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Abstract 
 

The threat of climate-change and the harm it is doing to the Earth has been known for a long 

time, and the worlds countries have come together to try to limit the damages humanity is 

doing. The result is multiple international conventions and agreements, most recently the 

Paris-agreement in 2016. Norway ratified the agreement and implemented the goals in 

November 2016, and have since searched for solutions to reduce the overall emissions of 

harmful gasses to the atmosphere. One of these goals was to produce more renewable energy. 

This thesis focus is the production of the renewable energy carrier biogas. Specifically, the 

production of biogas from farm manure. Agriculture in Norway is the fourth largest 

contributor to Norway’s emissions of greenhouse gasses, and production of biogas from 

manure and other wastes has a significant potential to reduce these emissions. The thesis is 

developed around a case-study considering Vestfold county and the farms with livestock 

production within the county, and how they can participate in the production of biogas.  

The thesis considers 50 farms and the main deciding factors when choosing to produce biogas 

or not: their potential costs/income and the potential reduces GHG-emissions. To find the 

optimal solutions between those two factors, an optimisation model was developed. The 

results from the model was an overall summarised economy and reduction of emissions for 

every farm, as well as for each farm. The model was solved for two scenarios where the farms 

either use electricity or burning of woodchips to provide the demand for heat at the farm. The 

model’s initial results showed a great potential of reduction of 474-528 tons CO2-equivalents 

should all farms choose to follow the model’s recommendations. The initial solution also 

show that production of biogas can be a source of income. The initial solution resulted in a 

total income of about 150 000-419 000 NOK summarised for all farms. These results show 

that production of biogas is both profitable for farms, and a valuable measure to reduce GHG 

emissions. 

A sensitivity analysis of the initial results derived from the model showed that an optimisation 

model can be a valuable decision-making tool when looking at a given number of farms in a 

given area, and give insight to the potential gains should the choices be implemented. 

However, there is still uncertainties surrounding the data in the model, and some of the 

calculations. These factors must be processed and quality assured before the model can be 

taken seriously. 
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1 Introduction 
 

The Paris-agreement in 2015 saw almost all world leaders coming together to accept one 

common goal: Keeping the worlds temperature-increase below two degrees Celsius compared 

to pre-industrial levels (Paris agreement, 2015). All parties that acknowledged the agreement 

must put forward their best effort to achieve the goal. To reach the goal, the UNFCCC has 

produced multiple articles that are legally binding for the countries as to how they may 

implement strategies in their governing framework. Norway ratified the agreement the 20th of 

June 2016, and committed themselves to reduce their greenhouse gas(GHG) emissions by 

40% by 2030 (Regjeringen.no, 2016).  

Concrete regulations and legislations for Norway’s way forward are to be determined by 

2018, and are presently being developed, but suggestions for mitigations have been 

researched and stated. Norway has several areas that emit large amounts of GHGs. The areas 

that emitted the highest amount in 2016 was oil- and gas-production, industry, transportation, 

and agriculture (SSB, 2016).  

Norwegian agriculture might not be where the reduction of emission of GHGs is most 

pressing, but the Norwegian environment Agency (Miljødirektoratet) published a report that 

presents different class of measures to reduce GHG emission in the non-quota limited sectors, 

where Norwegian agriculture is described (Andersen et al., 2015). The measures presented for 

agriculture were changes in the Norwegian diet, stopping new cultivating of bogs, and 

production of biogas from manure. According to the SSB-source, agriculture emits 8,4% of 

Norway’s total emissions. This amounts to 4,5 million tons of CO2-equivalents (SSB, 2016). 

The potential for reduction in Norwegian agriculture has been measured to be 1,0 -1,5 million 

tons CO2-equivalents by introducing new strategies and technologies, among these are biogas-

production (Meld. St. 39, 2008-2009). For this reduction to happen, the Stortingsmelding 

decided to make production of biogas a national goal, and proclaimed that 30% of the 

produced manure should go to biogas-production. 

Biogas-production in Norway have become of increasing interest due to improved or new 

technologies and governmental support. The realistic potential for biogas-production in 

Norway is estimated to be 950 GWh, without the inclusion of industrial waste (Lånke et. al., 

2016). The same research concluded that 300GWh of this potential can be produced from 

agricultural manure. To reach this potential, it is vital to make production of biogas viable for 

the farmers around the country. 
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The farms are the source of manure, and have gotten a lot of governmental support for the 

possibility of biogas-production, e.g. financial support for delivering their manure to a biogas-

plant. The farmers have two choices when the want to produce biogas. They can produce 

biogas from their livestock manures locally on the farm, or send the manure to a centralised 

biogas-plant. The local reactor is called Telemarksreaktor, and can produce heat from biogas 

and biofertilizer on the farm. One of the larges biogas-plants in Norway is located in the 

county of Vestfold, in the eastern part of Norway. The name of the plant is GreVe Biogass. 

This is the only current large biogas-plant that produces biogas based on manure from farms 

(Lånke et al., 2016). Vestfold was therefore chosen as the objective for this case study.   

The county of Vestfold is home to some of Norway’s biggest farms, and hence the county 

with the most available amount of manure. Vestfold has also included the production of 

biogas in their strategy for the future 2020 goals (Vestfold fylkeskommune, 2015). Because of 

these goals, the county’s farmers, as well as the rest of the farmers in the country of Norway, 

must decide how they will reach the 30% goal set by the government. Vestfold’s County 

Council has presented their goals for a growth in Vestfold’s biogas production, and 

consequently that all farmers, big or small, in Vestfold must make a choice of whether they 

want to be a part of this development or not. This thesis will focus on 50 farmers, their 

livestock, and their alternatives for production of biogas. 
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2 Purpose of the thesis and research questions 
 

The purpose of this thesis is to give the agriculture sector, as well as specific farmers, a good 

decision-making tool when facing a choice of whether or not to produce biogas from manure, 

as well as showing how it is possible to do it. The tool chosen to analyse the alternative 

solutions is an optimisation model. It will allow the farmers to see the big picture of how their 

locally produced manure can be a source of renewable energy, contributing to reduction of 

GHGs emissions, and as a potential source of extra income. This tool will not only show 

results for the farmers, but also other interested parties the theoretical optimum solution to 

which farms should contribute to biogas-production, how the biogas should be used, and how 

much it will cost in investments and operation. The outcome of the model will show the 

number of farmers and their geographic localisation that should produce their own biogas 

locally, the number and localisation of those that should send their manure to GreVe biogass, 

and the number of farms that will not be a part of biogas-production in Vestfold. The outcome 

is expected to answer the research questions shown later in this section, by providing a model-

output that shows the optimal solution for each of 50 farms included in the analyses, as well 

as the optimal solution for the whole county. 

This thesis will focus on how to optimise the local conversion from direct spreading of 

manure from cattle and pigs on crop-fields, to local or central production and use of biogas 

and biofertilizer, with a case-study consisting of farms located at different distances from 

GreVe Biogas in with Vestfold county as a case-study.  

To get a holistic picture of how the production of biogas can be optimised in the county, an 

optimization model has been developed. The model is developed with Multiobjective Integer 

Linear Programming (MOILP), to give the farms a good decision-making tool that accounts 

for the environmental and the economic aspects of production of biogas. The thesis will focus 

on developing the pilot model in Excel Solver. The model will include limits for 

transportation to the big centralised biogas plant GreVe Biogass, the conditions that apply to 

and if the local farm-based biogas reactor is economically feasible, as well as the complete 

picture of GHG emissions in Vestfold should the resulting choices be applied. The research 

questions formulated to reach this thesis’ purpose is presented below in the order in which 

they will be discussed: 
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i. Is it possible to develop an optimisation model in Excel that can analyse the use of 

manure from cattle and pig farms in a region with meaningful results? 

ii. What is the limit for transport of manure to a central biogas plant compared to treating 

the manure at the farm? 

iii. Under what conditions is it more feasible for the farmer to invest in his/her own biogas 

plant? 

iv. What is the net GHG emission of biogas production at farms or treatment at central 

biogas plants, compared to a scenario where the farmer continues to use their manure 

without any changes? 
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3 Appraisal and focus  
 

An optimisation-model is suggested to solve the before mentioned research questions. When 

such a model is suggested as a tool, it is important to recognise that the model must be framed 

within a set of appraisals and within a certain focus. A model, however thorough the 

programmer might be, is limited to give the reader insight into the problem only. The 

construction of a model is a method to simplify reality’s complex problems. The model 

constructed should therefore never be considered the absolute truth, as it can never be as 

complex as reality (Taylor, 2016). This chapter will present the different appraisals and the 

limitations of solving the research questions this way, and should be considered when 

analysing the end results and conclusions.  

To get a good representation of the potential reductions in costs and GHG emissions, an 

analysis of two scenarios will be conducted. These two scenarios depend on the farms energy 

carrier for their demand for heat at the farm. The model will be solved for one scenario where 

all farms utilize electricity from the standard Nordic mix to meet the demand for heat, and 

another scenario where all farms utilize an oven that burns woodchips to meet the demand for 

heat.  

When deciding to produce biogas, there is a lot of different factors to consider. For instance 

costs, possible income, the environmental effects, extra work for the farmer, and the farmer’s 

general willingness to participate in such a venture. This thesis has only considered the first 

three factors. This is because the focus of the thesis is to analyse the most important factors in 

a system like this. Most important for society, the country, and the climate are the 

environmental factors, and the most important factors for the farmer is his/her own economy. 

If the farmer can gain enough to make the investment, and time put into the project, 

profitable, the more likely he/she is to go through with it. The environmental factors are 

comprised into CO2-equivalents to gather all the different factors, such as NOx, CH4, and 

CO2, into one, stand-alone factor. 

The biogas produced at the farm, should the farmer choose to invest in a local reactor, will be 

utilized to replace the demand for heat for the farm’s livestock. There are certainly other 

options as to what the energy from the reactor might be used for, for instant heating the main 

farmhouse or other buildings in the vicinity, but the focus for this thesis is to get enough 

energy from the reactor to replace the demand for heat at the barn should the small reactor be 
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the optimal solution. Furthermore, it is assumed that the farms have one of two different 

energy carriers that provides heat at the farm. These are either woodchips or electricity. It is 

therefore conducted two scenarios when solving the model. One where all farms use 

electricity, and one where they all use woodchips. The electricity source is the standard 

Nordic mix. The biogas produced will replace the potential GHG emissions from the storage 

of manure and the potential GHG emissions from the replaced energy carrier. All data from 

the farms are from 2015, and the other data in the model will therefore consider data from 

2015 to give insight into this particular year. 

The biogas produced at the centralized biogas plant (GreVe biogass) will be upgraded to 

biomethane and utilized as fuel to replace diesel. The GHG emissions for the farm’s use of 

energy carrier will be considered, as the biogas produced replaces nothing at the farm. The 

only GHG emissions saved at the farm will be a potential reduction because the farm must 

invest in a new tank for storage of the biofertilizer they get in return. 

The costs considered for the model is the farm’s investment cost for all the possible 

alternatives calculated for yearly cost, and the cost for the demanded energy carrier that 

supplies heat for production of livestock. The income considered is the potential for 

governmental support from their participation in production of biogas, as well as their 

potential investment support from Innovasjon Norge. These numbers are all calculated for 

each alternative and compared. 

The model aims to find a solution on how to reach two main goals: to minimise the overall 

GHG emissions in Vestfold, and to minimise the overall cost for the farm. To do this, 

weighing has been set to the goals, and an end goal has been considered. The weights are one 

for GHG emissions and one divided by the given price for CO2-quotas in 2015. The model 

will find two different optimal solutions to the cost- and emission goals, compare the 

deviation between them, and calculate a new solution where the optimal result is where the 

deviation between the stand-alone goals are minimised.  
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3 State of knowledge 
 

3.1 Biogas potential in Norway 

As Norway aims to move towards a future with less GHG emissions, it has been important to 

assess all possible alternatives to reach the 2020 goal given by the EU. Biogas production has 

been proven to reduce GHG emissions from agriculture, by reducing the methane emission 

from stored manure and supply climate-neutral methane that will be used for energy purposes 

(Morken et. al., 2015). The Ministry of Climate and Energy has developed a strategy on 

developing biogas in Norway to contribute to reducing Norway’s GHG emissions. According 

to this document the production of biogas in Norway in 2010 from organic waste and manure 

from farms was only 0,06TWh (Sundtoft, 2014). The department stated further in the strategy 

that almost all biogas produced is used as fuel for buses or other vehicles used for heavy 

transport. The demand for biogas could be much higher. Buses and lorries around the country 

are now transitioning into using more and more natural gas, and they could use biogas, if 

there was available supply. The estimated possible production is calculated to be 2,3 TWh 

every year (Sundtoft, 2014).  

A study conducted by Avfall Norge published in 2016 looked at the possibility of both growth 

in production in biogas produced as well as economic growth in the eastern region of Norway 

(Fiksen et. al., 2016). This region includes Østfold, Vestfold, Oslo, Akershus, Telemark, 

Buskerud, Oppland, and Hedmark. The growth will be highest in this region because of its 

agricultural productivity. The purpose of the study was to see the potential for growth of 

biogas and to visualise the economic growth that is possible to gain through more 

development of biogas plants and bio waste (Fiksen et al., 2016).  

The study was conducted for Avfall Norge and Biogass Oslofjord. They have identified the 

value chains that are, or will be, developed to showcase potential production of biogas in the 

Oslofjord area. They used an analysis of ripple effects to measure what kind of effects the 

development will have, not only in the economic field, but what effects the development of 

industry will have on economics and employment. This was done to give a better perspective 

of what development of more biogas could do for society in the given region of Norway. The 

study then went on to describe what the biogas field looks like today, to get a better view of 

what can be possible in 2020. Biogas and bio-waste in the eastern part of Norway can produce 

440 GWh. With the available resources, and the new strategies in place to reduce GHG 

emissions, and a possible transition into a circular economy, the study concluded that the 
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realistic potential in the studied region was 2000 GWh. To reach this amount of produced 

energy, the amount of food waste, manure, and waste from industry delivered to biogas plants 

must increase. The study didn’t specify any weaknesses with their results, but it is stated that 

this is a prediction. The future might be different, but the study gave a solid view of the future 

of biogas in the given region.  

3.2 Biogas models 

Another model that considers biogas production in Norway is the BioValue Chain model. 

This model was constructed to facilitate the calculation of environmental impacts throughout 

the value chain for production of biogas (Lyng et al., 2015). The purpose of this model is to 

provide a model that easily can generate an impact assessment. The model is based on life 

cycle assessment methodology with system boundaries and parameters that can be changed 

easily to accommodate for every biogas plant or region. The model needs specific data, and 

when this isn’t found, the results can be uncertain. The authors suggest that more research will 

have to be done within the field of “modelling and quantifying direct emissions from the 

storage and application of manure and digitate on land” (Lyng et al., 2015).  

Another study from the Netherlands, studied the increasing initiatives for biogas production 

and what may come from this. The article looks at producing biogas, but also the possibility 

of using the resources to produce combined heat and power (Hengeveld et. al., 2016). They 

developed a model that calculated the costs and environmental benefits of creating a fish-bone 

system to collect biogas from farms and transport them through a pipeline to a centralised 

plant. The model showed how cooperation of biogas producers reduces the transport costs for 

the total area. The author states that there should be further research conducted for the 

possibility of transporting liquid biogas through the same pipelines, and the flexibility of the 

energy supply should be researched further.   

As an alternative to sending the resources to far away centralised biogas plants, the resources 

could be used more locally. They could be used to produce biogas, heat, and power locally for 

the farmers. Studies that will be presented in this section will show different ways of using 

these resources differently.  

The resources that exists outside the economical optimal distance from the big centralised 

biogas plants can be optimally used close to where they are generated. A study conducted by 

DisBiogass showed research that looked on four different scenarios. The scenarios looked at 

different uses of the farm possible biogas- resources (Modahl et. al., 2014). Scenario 1 
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focused on central biogas production and central upgrading. Scenario 2 focused on local 

biogas and local utilisation. Scenario 3 focused on local biogas production but central 

upgrading. Scenario 4 focused on the same, but the biogas was transported to the central 

upgrading plant through pipelines. There was also a reference scenario, where the manure was 

left untouched. The purpose of the study was to “contribute to the development of more cost 

effective and sustainable biogas production and distribution technologies from small and 

distributed farms in Norway” (Modahl et al., 2014). To best present the scenarios the Biogas 

Model from Østfoldforskning was used. The conclusions that was the result of this research 

was that all the scenarios that produced biogas was preferable to the reference scenario. They 

also concluded that the use of biogas as fuel for transport is better than using it for heat. 

Furthermore, the study concluded that a local biogas plant and a central upgrading plant was 

preferable to transporting the manure to a centralised biogas plant. How the biogas gets 

transported to the centralised upgrading plant is negligible. They have used some general 

assumptions in the research, and these might be worth checking further. The numbers used for 

the economy section of the article might be too general and will change when area and 

technological development is considered.  

3.3 A Multi objective optimisation model considering biogas 

When we want to find the optimal solution to a complicated problem with two conflicting 

objectives a multi-objective optimization model is well suited. In the study conducted by 

Silva et. al (2017) regarding multi objective programing for sizing and locating biogas plants, 

she showcased the use of this method by solving a problem with multiple conflicting 

objectives: minimizing initial investment cost, operation, and maintenance cost; minimizing 

transport costs; and minimizing social rejection. The purpose of this study was to find a 

Pareto-optimal solution, where the result is a solution where all objectives are impossible to 

improve without worsening the other objectives. The economic and social objectives in this 

study conflicts with each other by their potential economic value and the social term “not in 

my back yard” (NIMBY), where the residents of a given area may see the value in the 

investment, but greatly oppose the investment being done close to their homes. Silva et. al. 

(2017) then proposed a Multi Objective Mixed-Integer Linear Programming (MMILP), which 

operates with binary variables, to highlight the decision being made by this model. They have 

the choice of multiple possible locations for the biogas-plants, and the models purpose is to 

help the Entre-Douro-e-Minho Region in Portugal to select the most optimal location(s) by 

finding Pareto-optimal solution for the three objectives.  
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The parameters included in the model was assumed and gathered for each dairy farm in the 

area, each possible location for biogas-plant, type of biogas-plant, and social data for each 

parish. The variables were both binary and real. The variables represent choice of dairy farm, 

amount of manure transported, and type of biogas-plant. To get the most optimal choice from 

these variables, the objectives was scaled and combined into one objective by applying each 

objective a weighting-factor. This ensures that all solutions are underlined preference weights. 

The result was a selection of biogas-plants, where they should be placed, and their cost. To 

check the result, a sensitivity-analysis was conducted, and they showcased numeral different 

results when parameters were changed. They concluded with stating that this is a model with 

limitations and should only be used as an insight into what is possible in the region, and that 

their limitations can be reduced by larger terms of variables and larger amounts of data.  

As a Multi Objective Integer Linear Programming (MOILP) model, considering biogas 

production in Norway, has not been developed before, the thesis aims to build on the existing 

knowledge presented here. The MOILP will hopefully give insight to new solutions for the 

way biogas from livestock manure can be produced the optimal way for both the environment 

and the farms economy. 
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5 Study objects and data gathering 
 

The data for the thesis was mostly collected through interviews, and personal conversations 

with people closely connected to the biogas community in Norway, as well as other research 

journals and articles. The interviews and meetings were conducted through mail or the 

conversational software: Skype to easily communicate with the participants. All study objects 

have their own restrictions and possibilities, and will be presented in their own subchapter, 

with restrictions stated and explained. The data needed to answer the previously stated 

research question was a challenge to find, as the data had to be very specific and detailed to 

get a credible solution to the model. An overview of the localisations of the 50 farms included 

in the model are presented in Attachment 1. 

5.1 Alternative decisions to be tested in the model 

The model will have three alternative decisions that the farmer must choose what to do with 

manure produced at the farm. The model will suggest the alternative that is most favourable 

for the farmer, considering the farmer’s economy and the environmental impacts. In 

Alternative 1, the manure will be used directly as a fertilizer as it is today, without involving 

production of biogas or investment in a new tank. In Alternative 2 the farmers will invest in a 

small-scale biogas reactor adjacent to the farm and use both the biogas and the bio-fertilizer 

locally. In the third alternative is Alternative 3 farmers will transport the manure to GreVe 

biogas plant for producing biogas and upgrading to fuel.  

Other alternatives like collective production of biogas between three to five farms were 

considered, but found to not be viable because of the strict rules for mixing of manure from 

different farms. This rendered the alternative with all the output of biogas having to go to the 

washing of the manure. 

Alternative 1 is the reference scenario as well as an alternative for the optimal solution. The 

farmer will not produce biogas, neither locally on his farm or send his or her manure to GreVe 

biogass. This means that the farmer has emissions from the storage of manure and the energy-

carrier used for heating. The respective data for emissions are derived from research done by 

Østfoldforskning and their BioValueChain project. The farmer will not have any investment-

cost, and will also not have any new income. The numbers related to emissions differ from 

what type of livestock the farm produces. For each ton of manure from pigs produced at the 

farm 21,1 kg CO2 equivalents are produced, and for each ton of manure from cattle that is 

produced 38,2 kg CO2 equivalents are produced (Lyng et al., 2015).  
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Alternative 2 is the alternative that chooses the Telemarksreaktor as the optimal solution to 

the specific farm. Should this alternative be chosen, the farm will invest and build their own 

biogas-reactor locally at the farm. As much manure as needed to keep the Telemarksreaktor 

running and producing biogas will be used by the farm, and the resulting biogas will be used 

to provide heat for the livestock at the farm. The biofertilizer produced by the reactor will be 

used on the field as if it was regular manure, with no assumptions of biofertilizer being a 

better alternative to regular manure. 

Alternative 3 is the alternative that chooses that all the manure from the farm should go to the 

centralised biogas-plant GreVe biogass. Should this alternative be chosen, all the manure will 

go to the production of biomethane to be used as fuel in transportation, and the biofertilizer 

will be returned to the farm. The farm will therefore have to invest in a new tank to hold the 

biofertilizer at the farm, as well as give 2/3 of their governmental support to GreVe biogass 

(Hegg, 2017). There is no assumption that the delivered biofertilizer from GreVe biogass is 

better than regular manure.  

5.2 Technological data and restrictions  

Each alternative studied in this thesis will differ largely from one another technologically and 

economically, as well as regarding GHG-emissions. The technological restriction for each 

alternative is determined by type of plant, transport to and from the reactor, and size of the 

plants. Each reactor and plant for both alternatives that includes production of biogas have 

different data and restrictions, and are presented below.  

5.2.1 General information and Alternative 1 

As there is no change in technology in Alternative 1, the data and restrictions for this 

alternative will not get its own subchapter, but be complied together with the data and 

restrictions for general information. The only thing that needs to be mentioned about this 

alternative is its GHG-emissions. Kari-Anne Lyng calculated these numbers to be 38,2 kg 

CO2-equivalents per ton cattle manure and 21,9 kg CO2-equivalents per ton pig manure. The 

GHG emissions from burning woodchips to meet the demand for heat, is valuated at 0 

because of the source being part of the natural carbon-cycle. The GHG emission from the 

Nordic energy mix used to meet the demand for heat is assumed to be 0,128 kg CO2-

equivalents per kWh (Larsen, 2016). 

The demand for energy on the farm was difficult to obtain. The data for energy demand per pi 

for heating of burrows was collected from a paper published in England. The number was 
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chosen because the climate in England is similar to the climate in the eastern part of Norway, 

and the demand for energy is therefore assumed to be the same. The demand used in this 

thesis is 8,4kWh/pig/year (TheCarbonTrust, 2016). The demand for energy for cattle was 

calculated from one farm in Østfold county provided by Ole Jørgen Hanssen through personal 

communication by e-mail, and the number proved to be viable when comparing the number to 

other farm’s cost of energy calculated by TINE and André Brockstedt Myrseth through 

personal communication. The energy demand for cattle used in this thesis is 1789,5 

kWh/cattle/year. The demand on each farm is calculated for each individual farm by 

multiplying these numbers with the number of livestock at the farm.  

5.2.1 Alternative 2  

All the information on this reactor was obtained from its creators: Rune Bakke and Jon 

Hovland through e-mails and meetings. This resulted in the most accurate data as possible for 

this reactor. This is a new technology, but it is well on the way to become a viable 

commercialised option for locally produced biogas. This small-scale biogas reactor can treat 

manure from a minimum of 5m3 manure to a maximum of 10m3 per day. The manure is fed 

into the reactor by pulse-feeding. This means that the manure is continuously fed little by 

little over the course of the day. The reactor needs to be fed at least 1m3 manure every day to 

maintain the culture inside the digester. This was the leading factor in deciding which farms 

that were applicable for the model. The manure ton to m3 ratio is assumed to be 1:1 because 

of the manure contains 92% liquids (Lyng et. al., 2015). The maximum capacity for the 

Telemarksreaktor is therefore assumed to be 2840 tons per year. The reactor has the capability 

to produce 10-50m3 of biogas per day, depending on the amount input of manure. 

Efficiencies must be included here as a restriction to the reactor. The overall efficiency of the 

Telemarksreaktor is set to 60% of the biogas-potential from manure (Lyng et al., 2015). This 

means that the reactor can only produce 60% of the amount calculated from manure using 

standardised numbers. Furthermore, there is a restriction on the amount of heat the reactor can 

produce from the amount of biogas produced from the manure. After this calculation is done, 

the biogas needs to be converted from Nm3 to kWh. This is done by using a standardised 

number calculated by Kari-Anne Lyng: 6,07kWh per Nm3. The efficiency from heat 

production is set to be 85% (Lyng et al., 2015). This means that 85% of the potential energy 

from the biogas produced is transformed into heat for the farm to utilise. These numbers are 

used to calculate the potential heat production from the reactor in kWh. This differs for all 

farms, except from the farms that have enough manure to reach the full capacity.  
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The production of biogas does emit GHG’s from for instant storage of manure and GHG 

emissions from the use of the biogas. These emissions numbers are calculated by Kari-Anne 

Lyng. She calculated numbers for cattle and pig manure respectfully in the different scenarios 

when the demand for heat is met by either electricity or woodchips, and the numbers used in 

this thesis is 10,8kg CO2-equivalents per ton cattle manure and 9,4kg CO2-equivalents per ton 

pig manure for the scenario with woodchips, and 9,4kg CO2-equivalents per ton cattle manure 

and 5,8kg CO2-equivalents per ton pig manure. These numbers were provided by Kari-Anne 

Lyng.  

5.2.3 Alternative 3 

The GreVe biogas-plant is the only big, centralised biogas plant that produces biogas from 

farm manure in Norway (Fiksen et. al., 2016). The biogas-plant is located just outside 

Tønsberg in the county of Vestfold, and produces biomethane from manure from 45 farms in 

the same county. It was officially opened in September 2016, but had produced biomethane a 

while before (Woll, 2016). If the manure would be transported to GreVe biogas, it would be 

upgraded to gas-fuel and replace diesel as an energy source in busses and other heavy 

transport vehicles.  

When anything is converted to something else it is subject to the efficiency of the technology 

utilized in the converting. When GreVe biogass collects manure from the farms and converts 

this into biomethane through anaerobic digestion in the biogas plant, it will be subject to the 

amount of biomethane the plant can produce divided from the biogas potential from the 

manure of the conversion had an efficiency of 100%. The overall efficiency of GreVe biogass 

is 70% (Lyng et al., 2015).  

The biomethane that GreVe biogass produces replaces diesel as fuel for heavy transport, like 

lorries and busses. Kari-Anne Lyng and the researches at Østfoldforskning have done 

extensive research on the potential reduction of GHG emissions when using biogas instead of 

diesel. After some updating done by Lyng herself, she concluded that with possible reduction 

values for each type of manure utilised in the production of biogas, cattle or pigs, the numbers 

are respectfully -5,3kg CO2-equivalents per ton and -14,5kg CO2-equivalents per ton (Lyng, 

2017). These are the GHG emission number that will be used to calculate the emission 

potential for Alternative 3.  
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GreVe biogass has no restrictions as to how much manure they can store and produce biogas 

from, and no specified distance they will not travel to, to obtain the manure, if it is within 

reason for the potential GHG-emissions from transport (Hegg, 2017).  

If the optimal decision for the farmer is to send the manure to a centralised biogas plant, the 

parameters for fuel consumption and GHG-emissions from lorries must be recognised. This is 

calculated in the model from a generalised algorithm developed by Kari-Anne Lyng in her 

BioValueChain project. She calculated this number to be 0,087 kg CO2-equivalents for each 

ton-kilometre driven by the lorry. This means that every ton of manure transported one 

kilometre by lorry produces 0,087 kg CO2 equivalents. This was taken into account by 

multiplying the amount of manure produced at the farm with the farm’s distance to GreVe 

biogass. This yielded all the possible GHG emissions from transport of all the farm’s 

produced manure.  

5.3 Agricultural data and restrictions 

All farms used as study objects in this thesis have their own set of data and restrictions. They 

all differ in localization and distance to the GreVe biogas plant as well as to production of 

manure, and therefore biogas-potential. The type of energy carriers that are used, and which 

can be substituted for by changing to biogas, varies. Some of the farms included in this study 

are big farms with more than 2000 animals, others might just have enough livestock to 

comply with the technological restrictions for the Telemarksreaktor.   

All farms in Vestfold county were considered for the analyses, but only farms that produce at 

least 5m3 manure per day from cattle and/or pigs were selected. Cattle production include 

suckling cows, dairy cows and other cattle (heifers and calves). Pig production includes 

breeding pigs and pigs for slaughter. These types of livestock and their manure have been 

chosen for this thesis because of the previous extensive research that has been done into how 

much biogas they have potential to yield (Karlengen et. al., 2012; Lyng et al., 2015; Raadal et. 

al., 2008). The biogas potential from sheep, horses, and poultry are more uncertain and has 

not been included.  

Furthermore, it is assumed that the manure from cattle and pigs include 92% liquids and 8% 

dry matter (Lyng et al., 2015). These numbers are used further by calculating the potential 

biogas yield from the given amount of manure the farm produces.  

The number of different types of cattle and pigs are vital to calculate the biogas potential. All 

the numbers for number of livestock was provided by Fylkesmannen in Vestfold: Jon Randby. 



22 
 

He provided a thorough set of data considering all the individual farms in Vestfold as well as 

all their livestock throughout a span of one year. Because of the restrictions on the small-scale 

reactor, all farms that cannot meet the demand for at least 5m3 manure per day have been 

omitted. Consequently, only 50 of the farms in Vestfold are considered implemented in the 

model. The remaining farms have been complied into figure 1 to get a better view of the 

relationship between produced manure and produced biogas.  

 

Figure 1 Relationship between produced manure and biogas potential 

  

5.4 Economical data and restrictions 

All the different farms will have different economical situations depending on where they are 

located, their income, expenses, and hence, their potential to invest in production of biogas. 

The economic data was found by calculating the amount of support they can get from the 

Norwegian government by producing biogas, the investment cost for each of the alternatives 

that will produce biogas, finding their yearly cost/income-potential, and the net present value 

(NPV) of the invested project.  

5.4.1 Alternative 1 

The economic data and restrictions for Alternative 1 are not very extensive, because of the 

farm’s choice to continue as they do. The economic data included in the model for Alternative 

1 is the cost they have for the demand they have for heating at the farm. This is calculated for 

both scenarios: utilisation of electricity and woodchips. The cost for electricity was  found to 

be 0,548 NOK per kWh demanded (Hanssen, 2017), and 0,31 NOK per kWh demanded for 

woodchips (Grønn varme i landbruket, 2014). The total cost for energy at the farm is 
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calculated with these numbers multiplied with the energy demand for each unit livestock at 

each individual farm.  

5.4.2 Alternative 2 

The costs for Alternative 2 is more complicated than those for Alternative 1. The 

Telemarksreaktor has an investment cost and an operation and maintenance cost. These 

numbers were provided from Rune Bakke (2017), and were calculated by him to be 

respectfully 1 million NOK and 30 000 NOK/year. Some of the farms could not produce 

enough heat from the reactor to meet their demand, so the cost for the extra needed energy 

had to be calculated. These were calculated from the energy needed and price for both 

scenarios.  

When the farmers produce biogas, they receive support from both Innovasjon Norge and the 

government. The model is calculated with a 30% investment support from Innovasjon Norge. 

This number was provided from Aina Stensgård and her calculations on the cost of the 

reactor. The governmental support for producing manure locally at the farm is provided from 

the stated regulation of support for delivering manure to biogas production (2015). They have 

different factors for each different kind of cattle and pigs. The factors for cattle are 1660 NOK 

for each dairy cow on the farm, 950 NOK for each suckling cow, and 570 NOK for each other 

cattle on the farm. The factors for pigs are 340 NOK for each breeding pig and 34 NOK for 

each pig bred for slaughter. 

All these costs and support gave the ground data for the calculation of the net present value of 

the investment, and further each yearly cost during the reactors lifespan.   

5.4.3 Alternative 3 

The costs and supports data for Alternative 3 are either provided directly from GreVe biogass 

(Hegg, 2017) or the regulation mentioned above. They have calculated that the cost for the 

investment of a new tank to store the biofertilizer the farm gets in return is compensated from 

GreVe Biogass by providing the farm with a price for renting. This price is provided from 

GreVe biogass to the farm based on the tank’s size in m3.  

The governmental support for production of biogas from manure delivered to a centralised 

biogas plant is described in the regulation as 500NOK*x2, where x it the percentage of 

drymass in the manure (Forskrift om tilskudd for levering av husdyrgjødsel til biogassanlegg, 

2015). This is different for each farm as each farm has different number of livestock, manure 

production, and therefore amount of drymatter. According to Hegg (2017) GreVe stated in 
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their contract they sign with the farm that GreVe will receive 2/3 of the governmental support 

given to each farm from the government for delivering manure to biogas production.  

  



25 
 

6 Optimisation model – design and construction 
 

The method chosen to find the best solution to this thesis’ problem and research-questions 

was the excel software Solver. This software is used to find an optimal solution by linear 

programing. To use this software properly, and to make it work for this thesis, the focus was 

on management science and optimisation. The model was programmed with two objective 

functions and a comparative function that opted to find the point in the model where we can 

maximise the minimum deviation between the two objective functions.  

6.1 Management Science 

The method chosen to prepare the decision-making model is management science. 

Management science is defined as “[…] the application of a scientific approach to solving 

management problems to help managers make better decisions.” (Taylor, 2016, p. 22). 

Considering the definition, management science is a good method to help the farmer to 

choose whether to produce biogas or leave their manure as is. Taylor explains further that 

management science follows a series of steps, closely resembling a scientific method, with a 

generally recognised and ordered set of steps shown in figure 2. 

 

 

Figure 2 The management science process (Tyler, 2016, p. 23)     

Figure 2 shows the way this model will be constructed. The need for a tool to help the in the 

farms decision-making regarding their participation in production of biogas is observed. The 

problem is defined in this thesis research questions. The model construction will consist of 

mathematical relationships between all the data that has been collected, their constraints, and 



26 
 

the relationship between them and the objective function. A model is per definition an abstract 

mathematical representation of a problem that includes variables, parameters, and equations 

(Taylor, 2016). The model constructed for this thesis was based on this principle, and 

formulated mathematically through a method called optimisation.  

 

6.2 Optimisation  

Optimisation is one of the most popular methods to perform analysis in management science. 

It is a mathematical way of optimising a system that contains solid parameters, changeable 

variables, objective functions and constraints (Taylor, 2016). The purpose of optimisation and 

the optimisation analysis is to find a solution in the given system where all variables achieve 

Pareto-optimality. This is a state in which the results of allocation of the variables is 

optimised in a way that it cannot get better for one variable without it getting worse for 

another. This method creates a simplified model that gives insight into a complex problem, to 

help with decision-making. Because a model can only show a simplistic selection of reality, 

the result should never be considered the absolute truth (Taylor, 2016).  

When an optimisation model is chosen to analyse a system, it either wants to maximise or 

minimise a functional relationship between all variables and parameters. This is called the 

objective function. The objective function is a product of all variables in the model multiplied 

with the parameters connected to them. The objective function is also underlined the model’s 

constraints. The constraints in the model contains the possible solutions in the model by 

restricting the value of the variables. A typical mathematical formulation of an optimisation 

problem may look like this: 

Maximise Z: $Ax-Bx 

Subject to:  Cx = 100 

x ≥ 0 

Where “Z: $Ax-Bx” is the objective function where Z is a function of the number of units of  

the variable “x”. Constraints are usually referred to as what the model is subject to. For instant 

could this example be applied to a company that wants to maximise their profit. 

Theconstraintlimits the possibility to achieve infinite profit by limiting the 

decision variable “x”.  

The constraint “x ≥ 0” represents that x must be positive, by limiting “x” to be greater or  

equal to 0. 
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Because the thesis presents three different alternatives to what they can do with the manure 

they produce, a Multi Objective Integer Linear Programming(MOILP) method has been 

chosen. When a model is integer, it ensures a solution with whole numbers rounded up or 

down to the nearest whole number. An integer model is a method for programming 

optimisation models where the variables that can either be programmed to be total integer, 

where all variables have an integer solution, a 0-1 integer programming, where the variables 

have integer values of zero or one, or mixed integer model, where not all variables are integer 

(Taylor, 2016). Since the model must choose between three alternatives, and only one of them 

can be chosen, the model will be programmed with 0-1 integer programing where the 

variables are either 0 or 1 depending on the choice.  

Multi objective linear programing is a programing method that concerns two different 

objective functions. The two different objective functions analysed in this thesis are 

minimising of total emissions and the minimising of cost. MOLP is a category of models 

under the multi objective analysis umbrella. The constraints and objective functions are all 

linear. This is done to make a simple model that can be used and understood easily, and to 

simplify a rather complex problem. The two objective functions can conflict with one another, 

and a MOILP-model will break down the complexity. Once the model will be constructed and 

solved using the add-in software Solver in Microsoft Excel.   

6.3 Excel Solver 

There is multiple software that can perform a linear multi-objective optimisation, e.g. GAMS 

and CPLEX, but the software chosen for this thesis is a built-in software in Microsoft Excel 

called Solver. It has become the most widespread optimisation tool since its creation in 

1991(Fylstra, Lasdon, Watson, & Waren, 1998). There are three reasons to why this Excel 

Solver was chosen for this thesis. The first reason is that Solver comes in every standardised 

package for Windows Excel, and is therefore readily available for everyone with access to 

Microsoft Office and Excel. This might make the model easer to replicate for further research 

and application of the model. Secondly Solver in Excel provides an easy way of entering and 

editing data. Because of this, it’s easy to change and rearrange the input into the model, and 

the model can be edited as new data arise (MacDonald, 1995). Thirdly Solver was chosen 

because of the limited amount of time this thesis was written in. The author had previous 

experience with this software, and could therefore shorten the time it would take to familiarise 

with it.   
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Excel Solver is an add-in into the Excel spreadsheets that allows for computer generated 

linear mathematical programming, and thus the integer linear programming that is used for 

this thesis (Taylor, 2016). Excel Solver’s user interface combines the graphical user interface, 

an algebraic modelling, and optimisers for linear, nonlinear, and integer programs (Fylstra et 

al., 1998). When programing an optimisation model in Excel Solver, it starts in the regular 

spreadsheet in Excel. The objective functions and constraints are added through Solver after 

the model had been developed in the spreadsheet. Solver then creates a matrix from the 

information and produces one optimal solution for the programmed model.  
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7 The MOILP-model formulated in Excel Solver 
 

Having now described all the data, assumptions and modelling options, this chapter will 

present the developed MOILP model in detail. As the definition of a model is a functional 

relationship between variables, parameters and equations, this chapter will go through all the 

variables, parameters and equations used in the model. This is a complex mathematical 

model, all parameters, variables, objective functions and constrains are given their own name 

and indices to help the reader keep track of everything. The indices are named to show what 

alternative the parameter is connected to. The parameters are named to shorten their long 

name, and to describe what they are. The variables are named to show their connectivity to 

parameters and the alternatives. And lastly, the objective functions, formulas, and calculations 

are all a compiled of the already named objects. 

7.1 Indices 

The model in itself is built around the premise of three possible alternatives to be evaluated 

and chosen. These alternatives all have different data, limitations, and layouts to them. All 

assumptions, calculations and constraints related to the different parameters must therefore be 

named by indices to make it easier for the reader to connect the parameter with its associated 

alternative or if it is a parameter connected to the general information.   

Table 1 Indices 

Abbreviation Explanation  

i Parameter belonging to Alternative 1 

j Parameter belonging to Alternative 2 

k Parameter belonging to Alternative 3 

l Parameter belonging to general information 

 

7.2 Parameters 

The parameters included in the model as a basis for all other calculations are stated in the 

tables listed below. They are all the known data for the farm’s general information, 

Alternative 1, Alternative 2, and Alternative 3. All parameters are given abbreviations to best 

represent what the parameter is representing. The tables also include short explanations for 

each parameter. For a more thorough explanation of the parameters, see chapter 5.  
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Table 2 Parameters included for general information 

Abbreviation Explanation 

Dpl The percentage of drymass in liquid manure (8%) 

BiopCl Biogas potential for drymass in cattle manure (Nm3/tonTS) 

BiopPl Biogas potential for drymass in pig manure (Nm3/tonTS) 

Epol The potential energy from biogas (kWh/Nm3) 

EnPl The demand for energy per pig per year (kWh/pig/year) 

EnCl The demand for energy per unit cattle per year (kWh/unit/year) 

CCql The cost of a CO2-quota (NOK) in 2015 

Elpl The price for electricity (NOK/kWh) in 2015 

Wcpl The price for woodchips (NOK/kWh) in 2015 

 

Table 3 Parameters that differ for each farm in general information 

 

 

Table 4 Parameters included in Alternative 1 

Abbreviation Explanation 

EmCi Emission from storage and spreading of cattle-manure (kg CO2-

equivalents/ton manure 

EmPi Emission from storage and spreading of pig-manure (kg CO2-

equivalents/ton manure 

EmEli Emission from utilization of electricity to cover the demand for heat (kg 

CO2-equivalents/kWh) 

 

Abbreviation Explanation 

nDcl Number of dairy cows at the farm over the span of one year 

nScl Number of suckling cows at the farm over the span of one year 

nOcl Number of other cattle at the farm over the span of one year 

nBpl Number of breeding pigs over the span of one year 

nSpl Number of pigs for slaughter over the span of one year 

CMl Amount of manure collected from the farms cattle (ton) 

PMl Amount of manure collected from the farms pigs (ton) 
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Table 5 Parameters included in Alternative 2 

Abbreviation Explanation 

InCj Investment cost for the Telemarksreaktor (NOK) 

OMCj Operation and maintenance costs for the Telemarksreaktor (NOK/year)  

CaMj The Telemarksreaktor’s maximum amount of manure (Ton 

manure/year) 

OETj The overall efficiency of the Telemarksreaktor (%)  

EHPj The efficiency of production of heat from the Telemarksreaktor (%) 

InSj The total percentage of investment support from Innovasjon Norge (%) 

LEj The Telemarksreaktors life expectancy (years) 

IntRj The interest rate for the Telemarksreaktor (%) 

GsDcj Governmental support for dairy cattle (NOK/dairy cattle)  

GsScj Governmental support for suckling cattle (NOK/suckling cattle)  

GsOcj Governmental support for other cattle (NOK/other cattle)  

GsBpj Governmental support for breeding pigs (NOK/breeding pig)  

GsSpj Governmental support slaughter pigs (NOK/slaughter pig)  

ECrWj Emissions when biogas from cattle replaces woodchips (kg CO2-

equivalents/ton manure) 

EPrWj Emissions when biogas from pigs replaces woodchips (kg CO2-

equivalents/ton manure) 

ECrElj Emissions when biogas from cattle replaces electricity (kg CO2-

equivalents/ton manure) 

ECrElj Emissions when biogas from pigs replaces electricity (kg CO2-

equivalents/ton manure) 

 

Table 6 Parameters included in Alternative 3 

Abbreviation Explanation 

ErFCk Emissions from biogas replacing diesel as fuel (kg CO2-equivalents/ton 

cattle manure) 

ErFPk Emissions from biogas replacing diesel as fuel (kg CO2-equivalents/ton 

pig manure) 
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EfTk Emission from transport of manure and biofertilizer (kg CO2-

equivalents/tonkm) 

GsMk Governmental support for manure delivered to biogas production 

(NOK/TS) 

OEGk Overall efficiency of GreVe Biogass (%)  

DFGk Distance from the farm to GreVe Biogass (km) 

 

7.3 Variables 

The variables in the model are all binary as to assure that there can only be one choice made. 

The definition of a variable in management science is that it is a symbol that can take on any 

value (Taylor, 2016). They can only take on the number 0 or 1 in the model, and this 

represents the optimal choice made by the farm, whether it might be Alternative 1, Alternative 

2, or Alternative 3.  

Table 7 Variables included in the model 

Abbreviation Explanation 

X1-50i Binary variable X1-50=1 if Alternative 1 is chosen, X1-50=0 if it is not 

Y1-50j Binary variable Y1-50=1 if Alternative 2 is chosen, Y1-50=0 if it is not 

Z1-50k Binary variable Z1-50=1 if Alternative 2 is chosen, Z1-50i=0 if it is not 

 

7.4 Formulas and calculations 

To calculate the multiple potentials for biogas production, emissions, and income/cost, a set 

of standard formulas was used for all 50 farms. These formulas have been formulated 

mathematically and programmed into Microsoft Excel. Most of these calculations could be set 

as constraints for the model, but to calculate them before they were put into the model served 

to make the optimisation less complicated, and the result easier to understand. All formulas 

are calculated for all the 50 farms included in the model. Formulas for each calculation for 

general information, all three alternatives, and the connected cells directly in the model are 

presented in the tables below. 

Table 8 Formulas for calculations in general information 

Formula Explanation 

CMl* Dpl Total amount of drymatter in manure from cattle from a 

farm (ton) 
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PMl* Dpl Total amount of drymatter in manure from pigs from a 

farm (ton) 

(Dpl* BiopCl* CMl) + (Dpl* 

BiopPl* PMl) 

This formula calculates the maximum biogaspotential the 

farm (Nm3) 

 

Table 9 Formulas for calculations done for Alternative 1 

Formula Explanation 

(CMl* EmCi) + (PMl* EmPi) Total amount of GHG emission from storage of manure at 

a farm (kg CO2 – equivalents). Abbreviated to TEsmi 

((nDcl+nScl+nOcl)* EnCl)+(( 

nBpl+nSpl)* EnPl) 

Total demand for heat at each farm (kWh). Given the 

abbreviation “TdEi”. 

TdE* Elpl The total cost for the electricity used to meet the energy 

demand (NOK). Abbreviated to TcEli 

TdE* Wcpl Total cost for the woodchips used to meet the energy 

demand (NOK) TcWi 

TdE* EmEli The total emission from utilizing electricity to meet the 

energy demand TeEli 

 

Table 10 Formulas for calculations done for Alternative 2 

Formula Explanation 

(CMl+ PMl)/ CaMj Percentage of the manure produced at the farm that can be 

utilized into the Telemarksreaktor. Abbreviated to PMuj 

(Dpl* BiopCl* CMl) + (Dpl* 

BiopPl* PMl)* OETj* PMuj 

Potential biogas production from the Telemarksreaktor 

(Nm3). Abbreviated to PBPj 

PBPj * Epol *EHPj Energy produced from the biogas (kWh). Abbreviated to 

EPBj. 

TdEi / EPBj. Energy to spare/needed extra energy to fill the demand 

(kWh). Abbreviated to ESNj 

ESNj* Elpl Cost of needed extra energy supplied from electricity 

(NOK). Abbreviated to CNEj. 

ESNj* Wcpl Cost of needed extra energy supplied from woodchips 

(NOK). Abbriviated to CNWj 
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ESNj* EmEli Emissions from utilization of electricity to supply the extra 

needed energy (kg CO2-equivalents). Abbreviated to EEEj 

(ECrElj * CMl)+(EPrElj* 

PMl)* PMuj 

Total emissions from manure when replacing electricity 

(kg CO2-equivalents). Abbreviated to EMEj 

(ECrWj * CMl)+(EPrWj* 

PMl)* PMuj 

Total emissions from manure when replacing woodchips 

(kg CO2-equivalents). Abbreviated to EMWj 

((GsDcj* nDcl)+ (GsScj* 

nScl)+ (GsOcj* nOcl)+( 

(GsBpj* nBpl)+ (GsSpj* 

nSpl))* PMuj 

Total Governmental support for biogasproduction in 

Alternative 2 (NOK). Abbreviated to TGSA2  

Using the NPV function in 

Excel: (IntRj;calculations for 

cost each year)+(- InCj*(1/ 

InSj) 

Net present value for the Telemarksreaktor. Abbreviated to 

NPVA2j 

Using the AVDRAG function 

in Excel: (IntRj; LEj; 

NPVA2j)*(-1) 

Yearly cost/income from biogas production from the 

Telemarksreaktor. Abbreviated to YCbpj 

 

Table 11 Formulas used for calculations for Alternative 3 

Formula Explanation 

(DFGk*EfTk*(CMl+ PMl))*2 GHG emissions from transport to and from GreVe biogass 

(kg CO2-equivalents). Abbreviated to ETGbk 

(CMl* ErFCk) + (PMl* 

ErFPk) 

GHG emissions from biogas replacing diesel (kg CO2-

equivalents). Abbreviated to EBrDk 

(Dpl* GsMk * CMl) + (Dpl* 

GsMk * PMl)*0,33 

Governmental support for manure delivered to GreVe 

biogass (NOK). Abbreviated to GsmGbk 

TdE* Elpl GHG emissions from utilizing electricity to meet the 

energy demand on the farm (kg CO2-equivalents). 

Abbreviated to EuElfk 

TdE* Wcpl Costs for utilization of electricity to meet the energy 

demand on the farm (NOK). Abbreviated to CuElfk 

TdE* EmEli Costs for utilization of woodchips to meet the energy 

demand on the farm (NOK). Abbreviated to CuWfk 
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Table 12 Formulas used for calculations in the Biogas model 

Formula Explanation 

(TcEli* X1-50i)+(( YCbpj+ 

CNEj)* Y1-50j+((GsmGbk+ 

CuElfk)* Z1-50k) 

Sum of all costs after a solution is calculated with the 

electricity scenario (NOK). 

(TcWi* X1-50i)+(( YCbpj+ 

CNWj)* Y1-50j)+((GsmGbk+ 

CuWfk)* Z1-50k) 

Sum of all costs after a solution is calculated with the 

woodchip-scenario (NOK). 

((TEsmi+TeEli) * X1-50i)+(( 

EMEj + EEEj)* Y1-50j)+(( 

ETGbk + EBrDk + EuElfk)* 

Z1-50k) 

Sum of all emissions after a solution is calculated with the 

electricity scenario (kg CO2-equivalents). 

((TEsmi+TeWi) * X1-50i)+(( 

EMWj)* Y1-50j)+(( ETGbk + 

EBrDk)* Z1-50k) 

Sum of all emissions after a solution is calculated with the 

woodchip scenario (kg CO2-equivalents). 

1*((sum emission-targetvalue 

emission)*(1/targetvalue 

emission)) 

The weighted deviation for GHG emissions. Abbreviated 

to WdevE 

1*((sum cost-targetvalue 

cost)*(1/targetvalue cost)) 

The weighted deviation for GHG emissions. Abbreviated 

to WdevC 

Using the MAXA function in 

Excel (WdevE; WdevC) 

Minimizing the maximum deviation. Abbreviated to MMD 

 

7.5 Constraints 

The constraints in a model sets the framework for the model’s possible solutions. The model 

has some absolute constraints, for instant that the variable cells must be binary. These 

constraints are programmed with an “equal to” symbol that insists that the variable must be 

equal. Other constraints are flexible, which means that they do not give the variable cells 

exact numbers to fill, but allows the model to choose any number under or over a given 

maximum or minimum. These constraints are balanced with an “equal to or bigger” symbol or 

“equal to or less” symbol. The constraints are comprised of the variables and some 

parameters.They are all described in Table 8 below. 
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Equation Explanation 

X1-50i = binary This is the binary constraint for the variable of 

Alternative 1 

Y1-50j = binary This is the binary constraint for the variable of 

Alternative 2 

Z1-50k = binary This is the binary constraint for the variable of 

Alternative 3 

∑X1-50i, Y1-50j, Z1-50k = 1 This constraint ensures that the model must choose one, 

and only one, of the alternatives. 

WdevE ≤ MMD The weighted deviation for GHG emissions cannot be 

bigger than the minimized maximum deviation 

WdevC≤ MMD The weighted deviation for GHG costs cannot be bigger 

than the minimized maximum deviation 

 

7.6 Objective functions 

The two goals in this MOILP-model are to minimize the emission of GHG emissions from the 

50 farms included in the model, and to minimise the costs for the same farms. These objective 

functions are formulated mathematically as the sum of each cost for each alternative, and each 

emission factor for each alternative. The objective function for the minimization of emissions 

is formulated mathematically as: 

𝑚𝑖𝑛: ∑ (X1 − 50i ∗ (50
𝑎=1 TEsmi + TeEli))a+( Y1-50j*( EMEj+ EEEj+ EMWj))a+( Z1-50k*( 

ETGbk+ EBrDk+ EuElfk))a 

All the parameters stated in this objective function is stated above in this chapter, and 

described in detail in chapter 5. 

The objective function for the minimisation of costs is formulated mathematically as: 

𝑚𝑖𝑛: ∑ (X1 − 50i ∗ (50
𝑎=1 TcEli+ TcWi))a+ ( Y1-50j*( YCbpj+ CNEj.+ CNWj))a+( Z1-50k*( 

GsmGbk+ CuElfk+ CuWlfk))a 

As with the objective function for minimising emissions, the variables and parameters are 

presented above in this chapter, and further described in chapter 5.  

The two objective functions are solved by themselves in Solver to obtain the potential of 

minimised costs and emissions before combining them. The values obtained from this method 
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is considered goal-values (GV1 and GV2) when the model is solved for the main objective 

function. 

The main objective function in this MOILP-model is programmed to minimise the maximum 

deviation between the two objective functions for minimised emissions and costs. It is 

formulated mathematically as: 

Min: Q 

Subject to: 

V1(

∑ (X1−50i∗(50
𝑎=1 TEsm𝑖 + TeEl𝑖))a+( Y1−50j∗( EME𝑗+ EEE𝑗+ EMW𝑗))a+( Z1−50𝑘∗( ETGb𝑘+ EBrD𝑘+ EuElf𝑘))a

𝐺𝑉1
) ≤ 

Q 

V2(

∑ (X1−50i∗(50
𝑎=1 TcEl𝑖+ TcW𝑖))a+ ( Y1−50j∗( YCbp𝑗+ CNE𝑗.+ CNW𝑗))a+( Z1−50𝑘∗( GsmGb𝑘+ CuElf𝑘+ CuWlf𝑘))a

𝐺𝑉2
)

≤ Q 

Where Q is the maximum deviation from the goal-values, V1 is the weight given to the 

emission goal, V2 is the weight value given to the cost goal. The objective function is solved 

as a percentage and shows the maximum value of the percentage deviation from the goal-

values. 

The weight values, V1 and V2, are set as the price for CO2-quotas in the representation year 

2015, established by the Environmental Agency in Norway.  
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8 Results 
 

8.1 Initial results 

Based on the stated assumptions, calculations, and available data, the model has provided 

initial solutions to minimize the possible costs and GHG emissions of the chosen farms in 

Vestfold for the two scenarios. The numbers are a product of all available data considering the 

two objective functions included in the model. Costs and GHG emissions on the farm from 

fractions not considered compatible with biogas production, for instant GHG emissions from 

tractor or operating costs from the whole farm, must be added by the farm in addition to the 

data from the model. A representation of the initial results for both scenarios are presented in 

Attachment 2 and 3. 

The result for the model when it was solved for farms using electricity to meet their demand 

for heat at their barn or to heat water was: zero farms chose Alternative 1, six farms chose 

Alternative 2, and the remaining 44 farms chose Alternative 3. The model’s result when it was 

solved for all farms using woodchips as fuel to meet the demand for energy at the farm was: 

zero farms chose Alternative 1, 19 farms chose Alternative 2, and 31 farms chose Alternative 

3. The model as programmed in Excel is presented in attachment 1 and 2. The result from 

GHG emissions and costs are shown in the figures below.  

 

Figure 3 Total amount of GHG emissions for both scenarios 
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Figure 4 Total amount of costs for both scenarios 

As shown in figures 3 and 4 the numbers are all negative. What figure 3 presents for the 

model’ solved total GHG emissions is that the different scenarios with electricity or 

woodchips as energy carrier has a negative result on the total GHG emissions. This means 

that the net GHG emissions from all the choices made for the 50 farms have the potential to 

save 461,6 tons CO2-equivalents for the scenario with utilisation of electricity, and 1186,6 

tons CO2-equivalents for the scenario with utilisation of woodchips, should all the farms 

execute the models choice. 

Figure 4 presents the model’s optimal solution for costs, this too has a negative result. This 

mean that the numbers for both scenarios is a total net income for all the farms. This total net 

income for the electricity scenario was 1 969 277 NOK, and the total net income for the 

woodchips scenario was 539 144 NOK.  

The total GHG emissions and total costs are a product form the choices made by the model. 

The total GHG emissions and costs from each alterative is presented graphically in figures 

below with one figure for each scenario. 
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Figure 5 Total costs for each chosen alternative for both scenarios 

Figure 5 presents all the summarised costs for both alternatives. There are three negative 

alternatives, which indicates that they are incomes and not costs, and one alternative that is 

positive. These numbers are a summary of all the individual costs and incomes at the 

individual farms, and the difference between the alternatives and scenarios are high. The 

reason for the large negative costs is because they are a product of all the governmental 

supports the farms receive from participating in production of biogas. The summary of 

Alternative 3 in the scenario for electricity has an actual cost. This is because the weight value 

for GHG emissions is greater than cost, and the model chose the solution with the lowest 

possible emission of GHG’s.   

The total summarised number for GHG emissions for each alternative in both scenarios are 

presented graphically the same way as costs in the figure below. 
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Figure 6 Total GHG emissions for each alternative for both scenarios 

The result shown in figure 6 is that all farms that chooses Alternative 2, in both scenarios, will 

end up contributing to producing and releasing GHG emissions. This is because of the 

calculated emissions from Alternative 2, from spreading of the manure and the production of 

biogas. The farms that chose Alternative 3 in both scenarios will contribute to a reduction of 

GHG emissions. This is because the biogas and biomethane produced at GreVe biogass 

replaces fossil fuels, and that has a greater reduction potential than what the biogas produced 

locally at the farm replaces. There are more farms that chose Alternative 3 in both scenarios, 

and the total GHG emissions from the 50 farms will be negative when the two alternatives are 

summarised. 

The total emissions for Alternative 1, where the farm does not invest in production of biogas, 

was calculated to compare the emissions the 50 farms have without any investment in biogas 

production. The model’s solution, for either scenario, shows a considerable difference in the 

amount of emitted kg CO2-equivalents. This is presented graphically in figure 7. 
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Figure 7 Comparing potential GHG emissions 

Figure 7 presents the calculated amount of GHG emissions produced if no farms choose to 

produce biogas (Alt 1). Should the resulting choices from the model, in both scenarios, be 

implemented, Vestfold would see a considerable decrease in GHG emissions from its 

agriculture. 

The main objective function ended up at 1,5 % for the electricity scenario and at 55% for the 

woodchips scenario. The result shows that the maximum deviation from the calculated goal 

values in the electricity-scenario is very low and that the model found a good solution to find 

the minimum maximum deviation. The deviation in the woodchip-scenario is substantial. The 

deviation is found in the goal value for GHG emission. The model has chosen a solution that 

deviates 55% from what the model would look like if it had only been optimised for GHG 

emissions, without considering costs.   

The initial solution is summarised in the table below, with number of farms at each 

alternative, total cost, and total GHG emissions for both scenarios. 

Table 13 The initial solution to the biogas model 

Alternative/scenario Number of farms GHG-emissions (kg 

CO2-equivalents) 

Costs (NOK) 

Alt 1/electricity 0 0 0 

Alt 2/electricity 6 286770 -1552416 

Alt 3/electricity 44 -760794,4 52592,6 

Sum electricity 50 -474023,6 -1500323,6 

-461608,549

3274351,68

-1186663,64

3216964,19

-1500000

-1000000

-500000

0

500000

1000000

1500000

2000000

2500000

3000000

3500000

kg
 C

O
2

-e
q

u
iv

al
en

ts
GHG emissions with or without production of 

biogas

Total GHG emissions inital
solution, el

GHG emissions Alt 1, el

Total GHG emissions inital
solution, wood

GHG emissions Alt 1, wood



43 
 

Alt 1/woodchips 0 0 0 

Alt 2/woodchips 19 372992,5 -3273535,3 

Alt 3/woodchips 31 -901604,2 -919006 

Sum woodchips 50 -528611,6 -4192541,3 

The numbers show that the farms have a huge potential for reducing GHG-emissions and 

potential for increased incomes at their farm, should they collectively decide to implement the 

solution at the farm.   

8.2 Sensitivity analysis 

The Excel Solver function usually provides a sensitivity report when it has provided an 

optimal solution for linear problems, but that report is compromised when using the minimise 

the maximum deviation function. By using a MOILP- model, and therefore having multiple 

objectives, the rapport from Solver will only give answers to the compounded values for both 

objectives. But a sensitivity analysis should be executed for the most uncertain data to check 

how much the optimal solution will change for each scenario and an increase or decrease in 

the uncertain values. As presented in chapter 5, the demand for energy at the farms is very 

uncertain. The model has therefore been solved for an increase or decrease of 50% in the 

farms demand for energy. The other value that will be analysed is the distances from GreVe 

biogass. The distance from GreVe biogass could be a crucial factor when finding the optimal 

solution to the MOILP-model, and the model has therefore been solved for a 50% and a 100% 

increase in the distance from farms to GreVe. 

8.2.1 Sensitivity in demand for energy  

The demand for energy at the farm is calculated from the energy demand for heating each of 

the farm’s animals have. The uncertainties around these values were mentioned and explained 

in chapter 5. As mentioned, these numbers are found either outside of Norway or calculated 

from a small pool of farms. There is therefore cause to perform a sensitivity analysis to check 

how robust the initial solution is to changes in a value that is as uncertain as this. Chosen 

values for the sensitivity analysis was 50% up or down of the demand for energy for pigs and 

cattle. The new values, when they have been reduced by 50%, are 894,75 kWh per unit of 

cattle and 4,2 kWh per unit pigs, and 2684,2 kWh per unit cattle and 12,6 kWh per unit pig 

when the original numbers are increased by 50%.  

The new values were plotted into the model, and the model was solved again, for both the 

electricity and the woodchip scenario. The high-demand scenario for electricity was not 

possible to solve because the linear demands for Solver was not met, and because of the 
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limited amount of time, the problems were not explored further. The solution for 50% 

decreases energy demand in the electricity scenario was nine farms choosing Alternative 2 

and 41 farmers choosing Alternative 3. This means that three farms changed their optimal 

choice when faced with less demand for energy on the farm. For both increase and decrease of 

50% in energy demand for the woodchips scenario, the optimal solution for all 50 farms was 

to choose Alternative 3. The result for GHG emissions and costs for the other scenarios are 

presented in figure 8 (GHG emissions) and figure 9 (costs). 

 

Figure 8 GHG emission from decreasing and increasing energy demand 
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Figure 9 Costs from decreasing and increasing energy demand 

The result from the new solutions shows that the initial result is very sensitive for changes in 

the energy demand on each individual farm. These results are accumulated numbers for all the 

50 individual farms, but the changes are still significant, especially for increased demand. 

This means that the energy demand on the farm must be accurate to get the most accurate 

solution from this model. 

8.2.2 Sensitivity for distance  

The limits of the distance the manure and biofertilizer must be transported is a research 

question, and will therefore be analysed for sensitivity. This sensitivity analysis will only 

study how many farms chooses differently with different distances, and not focus on the GHG 

emissions and costs. The farms that chose to have their own reactor, and not to send their 
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governmental support. Most of the farms have large differences between their potential 

income in Alternative 2 and Alternative 3, and the model chose the alternative where the 

farms emissions and income got at a Pareto-optimal solution. This sensitivity analysis will 

present how much the distances will change the initial result, and if there is a limit to 

transport. The model will therefore be solved for an increase in distance of 50% and 100%.  

The new optimal solutions for the increased and decreased distances gave all new solutions to 

the model. When solving the model with a 50% increase in distance in the electricity scenario, 

only one farm changed its optimal choice. The result was that seven farms chose Alternative 2 
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and 43 chose Alternative 3. When the distance for all farms was increased by 100%, the 

model could not be solved, because it did not meet the linearity demands. Because of limited 

time, this problem was not studied further. When distance was increased in the woodchip 

scenario, both 50% and 100% the optimal solution was that all 50 farms should send their 

manure to GreVe biogas. This indicates that some of the calculations of the initial solution 

might be wrong.  
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9 Discussion 
 

9.1 Uncertainties in the datasets and calculations 

An optimisation model can, as mentioned in chapter 6, give valuable insight to complex 

problems and be used as a decision-making tool, but the results must be interpreted as a 

product of the data obtained for the data base, assumptions, uncertainties, and way the model 

simplifies reality. From the research, the programmed model, and the results, we can see that 

the data for energy demand, the potential production of biogas from manure, and the 

calculations for annual costs might be the most uncertain. This subchapter will focus on these 

factors.  

As mentioned in chapter 5, the data for energy demand on each farm was very difficult to 

find. It was assumed that the English climate and technological development is closely related 

to the Norwegian, so an energy demand per pig was obtained from English data. Even with 

the similarities between England and Norway, these data are not certain enough to say for 

certain if the demand for energy is calculated correctly. The demand may differ from the 

actual demand. The energy demand for cattle has the same problem. It was calculated from 

data from one farm in Norway, then quality assured from more calculations from the overall 

costs for energy at multiple cattle-farms. The demand for energy will differ between different 

farms, and the number is uncertain because of this. The calculations may also be wrong. 

Furthermore, it is assumed that all the different types of cattle and pigs are demanding the 

same amount of energy. A breeding pig might need more heating than a pig for slaughter. 

This need to be explored more, and as the sensitivity report shows, the initial solution is 

sensitive for changes in the overall demand. A shift in the demand for energy will have 

consequences for the overall costs and GHG emissions. The model might have a completely 

different solution should the numbers shift significantly.   

The next assumed data that must be discussed is the assumed capacity for the 

Telemarksreaktor. It is assumed n the thesis that the reactor can take 2840 m3 annually. This 

is based on the data received from Rune Bakke, and an assumption that 1 ton manure equals 

1m2. Should this number shift, the potential production of biogas would shift, and result in a 

new optimal solution. This would also cause a change in the potential produced energy, as 

well as the governmental support, because of the amount manure going to production of 

biogas.  
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As discussed a little already, he model is a product of a data base and several calculations. If 

the calculations are wrong, the result may be wrong. Many of the calculations are standard 

math, but human error should never be ruled out. The calculation for NPV and the farms 

annual costs for the Telemarksreaktor was calculated by using the data obtained for the 

economy of Alternative 2. Some farms had a significant annual income from producing 

biogas locally. Some farms could profit over 100 000 NOK annually. This is calculated 

mostly from the annual support the farm gets. The support-numbers were thoroughly 

discussed, and found to be sound. This gaps in profit for different farms will affect the result 

of the model. Even if the calculations were done through Excel and multiple times, there 

might be an error there. 

To make the model more robust, more thorough mapping of the discussed data should be 

executed. Individual farmers could contribute with much more accurate data, and could give a 

more accurate result. Much of the uncertainty in the model would be solved if the demand for 

energy was accurate.  

9.2 Choice of software 

As presented in chapter 6, the choice of software to solve this multiple objective analysis was 

Excel Solver. Like all other software, it comes with its own strengths and weaknesses. The 

weaknesses of Solver are its limited number of variables possible to solve for and the simple 

structure in the software. Solver can only solve for 200 variables; this means that the model 

that is constructed for this thesis, with three different alternative choices, can only produce an 

optimal solution for 66 farms at a time. This means that wherever the model might be used, it 

can only solve the problem for a maximum of 66 farms, regardless of how many farms there 

might be in the chosen area, county, or country. More farms could be solved for if the model 

was programmed with a more complex and sophisticated software, like for instant GAMS. 

More multiple objectives could also be explored with a more complex software than Excel 

Solver, for instance the farms attitudes towards biogas. This would give the model a bigger 

pool of farms to choose from, and maybe a more realistic result. The strength of programming 

the model in Excel is that the software is its availability. Everyone with Microsoft Office has 

access to Excel Solver, and can, through some studying, understand the method because the 

interface is known. 
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9.3 Realistic implementation 

This models result is a product of the optimal choices for two factors and goals. The result is 

only applicable if the 50 farms included in the model makes the decision the model told them 

to do. Because of the simplicity of the model, the attitudes the farms have for production of 

biogas was not included. All the different farms have different goals, values, and ways of life. 

The resulting choice from the model, might be something the farm does not want to 

participate in, regardless of the potential increased income and reduction of GHG emissions. 

If one farm should choose not to follow the recommended choice from the model, the result 

would be different and the optimal solution might be different for the rest of the farms. The 

outcome might also be different if we factor in attitude in the model, all have different goals, 

values, way of life. All need to make the choice the model tells them to for this outcome to 

become a reality. The human values and attitude towards production of biogas was not 

implemented as a factor in the model, and the result from the model must therefore be 

considered as more a theoretical result than a realistic one. The optimal solution might be 

different if we factor in the farms attitude towards production of biogas. 
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10 Conclusion  
 

This work done in this thesis has shown that it is possible to program a model that can solve 

for an optimal solution to a multiple objective integer linear problem considering biogas 

production in agriculture. It has shown that, if the model is correct, the potential for reduction 

of GHG emissions in agriculture can be reduced significantly compared to the reference 

scenario where there is no production of biogas from the farm’s produced manure. The 

optimal solution will also have a positive result on the farm’s economy, which should be a 

strong indicator that production of biogas is something each individual farm should seriously 

consider participating in the production of biogas. Some farms might even make a large profit 

because of the governmental subsidies they would receive.  

The limit for transport was analysed and found that there is little sensitivity connected to this 

factor. The GHG emissions from the activity is small compared to the potential for reduced 

GHG emissions by choosing Alternative 3. As discussed in chapter 9, the specific amounts of 

times the transport to and from GreVe, is not calculated, but rather the emissions for 

transporting the total amount of manure. The number and limitations might be different 

should the transport emissions be altered.  

When the model chose Alternative 2 for the farms, regardless of the scenario, the farms were 

the ones that had the highest annual income. These were the farms where the primary 

livestock was cattle, because the difference between amount of governmental support can be 

400% per unit cattle and per unit pig. Another observation is that the farms with cattle has a 

much higher demand for energy that pig per unit, and the cost for energy at the farm is much 

higher when the livestock is primarily cattle. 

GHG emissions resulting from each result in the two different scenarios was significantly less 

reduced than the total GHG emissions from Alternative 1, should the farms choose to not 

participate in production of biogas. This is because the production of biogas saves CO2-

equivalents, whether it be from better storage and replacement of energy carrier at the farm, or 

replacing energy carrier for vehicles. Production of biogas will always have a positive result 

on reducing GHG emission.   

The constructed model gave an insight into the optimal choices for a given number of farms 

in a given area, but it looks like the model should be able to transfer easily to different areas, 
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by editing the data base to fit the new area and farms. But before the model is taken seriously, 

the data should be quality assured and processed.  
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11 Further research 

This thesis is going to be implemented in Kari-Anne Lyng’s Phd and the BioValueChain 

project at Østfoldforskning. The thesis will therefore be processed and the data be quality 

assured. More sensitivity analysis should be done for more of the data base and the 

calculations implemented in the model. Hopefully they will have access to concrete data of 

the specific energy demands at the farm.  

As discussed, the Excel Solver is a simplistic model that is readily available to the public. It 

would be especially interesting to develop this model in a more complex software, like 

GAMS, to possibly solve for more goals, like the farms attitude towards biogas production, 

and more farms, possibly all farms in Vestfold county or other areas that has the same 

decision-making problem. It’s not certain that the model programmed in GAMS is going to be 

better, but it might bring in more complexity, and give further insight into the realistic choises 

for each individual farm.  

Lastly, should the model be used in different areas than Vestfold, the data base must be 

changed. New data for each individual new farm must be found and registered into the model 

before it can give a result with any meaning to the area. From these changes in data base, the 

model should be programmed to do all the necessary calculations itself, and give a transparent 

and documented result for all new farms implemented in the model. The model will then 

solve for the optimal solution, and give insight to a possible profitable and environmental 

friendly solution to the question of how to best handle farm produced manure to minimize 

GHG emissions for a sustainable future.  
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Attachment 1 
A visual of locations of the farms included in the model made with GIS. The red dots 

represent the included farms, and the yellow dot represents GreVe biogass.  
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Attachment 2 
The model with the initial solution for electricity 
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Attachment 3 
The biogas model with the initial solution for woodchips: 
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