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Foreword 

This report holds the findings of an analysis of different scenarios meant to bring the farming of 

the Vennerslund Estate from fossil fuel based methods to more CO2-neutral operation. The 

scenarios presented include local production of wind and solar power as well as replacing diesel 

fueled agricultural machinery with battery-driven electric alternatives and providing an EV 

charging station to the nearest highway. The work presented comes from a collaborative project 

between the Technical University of Denmark and Vennerslund Estate during 2019. DTU Link is 

acknowledged for the financial support of the project.    
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Summary 

At the Vennerslund Estate, an ambitious goal has been set to introduce a large renewable energy 

production to the normal operation of the Estate, which primarily consists of agricultural activities. 

The two main energy sources considered are 6 wind turbines providing a capacity of 

approximately 20-25 MW and about 53 ha of photovoltaic solar panels with a combined capacity 

of about 45 MWp. Instead of simply selling the electricity, Vennerslund has initiated an 

investigation of the potential consumption of the produced energy locally by the Estate or by 

neighboring activities, such as establishing a charging station for electric cars at the highway 

intersecting the field of Vennerslund or the Nordic Sugar factory in Nykøbing. 

 

This report is investigating to what extend local energy consumption can be supplied electrically 

from the wind turbines and solar panels. Since all the machines used for the agricultural tasks of 

the estate are currently based on diesel fuel, scenarios have been examined in which diesel-

fueled tractors and harvesters are replaced by alternative, green technologies, such as battery-

based electric vehicles and a straw fired boiler for heating is replaced by electric heat pumps. 

 

The energy production of the wind turbines is expected to reach up to 90 GWh/year, while solar 

PV is expected to produce around 52 GWh/year. Even if all major local demand could be replaced 

by electric alternatives, local generation will still exceed the local demand by a factor of 38, and it 

therefore makes sense to come up with new ways of using the excess electricity locally at 

Vennerslund or in the neighboring area. It seems realistic to get turbines and solar panels in place 

within a time frame of 1-5 years, after which a second stage could evolve, taking advantage of 

the green electricity to adapt the equipment and daily operation at Vennerslund over the next 5-

10 years with the aim of reducing the overall CO2 emission. The following scenarios for adaptation 

of the local consumption pattern are considered: 

 

 Substitution of diesel-fueled tractors with electric battery-driven machinery that charges 

on the locally produced green energy from wind and solar PV. The report shows how 

electric alternatives currently available on the market can only be considered for the 

lighter tasks carried out by current tractors, as they do not yet reach the horse power 

needed to directly replace all tractors. The alternative technology of using bio- or 

electrofuels produced from electricity is deemed too premature in order to consider it as 

a possible replacement within a period of the next 5-10 years. 

 

 Replacement of a straw-fired boiler with heat pumps for the heating of several houses of 

Vennerslund property. The heat pumps could furthermore run directly on green electricity 

and provide a significant CO2 reduction, compared to the current scenario. 

 

 Supplying green electricity to the seed drying facilities at Vennerslund, instead of the 

current dependency on grid electricity. 

 

 Supplying power to a charging station at the highway near the estate does seem to be 

technically possible, but further investigation of the rules associated with local 

municipality as well as the state authorities responsible for the highway are needed in 

order to clarify the legal and economic feasibility.  
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 Supplying power to private enterprises in the Guldborgsund Municipality either by a direct 

consumption or by having a Power Purchase Agreement. 

 

The possible CO2 depletion in the power mix is found to be largest for the wind turbines and is in 

the order of 70,000 tons CO2/year, whereas the solar panels can deplete 41,000 ton CO2/year, 

when compared to current fossil fuel based power generation in Denmark. For comparison, the 

CO2 emission from the current farm operations themselves amount to only 770 ton/year. By 

implementation of the adaptations of the local consumption pattern listed above, the CO2 emission 

can currently be reduced by up to 63% if local 100% green energy is used in replacement of 

electricity from the grid. For the current scenario, it is assumed that only a third of the energy 

delivered by tractors could be delivered by smaller, electric tractors. If both tractors and harvesters 

can be electrified in the future, CO2 emission of the operations considered here can be completely 

avoided by running all activities on local 100% green electricity. The latter, futuristic, scenario may 

also require an appropriate local energy storage unit, but a study of this is left for future projects.  
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1. Introduction  

1.1 Vennerslund Estate 

 

Located in the South-Eastern part of Denmark on the island of Falster, Vennerslund Estate covers 

2,200 hectares, where 10 different crops are being farmed. Figure 1 shows the position of the 

estate at the Guldborgsund strait between Falster and Lolland, as well as an enhanced satellite 

image with colored regions indicating the area belonging to Vennerslund.  

 

The origin of the Estate can be dated all the way back to the 12th century, whereas the 

architectural outline of the main buildings have their roots in 1770. For the last 200 year is has 

been owned by first the family Grandjean and now the family Brockenhuus-Schack. The operation 

of the Estate is focused on agricultural farming of the fields and well as forestry of the forest areas 

related to the estate.    

 

The land possessions of Vennerslund are spread over a large number of fields as shown in the 

right hand side of Figure 1. The main groups of these possessions are marked by numbers and 

the usage of the position are indicated in Table 1. 

 

 

Figure 1 Map of Denmark with an enhanced satellite image covering the land owned or managed by 

Vennerslund shown with color-filled areas. Four cadasters have been numbered and are further described 

in Table 1. The E47 highway crossing through the area is highlighted in red. Sources: Left-hand side map 

made with the Python Basemap toolkit, right-hand side map: Vennerslund Estate, made with the Næsgaard 

MARK planning tool. 
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Table 1 Overview of the main land possessions owned and managed by Vennerslund Estate organized by 

the numbers shown in Figure 1 . Source: Vennerslund Estate. 

 Function 

1 Area owned by Vennerslund Estate including manor house, main base for all 

agricultural equipment and straw fired boiler for local heating. 

2 Leased area for farming, with seed drying facility (Vilhelmsdal). 

3 Leased area for farming. 

4 Leased area for farming, with seed drying facility (Orupgaard). 

 

1.2 Production of crops 

A large variety of crops are produced at the Vennerslund Estate and there is no animal production 

related. Thus the seasonal activities of the estate are mostly related to planting seeds in the 

spring, supporting the growth of crops during the summer and harvesting in the late summer. A 

period of cultivating the soil follows in the autumn, whereas the activity in winter is rather limited.    

 

Figure 2 is showing an overview of the areas used for growing different crops in the years 2016-

2018 and it is seen that there are large annual changes of the production of the different crops. 

The total area used were 896 ha, 1610 ha and 1581 ha, whereby 2018 will be used as a good 

representative of an average year of Vennerslund Estate in the main parts of this report. 

 

Figure 2 The field areas used for growing the crops at Vennerslund Estate are shown for the years 2016-

2018 in order to illustrate that the crop productions are changing from year to year. The unit of area is 

hectares (ha) with 1 ha = 100 m x 100 m or 0.01 km2. The total growth area used was 896 ha, 1610 ha and 

1581 ha in 2016, 2017 and 2018 respectively. Source: Vennerslund Gods. 
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Figure 3 The consumption of diesel used for cultivating and harvesting the different crops of Vennerslund 

Estate for the years 2016-2018. The total consumption was 126, 180 and 151 thousand liters of diesel in 

2016, 2017 and 2018 respectively. Source: Vennerslund Estate. 

 

Figure 3 is showing the corresponding consumption of diesel used by farming machines for each 

type of crop for the years 2016 – 2018 and Figure 4 is showing the diesel consumption of the 

farming machines for the reference year 2018. 

 

Since the energy consumption of the farming of the estate are directly linked to the seasonal 

activities of the different crops then the annual variation of the energy consumption in 2018 will 

be reviewed in the following chapters with the scope of investigating if some of the fossil fueled 

machines can be replaced by more renewable fueled machines.   
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Figure 4 A comparison of the different crops at Vennerslund in terms of the amount of diesel spent in the 

cultivation of each in 2018, which is used as representative of an average production year of Vennerslund 

Estate. Source: Vennerslund Estate. 
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1.3 Machinery used for the operation 

 

The farming machines used for the operations of Vennerslund Estate are listed in Table 2 and it 

can be seen that a majority of the machines are tractors used for manipulating soil, whereas three 

harvesting machines are used for harvesting the crops mainly in late summer. Figure 5 shows 

one of the three harvesters used for harvesting in July-August. Throughout the year, smaller 

tractors are in use such as the one shown to the right in Figure 5. 

 

Table 2 List of all machinery consuming diesel at Vennerslund as of 2019. Source: Vennerslund Estate. 

Make Model Power rating [kW] Use at Vennerslund 

Fendt 724 174 Planting, fertilizing, watering 

Fendt 724 174 - 

Fendt 936 269 - 

Fendt 936 269 - 

Fendt 939 291 - 

Fendt 1050 380 - 

Volvo L 90F 186 Loading, transportation and 
earth-moving tasks 

Claas Scorpion telehandler 136 - 

Hydrema Excavator 108 - 

Case IH Axiel Flow 9250 426 Harvesting grains 

Case IH Axiel Flow 9250 426 - 

Case IH Axiel Flow 9250 426 - 

Holmer T4 460 Harvesting sugar beets 

 

 

Figure 5 Photos of typical farming machines used at Vennerslund. Left: Case IH Harvesters. Right: One of 

the Fendt Vario tractors used throughout the year for instance to offload the harvester. 
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1.4 Envisioning an energy and nature park 

 

The owner of the estate, Kim Brockenhuus-Schack, envisions a more sustainable future for his 

estate by using the property to produce green energy while promoting the use of the same via 

increased use of electric machinery and installation of EV charging stations. His hope is to find 

an economically feasible scenario to put his agriculture business on a more sustainable path while 

at the same time serve as inspiration for farmers elsewhere in Denmark and beyond for 

generations to come. With this goal in mind, Kim started in 2012 to work on a plan to establish an 

energy park with roughly six wind turbines. Since then, the idea evolved into a more expansive 

project of a combined Energy and Nature Park including a recreational nature park that is to be 

open to the public with hiking and biking routes and bird observation towers. The project proposal 

for the erection and placement of six wind turbines was taken under consideration and has been 

tentatively approved by the local church administrative authority, but the project has yet to be 

approved by the Guldborgsund municipality with an expected verdict coming out in the first half 

of 2020. Currently (Dec 2019), the whole project is also undergoing an evaluation regarding its 

environmental impact on the surroundings (a so-called Konsekvens- og miljøvurdering). 

 

1.5 Organization of this report 

 

The main goal of this report is to formulate a series of scenarios that can realize the vision of the 

Vennerslund Energy and Nature Park to transform the farming from being fossil fuel based and 

into a renewable based version and to evaluate the impact on the CO2 emission of the Estate if 

implemented.  

 

In chapter 2 a technical background is given to familiarize the reader with the efficiencies and 

conversion factors between different forms of energy involved in the operation of the Vennerslund 

Estate.  

Chapter 3 outlines the scenarios of transforming the farming of the Vennerslund into a more 

renewable mode and chapter 4 compares the expected energy production with the local and 

external energy demands.  

 

Chapter 5 analyses the CO2 footprint of the various potential scenarios as well as combinations 

of these.  

 

The economic feasibility is investigated in chapter 6, followed by a conclusion and future 

perspectives in chapter 7 and 8. 
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2. Conversion of energy in farming 

In modern agricultural farming a large series of machines and tools are used in the processing of 

the soil, planting the seeds, cultivating the plants, harvesting the crops and also drying the 

harvested grains and seeds if they were moist during the harvest period. These machines are 

often burning a chemical fuel like diesel oil in a combustion engine, which is converting the 

chemical energy first into heat, then pressure inside the engine cylinder. Finally the mechanical 

energy is obtained, when the expanding gas is pushing a piston that is turning the shaft. 

 

In each step of the conversion of energy a fraction of the initial energy is lost to the surroundings 

and the efficiency of the conversion is defined as the fraction between the energy output and the 

energy input: 

 

Efficiency ε =
Energy out

Energy in
 

 

In order to compare the performance of a tractor running on either diesel or batteries one will have 

to ensure that they are asked to do the same job in terms of providing mechanical power to 

process the soil for instance. Thus one will have to estimate the efficiency of the two types of 

machines, before they can be compared. This chapter will cover the conversion factors and 

efficiencies, which will be used for comparing the energy demand from different farming 

processes as well as determining the resulting CO2 emissions.  

   

  

2.1 Definition of conversion factors 

 

In the following we will be calculating and comparing three forms of energy: 

  

1. Raw energy inherent in the fuel itself. 

2. Delivered energy in the form of mechanical, heat or electric energy. 

3. Corresponding electric energy demand if all processes are electrified, Eelectric. 

 

In addition we will compute the CO2 emission from using current fuel options and compare to 

scenarios in which current fuel supply has been replaced with electricity from the grid or from 

locally produced green energy as produced by either wind or solar PV at the Vennerslund Energy 

park. In order to convert from one energy form to another and derive the corresponding CO2 

emission, a number of conversion factors must be applied, of which a schematic overview can be 

found in Figure 6. 
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Figure 6 Schematic overview of the conversions that come into play when electric power (right-hand side) 

is used to substitute fossil and biomass fuels (left-hand side). At the top of the figure, the CO2 emission 

numbers per kWh of delivered energy are shown, and have been calculated using the values in Table 4, 

adopting a current value for the electricity grid of 200 g/kWh, although the electric energy demand could also 

be supplied CO2-free via renewable energy (hence the dashed arrows on the right-hand side of the figure). 

 

The efficiencies seen in Figure 6 are listed in Table 3 and the CO2 content per amount of fuel in 

Table 4 with corresponding references. These efficiencies and conversion factors will be further 

described in the following sections and used to compare the various scenarios. A big caveat is 

that many of the numbers adopted here are only approximations and could be subject to 

significant changes in the near future. We have attempted to find and use the most recent 

estimates and, where realistic, make assumptions on how some of the estimates may evolve 

towards 2030 as technologies improve and fossil fuel use in the Danish power system diminish. 

 

In Table 3 the energy content of the raw diesel and straw are listed in the first column as specified 

by the Danish Energy Agency (Danish Energy Agency, 2017). The second column is indicating 

typical conversion efficiencies when the diesel oil is burned in an internal combustion engine (ICE) 

or when the straw is burned in a boiler. In the case of the diesel, 1 liter of diesel contains 9.96 

kWh energy of energy, but only about 30% of that is turned into mechanical energy (Yan, 2015). 

This energy density of diesel and efficiency of a typical ICE combine to give an “energy density” 

that we will use in the following: 

 

EDiesel2EMech = εDiesel2Mech ∙ EDiesel = 0.3 ∙ 9.96 kWh/liter = 2.99 kWh/liter 

 

The third column in Table 3 is showing the conversion factor related to changing electricity from 

the grid into mechanical or heat energy in order to replace diesel or straw, respectively. For the 

case of an electric batter-driven engine, there are three processes through which energy is lost: 

Charging the battery, discharging the battery and converting electric energy into mechanical 

energy in the electromotor, which is providing the mechanical power to the shaft of the vehicle. It 
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is assumed that the grid power can be passed into and out of the battery with an efficiency of 

εGrid2Bat = εBat2Motor = 90 % (Karlsson, 2013). It is then assumed that the electric motor can 

convert electricity coming from the battery into mechanical energy with an efficiency of 

εMotor2Mech = 90 % (Karlsson, 2013). Thus, the mechanical energy resulting from a certain input 

energy from the grid, EGrid, can then be derived as, 

 

EGrid2EMech = εGrid2Bat ∙ εBat2Motor ∙ εMotor2Mechanical ∙ EGrid 

 

Now the electricity demand for the electric grid in order to obtain the same mechanical energy as 

VDiesel = 1 liter of diesel can deliver, is derived as, 

 

VDiesel ∙ EDiesel2EMech = EGrid2EMech → 

VDiesel ∙ EDiesel2EMech = εGrid2Bat ∙ εBat2Motor ∙ εMotor2Mech ∙ EGrid  →  

 

EGrid =
VDiesel ∙ EDiesel2EMech

εGrid2Bat ∙ εBat2Motor ∙ εMotor2Mech

=
1liter ∙ 2.99 kWh/liter

0.9 ∙ 0.9 ∙ 0.9
= 4.10 kWh 

 

A similar conversion can be done for the burning of straw since one ton of straw at 15% moisture 

can be converted into roughly 4 MWh of heat via combustion (Danish Energy Agency CO2-

kvoteservice, 2019) and straw boilers operate at a typical efficiency of 70% (IEA, 2010) leading 

to the following “energy density” for straw: 

 

Estraw2Eheat = εstraw2heat ∙ EStraw = 0.70 ∙ 4.03 MWh/ton = 2.82 kWh/kg 

 

On the other hand, heat pumps can convert electricity from the grid into heat with an efficiency of 

about 370%, increasing to 380% in 2030, according to (Danish Energy Agency and Energinet, 

2016) and (David, 2017), meaning that the electricity demand for providing the same heat as 

MStraw = 1 kg of straw is currently around: 

MStraw ∙ EStraw2EHeat = EGrid2EHeat → 

 

MStraw ∙ EStraw2EHeat = εGrid2EHeat ∙ EGrid → 

 

EGrid =
MStraw ∙ EStraw2EHeat

εGrid2EHeat
=

1kg ∙ 2.82 kWh/kg

3.7
= 0.76 kWh 
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Table 3 Efficiencies and conversion factors when going from one energy form to another. 

Fuel Raw energy 
content 
 

Efficiency to 
mechanical or heat 
energy 

Conversion to electrical 
energy demand 

Diesel EDiesel =
9.96 kWh/liter [1] 
 

εMotor2Mech = 30% [2] 1

εGrid2Bat∙εBat2Motor∙εMotor2Mech
=

1/(90% × 90% × 90%)  =
1/73% [3] 

Straw EStraw =
4.03 kWh/kg [1] 
 

εStraw2Heat = 70% [4] 1

εGrid2EHeat
= 1/370% in 2019,  

1/380% in 2030. [5,6] 

[1] (Danish Energy Agency, 2017), (Baglione, 2007) 
[2] (Yan, 2015) 

[3] (Karlsson, 2013) 
[4] (IEA, 2010) 
[5] (Danish Energy Agency and Energinet, 2016) 
[6] (David, 2017) 

 

In Table 4 the CO2 emission resulting from electricity production at a coal fired power plant is 

given, as well as the CO2 emission from the current electricity mix of the Danish power supply, as 

of 2017 (Danish Energy Agency, 2017). The emission from burning diesel and straw will not 

change over time and are also given in the table. In the case of straw, the CO2 emission was 

estimated with emission measurements for wheat straw as published in (Maj, 2018).   

 

 

Table 4 Conversion factors from amount of fuel to CO2 emission. 

Source of energy CO2 emission Reference 

Fossil fuel plants, 𝐜𝐂𝐇𝐏𝟐𝐂𝐎𝟐 779 g/kWh [1] 

Electricity from the grid, 𝐜𝐠𝐫𝐢𝐝𝟐𝐂𝐎𝟐 200 g/kWh in 2019  
50 g/kWh  in 2030. 

[1] 

Burning diesel, 𝐜𝐝𝐢𝐞𝐬𝐞𝐥𝟐𝐂𝐎𝟐 2.65 kg/liter [1] 

Burning straw, 𝐜𝐬𝐭𝐫𝐚𝐰𝟐𝐂𝐎𝟐 
1.24 

kg 𝐶𝑂2

kg straw
 

[2] 
Note 1 

[1] (Danish Energy Agency, 2017)  
[2] (Maj, 2018) 
Note 1 The CO2 emissionfactor from burning straw is set to zero in [1], since it is considered 
CO2 neutral in Denmark, if a similar amount of straw is replanted and will absorb the CO2. 
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3. Scenarios 

3.1 Scenario 1: Current consumption 

 

The energy use of Vennerslund Estate can be divided into three areas: 

  

1) Use of tractors and harvesters fueled by diesel 

2) A facility for drying of crops using large electric fans and heaters  

3) Heating the Estate and an additional 9 houses using a straw fired boiler 

 

An overview of these types of consumption are given below in order to set the scene for discussing 

if they could be changed to more green sources such as green electricity. 

 

3.1.1 Diesel consumption 

 

The machines listed in Table 2 consume diesel throughout the year, carrying out various tasks, 

from seeding to harvesting, with some machines only in use during the fall harvesting season. 

The total monthly consumption of diesel changes as shown in Figure 7, which displays the 

consumption for tractors and harvesters separately in 2018, a typical year at Vennerslund. July 

and August display high consumption due to the harvesting season, but also October where 

winter crops such as winter wheat are sowed and sugar beets are harvested. A total of 156,860 

liters of diesel were consumed in 2018, with 148,058 and 8,802 liters for tractors and harvesters 

respectively. 

 

 

Figure 7 The monthly diesel consumption at the Vennerslund Estate in 2018 for tractors and harvesters 

separately. Right-hand side axis indicates corresponding raw energy content of the diesel used, using the 

energy density of diesel listed in Table 3 

 



 

 

Hybrid Solar PV and Wind Energy Scenarios for Reduced Carbon Footprint of a Large-scale Agricultural Business 19 

The monthly diesel consumption at the Vennerslund Estate in 2018 for tractors and harvesters 

separately. Right-hand side axis indicates corresponding raw energy content of the diesel used, 

using the energy density of diesel listed in Table 3 

 

The energy density of diesel and efficiency of an internal combustion engine (ICE) listed in 

Table 3 lead to the following (optimistic) ‘energy density’: 

 

Ediesel2Emech = 10.7 kWh/liter × 0.30 = 3.21 kWh/liter 

 

 

With this conversion factor, we can estimate the annual demand for mechanical energy at 

Vennerslund as: 

  

Emech = Vdiesel × Ediesel2Emech = 156,860 liters × 3.21 kWh/liter = 504 MWh 

 

3.1.2 Electricity for drying crops 

 

A facility for drying crops is also present at the Vennerslund Estate and is used if the water content 

of the crops is too high at the time of harvesting. The facility consists of two large electric fans 

blowing air through a series of channels in the floor of a large barn as shown in Figure 8. The air 

flow will gradually reduce the water content of the crops, which can then be saved for the winter 

without the risk of the formation of mold and decomposition.  

 

Taking an average of 2017 and 2018, roughly 69 MWh of energy is used annually for drying at 

the two facilities operated by Vennerslund (located in land area 2 and 4 in Figure 1). Drying 

happens primarily in the months of August, September and October, and we will assume here 

that the energy consumption for drying is spread out evenly between those months, equal to 23 

MWh per month. 

  

Figure 8 Left: Crop drying facility where air is blown up through the channels in the floor. Right: 

Two electric fans placed in the cellar of the drying facility. 
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3.1.3 Heating 

 

The indoor heating of the Estate and about 9 houses belonging to the Estate is done using a 

straw fired boiler as shown in Figure 9. Bales of straw are placed in a row on a conveyor belt for 

automatic feeding of the straw into a dispenser. The straw is blown with an airflow into the 

incinerator, which is heating water that is circulated through the heating panels of the estate and 

the houses. 

Each year, about 550 bales of straw, each weighing 500 kg, are being incinerated and converted 

into heat. With the conversion factor derived in section 2.1, the actual heat demand of 

Vennerslund can be derived from the mass of consumed straw, Mstraw, as: 

 

Eheat = Mstraw ∙ Estraw2Eheat = 550 ∙ 500 kg ∙ 2.82 kWh/kg = 776 MWh 

 

3.1.4 Annual profile of energy consumption 

 

Figure 10 and Figure 11 compare the energy spent per month and per year in the different sectors 

(machinery, seed drying and heating) described in the previous sections. In Figure 10, the raw 

energy content of the fuel type used is shown, while Figure 11 displays the net energy output, i.e. 

the actual energy demand — be that mechanical, heat or electric energy. For the heating, a typical 

indoor heating profile for Denmark has been used to distribute the annual consumption across all 

months of the year (Roslev Fjernvarmeselskab, 2018) while the energy for seed drying has been 

split equally into the months of August, September and October. 

 

From the annual distribution of energy consumption in Figure 10, it can be seen that machinery 

presents the most energy-demanding activity in terms of raw energy content due to the high 

energy content of diesel (see pie chart in Figure 10). However, due to the low efficiency of a diesel 

engine, machinery is only the second-most energy-demanding activity in terms of net output 

energy (see pie chart in Figure 11). 

Figure 9 Straw fired boiler for heating: Left: Bales of straw being fed into the boiler by a conveyor 

belt. Middle: Hatch of the boiler. Right: Plate with specifications of the boiler. 
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Figure 10 Comparison of the raw energy content of fuel used for agricultural machinery, seed drying devices 

and heating for buildings. The energy content in the consumed amounts of diesel, electricity and straw have 

been calculated using the conversion factors in Table 3, and are shown in blue, purple and red colors 

respectively. 

 

 

Figure 11 Comparison of the net energy output necessary from agricultural machinery, seed drying devices 

and heating for buildings. We note that this graph combines three different types of energy; Mechanical (in 

harvesters and tractors), electric (in seed drying facilities) and heat energy (in straw boiler), shown in blue, 

purple and red colors respectively. 
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3.2 Scenario #2: Wind energy 

 

To a farmer, the erection of wind turbines can be viewed as an energy crop, and at Vennerslund, 

the goal is to invest in a series of 4-5 MW size wind turbines that can more than compensate for 

the carbon footprint of the farm itself. The meaning of an energy crop is that onshore wind turbines 

have a design life time of 20 years, after which they should in principle be replaced by new 

turbines. This is somewhat similar to growing wood for timber production, where the forest must 

be replanted with a time period of several decades. The advantage of supplementing a farming 

operation with wind turbines is that the wind turbines are only taking up a small fraction of the 

area of a field given by the foundation and the energy harvesting scales with the area of the wind 

turbine rotor, which is placed high above the field. Thus the shadow effect on the remaining field 

is very limited and crops can still be grown. 

 

As part of the formulation of the Vennerslund Energy and Nature Park vision, it was suggested to 

consider 6 Vestas V136- 3.45 MW onshore turbines as in Figure 12 for this report by January 

2019. At a later stage the power rating of the turbines might be increase to consider the V136-4.2 

MW turbine. These wind turbines use a rotor with diameter 136 m, which is placed on a tower, 

around 80 meter tall. Each turbine generates a maximum power of P = 3.45 MW when the wind 

speed is above the rated wind speed, which is about Vrated =10-11 m/s. When the wind speed is 

below 3 m/s, the turbine is stopped to minimize wear of the mechanical components and similarly, 

if the wind speed is above 25 m/s, the turbine is also stopped to avoid the heavy loads of a storm. 

Information on the chosen wind turbines can be found in Table 5.  

 

 

Table 5 Wind turbine information for the Vennerslund Energy Park. 

Number of turbines 6 

Maximum power 4-5 MW 

Hub height Max 150 m 

Rotor diameter 132-136 m 

Manufacturer Vestas/Siemens 

Estimated annual energy production 90 GWh 
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Figure 12 Location of the six proposed wind turbines (red dots) with the area available for wind turbine 

placement shown in shaded red color. The Sun symbol indicates the potential location for solar PV 

installations. Source: Vennerslund 2018.  

 

3.2.1 Estimating the annual energy production (AEP) 

 

In order to evaluate the value of adding a wind turbine to a farming operation, one will need to 

know the available wind resource at the installation site, the power production of the selected 

wind turbine, the annual energy production, the cost of installing, operating and decommissioning 

the turbines and finally the expected discount rate of the investment. 

 

The wind resource at Vennerslund is illustrated in Figure 13, where the annual average power 

density at a height of 100 m above the terrain is shown as a color plot overlaid on the map of 

Lolland and Falster. This height is similar to the tower height of the Vestas V136 – 3.45 MW 

turbine and can be used as input when estimating the annual energy production. Figure 14 show 

the corresponding wind speeds within a 10 km x 10 km box at the Vennerslund Estate and the 

wind rose showing the dominating wind direction is seen in Figure 15. One can use the wind 

speed distribution of a specific site to determine the annual energy production by combining the 

wind speed distribution and the power curve of the specific wind turbine. Software packages for 

this could be WAsP developed by DTU Wind Energy or WINDPRO by EMD International A/S. 

 

A very rough estimation of the Annual Energy Production can be obtained by using the AEP curve 

provided by Vestas for the V136-3.45 MW turbine as shown in Figure 16. An average wind speed 

between 7.3 – 7.6 m/s, as found in Figure 14 will result in an AEP ~ 14.2-15.0 GWh/year. With 6 
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turbines installed at Vennerslund, the combined energy production from the wind turbines is 

therefore expected to be approximately 85-90 GWh/year. 

 

The capacity factor of the wind turbine is often defined as the ratio between the actual production 

of a site and the maximum full production. Thus, in the case of Vennerslund, the capacity factor 

is estimated to be: 

 

CPWind =  
Actual energy production 

Max energy production
=

AEP

PMAX ∙ Hours per year
 

 

=
14.2 − 15.0 GWh/year

3.45 MW ∙ 24
hours

day
∙ 365

days
year

=
14.2 − 15.0 GWh/year

30.2 GWh/year
= 47.1 − 49.7 % 

 

A number of students participating in the DTU master course Wind farm design and planning in 

2018 reached a similar conclusion using the WAsP software. They estimated the AEP of the 6 

turbines to be 73 GWh/year, but for the Vestas V117-3.45 MW turbines. 

 

 

 

Figure 13 Plot of wind resource of Lolland and Falster in terms of annual average power density in [W/m2] 

as obtained from the Global Wind Atlas for a height of 100 m above the terrain (Atlas, 2020). 
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Figure 14 Mean wind speed of a 10 km x 10 km area around Vennerslund as obtained from the Global 

Wind Atlas (Atlas, 2020) 

 

 

 

Figure 15 Wind Rose showing the main wind directions of Vennerslund as obtained from the Global Wind 

Atlas (Atlas, 2020) 

 

 

 

Figure 16 Expected Annual Energy Production (AEP) of a Vestas V136 – 3.45 MW and V136-4.2 MW wind 

turbines as function of the mean wind speed obtained for an IEC wind speed distribution with a shape 

parameter of k = 2. Reproduced from the web site of Vestas (Vestas, 2020). 
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3.3 Scenario #3: Solar Photo Voltaic (PV) 

 

South of the highway E47 (‘Sydmotorvejen’) and near Vennerslund Estate, an area of 53 ha (1 

ha = 100 m x 100 m = 10,000 m2) is under consideration for a PV plant instead of its current 

farming purpose. The intended location is roughly shown with a Sun in Figure 12 and belongs to 

land area number 1 in Figure 1. A study made by the architectural company Mogens B. Leth ApS, 

finds that the combined areas available for a PV plant could hold approximately 150,864 standard 

PV modules as shown in Figure 17. Assuming a typical capacity of 300 Wp per module, such a 

PV plant would have a total capacity of roughly 45.26 MWp and would be spread into about 23 

sub inverter stations of 2 MWp each.  

 

3.3.1 Estimating the annual energy production 

 

For the location of Vennerslund, the optimal inclination of a solar panel can be found using tool 

such as the Photovoltaic Geographical Information System (PVGIS) tool which has the capability 

to calculate the performance of grid-connected PV plants (European Commission Joint Research 

Centre, 2017). With the PVGIS tool, a slope angle of 42 degrees can be derived combined with 

an azimuth angle of 1 degree West, for optimal performance of solar panels placed at the 

Vennerslund site at (54.839,11.818). This results in an irradiation of 1420 kWh/m2 and a yearly 

production of 52.6 GWh for a 45.26 MWp PV plant according to PVGIS. This information is 

summarized in Table 6. The local Distribution System Operator (DSO) Cerius has stated that if 

the capacity of the PV plant exceeds 25 MW, a 5 km cable must be installed to reach the nearest 

50/10 kV station in Eskilstrup at the cost of the plant owner at Vennerslund. The company Mogens 

B. Leth is working on a solution that would only involve one substation combining the output from 

wind and solar, which would however require a cable connection across the highway, made 

possible via a technique called “horizontal directional drilling”.  

 

Table 6 Solar PV plant information of Vennerslund Energy Park. 

Area for PV 53 ha 

Total peak power, 𝐏𝐩𝐚𝐧𝐞𝐥𝐬 45.26 MWp 

Inclination 42 degrees 

Optimal azimuth 1 degree West of South 

Estimated annual energy production 52.6 GWh 
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Figure 17 Overview of the proposed placement of PV modules shown as red squares with crosses. As 

reference, the highway E47 is highlighted in red as in Figure 1. Source: Arkitektfirma Mogens B. Leth 2019. 

 

 

By using the same definition of capacity factor as for wind power, the capacity factor of the solar 

PV plant at Vennerslund Estate can be estimated to: 

 

CPPV =  
Actual energy production 

Max energy production
=

AEP

PMAX ∙ Hours per year
 

 

                                     =
52.6 GWh/year

45.26 MWp∙
24Hours

day
∙365

days
year

=
52.6 GWh/year

396.5 GWh/year
= 13 % 
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3.4 Scenario #4: Replacing diesel in agricultural machinery 

 

The tractors and harvesters introduced in section 3.1.1 are responsible for the largest share of 

the current CO2 footprint of Vennerslund through their diesel consumption as will be seen in 

section 5.1. Several options exist to replace the use of diesel, although some technologies are 

more mature than others. In theory, two main directions can be taken to reduce the total carbon 

dioxide equivalent (CDE or CO2e) emission from tractors and harvesters in agriculture: 

 

1. Replace or dilute diesel with a low-emission fuel, keeping the same Internal Combustion 

Engine (ICE) or slightly modifying it. 

 

2. Replace the Internal Combustion Engine (ICE) with a purely electric motor and run the 

motor on either fuel cells or an electric battery. 

 

In both cases, the alternative fuel could be produced using primarily or only renewable energy, 

hence removing the need for fossil fuels. In the following, we will briefly introduce each 

technology, providing examples of prototypes or recently released models on the market. The 

goal at Vennerslund is to make a green transition with regards to machinery within a timeframe 

of approximately 5-10 years, which puts requirements on the actual market maturity of the 

different technologies. In comparing the different possibilities for replacing the current diesel-

powered tractors, it was decided to focus on the solution combining an electric motor with a 

battery (chapter 3.4.3). 

 

3.4.1 Electro-fuels 

 

In short, electro-fuels are liquid or gas fuels of non-biological origin (synthetic fuels), where the 

chemical bonds are instead created via electrical energy from renewable sources. Typically, 

electrolysis is used to extract hydrogen from water, and the hydrogen atoms are combined with 

carbon from CO2 to create liquid electro-fuels such as butanol (C4H9OH) and biodiesel, or gas 

fuels such as Hydrogen (H2), methane (CH4) and butane (C4H10). Combined with ‘power-to-

liquids’ technologies, synthetic drop-in fuels such as diesel, petrol and even jet fuels can be 

produced. Figure 18 gives an illustrative overview of the basic components in producing electro-

fuels.  

 

 

Figure 18 Illustration of the basic components in producing electro-fuels by combining electricity from 

renewable sources with electrolyzers splitting water into hydrogen, which is then reacted to CO2 from fossil 

sources or ideally extracted from the atmosphere.  

+ 
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The main draw-back of methods so far developed to produce electro-fuels, is their low efficiency 

compared to a direct supply of electricity for electric motors. The production of the above-

mentioned drop-in fuels are likely to require five times more total electricity generation than would 

be required to run a fully electric vehicle and hence not a good option in cases where better 

alternatives exist (Malins, 2017). That said, already in 2011 the global agricultural machinery 

brand New Holland revealed a hydrogen-powered fuel cell tractor called NH2TM, which has since 

been tested at the ‘La Bellotta farm’ in Turin, Italy (ScienceDirect, 2012). Another pioneering 

example of integrating Hydrogen into farming is taking place in Iowa, US, where a retired NASA 

engineer designed and put together a solar-powered facility to produce hydrogen and ammonia 

fuel for a 7810 John Deere tractor with a modified Ford 460 engine (Schmuecker, 2019). However, 

the latter experiment only demonstrates a setup that produces 10% of the total Hydrogen demand 

for the tractor, and goes to show that there is still a large step to be taken before this solution can 

be scaled up and become available to more farmers. Since the NH2TM does not seem to have 

been made widely available on the market, and since a recent economic analysis by Bloomberg 

NEF shows that demand for and hence production technologies of Hydrogen will explode only 

after 2030, we decide to focus on other options than Hydrogen (Bill Mathis, 2019).  

 

3.4.2 Biofuels 

 

Biogas is a common form of biofuel, consisting of a gas mixture produced by the breakdown of 

organic matter in the absence of oxygen. By isolating the biomass from oxygen, anaerobic 

organisms digest the material, releasing primarily methane (CH4) and CO2. In order to use biogas 

in machinery, the biogas must be upgraded, via the removal of CO2 and contaminants like H2O 

and H2S, leaving close to pure methane. For the transport sector, biogas must be upgraded 

according to the specifications set in the European standard EN 16723-2, converting it into 

biomethane, which can directly substitute natural gas in combustion engines (M. Prussi, 2019). 

The Finnish agricultural machinery company Valtra has released a dual fuel tractor with a 

separate gas tank for biomethane or natural gas in addition to regular diesel, claiming equal use 

and performance to a standard diesel tractor (Lectura Press, 2015). Up to 83% of the power is 

generated by methane and maximum power reaches 99 kW (N123 HiTech version). 

A couple of problems stand in the way of adopting biogas as a fuel replacement at Vennerslund. 

First of all, the lack of cattle at Vennerslund, means that biogas cannot be produced locally and 

would have to be bought and transported from elsewhere. In a broader perspective, biogas 

production has not really kicked off yet in Denmark with biogas making up only 5% of the total 

gas production in 2017 in Denmark (Ingeniøren, 2017). Producing biogas also requires nearby 

manure and the production can become costly if the manure has to be transported more than 10-

15 km. Subsidies from the state must continue further to make biogas a more accessible fuel 

option. Overall, the timeframe for replacing natural gas with biogas in Denmark is around 20 years 

(Ingeniøren, 2017), which could make it difficult to realize a transition at Vennerslund within the 

desired timeframe of 5-10 years, compared to the option of battery-driven electric motors 

discussed next. Hence, we will disregard the option of biogas for now. 
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3.4.3 Battery-driven electric motors 

 

The recent surge in battery electric vehicles (BEVs) on the market for passenger cars has spilled 

into the tractor industry, with a few models already on the market and the main brands are listed 

in Table 7. Of these, the SESAM and GridCON tractors are not expected to be on the market for 

another 2-3 years, meaning that the power capacity of electric tractors doesn’t exceed 50 kW at 

the moment. Compared to the rated power of the current fleet of tractors and harvesters at 

Vennerslund listed in Table 2, it is clear that the electric alternatives can only replace the smallest 

diesel-powered tractors of rated power 174 kW. However, it should be mentioned that the Fendt 

eVario can provide a short-term boost of up to 150 kW for implemented machinery in addition to 

the 50 kW for wheels (Fendt Company, 2018). As a side note, the GridCON tractor receives 

electricity via an extension cable, which is why battery charging is not relevant, but the battery 

charging times for the remaining tractors are listed in Table 7.  

 

Table 7 Electric tractors on the market or planned to be introduced to the market within a couple of years. 

A ‘-‘ implies that no value could be found or that the quantity was irrelevant. All other values come from the 

respective websites of the manufacturers. 

Manufactor Model 
Mechanic 

Power [h.p.] 

Electric 
power 
[kW] 

Battery 
capacity 

[kWh] 

Charging 
time 

Max run 
time  

[hours] 

Fendt e100 Vario 67 50 100 40 min to 80% 5 

Rigitrac SKE 50 68 50 80 3 hrs to 80% 5 

John 
Deere 

SESAM 180 130 130 3 hrs to 100% 4 

John 
Deere 

GridCON 136 100 - - - 

Soletrac eUtility 24 32.2 35 3 hrs to 80% - 

 

Electric energy demand electric battery-driven tractors 

 

Given the low power ratings of currently available electric tractors (cf. Table 7 above), it is not 

realistic to assume that any of them could directly replace any of the tractors in use at Vennerslund 

today (cf. Table 2). However, an intermediate step entails using smaller electric battery-driven 

tractors to carry out the less power-consuming tasks. Here, it will be assumed that roughly 1/3 of 

the current work would be replaced in this way at present. With the proposed machinery (e.g. the 

John Deere machines in Table 7), it seems likely that technology is advancing such that all 

tractors that could potentially be replaced in the future, and we will adopt this in a 2030 scenario.  

 

For the “current replacement scenario” in which 1/3 of the work performed by the tractors currently 

in use is instead performed by electric tractors of lower power rating, the mechanical energy 

demand for the electric alternatives would amount to: 

 

EeVario,mech = 1/3 × 148,058 liter diesel × Ediesel2Emech = 147,564 kWh 

 

The actual electric energy needed to charge the eVario tractors is higher due to losses in 

charging/discharging the battery and in using the electric motor. While charging and discharging 

of the battery can typically be done with 90% efficiency, the efficiency of actual transfer of power 

to the wheels through the motor can vary widely depending on the type of motor and vehicle, and 
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we will adopt 90% (Karlsson, 2013), cf. Table 3. Therefore, the electric energy demand, when 

accounting for 10% losses in battery charging/discharging and motor use, becomes: 

 

EeVario,eletric =
147,564 kWh

90% × 90% × 90%
= 202,420 kWh 
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3.5 Scenario #5: 100% green electricity to the seed drying facilities 

 

As mentioned in section 3.1.2, the seed drying facilities use electricity from the grid and thereby 

contribute to the CO2 emission (see how much in section 5.1). With the intended wind and solar 

installations, it seems possible that this annual electric energy demand of 69 MWh could be 

covered by pure green electricity from Vennerslund Estate itself in the near future.  

 

Another option that could be considered is to install solar panels directly on the roof of the drying 

facilities, an option that seems especially conceivable for the building in land area 2 in Figure 1. 

Figure 19 is showing the barn holding the crop drying facility at Vilhelmsdal and the area of half 

of the roof facing south is estimated to be 12.5 m x 75 m ~ 938 m2. One could in principle consider 

an electric installation in the barn that will allow electricity from the solar panels to be supplied 

directly to the crops drying device behind the electricity meter of the building. This probably needs 

approval from the local distribution company as well as Energinet.dk if the power production is 

large. It might be possible to install a power producing unit similar to a farm turbine 

(“husstandsvindmølle”) with a maximum power production of 25 kW without the more heavy 

permitting work. 

 

In order to estimate if a local roof solar PV panel solution is possible then one could look for small 

scale PV solution as provided by the company Viva Energi A/S (Viva Energi A/S, 2020). They 

offer an industrial PV installation of 50 kWpeak which would take up about 155 m2 of roof top area. 

The main properties of such a PV production unit are listed in Table 8. 

 

From Table 8 it can be seen that the peak power per area is about 50 kW / 155 m2 = 0.32 kW/m2. 

Thus by filling half the roof of the building, a peak power of ~ 300 kWp could be achieved. With a 

capacity factor of 11% this corresponds to an annual energy production of 289 MWh/year, which 

is more than needed to cover the estimated demand of 69 MWh for crop drying. 

 

However, a more realistic investigation should examine if the 69 MWh can be delivered in just the 

3 months August, September and October giving at least 23 MWh/month, since this is the drying 

season following the harvesting of the crops. Figure 20 shows the typical monthly variation of the 

incoming solar radiation in Denmark and the monthly average for August, September and October 

are 151%, 104% and 56%, respectively, of the monthly average across a year. Using these 

numbers one can obtain the equivalent monthly capacity factors by multiplying with the annual 

capacity factor, which will become 16.7%, 11.4% and 6.2% for August, September and October. 

An optimistic estimate of the needed peak power can be obtained by assuming that the monthly 

energy demand is fulfilled by the production in August, resulting in: 

 

PPV,August =
E

CPAugust∙tAugust
=

23 MWh

0.167∙31 days∙24hours/day
= 185 kWp  

 

where CPAugust is the capacity factor of August and tAugust is the number of hours in August. 

  

A more pessimistic estimate of the needed solar PV peak power is obtained by assuming that the 

monthly energy demand is covered by the October production, leading to: 

 

PPV,October =
E

CPOctober∙tOctober
=

23 MWh

0.062∙31 days∙24hours/day
= 498 kWp  
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Thus by filling up the roof of the crop drying barn one will be able to deliver roughly what is needed 

in the beginning of the drying period, but only about 60 % of the demand in October. There are 

off cause many uncertainties that must still be examined in order to determine the exact balance 

between the solar PV production and the demand from the crop drying unit. First of all one should 

establish the expected power demand with better time resolution that just dividing the energy 

demand over 3 months. Secondly the solar panels will not produce at night and one will have to 

consider if power is drawn from the grid at night or if battery storage should be added. One could 

also consider to add a small wind turbine next to be building in order to obtain a local delivery of 

power at night. In the last case power should be drawn from the electricity grid if the wind is not 

blowing at night.  

 

A house hold wind turbine of PTurbine = 25 kW can be installed next to the house without a large 

need of permitting, since the height is below 25 m. The power production of such a turbine should 

be expected to have a capacity factor CPTurbine ~ 0.2 of about 20% and would therefore provide 

an Annual Energy Production (AEP) of about 

 

AEP25 kW Turbine = CPTurbine ∙ PTurbine ∙ tyear = 0.20 ∙ 25 kW ∙ 8760
hours

year
= 43.8 MWh 

 

where tyear is the number of hours per year given as tyear = 365 days/year x 24 hours /day. If the 

AEP of the 25 kW turbine is divided equally over the months of the year then the monthly 

production is expected to be 3.7 MWh/month. This is showing that a 25 kW house hold wind 

turbine will can not deliver all the power to the crop drying facility and there will be a need for 

additional supply from the grid. An economical feasibility examination of the local renewable crop 

drying scenario will be needed for future decision and will not be provided here.   

 

 

 

Figure 19 Image of barn holding one of the crops drying facility of Vennerslund Estate. The area of the roof 

is estimated to be roughly 25 m x 75 m using Google Maps. Half of that area is oriented towards south and 

could be considered to hold roof mounted solar PV panels.  
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Table 8 Example of industrial roof top solar PV unit as offered by Viva Energi A/S. Reproduced from Viva 

energy web site November 2019 (Viva Energi A/S, 2020). 

Industrial solar PV unit of Viva Energi A/S Value 

Peak power 50 kWp 

Panels 185 

Total area 155 m2 

Annual Energy Production (AEP) 47-48 MWh/year 

Capacity factor  11 % 

Cost (ex. moms) 242 kDKr 

Installation cost (ex. moms) 75 – 85 kDKr 

 

 

 

Figure 20 Typical monthly solar radiation variation as obtained for 25 Danish Solar PV units from 2001 to 

2010. Reproduced from the 2016 “Teknologikatalog” of the Danish Energy Agency (Danish Energy Agency 

& EnergiNet, 2019) 

 

  

 

3.6 Scenario #6: Electrifying heat demand 

 

The straw fired boiler introduced in section 3.1.3 can in principle be replaced by a much more 

efficient ground source heat pump. The annual average total efficiency of a ground source heat 

pump is expected to be 370% in 2020 and 380% in 2030 for an existing house with radiators 

according to the catalogue of technology data published by the Danish Energy Agency and 

Energinet (Danish Energy Agency and Energinet, 2016), cf. Table 3. Installing a central heat 

pump to satisfy the annual heating demand of 776 MWh (see section 3.1.3) would therefore 

require reduced electric energy demands of: 

EHeatPump,electric,now =  
776 MWh

370% 
= 210 MWh 

 

EHeatPump,electric,2030 =
776 MWh

380% 
= 204 MWh 
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3.7 Scenario #7: Electric Vehicle(EV) charging stations 

 

The current of passenger cars in Denmark that qualify as electric vehicles (EVs) is not impressive. 

As of November 2019, just 0.54% of all passenger cars registered in Denmark were fully electric 

according to Bilstatistik.dk. But the sale of EVs is expected to rise in the coming years, with private 

consumer numbers rising to take up half of the purchased electric cars already in 2018 (Arent, 

2019). If Denmark is to catch up with its Scandinavian neighbor Norway with an EV share of 

10.7% out of all passenger cars, not counting hybrids and plug-in hybrids, a massive increase in 

EV sales is to be expected, and with that, an increased need for public EV charging points (Norsk 

elbilforening, 2019). At the same time as EVs are becoming more frequent on the Danish roads, 

their battery capacity is expected to increase. Typical battery capacities range from 60 to 100 

kWh for some of the longest-ranging EVs on the market with Tesla Model S/3/X Long Range, the 

Jaguar I-Pace and the Audi E-tron as examples (Charlton, 2019). The need for charging can 

therefore be expected to be around 50 kWh in the near future corresponding to halfway full battery 

in most cars, when 100 kWh is becoming a common battery size.  

 

Highway E47 runs through the Vennerslund Estate and is part of an important link between 

Denmark and Germany used by several neighboring countries and expected to be even busier 

with the opening of the Fehmarn tunnel in 2028. The relevant highways connecting Denmark and 

Germany together with the location of the Vennerslund Estate can be seen in Figure 21.  

 

Figure 21 Map showing the highway connecting Denmark and Germany through the island of Falster with 

a green star marking the location of the Vennerslund Estate and the future Fehmarn tunnel highlighted in 

blue. Source of map: Python Basemap toolkit. 

 

Offering a charging point for EVs near Vennerslund Estate is an option worth considering, as it 

may be beneficial to the green transformation of Denmark and its neighboring countries. 

Currently, there is no rest area with fueling capability adjacent to the highway in the 85 km 

between Rødby on Lolland and Tappernøje on Zealand (except the slightly offset rest area on the 

island of Farø). Positioning a new fueling rest area near Vennerslund, situated approximately 
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halfway between the current rest areas, would therefore be optimal for commuters on this stretch 

of the E47 highway. 

 

A rest area called Dronningehave Rasteplads is surrounded by the Vennerslund farm property in 

area number 1 of Figure 1. The area has 23 parking spots for passenger cars and room for 8 

trucks. At the moment, only restrooms are installed, although the Danish Road Directorate who 

owns the rest area may have plans to expand the rest area with more facilities. Satellite and 

ground level photos of the rest area can be found in Figure 22.  

According to the charging station operator Spirii1, an initial installation could consist of four ultra-

fast (minimum 150 kW) chargers with optional future expansion to accommodate a rising number 

of EVs on the roads. With the first installation of chargers, an investment should also be allocated 

to provide sheltered facilities with food and drinks.  

 

 

Figure 22 The rest area (Dronningehave rasteplads) on the Vennerslund property considered for EV 

charging in the future. Left: Satellite image of the highway and the rest area (Google maps). Right: Photo 

of passenger car parking spots taken on DTU visit 26 August 2019. 

 

Estimate of energy demand for charging electrical vehicles(EVs) in 2025 and 2030 near 

Vennerslund 

 

In order to estimate the needed energy per year for charging electric cars at the rest area near 

the Vennerslund Estate, then one must obtain an estimate of how many electric cars that will pass 

on the highway and an estimate of how many that will stop and charge the car.  

Here the estimate of the number of electric cars will be based on existing traffic accountings and 

estimates of the expected fraction that electric cars will be of the total car fleet in the future. Such 

estimates are associated with large uncertainties and should only be considered as a qualified 

guess from DTU and not a solid prediction, which can be used for planning of business models. 

 

Figure 23 displays the total annual number of vehicles( passenger cars and trucks) coming 

through the Guldborgsund tunnel from 1988 and until 2018 as reported by Statistics Denmark. In 

order to estimate the fraction of all the vehicles, that were passenger cars, then the passenger 

car fraction of 55 % in 2018 as determined at the Rødby-Putgarten ferry connection is applied to 

the total traffic numbers. Thus the dashed yellow line of Figure 23 is an estimate of the number 

                                                                                                                                                            
1 www.spirii.dk 

file://ait-pdfs.win.dtu.dk/users/users9/pardos/www.spirii.dk
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of passenger cars passing by Guldborgsund, if the vehicle mix is assumed the same as observed 

at the Rødby-Puttgarten ferry. 

In order to estimate the number of passenger vehicles in the period from 2025 to 2030 one can 

assume that it will increase with the same pace as is seen from the traffic counting from 1988 to 

2018. The dashed red line of Figure 23 is showing a linear extrapolation of the estimated 

passenger car traffic until 2030 by using the slope of the previous period. Thus the expected 

number of passenger cars is expected to be 3.3 and 3.6 millions per year in 2025 and 2030 

respectively if everything is assumed to be business as usual. The opening of the Fehmarn tunnel 

in 2028 is however expected to increase the passenger car traffic though the Fehmars strait by 

about 49 % at the opening and then 8, 6 and 4% the following three years as reported by Intraplan 

consultancy firm and BVU: Beratergruppe Verkehr + Umwelt GmbH (Intraplan and BVU, 2014). 

Thus an additional 1 million cars are expected to be added to the traffic of Guldborgsund in 2030 

as marked by the blue cross of Figure 23. For comparison then the official estimate of the traffic 

as provided by Fehmarn Financial Analysis of 2016 (Fehmarn, 2016) is shown with green symbols 

in Figure 23. Table 9 is summarizing the expected passenger car number in 2025 and 2030. 

 

 

Figure 23 Historic data of traffic through the Guldborgsund tunnel (highway E47) since year 1988, and linear 

extrapolation to year 2025 and 2030 (red crosses) as well as an estimation for 2030 that includes an increase 

in traffic of 49% across the Fehmarn Belt due to the Fehmarn tunnel to be complete in 2028 (blue cross). 

Based on data from Statistics Denmark and a traffic prognosis made for the Fehmarn project. 

 

In order to estimate the number of Electric Vehicles in 2025 and 2030, then a “pessimistic”, 

“baseline” and an “optimistic” scenario of the introduction of electric cars is defined. The 

pessimistic scenario is defined by the share of EVs only reaches half of the current level in Norway 

in 2025 ( 5.4%) and the current level in Norway by 2030 (10.7%). The optimistic scenarios is 

defined by the share of EVs reaches the level of Norway in 2025 (10.7 %) and a level of 20% in 

2030 as put forward by the new government as part of a new green deal for Denmark (Danish 

Radio, 2018). The baseline scenario is defined as the average of the pessimistic and optimistic 

resulting in 8.1 % and 15.4 % in 2025 and 2030 respectively. 

 

These scenarios result in the range of EVs listed in the third column of Table 9. 
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Table 9 Ranges in expected annual number of passenger cars and EVs in 2025 and 2030 passing by 

Guldborgsund at the highway E47. 

Year Expected annual number of 
passenger cars [millions/year] 

Expected annual number of EVs 
[thousands /year] 

2025 3.3 267 ± 87 

2030 3.6  
4.6 (including Fehmarn tunnel) 

554± 167 
708± 214 

 

 

Expected energy demand from charging stations 

 

Assuming that each EV will charge 50 kWh, the expected number of EVs passing by the rest area 

at Vennerslund can be converted into an electric energy demand. Since the rest area is only 

accessible from one side of the highway, we divide the number of EVs in Table 9 by a factor of 

two. We furthermore assume that in 2025, 40% of the EVs passing by actually stop to charge 

dropping to 30% in 2030 due to bigger batteries. For instance, the annual demand for the 2025 

estimate becomes: 

 

2025 annual electric energy demand = 40% × 267000
EVs

yr
× ½ × 50 kWh/EV = 2,7 GWh/yr 

 

The resulting electric energy demands can be found in Table 10. 

 

Table 10 Annual electric energy demand from EV charging stations. 

Year Expected number of EVs charging 
[thousands/year]  

Annual electric energy demand 
[GWh/Year] 

2025 53 ± 17  2.7 ± 0.9 

2030 83 ± 25  4.2 ± 1.3 

2030 
Fehmarn 

106 ± 32  5.3 ± 1.6  
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3.8 Potential energy supply to Nordic Sugar 

 

Nordic Sugar is part of the German-based Nordzucker Group, with plants in Denmark, Sweden, 

Finland, Lithuania, Germany, Poland and Slovakia. A Nordic Sugar facility in Nykøbing on Falster 

has shown interest in committing to a power purchase agreement (PPA) to run their industrial 

processes on green energy from Vennerslund. Nordic Sugar Nykøbing receives and processes 

close to 1.4 million tons of sugar beets during each production season (“kampagne” in Danish) 

which runs roughly from the end of September till January. During the sugar beet campaign the 

factory has a very high energy demand in the order to 250 GWh, which has been estimated from 

the reported CO2 emission of 200000 tons during the campaign (Wittrup, 2020). Such scales of 

energy is out of reach for the Vennerslund Energy Park, which is only expecting an annual energy 

production of 143 GWh/year. In between the sugar beet campaign (January-September), Nordic 

Sugar Nykøbing has a typical energy demand of 500-1500 kWh per hour as shown in Figure 24. 

Also shown in Figure 24 is the monthly total energy demand, ranging from 0.59 to 0.76 

GWh/month. This energy scale is smaller than the capacity of Vennerslund Energy Park and is 

investigated with the purpose to determine, if Vennerslund Energy Park can deliver such energy 

to the Nordic Sugar facility.  

 

In order to evaluate if the sugar factory in Nykøbing can be supplied from the Vennerslund Energy 

park one will first have to compare the energy demand on a long time scale in the order of months. 

By comparing the monthly energy demand as shown in Figure 24 with the estimated wind or solar 

production of Vennerslund as shown in section 3.2 and section 3.3 then it is clear that 

Vennerslund can deliver the energy. 

 

The electricity demand on an hourly basis can be illustrated by plotting the frequency of hours 

with a certain power demand and thereby build up a frequency histogram as shown in Figure 25. 

The frequency plot is showing that the hourly energy demand is always higher than 350 kW and 

lower than 1800 kW. The hourly energy demand with the highest frequency is about 1100 kW and 

is observed in about 9 % of all the hours analyzed from 1/2 to 1/9 in the year 2019.   

 

 

Figure 24 Energy demand of Nordic Sugar from January to September, on hourly and monthly timescales. 

Source: Nordic Sugar Nykøbing. 
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Figure 25 Frequency distribution of hours with an hourly power demand of the Nordic Sugar factory as given 

by the power bins. It can be seen that the demand is always higher than 350 kW and lower than 1800 kW. 

The demand corresponding to the peak of the frequency plot is approximately 1100 kW and is observed in 

9 % of the hours investigated of the period from 1/2 to 1/9 of the year 2019. 

 

It is however not clear if Vennerslund Energy Park can deliver the hourly energy demand needed 

by the Nordic Sugar factory and in order to evaluate that DTU Wind Energy has made an initial 

time-series simulation of the hourly resolved power production from the combined Wind and Solar 

units of the Vennerslund Energy park. This has been done using the simulation tool CorRES 

(Nuño & et.al., 2018), where a wind and solar farm can be specified in terms of the position in 

Europe, the power curve of the wind turbines, the inclination angle of the solar panels and the 

availability of the two power producing units. Historic weather simulations are then used to create 

a time series of the power production in a specific year in such a way that the variation of the 

power production is similar to that year. 

 

Figure 26 is showing the normalized predicted hour resolved power production of the 6 wind 

turbines of Vennerslund if they were already installed in the years 2017-2018. The variation of the 

production is reflecting the local weather conditions at the wind farm position. The maximum 

power is cut at 95 % in order to represent recommended availability and losses of wind farms.  

 

Figure 27 is showing the normalized power production of the solar PV panels of Vennerslund 

Energy Park if they were already installed in 2017-2018. The variation between summer and 

winter is clearly seen in the solar power production and it should also be noted that the solar PV 

farm is never producing at 100 %, which is due to a specific design choice of the solar PV panel 

and choice of the power converters. The specific setting for the solar PV farm design is based on 

usual practice of the CorRES developers and should be reinvestigated once the final design of 

the solar PV farm of Vennerslund Energy Park is settled. The simulation is however seen as a 

good preliminary analysis of the power production.   
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Figure 28 is showing the absolute combined power production of the Vennerslund Energy Park 

as if it was already installed in 2017-2018. This is obtained by multiplying the installed capacity of 

wind and solar PV onto the normalized production curved of Figure 26 and Figure 27. It is seen 

that a large variability of the production is present and one way to analyze this it to plot the 

frequency of hours, where the power production is within a certain power bin. Thus the data of 

Figure 28 is analyzed by finding out how many hours of the two year period that the production is 

between for example 10-11 MW. The frequency of a power production of 10 MW is thereby given 

by that number of hours divided with the total number of hours in the two year period. Figure 29 

is showing the frequency of the different power production bins as obtained for the 2 year period 

from 2017-2018.  

 

A large peak in the frequency is observed at P ~ 20 MW, because the maximum production of 

the wind turbines is reached, when the wind speed is larger than the rated wind speed of the 

turbines. The frequencies of small power bins is relatively high, because there are days with low 

wind speeds and no sun. The frequency is decreasing towards higher power bins and is 

approaching zero for power productions higher that about 58 MW. 

 

Figure 30 is showing the cumulative frequency distribution of the power bins, which is obtained 

by adding the frequencies of Figure 29. One can use this graph to determine the power bin rating 

below which a certain fraction of all the hours will be found. In Figure 30 the dashed arrows are 

indicating that 50 % of the hours will have a power production lower than 13 MW.  

 

Finally it is also seen from Figure 30 that 7 % of the hours will represent an hourly power 

production lower that 1 MW, which was the approximate demand from the Nordic Sugar factory. 

In terms of hours then the 7 % correspond to 7 % x 365 days / year x 24 hours = 613 hours / year 

or about 26 days/year.  

 

Thus Vennerslund Energy Park can not promise to deliver all the power to the Nordic Sugar 

Factory, since hours corresponding to 26 days/year will be problematic. Further work will be 

needed to clarify if a local energy storage at either Vennerslund Energy Park or at the Nordic 

Sugar factory could solve the problem. Or if the electricity grid could supply the hours, where the 

wind and sun at Vennerslund Energy Park is not present. 

 

It should be stressed that much more data on the power demand from the Nordic Sugar factory 

will be needed in order to address the power balance between Vennerslund Energy Park and the 

Nordic Sugar factory. Additionally several years of overlapping power demand and CorRES 

production simulation must be analyzed and the data for this was not available during the project 

period. However a 100 % guaranty on power delivering from Vennerslund Energy Park to the 

Nordic Sugar Factory as part of a power purchase agreement (PPA) is not recommended. An 

analysis of backup solution will be needed if such a guaranty is to be given. 
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Figure 26 Predicted time series of normalized wind power production of Vennerslund Energy Park as 

simulated using CorRES for the years 2017-2018. 

 

 

Figure 27 Predicted time series of normalized solar PV power production of Vennerslund Energy Park 

obtained from CorRES for 2017-2018. 
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Figure 28 Predicted combined power production from wind and solar PV of Vennerslund Energy Park in 

the years 2017-2018. 

 

 

Figure 29 Frequency of the hourly power production from Vennerslund Energy Park as obtained for the 

years 2017-2018. The peak around Pwind = 20 MW is showing that many of the hours during the two years 

then all the wind turbines are producing at their maximum power. It can also be seen that the maximum 

production of the entire Vennerslund energy park is around 58 MW.  
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Figure 30 The cumulative frequency of the combined hourly power production of Vennerslund Energy Park 

for the years 2017-2018. The graphs is showing that half of all the hours in 2017 and 2018 then the power 

production is above 13 MW as inducated by the dashed arrows. Secondly it is seen that for 7 % of the hours 

then the combined power production is below 1 MW, which is the approximate demand of the Nordic Sugar 

factory.    
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3.9 Annual profile of local consumption converted to electric 

 

Scenarios 4, 5 and 6, described above in sections 3.4 — 3.6, all relate to the electrification of the 

processes responsible for the local consumption of energy (i.e. for machinery, drying and heating 

activities). Figure 31 displays the demand for electric energy should all these scenarios be carried 

out fully, including the 2030 scenario of a full electrification of all farming machinery, cf. 

section 3.4.3. 

  

 

Figure 31 Comparison of the electric energy demand if all current activities at Vennerslund considered in 

this work are electrified.  
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4. Electric energy comparison between 
production and demand 

In a hybrid power system, different technologies to produce power are combined at the same site. 

The most obvious advantage of combining wind and solar power installations, is increased 

coverage of energy demand across the span of a year, where winter is dominated by high wind 

power generation and low solar PV, whereas the opposite is true in summer. 

 

Figure 32 compares the electric energy generated from wind and solar PV with the local electric 

energy demand from machinery, seed drying and heating, converting all energy demands to 

electric energy as shown in the previous sections, using the efficiencies and conversion factors 

introduced in section 2.1. For the machinery, the mechanical energy demand for all tractors and 

harvesters alike was converted to electric energy in order to directly compare with the electric 

energy generated, although it is unlikely that the bigger machines will have electric battery-driven 

alternatives in the near future, cf. section 3.4.3. 

 

 

Figure 32 The monthly energy generation from solar PV (red line), wind (blue line) and a sum of the two 

(grey line) compared to the local monthly electric energy demand (see also Figure 31), from electrifying all 

diesel consumption as well as seed drying and room heating (blue, purple and red bars, respectively). Due 

to the difference in magnitude between generation and consumption, the latter is also shown in a separate 

“enhanced” plot to the right. In the right-hand side plot, the black line shows a sum over all local electric 

energy demand. 
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National wind and solar power production curves on a monthly timescale have been scaled to 

match the expected annual generation of scenarios 2 and 3 respectively. Adding the two 

production curves gives the grey curve which is much more stable throughout the seasons, 

ranging from roughly 10 to 14 GWh per month. 

The derived sum of local electric energy demand lies between 86 and 366 MWh per month, never 

exceeding 2.9% of the expected amount generated per month by the Vennerslund Energy Park. 

On an annual basis, the demand takes up 1.7% of the annual production, and the local 

consumption can therefore be said to be covered 38 times, if all processes are electrified. 

 

Figure 33 compares the energy demand from Nordic Sugar with the energy that could be 

generated with a hybrid power plant at Vennerslund. This energy demand reaches at maximum 

7.5% of the total energy generation, in February and September, or 72% of one turbine. A more 

detailed study including a simulated time series of the energy generation at Vennerslund could 

reveal for how much of a typical year, Vennerslund could cover the energy demands of Nordic 

Sugar, but we leave this for a future study.  

 

 

Figure 33 The monthly energy generation from solar PV (red line), wind (blue line) and a sum of the two 

(grey line) compared to the electric energy demand of Nordic Sugar for the “mellemkampagne” Feb-Sept 

(orange bars) and for an EV charging station in 2025 (green bars). The black line shows the total energy 

demand of both Nordic Sugar and EVs. 
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5. CO2 emission reduction 

In this chapter the effect of each scenario in terms of CO2 emission is considered. Throughout, 

scenarios will be compared to the CO2 burden on electricity from the national grid in Denmark, 

estimated to be around 200 g CO2/kWh with the current energy mix (Energinet, 2019). For the 

wind and solar PV scenarios, we also compare with the alternative electricity production from 

fossil fuel power plants (typically combined heat and power facilities, or in the following; CHP 

units). With data from the (Danish Energy Agency, 2016) and (Danish Energy Agency, 2017), we 

calculate the following amounts of CO2 from fossil fuel electricity production in 2016 and 2017, 

which are also listed in Table 4: 

 

mCHP2CO2,2016 =
CO2 emission from fossil fuel plants

Energy production from fossil fuel plants
=

11.651 × 106 ton CO2

9.139 × 109 kWh
= 1,275 g/kWh 

 

mCHP2CO2,2017 =
CO2 emission from fossil fuel plants

Energy production from fossil fuel plants
=

11.651 × 106 ton CO2

9.139 × 109  kWh
= 779 g/kWh 

 

The CO2 content dropped significantly from 2016 to 2017, mainly due to a shift from oil and coal 

to natural gas, and we will use the 2017 value of 779 g/kWh in the following. Corresponding 

conversion factors are listed in Table 4. 

 

 

5.1 Scenario #1: Current CO2 emission 

Given that 1 liter of diesel when combusted leads to 2.65 kg of emitted CO2, cf. Table 4, we can 

convert the monthly diesel consumption data shown in Figure 7 into tons of emitted CO2 per year: 

 

Annual CO2 emission from diesel = Vdiesel × cdiesel2CO2                                                      

= 156,860 liter diesel/yr ×  2.65 kg CO2/liter = 416 ton CO2/yr 

 

In order to compare better with similar projects, the emission per hectare from tractors and 

harvesters alone, for the total area of 2,200 ha of cultivation, is: 

 
416 ton CO2/yr

2,200 ha
= 189 kg CO2/ha/yr  (1) 

 

The process of drying seeds consumes around 69 MWh of electricity per year (see section 3.1.2). 

Drawing this electric energy from the grid currently corresponds to an annual CO2 emission of: 

 

Annual CO2 emission from drying seeds = Eelectric × cgrid2CO2          

=  69 MWh/yr × 200 g CO2/kWh = 14 ton CO2/yr 

 

The third major energy consumption, indoor heating, is satisfied via combustion of straw resulting 

in an annual CO2 emission of: 

 

Annual CO2 emission from straw boiler = Mstraw  × cstraw2CO2

= 275 ton straw/yr × 1.24 kg CO2/ ton straw = 341 ton CO2/yr 
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Figure 34 compares the CO2 emitted from the different energy-intensive activities listed above, 

for all months in a typical year. Table 11 summarizes annual total electric energy demand and 

CO2 emission for the different energy sources in play at Vennerslund. As evident from the table, 

and also seen when comparing Figure 34 with the energy use in Figure 10, more CO2 emission 

is caused by diesel consumption than by straw incineration, although the latter is subject to a 

higher demand in net energy. This speaks in favor of prioritizing alternatives to both straw and 

diesel consumption.   

 

Figure 34 CO2 emission in the current scenario as a consequence of local energy consumption. 

 

Table 11 Annual total energy demand and CO2 emission for the energy-intensive activities at Vennerslund.  

Energy source Amount of fuel Annual CO2 emission [ton/yr] 

Diesel for machinery 156860 liter diesel 416 

Electricity for seed drying 69 MWh 14 

Straw for heating 275 ton straw 341 

Total - 771 
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5.2 Scenario #2: Wind energy 

Based on the expected AEP of 90 GWh from six 4-5 MW turbines (see chapter 3.2), an estimate 

can be made of the CO2 savings for the Danish society as a whole from this additional production 

of green energy. If this electric energy were otherwise produced by CHPs running on fossil fuel, 

with a CO2 footprint of 779 g CO2/kWh (cf. Table 4), the turbines are replacing an annual emission 

equal to the annual energy production of 90 GWh multiplied by this CO2 footprint. However, 

considering that the wind power would be replacing electricity from the grid, the reduction in CO2 

is slightly lower and decreasing even further in 2030 when the CO2 footprint of the Danish power 

system is expected to have become significantly lower than its present value. The exact numbers 

can be found in Table 12. 

 

Table 12 Annual CO2 reduction caused by installing the proposed wind turbines at Vennerslund. 

Source replaced by wind Calculation Annual CO2 reduction 

Fossil fuels 90 GWh × 779g CO2/kWh 70,110 ton CO2/yr 
Grid in 2025 90 GWh × 200g CO2/kWh 18,000 ton CO2/yr 
Grid in 2030 90 GWh × 50g CO2/kWh 4,500 ton CO2/yr 

 

5.3 Scenario #3: Solar PV 

 

Based on the expected AEP of 52.5 GWh for the 45.26 MWp solar PV plant, and repeating the 

calculation done for wind above, the CO2 emission for the Danish society could be reduced by 

the numbers given in Table 13. 

 

Table 13 Annual CO2 reduction caused by installing the proposed solar PV units at Vennerslund. 

Source replaced by solar PV Calculation Annual CO2 reduction 

Fossil fuels 52.5 GWh × 779g CO2/kWh 40,898 ton CO2/yr 
Grid in 2025 52.5 GWh × 200g CO2/kWh 10,500 ton CO2/yr 
Grid in 2030 52.5 GWh × 50g CO2/kWh 2,625 ton CO2/yr 

 

5.4 Scenario #4: Electrifying the farming machines 

Currently, the combined scenarios as discussed in chapter 3.4, a relatively straightforward way 

to de-carbonize the use of machinery on the farm, would be to introduce electric battery-driven 

tractors to perform some of the daily tasks. Two scenarios were presented in section 3.4.3 and 

will now be evaluated in terms of their respective CO2 emission reduction capability;  

 

 Current version of Scenario #4: Electric tractors are introduced to carry out roughly 1/3 

of the daily tasks performed by the current tractor fleet at Vennerslund. 

 Future 2030 version of Scenario #4: Electric battery-driven alternatives exist to replace 

all tractors and harvesters at Vennerslund.  

 

In both version, two cases are considered regarding the origin of the electricity needed for 

charging: In the first case, the new tractors charge on the grid with a grid CO2 footprint of 200 and 

50 g CO2/kWh currently and in 2030, respectively, cf. section 2.1. In the second case, it is 

assumed that the tractors charge solely on 100% green energy from the local wind and solar PV 

production, with a zero footprint of CO2. Table 14 and Table 15 give the resulting CO2 emission 

reductions for the current and future scenario, respectively.  
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Table 14 Reduction in CO2 from replacing 1/3 of the diesel-powered tractor consumption with electric ones 

now. . 

Scenario Reduction from 
replacing diesel 

Emission from charging 
tractors 

Net reduction 

Charging on 
the grid (200g 
CO2/kWh) 

1/3
× 148,058 liter 
× 2.65 kg/liter
=  131 ton/yr 

202,420 kWh × 200g CO2/kWh
= 40 ton/yr 

(131 − 40) ton/yr 
= 𝟗𝟏 𝐭𝐨𝐧/𝐲𝐫 

Charging on 
100% green 
electricity 

131 ton/yr 202,420 kWh × 0g CO2/kWh
= 0 ton/yr 

(131 − 0) ton/yr
= 𝟏𝟑𝟏 𝐭𝐨𝐧/𝐲𝐫 

 

 

Table 15 Reduction in CO2 from replacing all diesel-powered machinery with electric alternatives by 2030. 

Scenario Reduction from 
replacing diesel 

Emission from charging 
tractors and harvesters 

Net reduction 

Charging on 
the grid (50g 
CO2/kWh) 

156,860 liter 
× 2.65 kg/liter
=  416 ton/yr 

643,363 kWh × 50g CO2/kWh
= 32 ton/yr 

(416 − 32) ton/yr
= 𝟑𝟖𝟒 𝐭𝐨𝐧/𝐲𝐫 

Charging on 
100% green 
electricity 

416 ton/yr 643,363 kWh × 0g CO2/kWh
= 0 ton/yr 

(416 − 0) ton/yr
= 𝟒𝟏𝟔 𝐭𝐨𝐧/𝐲𝐫 

 

 

5.5 Scenario #5: 100% green electricity to the seed drying facilities 

 

The 14 ton CO2 emitted per year due to seed drying will automatically drop in the future due to a 

greener energy mix in the future. Adopting the same numbers as in the previous section, Table 

16 gives the net reduction in CO2 emission in a future 2030 scenario, including the scenario in 

which the electricity demand is fully covered by wind and/or solar energy produced locally.  

 

Table 16 Reduction in CO2 from seed drying in the future. 

Scenario Emission from drying 
seeds 

Net reduction 

50g CO2/kWh (2030) 69 MWh × 50g CO2/kWh  
= 3 ton/yr 

14 ton/yr − 3 ton/yr 
= 𝟏𝟏 𝐭𝐨𝐧/𝐲𝐫 

Charging on 100% green 
electricity 

69 MWh × 0g CO2/kWh
= 0 ton/yr 

14 ton/yr − 0 ton/yr 
= 𝟏𝟒 𝐭𝐨𝐧/𝐲𝐫 
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5.6 Scenario #6: Electrifying heat demand 

 

The 341 ton CO2 emitted per year due to heating of houses on the Vennerslund property, could 

be reduced significantly by switching from straw boiler to ground source heat pump as the central 

heating device. Adopting the heat pump electricity demand derived in section 3.6 and the same 

CO2 content in the 2025 and 2030 electricity mix as earlier assumed, gives the net reductions in 

CO2 emission listed in Table 17, including the scenario in which the electricity demand is fully 

covered by wind and/or solar energy produced locally. 

 

Table 17 Reduction in CO2 from heating via ground source heat pump in the future. 

Scenario Emission from heating Net reduction 

200g CO2/kWh (2025) 210 MWh × 200g CO2/kWh
= 42 ton/yr 

341 ton/yr − 42 ton/yr 
= 𝟐𝟗𝟗 𝐭𝐨𝐧/𝐲𝐫 

50g CO2/kWh (2030) 204 MWh × 50g CO2/kWh
= 10 ton/yr 

341 ton/yr − 10 ton/yr 
= 𝟑𝟑𝟏 𝐭𝐨𝐧/𝐲𝐫 

Charging on 100% green 
electricity 

210 MWh × 0g CO2/kWh
= 0 ton/yr 

341 ton/yr − 0 ton/yr 
= 𝟑𝟒𝟏 𝐭𝐨𝐧/𝐲𝐫 

 

 

5.7 Scenario #7: Providing green EV charging to the community 

 

Assuming that each EV will charge 50 kWh, the expected range in EVs passing by the rest area 

at Vennerslund can be converted to a net CO2 reduction. Since the rest area is only accessible 

from one side the highway, we divide the number of EVs in Table 9 by a factor of two. We will 

assume that in 2025, 40% of the EVs passing by actually stop to charge dropping to 30% in 2030 

due to bigger batteries. Assuming the same CO2 content of 200 g CO2/kWh and 50 g CO2/kWh 

in the 2025 and 2030 electricity mix as that adopted in the previous sections, the resulting CO2 

reductions for the Danish society become as listed in Table 18. It is important to mention that in 

this calculation we do not consider the fact that all vehicles will not be Danish, i.e. the CO2 footprint 

could be higher/lower in their respective home countries. 

 

Table 18 Reduction in CO2 from providing green EV charging. 

Year Expected EVs that stop 
thousands per year 

Annual energy demand 
[GWh/yr] 

Annual CO2 
reduction [ton/yr] 

2025 53 ± 17  2.7 ± 0.9 540 ± 180  

2030 83 ± 25  4.2 ± 1.3 210 ± 65  

2030 
Fehmarn 

106 ± 32  5.3 ± 1.6  265 ± 80 
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5.8 Combining scenarios 1-7 

 

5.8.1 CO2 emission comparison of local production and consumption 

 

In this section we give a graphic overview of the net CO2 emission calculations of the previous 

chapters for different combinations of the scenarios considered. For clarity, scenarios 2 and 3 

(wind and solar PV) are shown in a separate figure from scenarios 4 - 7 (running seed drying 

facilities, heating and agricultural machinery on green electricity as well as installing EV chargers), 

since the net CO2 reduction of the former scenarios is several orders of magnitude above that of 

the latter. 

Figure 35 compares the current CO2 emission (totaling 770 ton/yr) at Vennerslund to the net 

annual CO2 reduction from scenarios 2 and 3 as well as when combining them. Two cases are 

considered in the figure; To the left, green energy from wind and solar PV replaces the current 

electricity mix from the grid (with a CO2 footprint of 200 g CO2/kWh, see Table 4), and to the right, 

green energy directly replaces electricity from CHPs running on fossil fuels (gas, coal and oil, with 

a CO2 footprint of 779 g CO2/kWh, see Table 4). As can be seen from the figure, the resulting 

CO2 reduction from either wind or solar PV hugely compensates for the emission of the farm itself, 

however the exact amount depends very much on what reference frame is chosen. Combining 

scenarios 2+3 reaches around 28,500 ton/yr and 111,000 ton/yr when replacing the grid and the 

fossil fuel CHPs, respectively.  

 

Figure 35 Resulting net CO2 emission from different combinations of scenario 1: Current consumption, 

together with scenarios 2: Wind turbines added and 3: Solar PV added, in the case where green energy 

replaces the current electricity mix in the grid in 2019 (left) versus replacing fossil fuel powered CHPs (right). 

 

The total CO2 reduction from wind and solar PV can be converted into a corresponding number 

of Danish citizens. The lifestyle of an average Danish citizen, including all “net import of CO2”, i.e. 

emissions outsourced to other countries such as China (Steven J. Davis, 2010), corresponds to 

an emission of 19 ton CO2 per year (Concito, 2010). However, if only energy consumption is 

considered, each Dane emits around 6.5 ton CO2 per year (Danish Energy Agency, 2017). The 

emission shown in Figure 35 therefore translates into the numbers of Danes listed in Table 19. 

From the table, it can be seen that in terms of energy consumption, the green energy produced 

at Vennerslund can be said to compensate for 17,078 Danes, corresponding to 28% of the 
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population in the Guldborgsund municipality (with a total population of 60,751 per October 1 2019 

according to Statistics Denmark). 

 

Table 19 Corresponding number of Danish citizens, whose CO2 emission is compensated for by 

scenarios 2+3 (wind and solar PV). 

Scenarios Danes, total CO2 
emission (19 ton/yr) 

Danes, CO2 emission from 
energy consumption (6.5 ton/yr) 

2+3 replacing grid 1,500 4,385 

2+3 replacing fossil fuel 
CHPs 

5,842 17,078 

 

Figure 36 shows the net annual CO2 reduction from the remaining scenarios that involve local 

consumption (4, 5 and 6). The figure presents two versions of the same plot; in the left-hand side 

version all electricity comes from the grid in Denmark, in the right-hand side version all electricity 

is sourced from the local 100% green electricity generation from wind and solar PV. In both cases, 

the net CO2 emission is shown now and in a futuristic “2030” case. The future 2030 estimates are 

of course highly uncertain as many factors are in play, and the daring assumption has been made 

that all tractors and harvesters have been replaced by battery-driven alternatives by 2030 (cf. 

section 5.4). 

 

 

Figure 36 Resulting net CO2 emission of Vennerslund Estate from different combinations of scenario 1: 

Current consumption together with scenario 4 of replacing 1/3 of the diesel consumption of the tractors in 

2019 and all diesel from the tractors and havesters in 2030, scenario 5 where the seed drying is either 

supplied from the grid or from 100 % green electricity produced by Vennerslund and scenario 6, where the 

heating of the estate using straw burning is replaced by heat pumps supplied either from the grid or from 

100 % green electricity produced at Vennerslund. The yellow bar shows the remaining emission after 

implementing the different scenarios.  
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It is clear that no scenario on its own is able to produce a net negative CO2 emission, but net CO2 

emission can be reduced significantly. Scenario 6 (installing heat pumps) has the largest effect in 

both of the current cases presented, charging on the grid and on 100% green electricity. In the 

2030 case, the CO2 emission reduction from electrifying machinery becomes comparable to or 

exceeds that from scenario 6. When combining scenarios 4, 5 and 6, the net CO2 emission (shown 

in orange) drops to 48% and 12% of its present value now and in 2030, respectively, when 

charging on the grid, and to 37% and 0% if charging on locally produced green electricity now 

and in 2030, respectively.  

 

5.8.2 CO2 emission reduction for external energy consumption 

 

Here we explore the effect on CO2 emission for scenario 7 in which EV charging stations are 

installed to handle the expected number of EVs that could charge at Dronningehave rasteplads if 

each EV will charge on average 50 kWh (see section 3.7). The resulting CO2 reduction for year 

2025 and 2030 was calculated in section 5.7 and the more conservative estimates (without e.g. 

traffic jump of 49%) are compared to the annual CO2 emission of Vennerslund in Figure 37. 

Although the electric energy demand is expected to be higher in 2030, the net CO2 reduction is 

reduced because the alternative electricity from the grid will have a lower CO2 footprint. 

 

Figure 37 Total CO2 emission of Vennerslund (black) compared to the reduced net emission (green) when 

a CO2 reduction is included resulting from the installation of EV chargers on the Vennerslund property next 

to the E47 highway. 
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5.9 Future emission per farm area of Vennerslund Estate 

In order to compare the farming activities of Vennerslund Estate to other activities in the 

agricultural sector then it is instructive to determine the CO2 emission of Vennerslund per type of 

crop and also to normalize it per area that is used for the farming. Figure 38 is showing the diesel 

consumption used for tractors and harvesters per farming area of the different crops as obtained 

from Figure 2 and Figure 3. The top axis is showing the resulting CO2 emission calculated by the 

conversion factor that every liter diesel turns into 2.65 kg of CO2 from Table 4. 

 

It is seen that most of the crops result in an emission of 100-300 kg CO2/ha and in some years 

this is increasing to almost the double. This emission level can be set in relation to the UN climate 

CO2 reduction targets by estimating the current global emission of 38 Gton CO2 in 2018 ( 

excluding the industrial gasses) and then dividing this with the surface area of the planet being 

510 million km2 resulting in 745 kg CO2/ha. (United Nations Environment Programme, 2019)  

 

A simple way to evaluate if an activity on a piece of land can comply with the UN goals could be 

to ask if the activity is resulting in an emission per area larger or smaller than the global emission 

level. If it is smaller then there is room to add the emission coming from the transport sectors 

(cars, truck, trains, ships and aircrafts) and the industry. If it is higher, then one will have to 

consider changes of the local activity in order to reduce the local emission. This way of viewing 

the CO2 emission will mean that an industrial activity emitting large amounts of CO2 on a small 

area will in principle need to assign additional area in order to comply with the global emission 

targets. The additional assigned area should however only come from areas, which are not 

already emitting the global emission rate( such as sea area or the ice caps at the poles). Such a 

system does not exist, but the proposed view point does give a local activity a way to evaluate 

the scale of the CO2 emission in relation to the global emission reduction proposals. 

 

The 2018 global CO2 emission level of 745 kg CO2/ha has been indicated in Figure 38 as a vertical 

dashed line and it is seen that the crops of Vennerslund Estate are all below this level if only the 

diesel consumption is considered. If however the CO2 emission of 341 tons CO2 from burning 

straw is also included to the total farming area of 1581 ha in 2018 then one will have to add about 

216 kg CO2/ha to all the bars of Figure 38. This will make the Vennerslund emission range reach 

300-500 kg CO2/ha, but with some crops exceeding the 2018 global level. It is however possible 

to remove the CO2 emission of the straw burning by introducing a heat pump supplied with green 

electricity from Vennerslund Energy Park and in that case then the emission from Vennerslund 

Estate is characterized by the emission of Figure 38. If the straw is not burned then it will most 

likely be cultivated into the soil in the autumn. This will result in emissions of methane CH4 and 

CO2, which would have to be accounted for, but this will not be done in this report.  
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Figure 38 The diesel consumption of Vennerslund Estate for tractors and harvesters per area used for 

growing the crops in the years 2016 – 2018. The resulting CO2 emission is shown on the top axis using a 

conversion factor of 2.65 kg CO2 per Liter of diesel. In order to relate these emission to the climate change 

scenarios of the UN then the global CO2 emission( excluding industrial gasses) of 2018 divided with the 

surface area of planet earth is shown as the vertical dashed line indicating an emission of 745 kg CO2 per 

ha. The UN has formulated several CO2 reduction scenarios resulting in global warming targets of 1-5 

degrees – 2 degress in the “Emission Gap Report 2019”. The reduction range of the UN 1.5 to 2 degree 

scenarios have been used to estimate the target emission per area of the planet for 2025, 2030, 2040 and 

2050 as indicated by the colored bars above and below the axis. 

 

In Figure 38 the reduction scenarios of the UN as formulated in the “Emission Gap Report 2019” 

(United Nations Environment Programme, 2019) has been indicated as color boxes, where the 

lower and upper limits are representing the lower limit of the 1.5 degree global warming scenario 

and the upper limit of the 2.0 degree global warming scenario of the UN ( see appendix in 

chapter 9 for details). These limits are gradually moving downwards over the next few decades 

and in 2050 the range is expected to be between 54 and 365 kg CO2/ha as marked by the blue 

range on Figure 38. It is seen that the CO2 emission per crop of Vennerslund Estate are almost 

below both the 2025 and 2030 scenario, but that it will be difficult to comply with the 2040 and 

2050 scenarios. Thus this is indicating that Vennerslund Estate has about 10 years to prepare 

the introduction of electrical farming and about another 10 years to fully implement this technology 

in order to comply with the UN CO2 emission reduction scenarios. Additionally an electrically 

driven heat pump is needed to replace the straw burning.  
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6. Economic assessment 

This section contains a simple analysis of the economic feasibility of the Vennerslund Energy 

Park in terms of determining the Levelized Cost of Energy (LCoE) and making a comparison to 

the current electricity price level. 

 

6.1 Definition of Levelized Cost of Energy (LCoE) 

 

The metric Levelized Cost of Energy (LCoE) can be used to give a rough idea if an energy project 

is economical feasible, since the electricity price of the market must be higher than the levelized 

cost of energy in order to be profitable.  

 

The definition of LCoE is given by 

𝐿𝐶𝑜𝐸 =
∑

𝐶𝑖

(1 + 𝑤)𝑖
𝐿𝑇
𝑖=0

∑
𝐸𝑖

(1 + 𝑤)𝑖
𝐿𝑇
𝑖=0

 

 

Where 𝐶𝑖 is the cost in year i 

 𝐸𝑖 is the energy production in year i 

 𝑤 is the discount rate of the investment 

 𝐿𝑇 is the design life time of the project 

 

The sum is running from year 0, where the turbines are payed and until the design life time (LT) 

is reached. 

 

6.1.1 Capital Expenditure (CAPEX) 

 

The capital expenditure is what you need to pay for the wind turbines and solar PV panels. This 

is payed in year zero and is represented by C0 in the LCOE definition.  

 

The cost of the turbines and the solar PV panels will be estimated from simple rule of thumb 

indications of the general level of onshore wind turbines cost as given by the teknologi kataloget. 

The number obtained are listen in Table 20 and result in a total CAPEX of M€. 

 

Table 20 Input parameters for CAPEX estimate of Vennerslund Energy Park 

Input for CAPEX estimate Value  

Turbine unit cost [M€/MW] 𝑐𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 0.71 

Solar PV unit cost [M€/MW] 𝑐𝑆𝑜𝑙𝑎𝑟 𝑃𝑉  0.49 

Turbine capacity [MW] 𝑃𝑇𝑢𝑟𝑏𝑖𝑛𝑖𝑒𝑠 20.7 

Solar PV capacity [MW] 𝑃𝑆𝑜𝑙𝑎𝑟 𝑃𝑉 45.26 

Wind project cost factor [] 1.58 

Solar project cost factor [] 1.68 

CAPEX turbines [M€] 𝐶𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 23.22 

CAPEX solar PV [M€] 𝐶𝑆𝑜𝑙𝑎𝑟 𝑃𝑉 37.26 

CAPEX total [M€]  𝐶𝑇𝑜𝑡𝑎𝑙 60.48 
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6.1.2 Operational Expenditure (OPEX) 

 

The operation expenditures are covering the cost associated with the running costs as well as 

maintenance and repair cost. These cost will show a constant level due to the scheduled 

maintenance( changing oil, filters hoses ect.), but will also contain some larger cost related to 

replacement of main components being deteriorated due to wear ( gearboxes and blades). 

 

Often the average cost per year for operation and maintenance(OPEX) is reported by Energi 

styrelsen in what is known as the Teknologi katalog and the most recent numbers are listed in 

table 21  

 

Table 21 Typical Operation and Maintenance cost of onshore wind turbines in denmark. Reproduced from 

Teknologi kataloget (Danish Energy Agency & EnergiNet, 2019) 

Input parameter for OPEX Value 

Turbine (onshore) O&M [€/MWh] 5.05 

Solar PV O&M [€/MWh] 9.0 

Turbine design life time [years] 20 

Solar PV design life time [years] 35 

 

By using the average operation and maintenance cost as outlines in Table 21 one can simplify 

the LCoE equation 

 

𝐿𝐶𝑜𝐸 =
𝐶𝐴𝑃𝐸𝑋

𝐴𝐸𝑃
∙ 𝐶𝑅𝐹 +

𝑂𝑃𝐸𝑋

𝐴𝐸𝑃
 

 

Where CAPEX is the capital expenditure of the entire project, AEP is the annual Energy 

Production of an energy producing farm, CRF is the Capital Recovery Factor which will be 

explained below and OPEX is the average annual cost for operation and maintenance. The last 

term OPEX / AEP in the equation is given in Table 21 and can just be added to the first term 

related to the discounting of the Capital Expenditure (CAPEX). 

 

The Capital Recovery Factor is given as a sum over the discount factors and can be rewritten 

as 

 

𝐶𝑅𝐹 = ∑
1

(1 + 𝑤)𝑖
=

𝑤

1 − (1 + 𝑤)−𝐿𝑇

𝐿𝑇

𝑖=1

 

 

where w is the discount rate of an investment running over the years i until the design life time LT 

of the power producing unit. The meaning of the Capital Recovery Factor is the factor that is 

multiplied to the initial capital and that needs to be payed back to an investor per year, if this 

investor is asking for a discount rate of w per year. 
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6.1.3 Discount rate of investment 

 

The discount rate of the investment in wind energy has changes over the years and has 

decreased as the wind energy technology has matured, whereby the technical risk has decreased 

dramatically. 

 

In principle the discount rate of a wind energy project is dictated by the investor, but the average 

level has been reported by Energistyrelsen in the Teknology Kataloget and a value of w = 6.00 % 

per year will be used in the following analysis.   

 

6.2 Results 

 

An excel spread sheet has been created to perform the simple levelized cost of energy (LCoE) 

analysis of the Vennerslund Energy Park. The input for the analysis is based in the Teknologi 

katalog input as outlined in Table 20 and Table 21, but additionally updated by more reason 

values by reviewing the tender material of the Næssundvej Køberetsselskab I/S related to a 30 

MWp solar PV farm covering 50 ha of land in the municipality of Morsø in Jutland. This case has 

provided information about all the other cost additional to the solar PV panel that are needed in a 

large scale solar PV energy project. Thus a factor of 1.68 must be multiplied to the cost of the 

solar PV panels in order to obtain the total CAPEX. A similar factor of 1.58 for onshore wind is 

found from the data provided in the Teknologi katalog of Energy styrelsen. 

 

The final input parameters for the LCoE analysis is shown in Figure 39 and the resulting LCoE of 

the Wind and Solar PV units of the Vennerslund Energy Park are shown in Figure 40. At the top 

of the figure one can see the resulting Capital Recovery Factors of the Wind and solar PV units. 

This is used to calculate the contribution from the CAPEX to the levelized cost of energy first, 

then the contribution to LCoE coming from the OPEX is added and finally the total LCoE is 

provided to both the wind and the solar PV units. 

 

In case of the Wind farm then it is seen that the CAPEX contribution is resulting a value of 20.32 

€/MWh, whereas the OPEX contribution is 5.05 €/MWh resulting in a total of 25.37 €/MWh. In the 

following row this calculated into the unit of Danish kroner per kWh [kr/kWh], which might be what 

most Danish citizen are used to see on their electricity bill from the power company. Here the 

contribution from CAPEX, OPEX and total LCoE becomes 0.15 kr/kWh, 0.04 kr/kWh and 0.19 

kr/kWh. 

 

The case of the solar PV unit is shown in the lower part of Figure 40 and it is seen that the CAPEX 

and OPEX contributions to LCoE are 41.96 €/MWh and 9.00 €/MWh respectively. The resulting 

LCoE thereby becomes 50.96 €/MWh. Similarly in the Danish currency one obtains 0.31 kr/kWh, 

0.07 kr/kWh and a final LCoE of 0.38 kr/kWh. 
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6.3 Discussion 

 

From the simple LCoE analysis it is seen that the production cost electricity of the solar PV is 

about twice as high as the cost of the wind energy from Vennerslund Energy Park. Thus if the two 

technologies were competing in a similar market, where all the power was payed an equal price, 

then wind power will be the most favorable. One can also use LCoE to investigate if the production 

cost of the electricity is cheap enough in order to created a sufficient profit to the owner of the 

energy producing units. In the calculation of LCoE then then discount rate of the investment has 

already been taking into account and one can in general terms say that an energy producing unit 

will generator more life time income than expenses if the average sales price of the electricity is 

higher than the levelized cost of energy (LCoE). Thus it is interesting to compare the expected 

development of the electricity prices of Denmark with the calculated LCoE of Vennerslund, which 

is done the next section.    

z 

 

Figure 39 Input data for simple Levelized Cost of Energy analysis of the Vennerslund Energy Park. 
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Figure 40 Result of Levelized Cost of Energy resulting from Vennerslund Energy Park. 

 

6.3.1 Electricity price predictions of the future Danish electricity system 

 

In general it is always hard to predict the future electricity prices and one of the most qualified 

analysis of this question is provided by the association Dansk Energi, who has published the 

“Elpris outlook 2019”, which will be used here for comparison of the Vennerslund LCoE estimated. 

 

The Elpris outlook 2019 is providing a detailed analysis of 3 future scenarios of the Danish energy 

system by 2030 and with the vision to comply with the demand of an emission free Danish system 

by 2050. The analysis is outlining 3 different scenarios corresponding to a) No further decrease 

of emission, b) business as usual with the current decrease of emission and c) the green scenario 

which will comply with the Paris agreement of zero emission by 2050. 

 

In an analysis of the economical feasibility of Vennerslund then one could take the position that 

the best comparison scenario is the one that will bring the highest competition among the 

renewable energy sources. For a combined wind and solar plant like Vennerslund then the most 

competing scenario is a future, where more cheap renewable energy is being added to the system 

and therefore the green scenario is chosen. 

 

The green scenario of the “Elpris outlook 2019” is based on a substantially increase of both on- 

and offshore wind as well as solar PV. Secondly it is assumed that economical energy storage 

has been added to the system, whereby cheap renewable energy producing in periods of low 

demand is shifted to periods of high demand. In order to illustrate the operation of the electricity 

system by 2030 then Figure 41 is showing how the different sources are expected to act during a 

week. The expected electricity price is seen to vary during the days and is showing period of very 

large values when the storage is dis-charged and also values approaching zero in periods of more 

supply than demand. Based on the simulations the Dansk Energi has predicted the how the 

electricity price will be distributed among the hours of a typical years like 2020, 2025, 2030 and 

2035 as shown in Figure 42. What is seen is that the both the very expensive as well as the very 

cheap electricity will be removed from the system as more storage is introduced towards 2035. 

With the knowledge of the electricity price at different time of the days during a year then Dansk 
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Energi have estimated average payment price to onshore wind turbine as well as solar PV owner. 

They will obtain a different payment for their production, since the two technologies will be 

producing at different periods during the day. In general one can say that onshore wind will 

produce during the night, where the electricity demand is lower and the resulting price is therefore 

also lower. Solar PV has not production at night, but during the day, where the demand is high 

and hence the electricity price is also higher. Figure 43 is showing the general electricity price of 

the Danish electricity system as function of time as well as the expected payment price to onshore 

wind and solar PV owners. It should be noticed that the onshore wind and solar PV payment 

prices in 2020 are estimated to be 0.43 kr/kWh and 0.46 kr/kWh in relation to a general electricity 

price of 0.45 kr/kWh. Thus solar PV does still seem to need some support in order to be 

economical feasible. However the situation is expected to change in the future, where both 

onshore wind and solar PV are expected to receive a payment well below the general electricity 

price. In 2035 the onshore wind and solar PV should expect a payment of 0.27 kr/kWh and 0.31 

kr/kWh respectively, whereas the general electricity price is 0.44 kr/kWh. The analysis of Dansk 

Energi has also provided the expected Levelized Cost of Energy (LCoE) of both the onshore wind 

and solar PV unit used in the simulations (shown as dashed lines in Figure 43). What is seen is 

that when renewable energy sources will operate without subsidies on large scale then the 

payment price for these units are expected to be dictated by the Levelized Cost of Energy (LCoE). 

However due to the different production profile during the day then onshore wind and solar PV 

will operate with different LCoE levels in order to be economical feasible providing a 6 % discount 

rate to the investor. 

 

 

Figure 41 Illustration of the predicted operation of the Danish energy system by 2030 if the green scenario 

of the Elpris outlook 2019 is realized with a large fraction of both wind(light green) and solar PV (yellow) in 

combination with large scale storage of electricity(blue = dis-charging and blue stribe = charging). The 

electricity demand (dashed) is shown in relation to the expected electricity price in the unit øre/kWh (red). 

Reproduced from Elpris outlook 2019 (Poulsen, Stryg, & Capion, 2019).     

 



 

 

64 Hybrid Solar PV and Wind Energy Scenarios for Reduced Carbon Footprint of a Large-scale Agricultural Business 

 

Figure 42 Distribution of electricity price as function of fraction of hours of the year for 2020-2035. The unit 

of the electricity price is [øre/kWh] and 1 Danish krone [Dkkr] is 100 øre.  Reproduced from Elpris outlook 

2019 (Poulsen, Stryg, & Capion, 2019). 

 

 

 

 

Figure 43 Predicted electricity price(Red) as function of year and the corresponding payment price to the 

onshore wind (blue) and solar PV (yellow) owner. The Levelized Cost of Energy (LCoE) of the corresponding 

onshore wind (dashed blue) and the solar PV ( dashed yellow) are also shown and it can be seen that the 

payment of these sources are expected to approach the Levelized cost of energy in the future. The expected 

LCoE of the Vennerslund wind and solar PV projects are marked with open crossed circles. Electricity 

payments are reproduced from Elpris outlook 2019 (Poulsen, Stryg, & Capion, 2019). 
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6.4 LCoE Conclusion 

 

From the result of the analysis “Elpris outlook 2019” as given by Dansk Energy and summarized 

in section 6.3.1 then it is possible to compare the estimated Levelized Cost of Energy(LCoE) of 

the onshore wind and the solar PV unit of the Vennerslund Energy Park with the general expected 

payment for onshore wind and solar PV in the future Danish electricity system. Table 22 is 

showing the LCoE estimates as obtained in section 6.2 with the LCoE levels indicated by Dansk 

Energi. 

 

For the onshore wind it is seen that the LCoE level of the Vennerslund project is estimated to be 

0.21 kr/kWh, which is considerable lower than the estimate of Dansk Energi in both 2020 with 

LCoE ~ 0.31 kr/kWh as well as the 2035 scenario with LCoE ~ 0.27 kr/kWh, where the competition 

among the renewable sourced is expected to be much stronger.  

 

This is indicating that the onshore wind project of the Vennerslund Energi Park has a robust 

potential to be economical feasible both in the short and long term operation in a Danish electricity 

system, where considerably more renewable energy is added.  

 

For the solar PV project of the Vennerslund Energy Park then it is seen that the LCoE is found to 

be LCoEsolarPV ~ 0.43 kr/kWh, which is exactly the same level as predicted by Dansk Energi for 

the 2020 scenario. It should however be noted that the predicted LCoEsolarPV2035 ~ 0.34 kr/kWh is 

considerably lower than the LCoE level of the Vennerslund solar project and could indicate that 

future competition from cheaper solar PV could be a challenge for the project.  

 

In this context it should be said that there are many uncertainties related to such predictions of 

the future of the electricity system and especially when it comes to the payment levels of 

renewable electricity. Thus it is recommended that a sensitivity analysis of the input parameters 

for the solar PV project is performed in order to clarify if the future competition of the other solar 

PV project can put the economical feasibility of the project at risk. An alternative method for 

mitigating the risk of changes in the electricity market might be to investigate if the power 

production of the solar PV unit of the Vennerslund Energi Park is sold as part of the a Power 

Purchase Agreement (PPA) with a client, who is interested in obtaining long term certainty of the 

electricity price for the clients operation. Further work is recommended to clarify if a Power 

Purchase Agreement (PPA) setup can be used in the case of the Vennerslund Energy Park.    

 

Table 22 Comparison of Levelized Cost of Energy (LCoE) of the Vennerslund energy producing 

technologies versus the expected level of the Danish electricity system in 2020 and 2035 as estimated in 

the “Elpris outlook 2019” of Dansk Energi.   

LCoE levels Vennerslund1  

[kr/kWh] 

DK 20202 

[kr/kWh] 

DK 20352 

[kr/kWh] 

Onshore wind  0.21 0.31 0.27 

Solar PV 0.43 0.43 0.34 

 1See Figure 40, 2See section 6.3.1 
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6.5 Future potential payment for CO2 emissions from Vennerslund Estate 

 

A major driver for an increased electricity price in the future Danish and European electricity 

market is the cost one have to pay for the emission of the CO2. This cost is being debated heavily 

and in the “Elpris outlook 2019” the future CO2 emissions of the different scenarios have been 

defined according to Figure 44. One can see that the black scenario is assuming no payment for 

CO2 emissions, whereas the blue and green scenarios are assuming an increasing CO2 payment 

resulting in 36 and 72 €/ton CO2 respectively in 2035. This expected payment for CO2 emissions 

can be used to obtain an estimate of the future cost that Vennerslund Estate might have to pay. 

For this analysis it is assumed that the Green scenario of Figure 44 is realized in the future, since 

this result in the largest payment and the other two scenarios are easily obtained by dividing the 

cost by 2 (blue scenario) or reducing it to zero ( black scenario). 

 

The CO2 emissions of Vennerslund Estate resulting from the diesel consumption of the tractors 

and havesters, the electricity consumption for drying seeds and from the burning of straw to 

produce heat have been used to estimate the future cost by multiplying with the CO2 emission 

cost as provided by the “Elpris outlook 2019” of Figure 44. Thus it is assumed that the CO2 

emission from Vennerslund remains at the current level and no attempts are done to reduce the 

CO2 emissions. From Figure 45 it can be seen that the cost of the CO2 emissions from 

Vennerslund are expected to increase from about 32 k€/year ( or 223500 Dkkr/year using 7.45 

kr/€) in 2020 and to about 70 k€/year ( or 521500 Dkkr/year) in 2035. Figure 46 is showing how 

the payment of the CO2 emission will accumulate to a total of about 670 k€ over the next 15 years 

in the case of Vennerslund Estate. This is equivalent to about 5 million Dkkr and is giving an 

indication of the level of investments in CO2 reducing initiatives that might be economical feasible. 

From Figure 45 one can see that the two main contributions to the CO2 emission and thereby the 

payment of CO2 are the tractors and the heat generation from burning straw. Thus it is 

recommended to monitor the possibilities of purchasing or renting tractors with a smaller CO2 

emission and also alternative heating technologies such as a heat pump, which could be supplied 

with electricity from the Vennerslund Energy Park. The scale of these investments should over a 

15 year period be in the order to 670 k€ if they are to match the CO2 payment level as estimated 

in Figure 46.  

 

A note of precaution should be mentioned in relation to the analysis above, since it is not known 

when a possible payment of CO2 as illustrated on Figure 44 will be implemented politically in 

Denmark on both diesel as well as heat generation by burning straw. Especially the latter is 

considered to be “green” and is currently not subject to CO2 taxation. Thus it is also recommended 

to monitor the political discussion about CO2 payment in Denmark in order to evaluate when the 

CO2 payments are ramped up, since this might be delayed compared to the scenario of Figure 

44. 

 

Finally one have to keep in mind that the Paris agreement stating that Europe have to reach zero 

CO2 emission by 2050 will most likely make the CO2 payment curves of Figure 44 increase further 

in the 15 years following from 2035-2050. Thus the investment in new tractors and heating 

devices should be considered on a 30 year time scale with the end goal of reaching zero CO2 

emissions. The payment of CO2 from 2035 to 2050 has not been estimated in this report, since it 

is considered too uncertain.           
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Figure 44 Illustration of the cost of CO2 emission in the different scenarios of the ”Elpris outlook 2019” by 

Dansk Energi. The black scenario represent no further CO2 emission initiative, the blue scenario represent 

a continuation of the current initiatives and the green scenario represent a target corresponding to the Paris 

agreement of zero emissions by 2050. The green scenario has been used in the economic assessment of 

the Vennerslund Energy Park in section 6.3. it is in general the increase of the CO2 emissions cost that is 

expected to drive the electricity prices up in the future Danish ( European) electricity marked. Reproduced 

from ”Elpris outlook 2019” (Poulsen, Stryg, & Capion, 2019). 

 

 

Figure 45 Estimate of payment for the CO2 emission from farming operation of Vennerslund Estate is the 

CO2 payment level of the Green Scenario of Figure 44 is used.  
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Figure 46 Annual payment of CO2 emission of Vennerslund Estate if the current emissions are not 

reduced and if the CO2 emission cost are given by the green scenario of Figure 44. 
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7. Conclusions  

The energy production of the Vennerslund Energy Park has been analyzed in relation to the 

current energy demand from the farming operation of Vennerslund Estate. Possible changes of 

the farming operations from fossil fueled technology and to technologies with a reduced CO2 

footprint have been performed in order to evaluate possible reductions of the CO2 emission of 

Vennerslund Estate in the next decade. Finally the economical feasibility of the Vennerslund 

Energy Park has been done from a societal perspective by providing a Levelized Cost of Energy 

(LCoE) analysis. An additional analysis of the possible future payment of the CO2 emission from 

Vennerslund Estate has been suggested based on the CO2 emission cost as proposed in the 

“Elpris outlook 2019” as done by Dansk Energi (Poulsen, Stryg, & Capion, 2019). 

 

The following quantitative conclusion can be drawn from this work: 

 

Energy production and demand 

 

 The Annual Energy Production(AEP) of the Vennerslund Energy Park is expected to be 

142 GWh/year with 90 GWh/year and 52 GWh/year from 6 wind turbines of 3.45 MW and 

53 ha of land covered with 45.3 MWp solar PV respectively. 

 

 With an average electricity consumption of a Danish citizen of 1 MWh/year then the 

production of Vennerslund Energy Park corresponds to the consumption of 142000 

citizens per year. 

 

 The energy demand from the farming activity of Vennerslund Estate when converted into 

a future electricity demand is 0.93 GWh/year distributed with 0.61 GWh/year from running 

tractors, 0.21 GWh/year from heating the Estate by burning straw, 0.07 GWh/year from 

seed drying and 0.04 GWh/year from harvesting the crops. 

 

 The Energy production of Vennerslund Energy Park is about 100 times larger than the 

internal energy demand of the Estate and will therefore be able to supply electricity for 

the farming operation if these are converted from fossil fueled and to more renewable 

technologies. 

 

In this study the following changes have been investigated 

 

o 1/3 of the tractors consumption is changed from diesel to electric 

o All machines are changed from diesel to electrical  

o Heating of Vennerslund Estate is changed from burning straw to a heat pump 

o Seed drying is supplied with green electricity from Vennerslund Energy Park 

   

 The electricity produced by Vennerslund Energy Park will mainly be sold on the Danish 

electricity marked or to local large scale consumers of electricity through a Power 

Purchase Agreement. Therefore the following local electricity consumers have been 

analyses: 

 



 

 

70 Hybrid Solar PV and Wind Energy Scenarios for Reduced Carbon Footprint of a Large-scale Agricultural Business 

o Charging station for electrical vehicles at the high way E47 

o The Nordic Sugar factory in Nykøbing Falster 

 

 The energy demand from an electric vehicle charging station at the E47 high way has 

been estimated to be in the order of 2-6 GWh/year depending heavily on the assumptions 

made in relation to both the future traffic at Guldborgsund as well as the increase of 

electric cars in the car fleet of Denmark. It should be noted that the demand from such 

an electric car charging station is about 1 to 6 times higher than the internal electricity 

demand of Vennerslund Estate. 

 The energy demand of the Nordic Sugar factory in the sugar beet season from October 

to January has been estimated to be in the order to 250 GWh and is therefore 

considerable higher than the annual energy production of Vennerslund Energy Park. 

Thus it will not be possible for supply the main energy to the Nordic Sugar factory, but 

the electricity demand outside the sugar beet season has been estimated to be around 

0.6 GWh/month, which seems possible. A time series simulation with hourly energy 

production resolution has been created by DTU Wind Energy and compared to the hourly 

demand from Nordic Sugar :It is concluded that Vennerslund Energy Park will experience 

about 26 days per year, where the hourly power production is less that 1 MW, which has 

been formulated as a specification from Nordic Sugar. Thus further analysis is needed in 

order to clarify if the electricity grid can supply the demand on days where there is no 

wind and no sun or if a local backup supply or storage could be added. 

 

CO2 emissions  

  

 The CO2 emission reduction of the Danish society resulting from the Vennerslund Energy 

Park has been estimated to be between 28500 ton CO2/year to 111000 ton CO2/year 

depending if the new capacity is replacing the average technology mix of the electricity 

system or if the capacity is replacing coal fired electricity production. 

 

 The current CO2 emissions from the farming operation of Vennerslund Estate is 771 ton 

CO2/year with 393 ton CO2/year from tractors, 341 ton CO2/year from heating by burning 

straw, 23 ton CO2/year from harvesting and 14 ton CO2/year from seed drying. 

 

 Thus one can say that the CO2 reduction of the Vennerslund Energy Park will by far 

compensate the CO2 emission from Vennerslund Estate, but one might in the future still 

have to pay for the internal emission from the farming operation, whereby CO2 reduction 

of the farming operation is still relevant.  

   

 The potential CO2 reduction of the farming operation of Vennerslund Estate due to 

changes of the technology have been found to be in the unit of [ton CO2/year]: 

 

o 1/3 of tractor consumption turned electric:    91 - 131   

o All machines turned electric   384 - 416 

o Heating changed from burning straw to a heat pump 299 - 341 

o Seed drying with green electricity    11 -   14 

o Total    401 - 771 
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 Thus the focus of the CO2 reducing technology changes should be on the tractors and 

the introduction of an alternative heating source to the straw burning. The market for 

electric tractors has been investigated and it is concluded that only the smaller tractors of 

Vennerslund can be replaced by battery driven electric tractors in the near future, 

whereas the larger tractors need further development. 

 

 An alternative to diesel for the tractors is the application of electro-fuels produced from 

renewable electricity sources, but these are first expected available after more than 10 

years and have not been considered further in this study. 

 

 In the case of replacing the straw burning heating device with a heat pump then this is 

considered technical possible already now and it is just an economic feasibility evaluation 

that will determine when to make this change.   
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Feasibility  

 

 The economic feasibility of the Vennerslund Energy Park has been evaluated and the 

Levelized Cost of Energy of the wind and solar PV units are estimated to be 0.21 

Dkkr/kWh and 0.43 Dkkr/kWh respectively. This has been compared with the future 

expected payment for onshore wind and solar PV as estimated by Dansk Energi, who are 

expecting LCoE levels of 0.31-0.27 Dkkr/kWh and 0.43-0.34 Dkkr/kWh in the period from 

2020 to 2035. Thus the wind turbine plant of the Vennerslund Energy Park seem very 

robust in the future energy market, whereas the future competition of more solar PV in 

the Danish Energy system might be a challenge for the solar PV unit of Vennerslund 

Energy Park. A sensitivity study of this is recommended. 

 

 An estimate of the possible future payment of CO2 emission from Vennerslund has been 

obtained by using the current CO2 emissions from Vennerslund Estate and applying the 

CO2 emission payment rates that have been used in the most green scenario of the 

“Elpris Outlook 2019” by Dansk Energi. The upper limit for the annual payment for the 

CO2 emission from Vennerslund Estate is estimated to be around 32 k€/year in 2020 and 

steadily increasing to 70 k€/year in 2035 in the green scenario, which is equivalent to the 

zero CO2 emission target of the Paris agreement. The accumulated payment in this 

period is 670 k€ ( or about 5 million Dkkr using 7.45 kr/€) and is giving an indication of 

the investment level, which is reasonable for the CO2 reducing initiatives of technology 

replacement of the farming operation of Vennerslund Estate. 

 

 It is recommended to follow the political discussion of the Danish introduction of CO2 

taxation closely, since this will give an indication of when the CO2 payment of 

Vennerslund Estate in going to increase. Currently such a payment is not used. Secondly 

if the general CO2 payment is not introduced according to the green scenario, but more 

along the “business as usual” (blue scenario), then the CO2 payment is only half of what 

is stated above. Finally if the “black scenario” of no CO2 payment is realized then one can 

completely neglect any future CO2 payment of Vennerslund Estate. 

 

  



 

 

Hybrid Solar PV and Wind Energy Scenarios for Reduced Carbon Footprint of a Large-scale Agricultural Business 73 

8. Perspectives 

By a government decision in 2015, Denmark is to be independent of fossil fuels by 2050 (Danish 

Energy Agency, 2015), and a new government in 2019 is promising to introduce a new target of 

70% CO2 emission reduction by 2030 compared to the level in 1990 (Climate Home News, 2019). 

Reaching these targets will require a massive effort in terms of both generation, distribution and 

consumption.  

 

On the generation side, Denmark is already a world-record pioneer in wind power penetration, as 

shown in Figure 47 which highlights the 2018 wind penetration fraction of 41% (44% in 2017).  

 

 

Figure 47 Electricity generation mix in Denmark in 2018 (Energinet, 2019). 

   

To date, there are 207 installed wind turbines running in the Guldborgsund municipality, divided 

into 72 offshore wind turbines from 2003 of 2.3 MW installed capacity and 135 onshore wind 

turbines of less than 0.9 MW insta0lled capacity. Figure 48 provides and overview of the number 

of wind turbines installed per year since 1986. The last time a larger wind turbine was installed 

was in 2003, and since then only turbines of less than 40 kW installed capacity have been 

installed. Total installed wind power capacity is around 224 MW and the proposed wind farm of 

around 6 × (4 − 5) MW = 24 −  30 MW at Vennerslund would therefore increase local wind power 

capacity by 10.7% to 13.4%. 

 

On the consumption side, transportation and agriculture will play an important role in reducing 

CO2 emissions due to their current significant contributions. In 2015, 2,601 kt carbon dioxide 

equivalent (CDE or CO2e) were emitted from within the category of LULUCF; Land Use, Land-

Use Change and Forestry, on a total area of 2,446,440 ha used for cultivation of crops (Holmstrup, 

2018). This leads to an average annual emission of around 1 ton CO2/ha/yr, or around 2,200 ton 

CO2/yr for Vennerslund with a cropland area of about 2,200 ha. With a total CO2 emission 

reduction of 111,000 ton CO2/yr, the installation of the proposed wind and solar PV plants would 

compensate around 50 times for the LULUCF emission at Vennerslund.  
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Figure 48 Number of installed onshore and offshore wind turbines in the Guldborgsund municipality per year 

since 1986 (Danish Energy Agency, 2019). 
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9. Appendix: CO2 emission per area guidelines 
derived from United Nations global targets  

This appendix is outlining how the United Nation CO2 reduction scenarios of the “Emission Gap 

Report 2019” are translated into ranges of global CO2 emission per area targets for 2025, 2030, 

2040 and 2050, if the 1.5 -2.0 degree global warming scenario is to be fulfilled. 

 

Figure 49 shows the historic global greenhouse gas emissions until 2018 as given by the carbon 

dioxide CO2, methane CH4 and other more industrial related gasses. These emissions are seen 

as the primary cause for the global warming of planet earth and the United Nations Environmental 

Program (UNEP) has formulated scenarios for reducing the green house gas emission in order 

to obtain a global warming of 1.5 degree, 1.8 degree and 2.0 degrees as illustrated on Figure 50. 

 

From Figure 49 it is seen that the pure CO2 emission from fossil fuel is reported as about 38 Giga 

ton CO2 by end of 2018, whereby the greenhouse gas emission related to the other gasses are 

excluded from the comparison to the plant based agricultural sector. The global CO2 emission per 

area in 2018 can then be obtained by dividing the CO2 emission with the surface area of planet 

earth, which is 510 million km2 

 

𝐺𝑙𝑜𝑏𝑎𝑙 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑝𝑒𝑟 𝑎𝑟𝑒𝑎 =
38 ∙ 109𝑡𝑜𝑛

510 ∙ 106  𝑘𝑚2
= 74.5

𝑡𝑜𝑛

𝑘𝑚2
= 745 𝑘𝑔/ℎ𝑎 

 

Since 1 ha = 100 m x 100 m = 0.01 km2. 

 

In order to estimate how this emission should reduce in the future then the scenarios of Figure 50 

can be quantified as the percentage reduction of the lower limit of the 1.5 degree scenario and 

the upper limit of the 2.0 degree scenario. It is assumed that the fraction of CO2 from fossil sources 

remains unchanged in the future, whereby the global CO2 emission per area of 2018 can be 

reduced by the ratio estimated in Table 23. The last column of the table is showing the resulting 

emission per area if the 2018 level of 745 kg CO2/ha is used as reference. 

 

Thus the global CO2 emission per area for the years 2025, 2030, 2040 and 2050 in Table 23 can 

then be compared to the CO2 emissions of Vennerslund Estate as shown in Figure 51. 

 

Table 23 Estimate of Global CO2 annual emission per area from the global CO2 emission resulting from 

fossil sources. The Green House Gas(GHG) range is obtained from the “Emission Gap Report 2019” and 

should be compared to a total GHG of 55 GtonCO2eq in 2018 as seen in Figure 50. The reduction ratio is 

obtained from the 2018 GHG value, whereby the last column is obtained from the reference area emission 

of 745 kg CO2/ha.  

Year GHG range 

[GtonCO2eq] 

Reduction ratio  

[%] 

CO2 emission per area 

[kg CO2/ha] 

2025 30-55 55-100 410-745 

2030 22-46 40-84 298-626 

2040 8-35 15-64 112-477 

2050 4-27 7-49 52-365 
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Figure 49 Historic global green house gas emissions until 2018 as reported by the United Nations 

Environmental Program (UNEP). Reproduction of Figure 2.1 from “Emission Gap Report 2019” (United 

Nations Environment Programme, 2019).  

 

For comparison then it is interesting to note that the Danish CO2 emissions from coal, gas and oil 

in 2017 has been reported to be 35 million ton CO2 by Energistyrelsen. This can be used to 

estimate the associated emission per area of Denmark, but here one will have to specify the land 

area of Denmark, which in principle could also include the area of Greenland. The resulting area 

specific emission without Greenland was about 8152 kg CO2/ha in 2017, whereas this can be 

reduced to 160 kg CO2/ha if the area of Greenland is included into the calculation.  

 

Thus the emission rates per area of Vennerslund Estate are about 25 times lower than the Danish 

emission from oil, gas and coal in 2017 if Greenland is not included in the area of evaluation, but 

will be about the same level if Greenland is included.     

 

Table 24 Estimation of CO2 emission per area of Danish consumption of oil, gas and coal in 2017, which 

has been reported as 35 million ton CO2 by Energistyrelsen. 

Origin of emission in 2017 Area [km2] Emission per area 

[kg CO2/ha (ton CO2/km2)] 

Denmark 42933 8152 (815)  

Denmark including 

Greenland 

42933 + 2166000 = 2208933 160 (16 ) 
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Figure 50 Scenarios of global Green House Gas(GHG) emissions in order to comply with a global 

temperature increase of 1.5 degree, 1.8 degree and 2.0 degree by the end of the century. Reproduction of 

Figure 3.1 from the “Emission Gap Report 2019” (United Nations Environment Programme, 2019). 
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Figure 51 Illustration of inclusion of the global CO2 emission per area targets obtained from the UN scenarios 

of a 1.5 degree to 2.0 degree global warming by the end of the century. This is a reproduction of Figure 38 

from the main report.  
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