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Abstract
Methane from dairy cows has a significant impact on the Global Warming Effect. This
impact can only be reduced by biological oxidation of the methane at ambient
temperature in a collective (multi cow) system.
Tests with Methane Oxidizing Bacteria showed that they can oxidize methane in air down
to 2 ppm(v) if they are grown exponentially.
A concept of a methane abatement system based on this result is proposed. However
this concept will lead to high methane abatement costs. Therefore permitting authorities
cannot enforce farmers to install such a system.
A total other concept to oxidize methane is proposed, but not developed and evaluated
as it is out of scope for this project.
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1. Executive Summary
Dairy cattle is one of the biggest sources of methane. Methane is a very strong Green
House Gas. Therefore, the methane from dairy cows has a significant impact on climate
change.
A cow is producing 175 kg methane per year: 125 kg/y is emitted directly into the air
(mostly via the mouth) and 50 kg is generated during manure digestion.
The aim of the present study is to identify systems that can effectively abate dairy cattle
methane emissions both from a technological and economic point of view and so help
reducing climate change.
Intermediate conclusions of this study are:
- the methane emitted by a dairy herd has to be abated by a collective system
- the cows have to be kept in a closed stable permanently
- the amount of ventilation air is 410 m3/cow/h under Dutch conditions
- the methane concentration in the ventilation air is ~ 50 ppmv
- methane recovery is not economically feasible
- the only possibility is to oxidize the methane at ambient conditions by bacteria.
With the help of the Netherlands Institute of Ecology (NIOO-KNAW) methane oxidizing
bacteria were found in peat of wetlands. However the oxidizing capacity of the peat was
far too low (by a factor of 104) to result in reasonably sized bio filters.
Tests indicate that the oxidizing capacity of peat can be increased by a factor of 15 only.
Based on the conclusions of the tests at NIOO, a second series of tests were executed at
the Radboud University in Nijmegen.
These tests showed that:
- Exponentially grown bacteria can oxidize methane down to (or below) the
methane concentration in ambient air (1.7 ppmv)
- Bacteria suffer starvation at low methane concentrations
Based on this information and on the assumption that (shortly) starved bacteria “reenergize” when exposed to conditions for exponential growth, a methane abatement
concept is proposed.
Exploratory calculations show that this concept resulted in high operational costs as well
as high capital charges. Based on a Cost Effectiveness estimation, authorities cannot
enforce such a methane abatement method under the present emission policy for the
industry.
Literature indicates that methane oxidizing bacteria can oxidize methane out of ambient
air during a certain time. Thus, exponentially grown bacteria spread out over the land of
the farmer may form a “methane sink”. Next to the fact that it will be hard to monitor the
effectiveness of this concept it has to be sorted out whether this is legally allowed.
However, evaluation of this concept is outside the scope of this project.
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2. Introduction
Dairy cattle is one of the biggest sources of methane: a cow produces approx. 175 kg/y
methane, of which approx. 75 % is emitted directly into the air (mostly via the mouth)
(lit. 1).
Methane is a Green House Gas (GHG). Its global warming potential is 21-23 times higher
than that of carbon dioxide (weight basis).
Therefore, the methane from dairy cows has an serious impact on climate change.
The Courage Foundation (www.courage2025.nl) strives for a sustainable dairy industry in
The Netherlands. Courage is an initiative of Dutch Federation of Agriculture and
Horticulture (LTO Nederland; www.lto.nl) and Dutch Dairy Association (NZO;
www.nzo.nl). The Courage Foundation stimulates and supports innovations in the Dutch
dairy industry.
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3. Project initiation and execution
Courage (www.courage2025.nl), together with InnovationNetwork
(www.innovatienetwerk.nl), assigned ACORDIO BV, chemical engineering consultants
(www.acordio.eu), to investigate the possibilities to abate the effect of methane
produced by dairy cattle on climate change.
The investigation was executed based on work done at the Technical University of Delft
in cooperation with Wageningen University (www.wur.nl; www.tudelft.nl). Furthermore
the Netherlands Institute of Ecology (NIOO-KNAW, www.nioo.nl) and the Radboud
University Nijmegen (www.ru.nl) were involved in selecting and testing methane
oxidizing bacteria.
The progress of the investigation was supervised by a steering committee to which
intermediate statuses were reported. The steering committee was involved in the
intermediate conclusions and set the path forward. The committee consisted of
stakeholders from agriculture, government and academia.
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4. Methane emission and thermal heat stress
4.1 Introduction
Cows are emitting methane generated in their stomachs while digesting their food. Most
of this methane leaves their bodies with the breath.
Furthermore, cows produce heat which is dissipated by sensible heat and by perspiration
(latent heat).
Cows become stressed when the temperature, together with the humidity of air, rises. At
higher stress levels, the cows produce less milk or even worse (lit. 1).
In this chapter it is made clear why a collective methane abatement system is chosen
and how the maximum amount of ventilation air is determined. This amount of
ventilation air, together with its methane concentration is the basis for the methane
abatement system.

4.2 Methane emission
Information from Wageningen University with respect to the methane emissions by
cows:
- 125 kg methane/cow/year emitted directly into the air
- 50 kg methane/cow/year emitted during manure digestion
4.3 Individual-/collective systems
The value of the methane directly emitted into the air is approx € 50,=/year/cow
(basis € 0.25/m3 for natural gas). This value doesn’t allow for individual systems per cow
to capture the methane and to process it obtaining natural gas quality methane.
Furthermore such systems seem animal unfriendly.
Therefore the investigation will focus on collective (multi cow) methane abatement
systems.

4.4 Design Basis:
The consequence of collective methane abatement systems is that:
the cows have to be kept permanently in closed stables.
For the design basis a herd of 100 cows is assumed.
The methane emitted per cow in the stable is 125 kg/y
Aimed removal of the methane emitted in the stable > 90 %
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For exploratory calculations, the following values are assumed:
- The average values for the cows:
Weight:
675 kg
Milk production:
25 kg/day
Days of pregnancy: 50
- The Global Warming Potential of methane: 23 kg CO2/kg methane
- The Lower Heating Value (LHV) of methane/natural gas : 55 MJ/kg
- Economic value of methane (as natural gas):
€ 0.25/Nm3
- Electrical power costs:
€ 0.07/kWh
- Efficiencies of pumps/blowers: 70 %

4.5 Cattle stable conditions
Cows are dissipating heat as sensible heat (Фs) and latent heat (Фl, perspiration)
The total heat dissipation (@ 20°C) is given by (lit. 4):
Фtot= 5.6*m0.75+22*Y+1.6*10-5*p3 (Watt)
where:
m = mass weight of cow (kg)
Y = milk production (kg/d)
p = days of pregnancy
The sensible heat (ФsHPU) per Heat Producing Unit (HPU; standard cow which dissipates
1000 Watt as Фtot @ 20°C) is given by:
ФsHPU=0.71*(1000+4*(20-t))-0.408*t2 (Watt)
Where:
t = indoor temperature (°C)
Фs = Фtot /1000* ФsHPU (Watt)
The relation between the total -, sensible- and latent heat dissipated by the cows in a
model stable is given in lit. 4:
Фl = Фtot - Фs (Watt)
It follows from the above equations that:
1) Total heat production per cow @ 20°C is 1293 Watt of which 707 Watt is dissipated as
sensible heat and 586 Watt is dissipated by perspiration and
2) The perspiration causes a water evaporation of approx 1 kg water per cow per hour.
The consequences thereof are: the air in the stable is heated by the sensible heat and
the partial pressure of water vapour increases due to the perspiration.
Cows will be stressed when the temperature and humidity are high. At elevated stress
conditions the milk production decreases (or even worse).
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The stress conditions are correlated to the Temperature Humidity Index (THI), which is
expressed as (lit. 1, 5):
THI= Tdb + 0.36*Tdp + 41.2
where:
Tdb = Dry Bulb Temperature (°C)
Tdp = Dew Point Temperature (°C)
The stress seriousness is shown in the table 1 below (lit. 2, 3):
THI< 71
No Stress
71 <THI< 79
Mild Stress
79 <THI< 90
WHOOEE!!
90 <THI< 100
Severe Stress
100 <THI
Dead Cows
Table 1: Relation between Temperature Humidity Index and Cow Heat Stress
4.6 Ventilation air
For a maximum milk production, the THI has to be below 71 (lit. 1,5). Even under Dutch
weather conditions, this value will be exceeded in daytime in summer.
As the cattle stables will be ventilated by ambient air the THI in the stable will be higher
than outdoor, due to the sensitive heat and the water respired by the cows.
In the steering committee it was agreed that, based on the Dutch weather conditions in
2007 (as reported by the Dutch Meteorologic Institute (KNMI)), a ventilation air quantity of
410 m3/h/cow will be sufficient (lit. 1).
However under some weather conditions (f.i. summer and thunderstorms; temp. > 35°C
and RH > 75% in the stable) the cows can suffer severe stress if no appropriate actions
are taken, such as: cold water showers, maximum ventilation by opening windows and
doors, bringing the cows in the open air, etc.
Above conclusion results in a maximum ventilation air quantity of 41000 m 3/h for a stable
of 100 cows, and in a minimum methane concentration in the ventilation air ex stable of
53 ppmv.
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5. System boundaries and constraints
The aim of the project is to reduce the Global Warming Effect (GWE) of the methane
directly emitted into the atmosphere. The Global Warming Effect is expressed in CO2equivalents
The total amount of methane emitted per cattle stable is 12500 kg/y, which is equivalent
to 287500 kg CO2e.
The purpose of the project is to reduce the overall CO2e, including the CO2 emitted due
to the generation of the electrical power needed for the system (most important: the
ventilation fan). This project boundary is correct as long as electrical power generation
with fossil fuel is required to fulfil the electricity demand by the community.
The assumptions that the electricity is generated by burning natural gas (= methane) and
that the efficiency towards electricity is 40 %, result in 0,45 kg CO2 emitted per kWh.
This means that:
- the maximum (continuous) power consumption must be below 73 kW and
(73 kW during one year (365 days of 24 hrs) results in 287500 kg CO2)

-

the maximum pressure drop in the vent gas system must be below 0.045 bar
(Electrical power for a fan* Фe (kW) = ΔP (kPa)* Фv (m3/s)/µ; µ is efficiency;1 bar = 100 kPa); *pressure increase low
compared to absolute pressure)
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6. Methane abatement concepts (lit.1)
A number of methane abatement concepts might be applicable in the present situation.
These are systematically evaluated below.

6.1 Methane recovery
- Adsorption/desorption
The advantage of such a system could be that the methane can be recovered and used
economically.
The value of recovered methane amounts to € 5000.= per stable per year.
Due to the low methane concentration in the vent gas, large amounts of adsorbents are
required, and a TSA (temperature swing adsorption) is to be applied.
The pressure drop in the adsorption bed requires a high power input for the ventilation
fan, resulting in a high CO2emission for the power generation. Next to that the heating of
the saturated adsorbent result in an extra CO2 emission.
Furthermore, the investment costs for this system will be high as well as the operational
costs
Overall, this system will not result in an overall reduction of the GWE and is not
economically feasible.
- Absorption/stripping
For similar reasons an absorption/stripping system will not be viable.

6.2 Methane oxidation
A GWE reduction can also be achieved by the oxidation of methane:
The Global Warming Effect of 1 kg methane is:
The oxidation of 1 kg Methane gives
Therefore:
Overall GWE reduction by oxidizing 1 kg methane:

23.00 kg CO2e
2.75 kg CO2
20.75 kg CO2e

The following systems treat the gas while the methane is still in the bulk of the vent gas:
- Direct use of vent gas:
The amount of the vent gas as combustion air for a gas engine powered by bio gas from
an anaerobic manure digester at the dairy farm is far too big.
- Corona plasma
Oxidizing the methane by a Corona plasma system requires far too much electrical power
(in the order of magnitude of megawatts)
For other oxidation concepts the methane has to be transported to a surface.
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As shown above there is a very strict constraint in the allowable pressure drop over the
methane removal system: 0.045 bar. So, a first check is done to investigate whether the
methane can be brought to a surface within this constraint.
In case all of the pressure drop is needed for the most advantageous symmetry, catalytic
nor biological oxidations will result in GWE reductions, due to any other extra pressure
drop in the entire system (f.i. in ducting)
Therefore the required area and pressure drop is estimated for honeycomb monolith
reactors, as these have the lowest pressure drop compared with other categories and
high geometric surfaces. Monolith reactors are ceramic blocks containing a large number
of parallel channels over the entire length of the block, separated by thin walls.
Calculations are performed at a ceramic honeycomb reactor with the following features:
- cell density:
400
parallel channels per square inch
- open frontal area:
71
% void fraction
- ceramic wall thickness
0.2 mm
- channel hydraulic diameter:
1.1 mm
- specific geometric area:
2780
m2/m3
- monolith reactor diameter
0.15 m
For this check calculation it is assumed that methane is transported from the bulk to the
monolith surface assuming that at this surface the CH4-concentration is zero.
Due to the small channel diameter, high mass transfer coefficients are achieved.
Together with the high specific area this results in small, short reactor blocks, which
require only very little pressure drop to force the ventilation air through the channels.
Calculations show that it is possible to bring the methane to the surface within the
pressure drop constraint, provided that the reactor channels have a diameter in the order
of 1 mm.
Note: 100 parallel monolith reactors of the above specification require far less pressure
drop than available (approx 10%). Build in a square pitch, these reactors require a plane
of approx. 1,5 x 1.5 m. This will result in a reasonably sized reactor system
- Catalytical oxidation
The auto-ignition temperature of methane is ~ 580 °C, while the ignition temperature of
methane at combustion catalysts varies from 400 – 550 °C.
For a scheme of a catalytic oxidation using monoliths: see the figure 1.
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Fig 1: Catalytic methane combustion
The adiabatic temperature rise when the methane in the vent gas oxidises is 1.3 °C.
The gas to the reactor has to be heated till the ignition temperature by counter current
heat exchange with the gas ex reactor.
The big gas flow, the small temperature difference and the low heat transfer coefficient in
a gas-gas heat exchanger require (next to the reactor) an extremely huge heat
exchanger, which is unpractical and extremely expensive.
A possibility to reduce the size of this heat exchanger is adding some natural gas with the
vent gas into the reactor. However at an adiabatic reaction temperature rise of 10 °C the
overall GWE-reduction is already zero due to the CO2 from the combusted added natural
gas.
This increase in temperature difference would still result in a huge heat exchanger.
When the CO2-release due to the electrical power for the blower is also taken into
account (high pressure drop in the heat exchanger and reactor) this concept is not
technically feasible (will result in an increase in the GWE).

- Biological oxidation
From the above evaluation of concepts the conclusion is drawn that the only possibility to
reduce the GWE of methane emitted by cows is to apply biological oxidation at ambient
temperatures.
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7. Methane oxidizing bacteria (MOB)
7.1 Introduction
After the conclusion in the previous chapter, the Netherlands Institute of Ecology (NIOOKNAW) was involved in the project, to test the methane oxidizing capacity of peat
methanotrophic communities at low methane concentrations. Peat was chosen because
the predominant methanotrophic bacteria in peat are capable of oxidizing methane at
high as well as low methane concentrations.
Furthermore, peat could be a good support for the required bioreaction as its structure
contains many small air channels and it may contain nutrients required for bacteria
growth.
NIOO took some peat from Dutch wetlands. The peat was taken from a position where
aerobic conditions exist above a biogas producing underlayer.

7.2 Tests at NIOO (lit. 6, 7)
The above peat (as taken) was exposed to air with 50 ppmv methane at room
temperature (~20 ºC) in a small container and the decrease in concentration of the
methane was followed in time. See fig 2 below.

Fig 2: a Experimental set-up
b Methane concentration as function of time (hours)
The conclusions of this experiment were:
1) there are Methane Oxidizing Bacteria (MOB) in the peat sample which are capable
of reducing methane in air from 50 ppmv down to 5 ppmv
2) extrapolation indicates that the bio reactor should have a peat volume in the order
of magnitude of 350000 m3!
This means that the methane consumption has to be accelerated by roughly a factor of
104 to obtain a more realistic reactor size of 35 m3.
For that reason a second set of experiments was conducted by NIOO-KNAW.
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The aim of these experiments was to assess whether MOB, in the above peat with the
capacity to consume 50 ppmv methane, can be enriched in order to increase the
degradation capacity of the peat for methane in vent gas from cow stables.
The objectives were:
1) to assess whether MOB grow at 5000 ppmv methane in air
2) to assess whether the MOB enriched in this way, have a higher capacity to
degrade 50 ppmv methane in air
3) to test the effect of nutrient additions on growth at 5000 ppmv CH4 in air and
subsequent consumption of 50 ppmv CH4 in air by MOB
4) to test the effect of moisture content of the peat on the consumption of 50 ppmv
methane in air by MOB.
The conclusions are:
1) By repeated addition of methane to 5000 ppmv in the air, MOB in the peat capable
of degrading 50 ppmv methane in air were enriched
2) In combination with addition of a common growth medium the degradation rate of
50 ppmv methane in air was increased by a factor 7
3) Growth of MOB in peat monoliths is limited by as yet unknown reasons
4) Decreasing the moisture content to 70 % led to another increase of the
degradation rate at 50 ppmv methane in air by a factor 2 (meaning that the water
influences the methane transfer from the air to the MOB)
5) The desired increase in methane consumption rate cannot be achieved in peat,
but will require the use of batch cultures in reactors *)
6) Methylocystis strains of MOB are recommended to be used for the above
mentioned batch cultures, as they require the least methane in air for growth and
maintain atmospheric (1.75 ppmv) methane oxidation for the longest time (lit. 9)
*) It is expected that the desired methane consumption rate at 50 ppmv can only be achieved by growing MOB under optimal
conditions to reach densities of 109 cells/cm3 (factor 10.000 compared to densities in peat). Combined with non-diffusion limited
transfer of methane to the MOB, the desired degradation capacity of methane may be achieved. This will require a reactor-type of set
up (e.g. a trickle bed with immobilized MOB).

7.3 Tests at Radboud University Nijmegen (lit. 8)
Based on the conclusions of the tests at NIOO, a second series of tests were executed
at the Radboud University in Nijmegen.
The aims of the test were:
1) to investigate the oxidation kinetics of MOB
2) to investigate the response of MOB to low methane concentrations.
The tests were executed on Methylocystis strain h2s (Mcystis), supplied by NIOO (dr.
Paul Bodelier).
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- Introduction
The tests were set-up as follows;
- the MOB were grown under exponential growth conditions (no growth limitations
by methane, nor nutrients)
- with these bacteria, bottle incubations were conducted: bottles are incubated with
this (diluted) culture. After closing the bottle, the methane concentration in the air
is brought to the required start concentration. The bottles were continuously
shaken and the methane concentration in the air in the bottle was followed in
time.
- Then the bacteria were adapted to a low methane concentration
- After the adaptation, bottle incubations with this (diluted) adapted culture were
conducted.

- Exponential Growth:
The bacteria were grown exponentially at high methane concentrations in a batch
fermenter until an optical density OD600 of 0.7 was obtained. Then the fermenter was
operated continuously by pumping through growth medium (dilution rate 0.06 h-1).
Eventually the optical density OD600 became 0.56 and the methane concentration in the
gas ex fermenter became 14000 ppmv).
Bottle incubations with this culture, starting with 80 and 500 ppmv methane in the gas
phase, show a constant first order decrease of the methane down to the detection level
of methane (2 ppmv). See figure 3a, Note: Mcystis= Methylocystis strain h2s
Dilution tests in bottles (dilutions 6 – 100 times, starting methane concentration in gas: 50
ppmv) show:
1) initial methane oxidizing rates: 80 – 90 µmol.g-1.h-1 at 50 ppmv
2) after some time the rate constants went down and the methane concentrations
levelled out to constant values. The higher the dilution, the higher the end
concentration of methane *).
*) This may be caused by energy limitation since the cells have to cope with low methane concentrations for extended periods of
time. During a short incubation cells may perform methane oxidation by means of a limited amount of (stored) electron donor.

- Adaption to low methane concentration:
The culture in the above described continuous fermenter (OD600: 0,56; Methane out:
14000 ppmv) was fed with a methane concentration of 230 ppmv and the culture medium
pump was switched off.
Under these conditions the bacteria were not able to grow and an optical density (OD 600)
decline was observed. See figure3b.
After 40 days of “starvation” the OD600 had dropped from 0.57 to 0.13 and the methane
concentration of the gas ex fermenter became 150 ppmv.
Dilution tests in bottles with this culture show:
1) an initial methane oxidation rate of 60 µmol.g-1.h-1 at 50 ppmv
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2) the inability to oxidize methane at very low methane concentrations over extended
periods of time. The higher the dilution, the higher the end concentration methane.
See figure3c:
When these dilution tests were repeated with this culture after 49 days of “starvation”, the
initial methane oxidation rate at 50 ppmv dropped to only 20 µmol.g-1.h-1.
Note: There is no indication that MOB adapted to low methane concentrations express a
high affinity methane mono-oxygenase, the key enzyme for the oxidation of methane.
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a

b

c

Fig 3: a Methane oxidation by Mcystis
b Optical density Mcystis culture at starvation
c Methane oxidation by diluted starved cultures
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8. Conclusions
The chapters before, do lead to the following conclusions:
1) Only a collective system for the reduction of the GWE by the methane (emitted
directly into the air by cows) is to be considered (chapter 4.2)
2) The only possibility to obtain an overall reduction of the GWE by this methane is to
oxidize it biologically at ambient temperature (chapter 6.2)
3) Tests show that exponentially grown MOB can reduce methane concentrations
from 50 ppmv down to 2 ppmv (detection level at tests), with an initial methane
oxidation rate of 80 – 90 µmol.g-1.h-1.(chapter 7.3)
4) “Starved” MOB show lower initial methane oxidation rates than exponentially
grown ones:
Period of starvation
Initial methane
@ 150 ppmv CH4
oxidation rates
(days)
(µmol.g-1.h-1)
0
80 - 90
40
60
49
20
5) MOB seem to be able to oxidize a certain amount of methane per cell at low
methane concentrations. (chapter 7.3)
6) A trickle bed reactor with immobilized MOB* on a fixed bed will not be possible as
the bacteria loose their ability to oxidize methane when exposed a long time to low
methane concentrations.
*) see remark at conclusion 5 of chapter 7.b
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9. A methane abatement concept
9.1 Introduction
From the conclusions above it becomes clear that only exponentially grown MOB can
oxidize the methane in the vent gas of cattle stables to the required level.
Under the assumption that MOB (after being shortly exposed to low methane conditions)
“re-energize” under exponential growth conditions the following concept might be
possible (lit. 9).

9.2. The concept

Fig 4: Process scheme methane abatement
Process description:
At some farms, manure is anaerobically digested producing biogas at atmospheric
pressure.
Normally, all the biogas is combusted in a gas engine to produce electricity.
This biogas contains approx. 65 %v methane and 35 %v carbon dioxide.
In the above scheme, part of this biogas is diluted with air and fed into the fermenter.
The methane concentration in this air is controlled to allow the MOB in the fermenter to
grow exponentially.
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The off gas of the fermenter flows as combustion air into the gas engine, where the
remaining methane is combusted together with the rest of the biogas.
The MOB are fed out of the fermenter into a spray column. Here they are brought in
contact with the vent gas out of the cattle stable.
Notes:
1) the MOB have to stay approx 10 seconds in the line from the fermenter before
being sprayed in the column, in order to achieve a methane concentration in the
liquid low enough to absorb methane out of air with 5 ppmv methane (requested
outlet concentration of the vent gas ex spray column).
2) It is assumed that the droplets in the spray column will be that small that hardly
any methane transport limitations in the liquid phase will exist.
After reaching the bottom of the spray column, the MOB flow on gravity back into the
fermenter.
In this way, the MOB are only a short time under starving conditions: the time that they
spent in the line to the spray column, that they fall from the top of this column to the
bottom, the time that they spent in the bottom of this column and the time in the line from
the spray column back into the fermenter.
In the fermenter they will “re-energize” in exponentially growth conditions before being
recycled over the spray column again.
9.3 Assumptions
For exploratory calculations of some of the consequences of this concept, the following
assumptions are made:
- The MOB will “re-energize” enough and will show constant methane oxidation
capabilities in the column and over time.
- methane concentration ventilation gas at spray column: in 50, out 5 ppmv
- The pressure drop of the vent gas in the system is 0.01 bar
- The pressure drop over the MOB circulation pump is 2.5 bar, allowing the required
spraying capability together with the spraying nozzle design.
- The efficiency of the blower and the circulation pump are 70 %
- The MOB culture has a biomass density of 2 % (dry weight)
- The air out of the fermenter contains 3000 ppmv Methane
- The Henry coefficient for methane/water is 30. (i.e. the relation between the
methane concentration in the gas and that in the liquid at equilibrium)
- The methane oxidation rate is not (negatively) influenced by f.i. ammonia and dust
from the stable.
- The methane oxidation rate is not (negatively) influenced by components from the
manure digester, f.i. H2S and CO2
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9.4 Technical consequences
The consequences of this concept are shown in the graphs below:
The range of the methane oxidation capacity of the MOB has been chosen as 20 – 90
µmol/g/h, as these values are estimated in the test by Radboud University Nijmegen (lit.
8).
The required pump capacity as function of the methane oxidation capacity of the MOB is
shown below (fig 5a):
The energy usage in kWh/year (due to ventilation blower and circulation pump) as
function of the oxidation capacity of the MOB is shown in fig 5b:
The overall GWE reduction efficiency of the methane as function of the oxidation capacity
of the MOB is shown in fig 5c:
NOTE: The overall GWE reduction is defined as:
(the GWE of the methane emitted by the cows (CO2e) – the GWE of the methane leaving the spray column (CO2e) – the CO2 due to
the methane oxidation and that related to the electricity consumption)/( the GWE of the methane emitted by the cows (CO2e)*100)
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9.5 Economic consequences:
The consequences for the farmer of the system under consideration are as follows.
If only the electricity costs are taken into account (thus not including annual capital
charges, nor other operational costs) then, at a methane oxidation rate of 60 µmol/g/h,
the farmer carries an electricity cost of approx € 21000.= /y ( 300.000 kWh/y à €
0.07/kWh) if the electricity is to be bought, or he misses this amount as income by not
being able to export this electricity to the public grid.
The overall GWE reduction (compared with no abatement at all) will be approx 30 %
under these conditions. (i.e. 30 % of 287500 kg CO2e/y= 86250 kg CO2e/y).
This means that the electricity costs alone account already to approx € 250.= per ton
prevented CO2e-emission (i.e. € 21000.=/86.250).
9.6 Cost Effectiveness (lit. 11)
In industry, environmental protection measures are enforced by the permitting authorities,
if the costs of an emission reduction is below the so called cost effectiveness of the
component under consideration.
The cost effectiveness is defined as:
The overall yearly costs of the reduction system (€/y) divided by the yearly emission
reduction (kg/y).
The yearly costs consists out of the operational costs (OPEX) and the capital charge
(equal to 0.163 * Capital Expenditure (CAPEX)).1)
1)

Annuity loan (10 years) @ 10 % interest rate

For VOS (Volatile Organic Substances) the indicated cost effectiveness is 4.6 €/kg (11) ,
and this value can be used for preliminary assessment of the implied economics of cow
methane removal.
The methane abatement system reduces the methane emission by 90 % of 12500 kg/y =
11250 kg/y.
If the farmer would have to obey the above mentioned permitting policy, the yearly costs
of the methane abatement might add up to € 51700,=/year.
Assuming that the OPEX consists only of the electricity costs, than the CAPEX maximally
can be € 30700.=/year (51700 minus 21000 of subchapter 9.5 above).
This means that the maximum affordable investment is: € 30700.=/0.163  € 190000.=.
The main equipment of the methane abatement system considered are: (10)
Spray column
Silo type; Ø 4 m, H 10 m; GRP polyester
€ 35000.=
Fermenter
Storage Vessel; 200 m3; carbon steel
€ 90000.=
Blower
€ 50000.=
Total bare equipment € 175000.=
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Assuming a Lang-factor of 4 2), to account for bulk materials and installation (labour)
costs, the expected investment for the methane abatement system is € 700000.=.
This leads to a methane removal cost of €12.=/kg removed CH4.
((21000+ 0.163*700000)/11250)
This is already 2.5 times higher (12/4.6) than would be in line with government policy to
enforce the measure under consideration!
2) This value is most probably at the low side since the stable has to be modified as well and may-be an electrical power cable
(50 - 100 kW) has to be drawn from the public grid to the farm

9.7 Conclusion
This leads to the conclusion that the methane abatement system, as described in this
chapter, cannot be enforced by the authorities under the present emission policy for the
industry as its methane removal cost is higher than the cost effectiveness for VOS.
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10. Possible other concept
10.1 Introduction
In literature an indication is found that certain MOB survive a long time in ambient air
containing 1.7 ppmv methane (lit. 9).
For cell maintenance they consume methane out of the air under those conditions.
It is to be expected that the methane oxidation rate under these conditions will be far
lower than the values measured by the Radboud University Nijmegen at 50 ppmv
methane in air (factor 30).
In the Netherlands farmers need approx 0.30 – 0.40 hectares of land per cow.
Thus for 100 cows: 30 – 40 hectares, which is 300,000 – 400,000 m2 land area.
Including the area of the grass leaves, the total available solid area exposed to the
ambient air is more by a couple orders of magnitude.
The idea here is to spray exponentially grown MOB on this total area of grass land and
let these immobilized bacteria oxidize methane directly from the ambient air.

10.2 Description
Grow the MOB in the fermenter, as described in chapter 9, to the maximum possible
density.
Mix this culture with the digestate from the manure digester (or other fertilizer) before the
latter is spread on the land as fertilizer.
Under the following assumptions, the MOB may cause an effective “generic methane
sink”:
1) the MOB, brought on the land, will stay alive between two fertilizations,
2) freshly grown grass leaves pick up the MOB (out/from the soil) and immobilize
them and
3) the growing grass leaves expose the MOB in a layer to the air (a one cell layer
gives the maximum area of MOB exposed to the air and results in the lowest
possible transport resistance for methane from the air to the MOB),
One can even imagine, that this concept could lead to a farm with grass land acting as an
overall methane sink!
10.3 Costs/effectiveness monitoring
Compared to the system in chapter 9, the investment costs will be significantly lower, as
no stable modifications are required, nor spray column, circulation pump, vent gas blower
and vent gas ducting.
Furthermore there is hardly any electricity consumption due to the fact that the vent gas
blower and circulation pump are eliminated.
One can imagine, that if this concept works, farmers will be enforced to install such a
system due to its potential low cost effectiveness!
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However, monitoring the effectiveness of methane oxidation by the immobilized MOB on
the grass land will be difficult, as the methane in the ambient air is a constant (1,7 ppmv)
and the methane oxidation rate by MOB is low compared to the methane transport rate
from the air to the MOB.

10.4 Legislation (lit. 12)
Fertilisation of land by digestate out of a manure digester is restricted by legislation.
It has to be sorted out whether it is allowed to spread living MOB, grown with methane
out of a manure digester, on grass land. Especially, while other more or less harmful
(micro-) organisms may grow in the fermenter.

10.5 Path forward
The investigation of this concept is outside the scope of this project. The development
and evaluation of this concept requires a new project.
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13. Abbreviations:
13.1 Textual/equations
CAPEX
Capital Expenditure
CO2
Carbon dioxide
CO2e
CO2 –equivalent
CH4
Methane
GHG
Green House Gas
GRP
Glass Reinforced Plastic
GWE
Global Warming Effect
H
Height
H2S
Hydrogen Sulphide
LTO
Dutch Federation of Agriculture and Horticulture
KNMI
Dutch Meteorologic Institute
m
Mass weight of cow
Mcystis
Methylocystis strain h2s
MOB
Methane Oxidizing Bacteria
NIOO-KNAW Netherlands Institute of Technology
NZO
Dutch Dairy Association
OD600
Optical Density of light with wavelength of 600 nm
OPEX
Operational Expenditure
p
days of pregnancy
RH
Relative Humidity
RU
Radboud University Nijmegen (Netherlands)
t
Indoor temperature
Tdb
Dry Bulb Temperature
Tdp
Dew Point Temperature
THI
Temperature Humidity Index
TSA
Temperature Swing Adsorption
VOS
Volatile Organic Substances
Y
milk production of cow
13.2 Dimensions
°C
Degree Celsius
d
day
g
gram
h
hour
kg
kilogram
kPa
kilo Pascal
W
Watts
kW
kilo Watts
m
meter
mm
millimetre
nm
nanometre
mol
molecular weight
µmol
micromole
ppmv
Parts per million on volume basis
s
second
ton
1000 kg

€

CO2e
m

kg

€/y
%
°C
°C
°C

kg/d

g
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y
13.3 Greek
€
Фe
Фl
Фs
ФsHPU
Фtot
ΔP
µ

year

Euro
Electrical Power Consumption
kW
Latent heat dissipated by a cow (respiration)
W
Sensible heat dissipated by a cow
W
Sensible heat of a Heat Producing Unit: Standard cow
which dissipates 1000 Watt as Фtot @ 20 °C
Total heat dissipated by a cow
W
Pressure difference
kPa
efficiency of pump/fan
%
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