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Common Abbreviations

Abbreviations

acronyms, abbreviations, symbols
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Biomethane
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Natural gas H

Natural gas L

Block Heat and Power Unit

Natural gas quality processed biogas
Renewable Energy Laws

Nominal Diameter

German Technical and Scientific Association for Gas and
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Pressurized Water Wash

Natural gas High (WS,n=12.8 — 15.7 kWh/m?3 according to
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GRM Grown raw material

pH-value Measure of the strength of the acidity or basicity of a liquid
solution

ppb Parts per billion (ppb = 10-9)

ppm Parts per million (ppm = 10-6)

8



PSA
NMI (PTB)

TA Luft

Uuss$
Vol-%

FWA

Abbreviations

Pressure Swing Adsorption

National Metrology Institute (physical - technical) Federal
Agency)

Technical code of practice for the purification of air
(technical instruction for the adoption of clean-air)

U.S. Dollars

Measure of the portion of a material in a mixture related to
the volume

Federal Water Act

Chemical Abbreviations

BTX
DEA
DGA
DIPA
L
MDEA
MEA
THT

Formula Symbols

Ws,n

Mixture of benzene, toluene, und xylene
Diethanol Amine

Diglycol Amine

Diisopropanol Amine

Ligand

Methyl Diethanol Amine

Monoethanol Amine

Tetrahydrothiophene (odourising agent)

Demand factor
Mass

Molar Mass
Number of moles
Amount of material

upper Wobbe-Index in normal conditions




Introduction

1 Introduction

Biogas is a renewable source of energy that can contribute to a reduction in green
house gas emissions and consequently to the fulfilment of the Kyoto Protocol. An
increased utilization of biogas as an energy source will lead to a reduction in the
dependence upon gas imports and thus more self-sustainable economies.

At many biogas facilities, the generation of electricity takes place directly on-site in a
block heat and power plant. The incidental heat generated by the combined heat and
power units is often not used to its full extent due to a lack of consumers for it. This is
not an optimal situation because, from an efficiency point of view, there is not a full
utilization of the facilities. If the biogas is generated in a place where there is a
corresponding demand for heat, a demonstrable increase in the degree of efficiency
can be accomplished. Because the operating materials for biogas manufacturing
(liquid manure, biological waste, renewable raw materials, etc.) have small energy
densities it is not reasonable, for economic reasons, to transport them over long
distances to places with high heating demands. A solution to this problem is the
region separation of the manufacture and utilization of biogas. The transportation of
the gas between the two different locations will be undertaken by the means of a gas
grid. The advantage is there will be an increase in overall energy efficiency, however,
additional processing and supply technology will be required as well as a gas grid to
which it can be supplied. The investment and operating costs for such an endeavour
are also increased.

This manual describes the technical possibilities for biogas processing and biogas
supply as well as giving a brief mention to the nature of the costs involved. Different
processing routes are described and various deployable technologies will be both
introduced and compared.
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Manufacturing and Composition of Raw Biogas

2 Manufacturing and Composition of Raw Biogas

The original energy source for biogas is the sun. Through the process of
photosynthesis living creatures store

this solar radiation in organic Substrates
substances (such as carbohydrates Fats, proteins, carbohydrates
and fat). The decomposition of this (long<hain polymers)
biomass comes about naturally as 1t phase — Hydrolysis

the result of two processes. In the

first of the processes there is a Fatty acids, amino acids, sugars
conversion in the presence of (shortchain polymers and dimers)

oxygen (aerobic conversion) and the
reaction products of this are carbon
dioxide and water. No further z AR
. Short-chain organic acids
useable energy will then be (e.g. propionic acids)
extracted from these products. The Alcohols
second process is an anaerobic ard
process, Wwhere there is a
transformation undertaken without

2 phase — Acidification

phase - Acetic acid formation

Acetic acid (CH,COOH), carbon

the presence of oxygen and where dioxide (CO,), hydrogen (H,), efc.
the products (for example, an energy X
rich gas) have a potential for further 4" phase — Methane formation

energy extraction. In a biogas plant,
this second path of degradation is
harnessed by the use of technology.

Methane (CH,), carbon dioxide
(CO,), hydrogen sulphide (H,S), efc.

. . Bi
A biogas is thereby produced from ot
the organic material, though the use
of different bacteria cultures, which _. _ .
Figure 2: General procedure during

exhibits as its main components biogas production [FNR 2008]
methane and carbon dioxide. This so

called fermentation process occurs in four steps. During the first step, the long chain
organic compounds are split. As a result of this short chain low molecular substances
are derived and these go into a solution. It is for this reason that the first step is
called the hydrolysis phrase. In the second step, the short-chained substances are
decomposed within a fatty acid and hydrogen (the acidification phrase).
Subsequently they are further converted under additional hydrogen formation in the
following acetic acid phrase. In the fourth and final phrase (the methane formation
phase) methogenic bacteria produce methane by the use of the products (organic
acids, hydrogen) that were made as a consequence of the proceeding phrases.
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Manufacturing and Composition of Raw Biogas

2.1 Manufacturing Biogas by Fermentation

The production of biogas is carried out in a biogas plant within a fermenter. A
fermenter is a technical system (bio-reactor) in which specific micro-organisms, under
optimal growth conditions, break down organic substrates and produce biogas.

Biogas plant with co-fermentation

PG

Residential house

Injection into
electricity grid

_. Liquid
/_J manure
= = e
——— " = L .|_—-_‘
Stble Liquid manure
store

Storage tank

et
Cdsubsfiaies Fermentation
- = e substrate
- L E = “u e
Receiving area Digester with Agricultural use
foil covering
| Legend: I
S Eleciricity =====@ Heat sl Substrate
Figure 3: Process scheme in a farm-based biogas pla  nt [FNR 2008]

The charge materials range from industrial and household waste, to plants and plant
waste, to animal waste and remains, as well as liquid manure and excrement. There
are, in practice, two prevalent biogas systems. One variant uses renewable raw
materials as its charge material, while the other uses liquefied manure. The charge
material has a marked influence on the composition of the produced raw biogas. The
following table and graph gives an overview of the composition of a typical biogas
and biogas yield based on the utilized biomass.
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Manufacturing and Co

Table 1: Typical biogas composition

mposition of Raw Biogas

Biogas Component

Compositional Limits

Methane

Carbon Dioxide (CO »)

Nitrogen (N 2)

Oxygen (O 2)

Hydrogen Sulphide (H »S)

Ammonia (NH 3)

BTX (mixture of Benzene, Toluene and Xylene)

Siloxane

Water vapour (25C and 1.013 mbar)

45 — 70 Vol.-%

25 — 55 Vol.-%
0.01 -5 Vol.-%
0.01 -2 Vol.-%
10 — 30000 mg/m?3
0.01 — 2.5 mg/m3
<0.1 -5 mg/m3

<0.1 -5 mg/ms3

3.1 Vol.-% with 100 %
relative humidity

[@ Biogas yield [m3/t fresh mass]

225 1 202
200 4 - - el Methane content [%)]
T N B ——
150 19 |- SR R R LR R
128
12514 |- - R R a1
TES 100 88
100 80
Sonmt 1 Y O I Y IR I Yy = T - A
0 B Y I I Y O Y O - SO S
28 o5
e T I I I = I = I - I - S e - Hae =
[ =t ] Te] w =t - ™ = =+ o~ o o o L ==
0 Lo L . LD L L . Lo [{s] . Lo j{=] Lo . I~ . =] . o =] o . (O
@ 2 D 2 > & A > @ @ Q @ @ @ @ @
53\@9 ':'J\\I%s::> @é\ c;{b qg'oa \é\\) o-k{bcj (\Q@ @@Q\) \Qr@“ GPQO &é\o "bc\) é}\\-b‘:-" 6\"-‘.“'(\\) @"b{\o
@& = @ . . o i ) X
A & X Gy N g9 & & @ =) ) ré.\{\ O @
wool & Q‘z‘@ & S oS T ¥ T W &
@ & Q & D
rbcb o A
@
&
Figure 4: Biogas yield and methane content of vario  us substances (Source:

Handreichung Biogas, FNR, 2006; Energiepflanzen, KT  BL, 2006) [FNR 2008]

13



Manufacturing and Composition of Raw Biogas

From the table above it is apparent that the component compositions are subject to
variation. The main responsibility for these variations is the fermented raw material
and the process operation deployed. A careful selection of the raw materials will
result in both a purer biogas, one containing high methane content, and less
disturbing amounts of the bothersome material usually associated with biogas
production. A reduction in the expenditure involved in overall biogas production can
therefore be achieved during its manufacture.

2.1.1 Wet Fermentation

Wet fermentation is the current dominant fermentation process. The fundamental
difference between dry and wet fermentation is that in wet fermentation the biomass
is pumpable. Substrates with high water content are used for this type of
fermentation (for example, liquefied manure and food waste). However moist
substrates like cuttings, manure and silage can also be used in wet fermentation but
they require prior additional processing. A prior cutting and sorting of the moist
substrates occurs, followed by the wet fermentation. The cut up substances are
placed in a fermentation container by means of a slowly rotating pipe and mixed with
water.

2.1.2 Dry Fermentation

Dry fermentation is carried out for biomass that is not easily pumpable. The biomass
material typically has a dry component fraction >25%. Substrates such as manure,
silage, and greenery (green waste) are used.

2.2 Standard Targets for Biogas Quality in Germany

In order to supply the public gas grid with biogas the guidelines established by the
DVGW-regulator (the German Technical and Scientific Association for Gas and
Water) have to be complied with. Principally biogas can be supplied as either an
additional gas or an exchange gas. If biogas is mixed with the existing gas in the
national gas grid (the base gas), without adjusting it beforehand to the composition of
the base gas, it is only useable as an additional gas. Additional gases are gas
mixtures whose composition and burning characteristics are significantly different
from that of the original base gas. One can supplement the original base gas with
small quantities of another gas or one can make additions to the local gas supply.
The homogeneity of the combustion behaviour is dependent upon the extent of the
mixture of the additional gas [G 260].

14



Manufacturing and Composition of Raw Biogas

In order for the supply of biogas to be allowed as an exchange gas, attention must be
paid to the requirements [G 260 and G 262] outlined by the DVGW (German
Technical and Scientific Association for Gas and Water)-Regulation Board:

- Oxygen: max. 3 Vol.-% in dry distribution grids max. 0.5
Vol.-% in humid distribution grids

- Carbon Dioxide: max. 6 Vol.-%

- Hydrogen sulphide (H2S): max. 5 mg/m3 (in exceptional
circumstances 10mg/m3 can temporarily be
allowed)

- Water dewpoint: max. base temperature (dependent on the
performance pressure)

- Adherence to the technical combustion variables (Wobbe-Index, calorific
value of the fuel, relative density of the fuel).

Biogas in Germany is supplied to a grid that contains both natural gas-H and natural
gas-L and they differ according to the Wobbe-Indexes (natural gas-H: Ws,=12.8 to
15.7 KWh/m3, natural gas-L: W;,=10.5 to 13.0 kWh/m3). The (processed) biogas is
often not in accordance with these grid specifications and therefore it requires
adjustment (conditioned). To increase the calorific content of the gas one can add
LPG (Liquefied Petroleum Gas), and to decrease the calorific content of the gas one
can add air.

The application of biogas as an additional gas has to be undertaken in the manner
that the “Requirements of public gas supply after the mixing point with regard to gas
utilization and accounting” are complied with. The resulting gas mixture (original base
gas + additional gas = mixed gas) must pass the DVGW regulations for gas
composition (G 260) and any others laid out in the gas billing procedure (?) (G 685).
A direct statement about the permissible composition of an additional gas has not yet
been formulated. In principle, it has to be assumed that unprocessed biogas cannot
be fed into the grid. In later chapters the minimum required desulphurisation and
drying of the biogas will be considered. With either an preparation of an exchange
gas or an additional gas it is essential that at the feed-in to the final consumer grid
the odourisation regulations are complied with — they are stated in the G 280-1 work
sheet.

15



Biogas Processing Technology

3 Biogas Processing Technology

Before raw biogas can be fed into the public gas grid, the requirements for the type of
gas must be corresponded to (for example, G 262). Because biogas still does not
meet the necessary regulations after its production a further stage of treatment is
required. For exchange gas to be utilized successfully as biogas, desulphurisation,
drying, carbon dioxide removal, and Wobbe-Index adjustment are all-necessary.
Should the supply of additional gas take place the first two processing steps are be
the most crucial. For each processing step there are a multitude of potential technical
ways that it can be carried out, and as a result only the most commonly employed will
be described in the following text.

3.1 Desulphurisation

In biogas systems, the raw substrate material typically contains sulphur in a variety of
forms. Not only organic sulphur is present (org. S), but so too are various sulphates
like, SO,*, and other sulphide components like H,Sqq), HS, and S*. It is during the
fermentation process that these compounds are degraded and converted from one
form to another. According to T. Ries et al. [RIES 1992] the following conversions
take place in an anaerobic environment and they devised the following schematic.
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Figure 5: Sulphur conversion [RIES 1992]
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Biogas Processing Technology

Hydrogen sulphide (H,S) is a very poisonous, highly flammable, and environmentally
hazardous gas, which, even in small quantities is toxic for humans.

Table 2: Hydrogen Sulphide hazard classification

Hazard symbol:

&

Letter abbreviation : T+ F N

Description : Very Toxic Highly flammable  Dangerous for the
environment

Very small concentrations (20 ppm) will cause irritation of the mucous membrane in
the eyes, and for concentrations greater than 500 pm (0.05 Vol.-%) cramping and
loss of consciousness will occur. It is worth noting that humans can detect hydrogen
sulphide at concentrations as low as 0.002-0.15 ppm (it has the odour of rotten eggs)
[WASSERMANN 2007]. The toxicological effects of hydrogen sulphide are outlined in
the following table.

Table 3: Toxicological effects of hydrogen sulphide [WASSERMANN 2007]
Hydrogen Sulphide Concentration  Tpxic Symptoms
<100 ppm Impact within several hours
> 100 ppm Perilous to life within one hour
500 ppm Deadly within 30 minutes
1000 ppm (0.1 Vol.-%) Toxic effects within several minutes
5000 ppm (0.5 Vol.-%) Death within several seconds

Not only does hydrogen sulphide pose a threat to one’s health, but it also poses
technical problems that adversely affect the components of the biogas plant.
Examples include corrosion of ferrous metal and the degradation of lubrication oil.
For these reasons is it necessary to keep the content of hydrogen sulphide in biogas
to a minimum.

17



Biogas Processing Technology

The DVGW-regulation board outlined in process sheet G 260 a maximum hydrogen
sulphide content of 5 mg/m?. If the biogas plant requires a licence based on pollutant
control laws, the exhaust gas must comply with the emission levels established within
the TA Luft (Technical Code of Practice of Air Purification). The Technical Code of
Practice of Air Purification permits a maximum of 3 mg/m?, or 15 g/h, of hydrogen
sulphide in biogas systems [TA LUFT 2002].

In its original composition, the biogas does not meet these requirements and a
desulphurisation treatment is therefore required. It makes economical sense to carry
out this desulphurisation of biogas in two steps, as there are large, fluctuating levels
of hydrogen sulphide within its content. During the first step, known as main
desulphurisation, the largest amount of the hydrogen sulphide in the biogas is
removed. In the second step, referred to as fine desulphurisation, a smaller quantity
of hydrogen sulphide is removed. In the following text, the technology used to carry
out these desulphurisation steps will be introduced and explained in detail.

3.1.1 Main Desulphurisation

A main desulphurisation is recommended for the raw biogas’ that contain 2100 ppm
hydrogen sulphide. This desulphurisation can be undertaken either during the biogas
production itself or it can be done later in the process. The most frequently used
processes for main desulphurisation are explained in the following sections.

3.1.1.1 Sulphide Precipitation

This form of desulphurisation is based upon the chemical reactions between
dissolved hydrogen sulphide and iron salts. Sulphide ions, which derive from the
dissociation reaction of hydrogen sulphide, react with iron (Il) ions to form an iron
sulphide that is difficult to dissolve and which coagulates to create a black salt. This
chemical reaction can be simply described through the following equation.

Fe** +S* - FeS (Equation 1)

The iron salts can be added into the collection tank prior to the fermenter or added to
it directly in either a solid or dissolved form. For practical reasons the iron salt is
normally added in the form of a solution made locally by mixing iron salt and water:
applicable iron salts include iron (ll) chloride (FeCl,) and iron (ll) sulphate (FeSO,).
The solution containing either salt has very low pH value.
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For example, a 20% iron (lI) chloride solution has a pH value of less than one.
Careful attention has therefore to be paid to the storage, the transport and the
measurement of the solutions in order to prevent problems of corrosion. However,
the iron salts do not negatively influence the biological activity in the fermenter. There
is often an increase in methane production, as the less toxic hydrogen sulphide does
not damage methane-generating bacteria.

The iron sulphide that is produced is then mixed with the added organic substrate
and they are then withdrawn from the fermenter. Once exposed to the aerobic
environment (i.e. open-air storage) in the fermenter, the iron sulphide forms iron
sulphate, a good fertiliser for plants. For ecological reasons only heavy metal-
deficient iron salts should be considered for use for sulphate precipitation.

The iron sulphide that is produced is then mixed with the added organic substrate
and they are then withdrawn from the fermenter. Once exposed to the aerobic
environment (i.e. open-air storage) in the fermenter, the iron sulphide forms iron
sulphate, a good fertiliser for plants. For ecological reasons only heavy metal-
deficient iron salts should be considered for use for sulphate precipitation.

To get an estimate of the operating costs it is necessary to know the iron salt
consumption of the system. If we consider desulphurisation by iron (II) chloride the
following reaction equation is the basis for the operating cost calculation.

FeCl, +H,S - FeS+ 2HCI Equation 2

To get an estimate of the operating costs it is necessary to know the iron salt
consumption of the system. If we consider desulphurisation by iron (II) chloride the
following reaction equation is the basis for the operating cost calculation.

m=NI[M Equation 3

Iron chloride and hydrogen sulphide have the same molar ratio, 1:1 (Nreci,=NH,s).

Based on equation three one can determine the correlation of the masses of the two
substances.

m FeCl, m H,S

M M
FeCh HzS Equation 4

(Mrect 2126.74 g/mol; Mr:s=34.74 gimol)
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If the amount of hydrogen sulphide is known the theoretical requirement for iron
chloride can be ascertained. The proportion of iron (Il) ion is often stated within
manufacturing information, instead of the proportion of iron salt. nd if such is the
case, the following equation can be used.

m m._,. ,
Fech —_F& Equation 5

M FeCl, M Fe

(Merect 2126.74 g/mol: Mee=55.84 g/mol)

In the above equation, the theoretical amount of iron salt required can be determined.
In practice, however, greater than stoichiometrical amounts of iron ions should be
used as the amount calculated has to be multiplied by the demand factor B. T. Ries
et al. [RIES 1992] determined, after a great deal of experimentation, that demand
factor B equals 2.2. During a telephone call to a retailer of iron salts it was confirmed
that this value is often used in practice.

Typically, through the aid of this technology, the end sulphur concentration from 50 to
150 ppm in the biogas can be achieved (and also lower). A brief compilation of the
advantages and disadvantages follows:

Advantages:

- relatively low investment costs, because one essentially only requires a
doser pump and a holding tank (if need be, one could manually add pure iron
salt so further investment costs will not apply)

- an adjustment of the process temperature is not necessary

- a quick ability to react to hydrogen sulphide fractions with an appropriate
measurement technique

- preventative corrosion protection

- apositive of the biological process within the fermenter (a lower toxic impact
H2S)

- no additional air will be necessary
- suitable fertiliser from iron sulphides

Disadvantages:

- high operating costs

- a possibility for heavy metal in iron salt can damage the environment if it
apart of the production of fertiliser
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3.1.1.2 Biological Desulphurisation

Biological desulphurisation relies on micro-organisms to breakdown the hydrogen
sulphide. For the purification of the biogas the substances which require removal
have to undergo a phase transformation from the gas phase to the aqueous phase
before they can be decomposed. This phrase transition takes place through an
adsorption or absorption process. These chemical compounds for micro-organisms
can only be used if they are dissolved in water. The biological breakdown of the
pollutants can occur via an extra cellular process or via an intracellular process.
During the extra cellular transformation the enzymes of the micro-organisms will be
released into an aqueous solution which then serves to alter the pollutants. The term
intracellular means that the transformation of the pollutant takes place within cells. To
be achieved it has to be absorbed by a micro-organism cell first. The overall
transformation process begins within a few seconds, and usually lasts between 10 —
40 seconds. The micro-organisms benefit by acquiring energy from this dissociation
reaction.

In the presence of oxygen the micro-organisms (sulphur bacteria) transform the
hydrogen sulphide dissolved within water, by the means of biological oxidation, into
elemental sulphur and finally into a sulphate. The following chemical reactions depict
a simplified version of the process as they proceed.

2H,5+0, - 25+2H,0 Equation 6

2S+2H,0+30, - 2H,SO, Equation 7

The direct oxidation of hydrogen sulphide to sulphate is also possible.

H,S+20, - H,SO, Equation 8

To establish optimal living conditions the sulphur bacteria (Thiobacillus and
Sulfolobus) require nutrients and trace elements. It is standard practice to use
nitrogen, phosphorous, sulphate, potassium, calcium, and iron, and they are often
added externally. Furthermore the temperature is of importance as it should be
maintained at a minimum of 20T for ideal condition s [FIU 2005].
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Biological desulphurisation can either be carried out in a fermenter or outside of a
fermenter in a bio-filter, in a bio-washer, or in a trickle-bed reactor system. The three
commonly used processing applications are:

1. Bio-filter
2. Bio-washer
3. Bio-trickle filters (also called bio-percolating filter or bio-trickle bed reactors)

All three processing routes are biological procedures. The fundamental process
conditions for all three applications are [ABAP 2007]:

- Temperature: 10-40%C (in certain systems temperatures up to 55T
are possible)

- Humidity: The saturation of water vapour in the gas around the
microorganisms should be at least 90%

- pH-value: Strongly acidic pH-values are reasonable

- Gas chemistry: An ample O2 supply

3.1.1.2.1 Desulphurisation in a Fermenter

Sulphur bacteria are usually contained in each fermenter substrate. Through an
additional blast of air, an internal biological desulphurisation can be achieved without
having to add specific micro-organisms. Usually a large input of air (between 8-12
Vol.-%) is necessary. The desulphurisation performance is therefore strongly
dependent on the available contact surface area and this needs to be taken into
consideration when air is added.

The advantage of this process is that it is a relatively simple process to realise
because only a few system components are necessary (air bellows and a distribution
system in the fermenter). Consequently, a cost-effective desulphurisation process
can be realised for small biogas systems. The final desulphurisation grade is strongly
dependant upon the respective circumstances. For example, some biogas systems,
with an internal biological desulphurisation, are only capable of removing 50 Wt.-% of
the total hydrogen sulphide from the raw biogas. However, good operations
management can increase the degradation efficiency considerably. Aside from the
few required building components, another advantage is that the sulphur that
remains bonded to the fermenter waste can be returned directly into the natural cycle
of matter. A disadvantage of this process is the high demand for air. The oxygen and
inert gas (nitrogen) composition of the biogas is increased by the over
stoichiometrical input of air which in turn lowers the quality of the biogas.
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Furthermore this process is based on the input of a very rough dosage of air and thus
only an unreliable desulphurisation can be achieved for fluctuating hydrogen sulphide
contents. Another disadvantage is that with such an air input there is a susceptibility
of the fermenter to corrosion and a greatly increased risk of an explosion.

Base on the fact that the biogas supplied to the gas grid should preferably contain
small quantities of air, that the regulation of the process is often very difficult and that
after processing the biogas in order to achieve the level of quality of the exchange
gas, this type of desulphurisation is not recommended.

3.1.1.2.2 Trickle Bed Reactor System

Unlike biological desulphurisation within a fermenter, this processing technique of
biological transformation takes place in an external system. The trickle bed reactor
(also referred to as bio-percolation filter system or bio-trickling filter) consists primarily
of an inert filter material on which the I I—_—.,

sulphur bacteria settles. The other $

parts of the system are a circulation % ?

pump, an air supply, a measurement

and regulation unit, a heat exchanger

(if necessary), a holding tank for the

nutrient solution, and a piping system

with the necessary housing. The inert

filter material is unable to absorb any

moisture and does not biologically Adr
decompose, thereby giving it a very
long operating life. Due to the shape
and configuration of the trickle filter

Cleaned hiogas

Rinsing fluid
!circu]aﬁnn

Biogas ™

very large contact areas and long ¢

contact times can be obtained. The % % é?
. . Fermenter

sulphur bacteria settle on the trickle

Raw gas sampling Sump pungp

filter and are suspended within the
circulating solution. The necessary
nutrients required to cover the Figure 6: Trickle-bed reactor system
demand for nitrogen and phosphorous will be added by an extra, metered addition of
a nutrient solution. This can be undertaken either sporadically or continually. Both
specialised fertiliser solutions and liquefied manure are possible as a nutrient
solution. It is important, however, that a permanent water film for sulphur bacteria be
warranted in order to have enough humidity at their disposal. Moreover, the pH value
is made controllable by the added solution. This is very important as the biological
desulphurisation occurs under very low pH values. The required oxygen enters via a
controlled aeration, and is mixed with the biogas.
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Most regulations require that the volume fraction of air input to be as high as 2-6 Vol.-
%. Due to the addition of such high air input, it is necessary to ensure that the lower
explosion limit is not exceeded. The biogas then flows through the filter, in either a
co-current or counter-current flow. Normally, a final purity of between 100-200 ppm or
less of H2S can be guaranteed.

The products of decomposition, sulphur (approx. 75 Wt.-%) and sulphate (approx. 25
W1.-%), are discharged with the nutrient solution from the trickle-bed reactor system
and, along with the biogas system digestates, are spread out over fields. The nutrient
solution, which circulates in a closed-loop process, must therefore be partly
exchanged. The optimal operating temperature is between 28 and 32°C. Therefore,
the system often needs a heater for the winter and a cooler - for example water from
a well - for the summer, and ideally thermal insulation or housing

Bio-trickle filters are built in either round reactors with diameters up to 8 metres and
with a maximum bulk height of 2.5 metres per downpour, or they are designed to be
built into containers. The containers can often be stacked on top of one another or
installed on a hall roof to save space.

Advantages:

- avery long lifetime of the liner material (>5 years [ABAP 2007])

- constant dissociation performance over lifetime

- small pressure loss through the liner materials (<250 Pa/m [ABAP 2007])
- an adaptability of the nutrient solution to pollutant composition and loading
- adefined micro-organisms flora by having an inert liner material

- modular and flexible construction

- good process control is possible

- high dissociation rate (up to 99%)

Disadvantages:

- a high air entrainment in the biogas
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(a) [FARMATIC 2007] (b) [FARMATIC 2007]

Figure 7: (a) Desulphurisation container (b) filler material of a trickle bed reactor
system with sulphur deposits

3.1.1.2.3 Bio-washer

Biogas desulphurisation is carried out in a bio-washer in two steps. During the first
step, the hydrogen sulphide in the biogas is dissolved by means of scrubbers in a
washing solution. During the second step, the feeding in of oxygen causes the
biological transformation of the dissolved hydrogen sulphide into elemental sulphur
and sulphate. The first step is mainly carried out in a packed column in which the
wash solution and the biogas pass by one another in counter-current flow. The
hydrogen sulphide is consequently dissolved. The washing solution is a diluted, 20%
sodium hydroxide solution. The advantages of using diluted sodium hydroxide,
compared to using water, are respectively a higher dissolubility of hydrogen sulphide,
a higher loading level and deposition rate. The solution contains bacteria and
nutrients is normally led in a counter-currant flow from the inflowing biogas at the
bottom to the out flowing biogas at the top. The hydrogen sulphide removal occurs as
shown in the following chemical reaction.

H,S+NaOH - NaHS+H,0 Equation 9

With time, the sodium hydroxide is consumed and must be regenerated. This occurs
as a continuous process in a second stage that is separate from the first step.
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This step is performed in a bio-reactor in which sulphur bacteria (Thiobacillus) settles
on carrier material and comes into contact with washing water. Under the feeding in
of oxygen the micro-organisms regenerate the wash solution by forming sodium
hydroxide.

NaHS+%O2 - NaOH+S Equation 10

4NaHS+ 40, - NaHSO, - Na,SO, +H,SO, Equation 11

The products of these biological conversion processes are elementary sulphur and
salt. The wash solution is cycled in a loop and is slowly consumed, and consequently
a fraction needs be continually discharged and replaced by a fresh wash and nutrient
solution. This is undertaken to prevent both a re-concentration of sulphur or sulphate
in the system and an obstruction occurring within the bioreactor, while on the other
hand it is also done to prevent over acicidification (please see the equation given
above.) The produced waste products form sediment in the bio reactor and are
drawn off. Through centrifugation the sulphur slurry, based on its high purity level
(95-98 mass percent), can be theoretically be further processed or disposed of.

Raw biogas ——» Trickle -bed __, Rawbiogas
Reactor System (sulphur-free)
A
— Air

A 4

Bio -reactor — Sulphur Filter ——» Waste water

Aif —» Biological - .,
desulphurisation Sulphur slurry

Figure 8:  Bio-washer block diagram
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As in all cases of biological desulphurisation processes, the micro-organisms must
be supplied with nutrients and the respective process temperature must be
maintained to ensure optimal growth and living conditions. The sulphur concentration
achievable in the biogas at the end is between 50 and 100 ppm.

Advantages:

- noinput of air in the biogas volume flow

- it is also appropriate for biogas with high sulphur loads (up to 30000 mg/m3)
[FIU 2005]

Disadvantages:

- to low sulphur loadings are problematic for system operations
- a higher equipment cost in comparison with the trickle-bed reactor system
- only dissolved material can be processed

3.1.1.2.4 Bio-filter

A bio-filter is equivalent to the construction of a layer filter with a layer thickness of 1
to 3 metres. The biogas passes through a humidified organic fill made of such
materials as peat, bark mulch, and wood chip. To provide optimal living conditions for
the micro-organisms, a humidification is carried out by means of a sprinkler system.
The sulphur bacterium settles on the fill material that converts, under the presence of
oxygen, the hydrogen sulphide from the biogas. Because of the micro-organisms the
organic fill material decomposes slowly. This decomposition takes place in parallel
but independent of the decomposition of the hydrogen sulphide in the biogas. During
times of operational shutdown, the micro-organisms are able to bypass any periods
of ‘hunger’ by getting their energy supply from the decomposition of the filter material.
At the same time, the filter material provides necessary nutrient salts making an
additional supply of micro-organisms with nutrients unnecessary. The continual
decomposition of the filter material increases the fine grain fractions and therefore
the pressure increases. A filter change is typically necessary after a few years.
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3.1.1.3 Desulphurisation with an Iron-Chelate

A chemical process for biogas desulphurisation is the iron chelate process. Through
an iron redox reaction hydrogen sulphide is converted into elementary sulphur. Iron
chelate is a chemical substance consisting of an iron (Ill) ion (Fe*"), organic ligands
(L) and chelate. This compound is dissolvable in water and is stored in a specifically
designed container. The to be desulphurised biogas is blown into the container that
holds the iron chelate. The subsequent chemical reactions occur and the iron (lIl) ion
is reduced to the iron (ll) ion.

2Fe* +H,S - 2Fe” L +S+2H" Equation 12

The ligands ensures that the iron ion does not bond with a sulphide or a hydroxide
ions and become unusable.

In parallel with the reduction the regeneration of the iron (II) ion with the help of
oxygen takes place. The ligands makes it possible for the developed iron (Il) ions to
bond again with the original chelate compound allowing a new desulphurisation to
occur. The oxidation reaction takes place as follows:

4Fe”L+0,+4H" - 4Fe*L+H,0 Equation 13

This process, which is known in practice under the term The “LO-CAT” process, can
achieve a 99% desulphurisation degree [MERICHEM 2007].

3.1.2 Fine Desulphurisation

For a biogas that is processed as an exchange gas to be able to be supplied into the
gas grid DVGW process sheet number G260 requires a maximum hydrogen sulphide
content of 5 mg/m? (in exceptional cases 10 mg/m? is temporary permitted). In order
to be able to obtain and guarantee these values a main desulphurisation alone is
generally not adequate. An additional fine desulphurisation will be consequently
necessary. For fine desulphurisation, zinc oxide, ferrous matter, and activated carbon
can be used. The activated carbon is often impregnated because they allow a higher
rate of sulphurisation and/or loading capacities.
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The most common impregnating materials used in practice are potassium iodide (KI),
potassium carbonate (K.COg3) and potassium permanganate (KMnQO,). Through the
use of this procedure a main desulphurisation can be realized but with much higher
operating costs incurred in comparison with the main desulphurisation processes
already mentioned above. This is because during all these previous mentioned
processes the desulphurisation medium is consumed by the removal of the hydrogen
sulphide and must be continuously exchanged.

3.1.2.1 Activated Carbon

Activated carbon has a highly porous structure and a large inner surface area that is
well-suited to be an adsorbent agent for biogas desulphurisation. The activated
carbon functions as a catalyst, which under low temperatures causes a conversion of
hydrogen sulphide and oxygen to water and elemental sulphur. Without the affect of
this catalyst this chemical reaction would not occur at room temperature, but only for
temperatures over 200°C [GERMAN CARBON 2001].

2H,S+0, - %SS +2H,0 Equation 14

The emergent sulphur is adsorbed on the inner surface area of the activated carbon.
The sulphur loading capacity is hereby very differently stated, but in reality, a loading
of 0.12 kgsuphur/KQactivatea Carbon is achievable. The water produced during the
reaction is discharged with the biogas volume flow. Through the impregnation of the
activated carbon, the sulphur loading capacity and the speed of the reaction of the
chemical conversion can be both increased. The impregnation functions either as a
catalyst or as a substance that is converted chemically with the hydrogen sulphide.
The result of a catalytic oxidization is potassium iodide while, on the other hand, the
potassium carbonate and the potassium permanganate are used up
stoichiometrically during the hydrogen sulphide removal.
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Biogas 60- 90‘C
Figure 9: Schematic representation of an activated carbon filter [RUDGERS 2003]

[

H,S-free Biogas

Unloaded
activated carbon

Conversion
zone

Thermal Insulation

Sulphur-loaded
activated carbon

Reactor

3.1.2.1.1 Activated Carbon Impregnated with Potassium lodide

Normally, the activated carbon should be impregnated with 1-10 Wt.-% potassium
iodide. However, standard impregnations consist of 2-5 Wt.-%. At low temperatures
(20-70°C), the catalytic oxidation of hydrogen sulphide to elemental sulphur and
water takes place. Oxygen is necessary for this reaction and must be contained in
adequate amounts in the biogas. The general reaction is that shown by Equation 14.

Kl functions as a catalyst and diminishes the formation of sulphuric acid because the
oxidation potential of I, [Io-KI] is not sufficient. The produced sulphur is stored on the
activated carbon and continuously diminishes the catalyst as well as the input power.
The activated carbon must therefore be exchanged in regular intervals. A
regeneration of the loaded activated carbon is possible under hot gas or hot steam at
temperatures above 450 °C, however, there is always some residue remaining within
the activated carbon. A waste removal step is therefore generally undertaken. Due to
the evidence gained in laboratory tests and in practice it has been seen that with 2%
potassium iodide impregnated activated carbon requires an oxygen content of 0.2-
0.4 Vol.-%. The associated loading capacity is 0.43 Kgsuphu/KQactivated Carbon [ATZ
2004]. As an achievable end purity level, a pure gas concentration of less than 5
mg/m3 hydrogen sulphide is possible.
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The advantages of this kind of desulphurisation method are high loading capacities;
high-end purity levels that can be achieved; and low operating temperatures. A
disadvantage is the need for a sufficient level of oxygen within the biogas. It is for this
reason that the process is therefore considered inappropriate for biogas free from air.

3.1.2.1.2 Activated Carbon Impregnated with Potassium Carbonate

Potassium carbonate impregnated active carbons have been deemed suitable for
hydrogen sulphide removal for oxygen-containing biogases. The potassium
carbonate does not function as a catalyst, but rather as an oxidation material. It is
converted and consumed stoichiometrically during the desulphurisation process. The
process occurs at temperatures above 50°C. The reaction products include carbon
dioxide, water and potassium sulphate.

H,S+ 20, +K,CO, - CO, +H,0+K,SO, Equation 15

In this chemical equation, it is obvious that the sulphur is bonded with potassium
sulphate and manganese sulphate, the reaction products. This form of
desulphurisation occurs at temperatures between 20-50°C.

The activated carbon is often provided with impregnations between 1.5-5.5 Wt.-% but
higher and lower impregnation amounts are possible on request. The loading
capacity for a 1.5 Wt-% impregnated material is approximately 0.1
kgsulphur/kgactivated carbon [AQUA 2007], whereas from other sources higher
loading capacities have been reported. This process can definitely achieve an end
purity level of less than a 5 mg/m3 hydrogen sulphide concentration.

3.1.2.1.3 Activated Carbon Impregnated with Potassium Permanganate

Oxygen-free biogases can be desulphurised with potassium permanganate
impregnated (KMnQOg)-activated carbon. Potassium permanganate does not function
as a catalyst, but as an oxidizing agent. This leads to the fact that the impregnated
material is consumed stoichiometrically during hydrogen sulphide removal. An
idealised version of the chemical reaction is shown below.

5H,S+8KMnO, - MnSO, +4K,SO, + 7MnO+5H,0 Equation 16
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In this chemical equation, it is obvious that the sulphur is bonded with potassium
sulphate and manganese sulphate, the reaction products. This form of
desulphurisation occurs at temperatures between 20-50°C.

The activated carbon is often provided with impregnations between 1.5-5.5 Wt.-% but
higher and lower impregnation amounts are possible on request. The loading
capacity for a 1.5 Wt.-% impregnated material is approximately 0.1 kgsuiphur/KGactivated
carbon [AQUA 2007], whereas from other sources higher loading capacities have
been reported. This process can definitely achieve an end purity level of less than a 5
mg/m? hydrogen sulphide concentration.

An advantage of this process is that oxygen is not necessary for hydrogen sulphide
removal and it is therefore applicable for biogas processing. However, a
disadvantage of this process is a clear lower loading capacity when compared to the
activated carbon impregnated with potassium iodide. This is due to the
stoichiometrical consumption.

3.1.2.1.4 Zinc Oxide

Another adsorption material for carrying out hydrogen sulphide removal is zinc oxide
(ZnO). Historically, zinc oxide has been used in the petrochemical industry. In this
sector, zinc oxide is used for fine and ultra-fine desulphurisation, as well as for the
removal of carbonyl sulphide, carbon disulphide and methanethiol. The chemical
reaction that occurs is shown beneath. The reaction products include water and a not
readily soluble zinc sulphide.

H,S+7Zn0O - H,0+ZnS Equation 17

It is standard to obtain zinc oxide pellets in either a pure form (>99 Wt.-%), or in
compound with other chemical additions. Typically, the ZnO based absorbent
materials are used at raised temperatures because the loading capacity grows with
increasingly high temperatures. The sulphur loading capacity at 100°C is 0.025
kgsulphur/kgzinc oxide and at 350°C it is 0.22 kgsulphur/kgzinc oxide. The reaction
between ZnO and H,S takes place, with a sufficient tempo, only at a temperature of
approx. 100°C, therefore the use of a pure zinc oxide at room temperature is not
suitable. For room temperature applications, mixing the zinc oxide with a catalyst can
increase the loading capacity. Typically, copper or aluminium oxides are used as
catalysts. At 25°C, the sulphur capacity is 0.05 kgsulphur/kgzinc oxide in the
presence of 2 Vol.-% carbon dioxide.
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In the absence of higher carbon dioxide amounts a higher capacity can be achieved.
Furthermore, the gas flow will not be completely saturated by water vapour to allow
the water produced from the chemical reaction to be transported away in the gas
flow. It is recommended that there be a maximum »

relative humidity content of 70%. The consumed
adsorbent material cannot be regenerated and must
therefore be exchanged and disposed of. The
advantages of using zinc oxide for hydrogen
sulphide removal is an oxygen-free workability as
well as a high achievable end purity levels — as low
as only a few ppb. However, the operating

Figure 10 Zinc Oxide Pallets
[GRASSLER 2007]
expenses based on the exchange costs are very

high, and thus this process is only recommended for fine or ultra-fine
desulphurisation.

3.1.2.1.5 Hydrogen sulphide (H2S) Removal by means of an Iron Substrate

For the desulphurisation of gases, it is also possible to use iron oxide or iron (lll)
hydroxide. H2S reacts with these materials to form iron sulphide. The iron matter is
continuously consumed and thus a periodic regeneration is necessary. The exact
processing principle for both of the iron substrates will explained in the following text.

Iron (1) Hydroxide

Iron (1) hydroxide, also referred to as bog iron ore or ‘luxmasse’, is a red-brown
material that once in contact with hydrogen sulphide produces iron sulphide,
elementary sulphur and water according to the following reaction.

2Fe(OH), +3H.,S - 2FeS+%S8 +6H,0 Equation 18

During the operation, the iron (lll) hydroxide is consumed. By adding oxygen through
an air intake, regeneration is allowed to occur. In the presence of water, iron sulphide
iIs converted back into iron (lll) hydroxide and the adsorption can begin again. To
make a continuous operation possible, two parallel connected cleaning units are
necessary.

33



Biogas Processing Technology

8FeS+ 60, +12H,0 - 8Fe(OH), +S; Equation 19

The sulphur formed during the adsorption and regeneration phases settles on the
substrate surface area, thus reducing the overall reactive surface area. The efficiency
of the hydrogen sulphide adsorption continuously decreases as a result. In general,
an exchange and disposal of the substrates is necessary after a maximum of 10
regenerations. According to Dr. W. Althaus/W. Urban [FIU 2005] a loading capacity
of 25 Wt.-% can be achieved and an end purity level of hydrogen sulphide of <1ppm
and <100ppm from an initial concentration of between <1000ppm — and <5000ppm.
Both the adsorption and the regeneration are carried out at room temperature in a
desulphurisation tower. Based on the fact that the regeneration occurs a strongly
exothermic process needs to be monitored in order that the formation of explosive
mixtures be prevented.

Iron (111) Oxide

As in the process with iron (lll) hydroxide, iron (lll) oxide (Fe,O3) can also be used to
desulphurise biogas. Iron (llIl) oxide is utilised in the form steel wool, impregnated
wood chips or as pellets. Elementary sulphur and water are produced from the
adsorption reaction, and during the regeneration process Iron (lll) oxide and sulphur
are produced in the presence of oxygen. The adsorption and regeneration reactions
are shown in the following equations.

Fe,O; +3H.,S - 2FeS+éS8 +3H,0 Equation 20
4FeSt+ 30, - 2Fe,0O, +%S8 Equation 21

The produced sulphur is stored on the surface area of the adsorbers, which
continually decreases its loading efficiency. In general, impregnated wood chips lose
approximately a third of their loading capacity per regeneration and thus can only be
regenerated twice at the maximum. This fact leads to a high chemical consumption.
In addition, the regeneration reaction that precedes it is strongly exothermic, and
consequently there is an increased danger of fire. As a result of these disadvantages,
this processing method is becoming less popular.
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3.2 Carbon Dioxide Separation

In traditional biogas systems with block heat and power units, a methane enrichment
is usually dispensed with, for these applications, because methane contents between
50-70% are sufficient. For a natural gas grid supply (as an exchange gas) however,
higher methane contents are necessary to comply with the specifications of the
DVGW process sheets G 260 (Wobbe-Index). For this reason the carbon dioxide,
which is a component of the biogas at a rate of between 25 — 55 Vol.-% and
therefore is the most important associated material, must be separated.

Processes for CO, removal constitute adsorption, physical and chemical absorption,
membrane separation, as well as cryogenic processing. The processes differ not only
in terms of the utilized technique, but also in terms of the quality of the gas
achievable, the processing control, as well as the experience previously gained
within the area of biogas processing. A brief overview is given in the following table.

Table 4: Overview of CO , removal processes
Separation Final
MeFt)hod Process Functioning Principle Methane
Content
Adsorption Pressur_e swing Adsorption Qf CO, by a > 96 Vol -%
adsorption molecular sieve
. Dissolution of CO; in
' \F;Vrzzﬁurlzed Water water under increased > 96 Vol.-%
Physical pressure
absorption
Selexol-®, Rectisol®-, | Dissolution of CO; in > 96 Vol.-%
Purisol®-Processes special solvents '
Chemical Monoethanolamine Chemical reaction of > 99 Vol -%
absorption (MEA)-Wash CO, with MEA '
Polymer membrane 0
Membrane gas separation (dry) | Membrane permeability >80 Vol.-%
separation of H,S and CO; is higher
Membrane gas than CH, > 96 Vol.-%
separation (wet)
Cryogenic Low temperature Phase separation of
yog P liquid CO, and gaseous | > 99.9 Vol.-%
process process CH,
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The following text provides a description of the terms adsorption and absorption:

Adsorption

Adsorption is the attachment of molecules in the gas or liquid phase (adsorbent) on
the surface area of a solid material. It leads to a concentration and compression
increase at the phrase interface. The adsorption process is therefore an equilibrium
process between the concentration of the adsorbent component in the gas and the
component in the adsorber medium. During adsorption, energy is released, which
must be re-supplied again during the regeneration process. Adsorbers with high
loading capacities have a large amount of small and very small pores (micro pores).
The micro pores are surrounded by a grid that consists of larger pores (macro pores)
which serve to allow good accessibility to the micro pores. A selection can be
achieved by the pore diameters. For example, an adsorber with predominantly small
pore diameters can adsorb small molecules, whereas the larger molecules cannot be
adsorbed, or can hardly enter the absorber. The selective adsorption ability of certain
individual gas components is not only dependent on the pore diameter, but also on
the polarity of the adsorbent. High polarity produces a high adsorption rate. It is for
this reason that strongly polar substances like water can displace other adsorbed
substances.

Absorption

Absorption is the constant permeation of gases (referred to as absorbate) into liquid
or solid materials (absorption agent, absorbent) intake into the capacity [MEYER
2007].

Adsorption versus Absorption

Figure 11: lllustration showing the difference betw een Adsorption and Absorption
[CHEMVIRON 2007]
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3.2.1 Pressure Swing Adsorption

. . . CH -Reichgas
Pressure swing adsorption (PSA) is a process,

which by means of activated carbon, zeolite,
and carbon molecular sieves, reliably
separates carbon dioxide and other properties,
such as nitrogen or water, from the biogas,.
The processing principle is based on the
differences in the adsorption behaviour of
methane (CH4;) and carbon dioxide (CO;) at
elevated pressures at the adsorber. Compared
to methane, carbon dioxide attaches itself
faster and stronger to the adsorber.

| —
—
T

(==
Reichgas

Biogas ==} —

Carbon molecular sieves are a frequently Figure 12: Methane enrichment in
used type of PSA adsorber, which are often a carbon molecular
manufactured from black coal due to its already existing pore system. Even so, it is
necessary to technically prepare the black coal. During this process the black coal is
finely ground, it is then pre-oxydated with air, mixed with pitch, extruded to form
briquettes and subsequently thermally treated. The pore system is thereby both
enhanced and supplemented by the sub micro pores. In this manner, a larger surface
area can thus be obtained, leading to an increased adsorber capacity. The next
figure shows a simplified model of a carbon molecular sieve.

/ Outer Surface Area

Carbon Particle

e

g

&*

Inner Surface Area

Figure 13: Simplified model of a carbon moleculars  ieve [RUDGERS 2003]
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Aside from the main components, methane and carbon dioxide, biogas consists
essentially of air (nitrogen and oxygen), water vapour and hydrogen sulphide. The
chemical components of the raw gas have different molecular diameters. For
example, methane has a molecular diameter of 0.4 nm and carbon dioxide of 0.26
nm. Based on the differences in molecular diameter, the smaller molecules like CO,,
N2, O, and H,O are more readily adsorbed into the pores than the methane. The
adsorber assimilates these accompanying substances from the biogas, so that the
methane can flow through nearly unhindered. In the flow direction methane is
accumulated in greater and greater amounts. This effect is illustrated the following
images. To achieve the high CO, separation capacity of the adsorbers with minimal
system sizes, it is necessary to remove most of the contained accompanying
components in the biogas (especially water vapour and hydrogen sulphide). A
dehumidification by means of a condensation cooler is therefore sufficient. It is also
recommended that the hydrogen sulphide is removed prior to this process because
the hydrogen sulphide attaches itself onto the adsorber and this is irreversible and
the system would be increasingly damaged. A previous fine desulphurisation is
therefore necessary.

The processing method for

CO, separation is described i o
in the following text. PSA
begins with gas
compression. The raw |
biogas is typically
compressed to a pressure
between 6 - 10 bar. Attention
needs to be paid to the fact
that compression is carried

Loading

out, if possible, oil-free in A I s S Vi i B W -,
order to prevent impurities 0 @ “ i e T e
. ) Time (min.)

with long-chained

hydrocarbons m_the gas and Figure 14: Adsorption behaviour of different biogas

the accompanying damage components [RUDGERS 2003]

to the adsorber. If there is a

high contamination with impurities, a filter will need to be installed to filter out the
long-chained hydrocarbons, dust etc. Through this compression a heating up of the
gas occurs. The adsorption efficiency increases with decreasing temperatures and
therefore allow it to cool is sensible. Typically, adsorption is carried out at
temperatures between 10 - 30<C. It is here that acc umulated condensate is isolated.
A pre-drying to the dew point (3-5C) should also be undertaken to prevent
condensate and corrosion in the successive parts of the system. Through these
measures the adsorption performance can be increased alongside a constant
adsorber size and a constant vacuum pump performance.
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The produced biogas is prepared in this manner then arrives at the PSA system,
where the CO, will then be removed through four cycles:

1. Carbon dioxide adsorption at high pressures

During the first step, the compressed gas flows through the adsorber, usually from
bottom to top. The adsorber usually contains two layers: the lower one is made of
zeolite, for adsorbing the remaining water vapour; the upper layer is made of carbon
molecular sieves, and is therefore substantially longer, for the adsorption of the
carbon dioxide. The second sieve binds the carbon dioxide that is contained in the
biogas so that the product gas contains almost entirely CH4 and leaves the adsorber
with a nearly constant flow rate and gas quality. However, during the adsorption,
small amounts of CH4 become bonded. In the absence of an air leak, methane purity
levels above 98 Vol.-% are possible.

2. Desorption at low pressure

Throughout the adsorption procedure, the adsorber becomes increasingly saturated.
Before complete saturation, and the accompanying loss of its deposition function, a
regeneration step needs to be carried out. Pressure reduction is carried out in co-
current or counter current flow. It is during this stage that carbon dioxide and water
vapour are desorbed. Because during the first pressure reduction, the emergent off-
gas is quite methane-rich, the gas will then be passed through a further “fresh”
adsorber to increase the methane yield during the new adsorption and to realise the
first pressure increase in the second container (see phrase 4). Afterwards the
pressure on the adsorber is released to an ambient pressure. As a result the bonded
carbon dioxide and water vapour from the adsorber increasingly dissolves. The off-
gas is thereafter allowed to escape into the environment.

3. Desorption by vacuum regeneration and rinsing

By means of a vacuum pump, the pressure is even further lowered in order to
achieve a removal of as much of the water vapour as possible from the zeolites,
thereby further potentially increasing the adsorption capacity. Normal evacuation
pressure is situated at 100 mbar absolute. Furthermore, the adsorber is rinsed with
raw and product gas. The additional off-gas is also released into the environment.
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4, Pressure increase

After the regeneration, a first pressure increase in the adsorber by the intake of the
methane containing off-gas from Phase 2 takes place. Following this, the pressure of
the compressed raw gas is further increased to the final desired compressor
pressure.

CH,-
Reichgas

Spiilgas

Biogas #
co,-
Reichgas
4 CH.-Produktion I
| Druck-
B4 — — —
S Druckauys-
a gleichl
Spilen >
\ _ Vakuum- /
egeneratic,
Figure 15: Processing principle of PSA [RUDGERS 200 3]

Depending on the duration of the adsorption, the pressure release, the evacuation
and the pressure increase cycling, a PSA system is equipped with 3 or 4 parallel
connected adsorbers, whereas in practice 4 adsorber systems are most common.
With these system types, minimum methane yields of 96 Vol.-% can be realised. This
can be further increased by additional rinse cycles with raw and/or product gas as
well as recirculation of the off-gases. If this is done, however, further adsorbers are
necessary and thus, the investment cost will increase correspondingly. The methane
losses are normally less than 4 Vol.-% (4% of the incoming methane leaves the PSA
within the off-gas volume flow).

Advantages:

- no operating material is necessary, such as process water, chemicals, etc.

- the removal of water up to a dew point of -40C is obtainable [RUDGERS
2003]

- many reference systems in Europe
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Disadvantages:

- high pressure is necessary (resulting in a high energy consumption)
- system must be able to operate safely at high pressure (high cost)
- relatively high methane losses

3.2.2 Absorptive CO , Separation Process

One understands the term absorption, as | have already mentioned, to mean the
uptake or dissociation of atoms, molecules or ions. Absorption is not an attachment
to a surface area as during adsorption, but is an uptake into the free volume of the
absorber phase. Absorptive CO, separation processes are those technologies in
which one, or multiple, gas components pass over and are then absorbed when
it/they come into contact with a fluid. In principle, there exist two methods for this:
physical absorption (physisorption) and chemical absorption (chemisorption).

The term physisorption means that the absorption takes place through the bonding
of the gas fractions with a deployed washing agent by Van der Waals forces. In
principal, one can use a large variety of fluids as the cleaning agents. However, to
achieve a high absorption capacity, it is important to keep in mind that the bonding
forces of the wash solution for the respective gas components are high. The
enhancement of the bonding forces leads to an increased solubility and an increased
loading capacity of the wash fluid. Additionally another increase of the Adsorption
can be achieved by a decrease in temperature and/or an increase in pressure. As
these separation technologies do not serve to change the chemical structure, they
are in principle completely reversible. In addition, the bonding force (Van der Waals
forces), in comparison with other chemical bonding forces (i.e. ionic forces), are
much lower and they often ensures that the regeneration requires less activating
energy. Generally, the regeneration of the washing agent is done through heating
and/or stripping the fluid. By the term, stripping the fluid, it is meant that the affiliated
gas fractions are removed by a blast of inert gases. An example of physical
absorption is the pressurized water wash (PWW).

During chemiosorption, in contrast to physisorption, a physical absorption based on
Van der Waals forces and a chemical reaction with the wash solution occurs. The
chemical bonding forces are many times stronger than the Van der Waals forces,
and therefore the loading capacity is much higher with this process. Moreover,
chemiosorption allows a selective absorption. This means that only a few
components will react with the wash solution and as a result the absorbed quantity of
the desired gas components is substantially larger than the absorbed quantity of the
unwanted components. In all cases, a regeneration step follows the absorption step.
Based on the strong bonding forces, the regeneration is considerably more
complicated.
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In general, a higher thermal energy expense is necessary because the regeneration
can be often only realised through boiling. A few examples of chemical absorption
are the cold and hot base wash (by means of NaOH-base), the ammonia water
wash, and the amine wash. A combination of chemical and physical absorbers is
possible — an example of this is the Amisol wash application.

For biogas production in Germany, pressurized water wash, Selexol wash and amine
wash are all relevant, and there will therefore be considered in the following text.

3.2.2.1 Pressurised Water Wash

Pressurized water wash (PWW) is the most applied process for methane enrichment
and the CO, removal of bio-generated gases in Europe. In Sweden, approximately
80-90% of biogas is produced in this manner. PWW is carried out in four process
steps.

1. Filtering

A filtering is undertaken to separate such impurities as dust and water droplets from
the biogas. This takes place through a gravel filter.

2. Compression

Often through the use of a two stage compressor a compression of the raw biogas to
8-15 bar occurs. In doing so, the gas temperature is increased to approximately
100, necessitating a subsequent gas cooling (at high temperatures the loading
capacity of the wash water is lowered).

3. Absorption

The raw biogas flows in through the base of the absorption column and flows
upwards, exiting through the top. In the column, typically a drip bed reactor type, the
wash water flows counter-currently down to the base. In general, the water
temperature is 25T, but in some models the water temperature is colder,
approximately 5C. In the absorption column, there are specialized internal
components, which repeatedly redirect the gas, and as a result they allow as large a
contact area as possible between the gas and water to be realised.
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The absorption behaviour of the biogas components is dependent on the pressure,
the ratio of biogas to wash water, and the temperature. Increasing the pressures and
decreasing the temperatures serves to increase the absorption capacity.

A temperature reduction of 25C to a temperature ne ar the freezing point nearly
leads to a doubling of the loading capacity of the wash solution. In the same way, the
respective chemical characteristics of the biogas components each have a critical
influence. Non-polar, hydrophobic components like methane dissolve considerably
more poorly than hydrophilic components like carbon dioxide, hydrogen sulphide, or
ammonia. An overview of different solubility’s at different temperatures is
demonstrated in the following table.

Table 5: Solubility of biogas components in water [ TENTSCHER 2006a]
, Solubility in water at 1 bar partial pressure of th e
Biogas dissolved gas [mmol/(kg-bar)
components
0<C 25T
CO, 75 34
H.S 205 102
NH3 53,000 28,000
CHgq4 2.45 1.32
Air 1.27 0.72

From this table it is apparent that carbon dioxide has a much higher solubility in water
in comparison to the solubility of methane. This makes it possible for the CO, to be
washed out of the biogas with very small amounts of methane absorbed in the water.
These small amounts can be retrieved once more through a regeneration of the wash
water. It is also made clear in the table that biogas components like hydrogen
sulphide and ammonia have even greater solubility than carbon dioxide. Based on
this information, these components will be very well absorbed within the wash
solution and thus removed from the biogas. From PWW the result is an end sulphur
content in the product gas of less than 5 mg/m3 from an input sulphur concentration
of up to 7500 mg/m3 [TENTSCHER 2006a].

At the top end of the absorption column, the cleaned biogas has a methane content
of >96 Vol.-% and a carbon dioxide concentration of 1-2 Vol.-%. The escaping gas
has a relative air humidity of 100%. The highest gas purity can be achieved when
fresh wash water is always employed and no recirculation of the water is carried out.
The availability of cost efficient water (i.e. well water) makes this processing route
one of the most economically and energetically efficient. A further advantage in this
case is the continuous discharge of soluble dust and possible sulphur depositions.
This continuous discharge prevents obstructions within the system.
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The wastewater is then subsequently transferred to a purification plant. Should only
expensive drinking water be available, it is normally continuously regenerated, and
then partially exchanged.

4. Regeneration

The process of regeneration takes place in 2 steps. In the first step the wash water is
expanded in a desorption column (expansion tank) to a moderate pressure (approx.
2 bar), whereby the mainly small quantities of methane and a part of the carbon
dioxide escapes. This gas, which has high methane content, returns to the
compressor, and through a new absorption cycle. These measures serve to reduce
the methane losses to a maximum of 2 Vol.-% [TENTSCHER 2006a]. The second
step then follows. The wash water arrives at a second desorption column (stripper)
where - under atmospheric pressure and an air input - the CO, and the H,S are
removed from the wash solution. The air (strip air) meets in the counter-flow water,
which has entered at the upper end of the column, bringing with it the escaping gas
components. The off-gases, diluted with air, leave the desorption column at the top
end with a CO;, content of approximately 30 Vol.-% and a maximum HyS
concentration of 0.1 Vol.-% [FIU 2005]. 0.1 Vol.-% sulphur concentration, as was
described previously in this manual, is deadly. According to TA Luft, the maximum
hydrogen sulphide content may only be 3 mg/ms3. If there has not been a prior
desulphurisation, the system is then subject to approval by the TA, and it must have
an exhaust-gas desulphurisation unit installed. After the desorption column the wash
water is then cooled in a heat exchanger and returned to the adsorption column.

Advantages:

- great flexibility with system control through the fluctuations of the volume
flow rate and the CO2 content (good controllability of the system through the
compressor and the water circulation)

- the Silane and siloxane can be removed

- the NH3 can almost entirely be removed from the gas

- there us a continuous and fully automated operation

- it has been tested in practical state-of-the-art applications
- the requirements for raw biogas quality are not high

- using water as the washing agent is safe, cost-effective, and furthermore, the
water is often available in unlimited amounts

Disadvantages:
- there is a high demand for water

- there is a high power consumption due to the circulation pump
- the system must be pressure-safe (at high cost)
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Figure 16: Flow diagram of the pressurized water wa  sh process [TENTSCHER 2006a]

Raw hiogas

3.2.2.2 Selexol Process

Selexol is a chemical mixture consisting of dimethylether and polymethyleneglycol.
This physically active dissolution agent has the ability to remove CO,, in the gaseous
phrase, considerably better than water. Because Selexol has a low vapour pressure,
it is possible for water vapour to be removed from the biogas and to complete a
drying to approximately 0.07 g/m?3 [THEISSING 2006]. Furthermore, in Selexol the
solubility of H,S and COS are many times better than that in water, and they can
therefore be more effectively removed. These characteristics mean that considerably
lower amounts of washing agent and circulation energy are required in comparison to
the PWW with water. For the absorption stage, the biogas is compressed to the
pressure of 10-12 bar and blown in through the base of the absorption column.
Selexol is fed in at the top part of the column, and contacts the gas in a counter-
current flow. To achieve a good Selexol distribution throughout the column and thus
a large absorption area, the column is equipped with filling material and specially
inserted elements that serve to absorb the Selexol and maintain a uniform
distribution.
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The cleaned biogas leaves the absorber at the top end with a methane concentration
>98 Vol.-%, a carbon dioxide concentration <2 Vol.-% and a hydrogen sulphide
content <5 mg/m3. The methane losses in technical literature are reported as 6.5
Vol.-% [THEISSING 2006]. The absorption takes place at a temperature between 20-
35%C; lower temperatures near 0T are also possible . The solubility of acidic biogas
components (H,S, CO,) are therefore increased. Based on the viscosity of the
solvent agent and the associated increase in the circulation energy required,
temperatures under OT are to be avoided.

The regeneration occurs similarly to the pressurized water wash. The fluid is
transported into a first desorption column (the flash tank) where the pressure is
lowered to 2-5 bar. Since small quantities of methane are present in the Selexol, the
methane-rich gas that escapes is again supplied to the absorption process in order to
further reduce the methane losses. In the second desorption column, where from
atmospheric to a strong low pressure (200 mbar absolute) the remaining CO, is
removed. In a similar manner to the PWW process, air is blown into the desorber at
the bottom, exits the top with the dissolved CO,, after an optional downstream
desulphurisation, and is released into the environment. The desorption column, like
the absorber column, is filled with a filling material with specialised inserts.

A problem with regeneration is the removal of hydrogen sulphide because it is unable
to escape completely through pressure reduction and therefore it is not possible to
achieve a proper cleanliness of the washing agent. Hydrogen sulphide behaves
similarly to the other biogas components, such as NHz and COS, in that it dissolves
in the Selexol. What is seen as an advantage for absorption in terms of the solubility,
is in fact a problem for regeneration. To remove these components in sufficient
amounts, they must be heated to their flash points, which exist between 200 and
350C - this heating presents a significant demand for high energy. The application
of biogas with a high fraction of other components like hydrogen sulphide is only
sensible if a prior desulphurisation has been done.

Advantages:

- A high cleaning efficiency of CO2 and H2S

- low washing agent demands

- adrying of the gas is possible
Disadvantages:

- high heating demand for the removal of H2S and other components from the
washing solution

- an expensive chemical is necessary (Selexol)
- high disposal costs for Selexol

- relatively little experience with biogas

- high methane losses
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Figure 17: Biogas production by means of the Selexo | process [according to SGC 2001]

(A: desulphurization (recommended), B: gas cooler, C: water separation, D:
compressor, E: absorption column, F: 1st desorption container (flash tank), G: 2nd
desorption container (desorption column), H: Selexol pump, I: air input, K:
desulphurization (bio-filter), L: cooler)

3.2.2.3 Amine Wash

The amine wash is a chemical absorption process. This type of process involves both
the absorption of particular gas components and a chemical reaction with the
washing agent. The amine wash increases the loading capacity and the achievable
product gas purity than that achieved through pure physical washings alone.
Common amine washing agents include mono- and diethanolamine (MEA, DEA),
diglycolamine (DGA), disopropanolamine (DIPA) and methyldiethanolamine (MDEA).
These substances have an amine group, as well as a hydroxyl group. The amine
group exhibits alkaline material characteristics, making it possible to absorb acidic
gas components. Thereafter there is a reaction with CO, and H,S to form hydrogen
carbonate and hydrosulphide. This chemical reaction is reversible, making a
regeneration possible. The hydroxyl group, on the other hand, leads to increased
water solubility characteristics, as well as to low vapour pressures. Therefore, amine
washes are able to dehumidify gases. The general process sequence of an amine
wash is illustrated in the following figure.
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Figure 18: Prinzipielles VerfahrensflieRbild einer Aminwasche [nach FIU 2005]

(a: absorber; b: solvent cooler; c: pump; d: heat exchanger; e: regenerator; f:
condenser; g: evaporator; |: raw biogas; Il: cleaned gas; lll: exhaust gas; IV:
amine solution)

The conditioned biogas (I) flows through the absorber (a), where it comes into
contact with the amine solution (IV). The solution absorbs the CO2 and the cleaned
biogas (ll) then leaves the absorber. The loaded amine solution subsequently is
passed through a heat exchanger (d) to a regenerator (e). Under reduced pressure
and increased temperatures (>100C) the dissolved gas are desorbed. Afterwards
the produced exhaust gas (Il) leaves the regenerator. The vapour, which is used to
strip the solvent, is segregated within the condenser (f) and returned to the
regeneration process. Subsequently an additional purification of the exhaust gas is
normally carried out to wash out the contained solvent residue.

According to information from one supplier of biogas amine washers, they complete
CO, separation and, including regeneration, the process can be carried out at near
zero pressure (100 mbar gauge pressure). Methane concentrations within the
product gas up to 99.5 Vol.-%, and methane losses of 0.1 Vol.-% can be achieved.

Advantages:

- lower pressures are necessary (almost zero pressure)
- there is a high gas purity

- there are low methane losses

- aflexible operation is possible
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Disadvantages:

- there are high waste disposal costs for the washing agent

- few reference systems with long-term operating experience of biogas
systems

3.2.2.4 Membrane Separation Processes

The fundamental principle of membrane separation derives from the fact that some
biogas components can diffuse through a thin membrane (few um), whereas others
will be retained. The transport of material is thereby strongly dependent on the
permeability of the particular components. This separation procedure is brought
about by a difference in pressure on both sides of the membrane. To achieve a high
separation, the membrane selectivity and the difference in permeability of the
materials must both be high. Based upon the fact that the permeability of CO; is
approximately 20 times higher than that of methane, and the permeability of H,S is
approximately 60 times higher than that of methane, membrane separation of
methane from both of these components is possible; water behaves in the same way,
and has an even higher permeability than H,S.

|:'> Methane

) €02-rich permeate

Figure 19: Principle of separation by means of perm  eation [ENERGIE SYSTEM 2006]

Alongside the process of desulphurisation, a simultaneous drying of the raw biogas is
also possible. The separated components enter the permeate flow, whereas the pure
gas (retent) with a high methane content exits the biogas system. In order to increase
the final methane content within the product gas, either the system can be expanded,
or the number of interconnected systems can be increased.
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Figure 20: Possible constructions for membrane sepa

In practice, however, small quantities of methane are also transported through the
membrane. The consequence of this is that, with an increased methane content in
the product gas, the methane yield decreases due to increased methane losses.
Therefore, a compromise must be achieved between the methane yield and the
methane purity within the product gas. This effect is displayed in the following

ration process [FIU 2005]
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In the same way, the design of the system also has an effect on the separation
capacity. These design factors include the module

interconnection (in  series or parallel and
recirculation), the used biogas, as well as the
pressure conditions (high pressure, vacuum, etc.).
Generally, the system is comprised of a tube
membrane (pipe, hollow fibre, capillary) or a planar
membrane (flat-, sleeve-, or cushion module). Two
operational modes are preferred for its application.
One is a high-pressure process that operates at a
pressure between 25-40 bar, and the other is a
low-pressure process; these cause the separation

through the use of specialised material and low-

pressure Figure 22: Membrane system
' [ENERGIESYSTEM
F 20061
Advantages:

- very simple construction
- simple, maintenance-free operation

Disadvantages:

- ahigh compression performance is necessary for the high-pressure process
- there are few systems reference for natural gas and biogas processing

- short membrane lifetime (approximately 3 years [FIU 2005])

- high methane losses

3.2.2.5 C02 Removal using a Cryogenic Process

Cryogenic processes for carbon dioxide separation are based upon the differing
behaviour of individual gas components during cooling. In principle, two processing
routes can be pursed. In one method, the separation can be undertaken by the
means of gas liquefaction (rectification), whereby the gaseous CO, is converted into
the liquid phase, while the methane remains in the gaseous phase. Care must be
taken that the temperature reduction does not fall as low as the solid-vapour area of
the CO,-CH,4 mixture because obstruction of the system due to icing can then occur.
A second processing route is based on the freezing of carbon dioxide. This process
is intentionally undertaken in the solid-vapour region of the CO,-CH, mixture. Both
processing routes can achieve very high methane yields (>98 Vol.-%), as well as end
methane purities of up to 99.99 Vol.-%.
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In addition, a higher end purity of CO, is also achieved, and so further useful
commercial utilization of the CO, appears to be reasonable.

The extremely high investment and operating costs are a disadvantage. During the
operation, the primary costs are especially incurred during cooling and compression
of the gases. Such a processing system is only economically viable if it is run at a
volume flow rate of 500,000 m3h. The cost for a processing system with less than
1000 m?¥/h is listed in technical literature [FIU 2005] to be between € 4 — 8 M.

Advantages:

- there is a high end purity for methane and CO2
- high methane yields
- commercially utilisable by-product (CO2)

Disadvantages:

- itis technically a very complex process
- no practical attempts for biogas (only pilot systems)
- very high investment and operating costs

3.3 Gas Compression Compaction

Gas compression is necessary in order to meet the pressure requirements of the
natural gas grid into which the gas is supplied and to meet the operating
requirements of the selected processing processes. For example, the PWW or the
PSA requires a gauge pressure of approximately 15 bar, allowing a technically and
economically optimal operating mode to be achieved.

Natural gas grids are separated into 4 pressure regions [CERBE 1999]. low-
pressure, middle pressure, high pressure and maximum pressure. High pressure
grids are again further divided into two regions. An overview of these pressure
regions can be seen in the following table.
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Table 6: Pressure regions in the natural gas grid[ CERBE 1999]
Description Gauge pressure region [bar]
Low pressure < 0.1 (max. 0.12)
Middle pressure 01-1
High pressure (1) 1-4
High pressure (2) 4-16
Maximum pressure >16

In principle, the processed biogas can be supplied into each pressure region;
however, with pressure increase the result is also an increase in compression costs
(system and operating costs).

Aside from the main components, like methane and carbon dioxide, biogas contains
such aggressive components as hydrogen sulphide and it is therefore important to
monitor the corrosion and deterioration behaviour of the compressor. It is for this
reason that all compressors are not suitable for biogas, and individual tests with the
desired gas composition is recommended. In the same way, oil-lubricated
compressors can pass impurities into the biogas. Oil can be entrained in the biogas
that will negatively affect the downstream processing procedure, such as activated
carbon filtering, the molecular sieve, or the PSA. Alternatively, it is possible for the
utilisation of dry running compressors that operate without the need for oil-lubrication.
The disadvantages of this form of compressors are the high gas losses and the
material abrasion that can cause impurities to enter the gas. Attention, however, will
have to paid to this during the compression of the saturated water vapour gases as
condensate will form and this must be separated. This effect will be magnified if the
compressor is cooled during the operation.
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3.4  Gas Drying dehydration

The biogas produced in a fermenter has a relative gas humidity of 100%. To avoid
the corrosion caused by the accumulated condensate in downstream system
components, it is recommended to carry out a dehumidification step. This is very
important because the dissolved biogas components, such as CO; and H,S, which
are contained within the condensed water strongly enhance corrosion. Some
conditioning processes, like pressure swing adsorption, require a low moisture
content to allow an optimal operating behaviour. Aside from these technical reasons
for gas dehumidification, there are also DVGW-regulations for the supply of biogas
into the natural gas grid to be considered. Process sheets G 260 and G 262 state
that prior to the supply of a gas, a water dew point - which is dependent on the
respective line pressure and must be below the ground temperature (normally 4<C) of
the distribution network - is required. In addition, a relative humidity of 60% should
not be exceeded. Gas drying can be undertaken by means of adsorption, absorption
or condensation drying.

3.4.1 Adsorption Drying

This gas drying process utilises the adsorptive characteristics of silica gel, aluminium
oxide, and molecular sieves (man-made zeolite). These products are offered in the
form of granules and balls.

In comparison with the two other adsorption agents,

molecular sieves have precisely defined holes within J
their crystal lattice. The structure of this crystal lattice
allows a higher selectivity in adsorption behaviour, and
it makes it possible to achieve a lower water content in
the gas. It is also possible to obtain dew point

temperatures as low as -90C. A disadvantage is the Figure 23: Molecular
. . . . . - sieve

higher regeneration complexity in comparison to silica

gel.

Due to its high loading capacity, Silica gel is suited for the drying of moist gases.
The obtainable dew point temperature is situated about -60C. The adsorption
process must occur at ambient temperature and at a pressure lying between 6 - 10
bar, some models, however, in principle, require only a few bar gauge pressures.
These measures, however, double the acquisition costs, at least, and the operating
cost is between eight and nine times higher [SILICA 2007b], and therefore from an
economical standpoint they are rarely employed.
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After the adsorption process, a regeneration is carried out where the water that has
been taken up by the silica gel is then released again. The regeneration is
undertaken under reduced pressure, and if need be, within an evacuated space.
Additionally a rinsing by gas (a rinse gas) can take place. As a rinse gas, a
component current of the dry gas is used, that flows counter-currently through the
adsorber. The consequently moist rinse gas is often thereafter discarded and not
reintroduced into the cycle again. In practice, cold (without heating of the rinse gas),
and warm (temperature between 120-150C) regenerati on processes are used. For a
continuous operation, at least two adsorbers are necessary, which are alternately
loaded and regenerated. The following graph shows the water adsorption capacity
and the inner surface areas of the considered adsorbers.
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Figure 24: Water loading and inner surface area of  several adsorption agents [SILICA

2007a]
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3.4.2 Absorption Drying

One of the most common absorptive drying processes is the glycol wash. Using
triethylene as the absorber, with a pressure of between 20-40 bar, and an ambient
temperature, both water vapour and higher hydrocarbons are physically absorbed
from the raw biogas volume flow and a dew point as low as -100C can be achieved.
The necessary subsequent regeneration is completed at a temperature of 200C
[WEILAND 2003].

In a similar fashion to many other absorptive drying processes, this process, due to
the high cost of the apparatus, must have a volume flow capacity above 10,000 m3/h
in order to operate economically. Further consideration of these processes for biogas
drying will therefore not be provided.

3.4.3 Condensation Drying

This technology is grounded upon a cooling procedure of the gas to be dried. By
bringing the temperature below the water dew point, condensate forms, which is
subsequently separated. The necessary low temperature is often provided by cold
water. Typically, only dew points between 0.5 - 1C can be realised, however through
a prior gas compression (before the cooling), the dew point can be further reduced.
From a technical perspective, this drying process is advantageous because it reliably
reduces and/or prevents corrosion in downstream system components by
condensation.
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4 Biogas Supply Technology

For the supply of processed biogas, further technical facilities are necessary. For the
utilisation of biomethane as an exchange gas, aside from caloric value and gas
composition measurements, an odourisation, a gas pressure regulation and a
measurement system are required. It is also possible that a caloric value adjustment
(conditioning), as well as an additional re-compression will also be required. For the
utilisation of biomethane as an additional gas, an odourisation is often not applicable.
However, an additional gas mixer will also be necessary in which the biomethane is
mixed with the gas flow in the adjacent grid. For both supply options, the necessary
pipeline construction and pipeline access to the gas grids are the same.

4.1 Conditioning Systems plant, facility

An adjustment and/or modification of the caloric characteristics of biomethane will be
necessary for the utilisation of exchange gas, if the caloric characteristics differs from
the specifications of the grid in question. Through additions of air and/or LPG, the
Wobbe-index, the calorific value, as well as the relative density of the biomethane
can be matched to the respective conditions of the grid in to which it will be supplied.

LPG-conditioning systems are comprised of a mixer (supplier), a measurement and
regulation line, and a liquid gas storage container. For conditioning systems using air,
a mixer, a compressed air generator, as well as measurement and regulation
equipment are necessary.

4.2 Mixing Systems

For the supply of biomethane as additional gas, mixing equipment is a necessity.
This mixing equipment is designed so that a good blending of the biomethane with
the grid-side natural gas can be ensured.
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4.3 Gas Pressure Measurement and Regulation Systems

Gas pressure measurement and regulation systems are technical equipment units for
the technical measurement of the gas (gas measurement system, in short GMS) and
the regulation of its pressure. GPRSs (gas pressure regulation systems, in short
GPRSs) are often situated at the interfaces of the different grid line sections where
the volume flow rate and the gas pressure can be confined and regulated. The often
fluctuating pressure at the entry point is eased to a lower, constant exit pressure.
Additionally, the gas pressure regulation system comprises security facilities within
the downstream grid in order to protect against unreliable operating pressures.
Depending on the operating requirements, shut-off valves, pipelines, monitoring
equipment, filters, separators, equipment for hindering hydrate formation and
freezing, gas pre-heaters and noise control equipment can be included [G 491]. A
schematic representation of the layout of a gas pressure regulation system, in
combination with a gas meter, is illustrated in the following figure.
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Figure 25: A detailed example of the layout of a ga s pressure regulation system in
combination with a gas meter [G 491]
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4.4  Gas Composition Measurement System

The gas composition measurement system should be separated from the gas
pressure measurement and regulation system. The task of this technical system is to
collect information about the calorific value, the heating value, the density, the
Wobbe-index and the composition of the gas. When the composition of the gas within
the system is read, the fractions of methane, carbon dioxide, oxygen, the sulphur
components should all be read, as well as any other accompanying substances. In
the same way, the water dew point and the hydrocarbon-condensation point can be
determined. Depending on the application, either all or some of the aforementioned
characteristics can be ascertained.

The determination of the gas composition is of vital importance. This is for two
reasons: to receive legal certification the introduced biomethane must meet the
respective compositional specifications (i.e. G 260) and to take control of a possibly
already existing gas conditioning system. Additionally, a calculation of the calorific
value is of importance for the gas billing procedure (G 685).

The measuring equipment employed include gas chromatographers, calorimeters,
dew point reflectors, moisture sensors, as well as other various individual measuring
instruments (i.e. H, and O, sensors). For the utilised gas billing procedure, the gas
measuring equipment must have a specialised accreditation (calibration authority, the
National Metrology Institute). The technical guideline G 14 — “Measurement
equipment for gas” from the National Metrology Institute, is to be followed.

One combination of the testing and measurement processes is further provided in G
261 (“Testing of gas composition”) and G 488 (“Systems for the measurement of gas
composition — Planning, Installation, Operation”). Additionally consideration should
be paid to, DIN EN ISO 13686 “Natural gas composition determination.”

4.5 Odour Control System

A simple method that is available in order to identify a natural gas leak within the
public gas supply is to give the odourless natural gas a smell. This is also applicable
for the supply of biomethane into the natural grid. If the gas is not supplied directly to
the final customer a process of odourisation is also therefore not inapplicable; there
would only be a case of odourisation, therefore, if the biomethane is fed into the
national gas grid as an exchange gas. The basic components of any odorising
system will consist of an odorising agent container, a doser-pump, an inoculation
nozzle, as well as measurement and control technology. An example layout of an
inoculation nozzle can be seen in the following image.
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Figure 26: Example of the construction of an inocul ation nozzle [G 280-1]

G 280-1 and G 281 regulate the requirements of the odouriser system and the
odouriser agent. Odorising agents can be divided into two types: those that are
sulphur-based, such as tetrahydrothophene (THT), or those that are sulphur-free,
such as those that are acrylate based. Both of these types have in common high
odour intensity and therefore warning properties. In G 280-1, the minimal odouriser
agent concentration (per volume of gas) is specified. In practice, however, often two
to three times as much odouriser is added to the gas. Historically, THT-
concentrations within the Mosel-Eifel region of Germany were as high as 27 mg/m3
[GWF 2005]. While in comparison - according to DVGW-regulation G 280-1 - in the
end consumption gas grid, a minimal odorising agent concentration for THT of 10
mg/ms3 is actually required.

4.6 Natural Gas Grid Connection

To supply the natural gas grid, a connecting line and a connection point are required.
Since the pressure loss in the short connection line is negligible, it can be assumed
that these access lines are constructed for higher flow rates. It is important for the
supply that the connection pressure is always higher than the pressure in the line
concerned so that a back flow of gas into the biogas processing and supply systems
can be avoided.
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5 Procedural Routes for Biogas Processing and
Biogas Supply

In principal, the biogas can be supplied into the natural gas grid as either an
additional gas or an exchange gas. The relative quality of the gas is outlined by
different requirements. The result of this factor is that the processing route for each
type of gas significantly differs. The following sections outline and explain the
possible production routes.

5.1 Processing a High Quality Exchange Gas from
Biogas substitute

In order to be able to input raw biogas as an exchange gas into the gas grid, it must
comply with certain specific requirements [i.,e. G 260, G 262]. Consequently, the
adherence to such requirements means that a desulphurisation stage, a drying
stage, a carbon dioxide removal stage, and possibly a Wobbe-Index adjustment must
be carried out. The respective technical sequence and method for implementing
these processing steps is however quite different and often depends in large part
upon the type of carbon dioxide separation process.

In practice, pressurised water washes and pressure-swing adsorptions are the most
commonly used, though de-pressured amine washing is becoming increasingly
popular. A cost-comparison for these three aforementioned technologies only takes
place because the operating and information costs can be realistically and easily
determined. It is the case that all three of the applicable processes are either not able
or are only slightly able to separate the oxygen and nitrogen that is contained within
the biogas. Therefore, it is important that the entrainment of such components into
the processed biogas be kept to a minimum — any failure to monitor the composition
of the biogas may result in a violation of the supply requirements (DVGW-Process
Sheets). This is all the more important because, through the removal of CO,, the
relative fraction of the irremovable components that remain within the biogas
increases, and thus the supply into a gas grid with higher caloric content is made
either difficult or impossible. Additionally, a high inert gas fraction serves to increase
the conditioning costs by increasing the required heating value and consequently, for
economical reasons, it is therefore not beneficial. A high air input should generally
therefore be avoided. A selection of specific processing technology has evolved from
the nature of these requirements. It is therefore critical to monitor the internal
biological desulphurisation because it is through this technology that especially high
air intakes into the biogas are to be expected. Similarly, one must also watch for the
same occurrence within the trickle-bed-reactor system, especially when the raw
biogas has already high air fractions.
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5.1.1 Pressure Swing Adsorption Processing

For pressure swing adsorption (PSA) it is necessary that the biogas has a minimal
fraction of impurities, such as hydrogen sulphide (H.S), in order to ensure that the
adsorbers have a long operating life-time. For all biogas with a high hydrogen
sulphide loading, a prior desulphurisation, consisting of a two-stage main and fine
desulphurisation is necessary. The aim for a maximal hydrogen sulphide (H.S)
content is less than 5 mg/m?® in order to strain a pressure swing adsorption system as
little as possible, and to meet the regulations of the DVGW. The drying of the water
vapour saturated biogas is also very critical. A pre-drying of the biogas, due to it
being saturated by water vapour, is required in order to avoid a quick loading of the
adsorbers with water and a thereafter resulting loss of performance in the CO,
adsorption rate. The pre-drying is undertaken by means of a condensation dryer. The
dew point attained should be between 5C and 15T ( 10T is most often attained).
Another important component in the processing route is a compressor, which
increases the gas pressure from 6-10 bar. In the compressor, the gas is heated and it
is therefore recommended that the compressor be run cooled in order to have an
additional gas cooling in case there is an insufficient cooling performance. This
cooling must be carried out because the biogas needs to enter the PSA with a low
temperature. Furthermore, it is recommended that a protective filter (e.g. activated
carbon) be installed. This filter has the task of removing such unwanted biogas
constituents as Siloxane, upper hydrocarbons, oil droplets, and dust in order to
protect the PSA process. The deterioration of the molecular sieves within the PSA
requires that they be changed simultaneously with the protective filters. This is due
to the fact that the PSA system has the capacity to separate H,O from the gas flow
and therefore a deep drying is carried out in parallel with the CO, separation. Water
dew points may reach as low as -40C and thus an additional gas drying is not
necessary. The generated biomethane is now able to be supplied into the gas grid. A
route for biogas processing with exchange gas quality is shown in the following
diagram.
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Figure 27: Pressure swing adsorption flow diagram

62



Procedural Routes for Biogas Processing and Biogas Supply

5.1.2 Pressurised Water Wash Processing

In a similar manner to the processing route of PSA, raw biogas can be refined to a
natural gas-H or to a natural gas- L quality through the aid of a pressurised water
washing. The requirements of the pressurised water wash (PWW), in regard to the
biogas, are less in comparison to that of the PSA technique. A prior desulphurisation
is unnecessary as this can, in principal, be undertaken by a pressurised water
washing. To guarantee that the biogas exits the system there has to be a typical
hydrogen sulphide (H»S) concentration less than 5 mg/m*® and thus in compliance
with the DVGW regulations a main desulphurisation is recommended for hydrogen
sulphide concentrations that are greater than 300 mg/ms3. The theoretical processing
route begins with an optional main desulphurisation, followed by a compression step
and a pressurised water wash step, and ends with a gas drying step. It is important
that during the drying of the gas that the dew point of the gas be lowered and,
therefore, a condensation drying is not by itself adequate. Adsorption dryers are
frequently used because they are effective at achieving very low dew points. From a
safety point of view, the processed biomethane should pass through an additional
fine desulphurisation filter to ensure the definite removal of any remaining H,S
fractions, thus ensuring a maximum H,S content of 5mg/m®. One issue with the
processing route, as described, is the conditioning of the CO, that and H,S enriched
exhaust gas produced by the pressurised water wash stage. The composition of the
gas in the systems that require official approval for their operation, is that it must not
violate the emission regulation guidelines outlined by the Technical Code of Practice
of Air Purification. This code of practice dictates that the maximum H,S concentration
in the exhaust gas cannot exceed 3mg/m? but because the exhaust gas contains the
H.S of the biogas a desulphurisation is necessary at this point. The desulphurisation
of the exhaust gas can be undertaken in two steps depending upon the hydrogen
sulphide, the first being a main desulphurisation which is followed by a fine
desulphurisation.

One question worth considering is whether a downstream fine desulphurisation is
necessary, because a prior main desulphurisation of the raw biogas has already
been conducted, followed by another fine desulphurisation of the processed
biomethane. It might be worth considering carrying out the desulphurisation of the
raw biogas analogously to the PSA processing route from the beginning, using the
same desulphurisation regulations of the DVGW and Technical Code of Practice of
Air Purification. Discussions with several PWW system manufacturers have shown
that this issue is carried out in different ways. Many factors play apart. The most
important criteria is the average H,S content of the raw biogas, which is strongly
dependent upon the deployed substrate, the reliability of the system, and whether or
not the system is subject to any emission regulation guidelines. The following
diagram illustrates the previously described processing route.
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5.1.3 Pressure-less Amine-Water Wash Processing

The information obtained from amine wash system manufacturers demonstrates that
the processing of raw biogas begins with a desulphurisation — a fine desulphurisation
and an optional main desulphurisation are carried out. Following this desulphurisation
Is a pressure-less amine wash, a CO, removal step, and finally there is a drying step.
Due to the fact that the biogas should have a low water dew point, a dehumidification
step (undertaken in an adsorption dryer) is inconsequence often undertaken. These
require, as described in the above text, higher pressures and therefore a prior
compression is necessary to achieve this fact. The exhaust gas that is released from
the CO, separation is very low in hydrogen sulphide concentration due to the prior
desulphurisation and is generally therefore discharged into the environment.

The following diagram illustrates a simplified version of the process route prior to the
moment of CO, removal.
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5.2  The Supply of the Processed Biogas as an
Exchange Gas

In order to be supplied into the adjacent gas grid the processed biogas must have a
higher pressure than its gas. Regardless as to which of the three biogas processing
techniques has been employed the biomethane leaves the process with a gauge
pressure and therefore an additional recompression stage is only required if the grid
pressure is higher than that of the processing pressure. Often, an additional calorific
value adjustment to the conditions of the local adjacent grid (L- or H- gas area) is
necessary. As mentioned previously, the adjustment of the calorific value can be
carried out through the addition of air (to decrease the calorific value) or through the
addition of LPG (to increase the calorific value). Thereafter measurements of the gas
composition, the calorific value, and the gas volume have to take place, according to
the specifications of the responsible calibration authority. In the same way an
odourisation and, by means of a gas pressure regulation system, a pressure
adjustment needs to be carried out. Accordingly, safety facilities (i.e. shut-off system)
need to be installed to ensure that, on one hand, the operational safety of the system
is realised, and that on the other hand, to avoid a reverse flow of the gas back into
the processing and supply systems.

The following diagram illustrates the described processing and feed-in possibility.
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5.3 Processing an Additional Gas from Biogas

Biogas processing to yield additional gas quality is in contrast with the processing
required to obtain exchange gas quality both significantly shorter and not as complex.
The supply is, however, only permissible under certain conditions. The supply of
additional gas as a mixed gas (original gas + additional gas = mixed gas) occurs to gas
that has had its combustion characteristics altered when compared to that of the original
base gas. The resulting mixed gas must be able to meet the gas composition
regulations of the DVGW (see chapter relating to gas quality targets). The gas must
also be able to meet the process sheet requirements G 685 (gas billing procedure)
which state that the maximum calorific value fluctuations of the gas cannot exceed 1.5-
2% (depending upon the billing technique). It is evident that a (partial) raw biogas
processing must take place, however, it does not need be as complex as the processing
that is in place for the supply of biogas as an exchange gas. These requirements also
imply that indefinite amounts of additional gas cannot be added to the original gas. The
supply of an additional gas must always occur at a minimum flow rate of the gas grid.
This is all the more important because biogas production is virtually independent of the
seasons and constant over the whole year, while the volume flow rate of the gas grid
fluctuates drastically according to the season. The supply of additional gas does not
have the potential to occur everywhere. Therefore, the emergence of an additional gas
supply is likely in high-pressure gas grids and is more possible in middle-pressure gas
grids, but is unlikely for low-pressure grids. A precise assessment of the particular
situation will be strongly dependent upon the nature of the conditions which surround
the grid in question (for example, its grid construction, grid consumption structure and
gas quality) and this requires closer cooperation to be initiated with the grid operators.

In general, for additional gas processing the following steps are important. Firstly there
is a desulphurisation of the biogas (to a minimum of 5mg/m®), then a drying and
compression takes place. The desulphurisation can be carried out in two separate steps
(a main and fine desulphurisation), which is recommended for those biogas’ with high
H,S concentrations, if an economical rational is used. It needs to be ensured that the
compression step occurs at pressures that are higher than the highest operating
pressure of the respective gas grid. The actual drying cost is principally dependent on
the respective grid operator, whom is in turn responsible for the selection of the water
dew point of the additional gas. A potential process flow diagram for the processing of
biogas for additional gas-quality is illustrated in the following figure.
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5.4  Supply of Processed Biogas as an Additional Gas

Just as in its processing, the supply of the additional gas is less complex and costly in
comparison to that of an exchange gas. The supply begins with an additional
recompression of the gas, which is necessary if the respective grid pressure is greater
than the processing pressure, and is followed by a gas composition measurement (it is
possible to determine the calorific value of the gas) and a gas volume measurement. In
addition, a gas pressure regulation system, a pipeline and an associated line connection
are all necessary. Another necessary component, that ensures that the supply of the
additional gas is possible, is a gas mixer, which is essential to complete a proper mixing
of the additional gas with the original gas. An odourisation of the gas just prior to its
supply into the end consumption grid is required if it is not possible to ensure that a
minimum concentration of the odouriser agent is in the mixed gas (G 280). Based on
the fact that additional gas supply occurs most often into grids with high minimum
volume flow rates, the importance of additional odourisation is often not stated. In such
grids, the change in odouriser agent concentration is quite low and the DVGW
requirements can still be circumvented. Furthermore, odouriser additions are rarely
made in those cases where there is a supply into a high-pressure grid because such
additions are often undertaken on one side of the grid on a downstream grid level.

It is for these reasons that | have disregarded in this analysis an odourisation during
additional gas processing. Further components of a supply system are security and
shut-off facilities, and these ensure a safe operation of the overall system and avoid gas
flow backs from the grid itself into the system.
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Procedural Routes for Biogas Processing and Biogas Supply

In the following diagram the steps that are required for of the additional gas processing
and supply are briefly shown.

Raw biogas

A 4
Main desulphurisation (if needed )

A
Fine desulphurisation

A
Compression (cooling)

Gas
Processing

A

Drying

A 4

Recompression (possibly)

v

Gas Pressure Regulation System

v

Component Measurement

v

Line Net Access

v

Gas Mixer

Gas supply

Figure 32: Biogas processing and supply as an addit ional gas
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Appendix A: Costs of the Biogas Generation
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Appendix B: Costs of the Main Desulphurisation
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Appendix

Appendix C: Costs of the Fine Desulphurisation

Q =
o )
o =2 =
m © 17}
> _ ol ()
g SSoo| Z
o EEES = 0 0
s |883E 58| 3
Q EESZ O =
Supplier 6 25 2,000 €
Supplier 6 50 3,500 €
Supplier 6 125 13,000 €
Supplier 6 250 13,000 €
Supplier 6 375 13,000 €
Supplier 6 500 26,000 € |2 Adsorber
Supplier 6 750 48,000 € | 3 Adsorber
Supplier 6 1000 64,000 € |4 Adsorber
Supplier 7 25 2,150 €
Supplier 7 50 2,150 €
Supplier 7 125 2,150 €
Supplier 7 250 2,150 €
Supplier 7 375 2,150 €
Supplier 7 500 2,150 €
Supplier 7 750 4,300 € |2 Adsorber
Supplier 7 1000 4,300 € |2 Adsorber
Supplier 7 25 10,600 €
Supplier 7 50 10,600 €
Supplier 7 125 10,600 €
Supplier 7 250 10,600 €
Supplier 7 375 10,600 €
Supplier 7 500 10,600 €
Supplier 7 750 21,200 € |2 Adsorber
Supplier 7 1000 21,200 € |2 Adsorber
Supplier 8 25 1,150 €
Supplier 8 50 1,150 €
Supplier 8 125 1,150 €
Supplier 8 250 1,150 €
Supplier 8 375 2,300 € |2 Adsorber
Supplier 8 500 2,300 € |2 Adsorber
Supplier 8 750 3,450 € | 3 Adsorber
Supplier 8 1000 4,600 € |4 Adsorber
Supplier 9 25 19,800 €
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Supplier 9 50 19,800 €
Supplier 9 125 29,800 €
Supplier 9 250 29,800 €
Supplier 9 375 39,800 €
Supplier 9 500 39,800 €
Supplier 9 750 39,800 €
Supplier 9 1000 79,600 €
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Appendix D: Costs of the CO2 Separation
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Appendix E: Costs of the Gas Drying
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Appendix

Appendix F: Costs of the Gas Compression
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Supplier 15 11 50 56,000 €| 12,100 € 9,300 €
Supplier 15 11 250 86,000 €| 49,400 € | 45,100 €
Supplier 15 11 375 139,000 €| 93,300 € | 86,300 €
Supplier 15 11 500 139,000 €| 93,300 € | 86,300 €
Supplier 15 11 750 161,000 €| 14,700 € | 132,700 €
Supplier 15 11 1000 | 211,600 €|189,700€ | 179,200 €| Estimate
Supplier 15 17 25 81,000 €| 19,900 € | 15,900 €
Supplier 15 17 50 81,000 €| 19,900 € | 15,900 €
Supplier 15 17 125 111,000€| 57,300 € | 51,800 €
Supplier 15 17 250 120,000 €| 61,700 € | 55,700 €
Supplier 15 17 375 174,000 €| 110,900 € | 102,200 €
Supplier 15 17 500 198,000 €| 136,600 € | 126,700 € | Estimate
Supplier 15 17 750 261,100 €] 198,200 € | 185,200 €| Estimate
Supplier 15 17 1000 | 324,200 €| 259,900 € | 243,700 €| Estimate
Supplier 16 11 25 63,200 €| 19,000 € | 13,300 €
Supplier 16 11 50 63,200 €| 23,000€ | 17,300 €
Supplier 16 11 125 76,200 €| 40,800€ | 31,900 €
Supplier 16 16 25 118,700 €| 29,900 € | 18,600 €
Supplier 16 16 50 118,700 €| 31,700 € | 20,400 €
Supplier 16 16 125 119,000 €| 35,700 € | 24,400 €
Supplier 16 16 250 160,300 €| 87,000 € | 69,000 €
Supplier 16 4 25 60,800 €| 20,200 € | 14,600 €
Supplier 16 4 50 60,800 €| 20,200€ | 14,600 €
Supplier 16 4 125 60,800 €| 24,200 € | 18,600 €
Supplier 16 4 125 72,500 €| 39,300€ | 31,900 €
Supplier 16 4 250 79,200 €| 44,800 € | 35,800 €
Supplier 17 26 500 420,000 €| 87,400 € | 66,400 €
Supplier 17 46 500 | 460,000€|122,500€ | 99,500 €
Supplier 17 71 500 690,000 €| 147,300 €| 112,800 €
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Appendix G: Costs of the Air Conditioning
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Supplier 18 25 43,200 € | 16,200 € 900 €| 14,000€| 1,300 €
Supplier 18 50 43,200 € | 16,200 € 900 €| 14,000€| 1,300 €
Supplier 18 125 43,200 € | 16,200 € 900 €| 14,000€| 1,300 €
Supplier 18 250 43,200 € | 16,200 € 900 €| 14,000€| 1,300 €
Supplier 18 375 43,200 € | 16,200 € 900 €| 14,000€| 1,300 €
Supplier 18 500 43,200 € | 16,200 € 900 €| 14,000€| 1,300 €
Supplier 18 750 43,200 € | 16,200 € 900 €| 14,000€| 1,300 €
Supplier 18 1000 | 43,200€ | 16,200 € 900 €| 14,000€| 1,300 €
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Appendix H: Costs of the Measurement of CalorificV  alue
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Supplier 19 | 34,300 € 600 €
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tion

Appendix I: Costs of the Measurement of the Composi
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37,000 €| 1,800 €
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Supplier 20
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Appendix

Appendix J: Costs of the Gas Odourization
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Supplier 20 |17,700 €| 1,450 € 250 € 1,000 € 100 € 100 €
Supplier 21 {26,500 €| 1,750 € 250 € 1,000 € 400 € 100 €
Supplier 22 {16,300 €| 1,450 € 250 € 1,000 € 100 € 100 €
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Appendix K: Costs of the Gas Pressure Regulation Sy  stem
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Supplier 23 25 8,500 € 500 € 200 € 300 €
Supplier 23 50 9,000 € 500 € 200 € 300 €
Supplier 23 125 11,000 € 500 € 200 € 300 €
Supplier 23 250 11,000 € 500 € 200 € 300 €
Supplier 23 375 14,000 € 600 € 300 € 300 €
Supplier 23 500 15,000 € 600 € 300 € 300 €
Supplier 23 750 18,500 € 700 € 400 € 300 €
Supplier 23 1000 21,000 € 700 € 400 € 300 €
Supplier 24 500 12,300 € 600 € 200 € 300 €
Supplier 24 500 18,500 € 700 € 400 € 300 €
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Appendix L: Costs of the Gas Mixture (at Additional Gas Feed-in)
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Supplier 18 | 25—1,000 |2,000 €
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Appendix

Appendix M: Costs for the Pipeline Access
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Supplier 25 1.1 1,000 €
Supplier 25 2 5,000 €
Supplier 25 17 5,000 €
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Appendix

Appendix N: Costs for the Pipeline Construction (Av erages, Estimates)
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g e | o
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ND DN100 110 €
ND DN150 140 €
ND DN200 180 €
ND DN250 200 €

ND DN300 240 €
ND DN400 320 €
ND DN500 400 €
ND DN600 520 €
MD DN100 120 €
MD DN150 160 €
MD DN200 190 €
MD DN250 210 €
MD DN300 250 €
MD DN400 335€
MD DN500 415 €
MD DN600 530 €
HD (<4 bar) DN100 150 €

HD (<4 bar) DN150 180 €
HD (<4 bar) DN200 210 €
HD (<4 bar) DN250 230 €
HD (<4 bar) DN300 275 €
HD (<4 bar) DN400 360 €
HD (<4 bar) DN500 440 €
HD (<4 bar) DN600 550 €
HD (>4 bar) DN100 160 €
HD (>4 bar) DN150 200 €
HD (>4 bar) DN200 230 €
HD (>4 bar) DN250 250 €
HD (>4 bar) DN300 290 €
HD (>4 bar) DN400 420 €
HD (>4 bar) DN500 560 €
HD (>4 bar) DN600 710 €
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Appendix O: Investment and Operating Costs of a CHP

2]
2 | 4
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2 £ @) o b= @)
5 £ o oo
o S E < s 8 =
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25 189,000 €| 12,600 € 11,700 € 900 € Estimate
50 200,800 €| 14,600 € 13,500 € 1,100 € Estimate
100 157,200 €| 16,000 € 15,000 € 1,000 € FNR-STUDY 2006
125 236,200 €| 20,700 € 19,200 € 1,500 € Estimate
250 295,300 €| 30,800 € 28,500 € 2,300 € Estimate
375 354,300 €| 40,900 € 37,800 € 3,100 € Estimate
500 433,300 €| 54,700 € 50,800 € 3,900 € FNR-STUDY 2006
550 462,900 € 56,00 € 52,100 € 4 400 € FNR-STUDY 2006
750 531,500 € 71,300€ 65,900 € 5,400 € Estimate
1.000 681,500 € 92,700€ 85,600 € 7,100 € FNR-STUDY 2006
1.100 728,100 € 95,600€ 87,800 € 7,800 € FNR-STUDY 2006
2.000 1,080,000 €| 173,000€| 160,000 € 13,000 € FNR-STUDY 2006
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