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Summary 
 
The agricultural sector is responsible of 6.7% of the total Dutch energy consumption and 12% of the 
total GHG emissions. Currently, the largest share of the electricity production in the Netherlands is 
generated energy companies using fossil-fuels, emitting 48 million tons of CO2 per year [97]. Since, the 
European Union (EU) is shifting its focus towards a more circular economy, in order to create a more 
sustainable economy and thereby reducing CO2-emissions. The EU is boosting the use of renewable 
energy sources, even low-grade energy sources, like manure, might play a role in the transition to a 
more circular economy. Therefore, in this study we focus on supplying dairy farmers with energy 
produced from their onsite manure production, using anaerobic digestion (AD), thereby improving 
sustainability and self-sufficiency. In this research the level of sustainability is expressed with the use 
of three indicators (sustainable impact indicators); carbon footprint, environmental impact and costs. 
 
This study focusses on matching the electricity demand of an average Dutch dairy farm with the biogas 
supply patterns of an AD system. Two different milking methods with very different demand patterns 
are used within this research. A model is developed in order to match these demand and supply 
patterns and several scenarios were composed and compared to the reference scenarios in order to 
determine the most optimal scenario for increasing sustainability. In the composed scenarios, several 
measures are taken to increase the sustainability. These measures are: addition of AD system, adding 
storage capacity, feeding energy back into the grid, making use of other energy sources and conversion 
of energy with the use of a CHP unit. 
 
Results indicate, using the automated milking system (AMS) method in combination with energy 
storage, to be completely energy self-sufficient and an improvement in sustainability. Which indicates 
that the addition of the AD system results in an improvement in sustainability, in terms of decreasing 
anthropogenic carbon footprint and environmental impact. Furthermore, conversion of biogas into 
another energy carrier (e.g. electricity or green gas), which is consequently fed back into the grid, show 
variations in the increase of sustainability. One scenario shows to be completely self-sufficient and 
thereby autarkic, making this scenario an interesting option for implementation in other sectors, 
where there can be made use of this method and/or model. Furthermore, the outcomes indicate the 
importance of feeding energy back into the grid in order to increase sustainability, however, since the 
currently energy system is not balancing the energy production when additional energy is fed in, like 
a smart-grid, this assumption has a large influence on the end-results. Future potential subsidies might 
increase the implementation and thereby increase the sustainability of the agricultural sector. 
 
Concluding, the addition of an AD system on a dairy farm increases the sustainability for all composed 
scenarios, ranging from 88 to 92% decrease of carbon footprint, 83 to 87% decrease in environmental 
impact and a costs reduction of up to 26%. Incentives may increase the speed of the transition to a 
more circular and sustainable economy and achieve the set goals. 
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1. Introduction 
 
The traditional economic system consumes vast amounts of fossil energy sources and has a low 
tendency to recycle [1], causing serious environmental harm [4]. Therefore, in line with the Paris 
Agreement, the focus of the European Union shifted toward a more circular economy [4,5], which is 
often a more sustainable economy, thereby also addressing another goal of the EU; reducing CO2-
emissions. However, the term ‘sustainability’ is a difficult concept and definitions are abundant. Within 
this research ‘sustainability’ is used as “meeting the needs of the present without compromising the 
ability of future generations to meet their needs” [93]. Currently, the foremost share of energy 
production is supplied by fossil energy sources (e.g. coal, oil, natural gas). A shift in the use of these 
fossil energy sources is required in order to become more sustainable. And looking to sheer quantity 
of energy use, even low-grade energy sources, like manure, might play a role in the transition to a 
more circular economy. Since there is a surplus of manure production in the Netherlands, this manure 
can be used more efficiently, thereby increasing energy circularity and reduce the load on the energy 
utilities [34].  
 
In the Netherlands, the agricultural sector is responsible for 6.7% of the total Dutch energy 
consumption [11]. This energy is for 82% generated by fossil fuel powered powerplants, which have 
large CO2 emissions [12]. Besides the large energy consumption, the agricultural sector is responsible 
for 12% of the total greenhouse gas (GHG) emissions in the Netherlands [13]. Within the Dutch 
agricultural sector, the largest share consists of the dairy sector. The GHG emissions, by dairy farms, 
mainly consist of methane (CH4) and nitrous oxide (N₂O), which are emitted by manure. These gases 
are stronger GHGs compared to carbon dioxide (CO2) [3]. 
 
Therefore, the dairy sector has set a goal to become completely energy neutral by 2030 [96]. This has 
to be achieved for the largest share by emission reduction and the use of renewable energy sources 
(RESs). Furthermore, changes in manure use and manure storage should decrease CO2-eq emissions 
by 2030 due to reduction of methane that is released into the atmosphere [10]. Currently a lot of 
research is being done about electrification of dairy farms in order to reach these goals, which showed 
promising results in reducing GHG emissions and diesel consumption [2]. Within this context, 
anaerobic digestion (AD) can play a significant role, since biogas can be locally produced from manure, 
which is in over-abundance in the Netherlands [34]. Within this context, a report by Pedroli and 
Langeveld (2011) [15] shows that, within the agricultural sector in the EU, the production of energy by 
RESs is larger than the energy consumption [14]. Which makes becoming completely self-sufficient as 
a sector a realistic option. Furthermore, biogas is a very flexible energy carrier and has a far better 
storage ability compared to electricity [17, 18] and can be easily transformed into other energy carriers 
like electricity and heat [17]. 
 
Multiple studies have about optimizing the AD process and integration with farming practices have 
been published [16][26][52]. However, to the author’s knowledge, there is no literature discussing how 
AD can contribute to match energy demand and supply patterns within the dairy farm itself, in order 
obtain energy self-sufficiency and become autarkic. Therefore, within this research, the potential to 
produce their own energy demands on an hourly basis is investigated. The level of sustainability is 
analysed using three indicators of sustainability (i.e. carbon footprint, environmental impact and costs) 
[16]. Exploring these combinations could improve currently used processes. Furthermore, the use of 
biogas, from anaerobic digestion of manure, as energy source can help shift to a more circular 
economy. Thereby pursuing the set goals for 2030 of reducing GHG emissions from the manure itself 
and becoming completely energy neutral. 
 
 
 



1.1 Research Aim & Questions 
 

Currently the foremost share of Dutch dairy farms is powered by electricity from the electricity grid. 
However, is this the most energy efficient and sustainable way of powering a dairy farm? This study 
provides insight if the current policies, that stimulate electrification, is a more sustainable and efficient 
way to power a dairy farm. In order to reach the central aim of the research, the following research 
question is developed. 
 
“To what extent is self-produced biogas, obtained from manure, a more sustainable, feasible and 
self-sufficient energy supplier for a dairy farm compared to electricity from the grid?”  
 
In order to answer the main research question, several sub-questions are developed. 
 

• What includes an average dairy farm and what are the energy demand patterns? 
• How do the demand patterns match the supply patterns and how can this be modeled? 
• How can energy demand and supply match be optimized?  

 
1.2  Scope 

 
The research focus is on determining which optimization combination has the highest sustainability 
for powering a dairy farm. The energy suppliers that are taken into consideration are biogas, natural 
gas and electricity. This electricity is obtained from large centralized powerplants or generated from 
biogas and/or natural gas; the biogas is obtained from manure from the farm itself with AD. Besides 
taking a look at which energy supplier is optimal, there is taken a look at which milking method is more 
sustainable and financially more attractive for the farmer, therefore, costs are taken into consideration 
as well. The two milking methods that are taken into consideration are the conventional milking 
method (CM) and a method where an automatic milking system (AMS) is used. 
 
 

  



2. Methods 
 
In this section the methods used in order to obtain the results are described. Data with a high temporal 
resolution shows the daily energy demand of an (average) dairy farm, which provides insight into the 
energy demand. This literature shows two ways of milking methods at the dairy farm; the conventional 
milking (CM) method and the automatic milking system (AMS) method, which widens the scope of this 
research. In chapter 4 these milking methods are described in further detail. In this research there is 
made use of two models. The first used model is an Excel based model named ‘The (Excel) Biogas 
Simulator’, or EBS model [32][51].  Besides the EBS model there is made use of a self-made Excel 
model, called the Renewable Energy Sources model, or RES model, which provides insight into 
potential mismatches in energy demand and supply of the dairy farm. The choice for these particular 
models is discussed in section 2.2. 
 

2.1 System boundary 
 
The system boundary of this research is limited to one dairy farm consisting of 120 dairy cows. Only 
manure that is produced inside the barn is used to feed the anaerobic digestion (AD) system, it is 
assumed that the cows reside inside the barn for 8.040 hours per year [53]. Within this research two 
milking methods are researched, the conventional milking (CM) method and the automated milking 
system (AMS) method. Within the set system boundary, the AD process, including the harvesting, 
transport and storage of manure are taken into account. The upgrading and storage of green gas after 
the AD process is also taken into consideration. Furthermore, the energy needs for all processes (e.g. 
the digester system, upgrader system, etc) within this system boundaries are taken into consideration. 
The system boundaries of this research are limited to the energy flows on the farm. Energy and 
material requirements for the construction of the used equipment are not taken into consideration. 
The produced digestate from the AD system is not within the system boundary and therefore out of 
the scope of this research. 
 

 
Figure 1. System boundary of energy generation and utilization on a Dutch dairy farm. 

 “Energy needs” are the processes that require energy for the formation of green gas from manure.  



2.2 Models used 
 

2.2.1 The Biogas Simulator (EBS) 
 
The EBS model simulates the entire AD system and provides accurate insight into energy use, carbon 
footprint and environmental impacts [32]. The model starts with manure as input and ends with 
methane or electricity as an output. The values of the concerning impact indicators per energy unit 
(e.g. carbon footprint, environmental impact and financial feasibility) are adopted from this model. 
Chapter 3 describes these impact indicators into further detail. The main advantages of the EBS model 
are the clear visual display and the level of completeness. Section 2.2.3 defines to what extend there 
is made use of this model. Since some of the used values result from outdated articles, these values 
are updated to the most recently published articles (Table 11). The remaining components are 
assumed to be similar as the EBS model already simulates. No update of these values is required, since 
these values have not changed in more recent research. Appendix 13.3 shows the changed values. 
 

2.2.2 The Renewable Energy Source (RES) model 
 
The RES model is comparable to the validated EBS model, made by F. Pierie [16]. The outputs of the 
model are expressed in the used sustainable impact (SI)-indicators, which are described in detail in 
chapter 3. However, an additional feature is added; the RES model is able to balance the energy supply 
and demand. There is made use of load duration curves (LDC) in order to balance the demand and 
supply patterns for both milking methods (CM and AMS). The LDCs are used to determine the number 
of hours and the size of the mismatch in supply and demand. The RES model is described into more 
detail in chapter 5. With the use of the RES model several scenarios are constructed in order to find 
the most sustainable scenario. These scenarios are described in chapter 7. 
 

2.2.3 Interaction between models 
 
Figure 2 displays the interaction between the EBS and the RES model. The biogas production per cow 
and the SI-indicator values per energy source are adopted from the EBS model into the RES model. 
Subsequently, the RES model matches the, from literature obtained, energy demand patterns, with 
the biogas production per cow. Since the energy shortages and surpluses are now modeled by the RES 
model, the SI-indicator values per energy source can be simulated. 

 
Figure 2. Model interactions. 

  



3. Sustainable Impact (SI)-Indicators 
 
In this research three expressions are used to indicate the carbon footprint, environmental impact and 
the financial feasibility. In this section these expressions are explained in further detail. As described 
in chapter 2, all the SI-indicators are simulated by the RES model. In this research the emphasize is on 
environmental quality and sustainability and economic feasibility. Environmental sustainability is 
correlated to the definition of “strong sustainability” [31]. “Strong sustainability” is expressed in three 
indicators, which are described in the sub-sections below, two of these will be used in this research 
[30]. Besides these two indicators an economic indicator is used, this indicator is given in Net Present 
Value (NPV) over a period of 25 years [82]. There is made use of an economic indicator since the 
probability of actual implementation of the research is strongly dependent on the costs. All used 
indicators are expressed per year (e.g. kgCO2-eq emissions per year). These indicators give a 
transparent and clear view which scenario is most sustainable and economic feasible. The following 
sections briefly describes these indicators, a more extensive description is described by Pierie et al. 
[30]. 
 

3.1 Carbon footprint expressed in GWP (100) (kg CO2-eq/year) 
 
The carbon footprint is expressed in carbon dioxide equivalents (CO2-eq) using the 100-year global 
warming potential scale or GWP(100) [52]. In this research the carbon footprint is valued as a net 
increase or decrease of GWP(100), compared to the reference scenario. The emissions from processing 
and harvesting are within the carbon footprint included. In this research there are two possibilities 
that may increase the GWP(100): first, the use of fossil fuels for the production of green gas, which 
results in an increase in anthropogenic CO2 emissions and second the conversion of carbonaceous 
biomass to a stronger GHG (e.g. methane) [52]. The RES model is able to simulate the carbon footprint 
(in kgCO2-eq/year) for each scenario. This is done by multiplying the quantity of the required energy 
source(s) (e.g. biogas, electricity, green gas, natural gas) with the, from the EBS model obtained, 
corresponding kgCO2-eq per energy unit values. The remaining gas that is not used and the 
corresponding amount of kgCO2-eq that is therefore not emitted, is subtracted from the total 
emissions. 
 

3.2 Environmental impact expressed in EcoPoints (Pt/year) 
 
The environmental impact to ecosystems, nature and human health is expressed with the Eco Indicator 
ReCiPe 2008, used by the SimaPro model [61][62]. The results of an LCA inventory are usually complex 
and hard to understand. In order to increase the comprehensibility, the ReCiPe method was designed. 
This method makes use of so-called Eco indicators, which is an indicator with a damage-oriented 
approach on the overall load on the environment [62][63]. This Eco indicator is a single score, 
expressed in EcoPoints (Pt), resulting from the use of damage models and normalization of multiple 
impact scores [52]. The EcoPoints are simulated by the RES model for each scenario. The EcoPoint 
values are obtained from EBS model, which displays the EcoPoint values per energy unit. The EBS 
model obtained on his turn the values from the SimaPro model [61][62]. In order to simulate the value 
for the environmental impact, the EcoPoints per energy unit from EBS model are multiplied by the 
total energy requirements of every scenario. When a scenario has a certain energy oversupply, this 
energy is fed back into the grid, and the corresponding negative environmental impact is subtracted 
of the total environmental impact.  
 
  



3.3 Financial feasibility (NPV) 
 
The NPV is a commonly used method for measuring the economic feasibility [82]. The value of NPV 
indicates if the investment is whether or not attractive, when the NPV value is positive, it indicates it 
is attractive and when it is negative, it indicates it is not. Within the NPV the CAPEX, OPEX and revenues 
are included [82]. The CAPEX refers to the capital investments (e.g. digester, CHP), while OPEX 
represent the operational costs (e.g. purchase of electricity or gas) and revenues are the sales of the 
products (e.g. green gas, electricity). Further, there are costs like interest which have to be taken into 
account [16]. For the calculations of the CAPEX, it is assumed that all the equipment has a life 
expectancy of 25 years. Since the costs are presented in euro/year, the total CAPEX value is divided by 
25 in order to change to the same expression. In order to determine the annual costs, the annual 
revenues are summed up with the CAPEX and OPEX. Table 13 and 14 in appendix section 13.4 shows 
the equipment and costs used in model. 

  



4. Literature review milking methods 
 
Literature review found a case study [20] which showed the energy demand for both milking methods 
(Table 1). This case study contains data sets (in the form of graphs), for both milking methods, that 
showed the energy consumption patterns, for 1 day, with an hourly temporal resolution. These data 
sets were adopted from this article; however, some modifications were made in order to fit into the 
model. The data was adjusted to a temporal resolution of 1 hour, in order to fit into the used models 
(this temporal resolution of 1 hour still provides a clear and accurate overview of the actual data, see 
Appendix 13.1). From the obtained data the averages of the hourly data points were summed in order 
to obtain a daily energy demand, in kWh. From this number the yearly energy demand was 
determined. This was done for both milking methods. However, these data sets did not contain the 
same number of cows in both systems. In order to compare these two data sets, the energy use per 
cow was determined and then multiplied by the total number of cows within the system. It is assumed 
that the daily energy consumption pattern was similar throughout the year, as the author stated [20]. 
 
Table 1. Energy use milking methods. 

 Milking method Unit Source 
 AMS CM   
Energy demand 52,758.1 50,812.6 kWh/year [20] 

 
Figure 3 shows that there is a great contrast in hourly energy demand between the milking methods. 
Especially, a clear variation is seen in energy consumption over the day within the conventional milking 
(CM) method. As figure 3, for the conventional milking method shows, there are two periods during 
the day where the largest share of the total energy demand is needed. The automated milking system 
(AMS) method shows a more evenly distributed energy demand over the day. This variation in energy 
demand for both milking methods is explained in a case study done by Vandelannoote (2014) [20]. 
Nonetheless, the variation is shortly described below. 
The two large peaks for the CM method are caused by two milking session that occur every day (Fig. 
3). After these milking sessions, of about 3 hours each, there is mainly energy needed for cooling 
purposes. The required energy for this is significantly lower since the milk is already chilled at the 
required temperature and only need to be maintained at that temperature. 
While, for the AMS method, the energy consumption is more evenly distributed over the day. The 
foremost reason for this is because using the AMS the milking process is continuous. Furthermore, the 
milk is cooled by a smaller amount at the same time, which levels the energy use. The small peaks 
indicate the start of the cooling cycle. 

 
Figure 3. Energy demand both milking methods over the day.  
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5. Model construction 
 
Within this chapter the use, structure and handling of the RES model is discussed. The Excel based 
‘Renewable Energy Source’, or RES, model is developed to improve the balance between energy 
demand and supply, by AD from cow manure, on a small dairy farm (±120 cows), in order to increase 
sustainability and self-sufficiency. To do so, it is capable of determining the carbon footprint, 
environmental impact and costs. The results are expressed in three main indicators; the carbon 
footprint in Global Warming Potential 100-year scale (GWP100) using kgCO2-eq as unit, the 
environmental impact in EcoPoints (Pt) and the economic feasibility in Net Present Value (NPV). 
Settings in the model can be removed, added or adjusted to fit more to the modeler’s preferences. 
The RES model is composed around a clear methodology, containing a modular approach (section 5.1), 
model functioning description using Power Nodes (section 5.2.1) and main components used (section 
5.3). Validation and sensitivity analysis are performed in order to validate the completeness of the RES 
model (Chapter 6). The modular approach increases the comprehensibility of the model by splitting up 
the energy production pathways. The most important variables are in the ‘Database’ and ‘Scenario 
Results’ tabs, which are described in detail in section 5.6.1. The main calculations, which are used to 
get to the end-results, are based on the validated EBS model and published literature. All used 
variables can be edited, when more recent data is available, to get more accurate results. The flexibility 
of the RES model opens up and widens the applicability of the RES model for other purposes within 
the agricultural sector. Furthermore, the three used expressions give a clear and understandable 
overview which scenario is most sustainable. Overall, the RES model can improve mismatches between 
energy demand and supply and can help shed insight to what extent AD is sustainable and feasible.  
 

5.1 Modular approach 
 
The RES model is built using a modular approach, in this way it is possible to add or remove individual 
modules to design the optimal production pathway. In the RES model, the main input is the number 
of cows, which produce manure, leading to biogas production.  
 

 
Figure 4. Main modules and sub-modules used in energy production pathways. 

Each sub-module simulates the value in the corresponding expression (e.g. biogas production in 
Nm3/hour). In order to simulate this value, mass and direct energy use flows are used. The mass flow 
is defined as Nm3 biogas, the direct energy use is defined in kWh for electricity demand of the farm 
and MJ/hour for the heat demand of the AD. Since the values of the corresponding expression per sub-
module are simulated in the modules and the SI-indicator values per energy source are known (Table 
19-21), the total SI-indicator value (e.g. carbon footprint in kgCO2, environmental impact in Pt and the 
costs in euro) can be determined. Section 5.4 goes into the mitigation pathway, which may have a 
mitigating effect on these values. 
 



5.2 Description of RES model 
 
The RES model is a model that balances energy demand and supply, thereby indicating the quantity of 
the mismatches. The main input in the RES model is the number of cows and the main outputs are the 
SI-indicators and the biogas production (Table 23 & 26). Within the RES model the energy supply is 
powered by converting cow manure into biogas with the use of an AD system. The simulated energy 
supply pattern is coupled to, the in section 4 described, energy demand patterns. Within the RES 
model, there is made use of 4 energy flows: green gas, biogas, heat and electricity flow. When the 
energy supply and demand patterns are coupled, potential mismatches can be located, using load 
duration curves (LDC), and the size of these mismatches can be determined. Which makes it possible 
to optimize the balance between the energy demand and supply in order to minimize energy waste 
and shortage. The LDCs are displayed in figures 19 and 20 in appendix section 13.5. When there is a 
surplus in energy, the surplus is fed into the electricity of gas grid and vice versa. This amount of 
electricity or gas is determined by the RES model and thereby the corresponding SI-indicator values. 
Figure 5 shows a clear overview of the used system within the RES model. Using scenarios, multiple 
optimization options are simulated to realize the most optimal scenario. These scenarios are described 
in chapter 7. Feed-in tariffs are added in order to simulate potential scenarios that might be more 
financially attractive. The functioning of the model is described into further detail in the following 
sections. 
  

5.2.1 Model functioning 
 
In this research there is made use of Power Nodes to describe the power system interactions. In figure 
5 this Power Nodes system is illustrated; where arrows indicate the transport of the used energy flows 
in the system (e.g. heat, biogas, green gas, electricity). These energy flows are connected by nods, the 
function of these nods is explained in the legend of figure 5. Furthermore, clouds are used to indicate 
losses of energy flows. The RES model is based on this Power Nodes system (Fig. 5).  
 

 
Figure 5. Conceptual framework of the RES model. 



5.2.2 Model energy flow pathways 
 
The farm has a manure fed anaerobic digester (AD), where biogas is generated. The manure is 
transported by a manure scraper on the floor of the barn, which sweeps the manure into a pit, where 
the manure is stored. This AD system is placed next to the barn and in direct contact with the manure 
pit. After anaerobic digestion, the biogas is filtered and stored in a biogas storage tank, subsequently 
converted to electricity with the use of a CHP to supply the electricity demand. Heat demand is 
supplied by heat recovery from the CHP unit. Additional heat requirement is met by the gas boiler, 
which is fed by biogas or gas from the gas grid. Remaining biogas is upgraded to green gas of similar 
quality of natural gas and stored in the national gas grid. Additional gas or electricity demand is 
imported from the national grid. Excess heat is discarded. Energy requirements for all processes are 
taken into account. 
 

5.3 Main components of the RES model 
 
The main components of the RES model are discussed in this section.  
 

5.3.1 Biomass feedstock 
 
The digester is solely fed by dairy cow manure. The methane yield per Mg manure is obtained from an 
article by Bekkering, J. et al [26]. The carbon footprint of the cows, which produce the manure, is not 
taken into consideration. The RES model determines the amount of biogas (and methane) that is 
produced with the set number of cows. 
 

5.3.2 The Anaerobic Digester System 
 
The digester is constantly stirred using electricity from the CHP system and kept at mesophilic 
temperature with heat generated by the CHP unit and biogas boiler. The retention time of the digester 
is 30 days. The volume of inflow of manure is equal to the volume of the outflow, in order to keep the 
same volume inside the digester. The digester in the model is built in a linear expandable way, meaning 
that the size of the digester can be adjusted to the quantity of the manure input and the results 
automatically linearly adapt [16]. The digester contains 4 mixers, which each have a lifespan of 10 
years. The settings used for the anaerobic digester system are adopted from Pierie et al. 2015 [30]. 
 

5.3.3 Upgrader systems 
 
Biogas that is generated in the digester is upgraded to green gas by an upgrader system (Fig. 5). But 
first, before the biogas enters the upgrader, some polluting gasses are removed from the biogas 
mixture by the pre-filter using active carbon. One of these gasses is hydrogen sulphide, which is highly 
corrosive and can hinder the upgrading process. This pre-filtered biogas is then redirected to the CHP 
unit, where heat and electricity are produced. When the CHP unit is unable to supply sufficient heat 
for to keep the AD at the required temperature, a share of the biogas is fed into the biogas boiler, 
which generates the remaining required heat. The remaining biogas flows through to green gas 
upgrader, this upgrader is a highly selective membrane that separates methane from carbon dioxide 
and other trace gasses [25]. The gas is now upgraded to green gas, which has a higher caloric value 
compared to biogas. This remaining green gas is stored in the national gas grid and recovered when 
needed.  



5.3.4 CHP system 
 
The combined heat and power (CHP) system can be fed in two ways, it can be fed directly from the 
digester or indirectly from the national gas grid. When the CHP unit is fed directly, the biogas is first 
pre-filtered in order to protect the equipment from corrosive pollutants. The CHP unit converts the 
green gas to electricity and heat. The generated electricity is used for internal purposes within the 
system and for powering the energy needs within the stable. The heat that is released by the CHP unit 
is used for maintaining the temperature of the digester and excess heat is discarded. See figure 5 for 
a schematic overview. Table 2 indicates the specifics of the used CHP system. It is assumed that the 
CHP unit runs on 80% of its maximal capacity. The size of the CHP unit is dependent on the scenario, 
table 9 shows the CHP unit sizes per scenario. 
 
Table 2. Main values of the CHP unit. 

CHP unit Value Unit Source 
Electric efficiency  38 % [26] 
Heat recovered from engine 80 % [26] 

 
5.3.5 Gas storage tank 

 
The gas storage tank is directly linked to the digester and is filled when the biogas demand is lower 
than the supply. Vice versa, the gas inside the gas storage tank is used when biogas demand is higher 
than the digester is able to supply. 
 

5.4 Mitigation pathways 
 
The AD process can replace the energy supply from current suppliers (e.g. electricity grid, gas grid), 
thereby avoiding emissions and environmental impact. In the model this mitigation of emissions and 
environmental impact is calculated by subtracting the oversupply (e.g. not used energy) values per 
sub-module from the overall values (e.g. total kgCO2 emissions by all energy source) in the demand 
sub-module. 
 

5.5 Database 
 
Within the RES model it is possible to adjust settings which makes the model flexible and accurate in 
use. Since the primary variables and values are linked to the sub-modules, the results in the sub-
modules automatically adapt with the changed values. This makes it possible to expand the model or 
adjust values when necessary. Table 23 and 24 display the most prominent values regarding the biogas 
production. Tables 19-21 show the values used in order to determine the end results expressed in SI-
indicator values (e.g. carbon footprint in kgCO2-eq/year). How to operate the RES model is described 
in chapter 14. 
 

  



6. Model Validation 
 
In this section, the validation and verification (V&V) of the RES model is researched. Since this is a self-
made model, the accuracy of the results, simulated by the model, require validation and verification 
[72]. In order to make a model completely valid for the entire domain it requires a lot of resources, 
including time and money. Therefore, most models are constructed in a way that they simulate 
accurate results for the designed function [73]. The used methodology in the V&V process for the RES 
model is described by Balci et al. [74] and Sargent [73]. 
 

6.1 Accuracy of the RES model 
 
The accuracy of the model is, as explained earlier, dependents on the development time of the model. 
The aim is for a high level of accuracy, with the lowest time requirements [75]. In this model validation 
the RES model is compared to the more accurate and complete EBS model. The aim is that the primary 
results (e.g. green gas production) from the RES model has an accuracy of at least 95%, which means 
that the RES results do not exceed more than 5% of the EBS results [75]. 
 

6.2 Validation of the RES model 
 
The initial goal for designing a model is to provide answers to complex questions [75]. Therefore, it is 
of importance that the model is able to answer these questions. In order to check if the built model is 
able to provide this it has to accord with several statements. These statements are adopted from Pierie 
et al [75].  
 

6.2.1 The model adds to scientific understanding or to societal benefit 
The RES model increases the scientific understanding of balancing the energy demand of a dairy farm 
with generated energy supply (e.g. green gas) from manure. The RES model indicates (using graphs) 
any mismatches and the quantity of it between demand and supply. When a mismatch is observed, 
the model is able to determine the amount of gas or electricity that is needed to resolve the mismatch. 
The societal benefit of this model is the optimization of energy supply and demand, which increases 
the efficiency of energy use and thereby reducing the costs for energy use. 
 

6.2.2 The model refers to clear answers which can be provided through modeling 
The model refers to three main results (SI-indicators), the outcome of these results can be altered by 
changing either the initial input (the numbers of cows, which produce the manure where the methane 
is obtained from and thus the energy supply) or by changing the energy demand. By changing one of 
these values, the three main results will change with them, providing a clear answer.  
 

6.2.3 Reviewed and verified by experts 
During the development of the RES model multiple walkthrough sessions were arranged with Frank 
Pierie, which is an expert on the field of biogas production. During these sessions the functioning of 
the model was discussed and was deemed to function adequate for the intended purpose it was 
developed for. The structure of the model and the numerous amounts of calculations can, for non-
experts, be confusing, however, when used by an expert the model is logical and transparent in use. 
Besides, with the use of the “working with the RES model” section (chapter 14), it should be possible 
for experts and non-experts to understand and operate the RES model.  



6.3 Verification of the RES model 
 
In order to verify the RES model, multiple verification techniques have been used. The used verification 
techniques are derived from Sargent [73], these techniques are described below. 
 

6.3.1 Comparing to other models 
In order to verify the accuracy of the RES model, the RES model is compared to the EBS model, which 
is a verified model, described into great detail by Pierie, F. et al [75]. The EBS model focusses on biogas 
production as is the RES model. Furthermore, both models use the same methods in calculating the 
biogas production. However, the completeness and the accuracy of the EBS model is higher compared 
to the RES model. To compare if both models have similar biogas (and green gas) outputs when same 
inputs are used, a comparison scenario is created. 
 
Table 3. Main inputs comparison scenario models. 

Main variables Value Unit 
Operating hours 8760 hours/year 

Transport distance* 0 km 
Losses of biogas** 0 % 

Losses of biomass** 0 % 
Time spent in stables 8040 hours/year 

Manure input  1996 Mg/year FM 
Organic dry matter (oDM) 6.4 % 

Methane potential of manure 180 Nm3/Mg.oDM 
Energy content green gas 35 MJ/Nm3 

*A transport distance of 0 meter was used for comparison of both models (10 meter is used in EBS model).  
**In order to fairly compare both models, losses of biogas and biomass from digester are in both models set to 0%.  
 

The comparison between the two models show that the RES model performs adequate when looking 
to the main output (i.e. methane production). The models show a difference in output of 0.017%. This 
being said; the difference between the most prominent output in both models is well within the set 
boundary of 5%. With the use of this main output, all values of the three used indicators can be 
calculated. The same indicator values per energy unit (e.g. kgCO2-eq/kWh) is used in both the RES as 
the EBS model, leading to similar results when similar scenarios are used.  
 
Table 4. Output comparison between both models. 

Outcome Unit EBS model RES model 
Green gas production Nm3/year 22986 22990 

 
Since the EBS model is a more complete model it contains more data, like losses of biomass during 
collection and biogas loss during transport. These inclusions might have an impact on the methane 
production. 
  

6.4 Discussion 
 
At section 6.3.1 the models were compared, and the RES model showed a slightly (i.e. 0.017%) higher 
output. Even though this is within the set acceptable range of 5%, the actual number is likely to be 
even closer to the output of the EBS model. The main reason for this is since the EBS model 
incorporates several assumptions that take loss of biomass and biogas into account, which lowers the 
biogas yield.  
 



7. Main parameters and scenarios 
 
In this research, different energy supply pathways are compared in supplying the energy demand on a 
dairy farm. The supply pathways and scenarios are explained in further detail in this section. 
Furthermore, multiple optimization scenarios are compared to the reference scenarios. In the 
composed optimization scenarios manure is used as main feedstock for a green gas production 
pathway. The energy production pathways of the currently used methods and composed scenarios are 
discussed in this section. 
 

7.1 Theoretical cases 
 
In this chapter a reference case and an AD are described in order to get an idea of the currently existing 
case and the composed cases (e.g. composed scenarios). Figure 6 and 7 give a clear overview of both 
cases. 
 
The reference case (e.g. reference scenario) is based on the current energy supply systems an averaged 
sized dairy farm, including 120 cows. Within this energy supply system all energy is imported in the 
form of electricity by the national grid. The produced manure is used as fertilizer and additional 
manure is exported (Fig. 6). The environmental impact, carbon footprint and costs of electricity are 
included (Tables 19-21). Table 1 shows the electricity demand for both milking methods. The energy 
demand over the day for both milking methods is displayed in figure 3. 

 
Figure 6. System overview reference case. 

Within the AD case (e.g. composed scenarios), there is made use of an AD system, generating biogas 
from manure exclusively from within the farm itself, making the farm energy self-sufficient. The 
generated biogas is used as fuel to meet the energy demand of the dairy farm, creating a circular 
system (Fig. 7). Using different scenarios, the energy supply system is varied in order to determine the 
most sustainable scenario. These scenarios are described in section 7.4. The remaining digestate, after 
the AD process, is not taken into consideration. The environmental impact, carbon footprint and costs 
of all processes are included (Tables 19-21). Remaining energy requirements are imported. The 
revenues from selling leftover green gas and electricity is incorporated within the NPV calculations. 
Furthermore, leftover energy (e.g. electricity or green gas) which is fed into the national grid is 
included, as feeding in results in a decrease in carbon footprint and environmental impact.  

 
Figure 7. System overview AD case. 

  



7.2 Biogas production pathway 
 
Within all composed scenarios there is made use of the same manure as feedstock and same digestion 
plant set up, which is located on the farm near the barn where the manure is produced with a maximal 
manure input of 2500 Mg of fresh matter (FM) per year. Within all scenarios all harvested manure is 
put into the digester. The main product of the digestion plant is biogas which is first pre-filtered and 
subsequently fed into the CHP unit. The CHP unit feeds the energy needs for the digester in all 
scenarios. Specifics of the digestion plant are described in section 5.3.2. A share of the biogas is fed 
into the gas boiler in order to maintain mesophilic temperature for the digestion plant. Remaining 
biogas is upgraded by the upgrading system in order to upgrade the gas to the same quality as natural 
gas grid quality and then fed into the national gas grid, further specifics about the upgrading system 
are described in section 5.3.3. The energy use of systems including the production process, f.i. manure 
transport by a manure scraper is already incorporated in the total energy demand. 
 
The values of these primary settings are similar for all optimization scenarios. 
 
Table 5. Main values used in model. 

Main components Values Unit Source 
Heat use digester 0.19 MJ/kg [7] 
Electricity use digester 0.026 MJ/kg [7] 
Pre-filter energy use 0.00065 MJ/Nm3 [81] 
Gas boiler 0.34 MJ/hr [55] 
CHP internal use 2.511 kWh Appendix 13.10 
Electricity use membrane upgrader 0.304 kWh [25] 
Loss of methane in filtrate 0 % [80] 
Gas boiler heat efficiency 98 % Appendix 13.10 

 
 

7.2.1 Feedstock 
The manure that is used for inside the AD system consists exclusively of dairy cow manure that is 
produced inside the barn. Table 6 shows the most relevant values regarding the feedstocks that are 
used in the model. The farm houses 120 dairy cows with a total annual manure production of 2,174,400 
kg [34]. However, manure that is produced inside the barn and thus harvested is 1995,68 Mg [34] (See 
Appendix 13.2). In this model, all the manure that is produced inside the barn is fed in the AD system. 
In section 5.3.2 detailed specifications for the anaerobic digestion system is discussed. 
 
 
Table 6. Most relevant values regarding the feedstocks used in the model. 

 Manure Unit Sources 
Biogas potential 350 Nm3/Mg oDM [7][54] 

Methane potential 180 Nm3/Mg oDM [7][54] 
Organic dry matter 

content (oDM) 
6.4 % [34] 

Production of manure 
per cow per year 

18.120 Mg/a [34] 
 

Number of cows 120 cows - 

 
  



7.3 Pathways and scenarios 
 
Two reference scenarios are composed which accord with the electricity supply on modern dairy farm 
for both milking methods (table 7). The results of the reference scenario are compared to the made 
scenarios. The made scenarios are based on the most commonly used milking methods in the 
Netherlands and two different ways of supplying energy to them. All the scenarios are explained in 
further detail in this section. Figure 8 displays a clear overview of the made scenarios and pathways. 

 
Figure 8. Pathways and scenarios used in this research leading to results. 

7.3.1 Reference scenarios 
 
In this section the reference scenarios are discussed. These scenarios represent the current energy 
supply on modern dairy farms for both researched milking methods. 
 
Table 7. Reference scenarios used for comparison. 

Reference Scenarios Description  
 

REF AMS 
In this scenario, the dairy farm is 100% powered 

by electricity from the electricity grid. For the 
AMS milking method. 

 
REF CM 

In this scenario, the dairy farm is 100% powered 
by electricity from the electricity grid. For the 

CM method. 
 
The global warming potential (GWP) of the reference scenario is based on the assumption that the 
dairy farms are currently for 100% powered by electricity from the electricity grid, with the 
corresponding GWP value of 177 kg CO2-eq/GJ [55][56]. The remaining important values, based on the 
same assumption, are displayed in table 8. 
 



Table 8. Relevant values for simulating the SI-indicator values for grey electricity. 

 Value Unit Source 
Carbon footprint 0.6372 kg CO2-eq/kWh [55][56] 
Environmental impact 0.10152 Pt/kWh [55][56] 
Electricity price 0.22 Euro/kWh [86] 

 
7.4 Optimization scenarios 

 
There are several optimization scenarios discussed in this section regarding the use of biogas. The 
results of multiple optimization scenarios are compared to the reference scenario (Fig. 8). The CHP 
unit sizes per scenario and milking method are displayed in table 9. 
 
Table 9. CHP size per scenario and milking method. 

Scenario Milking method Unit 
 AMS CM  
CHP + electricity grid 12.12 12.12 kWe 
AD + 100% electricity grid 3.52 3.52 kWe 
Gas grid 15.14 28.92 kWe 
Storage + gas grid 15.14 28.92 kWe 
All electricity production 12.12 12.12 kWe 

 
7.4.1 CHP + electricity grid scenario 

 
Within this scenario the electricity demand is powered by combusting the generated biogas in the CHP 
unit to generate electricity. Additional electricity demand is supplied by the electricity grid. Excess 
biogas is upgraded to green gas and fed into the national gas grid. Generated heat by the CHP unit is 
used for the heat demand. Additional heat requirements are supplied by the biogas boiler. This is done 
for both milking methods. 
 

7.4.2 AD + 100% electricity grid scenario 
 
Within this scenario all on-farm practices that require electricity are supplied by the electricity grid. 
The energy needed for the internal CHP and heat generation is supplied by the biogas generated from 
the digester. The remaining biogas is upgraded to green gas and fed into the national gas grid (Table 
19-21). Generated heat by the CHP unit will be used to supply the heat demand. Additional heat 
requirements are supplied by the biogas boiler. This is done for both milking methods. 
 

7.4.3 Gas grid scenario 
 
Within this scenario the entire energy demand is supplied by a small CHP unit. The fuel for the CHP 
unit is provided by the green gas production pathway described in section 5.3.1. Additional required 
gas is supplied by the national gas grid (Table 19-21). When the energy demand is higher than the 
digester is able to supply biogas, gas from the grid is used to fill in this gap. Vice versa, when supply is 
higher than demand, excess biogas is upgraded to green gas and fed into the national gas grid. 
Generated heat by the CHP unit will be used to supply the heat demand. Additional heat requirements 
are supplied by the biogas boiler. This is done for both milking methods. 
  



7.4.4 Storage + gas grid scenario 
 
This scenario is similar to gas grid scenario (7.4.3), only in this scenario a gas storage tank is included. 
The gas storage tank is directly linked to the digester and is filled when the biogas demand is lower 
than the supply. Vice versa, the gas inside the gas storage tank is used when biogas demand is higher 
than the digester is able to supply. Additional required gas is supplied by the national gas grid (Table 
19-21). Generated heat by the CHP unit will be used to supply the heat demand. Additional heat 
requirements are supplied by the biogas boiler. This is done for both milking methods. 
 

7.4.5 All electricity production scenario 
 
This scenario is similar to the CHP + electricity grid scenario (7.4.1), except in this scenario all the biogas 
is converted to electricity by the CHP unit and excess electricity is fed into the electricity grid. 
Generated heat by the CHP unit will be used to supply the heat demand. Additional heat requirements 
are supplied by the biogas boiler. This is done for both milking methods. 
 
 

 
  



8. Results  
 
In this section the results per expression as described in section 3 are discussed. The names used to 
present the scenarios are presented in Table 10. In section 8.1 – 8.3 notable observations per scenario 
for each SI-indicator are discussed, while in section 8.4 all SI-indicators are presented in one graph per 
scenario and an overall discussion of the results is presented. 
 
Table 10. Scenarios indications for figures 9 - 11. 

Scenarios Milking method 
CHP + electricity grid 1 AMS 1 CM 
AD + 100% electricity grid 2 AMS 2 CM 
Gas grid 3 AMS 3 CM 
Storage + gas grid 4 AMS 4 CM 
All electricity production 5 AMS 5 CM 
Reference  REF AMS REF CM 

 
8.1 Carbon footprint (kgCO2-eq) 

 
Figure 9 shows that all composed scenarios indicate, despite the higher energy requirements because 
of the AD process inclusion, a significant lower carbon footprint compared to the reference scenarios. 
This can be explained by the high carbon footprint per energy unit for grey electricity production which 
is used for both reference scenarios, while in the composed scenarios biogas, with a low carbon 
footprint, is used (Table 19). Besides, all scenarios, except 4 CM, have some surpluses in energy 
(electricity or green gas) leading to negative emissions and thence decrease the carbon footprint. A 
remarkable observation is the large difference in emissions between the milking methods for scenario 
1. This large difference in emissions between the milking methods for scenario 1 can be explained by 
the amount of electricity from the grid that is imported, the conventional milking (CM) method imports 
significant more electricity, even though the total electricity demand is lower. This is since the CHP unit 
is unable to generate sufficient electricity at the peak demands for this milking method, due to lack of 
available biogas. During these peak demands, a lot of electricity is imported, which has a high carbon 
footprint per energy unit (Table 19). When scenario 2 is compared to the reference scenario, a large 
decrease in CO2-eq emissions is seen, this decrease is exclusively achieved by the exporting green gas 
resulting in negative emissions (Fig. 9). The small difference in emissions within scenario 2 can be 
explained by the slightly higher energy demand of the AMS milking method. However, despite the 
lower energy demand of the CM method for all scenarios, a higher the carbon footprint is indicated 
using the CM method for scenarios 1, 3 and 4 (Fig. 9). This can be traced back to the higher total energy 
demand when the gas boiler is turned on, this occurs when the CHP unit is unable to supply sufficient 
heat to maintain mesophilic temperature for the AD, which is the foremost share of the day using the 
CM method (Fig. 19). Furthermore, the difference between the milking methods within scenario 3 can 
be explained by the large differences in gas that is imported and exported for both milking methods, 
so does scenario 3 AMS exports more gas than it imports. While vice versa for 3 CM automatically 
results in higher emissions. As figure 9 indicates is the emission of scenario 3 slightly higher compared 
to scenario 4, this small difference is due to the addition of storage capacity in scenario 4, which limits 
the natural gas import, which has a stronger influence on the CO2-eq emissions than green gas (Table 
19). The low carbon footprint of scenario 5 can be explained by the strong influence of exporting 
electricity, which has a high carbon footprint per energy unit, resulting in lots of negative emissions 
(Fig. 9). The difference in carbon footprint within this scenario can be explained by the higher energy 
demand of the AMS milking method, resulting in a lower net energy export for AMS. 
 



 
Figure 9. Carbon footprint per scenario. 

8.2 Environmental Impact (Pt) 
 
Despite the higher energy consumption of all made scenarios, is the environmental impact lower than 
the reference scenarios, this can be accounted to the large environmental impact resulting from grey 
electricity production which is used for the reference scenarios and the negative environmental impact 
points that arise for the made scenarios. There is a large discrepancy in environmental impact between 
the two milking methods for scenario 1 (Fig. 10), this discrepancy can be explained by the larger 
amount of grey electricity that is imported by 1 CM compared to 1 AMS (Fig. 27). The lower 
environmental impact of scenario 2 compared to the reference scenario (Fig. 10) is the result of the 
biogas production by the AD plant, which result in negative environmental impact points. The small 
difference in environmental impact within scenario 2 can be explained by the slightly higher energy 
demand of the AMS milking method. However, despite the lower energy demand of the CM method 
for all scenarios, a larger environmental impact is indicated using the CM method for scenarios 1, 3 
and 4 (Fig. 10). This can be traced back to the higher total energy demand when the gas boiler is turned 
on, this occurs when the CHP unit is unable to supply sufficient heat to maintain mesophilic 
temperature for the AD, which is the foremost share of the day using the CM method (Fig 20). The 
difference within scenario 3 between the milking methods (Fig. 11) can be explained by the large 
differences in gas that is imported and exported for both milking methods, so does scenario 3 AMS 
exports more gas than it imports. While vice versa for scenario 3 CM, resulting in a larger 
environmental impact. Scenario 4 has a slightly lower environmental impact compared to scenario 3 
(Fig. 10), this can be explained by addition of a biogas storage tank, which limits the import of natural 
gas and thereby limiting the environmental impact. In scenario 5 all the remaining biogas is converted 
to electricity and fed into the electricity grid. By feeding this remaining energy in the form of electricity, 
a share of the grey electricity, which has a large environmental impact (Table 20), is replaced by green 
electricity, which has a lower environmental impact, thereby decreasing the overall environmental 
impact and resulting as the scenario with the lowest environmental impact. 
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Figure 10. Environmental impact per scenario. 

8.3 Financial feasibility (NPV) 
 
Figure 11 displays the costs per year for all scenarios. All composed scenarios have much larger 
investments costs (e.g. digester, CHP unit etc.) compared to the reference scenarios (Table 33). 
However, since the annual energy costs are much lower for the made scenarios, all scenarios, except 
for scenario 2, indicate a smaller amount of total annual costs (Fig. 11). This can be explained by high 
energy costs that remain for scenario 2. In scenario 2, the same amount of electricity as the reference 
scenario is imported from the grid, which is a more expensive energy source compared to natural gas 
(Table 21). Even though there is an amount of green gas exported in scenario 2, the revenues are not 
enough to outweigh the imported electricity costs. Although the investment costs (CAPEX) are roughly 
similar for all composed scenarios, the annual costs using the automated milking system (AMS) are 
lower than the conventional milking (CM) method for the remaining scenarios (1, 3, 4, 5) (Fig. 11). This 
can be explained by the negative annual energy costs (higher revenues from exporting than costs from 
importing) for the AMS scenarios in contrast to the scenarios where is made use of the CM, where the 
net annual energy costs are positive (more imported than exported). 
 

 
Figure 11. Costs per scenario. 
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8.4 Overall results 
 
The carbon footprint and environmental impact have similar relative differences between the 
scenarios (Fig. 12), this can be traced back to the identical quantity of energy ((bio)gas or electricity) 
that is imported and/or exported into the grid. 
Even though all composed scenarios have a higher energy demand compared to the reference 
scenarios; due to the incorporation of the energy demand of the AD process, the carbon footprint and 
the environmental impact are lower than the reference scenarios. The reason for this can be traced 
back to the large quantity of negative emissions that arise when excess energy (e.g. green gas or 
electricity) is exported into the grid and thereby replacing natural gas and grey electricity, with high 
carbon footprint and environmental impact (Table 19 & 20). Besides, grey electricity production has a 
large environmental impact and carbon footprint, which results in high overall impact and carbon 
footprint for the reference scenario, where exclusively grey electricity is used as energy source.  
Furthermore, between scenarios, where only the energy carrier is varied, a large difference in carbon 
footprint and environmental impact is seen (Fig. 12). This can be traced back to the different carbon 
footprint and environmental impact values per energy source, so is in scenario 1, grey electricity used 
to fill in the energy demand gap, whereas in scenario 3 natural gas is used, which has a lower carbon 
footprint as environmental impact per energy unit (Table 19 & 20). Similar with scenarios 1 and 5, the 
main difference is in the energy carrier, which is fed into the grid. Since electricity has a larger influence 
on the environmental impact and the carbon footprint, the carbon footprint and environmental impact 
of scenario 5 are lower compared to scenario 1 (Fig. 12). 
 
With the use of figure 12, all the values of the SI-indicators per scenario can be studied. The composed 
scenarios indicate a reduction of 88 to 92% for the carbon footprint and an 83 to 87% reduction for 
the environmental impact when traditional energy sources are replaced by AD from manure. While 
the costs analysis indicates the potential of overall annual costs reduction up to 26%. Showing that 
scenario 5 CM, has both the lowest environmental impact as carbon footprint, while the costs are 
lowest at scenario 4 AMS (Fig. 12). 
 
Overall, when the energy demand for both milking methods are compared to the supply patterns of 
the AD, it is notable that the energy demand pattern of the AMS method is easier to match. This is due 
to the more equally distributed energy demand of the AMS method (Fig. 19 & 20). A notable 
observation is that scenario 4, using the AMS method, is the only combination where no additional 
energy is imported, making this the only optimization scenario that is completely energy self-sufficient 
and circular. This can be explained by the addition of the storage tank for this scenario. Besides, this 
scenario has the lowest annual costs, which also makes this the most economically attractive scenario. 



 
Figure 12. SI-indicator values for all scenarios. 
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9. Sensitivity Analysis 
 
In this section, the sensitivity of the used variables in the model are tested. When scenarios are 
compared, identical settings eliminate sensitivities in the used values [16]. Table 26 shows the similar 
values that were used in all scenarios. Since the main output of the model (e.g. the biogas production 
per hour) is identical for every scenario, all variables are kept constant, except for one and so the 
sensitivity of this variable can be determined. Since there are three different energy sources (e.g. grey 
electricity, natural gas and green gas), which have differing SI-indicator values (kgCO2-eq/GJ, Pt/GJ, 
euro/GJ), the corresponding values are varied in order to determine the sensitivity of each variable 
(Tables 15-17). Consequently, the sensitivity analysis was performed by varying all three SI-indicator 
values for each energy source together with the costs of the CHP unit and upgrader (Table 18), all these 
variables are varied by 10% (Appendix 13.7). 
 
The values corresponding to grey electricity production show to be the most sensitive to changes for 
all three SI-indicators (carbon footprint, environmental impact and costs). This strong sensitivity can 
be explained by the high values per energy unit for all SI-indicators for grey electricity production. 
Especially in the scenarios where a lot of grey electricity is used (2 and REF) this is seen.  
 
The sensitivity analysis shows that even in the worst-case scenarios both the carbon footprint as the 
environmental impact are lower compared to the reference scenarios (Fig. 13, 14). Furthermore, it 
shows that within the cost’s variables, the grey electricity price is most dominant and that the costs 
for both the CHP unit as the upgrader do not have a large impact on the costs. For instance, in the 
worst case, scenarios (1 CM, 4 CM and 5 CM) the projected costs surpass the best case of the reference 
scenarios (Fig. 23), indicating some risks in the business case. However, for this to happen a decrease 
in electricity prices is needed. 
 

 
Figure 13. Sensitivity carbon footprint for all three energy sources (e.g. green gas (GG), natural gas (NG) and grey 
electricity (grey elec)). 
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Figure 14. Sensitivity environmental impact all three energy source (e.g. green gas (GG), natural gas (NG) and grey 
electricity (grey elec)). 
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10. Discussion 
 
There is existing research on re-using manure for energy purposes [16]; however, to the authors 
knowledge, the field of matching energy demand and supply patterns using locally produced manure 
is not explored yet. The findings of this study suggest that self-produced biogas, obtained from 
manure, has the potential to increase sustainability and feasibility, while obtaining energy self-
sufficiency within a dairy farm. The results showed that the kind of energy (e.g. electricity or gas) and 
the corresponding carbon footprint and environmental impact is of great importance in determining 
which scenario is most sustainable. Furthermore, the results indicate a significant decrease in both 
carbon footprint and environmental impact for all composed scenarios. However, a decrease in annual 
costs was not seen in all scenarios. Nevertheless, potential subsidies are not taken into consideration, 
which might eventually improve economic feasibility. Subsidy policies may increase the feasibility to 
make investing in a digestion system more financially attractive, and thereby speeding up the energy 
transition and the circularity of the agricultural sector [94]. Nonetheless, one scenario indicated 
improvements in all three SI-indicators and also showing self-sufficiency, thereby meeting all 
specifications set in the introduction. These findings may help to mitigate the anthropomorphic carbon 
footprint and environmental impact caused by the agricultural sector, with the dairy sector in 
particular, while taken the costs into account to increase implementation. 
The expressions used in this research to describe sustainability were used in order to increase 
transparency and obtain an overview; however, they lack the ability to give a specific interpretation 
regarding individual environmental impacts (e.g. eutrophication). In this research it is assumed that 
the environmental impact and carbon footprint decrease as the produced renewable energy is 
exported back into the grid. However, in practice the total amount of energy production (e.g. grey 
electricity production) is not automatically levelled, like a smart-grid, which makes this assumption less 
favourable than assumed. Nevertheless, future developments may solve this issue. Furthermore, the 
carbon footprint and environmental impact of grey electricity production is most likely to be lower in 
the future, due to increased percentage of green energy in the total energy mix. However, this was 
researched in the sensitivity analysis and did not indicate any significant changes. As described in the 
results section; scenario 4 AMS is circular, self-sufficient and least costly, while scenario 5 CM show 
the lowest carbon footprint and environmental impact. Therefore, a consideration has to be made, 
which factor is more important; sustainability, self-sufficiency or feasibility. 
 
Assumptions and limitations 
 
In order to model the system used in this research, some simplifications were made. First of all, losses 
were neglected within the system. Further, any energy requirements for heat and gas transport were 
not taken into account. Besides, an important assumption, which indicates the residence time of the 
cows inside the barn and therefore the amount of manure that is able to be gathered, was assumed 
to be equal over the entire year. However, the time spent in the stables by the cows is not evenly 
distributed over the year. Thence, it is possible that the biogas generation is not constant over the 
year, as is assumed in the model. Furthermore, any practices that interrupt the AD process, like 
maintenance, is not taken into consideration, which has a lowering output on the biogas production.  
Moreover, it was assumed that the heat demand for the AD was constant over the year. However, the 
heat demand is very dependent on the ambient temperature and therefore varies during the year.  In 
this research there is made use of the EBS model, which provides the values for the SI-indicators per 
energy unit. This model is validated with a minimum input of 2000 tons of manure. However, in this 
research there is made use of a manure input of 1996 tons, which is slightly below the minimum 
threshold. Nonetheless, it is assumed that the model is still valid, even though the input is below the 
input threshold. Furthermore, the purchase costs for the milking methods are not included in the 
economic analysis. This was not done because this could give the dairy farmer a misleading perspective 
of the annual costs, since the purchase costs are processed into the annual costs. In this way an existing 



dairy farmer has a more transparent view which scenario has the most beneficial findings. In table 22 
the purchase costs of both milking methods are presented. Nonetheless, the costs calculation of the 
CHP unit, upgrader and green gas injection system were simplified. In the model it is assumed that the 
prices grow linear with size, which is in practice reasonable, however, the calculation lacks an initial 
starting value, causing an unrealistically low value for small CHP sizes.  Moreover, the grid connection 
costs are not included in the cost’s analysis, which may have an influence on the annual costs and 
therefore on the decision which scenario is financially most attractive.  
Furthermore, the energy demand patterns of both milking methods are based on data from the same 
source [20]. However, the number of cows is not equal for both milking methods, which results in a 
different total energy consumption. Nevertheless, since the energy demand pattern is of importance, 
which remains similar, the source was considered to be reliable. Furthermore, mitigation through 
harvesting and storage of manure, instead of methane losses from untreated manure is not take into 
account, which decrease the carbon footprint and environmental impact [95]. 
 
Implementation and future research 
 
This model framework can be used in defining and understanding similar systems. Alongside, since the 
RES model is flexible in use, it can be used in future research, for instance this research provides insight 
in the potential of locally produced manure for energy usage with the use of mono-digestion. However, 
other feedstocks (e.g. pig manure, chicken manure) and co-digestion and/or a combination with other 
renewable energy sources like solar and wind energy may increase the potential of energy self-
sufficiency and sustainability and thereby increasing the circularity of other sectors as well.  However, 
the RES model has a certain level of complexity that only experts in the field of modeling and biogas 
systems have the knowledge and experience to use and understand the model properly. Therefore, it 
is advised to consult an expert when using the RES model. The RES model can be used, in expert hands, 
to match energy demand and supply with the use of an AD, to increase the level of self-sufficiency and 
increasing sustainability within the agricultural sector. Further, implementation of re-using waste 
streams like the re-use of heat (e.g. from digestate) can increase the efficiency of energy and reduce 
the total energy demand. Future research may reveal if addition of electrical storage units has any 
potential in increasing the sustainability and circularity of the agricultural sector and the dairy sector 
in particular.  
 
 
 
 
 
 

  



11. Conclusion 
 
This research aimed to identify the possibilities in increasing the sustainability and circularity of the 
agricultural sector, with a focus on the dairy sector. Therefore, the following research question was 
introduced: 
 
“To what extent is self-produced biogas, obtained from manure, a more sustainable, feasible and self-
sufficient energy supplier for a dairy farm compared to electricity from the grid?” 
 
The answer to this question consists of several parts, the question if using biogas obtained from AD of 
manure is more sustainable compared to the currently used energy supply methods, is evidently 
indicated in the results, showing an improvement in sustainability for all scenarios. Further, a large 
variety of possibilities that improves sustainability is seen, which are strongly dependent on the used 
energy carrier and the potential of storage. On the part of feasibility, most scenarios showed an 
improvement when comparing to the reference scenarios, indicating a financially more attractive 
scenario. This can be allocated to the significant reduction in energy import expenditures. 
To answer the question what the possibilities are for energy self-sufficiency of the dairy farm, the used 
milking method and the potential of storage is of great importance. The results indicate that a 
combination of the automated milking system (AMS) in combination with biogas storage is the only 
scenario (scenario 4 AMS) that no additional imported energy is required and exclusively energy is 
exported, making the farm entirely autarkic and circular. While scenario 5 CM showed to be the most 
sustainable scenario. Overall, the results indicate a potential of 88 to 92% in carbon footprint 
reduction, 83 to 87% reduction in environmental impact and a costs reduction up to 26%.  
The methods used in this research briefly and clearly display the results, with the option of including 
additional data to get more accurate and/or focussed results. The final results exceeded initial 
expectations, which are more conclusive than previously anticipated. During the progress of the 
research, additional improvement scenarios were added in order optimize and find the most 
sustainable and feasible combination, resulting in 5 scenarios which were compared to the reference 
scenarios. This research shows the possibilities in matching energy demand and supply patterns with 
the sole use of locally obtained feedstock, thus stimulating circularity, to produce renewable energy. 
Thence, showing that there is potential in shaping the agricultural sector in a more circular and autarkic 
sector and thereby achieving the future set goals. 
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13. Appendix 
 

13.1 Validation of actual data and Excel modelled data. 
 
In this section the graph that belongs to the actual dataset provided by Vandelannoote [20], is 
compared to the Excel modelled graph. 

 
Figure 15. Energy demand conventional milking method for 120 cows. 

Figure 15 shows the original dataset/graph with the energy demand for 120 cows for the conventional 
milking method, obtained from Vandelannoote [20].  
 

 
Figure 16. Energy demand conventional milking method for 120 cows hourly averaged. 

Figure 16 shows the graph that is used in the Excel based model. When figure 22 and 23 are 
compared, the graphs are for the foremost share similar for some negligible part it is not.    
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Figure 17. Energy demand AMS method for 60 cows. 

Figure 17 shows the original dataset/graph with the energy demand for 60 cows for the AMS method, 
obtained from Vandelannoote [20].  
 
 

 
Figure 18. Energy demand AMS method for 60 cows hourly averaged. 

Figure 18 shows the graph that is used in the Excel based model. When figure 24 and 25 are 
compared, the patterns seem not to be very complementary. This can be explained by the chosen 
temporal resolution of 1 hour, which was necessary in order to compare these values with the solar 
irradiation and wind speed values.  
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13.2 Calculations manure productions 

 
18.12 Mg/cow/year manure production [34] 
 
2,174.4 Mg year for 120 cows total manure production 
 
2,174.4 Mg * (8040/8760) = 1,995.68 Mg manure per year INSIDE the barn. 
 
The remaining 720 hours is because FrieslandCampina, one of the largest dairy companies in the 
Netherlands, encourage farmers by incentives to let the cows out of the barn for at least 6 hours for 
120 days a year [53]. 
 

13.3 Values changed in EBS model 
. 

Table 11. Updated values in “Specific database” tab used in EBS model. 

Main components Values Unit Source 
Heat use digester 108.85 MJ/Mg [78] 
Electricity use digester 31.44 MJ/Mg [78] 
Loss of biogas digester 0.044 % [80] 
Electricity use 
membrane upgrader 

0.9 MJ/Nm3 [76] 

Loss of methane in 
filtrate 

0 % [80] 

Manure scraper 1.26 MJ/Mg FM [57] 
Manure storage mixer 0.24 MJ/min FM [81] 

 

Table 12. Values used in “Professional settings” tab in EBS model. 

Main components Value Unit Source 

Time spent in stables 
by cows 

92 % [53] 

Collection transport 
distance 

0 km Assumption 

Loss of manure during 
collection 
 

 
0 

Kg Assumption 

Green gas injection 
Loss of green gas 
(methane) 

 
0.001 

 
% 

 
[16] 

  



13.4 Costs values 
 
Table 13. CAPEX 

 Value Unit Source 
CHP 946.16 Euro/kWe [83] 
Digester 53.64 Euro/Mg FM.year [85] 
Mixers digester 5800 Euro/piece [89] 
Pre-filter 10325 Euro [26] 
Upgrader 4024.88 Euro/(Nm3/hr) [85] 
Manure scraper 15200 Euro [88] 
Gas boiler 13000 Euro  
Green gas injection system 550 Euro/(Nm3/hr) [85] 

 
Table 14. OPEX 

 Value Unit Source 
Mixers digester 5800 Euro/piece [89] 
Gas grid connection     
Electricity grid connection     

 
13.5 Net Load Duration Curve (NLDC) 

 
 

 
Figure 19. Net load duration curve of scenario 1 CM. 

Figure 19 shows the net load duration curve of conventional milking (CM) method. When the energy 
supply is higher than the energy demand (oversupply), the curve is above the X-axis and when the 
supply is smaller than the demand (shortage) the curve is below the X-axis. Figure 26 shows that 
there is a shortage of electricity for 6 hours a day. During this period is additional energy is needed, 
the form of energy is dependent on the scenario.  
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Figure 20. Net load duration curve of scenario 1 AMS. 

Figure 20 shows the net load duration curve of the automated milking system (AMS) milking method. 
It shows that there is a shortage of electricity for 6 hours a day. During this shortage additional 
energy is needed, the kind of energy is dependent on the scenario.   
 

13.6 Sensitivity analysis 
 

Table 15. Adjusted values for simulating the SI-indicator values for grey electricity mix. 

SI indicators Original 
value 

-10% +10% Unit Source 

Carbon footprint (GWP 100) 0.6372 0.5735 0.7009 kg CO2-eq/kWh [55,56] 
Environmental impact 0.10152 0.0914 0.1128 Pt/kWh [55,56] 
Electricity price 0.22 0.198 0.242 Euro/kWh [86] 

 

Table 16. Values used for natural gas of the Netherlands. 

SI indicators Original 
value 

-10% +10% Unit Source 

Carbon footprint (GWP 100) 1.911 1.720 2.102 kgCO2/Nm3 [55,56] 
Environmental impact  0.217 0.195 0.239 Pt/Nm3 [55,56] 
Costs 0.77 0.693 0.847 Euro/Nm3 [86] 

 

Table 17. Adjusted values used for green gas. 

SI indicators Original 
value  

-10% +10% Unit Source 

Carbon footprint (GWP 100) 1.036 0.932 1.140 kgCO2/Nm3 [26] 
Environmental impact  0.196 0.176 0.216 Pt/Nm3 [16] 
Costs (feed-in tariff) 0.622 0.56 0.684 Euro/Nm3 [87] 
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Table 18. Adjusted values used for CHP unit and upgrader. 

 Original value -10% +10% Unit Source 
CHP unit 946.16 851.54 1040.78 Euro/kWe [83] 
Upgrader 4024.88 3622.39 4427.37 Euro/(Nm3/hour) [85] 

 
13.7 SI-indicator values per energy unit 

 

Table 19. Carbon footprint per energy source. 

Carbon 
footprint 

Value Unit Source 

Green gas 0.101656 kg CO2-eq/kWh [55][56] 
Natural gas 0.19656 kg CO2-eq/kWh [55][56] 
Grey electricity 0.6372 kg CO2-eq/kWh [55][56] 

 
Table 20. Environmental impact per energy source. 

Environmental 
Impact 

Value Unit Source 

Green gas 0.02016 Pt/kWh [55][56] 
Natural gas 0.02232 Pt/kWh [55][56] 
Grey electricity 0.10152 Pt/kWh [55][56] 

 
Table 21. Costs per energy source. 

Costs Value Unit Source 
Green gas (sell) 0.064 Euro/kWh [87] 
Natural gas 0.0792 Euro/kWh [86] 
Grey electricity 0.22 Euro/kWh [86] 

 
  



13.8 Sensitivity Analysis graphs 
 
‘GG’ indicating Green Gas 
‘NG’ indicating Natural Gas 
‘Grey elec’ indicating grey electricity mix 

 
Figure 21. Sensitivity analysis on GWP(100). 

 

 
Figure 22. Sensitivity analysis on environmental impact. 
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Figure 23. Sensitivity analysis on costs. 



 
13.9 Milking methods 

 
Table 22. Costs milking methods. 

Milking method Min value Max value Unit Source 
Conventional milking 
(CM) 

85.000  150.000 Euro [92] 

Automated milking 
system (AMS) 

110.000 180.000 Euro [91] 

 
13.10 Adopted values of EBS model 

 
2.511 kWe internal use CHP to supply sufficient energy to run AD system, in ‘energy saver’ tab. 
 
98% efficiency biogas boiler adopted from the EBS model, ‘professional settings’ tab. 
 

13.11 RES model overview as described in chapter 5 
 

 
Figure 24. The database tab within the RES model. 

 



 
Figure 25. Gas boiler tab within the RES model. 

 
Figure 26. SI-indicator values per energy source. 

 
Figure 27. Main results carbon footprint in kgCO2/year (orange) and environmental impact in Pt/year (yellow). 



 
Figure 28. Costs file in the scenario results tab within the RES model. 

 
 

 
Figure 29. Sensitivity analysis tab in RES model. 

 

14. Working with the RES model 
 
The construction of the model is comprehensible when some background knowledge of the topic is 
known. Therefore, an expert in the field of biogas production is able to operate the RES model. This 
section was developed in order to make the RES model more comprehensible for users. The RES model 
consists of 5 tabs (Fig. 30), each tab displays its own output, jointly resulting in the end-results. In order 
to increase comprehensibility of the RES model these tabs are described in the sections below. 

 
Figure 30. The main sheets in the RES model. 



14.1.1 Database tab 
 
The first tab is the ‘database’ tab, in this tab all the variables are presented, as described in figure 30. 
This tab consists of 4 different sub sections; ‘primary variables’, ‘primary database’, ‘primary input’ 
and ‘results/outputs’ (Tables 23 – 26). When values are changed within the ‘primary variables’, 
‘primary database’ or ‘primary input’ sections, the values in the ‘results/outputs’ section automatically 
adjust with them. For instance, the number of cows can be altered in order to determine the available 
quantity of manure (Table 23). Besides, the most relevant output; the biogas production per hour, is 
presented in the database tab as well, but shown into a particular section into more detail (Table 26). 
Other used variables are presented in table 23, for example the CHP efficiency for heat and electricity. 
All 4 sub sections (e.g. ‘primary variables’, ‘primary database’, ‘primary input’ and ‘results/outputs’) 
are described into further detail in this chapter. 
Overall, the ‘database’ tab can already give an indication in the hourly biogas production. However, in 
order to get to the main results (SI-indicators) a deeper look into the model is needed. In appendix 
section 13.11, figure 24 an overview of the ‘database’ tab is presented. 
 

14.1.1.1 Primary variables section 
The primary variables section contains data for calculating the amount of manure that is available for 
harvesting, for example the number of cows and the time spent in stables, indicated with red 
rectangular shape (Table 23). Furthermore, the CHP size; which is dependent on the total amount of 
manure input and the efficiency for heat and electricity are displayed here. These results are 
consequently indicated in the ‘results/outputs’ section (Table 26). All the used variables in this 
database can be changed. 
 
Table 23. Primary variables section in RES model. 

  



14.1.1.2 Primary database section 
The primary database section contains literature-based data including energy flows and the related 
costs, so are the corresponding energy uses for processes within the system shown here, for example 
the internal energy use of the AD system, indicated with red rectangular shape (Table 24). Further, 
data about manure production and content, for example the organic dry matter (oDM) fraction of 
manure, is presented here. The energy content and the biogas and green gas content per ton of oDM 
manure are shown. In order to determine the feasibility, the costs for all used energy sources were 
included, for example the gas price per 1 Nm3 (Table 24). These values are, together with the primary 
variables, used to simulate the values presented in the ‘results/outputs’ section (Table 26). These 
values (Tables 23 & 24) are flexible in use and can be adjusted when more, accurate and/or updated 
values are available. 
 
Table 24. Primary database section in RES model. 

 
 

14.1.1.3 Primary input section 
The primary input section contains data for calculating the amount of biogas/green gas production, 
which is finally displayed in the ‘results/outputs’ section (Table 26). The data within the ‘primary input’ 
section is a result of both the primary variables (Table 23) and the primary database (Table 24) values 
combined, for example the Biomass production (indicated with red rectangular shape) as shown in 
Table 25, is a multiplication of the number of cows (Table 23) by Production per cow (Table 24).  



Table 25. Primary input section in RES model. 

 

 
14.1.1.4 Results/outputs section 

The results/outputs section contains data which is a result of multiplying multiple values presented in 
the previously described sections within the Database tab (e.g. ‘primary variables’, ‘primary database’ 
and ‘primary input’). For example, the biogas production (indicated in red rectangular shape) as 
presented in table 26, is a multiplication of biogas content of manure (Table 24) by biomass flow in 
digester in Mg DM/hour (Table 25). 
 
Table 26. Results/Outputs section in RES model. 

 
 

14.1.2 Electricity tab 
 
In the ‘electricity’ tab, the electricity demand and supply for every hour in a day per scenario is 
displayed. Furthermore, the tab displays the amount of the surpluses and/or shortages of electricity 
or gas per hour. With the use of this data, the total surplus and/or shortage can be determined (e.g. 
amount of gas that is exported in combination with the amount of electricity that is imported). In this 
tab it is possible to add scenarios, which eventually are adopted in the remaining tabs.  



14.1.3 Gas boiler tab 
 
In the ‘gas boiler’ tab, is similar to the electricity tab only now the energy requirement of the gas boiler 
is added, which is then translated back into the additional required amount of biogas or natural gas. 
The gas boiler is added, since the re-use of heat from the CHP unit is not sufficient during the entire 
day. This makes the gas boiler tab a more extensive and thereby more accurate part of the model than 
the electricity tab. Furthermore, the gas boiler tab also displays the amount of the excess heat, which 
is eventually discarded. Tables 27 and 28 present a small part of the gas boiler tab, in these tables the 
energy demand (in kWh) (table 27) and additional heat demand (in MJ) that is supplied by the gas 
boiler (table 8) for one scenario for the first 2 hours are presented, both indicated in red rectangular 
shape. 
 
In table 27 the electricity demand of the first 2 hours in one scenario is displayed. Showing the amount 
of green gas (in Nm3) that is used to meet the demand, indicated in green. Further, the heat demand 
of the digester (Heat need digester) and the heat supply by the CHP unit (Heat by CHP) for these hours 
are shown in table 28. In the last tab, the additional heat requirement supplied by the gas boiler is 
shown. The required amount of gas (e.g. Green gas need for boiler; in table 29) or the excess amount 
(‘not used gas’) is shown in table 29. When the total daily surplus is determined this value can be used 
in the scenario results section (section 14.1.4). Figure 25 in appendix section 13.11 shows the entire 
gas boiler tab. 
 
Table 27. First part, of one scenario for 2 hours, in the gas boiler tab in the RES model. 

 
 

Table 28. Second part, of one scenario for 2 hours, in the gas boiler tab in the RES model. 

 
Table 29. Third part of, one scenario for 2 hours, in the gas boiler tab in the RES model. 

 
 

14.1.4 Scenario results 
 
In the ‘scenario results’ tab, the results for each scenario per SI-indicator are displayed (Table 31 & 32) 
and the SI-indicator values per energy source and unit are displayed (Fig. 25 appendix 13.11). To get 
to the results presented in tables 31 and 32, the results from the gas boiler tab (e.g. left-over green 
gas in Nm3 or shortage, shown in the last tab of table 29) are multiplied by for example the SI-indicator 
value displayed in table 30, depending on the energy source, for example the carbon footprint in 
kgCO2/Nm3. This is done for all three SI-indicators, resulting in the values displayed in tables 31 and 
32. All values are shown in figure 26 in appendix section 13.11. 
 
Table 30. Carbon footprint for natural gas in kgCO2/Nm3. 

 
 
 
  



In table 31, scenario 1 AMS is shown. In order to determine the carbon footprint and the 
environmental impact, the ‘emissions done by CHP own gas’ are summed up with the amount of 
electricity and gas that is bought (‘buy elec’ & ‘buy gas’). Next, the value that is sold (‘sell gas’ and ‘sell 
elec’) is subtracted from the summed values (‘emissions done by CHP own gas’ & ‘buy elec’ & ‘buy 
gas’), resulting in total emissions/environmental impact (table 31). Figure 27 in appendix section 13.11 
show the entire tab for both SI-indicators.  
 
Table 31. Main results carbon footprint in kgCO2/year (orange) and environmental impact in Pt/year (yellow) for scenario 1 
AMS). 

 
 
The NPV table is split up into multiple tables in order to provide a clear overview. Calculations, as is 
done for the carbon footprint and environmental impact, is done for the costs, however CAPEX and 
OPEX are now included (Tables 33 & 34), which are summed up to the costs of gas and electricity (‘total 
energy costs’), shown in table 32. In the model the costs calculations are based on an NPV costs analysis 
with a technical lifespan of 25 years as described in chapter 3. Additional costs or revenues (e.g. 
subsidies, interest) can be programmed into the model.  
 
Table 32. Main results NPV in euro/year for one scenario . Table 33. CAPEX in RES model for one scenario. 

 
 
Table 34. OPEX and total costs for one scenario. 

 



14.1.5 Sensitivity analysis 
 
Constructing the ‘sensitivity analysis’ tab, the ‘scenario results’ tab is copied and the influence of each 
energy source per scenario is determined. This is performed by using the ‘What-If-Analysis’ option in 
MS Excel. In the ‘sensitivity analysis’ tab it is possible to add additional scenarios, perform an additional 
sensitivity analysis on other variables and vary the values used in the sensitivity analysis. Table 15 
displays the sensitivity analysis for all three SI-indicators (displayed as: kgCO2, Pt, Euro) for scenario 1 
AMS and 1 CM. Subsequently, these values are plotted in figures 21-23 in appendix section 13.8. ‘GG’ 
indicates green gas, ‘NG’ natural gas and ‘Grey elec’ indicates grey electricity.  
 
Table 35. Part of the sensitivity analysis tab in RES model. 

 


