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Science at the
Environment Agency
Science underpins the work of the Environment Agency. It provides an up-to-date
understanding of the world about us and helps us to develop monitoring tools and
techniques to manage our environment as efficiently and effectively as possible.

The work of the Environment Agency’s Science Group is a key ingredient in the
partnership between research, policy and operations that enables the Environment
Agency to protect and restore our environment.

The science programme focuses on five main areas of activity:

• Setting the agenda, by identifying where strategic science can inform our
evidence-based policies, advisory and regulatory roles;

• Funding science, by supporting programmes, projects and people in
response to long-term strategic needs, medium-term policy priorities and
shorter-term operational requirements;

• Managing science, by ensuring that our programmes and projects are fit
for purpose and executed according to international scientific standards;

• Carrying out science, by undertaking research – either by contracting it
out to research organisations and consultancies or by doing it ourselves;

• Delivering information, advice, tools and techniques, by making
appropriate products available to our policy and operations staff.

Steve Killeen

Head of Science
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Executive summary
The diversion of biodegradable waste away from landfill and the treatment of wastes
before disposal will result in the landfilling of residual wastes that contain a high
proportion inorganic material. The total volume of gaseous emissions from these
‘inorganic’ or low-carbon landfills will be significantly reduced and may have a very
different composition compared with gas from existing municipal solid waste (MSW)
landfills.

This project aims to develop methods for taking representative samples of the gas
produced within inorganic landfills, then screen these gas samples for potentially
harmful components that may be present.

Gas data was obtained from capped areas of eight non-inert sites taking materials that
could be classed as ‘mainly inorganic’ or ’low in biodegradable carbon’. Although
gaseous emissions from hazardous waste sites taking inorganic waste are of particular
interest, in the UK many such sites still contain biodegradable waste. The emissions
from the solely inorganic waste component are therefore difficult to distinguish from
other emissions.

Sites containing little or no biodegradable waste are not expected to produce a large
flux of landfill gas, so most existing sites do not have gas sampling facilities. In order to
obtain representative samples of gas that may be emitted through the surface of the
waste, this project selected points along potential pathways for gas emission. The gas-
sampling probe used in this study was originally developed to identify trace gas
compounds in vapour migration pathways on contaminated land.

An earlier desk study had previously identified a large number of gases that may be
emitted by landfilled inorganic wastes. A suite of analytical methods was selected to
cover all those compounds judged to be significant with respect to health or odour.

To assess the gas composition, 11 analytical techniques were applied to eight
sampling media. The gas samples were abstracted from shallow depths within the
waste deposits. The analytical schedule included bulk gases, volatile organic
compounds, organo-metal compounds, phosphine, ammonia, amines, cyanide and
acid gases.

The gas composition within the pore space of the waste varied over short distances
(probes installed within metres of each other at the same depth could extract gases
with different compositions). In general, the emplaced wastes were judged to have a
low permeability; in some cases there was insufficient gas within the zone of influence
of the sample probe to give a full representative sample.

In many samples the bulk pore gas was predominantly derived from residual
components of air emplaced with the waste. In all but one of the UK hazardous waste
cells tested (eight in total), the nitrogen concentration of gas in the waste was higher
than that in air. It was concluded that atmospheric oxygen or its reaction products are
converted into either a solid or liquid phase within the waste, increasing the
concentration of gaseous nitrogen. In the absence of any substantial gas production,
the proportion of nitrogen gas in the pores rises above that in ambient air. This
elevated nitrogen concentration could therefore indicate that rates of gas generation
are low and whether there may be a net inward gas flux as gases within the pore space
are consumed.

Hydrogen also appears to be produced at these sites, but is usually only detected
when carbon dioxide concentrations are a few percent. The hydrogen concentration
does not typically rise above 1 per cent unless all of the carbon dioxide has been
removed. There is evidence that hydrogen is generated by chemical reactions in
carbon-free waste such as APC residues. However, hydrogen generation in most sites
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could also be microbial-based because almost all hazardous waste sites contain
enough carbon to sustain limited methane generation, an indicator of microbial activity.

Hydrogen sulphide and organo-sulphur concentrations are low or absent in gas from
most hazardous waste sites. This suggests that these odourous compounds will be
less of an issue at these sites compared with gas from MSW landfills.

At the sites tested, volatile organic compound concentrations are typically much lower
than from co-disposed waste. Gas from some exceptional sites has higher
concentrations of specific species than might be found from co-disposed waste. In
these circumstances the lack of bulk gas generation means that the trace gases are
not diluted and trace component concentrations can reach a significant proportion of
the gas composition.

In general, phosphine, ammonia, amines, siloxanes, cyanide, and most metal species
were below or just above detection limits. Only lead and nickel were consistently
detected in the gas from the monitored sites. Mercury only occurs in very low
concentrations in landfill gas, confirming findings from other studies.

The levels of residual nitrogen in the samples suggest that existing models for MSW
landfills, which assume a net emission of waste derived gases, are not applicable to
low carbon/inorganic landfill sites. These biogas models should not be used, either for
gas management or gas risk assessment purposes at inorganic/low carbon waste
sites.

Based on the observations at the inorganic landfills monitored here, it is suggested that
the pore space gas becomes depleted in oxygen because of chemical/biological
reactions occurring immediately after the waste is placed. Subsequently, the availability
of factors required for anaerobic degradation become exhausted because of low gas
phase permeability; reactions slow down or cease. Under these circumstances, the
waste could still retain a large potential for activity in the future when the landfill
structure breaks down and permeability and moisture content increase.

The monitoring data from two leachate wells suggest that the composition of the gas in
this void space differs from that in the pores of the surface waste. This difference may
be due to the leachate acting as a secondary source of gas with a potentially higher
biogenic component coupled with the presence of moisture. It also demonstrates that
gas can accumulate in voids and high permeability regions. Consequently, porous
layers could be used to collect gas that diffuses from the low permeability zones.

If the cap of a monitoring or leachate well is removed while a low-pressure weather
front is passing, a positive pressure differential is possible between the gas in the well
void space and the atmosphere. For the instant after the cap is removed there will be a
‘burst’ emission of accumulated gas; short term exposure levels could be exceeded for
some inorganic and organic compounds. Appropriate personal protection equipment
(PPE) and safe monitoring procedures are therefore recommended when the seals on
these intrusions are removed.

The absence of a steady flux of a bulk gas derived from biodegradable waste means
that the trace components may assume a greater significance in gases from inorganic
residues. Since trace components vary with waste type it is likely that hazardous waste
sites may need site-specific assessment of their gas risk and appropriate methods for
site management and regulation.

Based on the limited number of sites studied here, a number of conclusions are drawn.

 i. Sampling methods designed to collect pore gas are suitable for collecting
gas from the upper zones of the waste mass.

 ii. Where the biodegradable content of the waste is low, the bulk pore gas is
primarily derived from components of entrapped air. In these cases the
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waste appears to be a net consumer of gas, resulting in an enrichment of
the nitrogen gas component of the pore gas.

 iii. Where small amounts of biodegradable organic material are present in the
solid or the leachate, some carbon dioxide and methane will be present and
there may be a small net outward flux, particularly through high
permeability paths such as intrusions through the cap and sidewalls.

 iv. Where larger amounts of biodegradable material have been deposited with
hazardous waste, the moderate outward flux of bulk gases may carry high
concentrations of waste-derived trace gases into the surrounding air,
particularly when intrusions are opened to the atmosphere.

 v. At inorganic/low carbon waste sites, the low permeability of the waste and
low or even negative gas flux results in relatively low emissions through the
surface of the capped waste. Gas accumulating in voids may produce
short-lived burst emissions if the capping is removed. Uncovered waste or
unsealed sidewalls have the potential to allow diffusion of vapours directly
to the atmosphere.

 vi. The amount of hydrogen present in the surface pore gas is lower than
suggested by earlier desk studies; generally it is only present at a few
percent of total gas composition. Changes in carbon dioxide concentrations
suggest that hydrogen may be consumed in the biogenic reduction of
carbon dioxide to methane.

 vii. Gaseous compounds of lead and nickel are the most likely organo-metallic
compounds to be found, though these are at very low concentrations. Silica
compounds are ubiquitous in the samples taken.

 viii. The suite of analytical methods used in this study can characterise the
main substances of concern in a gas risk assessment. The measurement of
nitrogen gas enrichment provides a useful screen to establish whether
there is a significant net outward flux of gas from a zone.

 ix. Monitoring of bulk gases and VOCs is recommended where biodegradable
hazardous waste is deposited. A wider range of methods, including volatile
metal species, is recommended where net emissions may occur either
through burst releases or a persistent outward flux of gas.
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1 Introduction
Landfill gas is generated by the biodegradation of organic materials within buried waste
deposits. The bulk gas, mainly methane and carbon dioxide, carries trace components
that arise from processes such as the volatilisation of organic solvents in the waste,
microbial action on minor constituents of the waste, the corrosion of metals and the
reduction of inorganic materials. The Environment Agency has recommended methods for
monitoring and reporting on these gases at currently regulated landfill sites in England
and Wales.

The current efforts to divert biodegradable waste away from landfill and to treat wastes
before disposal will produce landfill deposits containing a high proportion of inorganic
material. Consequently, the total volume of gaseous emissions from these deposits will be
reduced and may have a very different composition compared with gas from existing
municipal solid waste (MSW) landfills.

The Environment Agency is working to identify the principal components of the gas
produced by landfilling primarily inorganic waste streams. A desk study of the gases that
might be released from a number of inorganic wastes has been published in the report
Potential Gas Production from Landfilling of Inorganic Wastes (P1-516/2a) (Serco 2007).
This report concluded that chemical reactions, rather than microbial action, are likely to be
important in the generation of bulk gas under these conditions.

There are three main classes of reaction that may generate gaseous products in a landfill
with a high proportion of inorganic wastes:

• chemical reactions that result in hydrogen formation (mainly corrosion of iron,
aluminium and zinc);

• chemical reactions that could generate other gaseous species (mainly
reactions of carbides, reactions with acids, formation of metal hydrides and
possibly metal carbonyls);

• microbial gas generation in environments with low proportions of organic
material (ammonia, hydrogen sulphide, hydrogen, carbon dioxide, methane,
alkylated metal(loid)s, phosphine).

The bulk gases produced from landfills containing mainly inorganic waste could be the
same as those generated in existing MSW landfill wastes (i.e. hydrogen, carbon dioxide,
methane). However, the quantities of gas produced and their rates of production are likely
to be different from MSW landfills due to the different waste inventories and consequently
different chemical conditions and microbial environments.

The trace gases that could arise from chemical or microbial reactions can also be grouped
into three classes (in some cases the mechanism of production is not known):

• gases generated by chemical reaction: H2S (from sulphides), H2Se, HSCN,
HCN, SbH3, AsH3, simple hydrocarbons (from carbides), HCl etc, Hg, NH3,
NyOx, PH3, COCl2 (plus, under some circumstances, I2, Br2, Cl2, F2, SO2);

• gases generated by microbial action: H2S (from sulphate), R2S, SbH3, SbR3,
AsH3, AsR3, BiR3, CO, CS2, COS (and possibly the selenium analogues CSe2
and COSe), simple hydrocarbons, organic acids, PbR4, Hg, HgR2, NH3, NyOx,
PH3, H2Se, R2Se, R2Te, SnR4 (plus the possibility of alkylated species of other
metals).1

                                                
1 (R =alkyl groups including methyl and, in this context only, partially substituted with R=H in some cases)
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• gases generated by unknown mechanisms (possibly a combination of
microbial and chemical processes): Ni(CO)4, W(CO)6, Mo(CO)6, plus the
possibility of other transition metal carbonyls.

Several of these trace gases may already exist as contaminants in wastes when they are
disposed (e.g. mercury, carbon disulphide). Organic compounds, such as solvents that
are present in the waste when it is deposited, will be volatilised and will appear as trace
components in the gas.

The Serco study assessed potential methods for analysing the bulk and trace
components in gas from landfilled waste containing relatively large amounts of inorganic
materials. The authors thought it likely that gas from future landfills containing low
amounts of degradable organic materials would have the following characteristics:

 i. main constituent: hydrogen;

 ii. also containing: hydrogen sulphide, carbon dioxide, carbon monoxide,
methane and NOx compounds;

 iii. trace gases: including hydrogen cyanide, hydrogen halides, metal carbonyls,
ammonia, amines, carbon disulphide, phosphine, arsine and stibine.

Since the volume of gas produced in these landfills will be much lower than from
biodegradable wastes, it may be more difficult to take representative samples of the
gases. In the absence of a high volumetric flow of bulk gas, it is unlikely that dedicated
gas extraction points are installed in these sites and air may diffuse into the sampling
area.

This latest project takes the Serco desk study into the field. It involves the systematic
collection of gas samples and the analysis of gases to provide quantitative data on the
gaseous emissions occurring at existing sites that take large proportions of hazardous or
non-hazardous inorganic wastes.

1.1 Objectives
The overall objective of this research is to identify and quantify the bulk and priority gases
that are produced by inorganic waste in hazardous and non-hazardous landfills.

Specific objectives are to:

• identify which gases are produced by landfilling inorganic wastes and which
should be prioritised for monitoring;

• select an appropriate suite of analytical methods to monitor priority gases;

• select sites in the UK and Europe where gases may be produced by buried
inorganic materials;

• use representative sampling points at the selected sites to monitor the bulk
gases and priority gases;

• recommend a suite of monitoring methods and a sampling methodology to
quantify the bulk gases and priority gases that may be produced by deposits
of mainly inorganic wastes in the UK;

• identify gaps in data that need to be addressed to better understand gas
production from wastes to be landfilled in the UK.

 The term ’inorganic waste’ is used for convenience throughout this report to describe
wastes that have a low organic carbon content. The focus of the study is to understand
how gases from landfills that contain either no biodegradable waste or very small amounts
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of biodegradable organic material, differ in amount and composition from those found in
current landfills that take MSW and similar commercial wastes and how these can be
sampled in a representative manner.

1.2 Report format
The report is subdivided into three main parts:

• Part A covers the introduction (Section 1), the technical approach to the
project (Section 2), and the monitoring and analytical methods selected
(Section 3);

• Part B covers the results of the monitoring (Section 4) and the assessment of
these results (Section 5);

• Part C covers the implications of the results obtained, namely suggestions for
conceptual model for gas emissions from inorganic landfill (Section 6),
recommendations for monitoring methods for these sites (Section 7), and
overall conclusions (Section 8).

Supporting information is included in tables, figures and references in the text. The
detailed data is available in annexes on a separate CD.
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2 Technical approach
The monitoring work evaluated the composition of the gas that may be emitted to the
atmosphere from landfills containing inorganic wastes. The chosen methods had to be
practical and give representative samples of the gas. The sampling had to cover both bulk
gases and trace gases.

Waste residues with a low biodegradable carbon and a high inorganic content are likely to
be deposited in either inert or hazardous waste landfill sites. Hazardous waste sites were
chosen for detailed study in this project because the reaction of hazardous waste material
is more likely to generate gas. The rationale for field work is explained in the following
sections.

2.1 Choice of site
Sites were chosen on the basis that their waste input was mainly inorganic and on the
probability of finding conditions where the chemical reactions predicted by Serco (2007)
could occur. Hazardous waste sites in the UK were chosen for Phase 1 sampling.
European sites were chosen in Phase 2 in order to sample ‘monofill’ sites that have
matured over several years. Hazardous waste landfills in the UK have only been
operating for two years in non-codisposal mode, and therefore contain variable amounts
of organic carbon that may generate significant volumes of biogenic gas.

The sampling took a staged approach. Three UK landfills were sampled in Phase 1 in
order to refine the sampling and analysis techniques and to determine the
presence/absence of trace components from mainly inorganic waste types. Four
European cells were sampled in Phase 2 using these refined techniques.

Data from Phases 1 and 2 indicated that there were no significant organo-metal
compounds in the sampled gas. As this result meant that speciation of organo-metal
compounds was unnecessary, the project instead sampled a further three UK hazardous
waste sites to increase the UK dataset. Analysis of Phase 3 data suggested harmful gas
may accumulate in leachate wells. A further sampling exercise was therefore carried out
to sample leachate well gas at two of the UK sites.

All eight landfill sites and the ten types of waste they have accepted are described below
(Table 2.1).
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Table 2.1 Site descriptions

Phase 1 sites (UK) and waste description

Site 1 According to waste manifests and from discussion with site operators, this
site has taken a wide variety of hazardous waste, but predominantly
contaminated land hazardous waste and asbestos. There is a temporary cap
on this waste.

Site 2 Predominantly hazardous waste generated from remediation of
contaminated land including asbestos waste. There is a well-compacted cap
on top of this waste.

Site 3 The main waste type is air pollution control (APC) residue that is mixed with
water and laid down as slurry. One cell had also taken contaminated land
residues and asbestos. The cells are covered by a metre of compacted clay
(Figure 2.1).

Phase 2 sites (Europe) and waste description

Site 4A Mixed waste, with fragmentiser/shredder waste as the predominant fraction.
There is no cover on this cell because gas emissions are expected to be
negligible (Figure 2.2).

Site 4B A mixture of wastes that cannot be incinerated, such road sweepings,
contaminated land waste etc. This cell has a metre thickness of cover.

Site 4C Predominantly bottom ash from incinerators, although other wastes are also
present. There is a 1 metre clay cap over this waste.

Site 5 Domestic waste that has undergone an intensive aerobic and then anaerobic
mechanical, biological treatment (MBT) process to reduce the carbon
content (Figure 2.3). There is no cap on this waste since it is not expected to
generate large volumes of gas.

Phase 3 sites (UK) and waste description

Site 6 Monofilled with metal slag waste ten years ago. The leachate level is now
close to the cap, with a limited unsaturated zone from which to sample.

Site 7 A wide variety of hazardous waste including some slag waste. There is a
temporary cap on this waste.

Site 8 A wide variety of hazardous waste including metal slags. There is no cap on
this waste yet.

Additional phase sites and waste description

Site 1 A different cell was sampled at Site 1 on the second visit. It had taken more
oily waste that the first cell sampled. Waste next to the leachate well was
sampled.

Site 7 The other end of the cell sampled previously was sampled on this occasion.
Waste next to the leachate well was sampled.
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Figure 2.1  Compacted clay cap at Site 3

Figure 2.2  Uncapped fragmentiser waste at Site 4A
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Figure 2.3  Mechanical, biological treatment (MBT) waste in foreground at Site 5
(unsorted MSW in background)

2.2 Choice of analytical suite
The number of potential components in the gas from inorganic wastes is enormous. Some
prioritisation was needed to arrive at a practical suite of analytical methods. Ideally, the
suite needed to detect significant amounts of substances that may be toxic or odorous; it
also had to signal the presence of substances that may not have been directly monitored.

A preliminary prioritisation exercise was conducted as part of the Serco desk study (Serco
2007). This initial work was further refined to select a range of analytical methods that
would give maximum cover for the substances with the greatest potential significance (i.e.
those most polluting/damaging to the environment and/or people).

The additional screening undertaken within this project took account of the availability of
substances in the gas phase by using two mobility factors: Henry’s Law and vapour
pressure. A high mobility score of 2 was given if the compounds had a higher vapour
pressure or a higher Henry’s Law constant than carbon disulphide (vapour pressure 350
mmHg, Henry’s Law 2E-2 atm.m3.mol-1).

Further enhancement was then applied using a toxicity factor (a log scale of reference
concentrations, starting at 1 for no data, 2 for reference concentration ‘x’E+00 mg.m-3 or
above, 3 for reference concentration ‘x’E-01 mg.m-3, 4 for reference concentration ‘x’E-02
mg.m-3, etc). The toxicity factor and the high mobility score were multiplied to give a final,
combined priority ranking (summarised in Table 2.2).
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Table 2.2 Preliminary prioritisation

Compound P1-516/2a 
Priority

Vapour 
Pressure

Henry's Law 
Constant

Physical 
property 
ranking

Toxicological Data in 
Reference Concentration or 

Dose 

Source of 
reference 

data

Reference 
Concentration 
used in ranking 

Toxicity 
ranking

Combined 
ranking

mmHg atm.m3.mol-1 (mg.m-3) or (mg.kg-1.day-1) (mgm-3)

Tetraethyl Lead High 2.6E-01 5.7E-01 2 1 E-7 mg.kg-1.day-1 ORAL IRIS 3.5E-07 9 18
Arsine High 1.1E+04 1.1E-01 2 1.43E-3 mg.kg-1.day-1 IRIS 5.0E-05 7 14
Hydrogen Selenide High 9.1E+03 1.2E-02 2 NA CalEPA 8.0E-05 7 14
Phosphine High 2.9E+04 1.2E-01 2 8.57E-5 mg.kg-1.day-1 IRIS 3.0E-04 6 12
phosgene Medium 1.2E+03 Reacts with water 2 NA IRIS 2.0E-04 6 12
Hydrogen sulphide High 1.6E+04 1.2E-02 2 0.002 mg.m-3 inh RFC IRIS 2.0E-03 5 10
Methanethiol Medium 1.5E+03 4.9E-03 2 0.002 mg.m-3 inh RFC IRIS 2.0E-03 5 10
Hydrogen cyanide High 6.2E+02 1.4E-04 2 0.003 mg.m-3 inh RFC IRIS 3.0E-03 5 10
Hydrogen halides Medium 3.6E+04 5.2E-05 2 5.7E-3 mg.kg-1.day-1 PRG 2.1E-02 4 8
Mercury Low 2.0E-03 1.1E-02 1 0.0003 mg.m-3 inl RFC IRIS 9.0E-04 6 6
Carbon disulphide High 3.6E+02 2.3E-02 2 7E-1 mg.m-3 IRIS 7.0E-01 3 6
Methylmercury Medium NA NA 1 1E-4 mg.kg-1.day-1 ORAL IRIS 3.5E-04 6 6
Ammonia High 7.5E+03 1.6E-05 2 2.86E-2 mg.kg-1.day-1 IRIS 1.0E-01 3 6
Amines (triethylamine) High 5.7E+01 3.7E-03 1 2E-3 mg.kg-1.day-1 PRG 7.3E-03 5 5
Stibine High NA NA 1 0.0004 mg.kg-1.day-1 antimony IRIS 1.4E-03 5 5

Alkylated antimony Low NA NA 1 4E-4 mg.kg-1.day-1 ORAL 
(Antimony & compounds)

IRIS 1.4E-03 5 5

Carbon monoxide Medium NA 1.2E+00 2 11.6 mg.m-3 UK DETR 1.2E+01 2 4
Dimethyldiselenide Low NA NA 1 5E-3 mg.kg-1.day-1 ORAL 

(Selenium & compounds)
IRIS 1.8E-02 4 4

NOx Medium 9.1E+02 8.2E-02 2 1E 0 mg.kg-1.day-1 ORAL 
(NO2)

IRIS 3.5E+00 2 4

Methane NA NA 7.1E-01 2 NA  -  - 1 2
Carbon dioxide NA NA 2.8E-02 2 NA  -  - 1 2
Oxygen NA NA 7.6E-01 2 NA  -  - 1 2
Nitrogen NA NA 1.7E+00 2 NA  -  - 1 2
Hydrogen High NA 1.3E+00 2 NA  -  - 1 2
Helium High NA 2.6E+00 2 NA  -  - 1 2
Simple hydrocarbons 
(ethane)

Low 2.9E+04 4.9E-01 2 NA  -  - 1 2

Carbonyl Sulphide High 9.4E+03 6.8E-02 2 NA  - - 1 2
Dimethylsulphide Medium 4.0E+02 2.3E-03 2 NA Scorecard  - 1 2
Iodomethane Low 4.1E+02 7.1E-03 2 NA IRIS  - 1 2
Tetracarbonyl Nickel High 3.9E+02 NA 2 NA  -  - 1 2
Tetramethyl Lead High 2.6E+01 6.1E-01 2 NA  -  - 1 2
Tetramethyl tin Medium NA NA 1 6E-1 mg.kg-1.day-1 ORAL 

(inorganic tin)
IRIS 2.1E+00 2 2

Alkylated lead 
(tetrabutyl lead)

Medium 3.3E+02 6.6E-06 1 NA  -  - 1 1

Metal carbonyls (Nickel 
carbonyl)

Low 3.2E+02 NA 1 NA  -  - 1 1

Dimethyldisulphide Medium 2.9E+01 1.2E-03 1 NA  -  - 1 1
other alkylated tins Medium NA NA 1 NA  -  - 1 1
Tetramethylarsine Medium NA NA 1 NA  -  - 1 1
Dimethyltelluride Medium NA NA 1 NA  -  - 1 1
Ttrimethyl stibene Medium NA NA 1 NA  -  - 1 1
Alkylated germanium Medium NA NA 1 NA  -  - 1 1
Alkylated arsenic Low NA NA 1 NA  -  - 1 1
Trimethylbismuthine Low NA NA 1 NA  -  - 1 1
Dimethyl selenide Low NA NA 1 NA  -  - 1 1
Alkylated silicon Low NA NA 1 NA  -  - 1 1
Dimethylmercury Low NA NA 1 NA  -  - 1 1
Siloxanes Low NA NA 1 NA  -  - 1 1
1)  NA signifies Not Available
2)  Where a range of Vapour pressures or Henry's Law constants have been given, the lowest one has been chosen
3)  Note: Dimensionless Henry's constants have been converted to atm.m3.mol-1 by multiplying by 8.206E-5 atm.m3mol-1.k-1 x 298K - Other values nominally at 25 0C

4)  Sources:  NIST chemistry webook, IRIS database, UK DETR, PRG - USEPA REGION 9, Groundwater Chemicals, Compiled by John H. Montgomery - CRC Inc, RAIS database
5)  Where surrogates have been used, these are in (brackets)

Compared with the Serco assessment, mercury received a higher priority ranking due to
its toxicity; alkylated antimony and dimethyl selenide also had their priority ranking
increased, based on oral toxicity data for antimony, selenium and their compounds.
Carbonyl sulphide and tetracarbonyl nickel decreased in priority because they have no
easily available toxicity data.

Two compounds (phosgene and NOx) were removed from the list drawn up in the Serco
desk study. Phosgene was removed because the degradation path leading to phosgene
generation should only occur in a solvent-rich landfill, which is not the case of Sites 1-8.
Furthermore, in the presence of water, phosgene is short-lived because it would hydrolyse
rapidly with the water. NOx was also removed because thermal NOx will only be generated
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in landfills when there is high-temperature oxidation of waste in air. These conditions are
extremely unlikely in an inorganic landfill.

The detection limits for prioritised substances can be determined from the toxicity
prioritisation. These limits serve as the basis for selecting appropriate sampling volumes.

2.3 Choice of sampling technique
The choice of sampling technique was driven by three factors, namely:

• most sites (except Sites 4A and 4B) do not have pre-installed sampling points;

• the weak fluxes expected in these landfills lead to a weak pressure-driven
flow;

• the shallow zone below the cap of the landfill was therefore thought to be the
zone of interest because it would probably have most gas generation and
could be a conduit for gas generated below to migrate to the surface.

The aim of this project is to quantify the gas close to its point of production and hence
estimate the source term of any gas risk. Samples were to be taken, therefore, from within
the porous waste. No attempt was made to sample vapour concentrations above the
surface or in ambient air.

Soil vapour techniques (developed for identifying trace gas compounds in vapour
migration pathways on contaminated land) were adapted for the gas extraction (Figure
2.4). These techniques have several advantages, including:

• samples can be taken at depths of 1-2.5 m;

• thick-walled steel tubing permits penetration into well-compacted slag rich
waste (see Figure 2.5);

• retractable stainless steel probe tip for reliable depth-discrete sampling
(Figure 2.6);

• Teflon tubing is inserted to the base of the probe and sealed at the top of the
probe using a gland seal to prevent short-circuiting of the gas directly to the
atmosphere;

• Teflon tubing from the base of the probe runs directly to the sample tubes to
minimise any reaction of the gas with the probe or sample tubing while the
sample is being taken;

• easy to seal around the top of the probe to prevent air ingress at the surface
of the waste;

• insertion and removal uses manual equipment so no ignition sources are
present;

• no permanent penetration left in the waste to allow air ingress.

Landfills 4A (Figure 2.7) and 4B had dedicated gas sampling wells.
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Figure 2.4  Design of sampling probe

Figure 2.5  Soil vapour probe inserted through cap – Teflon tube to base of probe.
Cable gland seal at top of probe
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Figure 2.6  Soil vapour probe tip

Figure 2.7  Permanent wells at site 4A

A detailed methodology is included as Annex 1 to this report. A health and safety plan,
including a risk assessment and an equipment review in line with ATEX regulation, is
included as Annex 2. The health and safety review covers the implications of transport of
acid and alkali needed in the sampling. A sampling proforma developed specifically for
sampling inorganic gases is included as Annex 3.
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Sampling procedures and sampling media were greatly improved during the course of the
project. The volumes of gas required for sampling were reduced from 300 to 200 litres
and impinger solutions were also optimised.  These developments are discussed in
Annex 4.

Sorbent tubes and impingers were chosen as sampling media for the trace components
because of their ability to concentrate the gases and store the samples for transit to the
laboratory. Specific sampling media are discussed in detail in Section 3, while the
sampling set up is shown in Figure 2.8 and Figure 2.9.
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Figure 2.8  Sampling set up
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Figure 2.9  Multiple sampling for trace gas onto sorbents; phosphine and ammonia
sorbent tubes on right hand side and rotameters on left hand side

2.4 Sampling points at Sites 1-8
Soil vapour probes (25 mm diameter) were driven to a depth of between 0.5 and 2.0 m.
Gas from the probes was then sampled with a bulk gas analyser to ensure that there was
no short-circuiting of the gas to the atmosphere. Sampling of the gas then took place, with
additional testing for short-circuiting at various intervals before the probe was withdrawn
using a probe winch.

Site 1
The first area sampled was a cell with temporary cover. Although the waste is less than
two years old in terms of deposition, it was not ‘fresh’ waste, only recently placed. Sample
depths were approximately 1 m below the ground cover (cover thickness unknown).

A different cell was sampled on the second visit. The waste was less than two years old
and had a higher oily component. The soil probe was placed through a temporary cover of
around 0.5 m. The adjacent leachate well was capped and fitted with a push fit gas
sampling port. The gas was under pressure, so purging was not required. The cap was
removed so that the leachate could be sampled (a full-face respirator was worn for this
activity).

Site 2
In contrast to Site 1, the waste was compacted extremely well as soon as it was placed in
the landfill and covered. The probe was inserted repeatedly in areas of older waste that
had yet to be covered and the surface had yet to be compacted, but oxygen readings
remained marginally below atmospheric levels with no other indications of landfill gas. It
was not possible to insert the probe into the underlying, compacted, oldest waste due to
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the degree of compaction. Probes were also repeatedly inserted through permanent cover
material at the edge of the landfill, but at 1 m below cover level, the sampled gas was still
essentially atmospheric air. Finally, a probe was installed as far as was possible at 45
degrees to the vertical into a bank of uncompacted waste (towards compacted waste) in
the landfill and depleted air readings were obtained. As the field readings were not typical
of landfill gas, only one sample was taken.

Site 3
There was a final clay cover on waste at Site 3 that was approximately 1 m thick. Two
cells were tested, one with two year old air pollution control (APC) residues and one with
more recent APC residues mixed with some contaminated soil. The probe was driven
approximately 1.2 m into the ground (Figure 2.5). The deepest 0.2 m was harder to
penetrate (presumably this was the APC). Gas flow from this depth was insufficient to
sample, so the probe was retracted by 0.2 m. Gas flow at the boundary of the putative
APC waste and the clay cover was just sufficient to sample, although the temperature of
the gas was 6° C cooler than 0.2 m deeper. A number of probes were installed before
adequate gas supply could be obtained, although the gas flow from all probes in this
waste was limited.

Site 4A
This cell contained predominantly fragmentiser waste. There were pre-installed wells, one
screened at 2-3 m depth and one at 3-5 m depth. These wells (Figure 2.7) were purged
and sampled. The waste was not capped and was springy when walked on.

Site 4B
Two probes are pre-installed in this cell, penetrating both the final soil cap and a clay
cover at approximately 2 m depth. One of these probes was waterlogged so only one
sample could be taken. Surface water is ponded on this cell.

Site 4C
This cell had a 1 m cap. Soil probes were advanced to approximately 1.1 m below ground
(the last 0.1 metre was more difficult to penetrate). After 0.1 m retraction of the probe, gas
samples were obtained.

Site 5
This site had no cap and consisted of compacted MBT residue (intensively pre-treated
MSW). The waste was difficult to penetrate with the probes and they were also awkward
to retract. However, five out of seven probe holes produced gas with atmospheric air
concentrations, perhaps because there was a shredded tyre drainage layer at the side of
this cell. Two probe holes produced landfill gas and these were sampled.

Site 6
This monofill cell with metal slag waste was relatively small (perhaps 20 m x 20 m). The
waste was deposited and capped over ten years ago. There was at least 0.75 m of topsoil
above the 1 m clay cap, so sampling from 2 m depth was required. The leachate level
was approximately 2.2 mbgl and water was pulled into the probe while trying to find gas to
sample. A suitable unsaturated zone was eventually found. The two sample locations
were approximately 10 m apart, both at the same depth (1.9 mbgl).

Site 7
This cell was temporarily capped with a 0.2 m thickness of soil and rubble. The waste was
placed within the past two years. The probe was relatively difficult to insert, probably
owing to the stone content of the temporary cap and waste; however,’ softer’ spots were
encountered, suggesting that not all the waste was fully compacted. One trial probe tip
came back with oil on after drawing up water. Two probes were finally inserted at 0.9 mbgl
and approximately 15 m apart. The flow in one of the probes (Point 7-1) was very low,
creating a considerable vacuum by the end of the sampling period.
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The other end of the cell was sampled on the second visit. The soil probe was placed
through a temporary cover of approximately 0.5 m. The adjacent leachate well was
capped and fitted with a push fit gas sampling port. The gas was not under pressure, so
purging took place until field parameters stabilised. The cap was removed for leachate
sampling purposes, during which time a full face respirator was worn. There was limited
leachate in this well.

Site 8
This cell is currently being filled and had no cap, although the soil and slags form a
competent surface on which to work and to achieve a good seal around the probe. Two
probes were inserted to approximately 0.9 mbgl at two locations approximately 10 m
apart.
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3 Analytical procedures
Samples were despatched for analysis to four specialist laboratories: Kempston, Harwell
Scientifics, Ceram Research and Intertek. Each has established expertise in the
specialised techniques selected for full characterisation of the gases. A summary table of
analytical methods is provided below (Table 3.1), with more detail in subsequent
subsections.

Table 3.1 Analytical suites

Compound Sample media Analysis
Nitrogen, oxygen,
carbon dioxide, methane

Tedlar© bag Gas chromatography (GC)-
thermal conductivity
detection (TCD)

Ethane, propane and
butane

Tedlar© bag GC-flame ionisation
detection (FID)

Hydrogen and helium Tedlar© bag GC-TCD
Carbon monoxide Tedlar© bag Fourier transform-infra red

(FT-IR) spectroscopy
Hydrogen sulphide Tedlar© bag Inductively coupled-atomic

emission spectroscopy (ICP-
AES)

Volatile organics (VOCs) Dual sorbent ATD tubes GC-mass spectroscopy
(MS)

Phosphine Treated silica gel ICP-AES
Amines Treated silica gel High performance liquid

chromatography (HPLC)
Ammonia Treated silica gel Ion selective electrode (ISE)
Hydrogen halides Alkali impinger Ion chromatography
Hydrogen cyanide Alkali impinger Colorimetric measurement
Siloxanes Tedlar© bags GC- MS
Organo-metals Nitric Acid impinger Inductively coupled plasma-

mass spectroscopy (ICP-
MS)

Organo-metals Hydrochloric acid impinger ICP-MS
Inorganic mercury Potassium permanganate

impinger
ICP-MS

Organic mercury Potassium bromate impinger ICP-MS

3.1 Bulk gas analytical methods
Field-portable instruments are not suitable for analysing hydrogen, carbon monoxide or
hydrogen sulphide with sufficient accuracy, so samples were taken for laboratory analysis.
Portable instruments were primarily used to determine whether the sampling point was
affected by oxygen ingress. Bulk gas parameters were also recorded from the field meters
to establish whether any gross changes in gas composition occurred during transport.

This study confirmed that field meters for detecting carbon monoxide using
electrochemical cells co-respond strongly to the presence of hydrogen.
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Analysis for hydrogen, methane, carbon dioxide, oxygen, nitrogen, carbon monoxide,
helium and hydrogen sulphide (total sulphur minus speciated compounds) was performed
by the Kempston laboratory using the following methods:

• bulk gases (oxygen, nitrogen, methane and carbon dioxide) were analysed by
method SMA 11a (methane by method SMA 11i) using gas chromatography-
thermal conductivity detection (GC-TCD);

• simple hydrocarbons (ethane, propane and butane) were analysed by method
SMA 11b by GC-flame ionisation detection (FID);

• hydrogen and helium were analysed by method SMA 11c using GC-TCD;

• carbon monoxide was analysed using method SMA 13a and Fourier
transform-infra red spectroscopy (FT-IR);

• hydrogen sulphide was analysed using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) and the results provide total sulphur as
H2S.2

Kempston is UKAS accredited for these analyses. The laboratory analyses are more
robust than readings provided by field meters.

3.2 Organo-sulphur and other inorganic analytical
methods

Harwell Scientifics were involved in development of the ATD-GC-MS protocols for
analysing organo-sulphur compounds (Environment Agency 2003) and performed these
analyses for this project.

Speciated organic compounds are pre-concentrated using sample tubes containing
sequentially packed beds of two adsorbents: Tenax TA and Spherocarb. These sorbents
are held in silico-steel automated thermal desorption (ATD) tubes. After a dry nitrogen
purge to remove moisture, the concentrated compounds are thermally desorbed in the
laboratory and analysed by gas chromatography-mass spectrometry (GC-MS). Harwell
also confirmed the presence or absence of iodomethane on these tubes.

The samples were analysed by ATD-GC-MS using a Perkin Elmer TurboMatrix ATD
linked to an Agilent 6890/5973N GC-MS spectrometer operating in scan mode. Before the
samples were run, a calibration was generated over five levels for all the compounds
listed in the volatile organic compounds (VOCs) analytical results tables. This enables all
the compounds in the samples to be identified quantitatively. Before the tubes were
analysed they were purged with 1.5 l of dry nitrogen gas.

In a refinement to the existing method, additional tubes were run at Sites 1 and 2 to
ensure a low detection limit for methanethiol, because it was believed that some
methanethiol may be lost during thermal desorption. This was found not to be the case
and the rest of the sampling programme used one tube for all compounds. No methyl
mercaptan was reported in this project. The ATD analysis, however, gave a good
calibration for methyl mercaptan, and so methyl mercaptan levels could have been
obtained, if present. This analysis for methyl mercaptan is not UKAS accredited.

In addition to the organo-sulphur compounds, the GC-MS also used toluene as a marker
for total VOC concentration.

                                                
2 This number was refined if significant concentrations of organo-sulphur compounds
were found by analyses from the Harwell Scientifics laboratory.
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Results are quoted as total ng on the tube as received, and also as µg.m-3, based on the
sample volume supplied by the field sampling team. The top calibration level in the
analysis was 1000 ng of each analyte on the tube (uncertainty in quantitation increases
above this level). The analyses to estimate the total VOCs detected on the tubes and the
amount of methyl iodide tentatively identified on the tubes are not UKAS accredited. The
duplicate sample from Point 8-2 caused the mass selective detector to crash, so there are
no data for this sample.

To quantify hydrogen halides, analysis of an alkali impinger solution was carried out as
per air quality measurements. Fluoride and chloride concentrations at sub-ppm
concentrations enabled reporting of hydrogen halides at low microgram concentrations in
the sampled landfill gas. The samples supplied for analysis were analysed by ion
chromatography method HS/GWI/1087 Issue 4 for chloride and fluoride. This method has
been accredited by UKAS.

Hydrogen cyanide (total cyanide) was analysed using the same alkali impinger solution as
the hydrogen halides. Determination of total cyanide concentration in the solutions was by
on-line distillation followed by colorimetric measurement by autoanalyser. The extraction
method extracts free and complex cyanides, and thiocyanates, and their total
concentration as cyanide is expressed as total cyanide against ferricyanide standards.
The analysis is performed in accordance with method GWI/9020 Issue 1. As a quality
control (QC) measure, QC standards were prepared using stock solutions from an
alternative source to those used to prepare the calibration standards and measured with
the normal samples. Results obtained for these QC standards and the expected value for
the standards are provided. Measurement uncertainty for all those results that were
significantly above the limit of detection (LoD in the tables) is estimated to be ±30 per
cent. Results within an order of magnitude of the LoD have a higher uncertainty.

The phosphine analysis was carried out according to OSHA method 1003, and involved
acid digestion of the filter (a glass fibre filter treated with mercuric chloride), followed by
ICP-AES analysis. Each of the tubes was cut open and the contents (minus the glass
wool plugs) were transferred to acid-cleaned glass beakers. The silica was then digested
in a mixture of concentrated sulphuric acid and 30 per cent hydrogen peroxide on a
hotplate until a water-white solution was obtained. The cooled digests were diluted to a
known volume with demineralised water having a resistivity of 18.2 MΩ.cm. The extracts
so obtained were then measured for phosphorous (P) by ICP-AES (Perkin Elmer Optima
4300DV), for which an external calibration was applied for quantification.

As a QC measure, a beaker spiked with the equivalent of 0.40 mg.l-1 P, but no sample,
was taken through the entire analytical procedure. The result obtained for this control is
denoted by the title ‘Method QC’ in the table of results. As a further quality assurance
measure a 5.0 mg.l-1 P solution, prepared from a stock solution alternatively sourced from
that used to prepare the instrument calibration solutions, was run along with the samples.
The result obtained for this control is denoted by the title ‘QC Standard’.

The results are expressed in µg P per tube. The LoD is defined as three times the
standard deviation obtained from the measurement of a series of at least five instrument
blanks. Measurement uncertainty for all the results that were significantly above the LoD
is estimated to be ±20 per cent. Results within an order of magnitude of the LoD have a
higher uncertainty.

Amines were recovered on silica gel tubes and analysed using HPLC. Individual amines
were reported, if found. The tubes were extracted by sonication in sulphuric acid solution.
The front portion (F) and the back portion (B) were analysed separately. The pH of the
resultant solution was adjusted to >11.5. The samples were then extracted in accordance
with HS/GW/3028. Four amine species were analysed using pre-column derivatisation
followed by HPLC with fluorescence detection. The results are expressed in µg per tube.
The LoD is calculated from the lowest concentration of standard run. This analysis is not
UKAS accredited.
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Ammonia was analysed using the silica gel tubes (as per amine analysis). The limit of
detection was approximately 0.2 µg. The solutions were diluted 1:1 with deionised water,
and then measured using an electrochemical meter equipped with an ion selective
electrode (ISE). Each sample was introduced into the ISE using a continuous flow
autosampler. As a quality control measure, QC standards were prepared using stock
solutions from an alternative source to those used to prepare the calibration standards
and measured with the normal samples. Results obtained for these QC standards and the
expected value for the standards are provided. Measurement uncertainty for all the results
that were significantly above the LoD is estimated to be ±30 per cent. Results within an
order of magnitude of the LoD have a higher uncertainty. This analysis is not UKAS
accredited.

3.3 Siloxane analytical methods
Siloxanes were analysed by Ceram Research by injecting landfill gas collected in a
Tedlar© bag into a GC-MS.

3.4 Organo-metal analytical methods
To determine the best method for detecting unspeciated organo-metallic compounds, the
gases were trapped in three solution types: a nitric acid solution, a hydrochloric acid
solution and an aqua regia solution. The aqua regia proved to be the least effective
solution and hydrochloric acid appeared to be the most effective, except in some
circumstances when nitric acid provided better recovery. The metal species were
analysed using ICP-MS.

With regard to mercury, two R&D projects have concluded that there are very low
concentrations of mercury in ‘typical’ landfill gas at present (Environment Agency 2003).
This project looked at the potential concentrations of mercury in ‘future’ landfill gas. Two
types of impinger were used to trap organic and inorganic mercury (potassium
permanganate and potassium bromate, respectively).
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4 Analytical results and
comment

The composition of the gases sampled at each of the sites is summarised in Table 4.1
and Table 4.2. These tables show the ’average‘ or best estimate values for all
determinands at each site. A more detailed presentation of the results and comment on
individual sites are given in Annex 4.

The project planned to determine the speciation of any gaseous metals that were present
in large amounts. However, the data on the gas at all sites indicated low levels of total
metal species and so no attempt was made to measure the form of the organo-metallic
complexes present. For completeness, the method proposed for speciation of metals was
sampling into large Tedlar bags (> 5l) followed by analysis by GC-ICP-MS and cross
checking by GC-MS. The GC-ICP-MS would be equipped with a cryogenic trap to
concentrate and focus the samples.

A detailed discussion of the data is provided in Section 5, but from the overview of
datasets in Table 4.1, items of note are:

• bulk gases are generally hydrogen, carbon dioxide and methane;

• the presence of ethane, propane and butane at some sites;

• the lack of hydrogen sulphide;

• the low ammonia and amine concentrations;

• the lead and nickel concentrations in the organo-sulphur analyses;

• the low mercury concentrations.

In Table 4.2 items of note are:

• the generally low VOC concentrations except at a few sites;

• the absence of organo-sulphur compounds in the gas.

The general descriptions of the sites referred to in the tables are:

• Site 1 (UK) – variety of hazardous waste & contaminated soils;

• Site 2 (UK) – variety of hazardous waste & contaminated soils;

• Site 3 (UK) - APC residues;

• Site 4 (European);

- 4A – fragmentiser and mixed waste;

- 4B – non-combustible sorted MSW and road sweepings;

- 4C – incinerator bottom ash;

• Site 5 (European) – MBT residues;

• Site 6 (UK) – metal slag, saturated;

• Site 7 (UK) – variety of hazardous waste, including metal slags;

• Site 8 (UK) – variety of hazardous waste, including metal slags.



22 Science Report – Investigation and Quantification of Gas Produced from Landfilling of Inorganic Wastes

Table 4.1 Summary of non-VOC compounds

Oxygen %v/v 2.8 7.5 4 3.3 17.9 1.9 2.7 1.9 1.1 0.4 1.1 1.3 0.5 2.6 18.2 17.3 13.1 13.7 18.7 3.5 1.4 1.3
Nitrogen %v/v 81.7 85.2 28.8 74.5 80.9 96.1 95.3 74.6 75.8 1.1 85 68.4 20.4 11.2 79.7 79.8 79.5 84.1 80.8 89.1 87.4 89.6
Methane %v/v 13.7 5.7 56.5 7.1 0 0 0.7 23.8 22.8 72.9 12.2 30.2 29.8 45.1 0 0 3 0 0 0 8.9 4
Carbon Dioxide %v/v 0 0 10 17 0 0 1.6 0.2 0.3 24.6 0.9 0.7 48.6 40.9 1.5 2.2 6.8 0.7 0.7 6.9 1 0

Helium ppmv <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50

Hydrogen ppmv 8300 12000 500 450 <50 15000 50 <50 <50 <50 <50 <50 1700 1200 <50 <50 <50 200 <50 <50 7000 13800
Ethane ppmv 560 320 140 84 <10 <10 20 <10 <10 <10 30 50 <10 <10 <10 <10 <10 13 <10 <10 54 29
Propane ppmv 430 170 61 17 <10 <10 10 20 30 10 <10 20 10 <10 <10 <10 38 12 <10 <10 53 230
Butane ppmv 150 68 29 <10 <10 10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 120 <10 <10 <10 18 16
Carbon Monoxide ppmv <10 <10 10 20 10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 10 40 <10 <10 20 10
Total S as H2S ppmv 21 5 79 11 4 <2 <2 2 <2 36 <2 <2 20 28 <2 <2 <2 <2 <1 <1 <2 <10

Hexamethylcyclotrisiloxane ug.m-3 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 2000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000

Octamethylcyclotetrasiloxane ug.m-3 <1000 <1000 9900 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 2000 <1000 <1000 <1000 1100 <1000 <1000 <1000 <1000 <1000

Decamethylcyclopentasiloxane ug.m-3 <1000 10600 6000 10000 <1000 <1000 1400 <1000 1500 <1000 <1000 3100 <1000 <1000 <1000 <1000 <1000 <1000 <1000 2300 <1000 <1000

Cyanide ug.m-3 <250 <305 90 <60 <56 <30 <70 <57 <57 <57 <60 <60 <60 <60 70 70 <70 <60 120 <60 <70 180

Cl- ug.m-3 7500 3780 840 1000 4500 7500 751 4500 5700 4000 5400 5000 4600 4300 700 <600 <300 <600 2400 1000 <600 110000

F- ug.m-3 <500 <611 <900 <900 833 833 3.26 1700 1700 1700 1800 2000 2000 1900 <700 <600 <300 <600 1200 <900 800 900
Ammonia as N ug.m-3 <10000 <12195 <50 <50 <576 <652 <616 <380 <850 <380 <400 <400 <400 <400 <200 <200 <1050 <200 <50 250 <200 <200

Ethanolamine ug.m-3 -- -- <1.5 <1.5 <96 <108 <108 <94 <94 <113 <100 <100 <100 <100 -- -- -- -- <1.5 <1.5 -- --

Methylamine hydrochloride ug.m-3 -- -- <1.5 <1.5 <3.8 <4.4 <4.4 <4 <5 <4 <4 <4 <4 <4 <4 <4 <4 <4 <1.5 <1.5 <4 <4

Dimethylamine hydrochloride ug.m-3 -- -- <1.5 <1.5 <3.8 <4.4 <4.4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <1.5 <1.5 <4 <4

Cyclohexamine ug.m-3 -- -- <1.5 <1.5 <3.8 <4.4 <4.4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <1.5 <1.5 <4 <4

Phosphorus ug.m-3 30 24 15 15 <19.2 <21.7 <20.5 40 <30 <30 <30 <30 <30 <30 <15 <15 <15 <15 50 15 <15 <15

Antimony ug.m-3 0.4 0.5 1.7 16.7 0.5 0.8 0.3 1.0 0.1 1.7 0.1 1.5 0.6 0.4 0.6 0.8 0.7 0.3 1.5 0.7 0.2 0.5
Arsenic ug.m-3 1.3 0.7 2.1 20.7 0.4 0.2 0.5 0.3 0.5 2.1 0.3 1.1 0.3 0.9 0.4 0.3 0.9 0.5 1.1 0.9 1.3 1.3
Bismuth ug.m-3 <0.3 <0.2 0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Germanium ug.m-3 4.9 2.8 1.5 14.9 <1 <1 2.6 1.0 1.3 <0.9 <1.0 <1.0 <1.0 <1.0 2.7 4.2 8.4 1.8 4.2 3.3 1.8 2.1
Lead ug.m-3 7.2 9.4 75.1 751.0 11.2 9.8 7.2 2.8 5.7 75.1 15.1 42.7 35.6 20.6 4.7 1.4 36.8 21.9 42.7 19.7 25.3 51.6
Molybdenum ug.m-3 <0.5 <0.3 0.3 3.3 <0.3 0.7 <0.3 <0.3 <0.3 0.3 <0.3 <0.3 <0.3 <0.3 <0.32 0.4 <0.3 <0.3 0.4 0.7 <0.3 <0.3

Nickel ug.m-3 8.4 4.4 30.2 180.0 3.6 25.8 13.1 1.2 4.3 30.2 4.4 4.2 12.0 20.6 2.3 1.3 9.9 3.3 20.6 10.8 2.0 2.7
Selenium ug.m-3 20.3 1.4 3.4 33.8 <0.4 1.9 2.0 <0.4 2.9 <0.4 <0.4 0.7 3.4 0.5 <0.4 19.4 3.8 1.1 19.4 48.1 <0.4 1.6
Silicon ug.m-3 7480 360 17 160 147 249 472 308 961 961 138 267 814 593 56 48 1293 2689 2689 6 286 540
Tellurium ug.m-3 0.5 <0.1 0.5 4.6 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Tin ug.m-3 3.8 1.4 2.7 27.0 <0.8 126.4 <0.8 <0.7 1.1 2.7 <0.7 <0.7 1.5 1.2 <0.3 <0.3 <0.3 <0.3 1.2 1.5 3.6 11.6
Tungsten ug.m-3 <0.6 <0.4 <0.4 0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4

Mercury (Organic) ug.m-3 0.005 0.0044 2.47 0.4600 0.0056 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 1.050 0.300 0.510 0.260 0.970 0.600 1.210 0.110
Mercury (Inorganic) ug.m-3 0.0017 0.0011 0.0300 0.0200 0.0011 <0.001 0.0250 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.020 0.030 0.030 0.030 0.010 0.010 0.010 0.020

Site 1  
1 

Site 1 
2

Site 1.2 
1

Site 1.2 
2

Site 2 
1

Site 3  
1

Site 3 
2

Site 4a  
1

Site 5 
2

Site 6  
1

Site 6 
2

Site 4a 
2

Site 4b 
1

Site 4c  
1

Site 4c 
2

Site 8  
1

Site 8  
2

Site ID:

Units   
Site 7  

1
Site 7 

2
Site 7.2 

1
Site 7.2 

2
Site 5  

1



Environment Agency P1-516/2b

23 Science Report – Investigation and Quantification of Gas Produced from Landfilling of Inorganic Wastes

Table 4.2 Summary of VOC data

Dichlorodifluoromethane ug.m-3 41000 21000 3800 130000 <200 <200 <200 1900 3300 <201 <200 <200 7000 44000 <200 <200 2300 <200 13000 120000 <200 790
Chloromethane ug.m-3 <300 <200 <300 <300 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200

Chloroethene ug.m-3 207000 102000 370000 910000 <200 <200 <200 <200 4000 <200 <200 <200 <200 1000 <200 <200 2500 2200 550000 880000 540 <200

Bromoethane ug.m-3 <200 <100 <200 720 <90 <90 <90 <90 <90 <90 <90 <90 <90 <90 <90 <90 2000 220 <90 <90 <90 <90

Chloroethane ug.m-3 2600 <80 520 440 <60 750 <60 1100 880 880 <60 <60 <60 88 <60 <60 <60 <60 <60 <60 <60 <60

Trichlorofluoromethane ug.m-3 300 <30 400 56000 <30 <30 <30 <30 350 350 <30 <30 26 <30 <30 <30 <30 500 1500 60000 78 270
1-Pentene ug.m-3 <200 3700 4700 350 <80 <80 <80 750 1700 1700 <80 <80 130 160 <80 <80 <80 <80 <80 <80 580 5700
Acetone ug.m-3 69000 2600 24000 270000 <60 980 <60 200 960 960 <60 <60 370 1400 79 84 <60 3E+05 22000 280000 26000 3600
Furan ug.m-3 <70 <50 <70 <70 <40 <40 <40 <40 <40 <40 <40 <40 260 720 36 <40 <40 <40 <40 <40 <40 <40

Propan-2-ol ug.m-3 <200 <100 11000 <200 <80 <80 <80 <80 <80 <80 <80 <80 840 3300 <80 <80 4E+05 90000 11000 <80 8900 <80

Ethyl Mercaptan ug.m-3 <300 <200 <300 <300 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200

1,1-Dichloroethene ug.m-3 6400 1300 7600 15000 <50 <50 <50 120 190 <50 <50 <50 <50 <50 <50 <50 <50 580 7600 13000 55 98
Methylsulfide ug.m-3 6700 6100 450 15000 <60 <60 <60 66 <60 <60 <60 <60 970 16000 <60 <60 <60 85 580 11000 4500 <60

Dichloromethane ug.m-3 407000 81000 15000 220000 70 130 <40 150 150 <40 <40 <40 <40 <40 <40 <40 27000 27000 15000 230000 65000 11000
Carbon Disulfide ug.m-3 2400 <70 140 2900 <50 <50 <50 <50 <50 <50 <50 <50 <50 290 <50 <50 560 1600 260 2000 210 1300
trans-1,2-Dichloroethene ug.m-3 15000 740 4100 7100 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 4500 7800 <40 <40

1,1-Dichloroethane ug.m-3 5900 280 230 7000 <30 <30 <30 590 730 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 7000 <30 <30

n-Hexane ug.m-3 197000 44000 19000 82000 <70 68 <70 2000 990 990 <70 <70 170 400 <70 <70 64000 41000 40000 74000 77000 73000
Methylethylketone ug.m-3 74000 3900 5200 99000 <40 <40 <40 180 510 <40 <40 <40 300 1500 <40 <40 <40 4E+05 7200 89000 43000 4100
cis-1,2-Dichloroethene ug.m-3 3500 2800 55000 190000 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 450 <30 58000 190000 85 190
Propyl Mercaptan ug.m-3 <200 <100 <200 <200 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100

Chloroform ug.m-3 22000 130 2300 1700 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 310 89 140 86 <30

Tetrachloromethane ug.m-3 <70 <50 110 <70 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40

Benzene ug.m-3 24000 5200 9800 12000 <20 <20 <20 870 450 450 <20 <20 440 470 <20 <20 4800 9200 14000 12000 2700 17000
Butan-1-ol ug.m-3 25000 2100 <200 <200 <80 <80 <80 <80 <80 <81 <80 <80 220 1700 <80 <80 <80 <80 <80 <80 <80 <80

n-Heptane ug.m-3 27000 27000 16000 56000 <40 <40 <40 450 250 250 <40 <40 160 310 <40 <40 15000 32000 22000 1100 3400 15000
Trichloroethene ug.m-3 77000 10000 57000 100000 <20 <20 <20 <20 <20 <20 <20 <20 99 <20 <20 <20 4900 1000 73000 99000 5700 460
1,2-Dichloropropane ug.m-3 93000 6700 3300 8200 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 4800 <30 <30 <30

Diethylsulfide ug.m-3 <80 <50 <80 <80 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40

ButylMercaptan ug.m-3 <300 <200 <300 <300 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200

Methylcyclohexane ug.m-3 47000 18000 17000 62000 <30 82 <30 430 250 250 <30 <30 <30 <30 <30 <30 3700 28000 24000 64000 3300 13000
Methylisobutylketone ug.m-3 130000 18000 <50 11000 <30 <30 <30 220 200 <30 <30 <30 1700 220 <30 <30 310 1E+05 4500 12000 12000 1400
Dimethyldisulfide ug.m-3 <100 <70 160 760 <50 <50 <50 <50 <50 <50 <50 <50 3700 2800 <50 <50 <50 <50 200 <50 <50 <50

Toluene ug.m-3 135000 73000 29000 39000 170 98 <20 2100 1100 1100 <20 <20 430 390 24 39 16000 71000 35000 42000 7500 22000
Butyric Acid ug.m-3 <400 <300 <400 <400 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200 <200

n-Octane ug.m-3 19000 6000 7500 17000 <30 <30 <30 87 <30 <30 <30 <30 100 290 <30 <30 3200 2000 9400 25000 2000 11000
Ethyl Butyrate ug.m-3 340 <60 <90 <90 <50 <50 <50 <50 <50 <50 <50 <50 <50 240 <50 <50 650 <50 <50 <50 <50 <50

Butyl Acetate ug.m-3 <80 <50 770 <80 <40 <40 <40 <40 <40 <40 <40 <40 <40 51 <40 <40 <40 <40 1100 <40 490 <40

Tetrachloroethene ug.m-3 67000 8700 160000 52000 25 <20 <20 <20 <20 <20 <20 <20 190 <20 75 <20 160 2100 170000 50000 110 310
EthylCyclohexane ug.m-3 6300 2400 2600 6100 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 850 1000 3000 11000 630 5700
Chlorobenzene ug.m-3 2700 110 330 410 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 910 <30 420 <30 <30

EthylBenzene ug.m-3 24000 23000 3100 21000 <30 <30 <30 270 150 150 <30 <30 430 89 <30 <30 4300 12000 4500 21000 5500 8300
m-Xylene + p-Xylene ug.m-3 57000 43000 11000 35000 81 72 <30 380 240 240 <30 <30 960 170 53 82 10000 24000 14000 36000 12000 18000
n-Nonane ug.m-3 14000 8500 7200 19000 16 170 <20 21 <20 0 <20 <20 <20 <20 36 58 3300 2600 8100 23000 990 13000
Styrene ug.m-3 7300 2600 630 22000 <20 <20 <20 61 43 <21 <20 <20 <20 43 <20 <20 320 1900 990 22000 8100 700
o-Xylene ug.m-3 15000 17000 6200 18000 <30 31 <30 190 110 110 <30 <30 280 52 <30 <30 4900 9800 4000 19000 5100 8300
2-ButoxyEthanol ug.m-3 <200 <100 <200 <200 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 57000 <100

1,1,2,2-Tetrachloroethane ug.m-3 <40 <30 <40 <40 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20

n-PropylBenzene ug.m-3 1300 1600 1800 5000 <20 <20 <20 <20 <20 <20 <20 <20 21 <20 <20 <20 530 2800 1300 4700 130 3100
p-EthylToluene ug.m-3 1700 1900 4200 6300 <20 <20 <20 34 <20 <20 <20 <20 20 <20 <20 <20 1900 10000 1800 5900 530 10000
n-Decane ug.m-3 5400 4900 15000 21000 38 240 <20 <20 <20 <20 <20 <20 <20 <20 64 85 2400 6700 6900 23000 720 10000
1,2,4-TrimethylBenzene ug.m-3 8700 4800 8600 16000 <20 24 <20 40 30 30 <20 <20 <20 22 25 24 1400 7000 5900 15000 350 6700
Limonene ug.m-3 450 270 250 10000 36 83 <30 130 110 <30 <30 <30 <30 110 110 110 3100 <30 230 11000 170 8000
1,2-DichloroBenzene ug.m-3 <60 <40 94 590 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 500 <30 150
Tetramethylbenzene ug.m-3 5100 340 1100 940 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 170 14000 530 890 65 2400
Dichlorofluoromethane ug.m-3 <50 1000 74 92000 <30 <30 <30 57000 53000 53000 <30 <30 260 83 <30 <30 <30 420 <30 93000 170 740
Ethyl Acetate ug.m-3 <100 <90 <100 <100 <70 <70 <70 <70 <70 <70 <70 <70 <70 <70 <70 <70 <70 <70 <70 <70 <70 <70

Methyl Mercaptan ug.m-3 <1000 <700 <1000 <1000 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500

1,4-Dichlorobenzene ug.m-3 <30 <20 <30 <30 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20

1,3-Butadiene ug.m-3 <70 <50 <70 <70 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40

1,2-Dichloroethane ug.m-3 <70 <50 170 2500 <40 <40 <40 190 150 <40 <40 <40 <40 <40 <40 <40 <40 <40 190 2400 <40 71
Methyl Iodide ug.m-3 <1000 <700 <1000 <1000 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500 <500

Estimated Total VOC ug.m-3 2E+06 858000 4500 2400000 1900 26500 2950 65000 40000 40000 <1000 <1000 26500 47500 2700 4700 6E+05 2E+06 2E+06 670000 3E+05 1E+06
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5  Results assessment
This section looks at trends in the data that may indicate the behaviour of inorganic or
low carbon content landfills. These trends may provide insight on which to base both
scientific understanding of processes and possible regulation of these sites.

5.1 Field parameters
Measurements using portable equipment were undertaken to assist in selecting
suitable sampling points at the site and provide basic characterisation of the bulk
gases. They were also used to check on changes that may have occurred in the gas
during transport and sample preparation in the laboratory. Some discrepancies were
noted when crosschecks were made between field and laboratory analyses.

The biggest change between field and laboratory measurements was the presence of
oxygen at approximately 1 per cent or less in Tedlar bags in laboratory analyses; field
readings suggested zero oxygen in the sampled gas. To investigate the transport and
analysis of the gas, a 3 litre Tedlar bag filled with nitrogen was taken into the field. Field
readings were taken from the bag and the bag was then returned to the laboratory. The
field oxygen reading was 0.3 per cent. The laboratory reading was 0.0 per cent oxygen
before being taken to the field and 0.3 per cent afterwards. This suggests that some
oxygen is introduced, either during transport, or during its uptake into the analytical
equipment. The field reading of 0.3 per cent suggests that oxygen ingress had
occurred before the bag had got to the field sampling location, but after it was filled with
nitrogen.

Other observations:

• the carbon monoxide meter is an indicator of hydrogen gas in the sample;

• the hydrogen sulphide meter is only reliable in the absence of hydrogen;

• as already known, the hydrogen cyanide meter is an inappropriate tool for
measuring landfill gas, and all readings should be dismissed.

Gas composition is heterogeneous even within a few metres within the landfill waste.
Where two probes were installed within metres of each other at the same depth, the
gas composition varied. In general the emplaced wastes were judged to have a low
permeability; in some cases there was insufficient gas within the ‘zone of influence’ of
the sample probe to give a full representative sample.

5.2 Bulk gases
A summary of bulk gas data is presented in Table 5.1 and the non-normalised bulk gas
data are shown in histogram form in Figure 5.1.
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Table 5.1 Bulk gas data

Oxygen
%

Nitrogen
%

Methane
%

Carbon
Dioxide %

Hydroge
n %

Methane:
CO2 ratio

Hydrogen
: CO2
ratio

Hydrogen
: methane

Point 1-1 2.1 81.5 13.3 0.0 0.8 NA NA 0.06
Point 1-2 6.9 85.1 5.5 0.0 1.2 NA NA 0.2
Point 2-1 17.8 80.7 0.0 0.0 0.0 NA NA NA
Point 3-1 1.8 95.9 0.0 0.0 1.5 NA NA NA
Point 3-2 2.6 95.2 0.7 1.5 0.005 0.5 0.003 0.007
Point 4A -1 1.7 74.6 23.6 0.2 0.0 117.8 NA NA
Point 4A-2 1.1 75.8 22.8 0.3 0.0 76.0 NA NA
Point 4B-1 0.3 0.7 72.4 24.5 0.0 3.0 NA NA
Point 4C-1 1.1 84.0 12.0 0.9 0.0 14.1 NA NA
Point 4C-2 1.2 68.3 30.0 0.7 0.0 42.8 NA NA
Point 5-1 0.5 20.3 29.6 48.6 0.2 0.6 0.004 0.006
Point 5-2 2.5 10.7 45.0 40.8 0.1 1.1 0.003 0.003
Point 6-1 18.1 79.6 0.0 1.5 0.0 NA NA NA
Point 6-2 17.3 79.7 0.0 2.3 0.0 NA NA NA
Point 7-1 13.6 84.1 0.0 0.7 0.020 NA NA NA
Point 7-2 11.2 79.4 2.4 5.7 0.0 0.4 NA NA
Point 8-1 1.4 86.7 8.5 1.0 0.698 8.9 0.7 0.1
Point 8-2 1.2 89.6 4.0 0.0 1.368 NA NA 0.3
Point 1-3 1.9 74.5 6.5 17.0 0.040 0.4 0.002 0.006
Point 1-LW 3.8 28.6 56.5 10 0.050 5.7 0.005 0.0009
Point 7-3 3.5 89 0 6.9 0.000 NA NA NA
Point 7 LW 18.5 80.8 0 0.7 0.000 NA NA NA
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Figure 5.1  Normalised data on bulk gases at all sites
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5.2.1 Non-normalised data

Non-normalised data from the laboratory reporting sheets have been used, so the bulk
composition does not always add up to 100 per cent. This is due to:

 i. Rounding to the nearest 0.1 per cent during reporting.

 ii. Resolution of peaks on the gas chromatograph. For example, if there are
two peaks – one very large and one very small – the resolution of these
peaks becomes difficult if they have started to merge. With the large
difference in peak heights, any analytical errors are amplified. Also, the
oxygen peak at low concentrations is quite flat, which makes quantification
difficult.

Where the results do not add up to 100 per cent (non-normalised) there may or may
not be other gases involved. In this study when all the major components are summed
together the resultant total is typically between 97 and 103 per cent. The UKAS results
reported on the laboratory data sheets have been normalised because it is this
approach that has been validated for the accredited method.

5.2.2 Nitrogen

When a site is actively generating gas, nitrogen within the emplaced waste is pushed
out by the methane and carbon dioxide flux. This phenomenon can be seen at Site 4B
(non-combustible, sorted MSW and road sweepings), to some extent in the MBT
residue waste at Site 5, and in the leachate well of the second cell sampled at Site 1.

At some sites (i.e. in the fragmentiser and mixed waste of Site 4A, the incinerator
bottom ash of Point 4C-2 and the second cell at Site 1), the nitrogen concentration is
below atmospheric levels, suggesting there may be some gas generation, but it has not
yet been enough to displace the nitrogen present when the waste was emplaced.

In Sites 1, 2, 7, 8 (mixed hazardous), 3 (APC residue) and Point 4C-1 (bottom ash), the
nitrogen gas concentration is higher than atmospheric levels. This suggests that the
nitrogen is being concentrated within the pore space in this waste. There are two
potential methods of nitrogen enrichment:

 i. There is no flow of gas in the emplaced waste and oxygen or its reaction
(chemical or microbial) products are converted into either a solid or liquid
phase. For example, oxygen removal may or may not result in carbon
dioxide generation, but if carbon dioxide is generated, it is also removed
from the gas phase.

 ii. There is a net influx of gas into the landfill and as oxygen and carbon
dioxide are progressively removed from the gas, the relative concentration
of nitrogen increases.

The only difference in the two propositions is that the gas in the first case will reach
steady state very quickly and the landfill will be under slight negative pressure, while
the latter will be ongoing and there will be no pressure differential. The former is easy
to regulate because nothing will change in the future; it is too soon to tell how the
second scenario will evolve further in future years.

It is possible to identify a correlation between gas flow and nitrogen concentration.
Landfill gas samples were relatively more difficult to obtain from Sites 2, 3, 4C, 7 and 8.
Site 3 (APC residue) was especially difficult to sample (maximum flow possible was
600 ml.min-1 in comparison to other landfills where 1800 ml.min-1 was sampled with
more gas likely available). At these sites, the gas had the highest nitrogen
concentration. Low gas flow is therefore potentially linked to low permeability (and
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pressure). The lack of interconnected pore space may prevent continuous gas
generation and allow any reaction products to be removed from the gas phase.

Nitrogen concentration could be used as an indicator of whether gas generation is
exceeding pore volume within the emplaced waste and thus whether the produced gas
will exert a positive pressure relative to atmospheric pressure. Alternatively, it could
indicate that gas generation is limited (there may be a negative pressure within the
landfill as gases within the pore space are consumed).

Nitrogen gas concentration could be used in this way because the nitrogen analysis in
the laboratory is specific and would not pick up ammonia or other amines, if present.
Ammonia and amine concentrations are not indicated in the percentage range in the
project (Section 5.5). Nitrogen readings from field meters would not be appropriate
because most of these calculate the nitrogen concentration as the ‘balance’ gas after
oxygen, methane and carbon dioxide have been subtracted from 100 per cent. As
these landfills contain percentage volumes of hydrogen, this method of nitrogen
detection is not appropriate.

5.2.3 Methane and oxygen

The presence of methane is not normally associated with the presence of oxygen.
Sites where oxygen was not detected in the field, but was detected at approximately 1
per cent or less in the laboratory have been ignored. Leachate wells have been ignored
because of their potential for air ingress. Sites where oxygen and methane were
consistently detected are:

• Point 1-2 – 6.9 per cent oxygen, 5.5 per cent methane. This is relatively
fresh waste, so may still be in a fermentative degradation phase;

• Point 1-3 – 1.9 per cent oxygen, 6.5 per cent methane. This is two-year old
waste where generation is just starting to remove nitrogen from the pore
space;

• Point 3-2 – 2.6 per cent oxygen, 0.7 per cent methane. This is two-year old
APC residue with some contaminated soil (APC residue with no soil had no
methane);

• Point 5-2 – 2.5 per cent oxygen, 45 per cent methane. This is fresh MBT

The main source of methane is likely to be from microbial activity degrading carbon-
based material in the waste under anaerobic conditions. Discounting the fresh waste
sites, which may not be representative of steady state conditions, it is interesting that in
the APC residue with some soil, oxygen and methane can co-exist. This may be
because there is some other factor that has stopped the activity of oxygen-consuming
(or methane-generating) bacteria in this waste. The limiting factor may be something as
simple as permeability or moisture. This waste is desiccated and dries the surrounding
soil media once emplaced.

This methane-oxygen gas composition could indicate that limited gas generating
activity occurs immediately after the waste is placed, but it quickly ceases. Slow
diffusion would then mix the regions containing methane and air. This mechanism
presupposes that either air cannot get in and gas cannot get out due to the low
permeability of the waste and cap and the low pressures involved, or that the air
ingress is balanced by gas being removed from the gas phase.
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5.2.4 Hydrogen : methane : carbon dioxide ratios

If methanogenesis occurs at a much lower rate in low carbon/inorganic landfills, then
the earlier report (Environment Agency 2005) suggested that the hydrogen : methane :
carbon dioxide ratios would be different to typical MSW landfills. It was suggested that
the proportion of methane relative to carbon dioxide would be lower and the proportion
of hydrogen would be higher, due to the greater contribution from chemical reactions.

Looking at Table 4.1 and using the MBT residue waste as a surrogate for MSW waste,
the opposite appears to occur for methane and carbon dioxide ratios; there appears to
be no difference in hydrogen : carbon dioxide ratios (six datapoints), regardless of
conditions.

Sites that are actively gas generating (based on low nitrogen concentration), appear to
have low methane : carbon dioxide ratios (0.4 to 3 in Sites 4B, 5 and Point 1-3),
somewhat similar to typical MSW. Although methane concentrations are lower in both
more established and low gas production scenarios, carbon dioxide appears to be
consumed in preference to methane with ratios increasing up to 118 in Site 4A
containing mature waste. The one very low gas production scenario in Point 3-2
contradicts this, but this sample may represent a historic ‘frozen’ gas environment
because of low moisture and has low methane and carbon dioxide concentrations (ratio
0.5). These observations are based on 12 datapoints.

Table 4.1 also highlights three locations where carbon dioxide is absent, but there is
considerable hydrogen. At Site 3, where the waste is predominantly APC residues, one
cell has 1.5 per cent hydrogen and no carbon dioxide, while the other cell (with some
soil) has 1.5 per cent carbon dioxide and much lower hydrogen. Another site with a
relatively high concentration of hydrogen (0.7 per cent) is Point 8-1, which has low
carbon dioxide (1 per cent). The constant ratio of hydrogen to carbon dioxide (0.003) in
five further datapoints where both are present (and hydrogen is present at
concentrations less than 0.2 per cent) suggests that the concentration of these two
compounds may be related.

In summary, it appears that where conditions are conducive to hydrogen generation,
there is a link between carbon dioxide and hydrogen, with the ratio 0.003 hydrogen to 1
carbon dioxide. Hydrogen concentrations above 0.2 per cent only occur in the absence
of carbon dioxide, although hydrogen levels were less than 1.5 per cent in all cases for
low carbon landfills. These findings are based on 11 datasets where hydrogen is
present.

Comparing ratios of methane to hydrogen at Points 3-2, 5-1, 5-2, and 1-3, suggests
there may be a rough link between methane and hydrogen (same order of magnitude
0.003-0.006). These are sites where biogenic gas generation may dominate. However,
there may be another link, shown by data from Points 1-1, 1-2, 7-3 and 8. In Point 1-2,
the hydrogen concentration is approaching 20 per cent of the methane concentration
(carbon dioxide being absent). In Point 7-3, hydrogen is 30 per cent of methane
concentration. In 8-1 and 8-2, hydrogen is between 10 and 30 per cent of methane
concentrations (carbon dioxide being 1.5 per cent or absent). At these sites, chemical
hydrogen generation may dominate.

The available dataset comprised 22 datapoints, but three should be viewed separately.
Site 2 data is difficult to interpret An absence of carbon dioxide, even in soil gas, is
unusual and suggests that something may be removing it from the waste pore volume.
However, the leachate wells were significantly permeable, so air ingress is likely. As a
result, the datapoints are probably not representative of in-waste degradation
processes.

The presence of soil in Point 3-2 appears to be a source for carbon-based gases,
methane and carbon dioxide. The alkaline waste, with precipitation of calcium
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carbonate, could be scrubbing carbon dioxide, however the absence of a carbon
source appears to be the most likely reason for the absence of carbon dioxide in 3-1.

At Point 1-3, there is much more carbon dioxide generation than methane generation.
Perhaps there is some degree of leakage through the temporary cap, with aerobic
degradation still dominating at 1 m depth. In comparison, in the leachate well of Site 1
there is more methane than carbon dioxide (similar to carbon based landfill).

Site 7 shows little or no methanogenesis.

5.2.5 Hydrogen

Carbon based gases are absent in APC-only residue, where the highest hydrogen
concentration (15,000 ppmv) is off the scale of the analytical equipment calibration
range. Hydrogen generation in Point 3-1 is likely to be chemical, as carbon and
sulphate wastes (and their associated microbial populations) are absent. Similarly,
hydrogen exists in the absence of methane in hazardous waste at Site 7-2. One
possible chemical reaction is the corrosion of iron, aluminium and zinc under alkaline or
neutral conditions leading to the generation of hydrogen in anaerobic environments:

3Fe + 4H2O = Fe3O4 + 4H2

This consists of two stages (Naish et al., 2001):

Fe + 2H2O = Fe(OH)2 + H2, followed by

3Fe(OH)2 = Fe3O4 + 2H2O + H2

The rates of corrosion of all three metals depend on pH, water availability and surface
area and may also be influenced by the presence of dissolved species in leachate (e.g.
chloride) or physical contact with other metals (galvanic corrosion). Aluminium is
potentially quite reactive but is normally coated by a stable layer of oxide, which
protects the zero valent metal from attack. In incinerator residues it has been
suggested that aluminium oxide residues dissolve in alkaline moisture and only then is
hydrogen produced. The absence of water in the APC residue waste at Site 3 may be a
key limiting factor to hydrogen production.

The absence of hydrogen in any of Sites 4A, 4B and 4C is instructive. Trace readings
in 4A on the carbon monoxide (hydrogen) meter provide the only possible detection of
hydrogen. The distinguishing feature of all of the Site 4 cells is the maturity of the
waste. These wastes were emplaced many years ago. All are anaerobic. Only one is
actively producing gas, based on nitrogen concentrations, and this has a methane :
carbon dioxide ratio of 3. All other non-actively gas-generating (based on nitrogen
content) landfills at Site 4 have no hydrogen, <1 per cent carbon dioxide, 20-30 per
cent methane, with most of the remaining pore volume taken up by nitrogen. In this
elevated methane scenario, the established microbes producing the methane may be
consuming any hydrogen being generated.

The results from Site 4C are highly instructive. It has been suggested that bottom ash
from the incineration of MSW may contain traces of biodegradable organic material but
the amounts are small (e.g. 1 per cent of the total organic carbon content of the
residue) and it is rapidly degraded (Zhang et al. 2004). Thus it is to be expected that
such landfills will evolve carbon dioxide and methane to some extent. However, stable
methanogenic conditions may not persist and it is probable that the resulting gas will
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have a lower proportion of methane and higher than normal amounts of hydrogen, due
to the coexistence of both methanogenic and acetogenic conditions. The waste in 4C
has been in place for eight years and the ratio of methane to carbon dioxide is
relatively high because the carbon dioxide concentration is <1 per cent. Hydrogen is
absent. Gas from 4C suggests acetogenic conditions are not present and carbon
dioxide is slowly being removed from the gas (faster than methane).

In Site 5 it appears that active anaerobic/fermentative degradation is occurring, similar
to typical MSW degradation. This waste has undergone two weeks of intensive aerobic
degradation and six weeks of intensive anaerobic composting as part of an MBT
treatment process before being landfilled. The variation in gas within a few metres
suggests limited gas permeability. Unlike typical MSW degradation, the continued
presence of nitrogen suggests that gas generation is not sufficient to completely
displace the nitrogen, or that insufficient time has elapsed.

Except in the case of fresh MBT residues, hydrogen is only detected if carbon dioxide
is below 2 per cent and the highest hydrogen concentrations occur where carbon
dioxide is absent. This is possibly because of the reaction of carbon dioxide and
hydrogen to produce methane. When carbon dioxide is above 2 per cent there is too
much carbon dioxide reacting with hydrogen for hydrogen to be detected.

5.2.6 Ethane, propane and butane

These hydrocarbon gases are relatively rare in biogenic landfill gas. They could be
produced by:

• biological mechanisms such as lipid peroxidation;

• volatilisation and degradation of thermogenic liquid hydrocarbons placed
with the waste;

• thermal mechanisms such as thermal cracking or kerogens (see below).

These gases could also be involved in hydrogen generation, with hydrogen potentially
generated by partial oxidation of propane in the presence of metal catalysts, similar to
fuel cells.

In the oil industry, much effort has focused on ‘wet gas’ (propane, ethane, butane)
production from kerogen. Kerogen is defined as the fraction of large chemical
aggregates in (sedimentary) organic matter that is insoluble in solvents. Kerogen
represents about 90 per cent of the organic carbon in sediments. Significant gas is
formed directly from kerogen depending on the kerogen composition. Gas wetness,
i.e., the ratio of dry gas to wet gas (C1 / (S C1-C4)) also depends on the kerogen
composition. At temperatures below approximately 140° C, the gas wetness ratio is
largely due to gases derived from kerogen cracking (excluding bacterial alteration).
Thermogenic gas produced by thermal cracking of sedimentary organic matter into
hydrocarbon liquids and gas can contain significant concentrations of ’wet gas‘
components (ethane, propane, butanes) and condensate (C5+ hydrocarbons). Biogenic
gas is typically dry (low in ethane, propane and butane) except in situations where it
has been in contact with thermogenic liquid hydrocarbons.

Table 5.2 shows the maximum concentrations of methane, ethane, propane and
butane at each location with some wet gas. Sites 2, 6, 7-3 and 7-LW are absent
because there is just oxygen, carbon dioxide and nitrogen, with no methane or wet
gases. Observations from this table include:

• the ratio of methane to these gases is typically a factor of 3 to 4 orders of
magnitude;
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• the MBT residues at Site 5 represent the closest waste to typical MSW. The
lack of ‘wet’ gases is noticeable in this waste;

• the older European sites (4A, 4B and 4C) contain little of these gases, however,
propane is regularly detected at relatively low concentrations, even in the
absence of ethane and butane;

• Point 7-2 has wet gases but no methane, suggesting their generation may not
be linked to standard biodegradation mechanisms;

• Site 1 and Site 8 have the highest concentrations of these wet gases and their
provenance is not known. Isotopic carbon ratios would be one means of
investigating their provenance.

Table 5.2 Dry gas to wet gas ratios

Sample
point

Methane
(ppmv)

Ethane
(ppmv)

Propane
(ppmv)

Butane
(ppmv)

Comment

Point 1-1 137000 560 430 150
ratio 0.0041 0.0031 0.0011 Not gas generating
Point 1-2 57000 320 170 68
ratio 0.0056 0.003 0.0012 Not gas generating
Point 1-3 65000 84 17 <10

ratio  0.0013 0.0003 NA
Some gas
generation

Point 1-LW 565000 140 61 29
ratio 0.0002 0.0001 5E-05 Gas generating
Point 3-2 7000 20 10 <10
ratio  0.0029 0.0014 NA Not gas generating
Point 4A-1 238000 <10 20 <10

ratio  NA 8E-05 NA
Old, some gas
generation

Point 4A-2 228000 <10 30 <10

ratio NA 0.0001 NA
Old, some gas
generation

Point 4B-1 729000 <10 10 <10
ratio NA 1E-05 NA Gas generating
Point 4C-1 122000 30 <10 <10

ratio  0.0002 NA NA
Old, some gas
generation

Point 4C-2 297000 50 10 <10

ratio  0.0002 3E-05 NA
Old, some gas
generation

Point 5-1 298000 <10 10 <10
ratio NA 3E-05 NA Gas generating
Point 5-2 451000 <10 <10 <10
ratio NA NA NA Gas generating
Point 7-1 30000 <10 38 120
ratio NA 0.0013 0.004 Not gas generating
Point 7-2 0 13 12 <10
ratio NA NA NA Not gas generating
Point 8-1 89000 54 53 18
ratio 0.0006 0.0006 0.0002 Not gas generating
Point 8-2 40000.0 29 230 16
ratio 0.0007 0.0058 0.0004 Not gas generating

5.2.7 Hydrogen sulphide

Table 5.3 shows the limited presence of hydrogen sulphide in the sampled low carbon
waste gases.
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The detection in Point 2-1 was only in one of three bags – a trace concentration that
was not detected in the field and is not discussed further. Similarly, the detection at Site
4A was only in one of two bags and is not discussed further.

In Site 5, it appears that although the waste is generating gas, the MBT process has
removed any bio-accessible sulphate and hydrogen sulphide is not produced.

The non-combustible residues of MSW and road sweepings of Site 4B appear to
contain sulphate waste and sulphate reducing bacteria.

In Site 1, where nitrogen concentrations suggest that gas generation is not well
established, hydrogen sulphide is being generated in semi-anaerobic conditions, along
with hydrogen and methane.

Table 5.3 Hydrogen sulphide generation in sampled landfills

Oxygen
%

Nitroge
n %

Methane
%

Carbon
Dioxide % Hydrogen %

Hydrogen
Sulphide
ppmv

Point 1-1 2.1 81.5 13.3 0.0 0.8 19.3
Point 1-2 6.9 85.1 5.5 0.0 1.2 5.0
Point 2-1 17.8 80.7 0.0 0.0 0.0 4.0
Point 3-1 1.8 95.9 0.0 0.0 1.5 0.0
Point 3-2 2.6 95.2 0.7 1.5 0.005 0.0
Point 4A-1 1.7 74.6 23.6 0.2 0.0 2.0
Point 4A-2 1.1 75.8 22.8 0.3 0.0 0.0
Point 4B-1 0.3 0.7 72.4 24.5 0.0 34.0
Point 4C-1 1.1 84.0 12.0 0.9 0.0 0.0
Point 4C-2 1.2 68.3 30.0 0.7 0.0 0.0
Point 5-1 0.5 20.3 29.6 48.6 0.2 0.0
Point 5-2 2.5 10.7 45.0 40.8 0.1 0.0
Point 1-3 1.9 74.5 6.5 17.0 0.04 11.0
Point 1-LW 3.8 28.6 56.5 10 0.05 79
Point 7-3 3.5 89 0 6.9 0.000 0
Point 7-LW 18.5 80.8 0 0.7 0.000 0

There is a potential relationship between hydrogen and hydrogen sulphide in the
presence of metal. Iron corrodes in the presence of hydrogen sulphide to release
hydrogen. The overall corrosion reaction is:

Fe + 2H2S = Fe2+ + 2SH- + H2,

The ferrous ions either form iron sulphide phases or pass into bulk solution. The
removal of hydrogen sulphide from the gas phase by partitioning into water and its
subsequent reaction with dissolved iron offers a route for its removal from landfill gas.
Consequently, metallic iron and steel can act as chemical ‘sinks’ for hydrogen sulphide
under both acidic and alkaline conditions. However, their effectiveness will depend on
the partitioning of hydrogen sulphide between the gas and aqueous phases, the rate of
reaction compared to the rate of the hydrogen sulphide generation, and the distribution
of iron and steel relative to the sources of hydrogen sulphide. One factor may be the
longer residence time of the gas in hazardous waste compared with MSW waste.

It is not clear from the results whether any of these processes are occurring. At Site 1,
hydrogen sulphide is present at the same time as hydrogen. At Site 4B, hydrogen
sulphide is not being scrubbed by metal and hydrogen is not being generated. At Site
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3, where the clay cap is full of pyrite, hydrogen sulphide may be being generated and
scrubbed by the metal into hydrogen, but there is no way of telling.

The 22 data points do indicate that hydrogen sulphide is present in much lower
concentrations than in typical MSW; it should therefore not be regarded as such a big
issue as it has been in the past, especially in the absence of a carrier gas such as
methane.

5.3 Siloxanes
In the three sampling bags from Point 1-2, the concentrations of
decamethylcyclopentasiloxane fall from 10,600 µg.m-3 to 3100 µg.m-3 to <1000 µg.m-3.
Decamethylcyclopentasiloxane was detected (1500 µg.m-3) as a trace concentration in
the first of the two bags from Point 4A-2. Decamethylcyclopentasiloxane was detected
(3100 µg.m-3) in the first of the two bags from Point 4C-2. Hexamethylcyclotrisiloxane
and octamethylcyclotetrasiloxane were detected in both bags from Point 5-1 at
approximately 2000 µg.m-3.

These data suggest that concentrations may diminish rapidly during sampling.

Siloxanes are not likely to be produced in the landfill and are most likely emplaced
during waste deposition. They have been detected in recent waste (Site 1 and Site 5),
but also in waste placed eight years ago (Sites 4A and 4C), possibly suggesting that
they are also persistent.

5.4 Organo-sulphur and other VOC compounds
The presence of organic trace components is generally several orders of magnitude
lower than from co-disposed waste (Environment Agency, 2002), with a few exceptions
(Site 1).

Figure 5.2 compares selected organic trace components excluding Site 1.
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Figure 5.2  Comparison of concentrations of trace components at sites in this
study and in gas at MSW sites

In general:

• some sites have relatively high concentrations of petroleum hydrocarbons
(UK operational mixed hazardous waste i.e. Sites 1, 7, and 8). Other sites
had relatively low concentrations;

• Site 1 has relatively high concentrations of chlorinated compounds. Other
sites have relatively low concentrations.

As mentioned above, organic trace compounds were generally absent, or present at
concentrations that were orders of magnitude lower than would be present in co-
disposed waste. No organo-sulphur compounds were generally detected, except from
MBT waste and sorted MSW waste not suitable for incineration. Sites with especially
interesting organic trace component signatures (apart from Site 1) were:

• Site 4A – there are freons in the fragmentiser waste, eight years after
emplacement. Dichloroethanes and chloroethane are also present at
concentrations similar to 1-pentene;

• gas from Site 4B (waste not suitable for incineration) contains 1-pentene
and carbon disulphide;
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• Site 5 appears to be in a fermentative state of degradation, judging by the
bulk gas data. The MBT process has not eliminated the freon compounds,
and has not used up all sources of sulphur, judging by the presence of
carbon disulphide and dimethyldisulphide;

• isolated sites contained relatively high concentrations of methyl isobutyl
ketone (Sites 1 and 7), 1-pentene (Sites 1 and 8), 1-butoxyethanol (Site 8),
obviously from specific waste streams. However, most sites had relatively
low concentrations of these compounds.

Figure 5.3 compares selected organic trace components including Site 1.
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Figure 5.3  Comparison of selected trace components at sites in this study and
in gas at MSW sites

It can be seen that chlorinated compound concentrations in Points 1-1 and 1-2 are
similar or just below the UK co-disposed average, while BTEX and petroleum
compound concentrations are larger. Chlorinated and petroleum hydrocarbons in Point
1-3 and 1-LW are much greater than a co-disposed average gas. Putting Site 1 into
context, the nitrogen concentrations in Points 1-1, 1-2, and 1-3 suggest that the landfill
is not producing enough gas to overcome pore pressure within the waste and displace
the emplaced nitrogen. The BTEX concentrations may represent more equilibrium
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conditions that are never allowed to build up in an actively gassing landfill because of
dilution or degradation. The concentrations in the leachate well, which is gassing, may
be a combination of dilution of gas seen in 1-3 and intercepting a large waste mass
similar to 1-3.

The data from Points 1-1, 1-2, 1-3 and 1-LW have a similar profile to co-disposed
waste gas with the exception of low concentrations of organo-sulphur compounds. The
absence of organo-sulphur compounds could be due to four possibilities:

• the presence of hydrogen lowers the organo-sulphur concentrations;

• the presence of metal lowers the organo-sulphur concentrations;

• the long residence time allows these reactions to reach steady state;

• there is a lower sulphur content in the waste body.

5.5 Ammonia and amines
Ethanolamine was detected in Site 4B and Point 5-2 in trace concentrations.
Methylaminehydrochloride was detected just above the detection limit at Point 4B-2.
Ammonia was also detected in this well (up to 660 µg.m-3). Ammonia was detected at
Point 7-1 (950 µg.m-3), in one tube at trace concentration (100 µg.m-3) at Point 7-2, and
in one tube at Point 7-3 (250 µg.m-3).

These data suggest that ammonia and amines do not constitute a large component of
the gas from low organic content waste landfills.

5.6 Hydrogen halides/cyanide
Hydrogen cyanide was detected in trace concentrations (60-180 µg.m-3) at both points
at Site 6 and Point 8-2 in the waste mass. Close to the leachate wells at Sites 1 and 7,
only the leachate well gas contained trace concentrations (90-120 µg.m-3).

Hydrogen chloride was detected in all samples. Chloride was highest in Point 1-1 (8000
µg.m-3), which also had the highest organo-chloride content. The fluoride results from
Site 1 were below detection limits (800 µg.m-3). These samples were taken with
laboratory-prepared 1 M sodium hydroxide solution while the others were taken by
mixing distilled water with a laboratory-provided pill of dissolvable sodium hydroxide
(0.1 M sodium hydroxide solution).

The samples taken during both phases at Sites 2 to 5 were remarkably similar (~4000-
5000 µg.m-3); even the depleted air at Site 2 contained similar concentrations. As the
blank at Site 5 contained a similar mass of chloride and fluoride, it appears that the
chloride and fluoride concentrations are not an accurate reflection of the chloride and
fluoride in the gas for Sites 2 to 5. Chloride content was lowest in Point 3-1 which was
APC waste only, but was also the location where sampling was most difficult and some
impinger solution may have been lost when the additional suction required caused
liquid to be drawn into the sampling equipment when there was a leak.

It has been suggested that because of the increased residence time of gases in low
carbon content landfills, there will be more chance for reactive gases such as hydrogen
halides to react with the waste or the leachate. One would therefore expect lower
concentrations of such gases. The results from Point 1-1 suggest that an increase in
organo-chloride content leads to an increase in chloride content. This waste is
relatively fresh so residence time may not have been long enough for the reaction of
hydrogen chloride.



37 Science Report – Investigation and Quantification of Gas Produced from Landfilling of Inorganic Wastes

Once high purity sodium hydroxide had been sourced (Sites 6 to 8), hydrogen chloride
(110 µg.m-3) and hydrogen fluoride (0.9 µg.m-3) was detected at Points 8-2 and in
additional sampling at Sites 1 and 7. Unlike Site 1, Sites 7 and 8 are not associated
with high organo-chloride concentrations.

5.7 Phosphine
The earlier report (Environment Agency 2005) noted that phosphine was found in
landfill gas at the Hooge Maey landfill in Flanders, Belgium (Roels and Verstraete
2004). In this project, phosphine (as phosphorous) was detected in two of three tubes
at trace concentrations (20-30 µg.m-3) at Point 1-1 and at trace concentrations (30-40
µg.m-3) in both tubes at Point 4A-1.

The detection limit was lowered for Sites 6, 7, 8 along with additional sampling near
leachate wells at Points 1-3, 1-LW, 7-3 and 7-LW. Phosphine was not detected above
the detection limit of 15 µg.m-3 at Points 6-1, 6-2, 7-1, 7-2, 8-1, and 8-2. In gas from
waste and the leachate well, trace detections at the detection limit were measured at
Site 1 and Site 7. The highest concentration of 50 µg.m-3 was measured in one of the
tubes sampling gas from the leachate well at Site 7.

Experiments by Roels and Verstraete (2004) showed that phosphine can be generated
by chemical release from iron and aluminium metals, and that microbial processes,
particularly those enhancing corrosion, could be instrumental in enhancing such
releases of phosphine. Subsequent work by the same research team has strengthened
the view that respiratory reduction of phosphate to phosphine is unlikely. Phosphine is
generated by chemical acid corrosion and microbial corrosion.

In some landfills the mercuric chloride in the treated tubes appeared to be reacting with
another component of landfill gas, because the sorbent turned brown. A common factor
at these specific landfills has not been identified.

5.8 Organo-metal species
Table 5.4 and Figure 5.4 show that only lead and nickel species are consistently
detected.
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Table 5.4 Highest average organo metal concentration

Antimony Arsenic Bismuth Germanium Lead Total Mercury Molybdenum Nickel Selenium Tellurium Tin Tungsten
ug.m-3 ug.m-3 ug.m-3 ug.m-3 ug.m-3 ug.m-3 ug.m-3 ug.m-3 ug.m-3 ug.m-3 ug.m-3 ug.m-3

Site 1-1 0.4 1.3 0 4.9 7.2 0.0055 0.6 8.2 17.3 0.48 3.8 0
Site 1-2 0.5 0.7 0 2.8 9.4 0.0044 0 4.4 1.4 0 0 0
Site 1-3 0.7 0.9 0 0.6 23.1 0.48 0.9 8.5 1.5 0.2 1.2 0.4
Site 1-LW 1.4 1.6 0.2 1.2 46.8 2.5 0.3 24.1 3.1 0.5 2.2 0
Site 2-1 0.2 0.3 0 0 11 0.0055 0 2 0 0 0 0
Site 3-1 0.8 0.2 0 0 9.8 0 0.7 25.8 1.9 0 1.9 0
Site 3-2 0.3 0.5 0 2.6 7.2 0.009 0 13.1 2 0 0 0
Site 4a -1 1 0.3 0 1 2.8 0 0 1.2 0 0 0 0
Site 4a-2 0.1 0.5 0 1.3 5.7 0 0 4.3 2.9 0 1.1 0
Site 4b-1 0.2 0.4 0 0 60.2 0 0.4 4.4 0 0 0.7 0
Site 4c-1 0.1 0.3 0 0 15.1 0 0 4.4 0 0 0 0
Site 4c-2 1.5 1.1 0 0 42.7 0 0 4.2 0.7 0 0 0
Site 5-1 0.6 0.3 0 0 35.6 0 0 12 3.4 0 1.5 0
Site 5-2 0.4 0.9 0 0 20.6 0 0 20.6 0.5 0 1.2 0
Site 6-1 0.6 0.4 0 2.1 3.4 1.07 0 2.1 0 0 0 0
Site 6-2 0.5 0.2 0 3.9 1.1 0.33 0.4 1.1 19.4 0 0 0
Site 7-1 0.7 0.9 7.4 19.3 0 0.54 5.9 3.8 3.8 0 0 0
Site 7-2 0.3 0.5 0 1.6 12.4 0.29 0 2.1 1 0 0 0
Site 8-1 0.2 0.8 0 1.8 14.3 1.21 0 1.5 0 0 2.2 0
Site 8-2 0.4 1 0 2 46.8 0.13 0 2.4 1.1 0 7 0
Site 8-1 0.2 0.8 0 1.8 14.3 1.21 0 1.5 0 0 2.2 0
Site 8-2 0.4 1 0 2 46.8 0.13 0 2.4 1.1 0 7 0
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Figure 5.4  Average organo-metal concentrations
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Antimony and arsenic are generally detected in trace (~1 µg.m-3) concentrations. The
average concentration of arsenic in MSW landfill gas, based on two previous projects
(Environment Agency 2002, 2003) was 51 µg.m-3. The lower concentrations in low
carbon content landfills suggests that there is either less arsenic associated with the
lower carbon waste, or possibly that the lack of a carrier gas or lower temperatures
mean that arsenic compounds are not as mobile.

Selenium and tin are detected at trace concentrations approximately half the samples.
Germanium and molybdenum are detected at trace concentrations in half the samples.
Tungsten is never detected. Tellurium was detected once at Site 1, bismuth once at
Site 7.

5.8.1 Silicon

Silicon is consistently detected by impinger methods at two orders of magnitude higher
than any metal species (Table 5.5).

Table 5.5 Silicon concentrations in gas

Sample point Silicon Sample point Silicon
 ug.m-3  ug.m-3

Point 1-1 7480 Point 4C-2 267
Point 1-2 360 Point 5-1 814
Point 1-3 6.3 Point 5-2 593
Point 1-LW 16.5 Point 6-1 49.5
Point 2-1 140 Point 6-2 43.1
Point 3-1 249 Point 7-1 717
Point 3-2 472 Point 7-2 2460
Point 4A -1 308 Point 7-3 5.3
Point 4A-2 961 Point 7-LW 2.5
Point 4B-1 150 Point 8-1 240.2
Point 4C-1 138 Point 8-2 428

Concentrations of >1 to <100 ppm organic silicon have been found in co-disposal
waste landfill gas. Figure 5.5 compares the values found for total silicon with
concentration of siloxane detected at the particular site.
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Figure 5.5  Comparison of total silicon with concentration of siloxanes in the gas
samples

The silicon data suggest that there is not a link between high silicon measurements
and detection of siloxanes, perhaps because only four speciated siloxanes are
measured. On a few occasions, the siloxanes’ concentrations are higher than the
silicon concentration. This can be explained by the fact that siloxanes
(decamethylcyclopentasiloxane Relative molecular mass (RMM) = 370.77g) have a
much higher molecular mass than elemental silicon (RMM =28.09g).

5.8.2 Mercury

Of the 22 gas samples taken, the mercury data can be summarised:

• Organic mercury Average 0.6109 ug.m-3 Maximum 2.4700 ug.m-3

• Inorganic mercury Average 0.0159 ug.m-3 Maximum 0.0300 ug.m-3

These levels are at, or below, the concentrations of mercury in gas from typical co-
disposed waste.

Previous work (Environment Agency 2003) has noted that inorganic mercury is the
dominant component of the total gaseous mercury from many of the landfills. In this
project, mercury was only detected in UK sites. In the sites with mixed waste including
contaminated land and other residues, organic mercury was typically 2-4 times the
inorganic mercury concentrations. In contrast, only inorganic mercury was detected (25
ng.m-3 or 9 ng.m-3 average) in the APC waste with some contaminated soil.

5.9 VOC analysis of gas in leachate well
A comparison of gas within the waste and the adjacent leachate well is shown in Table
5.6, below.
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In Site 1, VOCs are present in greater concentration in the headspace of the leachate
well compared with the adjacent waste. In an environment that is generating gas which
could potentially dilute the VOCs, the increase in the well gas could be due to
increased permeability near the leachate well, or a large local source of volatile organic
material. However, it is more likely that the VOCs leach to the base of the landfill; once
within the leachate well, they volatilise into the headspace. Exceptions to this pathway
are 1-pentene, which was detected in the waste, but not in the leachate well.

At Site 7, this process is reversed, with higher VOC concentrations in the waste gas,
compared to the leachate well gas. This is thought to be due to the dilution of VOCs
once inside the ’cleaner’ environment of the leachate well where no gas generation is
occurring. The exceptions to pathway are limonene and carbon disulphide, which were
only detected in the leachate well.

Table 5.6 Comparison of VOCs in gas from waste and gas from leachate
well

Point 1-LW Point1-3 Point 7-LW Point 7-3
Chloroethene µgm-3 895000 460000 na na
1,1-Dichloroethene µgm-3 14000 7600 na 1310
cis-1,2-
Dichloroethene µgm-3

190000 56500 90 54
Trichloroethene µgm-3 99500 65000 580 1500
Tetrachloroethene µgm-3 51000 165000 355 3050
Benzene µgm-3 12000 11900 144.5 335
Toluene µgm-3 40500 32000 395 2700
EthylBenzene µgm-3 21000 3800 65.5 2000
m-Xylene + p-Xylene µgm-3 35500 11850 345 8650
Methylisobutylketone µgm-3 11500 4500 na na
Limonene µgm-3 10500 240 125 na
Ethyl Butyrate µgm-3 na na na na
1-Pentene µgm-3 na 4700 na 400
Furan µgm-3 na na na na
2-ButoxyEthanol µgm-3 na na na na
Carbon Disulfide µgm-3 2450 135 245 na
Dimethyldisulfide µgm-3 760 180 na na

5.10 Leachate analysis
In the leachate from Site 1, the chemical oxygen demand (COD) is a large proportion of
the biological oxygen demand (BOD), although the COD data may not be accurate due
to analytical error as the chloride content may not be adequately compensated. The
redox potential is slightly positive, which is slightly surprising given all the other
chemical indicators of a reducing rather than an oxidising environment. The slightly
positive Eh does not imply significant dissolved oxygen content, it only implies an
oxidising hydrochemical environment.

Figure 5.6 shows typical decreasing redox potential with time in a natural water
environment. One would expect a large negative redox potential in the presence of
ammonia and dissolved methane in conjunction with dissolved iron and manganese
and low sulphide. However, this graph is based on biological organisms using oxygen,
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then nitrogen, then sulphur, and then carbon as electron acceptors. The methane and
ammonia may be produced by bacteria, but these reactions are potentially being
swamped by the redox conditions produced by chemical reaction.
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Figure 5.6 Schematic illustrating the proposed phases of gas production from
inorganic waste

Site 7 has a stronger leachate than at Site 1, with almost double the conductivity. The
leachate is also slightly alkaline rather than almost neutral in Site 1. Although the BOD
is higher than at Site 1, the COD is even higher (analytical error not withstanding). The
redox potential indicates a strong reducing environment, perhaps more typical of
normal landfill leachate. The dissolved iron and manganese and sulphide
concentrations are an order of magnitude higher than at Site 1. Ammonia is only just
being produced, with nitrate still present (this is strange considering that Site 7 is one of
the few where ammonia has been detected in the gas phase).
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Table 5.7 Selected leachate parameters and comparison with proposed
distribution*

Site 1 Site 7 Max Min
pH pH units 7.5 8.4
Chemical oxygen demand mg.l-1 4300 6400 750 50
Biochemical oxygen demand mg.l-1 480 2300 - -
Redox potential mV mV 18 -356

Conductivity uS/cm
uS.cm-1@
25C 35100 62400 80000 16000

Total dissolved solids mg.l-1 22600 525
Total alkalinity as CaCO3 mg.l-1 4700 21500 3000 600
Chloride as Cl mg.l-1 11000 0.2 40000 5000
Fluoride as F mg.l-1 4.2 1970 5 1
Total sulphur as SO4 (dissolved) mg.l-1 485 4080 5000 500
Calcium as Ca (dissolved) mg.l-1 1110 181 10000 500
Magnesium as Mg (dissolved) mg.l-1 243 6470 300 30
Sodium as Na (dissolved) mg.l-1 5520 7140 20000 2000
Potassium as K (dissolved) mg.l-1 1500 1.86 6000 600
Manganese as Mn (dissolved) mg.l-1 3.02 17.9
Ferrous Iron as Fe2+ mg.l-1 4.5 0.43
Ammoniacal nitrogen as N mg.l-1 388 0.19 400 20
Nitrite as N mg.l-1 <0.01 <0.2
Nitrate as N mg.l-1 <0.2 580 1000 25
Total organic carbon (dissolved) mg.l-1 800 59 250 25

Total inorganic carbon

mg.l-1

600

Not
availabl
e

Sulphide (free) as S mg.l-1 14.2 146
Phosphate as P mg.l-1 1.06 0.49
Phosphorus as P (total) mg.l-1 5.5 4
Dissolved carbon dioxide mg.l-1 236 8.9
Dissolved hydrogen µg.l-1 <1.0 78
Dissolved methane µg.l-1 22100 2160
Dissolved ethane µg.l-1 <12.0 <12.0
Dissolved ethene µg.l-1 42 <11.0

*  Suggested distribution is of mixed hazardous waste, Page 158 ‘Improved definition of
leachate source term from landfills. Phase 1: review of data from European landfills. Science
Report P1-494/SR1. Environment Agency, 2004. ISBN: 1 844 32 3269

Table 5.7 suggests that both chemical and biological oxygen demand (subject to
suspicion of the analytical data for these two compounds) and alkalinity are much
higher than anticipated for a mixed hazardous waste. Fluoride and magnesium in Site 7
leachate is much higher than anticipated, while the organic content of Site 1 is higher
than expected.
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5.11 Uncertainty
There are a number of areas of uncertainty within the dataset.

5.11.1 Sampling volume

The variation in results between triplicate and duplicate samples appears to be related
to how easily the gas was abstracted. Where there was poor gas flow, variation
between samples was greater.

The sampling volume for phosphine and ammonia was increased in Phase 3 to 20 l to
improve the reliability and limits of detection.

5.11.2 Oxygen in Tedlar bags

The question of oxygen ingress is discussed in Section 5.1. There are several possible
explanations:

 i. Oxygen bleeds back into the sampling line before the bag is finally attached
(length of tubing is minimised between the closure valve and the bag (~3
cm), internal diameter 0.1 cm, volume = 0.094 cm3, 20 per cent oxygen =
0.02 cm3 in 3000 cm3 Tedlar bag). This should not account for the
percentage oxygen detected in the laboratory.

 ii. There is air within the Tedlar bag before sampling. This should be limited by
the purging that occurs before the sample is taken, but it is still possible.

 iii. Oxygen permeates into the bag during transport. This is thought to be
unlikely. The Kempston laboratory has performed many assessments on
the stability of landfill gas samples in Tedlar bags and it has found that the
bulk gas concentrations are stable over long periods of time. Of the non-
VOCs, only hydrogen is found to be lost over time due to the small size of
the molecule.

 iv. Oxygen is introduced when the sample is transferred from the bag into the
analytical equipment. However, this is highly unlikely because of the short
length of the tubing and the purging of the GC with the sample prior to
analysis.

 v. The field instrument is insensitive close to zero oxygen readings.

 vi. A combination of some or all of the above.

The ingress of up to 1 per cent oxygen gas into the Tedlar bag casts uncertainty on the
absolute accuracy of the other bulk gas measurements taken from the same bag.

5.11.3 Gas composition variation during purging

There is some evidence that the gas composition changes during purging and
sampling.

A hand-held carbon monoxide sensor was used to verify that the gas composition was
stable before sampling commenced. This meter. is sensitive to hydrogen and at a
number of sites the sensor registered a reading when purging first started. The reading
gradually reduced to zero over a number of minutes of gas abstraction; this behaviour
does not occur at typical carbon-based sites. Hydrogen may have been present in
these landfills, but in such small quantities that it had been pumped out before the bulk
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gas sample was taken. Conversely, compounds that were not mobile initially may be
mobilised by the suction of the sampling process.

Potentially, there is a dual porosity effect on gas composition. In the first instance, gas
is mobilised though the effective porosity of the matrix. This gas eventually will
equilibrate with the surrounding waste. Once this gas has been extracted, the
composition of the gas that is pumped out is then determined by diffusion from the less
permeable matrix. However, this effect is probably limited in this project because once
a sampling location with stable field readings was found, the field readings remained
stable and there was never an increase in back pressure on the pump. Both of these
factors would normally change during pumping from a true dual porosity matrix.

The second piece of evidence for changes in gas composition during sampling comes
from the siloxanes sampling. At two sites, the first bag contained siloxanes and
subsequent bags did not.

Unfortunately there appears to be little scope for reducing the effect of these changes
in composition as stabilised bulk gas readings are necessary before sampling to
ensure that the probe is not going to short circuit to atmosphere during sampling.
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6 Conceptual model
The emission rate or mass flux of compounds is the major factor that determines air
concentrations in the vicinity of a source.  It is therefore important to ensure that
emission rates used in modelling studies are representative of the source.

6.1 Existing landfill model
Most emission models for existing landfills are based on a simple first order decay
equation. The equation is used to estimate the quantity of methane generated for each
time step (one year), based upon the quantity of waste and assumed methane
generation rates, as described below:

∑
=

−=
t

i

kt
CH LQ

1
0 Re

4

where:

4CHQ = methane generation rate at time t (m3.yr-1)

L0 = methane generation potential (m3 CH4.tonne-refuse-1)

R = average annual refuse acceptance rate during active life (Mg.yr-1)

e= base log

k= methane generation rate constant (yr-1)

t= time since the initial refuse placement (years)

The bulk gas produced by this model looks similar to that shown in Figure 6.1 from Site
4B. MSW produces approximately six times its own volume of gas each year during the
first ten years after placement; there is a substantial outward flux of gas that displaces
all the air trapped during emplacement which may not have been consumed by
microbial and chemical reactions.

Typical carbon based landfill

Nitrogen, 0.7

Oxygen

Nitrogen

Methane

Carbon Dioxide

Hydrogen

Figure 6.1  Bulk gas data from Site 4B
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The emission rates of trace components can be calculated by multiplying the estimated
methane emission rate by:

• a factor that describes the ratio of methane to carbon dioxide in the landfill
gas and;

• the concentration of the specific trace component in the raw landfill gas,
after correction for air infiltration.

Hence, for biodegradable waste, the pore gas is composed overwhelmingly of gases
derived directly or indirectly from the waste; there is a positive outward flux from the
body of waste. This current R&D project suggests that this model is not applicable to
low carbon/inorganic landfill sites where the generation of bulk gas from the waste is
insufficient to regularly purge the pore space, dilute trace gases or produce a steady
outward flow of gas.

It therefore follows that gas risk assessment tools designed for MSW landfills should
not be used, either for gas management or gas risk assessment purposes at sites
containing low carbon/inorganic wastes.

6.2 Low carbon landfill model
Low carbon landfills do not appear to generate enough gas from the waste to displace
the residual air that gets trapped in the pores during waste placement. This is certainly
the case in all the UK hazardous waste landfills sampled as part of this project. In these
landfills, oxygen appears to be removed from the residual air, thereby increasing the
concentration of the nitrogen in the remaining pore gas. Some new gases are
generated, but they are not sufficient to purge the pore volume of the residual
emplaced air.

An example of this scenario is illustrated using data from Site 1, where the pore gas
was predominately derived from residual air with a small proportion of the gas derived
from processes in the waste (Figure 6.2). Removal of oxygen will lead to a negative
pressure within the landfill compared to atmospheric pressure unless air is drawn in
and oxygen removed at an equal rate.
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Low carbon landfill (young)

Nitrogen, 85.1
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Nitrogen

Methane

Carbon Dioxide

Hydrogen

Figure 6.2  Bulk gas data from Site 1

In the uncapped low carbon landfills in Europe where the waste was eight to ten years
old, 5 per cent of the original nitrogen (now 75 per cent) has been displaced,
suggesting that gas generation can continue, albeit at very low rates. This is seen in
Site 4A (Figure 6.3.

Low carbon landfill (mature)

Nitrogen, 74.6

Oxygen

Nitrogen

Methane

Carbon Dioxide

Hydrogen

Figure 6.3  Bulk gas data from Site 4A

There are two major mechanisms for gas generation in these landfills: microbial and
chemical. In all the UK hazardous waste landfills, there appears to be enough carbon
to generate limited methane and carbon dioxide, with the maximum methane
concentration of 13 per cent and the maximum carbon dioxide concentration at 6 per
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cent (as stated previously, the nitrogen concentration was greater than atmospheric).
The predominant carbon source is probably contaminated soil.

In the one sampled site that has no carbon (APC residues only), hydrogen was the only
gas other than oxygen and nitrogen (96 per cent). The hydrogen generation at this site
is thought to result from the chemical reaction of the metals within the waste. Chemical
reaction is also likely at other hazardous waste sites, but the products become
interlinked with carbon based microbial processes at these sites.

Zero carbon landfill

Nitrogen, 95.9
Oxygen

Nitrogen

Methane

Carbon Dioxide

Hydrogen

Figure 6.4  Bulk gas data from Site 3

In low carbon sites chemical/biological mechanisms appear to be limited. They may
occur continuously at very low rates, or start and then stop when conditions prevent
further reactions. Possible rate determining factors are:

 i. Availability of water. Some of the wastes desiccate the surrounding material
and may limit water availability.

 ii. Availability of carbon. If the processes are predominantly microbial, the
absence of carbon may limit the activity of carbon-based microbes.

 iii. Inter-related reactions such as the limiting influence of carbon dioxide on
hydrogen production as it reacts with hydrogen to produce methane.

 iv. Toxicity. Some hazardous wastes will preclude or limit microbial activity.
The hazardous gases can build up to concentrations higher than in typical
co-disposal landfills because they are not diluted by methane or carbon
dioxide.

 v. Low gas phase permeability. Some of the wastes are well compacted and
gas flows are limited. In this case, low permeability may limit the availability
of water or carbon-based gases, and allow toxic compounds to build up in
the gas phase.
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6.3 Low carbon landfill qualitative risk assessment
The pattern of gas production observed in this project has implications for risk
assessment during the operational phase of a low carbon landfill and also for the long
term.

6.3.1 Operational phase

The generic model that underlies gas risk assessment tools such as GasSim is based
on a conventional MSW landfill. The observations in this project suggest that such a
model is not appropriate for sites producing very little gas. A more suitable generic
conceptual model for an inorganic/low carbon landfill is proposed below in Figure 6.5.

Figure 6.5  Conceptual model of gas flow in an inorganic/low carbon landfill

This conceptual model takes account of the fact that the release of gas from the waste
to atmosphere may be pressure driven (advective) or concentration driven (diffusive).
In a conventional MSW landfill, advective flow is minimised by extracting the landfill gas
under suction and the diffusive flow is minimised by using a low permeability capping
material.

Since inorganic waste does not a produces substantial quantities of gas (and may be a
net consumer of gas in some instances), there will generally be an insufficient pressure
differential to drive an advective flow of raw pore gas though the low permeability waste
and low permeability surface cover. However, there may be a ‘burst release’
(equivalent to the void space volume), if the cover of a well is removed, even with small
pressure differentials. As slow diffusion allows the pore gases to mix and equilibrate
into void spaces, burst releases may contain high concentrations of trace components.
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Material with low permeability will slow diffusive releases to the atmosphere, despite
the significant concentration gradient. However, uncompacted waste or voids that
connect to a permeable surface cover could provide significant pathways for the
diffusive release of substances. Hence, although active gas extraction may not be
required to reduce pressure differentials, the requirement remains to cap surfaces and
seal high permeability voids (e.g. wells and sidewalls).

Landfills for hazardous wastes may contain high concentrations of substances and
could give rise to trace components; volatile trace gases could build up in the pore
space. However, in contrast to the situation in a biologically active landfill, there is no
carrier gas or driving pressure for them to escape from the porous surface of the waste.
In terms of a conceptual model, there is a significant source term of generated gas, but
there is no active pathway for migration.

The potentially active pathways are those introduced during site construction, namely
monitoring and leachate wells. If gas is released from these, for example when a cap is
removed during a low pressure weather front, gas may escape. This gas will not be
diluted by bulk components such as methane and so may have high concentrations of
trace components. Additionally, the factors that promote gas generation, namely,
permeability and, water are present next to penetrations into the landfill; it is around
these wells that gas generation is likely to be highest.

In terms of qualitative risk assessment, the highest risk on a hazardous waste landfill
will be associated with ‘burst releases’ of highly concentrated gas within capped
leachate and monitoring wells. To manage this risk, site-specific health and safety
monitoring of the potential release pathways is recommended when wells are opened.

Since there is no direct pathway from the porous waste to air, there is limited value in
monitoring this source, with respect to gas management, risk assessment, or pollution
inventory purposes. In addition, the waste mass will be very difficult to sample in a
representative manner because:

• low permeability means that the radius of influence of any monitoring well
(or even a monitoring array) will be very small;

• there will be little pressure driving the gas into the well and thus very low
gas flow. Monitoring wells may even be under negative pressure.

As mentioned already, the presence of penetrations into the landfill may exacerbate
gas generation that would not otherwise occur. Monitoring methods are discussed
further in the next section.

The present study has focused on capped or covered wastes. Where wastes are not
compacted or are not covered by low permeability material, vapour can diffuse from the
large exposed surface of the waste. The rapid dilution in ambient air produces a
concentration gradient that will result in the slow emission of vapour and gases from
uncovered wastes. The conclusions drawn in this project therefore must not be applied
to situations where the surface material is very permeable.

6.3.2 Long term

This study could not examine the long-term performance of these landfills but, based
on limited observations, the following conceptual model is proposed:

• after an initial burst of activity, the landfill contains quiescent material;

• this material has a large potential for gas generation but is limited by
physical and/or chemical constraints;
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• gas generation resumes when the landfill structure breaks down in 100s of
years time;

• minor activity may occur around penetrations into the landfill during this
time, but the radius of influence around these features will be limited.

The mummified waste represents a long-term risk. The two potential scenarios shown
below (Figure 6.6 and Figure 6.7) are only conjecture because they use this project
(one point in time) as a basis for the trends. However, they do demonstrate the
significant difference between the anticipated composition of pore gas in low carbon
landfills compared with the traditional MSW landfills.

Figure 6.6  Stable low carbon hazardous waste landfill



53 Science Report – Investigation and Quantification of Gas Produced from Landfilling of Inorganic Wastes

Figure 6.7  : Low carbon hazardous waste landfill that restarts gas generation in
the future
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7 Consideration of monitoring
methods

This research has indicated a number of key factors that must be taken into account
when inorganic landfills are monitored for gaseous emissions. Firstly, it is important to
determine whether the site has a net emission of gas to the atmosphere (this is not
necessary at a traditional MSW landfill where biogas is produced). Secondly, the
pathways by which gas may be emitted must be identified and the points where
sufficient gas accumulates should be located. Thirdly, consideration must be given to
whether the release of gas may be through occasional burst releases or longer term
emissions.

A potential monitoring strategy could, in broad terms, address the following questions:

 i. Is there a source? (Does the nature of the waste show potential for
gaseous release?)

 ii. Is there a pathway? (Is there a positive net flow of gas from the body of
deposited waste?)

 iii. Are there preferential pathways that may be hidden?

 iv. Will it be a diffusive flow or a burst release?

 v. Where can the pathway be monitored?

 vi. What suites of determinands will characterise the bulk gases and significant
trace components?

It is noted that:

• any hazardous waste will generally pass the first of the above questions i.e.
a potential source for gaseous release;

• the observations made in this project regarding nitrogen content of the gas
provide a practical screening tool in addressing the second question
(presence of a pathway);

• a site ‘walk over’, observing the nature of the surface, noting unusual
odours and surveying potential areas of higher permeability with a portable
detector for VOCs could be used to identify preferential, but hidden
pathways (third question);

• the nature of the engineering at the site will answer the fourth question
(potential burst escape pathways through leachate wells and collection
systems and the permeability of the emplaced waste mass);

• the fifth question (monitoring points) may be difficult to address on existing
sites where no dedicated collection/sampling structure is in place (potential
methods for introducing voids and high permeability structures will be
discussed below);

• the data from the sites monitored in this project suggest a suitable suite of
analytical methods.

Key points addressed during this project are considered in the following sections.
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7.1 Evidence of a significant flux
Gas movement in or out of a body of emplaced inorganic waste will be low and not
easily measured by a flow meter. This project has identified the possibility of using
nitrogen as an indicator gas to determine whether the net flux of gas is into or out of the
waste mass.

This project has measured nitrogen in the laboratory from a sample in a Tedlar bag.
Laboratory analysis is currently the only method of accurately measuring the
concentration of nitrogen gas. Hand-held meters do not directly measure nitrogen, but
calculate the nitrogen concentration as the ‘balance’ gas after oxygen, methane and
carbon dioxide have been subtracted from 100 per cent. Although this may be a
reasonable assumption for biogas, at hazardous waste sites hydrogen may be a
relatively large component of landfill gas. Hand-held instruments cannot be relied on for
estimating nitrogen concentrations.

The concentration of nitrogen gas may fall into three categories at these sites:

 i. Nitrogen at approximately 80 per cent. This means that either no gas
generation has taken place, in which case the remaining 20 per cent gas
will be oxygen; or, gas generation and gas scrubbing are balancing each
other and the remaining gas composition is likely to comprise hydrogen,
carbon dioxide and methane. Short-circuiting to the atmosphere is a
sampling error that could also lead to this result.

 ii. Nitrogen at greater than 80 per cent. Gas is being scrubbed from the
waste pore space faster than it is being generated. The waste may be
under slight negative pressure. Most hazardous waste sites sampled have
been in this category.

 iii. Nitrogen at less than 80 per cent. Gas generation exceeds gas scrubbing
and the waste is a net emitter of gas. The waste may be producing a slight
positive pressure relative to atmosphere. This may occur in hazardous
waste after many years of low rate gas generation. This scenario is the
norm in typical carbon-based landfills.

It can therefore be concluded that:

• if the nitrogen component of the gas is greater than 80 per cent then the net
flux of gas is from air into the waste;

• if the nitrogen content of the gas is less than 80 per cent, there is a net flux
of gas outwards, almost certainly caused by gases generated from the
waste. The emissions may contain the gaseous substances of concern and
significance;

• if there is no net flux then release pathways to the surface are not
occurring. However, burst releases from voids and intrusions are still
possible and may need to be considered as short-term and short-range
releases for local health and safety assessments.

7.2 Monitoring the pathway
The location of gas monitoring points on a site with low gas flux is difficult to establish.
Gas monitoring wells in low permeability inorganic waste will have only a small radius
of influence and may themselves act as conduits to continued gas generation, thus
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giving distorted readings. It is important to confirm that there are no hidden, high flux
release points on the cap or beside the sidewall.

Ideally, monitoring would be from a gas collection blanket on top of the waste, just
below the cap. If this is not possible, shallow, temporary installations appear to provide
adequate, representative samples. Temporary installations are particularly
advantageous because they do not create a permanent pathway through which air and
moisture could enter the landfill.

7.3 Monitoring for trace chemicals of potential
concern

If small quantities of biogas are generated from residual, biodegradable materials, then
the emitted gas may be considered in a similar way to that from an MSW site. Although
the quantities involved may still make sampling by the recommended methods
(Environment Agency 2002) difficult, the principles are those of sampling a carrier gas
of carbon dioxide and methane containing trace components. In the absence of dilution
by methane the actual concentration of trace gases may be high.

However, where biodegradable materials are negligible, no carrier gas will be
generated to push the trace compounds into the environment. The requirement for
monitoring trace compounds will differ from those for MSW landfill gas.

The VOC trace compounds are still likely to be the components with greatest
significance due to their high concentrations in some sites. Table 7.1 follows the same
methodology to prioritise trace components of typical MSW sites (Environment Agency
2002). The cut off for priority compounds in this case was a score of 50. Lead, arsenic
and selenium are the only compounds that would therefore be on a priority list based
on the approach used for MSW landfill gas. In the absence of a carrier gas, it is
possible to conclude that lead, arsenic, selenium and antimony are of more concern
than other metal species. Mercury, nickel and tin follow in order of their relative
importance.



57 Science Report – Investigation and Quantification of Gas Produced from Landfilling of Inorganic Wastes

Table 7.1 Metal species relative toxicity score

Compound P1-
516/2a
Priority

Combined
mobility/
toxicity
ranking

P1-
516/2b
Average
Concentn

Average
toxicity
score

P1-516/2b
maximum
Concentratn

Maximum
toxicity
score

   picogm-3
 picogm-3

 
Tetraethyl Lead High 18 1.7E+07 112 6.02E+07 112

Arsine High 14 5.9E+05 70 1.30E+06 84

Hydrogen Selenide High 14 3.1E+06 84 1.94E+07 98

Stibine High 5 1.1E+06 30 7.00E+06 30

Alkylated antimony Low 5 4.9E+05 25 1.50E+06 30

Dimethyldiselenide Low 4 3.1E+06 24 1.94E+07 28

Mercury Low 6    

Tetracarbonyl
Nickel High 2 6.5E+06 12 2.58E+07 14

Tetramethyl Lead High 2 1.7E+07 14 6.02E+07 14

Tetramethyl tin Medium 2 1.1E+06 12 7.00E+06 12

Alkylated lead
(tetrabutyl lead) Medium 1 1.7E+07 7 6.02E+07 7

Metal carbonyls
(Nickel carbonyl) Low 1 6.5E+06 6 2.58E+07 7

other alkylated tins Medium 1 1.1E+06 6 7.00E+06 6

Tetramethylarsine Medium 1 5.9E+05 5 1.30E+06 6

Dimethyltelluride Medium 1 2.7E+04 4 4.80E+05 5

Ttrimethyl stibene Medium 1 1.1E+06 6 7.00E+06 6

Alkylated
germanium Medium 1 2.4E+06 6 1.9E+07 7

Alkylated arsenic Low 1 5.9E+05 5 1.30E+06 6

Trimethylbismuthine Low 1 4.1E+05 5 7.40E+06 6

Dimethyl selenide Low 1 3.1E+06 6 1.94E+07 7

Alkylated silicon Low 1 8.8E+08 8 7.48E+09 9

Notes: 1 NA = Not Available.
2 Where a range of Vapour pressures or Henry's Law constants have been
given, the lowest one has been chosen.
3 Dimensionless Henry's constants have been converted to atm.m3.mol-1 by
multiplying by 8.206E-5 atm.m3mol-1.k-1 x 298K - other values nominally at
250 C.
4 Sources:  NIST chemistry web-book, IRIS database, UK DETR, PRG -
USEPA REGION 9, Groundwater Chemicals, Desk Reference, Second
Edition by Compiled by John H. Montgomery - CRC Inc, RAIS database
5 Where surrogates have been used, these are in (brackets).
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The analytical suites that may be used to investigate site-specific gas composition are
shown below. The suites are presented in a hierarchy.

 i. The first analyses (Upper Group) are for the main bulk gases and the
priority organic compounds that should be determined in the gas at any
hazardous waste site where there are voids or burst release points.

 ii. Secondary analyses (Lower Group) should only be considered if:

a. the site is known to have taken specific waste streams that would
potentially lead to certain compounds being generated and;

b. there is a carrier gas to produce a potential risk of a persistent outward
flux.

 iii. Analyses of speciated compounds (Speciated Group) are only justified
when significant amounts of gaseous metal compounds are evident from
the non-speciated analysis in secondary analyses.
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Table 7.2 Potential monitoring suites

Compound Sample media Analysis
Upper Group
Nitrogen, oxygen,
carbon dioxide,
methane, hydrogen

Tedlar© bag
Gas Chromatography  (GC)
– Thermal Conductivity
Detection (TCD)

Hydrogen and helium Tedlar© bag GC-TCD

Volatile organics (VOCs) Dual sorbent ATD tubes GC-Mass Spectroscopy
(MS)

Lower Group

Organo-metals Nitric Acid impinger +
Hydrochloric acid impinger

Inductively Coupled Plasma
– Mass Spectroscopy (ICP-
MS)

Inorganic mercury Potassium permanganate
impinger

ICP-MS

Ethane, propane and
butane

Tedlar© bag GC-Flame Ionisation
Detection (FID)

Carbon monoxide Tedlar© bag Fourier Transform – Infra
Red (FT-IR) spectroscopy

Hydrogen sulphide Tedlar© bag Inductively Coupled Plasma
– Atomic Emission
Spectroscopy (ICP-AES)

Phosphine Treated silica gel ICP-AES
Amines Treated silica gel High Performance Liquid

Chromatography (HPLC)
Ammonia Treated silica gel Ion selective electrode (ISE)
Hydrogen halides Alkali impinger Ion chromatography
Hydrogen cyanide Alkali impinger Colorimetric measurement
Siloxanes Tedlar© bags GC- MS
Speciated Group
Organic mercury Potassium bromate impinger ICP-MS
Organo-metals Tedlar© bag GC-Inductively Coupled

Plasma – Mass
Spectroscopy (ICP-MS).
Using cryogenic trap

In general the suite of analytical methods selected for this research project have
proved to be practical and appropriate for the gases found at the sites. In the light of
experience during this project a final suite of recommended methods for sampling and
analysis have been selected and summarised in Appendix 1.

7.4 Burst releases from leachate and monitoring well
systems

Samples of gas can be taken from capped leachate and monitoring wells. As
mentioned above, the composition of this gas is potentially different from that of the
waste mass because of the presence of water and oxygen.
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There is a health and safety issue if these enclosures are opened. If the cap of a
monitoring or leachate well is removed while a low pressure weather front is passing,
there is a potential positive pressure differential between gas in the well and the
atmosphere. This positive pressure might be even higher if the presence of the well
itself is increasing gas generation. The concentrations immediately above the well once
the cap is removed can be estimated using a box model. Box models are a simple
method of estimating concentrations in air. They are based on the assumption that
steady-state contaminant emissions completely mix with air in side the ‘box’. The box is
bounded at the top by a mixing zone and is ventilated by steady flow of wind across the
box. Average air concentration in the box is computed using the following mass
balance relationship:

( )
C E

uWHair =

Where :

Cair = concentration of the chemical in air (µg.m-3)

E    = average volatile chemical emission rate for exposure period 
(µg.s-1)

u = mean wind speed (m.s-1)

W = width of box perpendicular to predominant wind direction (m)

H = height of mixing zone (m)

Volatile chemical Emission rate (E): E has been estimated using the concentrations
at Site 1 and assuming that the leachate pipe vents the top metre completely in one
second. The leachate vent pipe is 0.25 metre radius (~0.2 m3.s-1).

Mean wind speed (u): Wind speed will vary from 0-10 m.s-1. To entertain ‘average
worst-case’ situations, a low windspeed of 2 m.s-1 is assumed.

Width of box perpendicular to wind direction (W): The box is assumed to be the
approximate width of a person standing above a leachate vent pipe (1 m).

Height of mixing zone (H): For most risk assessment purposes, box height is
conservatively assumed to be about 2 m, i.e., approximate height of an adult’s
breathing zone.
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Table 7.3 Estimated well emission and receptor point concentrations

Highest
concn at
Site 1

Emission rate Short
Term EAL

Receptor
Point
Concentration

Chemical µg.m-3 E (µg.s-1) (µg.m-3) (µg.m-3)
Benzene 2.0E+04 4.0E+03 208 1000
Lead 9.4E+00 1.9E+00 0.5

(L.Term)
0.5

Nickel and inorganic
compounds (as Ni)

8.2E+00 1.6E+00 30 0.4

Mercury alkyls (as Hg) 3.8E-03 7.6E-04 3 0.00019
Mercury and compounds 1.7E-03 3.4E-04 7.5 0.000085
Tin compounds, organic,
except cyhexatin (ISO),
(as Sn)

3.8E+00 7.6E-01 20 0.19

Vinyl chloride 1.8E+05 3.6E+04 1851 9000

Table 7.3 shows that for the second after the cap is removed, it is possible that short-
term exposure levels could be exceeded. Appropriate personal protection equipment
(PPE) and monitoring is therefore recommended.

7.5 Boundary monitoring
When landfill gas is emitted, it is rapidly diluted by air so that the trace component
concentrations in the open are generally very low. It is common practice around MSW
landfills to monitor methane concentrations at a site boundary and use the trace gas
concentrations and methane concentration of the source gas to estimate the probable
concentration of potentially toxic gases in the ambient air.

The following calculation determines whether this method can be used at a low carbon
hazardous waste landfill. Assuming the emission is a burst release from a leachate well
or similar, the ratio of methane to trace components can be estimated at Site 1, an
example where there is 13 per cent methane and relatively high concentrations of trace
components.

For the ratios to be useful, the detection of methane using hand-held meters has been
used as a reference point. A value of 10 ppmv methane is used as the reference point
because this value is considered to be the reliable lower limit for hand-held meters
under field conditions. The concentrations of trace components that correspond to 10
ppmv methane are compared to IPPC H1 Appendix D guidance values for air quality.
These have been used as a threshold to determine this method’s effectiveness.
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Table 7.4 Environmental Assessment Levels for air (for the protection of
human health)

Substance Long term EAL µg.m-3 Short term EAL µg.m-3

Lead 0.5
Nickel and inorganic
compounds (as Ni)

1 30

Mercury alkyls (as Hg) 0.1 3
Mercury and compounds 0.25 7.5
Tin compounds, organic,
except cyhexatin (ISO), (as
Sn)

1 20

Vinyl chloride 159 1851

Table 7.5 Trace concentrations relative to 10 ppmv methane

Point 1-
1

Concn (µg.m-3) equal to 10
ppmv methane

Long term EAL
ug.m-3

Methane % 13.3
Chloroethene µg.m 1.8E+05 14 159
1,1- µg.m 5.4E+03 0.1
cis-1,2- µg.m 2.8E+03 0.2
trans-1,2- µg.m 1.3E+04 0.9
Trichloroethene µg.m 7.6E+04 5.7
Tetrachloroethene µg.m 5.9E+04 4.4
Benzene µg.m 2.0E+04 1.5 5
Toluene µg.m 1.2E+05 9.2
EthylBenzene µg.m 1.9E+04 1.4
m-Xylene + p- µg.m 4.8E+04 3.6
Carbon Disulfide µg.m 2.2E+03 0.2
Antimony µg.m 4.0E-01 0.00003
Arsenic µg.m 1.3E+00 0.0001
Germanium µg.m 4.9E+00 0.0004
Lead µg.m 7.2E+00 0.0005
Molybdenum µg.m 6.0E-01 0.00005
Nickel µg.m 8.2E+00 0.0006 1
Selenium µg.m 1.7E+01 0.001
Tellurium µg.m 4.8E-01 0.00004
Tin µg.m 3.8E+00 0.0003 1
Organic Mercury µg.m 3.8E-03 0.0000003 0.1
Inorganic mercury µg.m 1.7E-03 0.0000001 0.25

Table 7.5 shows there are few compounds with Environmental Assessment Levels
(EALs) below 1 µg.m-3. It would appear that measuring methane on the site boundary
would provide comfort that the trace concentrations were not above EALs since the
difference between what could be detected and the EALis quite large. However, it
would not be safe to use the method to determine probable concentrations of individual
trace component on the site boundary. What can also be clearly seen is that the
organo-metal compounds are orders of magnitude below any threshold, while benzene
and chloroethene are within an order of magnitude of the threshold. These are the
compounds that pose the greatest risk drivers from burst release episodes.



63 Science Report – Investigation and Quantification of Gas Produced from Landfilling of Inorganic Wastes

8 Conclusions
This study has successfully used temporary installations for sampling pore gas to
obtain gas composition data at a number of landfills that contain inorganic wastes. This
is the first systematic set of data obtained from such sites and allows some informed
suggestions on the mechanisms and pattern of gaseous emissions from inorganic
wastes in landfill.

This study was limited to a small number of inorganic waste sites, and even these
showed considerable variation in gas emissions and waste characteristics. The
following conclusions therefore carry a caveat: site-specific conditions may result in
quite different outcomes for wastes nominally described as ’inorganic’. At present there
is no clear definition of what constitutes an inorganic waste site or a site where no
biological activity occurs.

From this study is appears that most nominally inorganic landfills appear to contain
enough biodegradable organic compounds to generate some methane. Although this
project purportedly studies inorganic landfill sites, it would be more appropriate to
describe most of the sites visited as landfills with ‘low content of biodegradable carbon’.
It is unlikely that all biodegradable carbon sources will ever be totally removed from
hazardous waste in the UK since waste streams may contain material such as
contaminated soil.

This study draws the following conclusions on the composition, volume and monitoring
of gas from inorganic waste landfill and the risks associated with gas in these landfills.

8.1 Monitoring of gas from inorganic waste landfill
 i. There are waste-derived gases within landfilled inorganic waste and so

methods of monitoring this gas are necessary to assess the potential of the
site to emit gases.

 ii. Permanent gas sampling facilities are not normally built into landfills
containing predominantly inorganic wastes. Temporary gas sampling points
must be used at present and these give data that may only represent a
restricted region around the sample point.

 iii. Before choosing temporary sampling points the whole capped area should
be surveyed for potential high permeability pathways, paying particular
attention to sidewalls, penetrations into the cap and uncovered materials.

 iv. Probe sampling methods designed to collect pore gas are suitable for
collecting gas from the upper zones of the inorganic waste mass without
significant interference by air.

 v. The suite of analytical methods used in this study can characterise the main
substances of concern in a gas risk assessment. The measurement of
nitrogen gas enrichment provides a useful screen to establish whether
there is a significant net outward flux of gas from a zone. Monitoring of bulk
gases (nitrogen, oxygen, carbon dioxide, methane, hydrogen and helium)
and VOCs is recommended where degradable hazardous waste is
deposited. A wider range of methods, including analyses of volatile metal
species, is recommended where net emissions may occur either through
burst release or a persistent outward flux of gas.
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 vi. Gas sampling from monitoring wells or even monitoring arrays in inorganic
waste often do not fully represent the gas in the main waste body for two
reasons:

a. the low permeability and therefore low flow will mean the well or array
will only be representative of gas within close proximity – diffusive
mixing may be insufficient to make the gas composition homogeneous
over extensive regions;

b. atypical gas generation is most likely where there are penetrations into
the landfill. Penetrations increase local permeability, allowing moisture
(and potentially oxygen) to move into the waste, and provide a void
space where bulk gas may dilute trace gas concentrations. Temporary
penetrations must employ techniques that minimise these interferences.

 vii. A relatively permeable blanket above the waste and below the cap may
provide a permanent collection zone for gas emitted from the waste mass.
Sampling from the large volume within this blanket may provide samples
that represent the main waste gas.

 viii. This project has demonstrated that shallow, temporary installations can
give samples that are representative of the local area of influence. As is the
case with MSW landfills, emplaced waste is inhomogeneous and so a
number of sampling points within the waste would be needed to accurately
reflect the ‘average’ gas composition. The number of sampling points will
depend on the stage of sampling required (e.g. relatively few points may be
sufficient to demonstrate from the nitrogen gas content that the site is not a
net emitter of gas).

 ix. Temporary installations are advantageous as they do not create a
permanent pathway for air and moisture to enter the landfill.

8.2 Composition of gas from inorganic waste landfill
 i. Oxygen from the air and gas generated from waste appear to be removed

into either a liquid or a solid phase material in the waste. In many low
carbon/inorganic waste sites this process results in the pore gas having a
nitrogen concentration higher than atmospheric levels. Nitrogen gas
enrichment suggests either a negative pressure within the landfill, or slow
air ingress into the landfill. Both these situations make it unlikely that there
will be an overall gas emission from the landfill.

 ii. The nitrogen gas concentration did not fall below atmospheric levels in any
of the UK inorganic sites visited. Not enough gas was being generated to
push out the emplaced atmospheric nitrogen.

 iii. Oxygen is removed within low carbon landfills, but not always completely.
Of the gases present in the resultant pore space, carbon dioxide appears to
be removed most easily, or it is not generated. Methane and hydrogen are
typically detected.

 iv. Inorganic landfills that are not actively gas generating typically have low
carbon dioxide concentrations (<6 per cent)

 v. Inorganic landfills that are actively generating gas seem to contain gas with
less than 30 per cent methane.

 vi. The amount of hydrogen present in the surface pore gas is lower than
suggested by earlier desk studies. Generally, it is only present at a few
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percent of the total gas composition. Changes in carbon dioxide
concentrations suggest that hydrogen may be consumed in the biogenic
reduction of carbon dioxide to methane.

 vii. Gaseous compounds of lead and nickel are the most likely organo-metallic
compounds to be present, though these are at very low concentrations.
Silica compounds are ubiquitous in the samples taken.

 viii. The availability of water or carbon, or the build up of toxic compounds, may
limit anaerobic gas generation in existing inorganic landfill; there is
insufficient meta data to demonstrate which factor is the determining
limitation.

 ix. Oxygen-consuming chemical or biological reactions occur immediately after
the inorganic waste is placed. Low permeability then limits the extent of
further activity.

 x. Where oxygen-consuming reactions are prevented, the ‘quiescent’
inorganic waste retains its potential for active gas production, which could
reoccur in the future when the landfill structure breaks down.

8.3 Net volumetric gas production by inorganic
waste landfill

 i. Where the biodegradable content of the waste is low, the bulk pore gas is
primarily derived from components of emplaced air (principally nitrogen
gas). In these cases, the waste appears to be a net consumer of gas,
resulting in an enrichment of the nitrogen gas component of the mixture.
Nitrogen gas enrichment could indicate a negative pressure within the
landfill, or slow net flow of gas (air) into the landfill.

 ii. Where small amounts of biodegradable organic material are present in the
solid or the leachate, some carbon dioxide and methane will be present;
there may be a small net outward flux, particularly through high permeability
paths such as intrusions through the cap and sidewalls.

 iii. Where larger amounts of biodegradable material have been deposited with
hazardous waste, the moderate outward flux of bulk gases may carry high
concentrations of waste-derived trace gases into the surrounding air,
particularly when intrusions are opened to the atmosphere.

 iv. The low permeability of inorganic waste and the low or even negative gas
flux in these landfills means that there is a limited potential for the emission
of gas the surface of the capped waste. Gas accumulating in voids may
produce short-lived burst emissions. Uncovered waste or unsealed
sidewalls have the potential to allow diffusion of vapours directly to the
atmosphere.

 v. Advective gas flow depends on gas pressure and permeability. If the gas is
difficult to sample, then it is likely that little or no gas is being generated, or
it is mobile.
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8.4 Gas risk from inorganic waste landfill
 i. If there is organic material in the hazardous waste, it could be derived from

petroleum and chlorinated compounds. There is therefore a strong
possibility of detecting higher concentrations of trace components in
hazardous waste landfills.

 ii. ‘Burst release’ from landfill penetrations may occur when monitoring or
leachate well caps are removed. High concentrations of trace gases can
build up without being diluted by bulk gases as they are in MSW landfills.
The removal of these caps in low carbon landfills therefore has health and
safety implications.

 iii. Standard gas generation risk assessment models such as GasSim are not
suitable for assessing emissions from inorganic landfills. The lack of gas
pressure and permeability within these landfills makes it unlikely that gas
will continuously migrate out of the landfill, so the underlying conceptual
model of GasSim will not apply.

 iv. The potential lack of homogeneity within the waste and the spatial variation
in the composition of the pore gas increases the risk that the primary
pathway for gas emission may be hidden. A site-wide survey may be
needed to detect any high permeability pathways.

 v. Current rates of reaction and penetration of moisture may be small in low
permeability inorganic wastes. However, the nature of gaseous releases
may change in the future when the inorganic landfill structure breaks down.
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Appendix 1 - monitoring quick
reference
 This section summarises a strategy to evaluate the state of gas flux at inorganic waste
sites. It is presented as a phased approach; subsequent phases are only required if
results from initial testing suggest they are necessary. This section is based on the
preliminary outcomes of the R&D and does not represent ‘Guidance’ at a particular site
or prescription of particular methods.

INITIAL PHASE – EMISSION RATE

 The first objective at a site is to determine whether they are likely to be net gas
emitters. The best way to achieve this is to sample the pore space in the waste and
measure the nitrogen content using laboratory analysis of the gas sample.

 Method

 i. The pore space just beneath the capping layer should collect any gas that
may potentially escape to the atmosphere. Temporary probes pushed into
the pore space can effectively sample the gas and have the advantage of
not leaving a potential gas migration pathway, when removed. The number
of samples required will depend on the size of the site, but five locations is
probably the minimum. One or two of these should be from voids within the
landfill such as leachate wells if a sample can be taken without atmospheric
air interference. A field meter should be used to confirm that short circuiting
to atmosphere is not occurring – the oxygen concentration is the key
parameter.

 ii. From the probe, a Tedlar© bag or suitable container should be used to
collect a sample of gas. A dual sorbent ATD tube should be used to sample
for priority trace VOCs as per LFTGN 04.

 iii. This sample should be analysed at a laboratory for the bulk gases:
nitrogen, oxygen, carbon dioxide, methane, hydrogen, and hydrogen
sulphide. Possible analytical techniques are shown in Table C of Section 3,
but others may also be appropriate. It is vital that nitrogen is measured in
the laboratory and not calculated from the ‘balance gas’ on a meter.

 

 Outcomes

There are two significant outcomes of this analysis:

 i. If the nitrogen component of the gas is greater than 80 per cent, the net flux
of gas is from air into the waste. No further monitoring is required from a
risk based perspective, because there is no active gas pathway out of the
landfill.

 ii. If the nitrogen content of the gas is less than 80 per cent, there is a net flux
of gas outwards, almost certainly caused by gases generated from the
waste. The emissions potentially contain gaseous substances of concern
and significance. Further testing may be required.

 

 The priority trace gas results can be used in health and safety assessments of ‘burst
releases’ from voids in the landfill (e.g. from leachate wells when the cap is removed).
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SECOND PHASE – TRACE GAS COMPOSITION

 If the site is a net emitter of gas, the next phase of sampling may be required. The
same method of gas collection from the pore space should be employed. The following
sampling media may be used to collect the samples (Taken from Table 7.2 in Section
7). The samples should be sent to the laboratory for the respective analyses:

 

Compound Sample media Analysis

Organo-metals
Nitric Acid impinger +
Hydrochloric acid
impinger

Inductively Coupled Plasma – Mass
Spectroscopy (ICP-MS)

Inorganic
mercury

Potassium
permanganate impinger

ICP-MS

Ethane, propane
and butane

Tedlar© bag GC-Flame Ionisation Detection (FID)

Carbon
monoxide

Tedlar© bag Fourier Transform – Infra Red (FT-IR)
spectroscopy

Hydrogen
sulphide

Tedlar© bag Inductively Coupled Plasma – Atomic
Emission Spectroscopy (ICP-AES)

Phosphine Treated silica gel ICP-AES

Amines Treated silica gel High Performance Liquid Chromatography
(HPLC)

Ammonia Treated silica gel Ion selective electrode (ISE)

Compound Sample media Analysis

Hydrogen
halides

Alkali impinger Ion chromatography

Hydrogen
cyanide

Alkali impinger Colorimetric measurement

Siloxanes Tedlar© bags GC- MS

 

 The results can be used in a site-specific risk assessment to determine the most likely
sources of risk. Assessment of the metals will use ‘worst case’ metal species. The
results of the risk assessment can then be used to design site-specific risk
management activities.

 

THIRD PHASE – SPECIATION OF VOLATILE METALS

 If the risk drivers are found to be metals, a final set of samples can be taken to
determine the exact metallic species present in the landfill gas. This may change the
results of the risk assessment.
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Compound Sample media Analysis

Organic mercury Potassium bromate impinger ICP-MS

Organo-metals Tedlar Bag GC-Inductively Coupled
Plasma – Mass
Spectroscopy (ICP-MS).
Using cryogenic trap

 

 Note: there are only a few laboratories in the UK that can apply ‘GC-ICP-MS with
cryogenic trap’ techniques.
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List of abbreviations
APC Air Pollution Control

ATD Automated Thermal desorption

ATD-GC-MS Automated Thermal desorption coupled with Gas Chromatography
and Mass Spectroscopy

FID Flame Ionisation Detector

FT-IR Fourier Transform - Infra Red

GC-TCD Gas Chromatography, Thermal Conductivity Detection

ICP-AES Inductively Coupled - Atomic Emission Spectroscopy

MBT Mechanical, Biological Treatment

MSW Municipal Solid Waste

PPE Personal Protection Equipment

UKAS United Kingdom Analytical Standards
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