soil. This is done to simplify the simulation and limit the number of tested variables.  

2.5.10 Response 
Response to temperature, water, and nitrogen are measures used in the CoupModel (Jansson 
& Karlberg, 2010) in order to see the plant’s response to these stimuli. They are indexes on a 
scale of zero to one, with zero signifying no response and thereby no growth, and one 
signifying optimal response and growth. Since nitrogen supply was fixed at 80 % in this 
study, the corresponding response is not analyzed. 

2.5.11 Growing Season 
The average growing season of M. Giganteus was determined according to the portion of the 
year when growth is possible. This was estimated at each location by examining TsumPlant 
and LAI each year for the 30 year period. TsumPlant is the sum of days above with 
temperature above the growth threshold. 

2.6 Historical data 

Historical climate data was utilized in this study for a 30-year period from 1972 to 2001 at 
each of the four sites. This data was downloaded, verified, corrected when needed, and 
assembled into a PG Bin file (which is compatible with the CoupModel) by researchers at 
KTH as part of a larger research project. The six variables included in the dataset are: air 
temperature (°C), vapor pressure (hPa), wind speed (m/s), precipitation (mm/day), global 
radiation (J/m2/day) and longwave radiation (J/m2/day). The first three variables are average 
daily values while the latter three are cumulative daily values.  
 
The data was provided by Per-Erik Jansson, a professor at KTH’s Department of Land and 
Water Resources Engineering, but it was originally downloaded from the EU project, Water 
and Global Change (WATCH) (Weedon, et al., 2010).   

2.7 Future scenarios 

In order to evaluate the long-term sustainability of M. Giganteus cultivation on a large scale, a 
possible future climate scenario at each of the four sites was sought after in order to create a 
30-year climate data set for modeling.  
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Raw data stemming from the HadCM3 global climate model (GCM) was used in creating the 
data sets for the future scenarios. This model was chosen because it is included in the IPCC’s 
Special Report on Emissions Scenarios (SRES) (HadCM3 GCM Model Information, 2011) 
and thus it is widely cited in academic research. Another consideration was that its projections 
for climate change lie in the higher range of the alternative IPCC SRES scenarios (Mitchell, et 
al., 2004). The idea behind this was to investigate a possible worst-case scenario for the future 
climate and the ramifications for biofuel crop cultivation.  
 
From among the scenarios created by this model, the A2 scenario was chosen for our future 
scenario. This scenario represents a world that has been regionalized heterogeneously. 
Regional differences are strengthened and significant differences exist especially between 
resource-rich and resource-poor regions. Fossil fuels continue to be used where available, 
while wealthy regions have moved towards alternative energies (IPCC, 2000).  
Mitchell, et al. developed a high-resolution set of data using the HadCM3 model for monthly 
climate changes in Europe, which was used in this study as it provided data at a spatial 
resolution of 10’ x 10’ for Europe, compared to 2.5° x 3.75° for the SRES (2004). This data 
was downloaded and values for average monthly changes in temperature and precipitation 
were identified for the four sites. More variables were available, but temperature and 
precipitation were deemed to be the most valuable driving variables to include.  
 
The 30-year historical data sets for each site were used as a foundation for our future 
scenarios, because they contain actual values recorded at each specific site and could be 
expected to be similar in the future, especially in the face of complex systems and an 
uncertain future.  
 
For temperature, the so-called “delta method” was utilized. Average temperature changes for 
each month were simply added to the historical daily temperatures for the corresponding 
months to achieve the new monthly average. This was done with the help of an algorithm in 
Microsoft Excel. 
 
For precipitation, a more complicated approach was necessary since there are both positive 
and negative monthly changes, it is a cumulative value, and precipitation does not generally 
occur with any predictable regularity. On top of this, precipitation occurs only under specific 
atmospheric conditions, demanding consideration of other variables. A MATLAB program 
was written with the historical daily precipitation and the monthly change in the future as 
inputs. The program split up the change and divided it up randomly and primarily to days with 
historical precipitation. Precipitation was allotted randomly to days without historical 
precipitation with a probability of less than 1 %. The reason behind the choice of this 
distribution was the fact that precipitation is not a stochastic event. Therefore it was not 
considered likely to randomly add the parts of the changes in precipitation to each day within 
a month. However, since there was no precipitation during some months, while climate 
change data called for an increase in precipitation, it had to be added to days with no 
historical precipitation. In order to allot precipitation to both months with recorded 
precipitation and months without, the probability of allotment was chosen so low so as to 
avoid, as much as possible, climate data with possibly conflicting variable data. The program 
yields a vector containing the daily precipitation for the 30-year period in the future (see 
Appendix I for the code). 
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In order to run the model with the same quality level of climate data, complete with the same 
six variables as the historical data, it was decided to keep the historical data for the other four 
variables: wind speed, vapor pressure, global radiation, and longwave radiation. This decision 
was made partially due to the great complexity of the earth’s atmospheric systems and 
therefore the unreliability and/or nonexistence of future projections. Also, CoupModel 
requires daily values, and these are difficult to extrapolate with any certainty from longer-
term (i.e. monthly) data for these variables. These variables were considered to be less 
significant as driving variables, as compared to temperature and precipitation, in the 
simulation, and so it was deemed reasonable to keep the historical values. 
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3 Results and analysis 

3.1 Description of the sites and climates 

The sites are located in two major climate zones, namely cold (D) and temperate (C). The first 
one is characterized by an average temperature during the coldest month below 0 °C (Peel et 
al., 2007) and above 10 °C in the warmest month (Allaby, 2002). For the temperate zone the 
average temperature ranges from 0 °C (Peel et al, 2007) to 18 °C in the coldest month, and in 
the warmest month it is always above 10 °C (Allaby, 2002). 
 
The site in the cold climate zone is located at 51° N 20° E, which is more specifically in the 
Dfb zone, also known as a “humid continental” climate (Köppen climate classification, 2013). 
In this zone there is no dry season, which means that precipitation in the driest month is above 
39 mm and is higher than the precipitation of the wettest month in the winter divided by three. 
Furthermore, the precipitation of the driest month in winter is higher than precipitation of the 
wettest month in the summer divided by 10. The summers in this zone are warm, that is, there 
are always four or more months in which the average temperature is above 10 °C, but the 
temperature in the hottest month stays below 22 °C. (Peel et al., 2007) 
 
This Dfb site is located in the Łódzkie region of central Poland, which is in the heart of the 
Dfb zone in Europe. Additionally, signs of agriculture can be seen on Google Earth, making it 
a plausible site for biofuel crop production. This site has the lowest average temperature of 
the group at 8.2 °C, but experiences a large range of temperatures between summer and 
winter. A significant amount of snow is received as well. Agriculture plays a significant role 
in the region, which can produce rye, potatoes, sugar beets, and fruits (Łódzkie, 2013). 
                    
Three sites are located in the temperate zone, all in different minor climate zones, namely Cfb 
or “marine west coast” (52° N 0.5° E), Cfa or “humid subtropical” (45° N 11.5° E), and Csa 
or “Mediterranean” (37°N, 14.5°E) (Köppen climate classification, 2013). The first two are 
characterized as having no dry season, while the last has a dry summer. That is, the 
precipitation of the driest month is below 40 mm and lower than the precipitation of the 
wettest month in the winter divided by three. The Cfa and the Csa zones both have a hot 
summer with the temperature in the hottest month above 21 °C, while the Cfb zone has a 
warm summer. (Peel et al., 2007) 
 
The site in the Cfb zone is located northeast of London, England in Essex County. This site 
stands out from the others climatically by having a high average soil wind speed at 5.7 m/s. 
Also, there is less seasonal variation in temperature than continental climates like Poland. The 
summers are warm and the winters are cool. Precipitation is spread rather evenly throughout 
the year, though most often with a dip in late summer or early autumn. A superficial 
investigation with Google Earth reveals signs of agriculture in the region as well. The region 
is known to have rich soil that has been capable of producing high crop yields (Essex, 2013). 
England is known as a country with a lot of precipitation, but there is considerable variation 
with some locations in the southeast receiving an average of 500 mm per year (England, 
2013). 
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The site in the Cfa, or humid subtropical zone, is located in northeast Italy, just north of 
Ferrara in the Veneto region. This region is one of the most productive agricultural regions of 
Italy, with such crops as corn, wheat, and various fruits (Veneto, 2013). The precipitation 
level is the highest of the four sites and the temperature is quite high, staying most often 
above freezing. However, snow does fall during most winters.  
 
The last site, in the Csa or Mediterranean zone, is located in southern Sicily, near Vittoria. 
The climate here is very hot in the summer and remains warm the year round. Precipitation is 
low and most of it falls during the spring, fall, and winter, leading to water shortages. The 
region has a large amount of agriculture with such crops as wheat, corn, olive, and almonds 
(Sicily, 2013).  
 
Table 1 – Climate in the historical scenario 

 
 
 

3.2 Future climate and weather scenarios for the sites 

 
In the A2 future climate scenario, average monthly temperatures have been raised according 
to figure 2 below. In general, there is a greater increase during the summer months compared 
to the rest of the year.  
 

 

Figure 2  - Average monthly temperature change in A2 scenario 
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Total monthly precipitation changes according to figure 3 below. Here, there is the general 
pattern of less precipitation during the summer and more during the rest of the year, with the 
exception of Sicily which has decreased precipitation year round. 
 
 

 

Figure 3 – Average monthly precipitation change in the A2 scenario 

 
Overall change in temperature and precipitation is listed in table 2 below. Northeast (NE) 
Italy experiences the largest increase, 5.3 °C, as shown in the table below. All sites have an 
increase of over 3 °C. England and Poland have greater precipitation while NE Italy and 
Sicily have lower. All sites with snowfall experience significantly less in the A2 scenario due 
to the temperature increase. 
 
 
Table 2 – Climate changes in the A2 scenario 

 

 
The future climate scenario tends to have a greater seasonal variability than the historical one. 
All sites experience higher temperature increases in the summer and lower increases the rest 
of the year. Also, all sites except for Sicily have a higher change in precipitation during the 
summer and a lower change during the rest of the year. Summers are hotter and dryer, and the 
range of climate conditions is greater. 
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3.3 Miscanthus x Giganteus, simulated 

 
In order to visualize the growth of the simulated M. Giganteus in the historical scenario, the 
leaf area index (LAI) for the four sites is shown below in figure 4 for the years 1972-1987 and 
figure 5 for the years 1987-2001. These show a great variability from year to year and among 
the four locations. LAI ranges between 0.5 and 20 among the sites for the historical scenario, 
as listed in table 3. It increases in the future scenario to between 3 and 22 as listed in table 4.  
 

Figure 4 – LAI during the period 1972-1987 

Figure 5 – LAI for period 1987-2001 

 

3.3.1 Response/Growth/Yield – Historical 
Table 3 below lists statistics with regard to the growth and yield of M. Giganteus at the four 
sites in the historical scenario. These statistics represent the temperature response, growth by 
means of growing season an d LAI, and yield on average. However, there is significant 
variation from year to year with regard to climate and growth.   
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Table 3 –Growth and harvest data in historical scenario 

 
 

England (Cfb) 
The summer LAI peak varies greatly from 0.5 to 11. The low of 0.5 occurred during 1987-
1988 under drought conditions. However, this was a diverging low point from a more typical 
low of 3-4. These variations reveal an occasional water stress which could be alleviated by 
means of irrigation, but for the most part the plant’s response to water follows the same 
pattern as response to temperature. Temperature stress is significant here with a low response 
at 0.2994, being the lowest of all four climate zones. The relatively short growing season of 
seven months is another limiting factor. However, there is a trend towards the end of the 30-
year period of a longer growing season. Optimal temperatures are reached only some years, so 
that growth is almost always limited by temperature. It follows that the average harvest is the 
lowest of the group at 4991 kg dry weight (DW) biomass per hectare per year. 

Poland (Dfb) 
Growth in Poland is limited by temperature much like in England, but slightly less so as 
shown by a response to temperature at 0.3236, though the growing season is roughly the same 
length. LAI, as well, has a slightly higher range, and average harvest is thus almost 20 % 
higher than in England. During about half the years, a higher LAI is achieved. The higher 
temperature in the summer as well as higher precipitation and lower soil wind speed can 
explain the better growth and harvest. 

NE Italy (Cfa) 
Northeast Italy, which lies in the humid subtropical climate zone (Cfa), has a much higher 
response to temperature at 0.4669, and the growing season is longer at nine months. During 
the summer, response usually stays at or near one, that is, at the optimal level. This site also 
has the highest precipitation at 838 mm, which causes a high response to water during the 
summer.  LAI, ranging from 10-17, and thereby harvest have the lowest yearly variation of 
the group. This reflects the favorable and steady climatic conditions for plant growth. These 
factors allow the relatively high average harvest of 12521 kg DW biomass/ha, year. This is 
about 150 % higher than in England. 

Sicily (Csa) 
Sicily, which has a Mediterranean (Csa) climate, has the highest temperature but the lowest 
precipitation level. M. Giganteus is well adapted to these climates and has a response to 
temperature at 0.6481. It lies at or near one during the entire summer and reaches zero only 
very briefly some winters, allowing for a growing season almost the entire year. Indeed, LAI 
starts rising often in January. Response to water follows a pattern opposite to response to 
temperature, that is, it is lowest during the summer and highest during the rest of year. This 
limits growth during the summer months significantly, as evidenced by the large variation in 
harvest from year to year. LAI has a greater range than in northeast Italy, at 8 – 20. Harvest is 
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only slightly higher at 12814 kg DW biomass/ha, year. This reflects the great potential for 
growth as well as the limitations caused by low precipitation in the summer. 
 

3.3.2 Response/Growth/Yield – Future 
Table 4 below lists statistics with regard to the growth and yield of M. Giganteus at the four 
sites in the future A2 scenario. 
 
 
Table 4 – Growth and harvest data for the A2 future scenario 

 

England (Cfb) 
With an average temperature increase of 3.3 °C in England, the response to temperature is 
higher and the growing season is extended to approximately 11 months. The LAI is 
significantly higher, with a maximum at 15. This reflects the longer period of optimal growth 
in the summer when response to temperature is at a maximum longer. Precipitation has 
increased as well by 51.8 mm per year, increasing response to water. However, this decreases 
in the summer, creating more water stress then. There is occasionally a high water stress, 
limiting growth in some years. 
 
These factors have contributed to achieve a 95 % increase in average harvest, which is by far 
the greatest increase in yield of the four locations. The seasonal variation in response to 
temperature and water is more stable here than other locations, which contributes to this 
increase. The climate changes have had the greatest effect on the growth of M. Giganteus in 
England compared with the other locations. 

Poland (Dfb) 
Poland experiences a 4.5 °C increase in temperature, leading to a higher response to 
temperature during the growing season. The growing season has increased to around nine 
months due to this as well. There is a 96 mm increase in precipitation yearly, but during the 
summer when plants need most need water there is actually a decrease, as shown in figure 3. 
This creates occasional water stress which limits plant growth and harvest. LAI has increased 
slightly to 3-14. Harvest has grown significantly by 41 %, but it is now lower than in England. 
The slightly lower response to temperature in Poland may explain this difference. 
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NE Italy (Cfa) 
Northeast Italy has the largest temperature increase at 5.3 °C, which is highest in the summer. 
August, for example, has an increase of 9.6 °C on average. Response to temperature has thus 
increased greatly, and the growing season has increased to about 11 months. The maximum 
LAI of the 30-year period has increased greatly from 17 to 22, while the minimum has 
decreased from 10 to 7. This reflects the greater variability in weather conditions from year to 
year in the future. The harvest here has increased by 21 % and is the highest of all sites in this 
study at 15100 kg DW biomass/ha, year. Precipitation is 34 mm lower at 804 mm, but this 
does not have a large effect since the level was high to begin with. 

Sicily (Csa) 
Sicily experiences a temperature increase of 3.3 °C distributed evenly over the year, which 
raises the average temperature response to 0.753, the highest of all sites. Precipitation 
decreases by 29 mm, which is distributed evenly over the year. In general, Sicily experiences 
more or less the same growth and stress patterns as in the historical results. LAI reaches a 
higher maximum at 22, reflecting the temperature increase. The harvest increases by 14 % to 
14583 kg DW biomass/ha, year, which is lower than northeast Italy, unlike the historical 
scenario. Water appears to be the limiting factor in this case. 

3.4 Water balance today and in the future 

3.4.1 Differences in the water balances between climate zones for the historical 
scenario 

 
Figure 6 shows the water balance for an average year of the historical period from 1972 to 
2001 for the four sites. 
 

 

Figure 6 – Water balance for an average year in the historical scenario 
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Evapotranspiration 
Regarding evapotranspiration, the results show that soil evaporation occurs mostly during the 
non-vegetative period, that is, before the plant has reestablished itself after the harvest. During 
the vegetative period, transpiration and interception evaporation occur as well. The first 
occurs given that the soil contains water available to the plant and the latter occurs in the case 
of rain, as well as other meteorological factors. Snow evaporation is correlated with the 
existence of snow cover on the soil surface, and at the sites where it snows during the winter 
snow evaporation occurs instead of soil evaporation while snow is present. 
 
Transpiration at the sites in the Cfa and the Csa zones are both near 340 mm a year, with 
Sicily (Csa) having a transpiration that is slightly higher than in NE Italy. For the sites in the 
Cfb and Dfa zones, namely England and Poland, the transpiration for the former is 210 mm 
and the latter 195 mm per year. 
 

 
Figure 7- Water (blue line) and temperature (green line) response for three years during the 
historical scenario in Sicily. 

 
The reason for Sicily and NE Italy having greater transpiration than the other two sites is that 
they have a longer growing season due to higher temperatures (see tables 1 and 3). The 
responses to temperature for these sites are both higher throughout the whole year than for 
England and Poland, with Sicily having the highest average temperature response amongst 
them. 
 
In Sicily the plant is more water stressed because of a lower yearly precipitation than at the 
other sites, and also because this climate zone is characterized by a dry summer. When the 
plant has a high response to temperature in the summer, it generally experiences water stress 
and thus cannot take full advantage of the high temperature response (see figure 7). Although 
the plant experiences more water stress in Sicily than at the other sites, the total yearly 
transpiration is at the same level as for NE Italy, where the plant does not experience the same 
water limitations during the growing season. The reason for this is that Sicily has a growing 
season that lasts approximately three months longer than for NE Italy. 
 
The sites in Poland and NE Italy both have a soil evaporation which is close to 190 mm a year 
(see figure 6). For England the soil evaporation is significantly higher than for the other sites, 
adding up to approximately 300 mm a year. This accounts for 53 % of the total 
evapotranspiration for this site. Three sites, namely England, Poland, and Sicily, have 
approximately the same interception evaporation. For NE Italy this accounts for more of the 
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water budget than the other sites. The interception evaporation occurs during the vegetative 
season in correlation with the LAI at all sites given that rain occurs. This explains why NE 
Italy has the highest yearly average and England the lowest (see figures 4 and 5). 
 
The reason for the considerable difference in ground evaporation (that is, snow and soil 
evaporation) between England and the other sites might be that England has an average wind 
speed which is higher than for the other sites (see table 1). The results show that, for England, 
the soil evaporation is higher and occurs during a longer time period in spring than for the 
other sites. The main part of the soil evaporation seems to occur when the vegetation is low, 
that is, from after harvest in the winter until the start of the growing season.  England’s 
growing season starts later in the spring than in NE Italy and Sicily, and thereby the soil is 
shaded and less protected from wind and solar radiation during a longer period of time. For 
the site in Poland snow is present during a longer time in winter in comparison with England 
resulting in higher snow evaporative losses. 
 

Total runoff 
There is a significant difference between the runoff for the site with the highest total runoff at 
235 mm a year (drainage and surface runoff), namely NE Italy located in the Cfa zone, and 
the site with the lowest total runoff at 23 mm a year which is Sicily. Poland, which is located 
in the Dfb zone, has a relatively high total runoff at 198 mm a year, not much smaller in 
comparison with NE Italy, while England in the Cfb zone has a total runoff of 82 mm a year. 
 
The total runoff for Sicily is dominated by drainage. Surface runoff only occurs at three times 
in the historical simulation period at times when the site has experienced rainy winters. In 
general this site has a low runoff in comparison to the other sites because of the 
evapotranspiration accounting for 96 % of the water use during the year. The water that has 
infiltrated into the soil is consumed by soil evaporation during the winters before the plant has 
reestablished itself after the harvest, and during the vegetative period it is consumed by 
transpiration. 
 
For England the total runoff is dominated by drainage as well. The reason for this might be 
that England has high soil evaporation during the non-vegetative period, resulting in a limited 
surface runoff. The results show that England has water in the form of surface pools only a 
few times in the historical period, generally at times after heavy rains. During the remaining 
time a significant part of the rain water enters the soil through infiltration. The drainage is 
then mainly limited by the plant’s water uptake for transpiration and the soil evaporation. 
 
In Poland and NE Italy there is water in surface pools more frequently as a result of a high 
precipitation and lower soil evaporation than for England. This results in a higher surface 
runoff than for the other sites. Since the winter is quite cold, Poland usually gets quite a bit of 
snow, which usually covers the soil until the spring thaw, bringing a large inflow of water to 
the system at the beginning of the growing season. This is also when a large amount of runoff 
occurs in the system. 
 
The drainage term accounts for more than half of the total runoff for both sites, namely 70 % 
for Poland and 60 % for NE Italy. 
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Difference in storage 
The storage for the sites are all negligible in comparison to the total amount of water in the 
system, but it should be noticed that for Sicily, which is located in the Csa zone, the storage is 
decreasing while for the other sites it is increasing.   
 

3.4.2 Differences between the water balances for historical and future scenarios 
The water balance for the future scenario, see figure 8, shows the decrease in precipitation for 
Sicily (Csa) and NE Italy (Cfb) and the increase in precipitation for Poland (Dfa) and England 
(Cfb). These changes result in a precipitation in NE Italy and Poland which are both close to 
800 mm a year. The results show an increase in the evapotranspiration for Poland and 
England, as well as a decrease in evapotranspiration for the remaining zones.  
 

 
Figure 8 – Water balance for an average year in the future A2 scenario 

 

England (Cfb) 
The growth season is prolonged in England due to the temperature increase in the future 
scenario. The plant growth starts earlier in the spring than for the historical scenario and due 
to this fact the average yearly soil evaporation decreases. Furthermore, the snow evaporation 
decreases because of fewer days with snow cover. This leads to, together with a higher 
precipitation during winter and early spring, an increase in the average yearly transpiration. 
As a result of these factors LAI goes up earlier in the spring to reach higher values in the 
autumn. Due to this fact the yearly average interception evaporation increases. 
 
Despite the high level of precipitation, runoff has decreased to the lowest of all locations at an 
average of 10 mm/year. This change is due to the greater uptake of water by M. Giganteus, as 
evidenced by the increase of average transpiration from 210 to 356 mm/year. 
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Poland (Dfb) 
For Poland the transpiration is higher for the future scenario due to an extended growing 
season as a result of the temperature increase throughout the whole year. Fewer days with 
snow results in less snow evaporation and consequently more soil evaporation. For Poland the 
total runoff increases, probably because of a higher precipitation from November to the end of 
July. For example the surface runoff increases mostly during the winter, but also a little bit 
during the summer for some years. 

NE Italy (Cfa) 
For the future scenario the average yearly transpiration is much less than for the historical 
scenario, that is, it has decreased by more than 100 mm. This has happened despite a larger 
average yield. The explanation might be that the increased average temperature is causing a 
larger yield. However this does not explain why, in contrast to England and Poland, the 
transpiration has not increased. 
 
The plant is experiencing a growing season which is prolonged by two months, but less 
precipitation falls from March to mid-November resulting in less water in the vegetative 
season when the plant has reestablished itself after harvest. But the changes are quite small in 
relation to the total precipitation so it can be discussed if these changes affect the plant growth 
to a greater extent.  
 
Both parts of the total runoff have increased, including drainage, despite a lower average soil 
infiltration. The reason for the drainage increasing during the future scenario might be due to 
the fact that the average transpiration is lower. In other words, the plant does not use as much 
water relative to the historical scenario. The surface runoff occurs mainly in the winters for 
both scenarios, but for the future scenario the surface runoff in the winters has increased. This 
can be explained by a higher precipitation during the winter months. 
 
No significant changes have occurred for the soil evaporation and the intercepted evaporation. 
The snow evaporation has decreased due to fewer days with a snow covered surface. 

Sicily (Csa) 
Due to small changes in the average yearly precipitation, the water balances for the two 
scenarios are quite similar. The small decrease in precipitation, compared with the other sites, 
for the future scenario results in an increased water stress during the summer resulting in a 
decreased transpiration. The runoff and evaporation also decreases, with soil evaporation 
experiencing the highest decrease namely 13 mm a year. 

3.5 Water use efficiency today and in the future 

Water use efficiency (WUE), based on transpiration (transpiration efficiency) and 
evapotranspiration (evapotranspiration efficiency), is calculated here as g dry weight (DW) 
biomass per kg water. As listed in Table 5 below for the historical scenario, Sicily has the 
highest evapotranspiration efficiency followed by northeast Italy, Poland, and then England. 
This follows the same pattern as the growth and harvest at these locations. Evapotranspiration 
at the sites does not vary too greatly, ranging from 496 mm/year in Poland to 598 mm/year, so 
the determining factor seems to be the harvest size. 
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The transpiration efficiency, as seen in table 6 below, shows a slightly smaller variation 
between the sites for the historical scenario than the evapotranspiration efficiency (see table 
5). However this is not true for the future scenario, where the case is the opposite.  
The evapotranspiration efficiency increases at all sites in the future A2 scenario, with England 
having the largest percent increase at 59 % and northeast Italy having the next highest at  
45 %. In correlation with the average harvest, northeast Italy has surpassed Sicily in having 
the highest WUE at 3.03 g DW biomass/kg water. The transpiration efficiency follows the 
same pattern with an increase in the future scenario relative to the historical scenario. 
However, the increases in transpiration efficiency are smaller in comparison to the increases 
in evapotranspiration efficiency, except for NE Italy. This site stands out with a higher 
increase in transpiration efficiency than evapotranspiration efficiency.  
 
 
Table 5 – Evapotranspiration efficiency in historical and A2 scenarios 

 
 
 
Table 6 – Transpiration efficiency in historical and A2 scenarios 

 
 
 
All in all, a greater harvest in the warmer future scenario also brings a greater transpiration 
and evapotranspiration efficiency for M. Giganteus. 
  

WUE
g DW biomass / 
kg water
England (Cfb) 0.87 1.38 59%
Poland (Dfb) 1.21 1.61 34%
NE Italy (Cfa) 2.09 3.03 45%
Sicily (Csa) 2.50 2.99 20%

Historical A2
Increase in WUE 

(%)

WUE
g DW biomass / kg 
transpired water
England (Cfb) 2.38 2.73 15%
Poland (Dfb) 3.07 3.88 27%
NE Italy (Cfa) 3.70 6.06 64%
Sicily (Csa) 3.70 4.33 17%

Historical A2
Increase in WUE 

(%)
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4 Discussion 

4.1 Climate Zones 

The climate zones within the Köppen Classification system often encompass very large land 
areas. Within these zones exist significant variations. For instance, Stockholm, Sweden lies in 
the same climate zone, Dfb, as much of Hungary and Romania. There are obvious variations 
between the climates of these areas, not least considering the difference in latitude and the 
implications for shortwave solar radiation. The site in England also stands out for its high 
wind speed and low level of precipitation compared to other areas of the zone. 
 
The question then follows: how well can one location represent an entire climate zone? It 
probably cannot accurately represent the zone, considering the large land areas and different 
latitudes encompassed by each, as well as local variations in topography and more that affect 
climate. 
 
These locations can, however, give a general idea of the possibilities for cultivation of biofuel 
crops within these zones. Further detailed studies would be needed to make more definitive 
conclusions about each zone. 

4.2 CoupModel 

It is important to remember that the soil-plant-atmosphere system that CoupModel strives to 
simulate is very complex and that like any other model of reality it is at best an 
approximation. The level of complexity in simulations is up to each user to decide according 
to their individual purposes. 
 
This study has strived to limit the amount of complexity enabled by the switches and 
parameters within the program. For instance, nitrogen supply is fixed and a number of other 
factors are simulated by the program. This was meant to focus on the difference between 
climate zones historically and in the future, while maintaining a focus on the water balance. 
Many parameters were kept fixed in the same way for all sites, such as soil type and 
conditions. In order to provide a more accurate simulation, site-specific parameters should 
ideally be used. 
 
In this study no change was made in the amount of carbon dioxide in the atmosphere for the 
future scenario although the climate changes used depend upon levels that are roughly double 
the historical level. If these changes are accounted for in the model, the results will be 
different for the future scenario. However, theoretically the differences in results among the 
sites for the future scenario would likely be similar to the differences seen in this study 
because of the carbon dioxide level being the same at all sites. Still, it is important to consider 
this change in possible further work.  
 
However, when so many parameters are changed in the different simulations the problem 
arises of complexity. It becomes more difficult to see which results are caused by which 
changes in the parameters. By keeping all parameters the same, and changing temperature and 
precipitation, as was the case here, one can draw conclusions about just those changes. 
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When it comes to results, there is the question of how accurate they are, especially compared 
to related studies. Leaf area index (LAI), for instance, was about 2-3 times the level observed 
in other studies (Lewandoski, et al., 2000). This was partially a result of the effort to properly 
simulate M. Giganteus and achieve a correct allocation of material to different parts of the 
plant as well as a plausible harvest. Also, a simplification was made to consider the leaves and 
stem together in order to focus on the harvest level instead of each part of the plant. This was 
done since the proper allocation between parts was difficult to achieve while maintaining a 
plausible harvest.  
 
Even so, the harvest was low compared to actual rain-fed harvests in Europe. Our largest 
harvest in the historical scenario was 12.6 tons DW biomass/ha,year, which is low compared 
to 15 - 25 tons documented in real-life rainfed studies (Lewandoski, et al., 2000). So, the 
theoretical harvest in this simulation is low, but the numbers in and of themselves are not so 
important. Rather, the results relative to one another are the relevant pieces of information for 
this study. This study has sought to examine how climate zones compare with one another in 
both a historical scenario and a future scenario. So, within this context the absolute numbers 
are not so important. 
 
The accurate parameterization of plants is rather complicated in computer models such as 
CoupModel, and more time could be spent on doing this for M. Giganteus if deemed 
important for a particular goal.  

4.3 Future Scenario 

The future climate scenario in this study rests upon average monthly changes for temperature 
and precipitation developed by use of the HadCM3 global climate model (GCM). The 
reliability of such global climate models is an important question in all studies considering 
such future scenarios. To begin with, none of these models have succeeded in modeling the 
earth’s current systems accurately (Jansson, 2013). The question then is whether they can be 
expected to accurately model future climate. 
 
This study has attempted to simplify the future scenario and mitigate the potential 
unreliability of GCMs by utilizing only portions of their predictions. This is why only 
temperature and precipitation were changed in the future climate data.  
 
Temperature was changed utilizing the so-called “delta method”, which simply adds the 
monthly average temperature change to the daily values. This avoids the issue of distribution 
of the temperature increase, and thus simplifies the scenario while providing a reasonable data 
set. However, as the climate scenario points to a future with higher variability, it would 
technically be more accurate to divide the temperature change stochastically within each 
month. Unfortunately, the time required to do this and its limited benefit prevented this option 
from being pursued. It was deemed more realistic to have the basis of measured historical 
variation in the future scenario. 
 
Precipitation, however, was divided in an uneven manner because it is a cumulative value that 
is positive in some instances and negative in others. The MATLAB program written to allot 
or subtract precipitation attempted to mitigate possible complications. Precipitation is more 
complicated since it is related to vapor pressure, temperature, air current patterns, local 
variations, and more. It was deemed best to make most changes on days from the historical 
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data with existing precipitation, where there are already conditions allowing precipitation. 
Then, only a small portion of days without previous precipitation were allotted some, 
specifically with less than 1 % probability. This will increase the chance of conditions 
incongruous with precipitation existing, but these conditions seem to be less important factors 
than water and temperature in the growth of plants. 
 
Utilizing historical data as a basis for future data results in a simplified scenario, but the 
complications involved in developing an entirely new set of climate data made this impossible 
in the study here. Stochastic climate generators exist using historical data as an input 
(Semenov, and Barrow, 1997), but, again, this adds another unnecessary level of complication 
to the study. 

4.4 Harvest 

With respect to the results for the growth and harvest of M. Giganteus, there is a pattern of 
greater changes at higher latitudes. England, which is the most northern site at 52° N 
experiences an increase in harvest of 95 %. Poland comes next at 51° N, then NE Italy at 45° 
N, and finally Sicily at 37° N. This, of course, reflects the respective climate change pattern 
which involves greater changes at higher latitudes and more moderate changes at lower 
latitudes. 

4.5 Water use efficiency 

Water use efficiency (WUE) seems to be a measure that is somewhat limited in its usefulness, 
at least in this study. Evapotranspiration efficiency can be useful for a farmer to identify the 
efficiency of irrigation, for example, which can then inform technical solutions to minimize 
soil evaporation. Transpiration efficiency can be considered a more direct measure of how 
efficiently the plant uses water.  
 
Essentially, these measures may be more useful for a farmer to optimize their water use or 
methods of production. It may also be more informative when comparing different crops in a 
location with some degree of water stress. Within this study, the measure serves mostly to 
compare conditions at the different sites and scenarios.  
 
In table 5, the A2 scenario for NE Italy (Cfa) and Sicily (Csa) shows that when more optimal 
conditions exist for M. Giganteus, the evapotranspiration (ET) efficiency levels out. The same 
occurs in table 6 in the historical scenario for the transpiration (T) efficiency. However, T 
efficiency in the A2 scenario appears to diverge in the Cfa zone in the future scenario. 
Relative to the historical scenario it has grown by 64 % and is significantly greater than the 
other sites. The leveling out of WUE can be explained by the simple physical limitation of 
plants with regard to growth and water demands. Therefore, the fact that T efficiency has not 
leveled out points to some error in the plant model. It can be that one or more parameters need 
to be adjusted in order to correct this divergence. This could be accomplished with further 
research.   
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4.6 Alternative to cultivation 

As compared to an alternative with no cultivation, there is the phenomenon of carbon dioxide 
fixation underground in the form of rhizomes and root systems since M. Giganteus is a 
perennial plant. Indeed, it is estimated that 5.2 - 7.2 tons C/ha/year can be fixed by M. 
Giganteus, creating a negative carbon balance (Yuan, et al., 2008). This has an advantage 
considering sustainability in the face of increased atmospheric carbon dioxide levels and the 
resulting global warming. 
 
However, there are of course downsides to this as well, in the form of reduced water runoff 
and ground water creation, consumption of soil nutrients and fertilizer, the accompanied 
eutrophication, as well as emissions related to cultivation and harvest. 

4.7 Marginal Land 

Of interest in further investigations is the possible cultivation of M. Giganteus on marginal 
lands. Growing crops for biofuels on marginal land has the potential of storing carbon in the 
soil and thereby reduce climate change, and in addition potential conflict between fuel and 
food production is avoided. (Field et al., 2008) A simulation under the various conditions 
which are considered marginal land could be an interesting future project. 

4.8 Water Management 

As figure 3 in section 3.1 shows, three of four sites are expected to experience climate 
changes that mean a lower precipitation in the summer when it is most needed for the growing 
season. On the other hand, precipitation increases in other periods of the year when it is less 
needed by vegetation. Poland and NE Italy both experience increased surface runoff, which 
occurs mainly during the winter. This raises the question of how well these sites can store 
water from the off-season for use in the growing season. This storage can either be natural, in 
the form of natural aquifers, or artificial, in the form of reservoirs. In either case, a certain 
amount of adaptation may be required to deal with changes in runoff. 
 
M. Giganteus, being a C4 plant and able to operate with a high water efficiency, will fare 
better under changing hydrological conditions, but other crops and plants may be more greatly 
affected.  
 
Water storage capabilities locally and regionally will be of great significance if future climate 
scenarios are correct in their prediction of precipitation patterns. Some areas will be better off 
in terms of others with the increased variability in the future. More economically limited 
areas, such as much of Africa lack the infrastructure to properly take advantage of 
precipitation which often comes highly concentrated in short periods during the year. In these 
cases of surplus, runoff is very high and the water flows away without infrastructure to store it 
(Olofsson, 2013). This problem will be exacerbated and spread to more regions in the case of 
greater precipitation variability in the future. Thus, greater investments and development of 
water management infrastructure may be needed to adapt to future climate conditions 
(Mukheibir, 2010). 
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4.9 Water Balance 

Of major concern at the sites in England and Sicily is the reduced water runoff associated 
with higher temperatures and the higher growth of M. Giganteus. This is important in order to 
have enough ground water creation in order to have sufficient recharge of supplies, which also 
provides water for drinking, as well as agriculture and other vegetation. The yield is also of 
importance; however it cannot be a priority to gain a large yield if all the water is consumed 
in order to get it. Therefore irrigation is not an option for Sicily, even though providing more 
water in the dry summer would increase the yields due to a reduced water stress for the plant. 
 
For Sicily and England, both having a negligible total runoff for the future scenario, future 
large scale cultivation of M. Giganteus cannot be considered sustainable due to the water 
scarcity that cultivation at these sites would cause. 
 
Due to this case being the opposite for NE Italy and Poland, that is, both drainage and surface 
runoff are high in the historical scenario and are increasing in the future scenario, large scale 
cultivation on these sites might be an option. In NE Italy the WUE has increased for the future 
scenario, resulting in this site having the highest WUE for this scenario. Poland has the lowest 
yield in the future so, with regard to yield and runoff, the most appropriate location for 
cultivation in the future is NE Italy. 
 
One concern which should also be accounted for regarding the suitability for cultivation is 
how the relatively high surface runoff for Poland and NE Italy affects water quality 
downstream. 

4.10 Sustainability 

This study has evaluated the suitability of different climate zones for cultivation of M. 
Giganteus for biofuel production, with regard to potential yield and the local water balance. 
This only examines a portion of the sustainability of such cultivation. With respect to 
environmental sustainability further investigation could examine farming techniques, 
including fertilizer levels and irrigation. To examine the social sustainability one could 
investigate regional water stress levels in relation to the water use in this case, and potential 
competition with food crop cultivation. Finally, economic sustainability could be examined by 
an economic analysis of the costs of such cultivation and whether it is financially feasible 
without excessive government support.
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5 Conclusion 

This study has concluded that cultivation of M. Giganteus in the Mediterranean (Csa) and 
marine west coast (Cfb) climate zones cannot be considered sustainable in the long-term from 
a water balance perspective because the average yearly runoff is negligible after a climate 
change has occurred. For the humid subtropical (Cfa) and the humid continental (Dfb) zones, 
on the other hand, long-term sustainability can be achieved because both locations show a 
significant average yearly runoff when simulated in the future scenario. The Cfa zone has a 
WUE which is higher than for the Dfb zone making it the most suitable for cultivation of M. 
Giganteus due to a larger yield per unit of water consumed. 
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Appendix I MATLAB code 

%program för att slumpa ut nederbörd  
clc 
clear all; 
  
format long;  
  
pm=[];  %vektor med ändringen i nederbörd per månad 
p=[];   %vektor med nederbörden per dag 
  
dack = 0; %ackumlerade dagar 
  
length(p) 
  
ptest = p; %test för att se att medelvärdet ökar så mycket som det ska 
  
for y =[1972:2001] 
         
    for m =[1:12] %kör för 12 månader 
        if m == 1 | m == 3 | m == 5 |m ==7 | m== 8| m== 10| m==12 
            ndag=31 
        elseif m == 4 |m == 6|m == 9 | m== 11 
            ndag =30 
        elseif m == 2 
            if rem(y,4)==0 %om y är jämt delbart med 4 är det ett skottår 
                ndag=29 
            else % om inte ett skottår 
                ndag =28 
            end 
        end 
     
        x=60; % antal fraktioner som medeländringen ska delas upp i 
        pfrac = pm(m)/x;  
        count = 0;  
         
        while count < x 
            if pm(m) > 0 %om nederbördsändringen är positiv 
                fail = true;  
                while fail == true 
                    slump = round(ndag*rand(1,1)); %slumpa fram en dag 
                    if slump > 0 
                        fail = false; 
                    end 
                end 
               slump = slump+dack; 
               pslump = p(slump); 
               if pslump > 0 % om nederbörden den dagen är större än noll 
                   p(slump) = pslump+pfrac;  
                   count = count+1; 
               else 
                   if round(100*rand(1,1)) == 100 
                       p(slump) = pslump+pfrac; 
                       count = count + 1; 
                   end 
               end 
            else %om negativ nederbördsändring 
                fail = true;  
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                while fail == true 
                    slump = round(ndag*rand(1,1)); %slumpa fram en dag 
                    if slump > 0 
                        fail = false; 
                    end 
                end 
                slump = slump + dack; 
                pslump =p(slump); 
                if pslump >= abs(pfrac) 
                    p(slump) = pslump + pfrac; %en fraktion av nederbörden 
dras bort 
                end 
                count = count +1;  
            end 
        end    
        dack = dack + ndag; 
                 
    end     
     
end 
 

 


	Abstract
	Sammanfattning
	1 Introduction
	1.1 Background
	1.2 Purpose
	1.3 Aims

	2 Theory and methodology
	2.1 Köppen-Geiger climate classification / Climate zones
	2.2 Water Balance - theory
	2.3 Water use efficiency
	2.4 CoupModel
	2.5 Parameterization of Miscanthus Gigantues and the system
	2.5.1 Plant characteristics/Physical features
	2.5.2 Temperature and growth
	2.5.3 Radiation use efficiency
	2.5.4 Leaf area index
	2.5.5 Biomass and coal allocation/content in the plant
	2.5.6 Harvesting practices
	2.5.7 Soil
	2.5.8 Yields
	2.5.9 Fertilization
	2.5.10 Response
	2.5.11 Growing Season

	2.6 Historical data
	2.7 Future scenarios

	3 Results and analysis
	3.1 Description of the sites and climates
	3.2 Future climate and weather scenarios for the sites
	3.3 Miscanthus x Giganteus, simulated
	3.3.1 Response/Growth/Yield – Historical
	England (Cfb)
	Poland (Dfb)
	NE Italy (Cfa)
	Sicily (Csa)

	3.3.2 Response/Growth/Yield – Future
	England (Cfb)
	Poland (Dfb)
	NE Italy (Cfa)
	Sicily (Csa)


	3.4 Water balance today and in the future
	3.4.1 Differences in the water balances between climate zones for the historical scenario
	Evapotranspiration
	Total runoff
	Difference in storage

	3.4.2 Differences between the water balances for historical and future scenarios
	England (Cfb)
	Poland (Dfb)
	NE Italy (Cfa)
	Sicily (Csa)


	3.5 Water use efficiency today and in the future

	4 Discussion
	4.1 Climate Zones
	4.2 CoupModel
	4.3 Future Scenario
	4.4 Harvest
	4.5 Water use efficiency
	4.6 Alternative to cultivation
	4.7 Marginal Land
	4.8 Water Management
	4.9 Water Balance
	4.10 Sustainability

	5 Conclusion
	6 References
	Appendix I MATLAB code

