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Chapter 8 Synthesis & Conclusions
8.1

General comments

The previous chapters of this thesis discussed the quantification of emissions from diffuse sources using different measurement techniques. From a technical perspective
Chapters 3-7 have a significant overlap and measurements and data evaluation methods can be compared regardless of the evaluated sources. Using the type of diffuse
source as a starting point, the chapters deal with a variety of systems with different dynamics. The source systems relevant to this thesis are grasslands, landfills and animal
housing systems.
This final chapter starts with the technical perspective and then discusses the knowledge gained for the three different source types.

8.2

The technical perspective

8.2.1 Chamber measurements
The fast box measurement system used at farms in chapter 7 was used for a number
of years at the landfills. Making a combination of a very sophisticated sensor (the TDL)
with the relatively simple box method does not immediately make sense. However, with
this method at least a factor 4 more measurements can be done at a single day as
compared with the methods used thus far, that use either a GC or opto-acoustic instruments. Moreover, the difference in output, turned out to be more like comparing a
movie with a set of instantaneous photographs. The high time resolution shows the
variability of the increasing concentration. An example is figure 8.1 that shows ebolution (bubbles) events in a ditch when measuring over water. With slow techniques the
difference between ebolution and diffusive emission is very difficult to establish. With
the decreasing price of optical systems that allow >1Hz data acquisition, an increasing
number of teams now use this fast box measurement system which helps to improve
our understanding of the emission processes (Flechard et al 2007).
The fast box technique also helped to demonstrate the non-linearity of the concentration increase that is well documented in fundamental physics, but is hardly ever used in
environmental and agronomic science (Kroon et al., 2009). The implications of this
non-linearity reach however far beyond the technical interest. All emission studies that
still rely, or have relied on, either linear interpolation of concentration measurements in
a static chamber or on only a start and end concentration measurement, are in danger
of showing underestimated emission levels. (Kroon et al., 2009; Kutzbach et al., 2007)
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Ebolution events in a ditch. The box measurements on a ditch show the
upward jumps in the methane concentration whenever a bubble of
methane enters the box. At position 1&2 apparently the box is not sealing properly and the methane concentration decays after each peak. At
position 3 the concentration remains more constant and increases after
every subsequent ebolution event.

8.2.2 Micrometeorological techniques
Greenhouse gasses EC & REA
Eddy correlation and eddy accumulation measurements presented in chapter 3 were
innovative when this paper was published in 1996. At present (2011), the error analyses presented in 3.3. is considered to be too simple when compared with the correction
algorithms that are currently in use. The corrections for high frequency loss and sensor
separation (Kroon et al., 2009) were not applied to the data shown in the paper. The
good comparison between the open path and closed path sensors was “explained” by
the fact that apparently, these corrections were not really relevant with this instrumental
setup. It was also suggested that the frequency loss in open and closed path setup
might have been similar. Since the ‘90’s potential problems with damping of higher frequency information in the tubing and closed path cell were an important incentive to
further develop the open path sensors that are now widely used. With these systems,
there is the need to perform a Webb correction (Webb et al., 1980) and data loss can
occur at rain and snow events. This is one of the reasons for the comeback of improved versions of the closed cell system used in chapter 3. The main reason to use
closed path sensors is that they allow for regular calibration to “absolute standards”.
This is important when the system should not only produce flux (fluctuations around the
mean) data, but also provide simultaneous results in a network of CO2 concentration
monitoring stations.
One innovation introduced in chapter 3 is still missing in several REA designs. This is
the combined inlet with a fixed flow that allows correction for the 20-100 ms that are required to actuate the valve after an up or downwind eddy is observed. Since a mismatch in timing will always lead to a decreasing correlation between concentration and
windspeed data, this inevitably leads to a decreased flux amplitude so both a lower uptake and lower emission.

116

The REA setup was never considered as an option to measure CO2 fluxes itself, having
a superior EC measurement method available. The use of simultaneous EC-REA
measurements for CO2, however offers a correction option for other components that
can be analysed in the gas bags. The setup demonstrated in chapter 3 was used by
Vroom (1997) to evaluate DMS emissions along the Wadden Sea.
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Figure 8.2 Schematic view of a relaxed eddy accumulation setup
Ammonia EC & REA
The wet chemical REA setup for NH3 in chapter 4 is completely different from the one
for CO2 in Chapter 3, since for NH3 the use of gasbags is impossible.
The main conclusion of the intercomparison of different REA systems for NH3 was that
the wet chemical systems are in principle capable of providing useful flux data, but
regular maintenance and a well-trained operator are essential to keep the systems
running. The S/N ratio is still not sufficient to enable the evaluation of flux divergence
for NH3 which was one of the aims of the study in chapter 4. This is especially relevant
for NH3 as it reacts with other atmospheric components.
Subsequent campaigns in this field of research focussed on testing optical devices that
can be used for direct eddy covariance measurements rather than relaxed eddy accumulation. Famulari et al. (2004) performed NH3 EC measurements by means of Tuneable Diode Laser Absorption Spectrometry (TDLAS). Whitehead et al. (2008) intercompared two fast optical systems (TDLAS and Quantum Cascade Laser Absorption Spectrometer, QCLAS) in EC configuration to determine NH3 fluxes associated with slurry
spreading. They tested these against the AMANDA wet chemistry gradient system and
found a systematic underestimation of the EC fluxes of 47%, which they could not correct nor explain. Recently Sintermann et al., (2011) have published EC NH3 flux measurements using a proton transfer mass spectrometer (PTRMS) that were very successful, as judged by the spectral analyses of the data. A drawback of the Swiss setup is
that a long 150°C heated inlet line had to be used.
The quality of EC measurements with optical techniques is improving every year. The
drawback is that in order to prevent degradation of the optical components, inlet filters
for aerosol are required. These cause attenuation of the high frequency components in
the EC signal. As mentioned above, a heated inlet line to the optical or mass spectrometry systems can help diminish this problem. Such a setup with a high power consumption does, however, impose severe constraints on instrument deployment. So, in
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spite of their “operator-sensitivity” the wet chemical systems with a low power consumption and small size are still a very attractive option to measure NH3 fluxes.

8.2.3 Plume technique
The first mobile measurements were carried out with the TDL in February 1996 and the
measurements described in Chapter 3 are among the first studies worldwide with a
mobile TDL to evaluate methane emissions. The first study of this kind was reported by
Lamb (1995) and Czepiel et al. (1996). Also in 1996 the first mobile emission measurements in the Netherlands were done in September 1996 at landfills in Linne (Limburg, NL) and Geldern-Pont (Germany). That data was reported by Bergamaschi et al.
(1998). Similar measurements were done by Tregoures et al., (1999), Galle et al.,
(2001) and Czepiel et al., (2003). These experiments all used SF6 as a tracer (about
0.6 gr/sec, GWP=22800) which is not very good from an environmental perspective.
The setup presented here used N2O (3 g/sec, GWP=300) as a tracer which has a factor 10 lower net CO2 equivalent emission. The other advantage of N2O versus SF6 is
that the instrument that evaluates the methane emission is also used to evaluate the
tracer emission. Therefore, there is no difference in response characteristic.
Chapter 6 is important in this thesis because of the comparison between the Huang
model and the Gaussian model. The latter is also used in chapters 5 & 7. The two
models use the same measurements and provide results that agree within 30%. Or,
equally fair to state, provide estimates that are different by 30%. Unfortunately this is
the current state of play. In face of this uncertainty the agreement between the Gaussian plume modelling results and the inventory based estimate in chapter 6 is encouraging. Both in chapter 6 and 7 the emission level calculated with inventory emission
factors is treated as a reference level for the measurement results. Since it is the only
reference available. It is clear, that these “national factors” will by definition not be representative for individual farm sites and should be used with an uncertainty range similar to the measurement results.
There are more studies that report differences between modelled and expected emission levels (for example Michorius et al., 1997). In fact only an artificial release, that is
carefully designed to match the source distribution of the site, can offer a real emission
reference level (Flesch 2004). In fact, we should have used an independent tracer during the Braunschweig experiments (like for example N2O). For the landfill studies like
that in Chapter 5 an N2O tracer was used.
In particular for NH3, improvement of this method with both better measurement systems and better models is needed. As for the measurements themselves, the plume
measurement carried out with the wet chemical mobile sensor are somewhat outdated
with the current availability of fast optical sensors (for example the Quantum cascade
laser) that have a 1 second response time versus 30 seconds for the wet chemical device. Berkhout et al. (2009) report on measurements at manured fields that were performed in 2007-2008. The mobile plume measurements with the TDL were compared
with single point (static plume) Amanda system. The emission levels were compared
with both LIDAR measurements (Berkhout et al., 2007) and mass balance measurements (Huijsmans, 2001).
The fast response time is needed to enable mobile measurements or to allow for interpretation of stationary plume data. A detection limit below 0.1 µgNH3.m-3 is needed in
order to allow for measurements at distances over 100 m away from the animal
houses. This significantly reduces the sensitivity for dispersion modelling. Backward la-
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grangian models are now available that will bring improvement on the modelling part of
this type of emission evaluations. (Loubet et al., 2010)

8.3

The source perspective

The previous chapters show how different techniques were used at different source
systems. In the following paragraphs lessons learned for the different source systems
we studied will be summarized.

8.3.1 Landfills
Measurements of emissions from landfills in the Netherlands are scarce. With a plausible reason that after the ‘90’s of the last century the policy in the Netherlands has been
to minimize land filling and to reduce the number of active landfills.
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Chapter 5 stated that the landfill emissions were expected to decrease towards 2010
and that 95% of the emissions would come from only 25 landfills. This happened indeed as shown in figure 8.3. So, whatever the level is, it is going down. However, as
discussed in paragraph 2.5 the total emission level from landfills still has a significant
uncertainty and the table from Maas et al. (2009) in figure 2.7 shows that with 0.8%,
the landfills are number four in the top ten of contributors to the total uncertainty in the
national GHG emission level for the Netherlands.
Landfill owners are also faced with an uncertainty when designing landfill gas extraction systems. As mentioned before in section 2.5, when using the models from different
countries for the same landfill the emission estimated obtained vary with a factor 7
(Scharff et al., 2006; Ogor, 2005). This ultimately results in large differences in emissions listed for landfill sites in the European pollutant register (E-PRTR).
For landfills, chamber measurements and for example isotope studies can provide
valuable information to decide what emission reduction measures are effective. (Bergamashi et al., 1998; Börjesson et al., 2007; Chanton et al., 2008) Those tests will
normally only be implemented on small plots on the landfill. However, the box measurements will never be able to produce useful annual average emission data for a
whole landfill. Therefore, to obtain an annual emission level we suggest that landfill
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emission measurements for an annual emission level should be performed with remote
techniques (off site).
It is not just the chamber measurement technique that is problematic at a landfill site.
Any method that will try to estimate the landfill emission within the landfill area (mass
balance, eddy correlation, open path systems) will provide data that has a large inherent uncertainty in view of the difficult and uneven terrain on these sites. For landfills in
the Netherlands, the mass balance method with a 10m high tower on 21 sites was
used to validate the emission calculation models (Coops et al., 1995). This method has
drawbacks that can lead both to over and underestimation of the actual emission level
from landfills. This uncertainty contributes to the significant uncertainty at the national
emission level.
A fundamental problem of the MBM technique could imply that emissions from landfills
in the Netherlands have always (since the ‘90’s) been overestimated by 5 to 20 %. In
the MBM method the vertically integrated advected concentration is calculated from the
product of average concentration and windspeed. A correction is needed to account for
the turbulent transport that also takes place, which is causing a net reduction of the
emission estimate. This would not be such a problem if the error always works in one
direction, e.g. towards lower emissions. The need for this correction was already reported in Wilson (1984), Denmead, (1983) but is hardly ever used by teams doing the
bulk of MBM measurements (either ammonia emission measurements from fields or
methane emissions from landfills). An empirical correction of 15% has been suggested
(Denmead, 1995), although larger corrections would be needed in very small plots and
over very rough surface (Wilson and Shum, 1992).
For landfills there is a possible compensating error. When methane emitted from the
landfill surface is mixed up to a height that surpasses the measurement height of the
MBM tower, an underestimation of the emission occurs. Coops et al. (1995) report on
this problem and state that the side of the landfill should not be more than 150 m away
from the 10 m high tower. This implies a maximum scale of the landfill of about 7 hectares. In the same report the method is applied to landfills of >20 ha. Only with the raw
measurement data available, this effect can be quantified. The net effect of multiple ‘errors’ probably shows up as noise in the (relatively small) data set of landfill emission
estimates.
Remote measurements like the plume measurement technique circumvent the problems faced by on site measurements. But, in general the remote techniques provide
intermittent data. The mobile plume measurements discussed in chapter 3 provide data
for a single day. The temporal variability of emissions from a landfill is linked to
changes in temperature, rainfall and atmospheric pressure. Furthermore, maintenance
on a site can cause peak emission event. The resulting day-to-day variation in the
emission level does not allow the extrapolation of a single day with plume emission
data to an annual emission level. A statistical analysis shows that in order to reach a
5% uncertainty level of the annual emission, about 20 measurements carried out over a
year are required (Scharff et al., 2003). Similar strategies are already in use in the procedures to obtain NH3 emission factors for animal housing systems. There too, sets of
about 20 measurements per housing system are used. (Mosquera & Ogink, 2008).
For the Netherlands, with the bulk of the emissions originating from 25 landfills, a (preferably low cost) measurement technique would provide a significant better annual CH4
emission estimate as compared to the value used now.
In order to get to the “relatively low cost measurement technique”, innovative measurement setups that allow fence line emission evaluation are still missing. There are
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lidar measurement setups that can perform such evaluations, but these measurement
systems are still extremely expensive and bulky. Forward looking infra read (FLIR)
analyses systems are promising; they can make videos that reveal leaks on complex
sites. The main problem for these systems is calibration or the concentration measurements to absolute levels and the translation of line integrated concentration levels
into emissions. Low cost solid-state sensors for methane would be useful for continuous monitoring. Several sensor companies have claimed that this should be straightforward, but still they did not deliver a simple sensor that actually does the job. The
only method at hand is a simple gasbag collection system, which has as main drawback, that a tracer release on the site is needed to optimize or avoid dispersion modeling in complex terrain.

8.3.2 Agricultural fields
Greenhouse gases
The paper in chapter 3 did not make statements on the flux levels that were actually
observed. However, the data provided with this EC setup was used to evaluate the net
CO2 exchange at the Zegveld site in 1993-1995. The outcome was reported in the paper by Langeveld et al., (1997), one of the first studies to document simultaneous and
co-located budget measurements for all three GHG’s. The paper showed the net GHG
emission from the oxidation of peat in the top-soil on peat meadows. A further analysis
of the CO2 data in relation to management was done by Villoria et al., (1996).
At Zegveld a net CO2 eq. emission from oxidizing peat is observed. The same oxidation effect was documented for the Cabauw site, about 30 km to the southeast of Zegveld. There the atmospheric gradient technique was used to evaluate the CO2 exchange during the episode 1993-1996. That data was used to obtain parameterisations
for the CO2 exchange (Dirks et al., 1994; Hensen et al., 1997). From 2003-2005, a configuration similar to the one in chapter 3 was used to perform eddy correlation measurements at a grassland site on clay soil at Lelystad in the Greengrass EU-project.
There too, CO2, CH4 and N2O were measured simultaneously to obtain a full GHG balance (Gilmanov et al., 2007; Sousanna et al., 2007; Jacobs et al., 2007). Flux measurements all over Europe quantitatively show what farmers already know for centuries:
grassfield are very productive. However, the measurements also show that disturbances of the soil in grassland ecosystems in general cause significant CO2 emissions.
Undisturbed grassfield might be able to store (sequester) large amounts of carbon and
therefore could play a role in a European CO2 mitigation strategy. It should be realized
that when nitrogen input is the basis for this C uptake, the N2O emissions linked to that
fertilizer use may offset the net CO2 equivalent uptake (Neftel et al., 2011, in prep).
Combined CO2, N2O and CH4 experimental experience was gained with the BSIK programme (2006-2010, Moors & Dolman 2011). In this episode, measurements were carried out again in the peat meadow area in the centre of the Netherlands. Hendriks
(2009), Kroon (2010), and Schrier (2010) provided three subsequent PhD theses covering the total greenhouse gas balance at three different ecosystems in intensively
managed, extensively managed and natural grassland ecosystems, respectively. Their
conclusions were similar to those from the studies at Zegveld and Cabauw, but now
underpinned with significantly improved data sets. Conclusions from these analyses
were that with new micromet instruments the budgets for N2O and CH4 can be significantly improved. The ditches in the peat meadow landscape showed high and probably
anthropogenic triggered CH4 emissions (Schrier et al., 2010). This is probably related
to influx of organic material after manure application at the intensively manages site.
The comparison of the three sites shows that in spite of the increased methane emis-
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sion levels, inundation of peat meadow fields can turn these areas from a source into a
CO2 equivalent sink.
Ammonia
The ammonia exchange between grasslands and the atmosphere was subject of the
Braunschweig experiment that took place in the EU-GRAMINAE project in 2000. The
aim was to understand the dynamic of nitrogen within the grassland ecosystem in relation to management and weather conditions. The REA technique for ammonia that features in chapter 4 delivered only a small part of the total dataset acquired in this campaign. With REA providing a flux at a single height, it would, in theory, be possible to
evaluate the flux divergence. The latter is of interest for NH3, since it might react to, for
example, NH3NO3 while moving away from the soil surface. However, the scale of flux
divergence due to chemistry (e.g. 10%) is smaller than that which can currently be resolved. This also holds for advection errors due to emissions from the field itself. Advection errors from nearby farm sources may be detectable through the application of
REA measurements at several heights.

Figuur 8.1

The Braunschweig experiment just after mowing around the line of instruments. (Sutton et al. 2009)

The improved knowledge on the time pattern of the NH3 flux after cutting, harvesting
and fertilising a field helped to understand how plants use the N that is provided. These
conclusions and lessons learned are documented in the other papers of the special issue (see Sutton, 2001) of which both the chapters 4 and 6 are part.
For ammonia exchange (emission and deposition) over fields the atmospheric gradient
method is still state of the art. This can be done either with wet chemical techniques
(Trebs et al., 2004; Kruit Wichink, 2007) or with optical techniques (Kruit Wichink,
2009). Attempts are being made to switch to EC systems based on TDL, QCL techniques (Nowak et al., 2006; Whitehead et al., 2008; Norman et al., 2009) and CRD systems. Soon longer time series with these techniques will become available. For emission evaluation at manured fields, the mobile plume method was compared with LIDAR
and MBM measurements in a recent study in the Netherlands (Berkhout et al., 2007).
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Sinterman et al. (2011). have pointed out striking differences between the NH3 emission measurements from manured fields as evaluated by different measurement methods. There are several reasons to believe that the reference method used thus far for
these emissions, leads to overestimation of the NH3 emission by almost a factor of two.
This will definitely be a subject for discussion, since about 30% of the national NH3
emission level is involved. Measurements that can show the difference between full
field manure application and test plot manure application will have to provide the answers to this question...

8.3.3 Farms
Farms site emissions feature in chapters 6 and 7, where different measurement techniques were used to evaluate emissions within the farm-yard, on surrounding ditches
and from the farm-yard as a whole. Chapter 6 has a focus on the NH3 emission, chapter 7 on the greenhouse gas emission.
The ammonia emission measurements in chapter 6 were part of the GRAMMINAE intercomparison campaign that took place at Braunschweig. The plume measurements
were also used in Loubet et al. (2009) to assess the effect of horizontal flux divergence
on the gradient and REA measurement positions that were discussed in chapter 4. The
diurnal variation of the emission from the housing system is pronounced in this paper. It
should be noted that this variation is typical for a dairy system. In pig and poultry housing systems the emission level has a smaller variation because there the temperature
level is kept relatively constant.
Chapter 7 shows the full farm emission measurements of greenhouse gasses carried
out in the MIDAIR project. They were done in combination with a questionnaire. Measurements reported by Huis in’ t Veld et al. (2003) and the measurements performed in
the Greengrass experiments at Lelystad (Sousanna et al. 2007) showed that national
inventory emission levels of 100 kg CH4 per dairy cow per year were clearly below the
observed emission levels. The CH4 emissions from ruminants depend on the diet, on
the animal weight and milk production. A re-evaluation of the calculation methodology
revealed that the increase in animal weight and changes in diet, which occurred over
the years, had not been properly accounted for in the inventory calculations.
The agreement between the FARMGHG model calculations and the full farm measurements were reasonable but, as discussed in the chapter, with significant scatter.
The high emissions from ditches adjacent to the farm were remarkable. The results obtained there are in fact supporting the results in section 8.3.2. discussing that there
might be an anthropogenic component in the greenhouse gas emission level from
ditches adjacent to intensively managed fields.
This is an emission that is not accounted for in the national inventory. The question
now surfaces why it took from 2003 to 2008 to draw the same conclusion again based
on new measurements. One reason is that the MIDAIR dataset is relatively small with a
few events at a small number of farms. This raises the discussion on representativity of
the data. The findings in the BSIK project are fortunately based on an improved dataset
in terms of temporal and spatial coverage and hopefully this issue will now be addressed with new measurement campaigns. Also the improved capabilities of EC systems enable new experiments over water surfaces. (Eugster et al. 2011) Also on the
European scale lakes and reservoirs are not yet accounted for (Cole et al., 2007; Tranvik et al., 2009), they only cover a small fraction of the European surface area, but they
could potentially be substantial local sources of methane (DelSontro et al., 2010).
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As for the use of the plume method for full farm emission evaluation, there is a good
chance that more plume studies will be carried out in the years to come. One reason is
that there is a tendency to make dairy farm housing systems more open. Emission
quantification for these new systems using current methods, like releasing SF6 inside
the stable (Mosquera et al., 2005) is increasingly difficult. Especially in these cases, the
plume method can be an attractive option. In contrast to landfills however, the number
of farms in the Netherland is far beyond the limit where individual source strength
evaluation makes sense. The measurements will always have to be used in combination with models/parameterisations to do the upscaling to a regional or national level.

8.3.4 Final remarks
Integration of greenhouse gas and ammonia research.
In this thesis both work on emissions from farms and from fields is discussed for
greenhouse gases and NH3 in separate projects. Simultaneous co-located measurements of NH3 and the GHG’s are hard to find. Only few groups in Europe are doing this
(UK, CH) but in the Netherlands that type of data sets is very scarce. Unfortunately
funding almost always aims at either GHG or N research and teams working in these
different fields are not always successful in making joined experiments. Positive exception and hopefully the start of a trend was the EU Nitro-Europe project that did cover
both.
Systematic errors in GHG emissions
In section 8.2.1. the technical discussion on linear or non linear fitting to measurements
obtained in chamber measurements was addressed. In section 8.3.1. and 8.3.2. the
potential errors in the mass balance technique were addressed. These two issues are
very similar. In either case, corrections were formulated 20-30 years ago and these are
well understood. In the decades after that, the communities that have done the bulk of
these measurements did not use these corrections. A good reason is that the corrections are not easy to implement with the measurements available. And the assumption
is that the corrections are probably small as compared with other uncertainties. However, in both cases the problem is that the correction always works into one direction
and, importantly, is not random. Therefore, unlike other random uncertainties, the impact will not decrease with the square root of the number of measurements.
The implications of this should not be underestimated. A large part of all N2O emission
measurements and several other emission measurements based on chamber measurements reported in literature thus far, might need corrections that will increase emissions in the order of 20-40%. This can have effect all the way up to the IPCC emission
factor level. NH3 emissions from fields and CH4 emissions from landfills might both
have been overestimated by anything between 5 and 20% due to the missing backward turbulence correction for mass balance measurements that almost no one has
used. Desjardins et al. 2004 demonstrate the use of a fast response sensor for MBM
measurement. In their experiment the backward turbulence correction was found to be
5% so hopefully the correction is in this order of magnitude rather than the 20% level.
This correction factor would hold for the CH4 emissions from landfills in the Netherlands
and for 30% of the national NH3 emissions in the Netherlands.

Eddy correlation versus chambers
The use of the eddy covariance technique over fields is becoming more and more
popular with decreasing prices of the sensors required. Software for interpretation is
getting standardised making the EC setups more and more turn-key systems. For CO2
it is safe to say that chamber measurements are hardly used anymore for net emission
evaluation studies. However they are still useful for the evaluation of soil respiration.

124

For methane and N2O the tide is now turning and within the next decade the micromet
techniques will be implemented throughout Europe, taking over from the box measurements. Recent studies (Kroon et al., 2007; Hendriks et al., 2008) demonstrated the
operational use of QCL and CRD based EC studies. These studies also demonstrated
that the chamber measurements can still play a vital role in showing why the EC measurements are what they are. The annual coverage and the net exchange levels calculated with the EC estimates were significantly more accurate as compared to the
weekly to bi weekly manual chamber evaluation. On the other hand, the chambers
could be used to show which part of the fields actually provided the highest emission
levels.

Relevance of landfill emissions
The uncertainty in CH4 emissions from landfills and the use of different measurement
setups and models is underlying significant differences between national emission estimates even within the EU for these sources. This is not only a problem for GHG emission accounting, but also for emission trading and for quantification of the effect of
emission reduction measures.
Diffuse sources need multiple methods
In section 2.8 the need for different methods for different questions was raised. In general, the question sequence for diffuse sources is:
1. how big are the emissions for a source on an annual basis
2. what measures can reduce these emissions
3. are these measures effective
Figure 8.4 shows how the answer to these questions is translated into the questions as
to what method and which sensor to use. The conditions and specifications of a source
are input for the design of a measurement strategy. Models that can estimate the emission behaviour are valuable tools to decide on what method–sensor combination
should be used. Models are also often used in the interpretation, generalisation or upscaling of the measurement data.

Emission Question

Answer

Measurement strategy
Conditions
Where ?
Spatial scale ?
When ?
How often ?
Logistics?
Budget?

Method
(Box,MBM,
EC,REA,
ATM,
Plume etc)

Sensor
Output frequency
Sneitivity
Accuracy

Data
Design
Model
Interpretation
Figure 8.4

Upscale
Model

Development of a measurement strategy
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Different questions require different methods to be used. Methods that provide the best
annual estimate results do not necessarily need to improve the understanding of the
internal processes in the source and vice versa.
Getting annual emission factors for important sources should ideally be done with
methods that cover the whole source area at all points in time. The micrometeorological techniques like the EC measurements that are used for CO2 exchange in ecosystems, are examples where this is indeed possible. And this is now also possible for
N2O and CH4. These “first option” techniques however, are not yet available for all
source types.
The second option is to either sample continuously in time, but not in space, or vice
versa. What to choose depends on the source under consideration. For example for
landfills, the spatial variability is the main problem, whereas for a manured field the
temporal variability is the biggest problem. So interval sampling at a landfill with a
method that accounts for the full spatial emission pattern is probably better than the
use of an automatic chamber system somewhere on the landfill. For manured fields,
this would be the other way round.
The third option is sub sampling both in time and space. In fact these kind of data are
underlying most emission factors for diffuse source systems at the moment. It is the
gradual technical and methodological improvement and decreasing costs per instrument that has allowed steps towards these first option methods in recent years.
This is a clear story for annual budget measurements. The “third option” is not ideal for
this, but might be the only option available. And these techniques have merits that
should not be underestimated. The techniques that provide detailed information for the
emission at a certain location and time within the source area can provide vital information of the underlying processes and determinants for the emission level at a specific
part within the total source area. This knowledge is crucial to develop further emission
reduction options.
The conclusion is that there is no such thing as the single best method to perform the
emission evaluations for these source types. Diffuse source systems cover very different spatial and temporal scales and the associated variations of the source strength
require dedicated measurement designs. The table in chapter 2 showed the uncertainty
in diffuse source system emissions that dominate for the uncertainty in emission levels
in the Netherlands. A combination of different study types with a continuous shift towards the more integrating techniques will be the best way to reduce this uncertainty to
whatever is agreed on as an “acceptable level”.
This thesis documents the slow but steady progress over almost two decades in this
field of science. In the decades to come, the key to further improvement is in new or
improved sensors that will enable new measurement strategies or further improvement
available strategies. As for the national and global scale combination of ground thruthing measurements and satellite retrievals will be a crucial step. At the individual source
scale further development of the plume methodology towards fence line monitoring
systems is a likely development. The latter implies further development of low cost lidar
systems or similar techniques. The fundamental errors for box and mass balance
method of course have to be resolved as soon as possible and correction algorithms
for historic data have to be developed.
In the end, the conclusion of this work is that indeed, more measurements are needed
to better observe and quantify trace gas emissions from diffuse sources.
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