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A BSTRACT

Biogas is a renewable and carbon neutral fuel, that can help the UK meet its

increasing energy demand, while simultaneously reducing the net greenhouse

gas emissions. All the biogas utilisation routes modelled, return positive

avoided greenhouse gas (GHG) emissions. Biogas to combined heat and

power (CHP) returns higher avoided emissions than biogas upgrading to

biomethane and injection into the gas grid across the entire heat utilisation

range (0 % to 100 %). The current renewable energy incentives, offered by

the UK government, allow utilising biogas via either CHP, or biomethane

production to return positive net present values (NPV).

A theoretical membrane with improved separation properties (termed

ÒfutureÓ membrane) allows reduction in energy consumption and increase

in NPV. The future membrane returns positive net present values without

the aide of subsidies, however, subsidies are required in order to compete

with biogas to CHP. When 2014 subsidies were applied (7.7 pence kW h! 1 of

biomethane), the future membrane returned a higher NPV ( £ 28.3 million )

than biogas to CHP (£ 27.5 million ).

The proposed development fuel maximum buy-out for biogas derived

transport fuels would make the minimum selling point (MSP) of upgraded

biogas transport fuel lower than diesel by 2 Ð 10 pence kW h! 1. Enriching

biogas with natural gas is a lower cost method of achieving a gas mix that

complies with internal combustion engine speciÞcations than upgrading bio-

gas with either current membranes, or future membranes. However, the

renewable fraction of the Þnal transport fuel would only contain a maximum

renewable energy fraction of 30 %, if enriching biogas with natural gas. The

largest overall contributor to producing biogas derived transport fuel is the

cost of producing biogas.
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ÒNo one will protect what they donÕt care about,

and no one will care about what they have never experienced.Ó

Ñ Sir David Attenborough
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CHAPTER 1

INTRODUCTION

The world is facing an energy dilemma. Increasing deployment of

renewable energy is crucial to reducing carbon emissions and meeting

growing energy demand. Biogas is a renewable and carbon neutral

fuel, produced from the breakdown of organic matter. It is produced

using anaerobic digestion (AD) plants, which convert it either to useful

energy products, such as electricity and heat, or to an energy vector,

like the natural gas substitute biomethane. Biogas can displace fossil

fuel derived energy and consequently help to increase the proportion

of the UKÕs renewable-derived energy. This in turn will lessen our

dependency on fossil-fuel based energy sources and increase security

of energy supply Ñ both crucial objectives for the move towards a

sustainable economy. Finding viable pathways to deploy biogas is

vital to pushing the transition to renewables because the activities of

current energy end-users, e.g., boiling kettles and watching television,

can remain relatively disconnected from the overall impact of using

carbon intensive energy. It is in our interest to protect what we currently

have before we experience going without.

For the UK to realise the full beneÞts of biogas, techno-economic and

environmental properties of utilisation pathways need to be considered.

1



CHAPTER 1

Consequently, this thesis will use modelling mass and energy balances

for different biogas systems because this provides a versatile means of

characterising various utilisation pathways. The most common biogas

upgrading technology (water scrubbing) and an emerging technology

(membrane separation) will be considered for biogas upgrading. These

form the basis for quantifying currently achievable biogas utilisation

beneÞts, along with potential gains that may be possible in the future

with improved biogas utilisation pathways, as described below.

1.1. ENERGY D ILEMMA

Energy consumption, both in the UK and throughout the rest of the

world, continues to increase while the primary sources used to supply

this energy are dwindling, see Fig. 1.1. Between 1973 and 2014, the

primary energy supply has doubled, rising from 4, 661to 9, 425mega

tonnes oil equivalent (Mtoe). It should be noted that the fraction of

global coal consumption seems to have reduced, (Figs. 1.1b and 1.1c,

13.7%down to 11.4%), however this is a misconception. The statistics

also show that electricity consumption has risen signiÞcantly, (almost

doubled in fact from 9.4% to 18.1%), which explains why the global

supply of coal has actually increased from 24.5% to 28.6 %* Ñ global

electricity production is dominated by coal power plants, IEA stats

(2016).

This is compounded by the measurable increase in the atmospheric

*Primary energy supply increased from 6, 101Mtoe in 1973 to 13, 699Mtoe in
2014, IEA stats (2016).

2
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CO2 concentration, causing an increase in average global surface tem-

perature, Stocker et al. (2013). In particular, the consumption of coal,

oil and gas appear to be primarily responsible for anthropogenic CO 2

emissions, Stocker et al. (2013). Also, the political instability associ-

ated with key suppliers of crude oil, combined with the current CO 2

emission levels, makes it more likely that there will be a sudden energy

shortage combined with irreversible damage to the planetÕs ecosystems.

Hence, there is an urgent need for alternative energy sources that are

both sustainable and easily accessible. Biogas is a renewable source of

energy derived from biomass and has been identiÞed as a key contribu-

tor for both the UK and Europe to meet renewable energy and carbon

reduction targets.

1.2. BIOGAS BACKGROUND

Biogas is a gaseous mixture, consisting of bulk components methane

(CH4) and carbon dioxide (CO 2), and containing trace components in-

cluding hydrogen sulÞde (H 2S), siloxanes, water vapour and ammonia

(NH 3), see Table 1.1. Biogas has an energy content of between6.0 Ð

6.5 kWh m! 3, which makes it a potential fuel source, see Table 1.2 for

biogas properties. The formation of biogas occurs through the nat-

ural biological process that happens when organic matter (biomass)

decomposes anaerobically. The metabolic activity of the class of mi-

croorganisms termed methanogensis the cause of this process. Examples

of naturally occurring methanogencolonies are found in marsh gas,

3
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Figure 1.1. Global energy consumption between 1973 and 2014 (1.1a), and the break-

down of energy consumption for 1973 (1.1b) and 2014 (1.1c), IEA stats (2016).

digestive tracts of ruminants and compost piles.

This naturally occurring process of biogas production (sometimes

called fermentation), can be utilised by using biomass as a feedstock and

collecting the biogas that is produced. Biogas plants generate biogas

using either dedicated anaerobic digesters, or a collection system from

a landÞll site, and process the biogas prior to using it as an energy
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source.

In principle, any biomass source has the potential for producing

biogas. However the gas yields that are possible differ greatly from

substrate to substrate. The highest gas yields are produced by energy

crops, such as maize, while waste sources, like dairy cow slurry and

abattoir waste, produce the least biogas. The possibility of producing

biogas from organic waste is promising, because the anaerobic digestion

(AD) process provides a possible waste treatment route that produces

biogas as a byproduct.

There is increasingly strict legislation on organic waste disposal,

hence AD and biogas production is a way of meeting these strict targets

while also contributing renewable energy. The European Commission

passed a landÞll directive that aimed to reduce the negative impacts

on the environment, Council Directive 1999/31/EC (1999); Council

Directive 2003/33/EC (2003).

1.3. BIOGAS HISTORY

Biogas is not new. In fact, one could claim that we (human kind) have

been aware of foul smelling gases given off by rotting vegetation since

before recorded history. The Þrst recorded attempts at identifying

ßammable marsh gases are from the 1600Õs and credit Jan Baptist van

Helmont and Thomas Shirley, van Brakel (1980). However, one of

the Þrst attempts at a scientiÞc investigation of such marsh gases was

conducted by Alessandro Volta, who, in 1776, collected gas from Lake

5
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Table 1.1. Biogas composition, Deublein and Steinhauser (2008).

Component Composition Notes

CH4 55 Ð 70vol % The energy source for biogas.

CO2 30 Ð 45vol % Lowers energy content. Can cause
corrosion if gas is wet (carbonic
acid).

H2S 0 Ð 0.5vol % Corrosive effect on equipment and
piping. Poisonous to people. Many
engine manufacturers set upper
limit of 0.03 vol %

Water vapour 1 Ð 5vol % Causes corrosion of equipment and
piping. Lowers engine efÞciency.

NH 3 0 Ð 0.05vol % Potential for NO x emissions in en-
gines. Poisonous to fuel cells.

Dust < 5 µm Blocks nozzles and fouls mem-
branes used in separation and heat
exchangers.

N2 0 Ð 5vol % lowers caloriÞc value.

Siloxanes 0 Ð 50mg m! 3 Acts like an abrasive and damages
engines. Food waste can be a source
due to the silicon-based waxes used
to preserve fruit.

Table 1.2. Biogas properties, Deublein and Steinhauser (2008).

Composition 55 Ð 70 % CH4

30 Ð 45 % CO2
0 Ð 5,000ppmv H2S

saturated H2O vapour

Energy content 6.0 Ð 6.5kW h m! 3

Explosion limits 6 Ð 12 % biogas in air

Ignition temperature 650 Ð 750 ¡C

Critical pressure 75 Ð 89bar

Normal density 1.2kg m! 3

Molar mass 16.043kg kmol! 1

Smell rotten eggs (no smell after desulferisation)

Colour colourless

6
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Como, McCormmach (2015). His analysis revealed that the formation

of gas depends on an organic process whose gas may form an explosive

mixture with air. By the start of the 19th century, there were several

reports identifying methane, whose correct chemical structure was Þrst

proposed by Amedeo Avogadro, (of AvogadroÕs number fame) in 1821

van Brakel (1980).

The Þrst application of biogas for renewable energy may be at-

tributed to the famous french polymath Louis Pasteur, van Brakel (1980).

In 1884 PasteurÕs student, Ulysse Gayon, set about producing biogas

from horse dung collected from the Parisian roads and succeeded in

producing around 100 L of methane from 1 m3 of dung Pullen (2015).

By 1897, Donald Cameron had successfully built an AD plant and

the sewage treatment works in Exeter was using the biogas that was

produced to provide heat and electricity for the plant, Pullen (2015).

The production and use of biogas continued to progress through-

out the Þrst half of the twentieth century, with continually improving

digester designs. However, by the 1950s, the demand for biogas as an

energy source, in the USA, Canada and Western Europe, had almost

disappeared. Rather, it was used as a way of treating organic waste

van Brakel (1980). However, in developing countries, such as Vietnam,

Nepal, Bangladesh, Tanzania, Nigeria and Indonesia, thousands of do-

mestic AD plants were installed. This disparity between the developing

countries and developed countries in their use of AD was presumably

due to the low price and abundance of oil supplied to the western

7
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world, whereas less economically developed countries needed to Þnd

alternative sources of energy.

This situation started to change during the latter half of the 20th

century. A combination of factors, including instability in oil prices fol-

lowing the 1970s oil crash, decreased security of supply and a growing

concern for the environment, all helped rekindle interest in biogas as an

energy source. More recently, the formation of the Department of Energy

and Climate Change(DECC) in 2008 and the commitment by the UK to

reach ambitious carbon reduction targets has seen a signiÞcant increase

in the number of biogas plants installed in the UK (like the ones given

in Figs. 1.2a and 1.2b), rising from 5 registered AD plants in 2002, to

over 300 AD plants as of 2016, Biogas-info (2016).

The UK introduced key objectives that included diversion of biodegrad-

able waste from landÞll and increase recycling and energy recovery

from residual waste, which both support the use of AD, Waste Strategy

for England (2007). The development of the UKÕs AD industry was

directly supported by the Anaerobic Digestion Strategy and Action

Plan (2011) and Government Review of Waste Policy in England (2011),

which identiÞed AD and biogas as having high potential for energy re-

covery from waste, speciÞcally for electricity and heat generation in the

Government review of EnglandÕs Waste policy. The most recent action

plan gives continued support for biogas and waste derived energy to

provide solutions to decarbonising heat and transport sectors of the UK

economy, Clean Growth Strategy (2017).
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Figure 1.2. Pictures of a farm-scale AD plant (1.2a) and an industrial scale biogas plant

(1.2b).

1.4. BIOGAS UTILISATION

Biogas is an energy vector that may be used in a variety of ways, see

Fig. 1.3. It may be converted to useful forms of energy, such as heat

for staying warm in winter and electricity for the myriad electronic

devices that have become a ÒnecessityÓ of modern life. Biogas can also

be converted to biomethane, which may be viewed as a more reÞned

energy vector that is easier to integrate into the current natural gas

infrastructure. Biomethane can either be injected into the grid as a

natural gas replacement, or be used as a transport fuel in compressed

natural gas (CNG) vehicles.

Production of heat and electricity from biogas is most commonly

done using a combined heat and power(CHP) device. These usually

combine an internal combustion engine driven generator, for electricity

production, with a heat recovery unit. This, in theory, allows energy

conversion efÞciencies of over 90%, dependent on how well the pro-
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Figure 1.3. Illustration of the various biogas applications.

duced heat may be utilised.

Biomethane production is achieved after two processing steps, usu-

ally referred to as, cleaning and upgrading. The cleaning process refers

to removal of H 2S and H2O. The upgrading process refers to the re-

moval of CO 2. Several technologies exist for upgrading biogas, as

discussed below.

1.4.1. Biogas upgrading

The main technologies used for biogas upgrading are water scrubbing,

amine absorption, membrane separation, pressure swing adsorption

and cryogenic distillation, see Bauer et al. (2013). The majority of

biogas upgrading has been carried out using water scrubbing and

pressure swing adsorption (PSA). Membrane upgrading has seen an

increase in popularity due to its high reliability and relative simplicity

compared with the water scrubbing and PSA technologies. This thesis

only considers water scrubbing (because it is the current benchmark for

10
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biogas upgrading) and membrane separation (due to the its potential

beneÞts over water scrubbing) for biogas upgrading.

Currently, biogas upgrading is carried out using a select few poly-

mer membranes, i.e., cellulose acetate, polysulfone and polyamine.

The potential to improve membrane biogas upgrading is linked to the

separation performance of polymer membranes. Hence, discovering

and implementing improved membranes will allow cheaper biogas

upgrading with lower fugitive methane emissions.

Fugitive methane emissions are an important consideration re-

garding the environmental performance of the biogas system because

methane has a global warming potential of 32 kgCO2eq. Sources of

methane emissions from biogas systems can come from, either gas

cleaning and upgrading inefÞciencies, or from leaking Þxtures, Þttings

and storage units. Methane emissions present in waste gas streams can

be managed using ßares or catalytic oxidation equipment. Methane

leaks are more difÞcult to deal with and are mainly dealt with by good

process design and management.

Another consideration with regard to fugitive methane emission is

the displaced emissions that would occur if the organic matter fed to

the AD plant was instead disposed of by spreading on land or sending

to landÞll.

For this study, the potential of increasing membrane separation

performance is investigated by modelling membrane separation and

comparing it with the performance of a water scrubber Ñ taken as a

11
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benchmark for upgrading performance.

Water scrubbing Ñ background

Water scrubbing is an upgrading technology that absorbs CO 2 (present

in the biogas) in a water stream, which usually operates at pressures

between 8" 10bar and ambient temperatures, see Fig. 1.4. CO2 is more

soluble than CH 4 in water hence the CO2 is removed from the biogas

by dissolving it in the water. Mass transfer relies on effective contact of

the water and gas phases and is driven by the difference in chemical

potential between the CO2 in the gas and water phases, Sandler (2006),

which is commonly modelled using a HenryÕs lawrelationship.

Biogas is compressed to around8 bar and then fed into the bottom

of a column. Water is pumped into the top of the column and the two

phases mix such that the gas leaving the top of the column has reached

the required purity, and the water leaving the bottom of the column

contains the unwanted CO 2. This water may be either discarded or sent

to a recovery process, which removes the CO2 dissolved in the water

and recycles the cleaned water back to the start.

The popularity of water scrubbing is probably due to the high CH 4

recovery potential, (over 97 %), combined with its relative simplicity,

Bauer et al. (2013). On the other hand, disadvantages of this process

include high investment and operating costs, fouling of the process

equipment due to foaming and bacterial growth, and difÞculty in cop-

ing with variations in feed biogas composition. So although water

12



CHAPTER 1

scrubbing is currently the most popular upgrading technology, perhaps

it is not the best, but instead is the option with the lowest risk, for

companies looking to invest in the biogas sector. However, based on

literature reports and discussions with industry professionals, there is

an increasing move towards using membrane based biogas upgrading

as the preferred upgrading option.
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Figure 20 A water scrubber for biogas upgrading. The two towers are the absorp-
tion and desorption columns. The scrubber is equipped with an RTO unit which is 
shown to the right in the photograph. Image from Malmberg Water 

(b)Water scrubbing upgrading plant.

Figure 1.4. Water scrubber schematic shown in 1.4a. A working water scrubber up-

grading plant is given by 1.4b (Malmberg Water), adapted from Bauer et al. (2013).

Membrane separation Ñ background

Membrane separation is an upgrading technology that separates CO2

and CH 4 based on a difference in their permeabilities across a polymer

membrane. Operating pressures are typically between 8 " 12bar at

ambient temperatures. The difference in gas permeability results in

separation. Gas transfer across a dense polymer membrane is the result

of a difference in chemical potential across the membrane, Wijmans and
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Baker (1995). Under steady-state conditions, this may be modelled by

FickÕs Þrst law, using partial pressures of the gas species. 

Membrane separation units have been used for upgrading biogas

produced from landÞll since the early 1990Õs, Bauer et al. (2013). The

membranes used for biogas upgrading allow most of the CO 2 to per-

meate through while they retain the CH 4. The properties that dictate

the separation are referred to as the permeabilityand selectivity. Gas

permeability is the rate at which the gas species can diffuse through a

membrane and is a property speciÞc to the membrane material and per-

meating gas. The selectivity of a membrane is the ratio of permeabilities

of two different gases. The selectivity dictates the degree of separation

possible, i.e., how much CH 4 escapes with the CO2. While the perme-

ability controls the total area of membrane required to perform the

desired separation. Two main designs for membrane upgrading units

are currently in production, spiral wounds designs, and hollow Þbre

designs, see Fig. 1.5.à

1.5. BIOGAS POLICY

As previously mentioned, there is an energy dilemma, but the UK is

(and has) committed to acting before it is too late. Ambitious decar-

bonisation targets have been set; a50%reduction by 2027 and an 80%

reduction by 2050, compared with 1990 greenhouse gas emission levels.

  For transient diffusion problems, FickÕs second lawpredicts concentration change
with time.

àThe picture is from a tour of Leeming Biogas Ltd.facility located in Clapham
Lodge, Leeming, Yorkshire, UK
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(a)Membrane schematic.

(b) Industrial membrane upgrading units.

Figure 1.5. Membrane upgrading schematic (1.5a). Membrane biogas units (1.5b)

installed at theLeeming Biogas Ltd.biomethane plant.

The UK is also required, by 2020, to produce 15%of its Þnal energy

demand from renewable energy sources as part of its EU obligations, ¤

although this may be subject to change. To meet these targets, pri-

vate sector investment in renewable energy infrastructure is critical to

stimulate market growth. Hence, the UK has introduced incentives to

catalyse the adoption of renewable energy technologies.

Three crucial sectors that hold the key to meeting the aforemen-

tioned targets are electricity, heating and transport. Biogas has the

ßexibility to contribute to all three of these sectors. As such, a brief

¤At the time of writing the UK had voted to leave the European Union and a vote
was passed in the house of commons allowing the trigger of Article 50.
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overview of the policies and incentives available for biogas across these

three sectors is given below.

The subsidy for renewable generation of electricity is named, feed-in

tariff (FiT) for generators of < 5MWe and contracts for difference (CfD)

for generators of > 5MWe. The incentive for renewable heat genera-

tion is termed, renewable heat incentive (RHI) and the incentive for

renewable transport fuel is called, renewable transport fuel obligation

(RTFO). The RHI also offers a subsidy for biomethane production and

injection into the grid.

Currently, the RHI and FiTs operate as a Þxed tariff, payed to the

generator per kWh of heat, biomethane or electricity that is generated.

The RTFO operates as tradable credits, that may be bought and sold

by suppliers of transport fuel. This has led to some problems in the

past where, in short, an over supply of bio-transport fuel resulted in the

RTFO value crashing. The CfD now operates by electricity producers

agreeing a Þxed value of electricity that they will receive for the dura-

tion of the contract. So the tariff awarded to the electricity generator

varies with the wholesale price of electricity, in order to maintain a

Þxed electricity value. A more in-depth review of these subsidies is

presented in Chapter 2.

1.6. A IMS & O BJECTIVES

The research presented in this thesis aims to identify biogas utilisation

routes from an economic and carbon footprint perspective. With this
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aim in mind, the Þrst objective of this research is to evaluate the current

policy support available for biogas utilisation. ItÕs effectiveness, will

be analysed, at both helping the UK reach its CO2 emissions reduction

targets and allowing bioenergy to become economically viable. The

next objective is the quantiÞcation of the potential decrease in energy

consumption and increase in proÞt for biomethane production using

membranes with improved separation properties. The third objective

targeted in this thesis is quantiÞcation of the economic and environ-

mental merits of displacing transport fuel with biogas, rather than the

typical heat, electricity and grid injection normally associated with

biogas utilisation. Through completion of these three main objectives,

the research aim will be fulÞlled.

The next part of the thesis (Chapter 2) provides a critical review

of the published literature relating to biogas utilisation. This review

identiÞes gaps in the current knowledge of biogas systems, which

are subsequently addressed by the novel contribution of the research

aims and objectives. Chapter 3 describes the detailed methodology

that were used in this thesis. In the remaining chapters novel research

is presented on the role of biogas policy on upgrading and end-use

options (Chapter 4); potential improvements in membrane upgrading

(Chapter 5); and the potential for biogas to be used as a transport fuel

(Chapter 6). These results and the accompanying discussion add to

the knowledge base of biogas utilisation in the UK and provide insight

to policy makers on the positive environmental and economic impact
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biogas may have for the UK.

Table 1.3. PhD aim and objectives.

Aim Investigate UK biogas utilisation routes from an economic
and carbon footprint basis.

Objective 1 Evaluate current biogas policy support and analyse its ef-
fectiveness at both helping the UK reach its CO2 emissions
reduction targets and allowing bioenergy to compete eco-
nomically.

Objective 2 Quantify the potential decrease in energy consumption and
increase in proÞt for biomethane production using mem-
branes with improved separation properties.

Objective 3 Techno-economic analysis of biogas to transport to identify
the lowest cost transport fuel production cost.
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LITERATURE REVIEW

OVERVIEW

This chapter reviews the key publications in industrial reports and

academic journals describing studies on the economics, environmental

impact and energy analysis of biogas utilisation. These publications

include studies modelling various biogas processes that were used to

identify barriers to biogas uptake in the UK. Evaluating the information

in these previous studies has identiÞed gaps in the current knowledge

base relating to biogas utilisation, in the context of providing an eco-

nomically viable source of renewable energy. The principal conclusion

from reviewing the literature is that biogas systems are complex and

no universal solution exists to facilitate biogas utilisation. Instead, site-

speciÞc utilisation route studies are required, which allow the effects

of location, end-use, policy and infrastructure to be taken into account.

In addition, this review identiÞed relevant factors that had not been

addressed in previous modelling studies reported in the literature, such

as the effect of reducing upgrading cost on deciding how best to use

biogas. Based on literature from the past 15 years that addresses biogas

upgrading costs for the main technologies, it was apparent that the
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costs for all these technologies were similar. However, little or no in-

vestigation in these studies addressed the implications of this cost with

respect to limiting biogas utilisation. Biogas use in the UK transport

industry has unanimously been identiÞed as a potential way to decar-

bonise and the subsidies available allow biogas derived transport fuel

to be cheaper than diesel, considered on a fuel to fuel basis. However,

barriers to adoption still exist and no coherent strategy proposals were

found in the literature for how policy can be improved to help realise

the uptake of biogas derived transport fuels.

2.1. I NTRODUCTION

This literature review starts with a justiÞcation for classifying biogas

as ÒrenewableÓ and Òlow-carbonÓ. Following this, an overview of the

UK biogas industry is presented, before a critical review of previous

studies on speciÞc areas of interest relevant to my thesis, namely, biogas

utilisation, membrane upgrading and biogas transport fuel. Finally,

the literature review is concluded by summarising what I perceive to

be important gaps in knowledge and understanding in the Þeld and I

outline how my research addresses these issues.

2.2. CARBON CYCLE

Life on earth is governed by carbon. We are made of it, we eat it and our

societies are built on it. To date, the majority of the energy consumed

by human civilisation has been derived from carbon. However, we
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are now aware that our dependence on some carbon-based energy

sources, namely fossil fuels, has become a major factor contributing to

global climate change, Riebeek (2011); Stocker et al. (2013). The carbon

cycle is the biogeochemical cycle that exchanges carbon between the

biosphere, pedosphere, geosphere, hydrosphere and atmosphere of the

earth and can be used to illustrate the difference between bioenergy

and fossil-fuels, U.S. DoE (2008).

Bioenergy is assumed to be carbon neutral because the carbon con-

tained within biomass has been directly taken out of the atmosphere

via photosynthesis by green plants. Thus, plants use energy from the

sun to convert CO2 and H 2O to glucose and O2. One should be aware,

however, that the assumption that bioenergy is overall carbon neu-

tral is only valid if the rate of biomass regeneration either matches,

or exceeds, the extent of biomass cultivation, use and the biomass

farming/collecting and processing equipment is run on carbon neutral

fuel. Hence, biomass has the ability to provide a carbon neutral energy

source, as well as offering the potential for carbon sequestration. For

this to take effect, the rate of biomass re-growth must balance biomass

use.

Theoretically, fossil fuels could also be viewed as a renewable energy

source. However, for this to be valid, once again their rate of use would

have to equal the rate of regeneration and currently this is patently

not the case,i.e., the rate of use of fossil fuels far exceeds the millions

of years required to fossilise biomass. The potential of using biomass
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renewably is therefore far more achievable than for fossil fuels, because

the rate of regrowth of plants is much faster than the fossil fuel process.

Biomass grown with the goal of being used as an energy source is

referred to as Òenergy cropsÓ. They can be viewed as both renewable

and carbon neutral. However, it should be noted that the growth of

energy crops raises the ethical dilemma that they then compete with the

alternative use of the land that they are grown on for food production.

Thankfully, there is another source of biomass that bypasses this ethical

trade off, i.e., organic waste.

2.3. BIOGAS RESEARCH LANDSCAPE

In the last Þfteen years, the number of journal articles with ÒbiogasÓin

the title increased signiÞcantly, from an average of less than 50 per

annum (p.a.) before 2006, to over 600p.a. for the last three years, see

Fig. 2.1. This indicates a large increase in research activities based

on biogas. However, the studies investigating ÒhowÓ biogas should

be deployed and what the most effective utilisation pathways may

be appear to represent only a small fraction (less than 7 % in 2016).

The majority of biogas-related studies ( > 50 %) are instead devoted to

investigations on biogas production, anaerobic digestion and biogas

feedstocks, Web of Science (2017).

Summarising the overall literature in this way is not a perfect repre-

sentation of the Þeld, e.g., title wording may not match directly to the

search terms and the academic journal database (Web of Science) may
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Figure 2.1. A summary of the number of journal articles on the topic of biogas for

the past 15 years. The blue bars (ÒBiogas journalsÓ, left axis) show the number of

journal articles published withÒbiogasÓin the title. The orange line shows the number

(ÒSubset journalsÓ, right axis) of articles with biogas and one of either, ÒeconomicÓ,

Òtechno-economicÓ, ÒenvironmentÓ, Òlife-cycleÓ, or Òsystems analysisÓ. Data gathered

from Web of Science (2017).

overlook government documents and technical reports. Nonetheless,

it provides a valid and useful overview of the research focus in the

literature.

2.4. BIOGAS IN THE UK

Biogas production in the UK has increased over the last ten years, see

Fig. 2.2, Biogas-info (2016). Biogas offers carbon neutral energy that

could be used to displace current fossil fuels. However it is important

to understand whether in practice it could be practical to generate

enough biogas to make a difference to the UKÕs energy requirements

and to deÞne the parameters needed to formulate UK policies capable
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of supporting the growth and application of biogas.
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Figure 2.2. The number of biogas plants in the UK since 2004. The bars show the

annual new biogas plant builds, with the dark blue bars representing biogas for CHP

only, the grey bars representing biogas used for biomethane to grid and CHP, the

yellow bars representing biogas to grid only and the blue bars representing biogas for

heating and cooking only. The yellow line represents the cumulative total number of

biogas plants operating in the UK, Biogas-info (2016).

A large increase in new biogas plants, from 36 to 96, occurred be-

tween 2013 and 2014, although this reduced in the two subsequent

years to 88 in 2015 and 71 in 2016, respectively. The increase in biogas

activity between 2013 and 2014 may be attributed to the introduction

of the renewable heat incentive tariff (RHI (2015)) for producing heat

from AD plants larger than 200 kWth after July 2013, which makes CHP

operation more proÞtable. I also speculate that a greater availability

of mature biogas technology as well as professional expertise, arising

from the advancements in European biogas industry lowered the risk

and cost of biogas plants. The reduction in overall biogas plant instal-
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lations between 2014 and 2016 could be due to the reduction in FiTs

from 16.4 p kWh! 1 in January 2014 to 6.9p kWh! 1 in December 2016

and reduction in RHI from 7.9 p kWh! 1 in May 2014 to 6.0p kWh! 1 in

July 2016, RHI (2015); FiTs (2016). At the time of writing, there have

been 7 new biogas plants listed in 2017, all of which are CHP-only.

Biogas use for CHP and grid injection are now already well estab-

lished in the UK. In contrast, using biogas for transport fuel is compar-

atively under established in the UK, compared with the biogas-based

transport infrastructure in many other European countries including

Sweden, Germany and Italy, EBA (2016). Despite the presence of pol-

icy support for renewable transport in the UK from the Renewable

Transport Fuels Obligation (RTFO (2012)) there remains an absence

of the required infrastructure. For example, there are currently no

dedicated biogas to vehicle fuel Þlling stations and only two Þlling sta-

tions that offer biogas derived CNG, CNG Services (2017); Gas Vehicles

(2017). Although, at the time of writing, Nottingham City Transport

announced the introduction of biogas-powered buses to their ßeet dur-

ing the summer of 2017, NCT (2017). These biogas buses are Þlled

with natural gas drawn out the natural gas grid. The justiÞcation for

labelling these buses ÒbiogasÓ buses results from a partnership with

an anaerobic digestion plant that injects biomethane into the national

gas grid. So, theoretically the gas used by the buses is matched by the

biomethane injected in to the grid. However, no values for natural gas

use and biomethane injection are provided, which makes the actual
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contribution of these buses to avoided GHG emissions uncertain.

2.4.1. Biogas renewable energy potential

The UKÕs annual energy usage in 2015 was1, 598TWh, DECC (2015).

The spread of energy usage can be viewed by sector and by fuel usage,

see Fig. 2.3. The UKÕs 2016 biogas production was over208, 000m3 h! 1,

which equates to 10 TWh of renewable energy, representing # 0.6 %of

the total energy demand, Biogas-info (2016).

It has been reported (National Grid RG (2009)) that if biogas pro-

duction increases at the current rate, then around 56 TWh (3.5 % of

total) of biogas energy could be produced by 2020, National Grid RG

(2009), see Òbiogas baseline 2020Ó in Figs. 2.3a and 2.3b. However, if

all the UK waste was directed towards biogas generation, then over

180TWh, or 11.5 % of total energy demand would be possible, see the

Òbiogas stretch 2020Ó in Figs. 2.3a and 2.3b. Thus, there is the poten-

tial for biogas production to meet almost the entire service demand,

corresponding to almost half of the natural gas consumption. This

makes biogas a serious potential contributor to the UKÕs renewable

energy mix. Realising this potential now requires identifying the most

effective application of biogas to ensure the maximum carbon reduction

potential.
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(b)UK energy use by fuel.

Figure 2.3. UK energy used by sector (2.3a) and fuel type (2.3b), Biogas-info (2016);

National Grid RG (2009); Dept. BEIS (2016).

2.4.2. UK biogas policy & legislation

The UK has committed itself to tackling climate change by setting

legally binding targets and introducing supporting policies and legisla-
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tion, IEA (2012). Since 2008, when theClimate Change Actwas passed,

the UK has set carbon budgets to target an 80 % reduction in emis-

sions by 2050cf. 1990 levels (Climate Change Act; 2008). To realise

this ambitious target, the UK has introduced a variety of schemes to

offer Þnancial support for producers of renewable heat, electricity and

transport.

The Renewable Heat Incentive (RHI), introduced in November 2011

(RHI (2015)), supports the generation of renewable heat as well as

biomethane injection into the national gas grid. Feed-in Tariffs (FiT),

which took effect in April 2010 (FiTs (2016)) and Contracts for Differ-

ence (CfD) are schemes to encourage and support the generation of

renewable electricity for scales of less than 5MWel and greater than 5

MWel respectively. Renewable transport fuels are supported through

the Renewable Transport Fuel Obligation (RTFO), which came into

effect in April 2008, RTFO (2012).

On the way to 2050, there have been 5 proposed carbon budgets

to help stay on track (Table 2.1). To date, the UK has either met, or

exceeded, (Fig. 2.4) its targets. This has primarily been the result of de-

carbonising the power sector (17 % emission reduction), Carbon Budget

(2016). However, the latest Þgures show the rate of reducing carbon

emissions have slowed and the 2015 transport emissions actually in-

creased, Dept. BEIS (2016). This suggests that the UK may struggle

to achieve the next carbon budget, Dept. BEIS (2016); Carbon Budget

(2016).
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The UK gas grid has minimum speciÞcation range that needs to be

met by gas being injected into the grid, as stipulated by the Network

Entry Agreement and Gas Safety (Management) Regulations (1996).

One of the criteria is the Wobbe number, which is a measure of the com-

bustion energy output of gaseous fuels. The Gas Safety (Management)

Regulations (1996) require gas to have a Wobbe number of between

47.2 MJ m ! 3 and 51.4 MJ m ! 3, Gas Quality (2017). For biomethane to

achieve this, it is necessary to blend it with propane, up to # 5%based

on data from a site visit to Duranta Teeside Limited AD plant. Propane

is a fossil based energy source and adds extra cost to the biomethane

production process.

Some countries, such as Germany, France, Austria, Italy and Swe-

den, have deÞned a biomethane speciÞcation for grid injection, Peters-

son and Wellinger (2009). Hence, this study will exclude the use of

propane enrichment for biomethane grid inbjection because with up to

date regulation it should not be a requirement for the UK biomethane

suppliers. Although it should be noted that, at the time of writing,

no formal biomethane speciÞcations have been deÞned for the UK, as

such the requirement to add propane is at the discretion of the local gas

authority.

2.5. BIOGAS UTILISATION PATHWAYS

Biogas may be used in a variety of applications. The most commonly

reported are as fuel for CHP, as a natural gas replacement by injecting
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Table 2.1. The UKÕs carbon budget according to the Climate Change Act; 2008.

Carbon budget Years Reduction Annual emission[
MtCO 2eq]

1 2008 Ð 2012 25 % 603

2 2013 Ð 2017 31 % 556

3 2018 Ð 2022 37 % 509

4 2023 Ð 2027 51 % 390

5 2028 Ð 2032 57 % 345

Final 2050 80 % 160

into the grid and as a transport fuel. For biogas use in the UK, the

two key aspects of interest for each utilisation route are, the Þnancial

performance and the carbon footprint. Biogas has the potential to ac-

count for 12 % of total energy turnover in the UK, which equates to two

thirds of the UKÕs electricity turnover requirement, or a one third of the

transport industries energy turnover (Fig. 2.3). Thus, the potentially

signiÞcant impacts of biogas, combined with its currently limited avail-

ability, requires identiÞcation of the utilisation routes that return the

largest carbon savings while still being economically attractive options.

There are a wide variety of studies investigating speciÞc biogas util-

isation technologies, e.g., AD digester design for either optimal biogas

production, or biogas upgrading technologies, but rather fewer stud-

ies directly comparing alternative biogas utilisation pathways. From

the studies that compared biogas utilisation routes, either CHP, or

transport were reported as both the environmentally and economically

favourable options, see Table 2.2.
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(a)UK annual carbon emissions and carbon budgets.

(b)UK annual emissions by sector.

Figure 2.4. In 2.4a the UKÕs annual emissions (blue lines) are plotted from the year

2000 to 2015 and the carbon budgets (black lines) are shown along with the final

target (green bar) starting from the year 2010 to 2050. AIS stands for international

aviation and shipping. In 2.4b the UKÕs annual emissions are plotted by sector from

1990 to 2015, where LULUCF stands for Òland-use and land-use change & forestryÓ

and F-gases stands for Òfluorinated gasesÓ. Figure adapted from Carbon Budget (2016).

2.5.1. Economic utilisation

The literature relating to biogas utilisation pathways provides no gen-

eral consensus on an economic Òbest-useÓ for biogas. Typically, either
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Table 2.2. Summary of the literature comparing biogas end-use applications.

Biogas end-uses Economics Environmental Ref.

CHP or transport or
transport & Transport

Transport Transport & CHP Murphy et al.
(2004)

CHPa or transport Ñ Transport Wenisch and
Monier (2007)

CHP or transport Transport Ñ Goulding and
Power (2013)

CHP or transport CHP Ñ Patterson et al.
(2011)

CHP or transport or grid
injection

CHP CHP Patrizio et al. (2015)

CHP or DH b or transport Transport Ñ B ¬orjesson and
Ahlgren (2012)

CHP or heat or grid
injection or transport fuel

CHP CHP Dzene et al. (2014)

CHP or transportor grid
injection

Transport Ñ Cucchiella and
DÕAdamo (2016)

a CHP Ñ combined heat & power.
b DH Ñ district heating.

CHP, or transport fuel, were reported as the most favourable economic

option, Murphy et al. (2004); Patrizio et al. (2015); Goulding and Power

(2013); Dzene et al. (2014). However, no consistent methodology was

shared among the studies, so it is difÞcult to directly compare out-

comes. A feature that was common to all these studies, however, was

the necessity of subsidies for the biogas systems to be able to return

proÞts and/or compete with fossil alternatives, Patterson et al. (2011);

Goulding and Power (2013); Patrizio et al. (2015).

Another important factor highlighted was the need to Þnd cus-

tomers for the heat generated by the CHP systems. If heat could not be

sold, then CHP would not be proÞtable and transport was the better

choice, Goulding and Power (2013). Partial heat utilisation was not con-
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sidered by Patrizio et al. (2015), where they identiÞed CHP as returning

a larger proÞt compared with transport. Since the proÞt was mainly

due to the large revenue generated by policy supported heat and elec-

tricity, it seems that being unable to sell the heat may play a critical role

in the economic feasibility, even though this was not explicitly stated.

Quantifying the Þnancial and environmental impacts of sub-optimal

heat and electricity utilisation is an important, novel contribution to

biogas systems analysis. Techno-economic models are developed spe-

ciÞc to the UK context to identify key operating parameters ( e.g.biogas

throughput; utilisation of energy outputs), as well as market and pol-

icy variables (e.g.energy prices, subsidy support), which impact the

environmental and economic performance of biogas projects.

There are several comprehensive reviews on biogas utilisation. How-

ever, the reviews tend to focus on a speciÞc link in the biogas utilisation

chain, such as upgrading technologies, rather than considering the

whole biogas life cycle i.e.biogas upgrading (if any), end-use (natural

gas replacement, transport fuel etc.) and policy support. Due to the

large variation in biogas systems across countries, advancements in

technology, new policy developments and competing renewable en-

ergy solutions, a comprehensive study of all global biogas systems is

unrealistic and beyond the scope of this thesis. The following review

presents the properties of the UK biogas sector, state of the art for biogas

upgrading, current policy support and the principles for linking these

areas together for a systems analysis of UK biogas utilisation pathways.
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Optimal biogas plant size was investigated by Walla and Schnee-

berger (2008) who reported plant sizes between 575 Ð 1150kWel to

return the lowest costs for unit biogas and electricity production. How-

ever, they concede that these plant sizes depend on local feedstock

availability and government investment support. In particular, the

availability of maize silage (which is the feedstock used in their model)

and the cost of using it, i.e., production and transport, are both sensitive

variables. In general, the efÞciency of electricity production increases

with increasing size (Walla and Schneeberger (2008)), but the increase

in capacity requires more feedstock, maize silage in this case, which re-

turns an increased transport cost. Hence, their results reßect the general

case for Austrian biogas plants in 2008, but optimal plant sizes in other

countries may vary signiÞcantly depending on transport infrastructure,

feedstock and CHP technology.

2.5.2. Environmental impact

When evaluating the environmental impact of biogas systems, studies

typically use greenhouse gas (GHG) emissions in kgCO2eqto measure

and compare utilisation routes, Murphy et al. (2004); Patrizio et al.

(2015); Dzene et al. (2014). Similar to economic studies, there was no

general consensus as to the best biogas utilisation route for giving the

lowest GHG emissions, Wenisch and Monier (2007); Dzene et al. (2014).

In contrast, different studies identiÞed transport as either the most

attractive (Wenisch and Monier (2007); Murphy et al. (2004)), or the
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least attractive (Dzene et al. (2014)) option for reducing GHG emissions.

Possible reasons for these conßicts are discussed below.

A difÞculty in comparing the results in studies from different re-

gions is that they use emissions factors for displaced fossil derived

energy sources in their models. While values for petrol, diesel and

natural gas could be expected to remain similar between countries, the

emissions factor for electricity depends directly on the local energy

mix and can vary signiÞcantly. For example, the UK government gives

an electricity carbon intensity factor of 0.412 kgCO2eq kWh! 1 (DBEIS

(2016)), but Patrizio et al. (2015) used 0.428kgCO2eq kWh! 1 based on

Italian values, while the French study (Wenisch and Monier (2007))

used 0.385kgCO2eq kWh! 1. Having higher electricity carbon intensity

factors would favour biogas to CHP due to the larger reduction in

GHG emissions associated with displacing grid electricity with biogas

derived electricity.

Dzene et al. (2014), who identiÞed transport as the worst option

for biogas, used a relatively high value for electrical efÞciency of 40 %,

which is at the top end of the usual range of 30 Ð 40 % for electrical

efÞciency (Lantz (2012)). In addition, they did not consider either

partial heat utilisation, or the difÞculty in matching heat production

with demand for heat, in their model.

When Patrizio et al. (2015) calculated the avoided emissions for

biogas transport fuel, they only considered displacing CNG rather than

diesel or petrol, which both have higher carbon intensities (0.233 and
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0.246kgCO2eqrespectively) than CNG (0.184 kgCO2eq), DBEIS (2016).

In contrast Wenisch and Monier (2007) investigated the effects of biogas

transport fuel displacing either diesel, petrol, or CNG, as well as biogas

to CHP. They reported that even biogas displacing CNG transport fuel

produced greater GHG savings than biogas to CHP, a Þnding that

contrasts with the conclusions reported by Dzene et al. (2014).

Overall, therefore, it is apparent that the literature provides no

general consensus on the ÒbestÓ biogas utilisation pathway. My conclu-

sions from reviewing these published studies is that due to the complex

nature of biogas systems and differences in local policies and energy

make up, speciÞc analyses are required on a case-by-case basis, par-

ticularly to give more insight into optimal biogas uses relevant to the

UK economy. Hence, the lack of studies relating to UK biogas systems

prompts a need for more investigation and understanding of the key

parameters affecting the economic performance and environmental

footprint. SpeciÞcally, a more detailed analysis taking into account the

heat utilisation of CHP systems is required because this can make or

break both the proÞtability and GHG emission reduction potential of a

biogas system.

2.6. M EMBRANE BIOGAS UPGRADING

Biogas may be used as-is, however this may lead to problems, such

as corrosion of equipment due to the H 2S and H2O contaminants, as

well as inefÞcient use of equipment, due to the CO 2 content. To combat
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this, biogas cleaning and upgrading are often crucial steps in biogas

utilisation pathways. This section focuses on CO 2 removal, which is

referred to as upgrading.

Following the increase in biogas related papers, published in the

past 10 years, several reviews on the subject of biogas cleaning and

upgrading have been published in scientiÞc literature, Abatzoglou

and Boivin (2009); Weiland (2010); Bekkering et al. (2010); Ryckebosch

et al. (2011); Awe et al. (2017); Singhal et al. (2017). There have also

been many technical reports published on biogas upgrading, Bauer

et al. (2013); Bright et al. (2011); de Hullu et al. (2008); Dirkse (2015);

Allegue and Hinge (2014); Persson et al. (2008). Currently, the main

technologies used for biogas upgrading are pressure swing adsorption,

physical absorption (most commonly with water, but also with organic

solvent), chemical absorption (mostly amine-based liquids, such as

monoethanolamine), membrane separation and cryogenic separation

(Table 2.3).

Physical absorption exploits the difference in solubility of CO 2 and

CH4 to separate these gases. Biogas is mixed with a scrubbing liquid

and CO2 is preferentially absorbed. Water is the most popular choice of

scrubbing liquid, occupying 41 % of the upgrading market share, likely

due to its ease of use,i.e., non-toxicity and low cost. However, methanol

and polyethylene glycol-based organic solvents * are also used instead

of water. Potential advantages are that they exhibit higher (Þve times

*The common trade names are Selexol̈ and Genosorb¨ .
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more) CO2 solubilities than water.

Chemical absorption, like physical absorption, relies on preferential

absorption of CO 2 in liquid. However, the difference here is that there

is a chemical reaction between CO2 and the solvent. Typical solvents

include either alkanol amines, such as mono ethanol amine (MEA) and

dimethyl ethanol amine (DMEA), or basic solutions, such as potassium

hydroxide (KOH). Advantages of this process over physical absorption

are that higher CH 4 purities and recoveries are possible, together with

increased CO2 solubility. However, these are offset by disadvantages,

including the requirement of a reboiler, used to regenerate the scrubbing

liquid, and the greater cost of liquid. Consequently, energy use is

relatively high and further disadvantages inlcude the possibility of

scrubbing liquid forming precipitates from contaminants.

Pressure swing adsorption (PSA) works on the principle of a dif-

ference in adsorption afÞnities between CO2 and CH 4. Columns are

Þlled with adsorbate material, (commonly zeolites, activated carbon,

silica gel or synthetic resins), and selective adsorption of CO 2 over CH 4

occurs on the porous, high surface area adsorbent material, as biogas

is fed into the column at high pressure. After the column adsorbent

becomes saturated with CO2 the biogas feed is switched to a different

column, while the saturated column is depressurised, such that the CO 2

desorbs. This process can achieve CH4 recoveries as high as 96 Ð 98 %,

with 2 Ð 4 % methane slip, Bauer et al. (2013).

Cryogenic distillation separates CO 2 and CH 4 based on the differ-

38



CHAPTER 2

ence in their boiling points. CO 2 has a boiling point of " 78¡C and

CH4 has a boiling point of " 160¡C. However, the energy consumption

is high compared to the other upgrading technologies and the main

examples used for biogas are pilot scale or test-sites, Bauer et al. (2013).

The biogas feed requires pressurisation up to 200bar, which can require

the equivalent energy of up to 10 % of the Þnal biomethane energy

produced.

Membrane separation operates on the principle of a difference in

permeability of CO 2 and CH 4. Most membranes permeate CO2 at a

higher rate than CH 4, although both gases do permeate to some degree.

The preferential permeation of CO 2 is the mechanism that facilitates

the separation of CO2 and CH 4. Operating pressures for membrane

systems vary between 8 Ð 40bar. Membrane separation involve a trade

off between CH 4 purity and recovery efÞciency. The higher the CH 4

purity is needed, then the lower the CH 4 recovery is going to be.

The latest technical reports on biogas upgrading technology show

that the costs and energy requirements are similar, in the range of 1, 500

Ð2, 000£ (m3 h! 1)! 1 and 0.2 Ð0.3 kWh m! 3, respectively. All four of

the upgrading technologies are also capable of producing 98% pure

CH4 biomethane, which makes them suitable for grid injection projects

in Germany, Austria, Sweden and the UK, Potts et al. (2008); Wellinger

(2013). Upgrading costs play a signiÞcant role in the overall ability

of a biogas system to be proÞtable, which makes investigating either

alternative, or improved upgrading systems, that offer the potential to
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Table 2.3. The cost of biogas upgrading systems, Bauer et al. (2013).

Tech. Costa Energyb CH4 purity CH4 recovery

[ £ (m3
biogas h! 1)! 1 ] [ kWh m! 3

biogas ] [ % ] [ % ]

Water
scrubber

2, 250Ð1, 400 0.2 Ð 0.3 98 99

Membrane
separation

2, 250Ð1, 900 0.2 Ð 0.3 > 97 98 Ð 99

Pressure
swing
adsorption

2, 500Ð1, 500 0.15 Ð 0.3 98 n/a

Amine
absorption

2, 900Ð1, 600 0.67 Ð 0.69 99.9 99.9

Cryogenic
distillation

n/a # 0.7 n/a n/a

a For biogas feeds between 500 Ð1, 000m3 h! 1.
b For biogas feeds between 500 Ð1, 000m3 h! 1, cf. typical biogas energy content # 6 kW h m! 3.

reduce costs, an important area of biogas research (Table 2.4).

Combining membrane separation with CHP was found to give

higher returns on investment than using the biogas for either membrane

separation, or water scrubbing, by themselves, Scholz et al. (2013a). Re-

search suggests there is room for improved separation liquids to be used

in amine absorption columns. However, the costs of these chemicals

are too high to be deployed commercially. Membrane technology relies

on the chemical properties of the membrane to achieve the separation,

but no studies to date investigate the impact of improved membrane

separation properties on overall upgrading economics. Instead, studies

focus on alternative membrane conÞgurations to improve CH 4 recovery

and CH 4 purity.

Currently, membranes used in biogas separation consist of a thin

(# 50 Ð 200nm) selective layer sitting on top of a microporous support
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Table 2.4. Summary of literature comparing biogas upgrading technologies.

Technology Economics Environmental Ref.

M & CHP or M &
WS or M & AS

M & CHP Ñ Scholz et al. (2013a)

PSA or WS or M Ñ WS Pertl et al. (2010)

WS or AS or ILS Ñ ILS Xu et al. (2015)

WS or AR or BAU
or M or AS

Ñ BAU Starr et al. (2012)

M Ñ membrane separation.
WS Ñ water scrubber.
AS Ñ amine scrubber.
PSA Ñ pressure swing adsorption.
ILS Ñ ionic liquid scrubber.
BAU Ñ bottom ash upgrading.

structure, Lin et al. (2014). The two most commonly used membrane

set-ups used are hollow-Þbre membrane separators and spiral wound

membrane units, Lin et al. (2014).

A variety of single-stage, two-stage and three-stage membrane con-

Þgurations have been investigated, with the aim of improving both

Þnal CH4 purity and overall CH 4 recovery, Scholz et al. (2013b); Deng

and H ¬agg (2010); Makaruk and Harasek (2009). Single stage membrane

conÞgurations can improve CH 4 recoveries by using a recycle stream,

although they have not been reported to exceed 95 % CH4 recovery,

Scholz et al. (2013b). For membrane upgrading to to be competitive

with water scrubbing, recoveries of over 98 % are required. Two main

options are available for achieving this, Þrstly additional membrane

units could be added to the conÞguration (Deng and H ¬agg (2010); Chen

et al. (2015)), or secondly the membrane selectivity material property

could be improved, although no studies were found investigating this
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possibility on biogas upgrading.

Two stage membrane conÞgurations have been used to improve

CH4 recovery while maintaining the required 96 % outlet purity re-

quired, Deng and H ¬agg (2010). The CH4 recovery was increased

from 85.5 % to over 99 %, while the energy requirement increased

from 2.8 kWh m! 3 to 2.9 Ð 3.2kWh m! 3, depending on conÞgura-

tion. Also, the total membrane area required for single stage was 1.7

m2 (m3 h! 1)! 1 and for the two stage conÞgurations varied between 1.6

Ð 1.9m2 (m3 h! 1)! 1.

Mass transport through dense polymer membranes follows FickÕs

law and is governed by Eq. (2.1), (Baker and Lokhandwala (2008); Wij-

mans and Baker (1995)).

Ji =
Pi

!
pi f " pi o

"

!
(2.1)

Where Ji is the volume ßux of gas i per unit of membrane area per

second (m3
ST P m! 2

mem s! 1). Then Pi is the permeability of gas i , which is

the membraneÕs ability to permeate gasi (m3
ST P mmem m! 2

mem s! 1 Pa! 1).

The driving force for mass transfer is the difference in pressure between

the feed gas,pi f , and the permeate gas,pi p . Finally, ! , is the membrane

thickness.

For the purposes of gas separation, the ratio of permeabilities of the

two gases that require separating is a critical parameter, which is called
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the ÒselectivityÓ and is given the symbol%, see Eq. (2.2).

%=
Pi

Pj
(2.2)

SigniÞcant research has been undertaken on Þnding membranes

with improved separation properties, i.e., membranes with higher CO 2

permeabilities and higher CO 2/CH 4 selectivities. ScientiÞc reporting

of newly tested membranes have been catalogued by MSA (2016) and

have been collated into a graph plotting CO 2/CH 4 selectivity versus

CO2 permeability, see Fig. 2.5. However, while studies have been

published investigating biogas membrane upgrading conÞgurations

(Deng and H ¬agg (2010); Scholz et al. (2013b); Makaruk and Harasek

(2009)), I did not Þnd any relevant literature investigating either the

effects of substituting improved membrane separation properties into

upgrading models, or discussing the potential effects of membrane

properties on the overall cost and efÞciency of upgrading.

2.7. BIOGAS TRANSPORT FUEL

The UK transport sector needs to decarbonise to help the UK reach

its target of reducing carbon emissions by 80 % cf. 1990 levels, (Cli-

mate Change Act; 2008). Transport was the most energy intensive sec-

tor in the UK and road transport accounts for 70 % of the energy use.

Hence, displacing the current fossil-based road transport with renew-

able alternatives is necessary if the UK is to meet the aforementioned
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Figure 2.5. A log-log plot of selectivity against permeability for the CO2 and CH4 gas

pair, adapted from data accessed from theMembrane Society of Australiadatabase,

MSA (2016). The Robesonupper boundrelationships published in 1991 and 2008 are

included, Robeson (1991, 2008).

targets.

Transport fuels, speciÞcally diesel and petrol, have higher market

values than natural gas. There are many beneÞts associated with using

biogas as a transport fuel in the UK, including, improved fuel security, a

larger renewable energy contribution, insulation from oil price volatility,

signiÞcant well-to-wheel CO 2 reductions and improved air quality from

local vehicle emissions (i.e. reductions in NO x and PM10 and PM2.5),

Kollamthodi et al. (2016); Harwood and Matthews (2013); Bordelanne

et al. (2011).
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However, as with all new and unestablished technologies, there are

barriers to bringing them to market and biomethane is no exception.

The potential economic beneÞts of improved running costs offered by

compressed gas vehicles are often offset by relatively higher capital

costs for gas vehicles, (NSCA (2006); Browne et al. (2012)), despite oth-

ers Þnding that biogas for use as vehicle fuel is the most economically

attractive utilisation route, B ¬orjesson and Ahlgren (2012); Lantz et al.

(2007). Also, in the UK, there currently exists insufÞcient refuelling

infrastructure for gas vehicles. This leads to the chicken and egg conun-

drum for companies looking to invest, i.e., companies looking to invest

in ßeets of gas vehicles want assurance they can be fuelled, while on

the other hand, the companies looking to build refuelling stations want

assurances they will have a market to sell fuel to.

The UK government supports the production of renewable transport

fuels via the Renewable Transport Fuel Obligation (RTFO), which came

into force in 2008 RTFO (2012). Under this scheme all transport fuel

producers are required to produce a proportion of renewable transport

fuel. Renewable transport fuel that is produced can be used to claim Re-

newable Transport Fuel CertiÞcates (RTFC), which may then be sold to

companies who do not produce their own renewable transport fuel. The

government has set a maximum buy-out price of 30 pence per RTFC,

however, there is no minimum price guaranteed, Dept. for Transport

(2016a). Hence, it is crucial to understand the dependency of biogas on

these subsidies with regard to being competitive with diesel and petrol,
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because this may represent a major commercial risk associated with

renewable transport fuel production.

The Renewable Transport Fuel Obligation RTFO is the UKÕs primary

policy for supporting the supply of biofuels to the market. Transport

fuel suppliers are required to have 5 % of their total transport fuel

production come from a renewable source, RTFO (2012).

RTFCs issued to a company can be saved for either future use, or

sale, but only 25% of a companyÕs RTFO annual target can be met by

using its own banked certiÞcates. Companies that do not meet the

biofuel supply targets can buy RTFCs at a market rate from companies

that have exceeded their target and hence meet the requirement that

way. If all fuel companies meet the required targets, the RTFCs will

effectively have no value.

On the other hand, if companies do not meet the required targets, RT-

FCs will acquire value through trade on an open market and the greater

the shortfall, the greater the demand and consequent value. There is

a third option to allow companies to achieve their RTFO obligations.

A Þxed Òbuy-outÓprice for each unit of shortfall between the target

and the actual volume supplied to the market has been set and compa-

nies can opt to pay this Òbuy-outÓprice, rather than either supplying

biofuels to the market, or purchasing RTFCs in the open market. The

funds collected through the buy-out fees are then either redistributed to

those redeeming, or surrendering RTFCs therefore providing a Þnancial

incentive for producing biofuels.
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However, the buy-out also limits the maximum value of an RTFC to

the value of the buy-out fee. The 2008/2009 year saw the UK meet its

target of 2.5% biofuels reaching the market place and in fact, there was

such an oversupply of biofuels that the maximum bankable allowance

of 25% for the following Þnancial year 2009/2010 satisÞed the total

biofuel requirement of that year. Consequently, this produced a very

limited market demand to purchase excess RTFCs and since production

targets had already been met, no central buy-out fund could accumu-

late, which caused the RTFC value to fall to zero. Theoretically, the

difference in fuel duty between biomethane and both petrol and diesel

should provide some protection from variation in RTFC price, however,

as the above example proves, there is no guaranteed subsidy.

Browne et al. (2012) identiÞes that the most signiÞcant barriers to

alternative fuels and vehicles are; the availability of vehicles and fuels,

feedstock availability, infrastructural challenges and path dependence.

Fuel and vehicle costs are considered signiÞcant barriers speciÞcally

for natural gas, which is more widely used than biogas in transport

applications.

Steenberghen and L«opez (2008) conclude that usually a combination

of policies are required to overcome the barrier to implementing new

technologies. They noted that one of the most important factors is

developing reliable technology, since adopting new technology brings

higher risks than business as usual. Also, difference in fuel duties could

have a major impact on the adoption of technology. Policy should aim
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to decrease the uncertainty inherent with investing in new technology.

2.7.1. Engines used with biogas

Wasiu et al. (2012) reviewed the reported performance effects on internal

combustion engines when mixing CO 2 with natural gas. In general,

increasing CO2 concentrations produces slower ßame speeds, which

ultimately affect both the engine output power and thermal efÞciency,

&th . Carbon monoxide and hydrocarbon engine emissions reportedly

increase, while nitrous oxide (NO x) emissions decrease.

The thermal efÞciency does not change appreciably between the use

of biogas and biomethane fuels. While biogas has a lower enthalpy of

combustion, compared with biomethane, higher compression ratios

can be used without engine knocking. This allows similar thermal

efÞciencies at CO2 concentrations between 0 Ð 40mol %. Measured

values of 20% were recorded by Chandra et al. (2011) for an ICE engine

working at 50% load.

Two key control parameters are used to deÞne gaseous fuel speciÞ-

cations, i.e., ÒWobbe numberÓ and ÒMethane numberÓ, Scania (2016).

The Wobbe number is used as a measure of the combustion properties

of gases. Gases with similar Wobbe numbers will have similar combus-

tion properties such as heat released and ßame speed, hence it is used
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to ensure gases are suitable to be used in the desired application.

Wobbe No. =
! Hcombustion#

! gas

! air

(2.3)

The methane number is an attempt to provide a gaseous fuel knock

rating (similar to petrol fuelled cars, c.f. the Motor Octane Number),

Malenshek and Olsen (2009); Wellinger (2013). The methane number of

biogas (derived from AD) is 139, of natural gas 90, and of propane 34,

Malenshek and Olsen (2009); Leiker et al. (1972). For all compositions

of biogas considered, the methane number will be above the required

value of 70.

2.8. L ITERATURE SUMMARY

Three main gaps were identiÞed in relation to biogas use in the UK.

The Þrst area of importance relates to a lack of knowledge for advising

producers what they should use biogas for, in terms of providing an

economically viable, renewable energy source. Especially identifying

potential barriers that might inhibit the most effective deployment of

biogas, such as district heating infrastructure, disparity in subsidies

and the relatively low price of natural gas.

The second missing piece of information was the effect of upgrading

cost on the utilisation of biogas. Over the past 15 years, literature costs

for upgrading technologies have converged to similar values, but I

could Þnd neither comments, nor analysis, exploring the implications
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of this cost on limiting biogas utilisation pathways.

Biogas use in the UK transport industry has unanimously been

identiÞed as a way to decarbonise, with the subsidies available allowing

biogas derived transport fuel to be cheaper than diesel, when compared

on a fuel to fuel basis. However, barriers to adoption still exist and I

found no explanations offering improved ways for policy to help realise

the uptake of biogas derived transport fuels.

In summary, biogas can help increase the fraction of renewable

energy and thus help reach both UK and world targets. The current

literature provides no clearly deÞned utilisation strategy for maximis-

ing proÞtability or carbon reduction potential, thus identifying the

need for acquiring knowledge and understanding of site-speciÞc bio-

gas utilisation. Consequently, the rest of this thesis reports the results

of my research, aiming to address the economic and carbon reduction

potential of biogas in the UK.
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M ETHODOLOGY

OVERVIEW

The methods used to compare and evaluate biogas utilisation path-

ways are presented here. In brief, economic and environmental metrics

were calculated from mass and energy balances across the biogas sys-

tems of interest. These relied on mass and energy balances of biogas

upgrading technology, which were used to calculate economic and

environmental impacts of the biogas systems.

This chapter provides an overview of the biogas system under con-

sideration and the key stages are identiÞed. The methods used to model

the mass and energy balances of these key stages are presented. Next,

the economic and environmental analysis methods are described. Fi-

nally, the system analysis and optimisation algorithms, (used to solve

the mass, energy, economic and environmental models), are presented

and the speciÞc biogas systems under consideration in Chapters 4 to 6

are given.
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3.1. THE BIOGAS SYSTEM

The net effect of biogas utilisation pathways depends on a chain of

two or more linked steps, deÞned as the system. The systems analysis

employed here followed a similar methodology to a life cycle assess-

ment (see Fig. 3.1) deÞned by ISO standards 14040 and 14044, and

outlined in ISO (2006); Baumann and Tillman (2004). Next an inventory

analysis was carried out, which for the this research involved Þnding

the relevant models to adequately describe the biogas systems under

consideration, in addition to Þnding data sources for use in the en-

ergy, economic and environmental models. Following this an impact

assessment was carried out where suitable parameters were chosen to

represent system performance and their values were calculated over

regions of interest. While these phases are being carried out, the work

is interpreted to keep the limitations and applicability of the models in

mind.

!"#$%&'#(#)*%+,#
-,./0/1/%0

2"#304,01%56#
&0&'67/7

8"#39+&*1#
&77,779,01

301,5+5,1&1/%0

Figure 3.1. Flow diagram of the phases used when constructing the system analyses

in this report. Adapted from the methodology used in life cycle assessment, defined

in ISO standard 14040, ISO (2006); Baumann and Tillman (2004).

Biogas is produced from anaerobic digestion facilities, where a vari-

ety of feedstocks can be (and are) used, including various waste sources,
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energy crops and additives, such as glycerine. However, this study

is concerned with biogas utilisation and upgrading routes, hence the

systems under consideration, in general, start with a raw biogas feed

and end with the biogas products, such as heat, power and biomethane,

see Fig. 3.2. Consequently the source of the biogas feed was not di-

rectly relevant for the modelling stage (inventory and impact stages),

although this is an important consideration, which is addressed when

interpreting and discussing the model results.

Biogas treatment covers such activities as cleaning (H2S and H2O

removal), upgrading (CO 2 removal), compression and cooling. The

utilisation step refers to the unit operation used to convert biogas to the

desired products, such as heat, power and biomethane.
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(a)Biogas system.
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(b)Biogas treatment.
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(c)Biogas end-use utilisation.

Figure 3.2. Flow diagram of the biogas system boundary under consideration for this

study. In 3.2a the dashed line represents the system boundary. Biogas treatment

is defined as the biogas cleaning and upgrading processes (3.2b). Biogas utilisation

accounts for the various applications that biogas may be used for (3.2c).
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Now that the biogas system has been deÞned, the general analysis

procedure is given in Fig. 3.4. Boundary conditions are required to

start the analysis, which in this case constitutes deÞning the feed biogas

stream and choosing the relevant unit operations, (Fig. 3.3, Section 3.1.1,

and Table 3.1). Next three calculation stages are used to model the bio-

gas system. Then, the Þnal stage, sorts the output into useful metrics for

quantifying the system, including, net present value, methane recovery

and energy demand.

Calculations 1, the Þrst stage, is devoted to solving the system mass

and energy balances. This involves modelling the upgrading unit,

either water scrubber, or membrane separation. The crossßow gas

separation model was used to solve the membrane upgrading mass

and energy balances Ñ equations and further information are given in

Section 3.2.1. The water scrubber was modelled assuming a HenryÕs

law equilibrium relationship and the two-Þlm mass transfer theory Ñ

see Section 3.2.2 for the detailed modelling description.

The second stage in the modelling process involved applying design

equations to the upgrading unit, compressor(s), heat exchangers and

gas cleaning operations. This calculation stage provides information

vital for the economic modelling of the process, e.g., size of compressors

needed, size of absorption columns used in water absorption, the area of

membrane and the size of heat exchanger needed for post compression

gas cooling. The relevant equations for each operation are given in

Sections 3.2.1 to 3.2.5.
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The Þnal calculation stage used economic models and environmen-

tal parameters to quantify overall process metrics. The economic mod-

elling was accomplished using power law capital costing relations and

current UK utility prices to calculate potential revenue, details of which

are given in Section 3.3. Carbon factors were used to evaluate rela-

tive environmental performance and the data sources and application

methods are given in Section 3.4.

!"#$%&'"()'*+ ,-./&+"%(01%)$$"%

(a)Biogas upgrading and CHP options.

!"#$%&''"%(&)*+&,-.)/0&% 12#$ 34"0)'+-5&)/4/0

(b)Biogas ancillary and cleaning operations.

Figure 3.3. Schematics illustrating the various unit operations used in the biogas

process modelling.

3.1.1. Biogas speciÞcations

This study uses three main gas speciÞcations for modelling; the Þrst

is raw biogas feed; the second is biogas cleaned to a standard that

is compatible for use with CHP units; the third is biomethane for

grid injection, see Table 3.1. The raw biogas feed was deÞned as a

60" 40mol% gas mixture of CH 4-CO2, with 1000ppmv H2S and100%

humid, based on data collated from a selection of biogas literature and

data sources; Sharpe et al. (2013b); Deublein and Steinhauser (2008);
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START

CALCULATIONS 1
system mass balance

INPUT
boundary conditions

CALCULATIONS 2
sizing membrane, compressor & HX

CALCULATIONS 3
Economic & environmental evaluation 

OUTPUT
NPV, cost, recovery, energy

STOP

Figure 3.4. Flow diagram of the solution procedure used to carry out the system

analysis.

Frost and Gilkinson (2011); Bywater (2012). The CHP-grade biogas was

deÞned based on CHP manufacturer operating guidelines and features

a reduction in H 2S and moisture content of the biogas to 300ppmv and

10¡C dew point, respectively, to reduce corrosion and ensure heat and

power outputs could be met. The biomethane gas speciÞcation was

based upon the Ofgem gas standards produced by the UK Gas Act 1986,

Ofgem (2014).

3.2. M ASS & E NERGY BALANCES

This section presents the theory and equations used to model the mass

and energy balances for biogas process equipment. First, biogas up-

grading is presented and the two main technologies considered are
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Table 3.1. Raw biogas feed specifications.

Property Biogas feed

CH4 [vol%] 60

CO2 [vol%] 40

H2S [ppmv] 1,000

H2O dew point, [¡C] Saturated

Pressure [bar] 1.013

Temperature [¡C] 20

Flowrates [m3 h! 1] 1, 000

Table 3.2. CHP and biomethane specifications.

Property CHP-biogas Biomethane

CH4 [vol%] 60 96

CO2 [vol%] 40 4

H2S [ppmv] 300 150

H2O dew point, [¡C] 10 -20

Pressure [bar] 1.013 1.075

Temperature [¡C] 20 20
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membrane separation and pressurised water scrubbing. Next biogas

cleaning via H 2S adsorption on activated carbon and water removal

via chilling and adsorption. Following this is the section on CHP opera-

tion and output. Finally the models for ancillary equipment, such as

compressors, heat exchangers and pumps are given.

3.2.1. Membrane Separation
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Figure 3.5. Basic illustration of the membrane separation streams and name defini-

tions. The feed stream enters the membrane separation unit and contains the gas

mixture intended to be separated, in this case biogas. The unit has a high pressure

feed-side and low-pressure permeate side. In this case, CO2 permeates across the

membrane and ends-up in the permeate stream. The retentate comprises the left

over gas, in this case biomethane.

To analyse membrane upgrading biomethane production, a math-

ematical model is required to predict the separation of CO 2 and CH 4.

First, though, it is useful to provide some deÞnitions. The ÒfeedÓrefers

to the gas mixture entering the membrane separation unit. The Òreten-

tateÓis the gas stream exiting the unit and consists of the leftover gas
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after part of the feed gas has permeated through the membrane. The

ÒpermeateÓrefers to the gas stream exiting the unit, which comprises the

gas that has permeated through the membrane. Hence, biogas is the

feed stream and biomethane is the retentate stream, see Fig. 3.5.

The economic and environmental impacts of membrane biogas up-

grading are affected by the area of membrane required, the quantity

of methane lost in the permeate and the pressure required to give the

required separation. Consequently, a mathematical model is used to

calculate the properties for the case of biogas upgrading to biomethane.

The cross-ßow membrane model, (Fig. 3.6), for a two species gas mix-

ture, was chosen because it approximates the ßow pattern that would

be observed in spiral-wound membrane separators, Chen et al. (2015);

Thundyil and Koros (1997); Weller and Steiner (1950).
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Figure 3.6. Schematic of the crossflow model assumption used to calculate gas

separation of a two gas mixture, Geankoplis (2014); Weller and Steiner (1950).

59



CHAPTER 3

Gas permeation across dense polymer membranes is modelled using

the solution-diffusion mechanism, Wijmans and Baker (1995). The

overall mass transfer equation for the gas ßux, J , of species,i , is given

by Eq. (3.1). Where Pi is the permeability of species i , and ! is the

thickness of the membrane and pi,feed is the partial pressure of species i

on the feed side and pi,permeate is the partial pressure of species i on the

permeate side.

Ji =
Pi (pi,feed " pi,permeate )

!
(3.1)

The crossßow gas separation model starts by applying the solution-

diffusion equation to a binary gas mixture ( e.g.CO2 and CH 4), to Þnd

the the local permeation rate over a differential area for both species,

given by Eqs. (3.2) and (3.3). Herex is the mole fraction of CH 4 on

the feed-side of the membrane, y is the mole fraction of CH 4 on the

permeate side of the membrane,q is the ßow rate of gas, PCH 4 is the per-

meability of CH 4 through the membrane, ! is the membrane thickness,

ph is the pressure on the feed side of the membrane, pl is the pres-

sure on the permeate-side of the membrane and dAm is the differential

membrane area.

ydq=
PCH 4

!
(xph " ypl ) dAm (3.2)
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(1 " y) dq =
PCH 4

!
((1 " x) ph " (1 " y) pl ) dAm (3.3)

Dividing Eq. (3.2) by Eq. (3.3) then gives an equation that relates the

permeate composition to the retentate composition at points along the

membrane, where %is the membrane selectivity, see Eq. (3.4).

y
1 " y

=
%

$
x " pl

ph
y
%

(1 " x) " pl
ph

(1 " y)
(3.4)

The overall stage cut, ' , is deÞned as the ratio of permeated gas to

feed gas, see Eq. (3.5). The stage cut increases as the gas moves along

the membrane. A differential stage cut, ' " , is deÞned as the stage cut at

a point along the membrane before it has reached the end, see Eq. (3.6).

' =
qp

qf
= 1 "

qr

qf
(3.5)

' " = 1 "
q
qf

(3.6)

An analytical solution to Eqs. (3.2) to (3.4) was reported by Weller

and Steiner (1950), which was used in this study to model biogas up-

grading, see Eq. (3.7). Where the variablesD, E, and F are deÞned

by Eqs. (3.8) to (3.10) and the exponentsR, S, and T are deÞned by

Eqs. (3.11) to (3.13). The termu is deÞned by Eq. (3.14) and the termuf
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is the value of u when i = i f , see Eqs. (3.15) to (3.17).

(1 " ' " ) (1 " x)
1 " xf

=

&
uf " E

D

u " E
D

' R (
uf " %+ F
u " %+ F

) S (
uf " F
u " F

) T

(3.7)

D =
1
2

*
(1 " %) pl

ph
+ %

+
(3.8)

E =
%
2

" DF (3.9)

F = "
1
2

*
(1 " %) pl

ph
" 1

+
(3.10)

R =
1

2D " 1
(3.11)

S =
%(D " 1) + F

(2D " 1)
!

"
2 " F

" (3.12)

T =
1

1 " D " E
F

(3.13)

u = " Di +
!
D 2i 2 + 2Ei + F 2

" 1
2 (3.14)

uf = " Di f +
!
D 2i 2

f + 2Ei f + F 2
" 1

2 (3.15)
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i =
x

1 " x
(3.16)

i f =
xf

1 " xf
(3.17)

The stage-cut, concentration of CH4 in the permeate and correspond-

ing pressures have now been calculated, Eqs. (3.2) to (3.17). These are

important parameters for calculating the CH 4 recovery of the mem-

brane upgrading unit and the corresponding pressure for the separa-

tion, which impacts the cost, (operating and capital), of the compressor

needed.

Finding the area of membrane required to perform the separation,

as calculated above, is important for calculating the capital cost of the

membrane separation unit. The total membrane area, Am, is given

by Eq. (3.18), wheref i is a function deÞned by Eq. (3.19), Weller and

Steiner (1950). The limits of the integral are calculated from io, which

is the value of i at the outlet (xo), and i f , which is the value at the feed

(xf ). To calculate the membrane area using Eq. (3.18), the integral is

solved numerically using values of ' " found using Eq. (3.7).

Am =
!qf

phPCO2

, i f

i o

(1 " ' " ) (1 " x)

(f i " i )
$

1
1+ i " pl

ph

1
1+ f i

%di (3.18)

f i = ( Di " F ) +
!
D 2i 2 + 2Ei + F 2

" 1
2 (3.19)

63



CHAPTER 3

The integral in Eq. (3.18) requires numerical integration. The trape-

zoid rule from the Newton-Cotes family of numerical integration for-

mulas was used to evaluate the numerical integration. The numerical

integration was performed using a MATLAB script with the trapz func-

tion. M ATLAB was chosen because it offered the required amount of

programming ßexibility without the extra complexity of a full process

modelling suite such as Aspenª.

During analysis, it was found that the membrane area prediction

was unstable when using low, ( ! p < 10bar). The instability was traced

to a portion of the integral, pl / ph , from Eq. (3.18). It was found necessary

to stabilise the model area calculation by replacing this expression with

the constant value 0.001.

When modelling gas separation using the cross-ßow model, there

are nine variables to consider, inlet concentration xf , outlet concentra-

tion xo, permeate concentration yp, stage cut ' , permeability P, selec-

tivity %, pressure ratio ph/pl and membrane thickness ! , and feed gas

ßowrate q. The thickness was assumed to be0.5µm based on literature

values [Baker and Lokhandwala (2008)], the inlet concentration was

set to 60mol% CH4 (i.e.raw biogas), the outlet concentration was Þxed

at 98mol% CH4 (i.e.biomethane), the low pressure was chosen to be

1.01bar so that no vacuum equipment was needed, the high pressure

was varied between 5 Ð30bar, the permeability and selectivity were

varied between 1 Ð1, 000, 000barrer and 1.1 Ð10, 000respectively. The

values of yp, ' and Am were to be determined using the crossßow model
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as all the other variables were speciÞed.

The permeate concentration of CH4, yp, determines the amount

of CH 4 that is recycled to the feed, and purged. The stage cut, ' ,

determines the fraction of gas that permeates across the membrane,

which allows calculation of the CH 4 recovery. The membrane area,Am,

provides the equipment size parameter, which is fed into the economic

cost estimation model, (Section 3.3).

3.2.2. Pressurised Water Scrubbing

Pressurised water scrubbing is a common method employed to upgrade

biogas. It separates gas mixtures based on a difference in solubility of

the different species. For the case of biogas, CH4 has a lower solubility

in water than CO 2, (2 mM versus 70mM at STP).

In this thesis, a biomethane gas speciÞcation is deÞned, (Table 3.2),

and the corresponding energy use, CAPEX, OPEX and CH 4 recovery of

the water scrubber is needed. The following three steps are needed to

calculate the aforementioned performance metrics.

1. Equilibrium modelÑ calculates the CO 2 and CH 4 solubilities.

2. Mass transfer modelÑ calculates the rate of CO 2 removal.

3. Design calculationsÑ calculates the column dimensions.

Optimal pressurised water scrubbers recycle the CO2-rich water

using a desorption (stripper) column with air. Hence the WS ßow dia-

gram for biogas upgrading is given in Fig. 3.7. Short-cut methods have
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been used to model and design a water scrubber for biogas upgrading,

based on those presented by Coulson et al. (1999); Richardson et al.

(2002); Geankoplis (2014); Scholz (2013).
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Figure 3.7. Process flow diagram for a pressurised water scrubber biogas upgrading

system. Absorption column removes CO2 from the biogas, then the water passes to a

flash drum where any CH4 in the water is released along with most of the CO2, then

the water is fed to a desorption column that removes the rest of the CO2 using air as

the stripping gas, then the clean water is recycled back to the desorption column.

3.2.2.1. Equilibrium

HenryÕs law was used to model the gas-liquid equilibrium between

CO2 and water, see Eq. (3.20). This is applicable for dilute systems and

does not account for thermodynamic non-idealities that exist between

chemical species. Given that CO2 concentrations stay below 100mM ,

the system is assumed dilute and HenryÕs law adequately describes the
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equilibrium.

ci = H i pi (3.20)

The HenryÕs law coefÞcient,H , is a function of temperature and was

calculated using Eq. (3.21), whereA o and k for CO2 and CH 4 were taken

from the National Institute of Standards and Technology Chemistry

WebBook, NIST (2014).

H i = A o expk( 1
T ! 1

To ) (3.21)

3.2.2.2. Mass Transfer

Once the equilibrium conditions have been established, the mass trans-

fer between gas and water phases needs to be calculated. The two

Þlm theory is a widely reported model for predicting mass transfer

in packed columns, Coulson et al. (1999); Richardson et al. (2002); Sin-

nott (2005); Green and Perry (2007); Geankoplis (2014). It assumes

mass transfer is determined by the gas-liquid interface boundary layers,

while the bulk gas and liquid phases are ideally mixed. Hence the mass

ßux, i.e.mass transfer per unit area, can be expressed, assuming the
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gas-liquid interface is at equilibrium, using Eq. (3.22).

J =
dN
dt

= kG (cG " cGi ) = kL (cLi " cL ) (3.22)

The Þrst step in the water scrubber design is to deÞne the desired

quantity of biogas that is to be upgraded, N.B. we also need to deÞne

target biomethane output speciÞcation, which we have already done,

(Table 3.2). For the reference case, a biogas feed of1, 000m3 h! 1 was

chosen. Although this value was also varied and the following analysis

repeated to investigate biogas feed size on biomethane production,

(presented in Chapter 4).

! "#

! $%& ' "#

' $%&

! '

xL xG

xL,in xG,out

xL,out xG,in

Figure 3.8. Schematic for counter current gas absorption.

xG,in =
(

L
G

)
x +

Gy1 " Lx 1

G
(3.23)
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Now the biogas feed has been deÞned, the required water ßow

rate can be estimated. To do this, the equilibrium, ( HenryÕs law), line

for CO2 was plotted and from the this, the minimum operating line

is deÞned. McCabe et al. (2005) suggests the gradient of the actual

operating line should be between 1.1 to 1.5 times the value of the

minimum operating line, see Fig. 3.9. When a value of 1.5 was used

the operating line gradient, (L/G)operating line , was 268 for a1, 000m3 h! 1,

which gives a water ßow rate of 213m3 h! 1, which is within 5% of the

literature values, see Table 3.3.

To dimension the water absorption column, the height and diam-

eter were calculated and an internal packing chosen. The diameter is

determined by the pressure drop due to the column internals (refers

to the packing inside the column Ñ Raschig rings have been assumed

as a typical column packing, used to promote mass transfer between

the gas and liquid phases, Table 3.4) and the gas and liquid ßow rates Ñ

ensuring steady operation with no ßooding or foaming. Typical pres-

sure drops for non-foaming systems have been reported between 15 Ð

Table 3.3. Water flow rates used by industrial water scrubbers for upgrading1, 000

m3 h! 1 biogas feed, Bauer et al. (2013).

Pressure Temperature Water flow

bar ¡C m3 h! 1

8 20 220

8 14 190

6.5 14 220
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Figure 3.9. Equilibrium and operating lines for a water scrubber, usingHenryÕs law

equilibrium relationship and McCabe et al. (2005)Õs recommended operating line.

50mmwater m! 1, and columns are normally designed to operate at the

highest economical pressure drop to maximise liquid-gas distribution,

Towler and Sinnot (2013). Once the pressure drop has been deÞned Ñ a

value of 42mmwater m! 1 was chosen here Ñ the ßow parameter, FLV is

calculated (Eq. (3.24)) and used to determine a corresponding capacity

factor, CP, from the general pressure drop correlation, presented in

Fig. 3.10 (adapted from Towler and Sinnot (2013)) .

FLV =
L
G

-
#G

#L
(3.24)

CP =
13.1FP

$
G

A col

%2 $
µL
! L

%0.1

#G (#L " #G)
(3.25)
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The equation for the effective area is

aw

a
! 1 " exp " 1:45

s c

s L

! " 0:75 L#
w

amL

! " 0:1 L#2
wa

r 2
L g

! " " 0:05 L#2
w

r Ls La

! " 0:2
" #

(11:113)

and for the mass coefÞcients

kL
r L

mLg

! " 1=3

! 0:0051
L#

w

awmL

! " 2=3 mL

r LDL

! " " 1=2

(adp)0:4 (11:114)

kG

a
RT
Dv

! K5
V#

w

amv

! " 0:7 my

r vDv

! " 1=3

(adp)" 2:0 (11:115)
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Figure 11.46. Generalized pressure drop correlation, adapted from a Þgure by the Norton Co.

with permission.
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!"
#

Figure 3.10. Generalised pressure drop correlation chart. Lines of constant pressure

drop (mmwater m! 1 column height) in the column are plotted for the flow parame-

ter, FLV versus the capacity factor,CP. The x-axis is the flow parameterFLV and

the y-axis represents the capacity parameterCP defined in Eqs. (3.24) and (3.25)

respectively. Figure adapted from Towler and Sinnot (2013).

Using the value of CP determined from Fig. 3.10, the deÞnition of

CP (given by Eq. (3.25)) can be rearranged to calculate column area,Acol.

Next, the column diameter, Dcol can be calculated using the column

areaAcol, with Eq. (3.26).

Dcol =

-
4Acol

"
(3.26)
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The column height, H is taken as the required packing height ( Hpack)

to achieve the desired separation plus an additional 15% to allow for

column internals such as liquid distributors and drainage equipment,

see Eq. (3.27).

H = 1.15Hpack (3.27)

The packing height may be calculated using the HTU-NTU model

given in Eq. (3.28), Richardson et al. (2002). Here HTU stands forheight

of transfer unitand NTU stands for number of transfer units.

Hpack =
4G

"D 2K Gapsys. /0 1
HT U

, yout

yin

1
y " y"

dy
. /0 1

NT U

(3.28)

For the case of CO2 absorption in water, a linear equilibrium rela-

tionship may be assumed, which allows the use of the Kremser-Souders-

Brown (KSB) equation for estimating the number of transfer units, NTU,

see Eq. (3.29), whereA is the absorption factor given by Eq. (3.30).

NTU =
ln

2
yin ! y!

out
yout ! y!

out

!
1 " 1

A

"
+ 1

A

3

ln(A)
(3.29)

The absorption factor is deÞned as the local ratio of the operating

slope to the equilibrium line. For the assumed case of straight equi-

librium and operating lines it may be expressed as the ratio of liquid

to gas molar ßow rates divided by the equilibrium constant, K , see
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Eqs. (3.30) and (3.31).

A =
L

GK
(3.30)

y = Kx (3.31)

In order to determine the HTU part of Eq. (3.28), the mass trans-

fer coefÞcient K G and speciÞc wetted area,a, need to be calculated.

The Onda correlationsare frequently used to estimate mass transfer

coefÞcients for dilute systems in packed towers, such as the case of

CO2-water absorption, Onda et al. (1968).

aW = at

*
1 " exp

(
" 1.45

$ $C

$

%0.75
Re0.1Fr! 0.05We0.2

)+
(3.32)

kL = 0.0051
(

µL g
#L

) 1/ 3 ( øL
aW µL

) 2/ 3 (
µL

#L DL

) ! 1/ 2

(atdp)0.4 (3.33)

Where the Reynolds(Re),Froude(Fr), and Weber(We) dimensionless
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numbers are deÞned by Eqs. (3.34) to (3.36).

Re =
øL

atµL
(3.34)

Fr =
øL2at

#2
L g

(3.35)

We =
øL2

#L $at
(3.36)

Then the kL and aW can be used to calculate the Þlm transfer heights

given by Eqs. (3.37) and (3.38).

HL =
Lm

kL aW Ct
(3.37)

HG =
Gm

kGaW psys
(3.38)

The HTU as deÞned in Eq. (3.28) is the overall height of the gas-side

transfer coefÞcient, which OndaÕs correlationexpresses as Eq. (3.39). For

CO2-water systems, the liquid Þlm transfer is rate-determining leading

to the assumption that HG $ 0.

HTU = HOG = HG + m
Gm

Lm
HL % m

Gm

Lm
HL (3.39)

Now that there are expressions for the NTU and HTU, the over-

all height of the absorber column can be calculated using Eqs. (3.27)
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and (3.28). The height, combined with the absorber column diameter

(Dcol, Eq. (3.26)), which give the equipment size, are used in the eco-

nomic model to estimate capital costs. The operating pressure, water

ßow rate and biogas feed ßow rate allow the pump, compressor and

heat exchanger sizes to be calculated, which is used in the economic

model for capital and operating cost estimation.

3.2.3. Biogas Cleaning

Raw biogas produced by anaerobic digesters typically contains H 2S

(here 1000ppmv was assumed for modelling based on literature) and is

saturated with water vapour. Biogas cleaning refers to the process of re-

moving these contaminants to the required levels (process dependent).

3.2.3.1. H2S removal

Removal of H 2 was assumed to be carried out via adsorption on ac-

tivated carbon. Alternative H 2S removal technologies include iron

oxides, and iron chelated solutions. The liquid-based process was ruled

out in order to simplify the process design by not having to consider

another liquid stream. Then, activated carbon was chosen instead of

iron sponge solid adsorbate material based on two biogas plant site

visits, which both used activated carbon for H 2S removal, in addition to

Abatzoglou and Boivin (2009) reporting that iron oxide use has reduced

due to difÞculty in disposing of the spent media. Another advantage

of activated carbon is that it also provides siloxane removal, which is
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Table 3.4. Absorption column model parameters for water scrubber.

Parameter value unit Ref.

Absorption conditions pressure 8 bar a

temperature 20 ¡C a

Column internals packing: Raschig rings 51 mm a

FP 210 m! 1 b

speciÞc surface area 95 m2 m! 3 b

speciÞc wetted areaaW 94.6 m2 m! 3 e

column pressure drop 0.41 mmwater m! 1 b

superÞcial gas velocity 0.09 m s! 1 e

HenryÕs law coefÞcients H CO2 39 mM bar ! 1 c

H CH 4 1.53 mM bar ! 1 c

Diffusion coefÞcients DCO2 1.91& 10! 9 m2 s! 1 d

DCH 4 1.88& 10! 9 m2 s! 1 d

Mass transfer coefÞcients kL (CO2) 1.12& 10! 3 m s! 1 e

kL (CH4) 1.11& 10! 3 m s! 1 e

a user deÞned
b Towler and Sinnot (2013)
c NIST (2014)
d Green and Perry (2007)
e calculated
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required for many AD plants that process food and chemical organic

waste.

A loading rate of 120g(H2S) kg(act.C) was chosen based on liter-

ature values of carbon loading capacities, Allegue and Hinge (2014).

Next, acceptable H2S limits were deÞned; for UK grid injection the

acceptable limit is speciÞed as! 5mgH 2S m! 3 (3.6ppmv), Ofgem (2014).

For CHP operation, a limit of 300ppmv H2S was chosen based on the

CHP manufacturer guidelines. The difference in H 2S between biogas

H2S and required H 2S was used to calculate the activated carbon con-

sumption. The activated carbon was assumed to be changed every 2

weeks, which then allows the adsorption column to be sized, assum-

ing a superÞcial gas velocity of 0.1m s! 1, Scholz (2013). The column

dimensions and activated carbon consumption rate were then used to

calculate the cost of H2S removal.

3.2.3.2. H2O removal

Biogas drying was assumed to take place during compression and

adsorption of H 2S. To account for any extra costs, adsorptive drying

costs used by Scholz (2013) were used to account for water removal

requirement. However, no speciÞc mass or energy model for the water

removal stage was required.
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3.2.4. Combined Heat and Power

Biogas destined to CHP is combusted for the production of electricity

and heat outputs. The electrical and thermal efÞciency of CHP devices

are dependent on the rated CHP capacity. Literature data adapted from

Lantz (2012) were used to construct empirical relations between biogas

capacity and electrical and thermal efÞciencies.

&el = 0.24Q0.09 (3.40)

&th = 0.66Q! 0.07 (3.41)

3.2.5. Pumps, Compressors & Heat Exchangers

To model the power required for pumping liquid, Eq. (3.42) was used.

Ppump =
Qliq ! p
&pump

(3.42)

The power required for a compressor was calculated using Eq. (3.44).

Pcomp = Qgas
RT
&cp

(
( " 1

4(
ph

pl

) #! 1/#

" 1

5

(3.43)

( =
cp

cv
(3.44)
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The compressor outlet gas temperature is too high after compression

to be fed directly to the membrane. The biogas temperature after

compression was calculated using Eq. (3.45).

Tcomp = Tin

(
ph

pl

) #! 1/#

(3.45)

A heat exchanger was modelled and the size was calculated using

Eq. (3.46) and the cooling ßuid used was assumed to be water with inlet

and outlet temperatures of 10¡C and 20¡C respectively and a speciÞc

heat capacity of 4 J kg! 1 K ! 1.

Q = U A ! Tlm (3.46)

! Tlm =
(T1,in " T2,out ) " (T1,out " T2,in )

ln
$

T1,in ! T2,out

T1,out ! T2,in

% (3.47)

3.3. ECONOMIC MODELS

Net present value (NPV) is used to quantify the relative Þnancial per-

formance of each scenario. NPV is calculated by considering capital

expenses (CAPEX), ongoing operating and maintenance costs (OPEX),

and revenues from the sale of energy products. Key parameters for the

Þnancial analysis are shown in Table 3.5. Since biogas subsidy contracts

last for 20 years, the project lifetime was also chosen to be 20 years.
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Annual operation was assumed to be 8, 000h y! 1. The discount rate

was chosen as10 %. Due to the harsh processing environment, the CHP

lifetime was assumed to be 10 years and the membranes would need

replacing every 4 years.

3.3.1. CAPEX

Capital costs were estimated based on publicly available data for indi-

vidual equipment costs. Data related to CHP costing available from UK

government commercial data were used to construct a cost-capacity

curve for estimating CHP unit cost as a function of capacity. An operat-

ing life of 80,000 hours has been identiÞed as representative of spark

ignition CHP units, thus this study assigned a CHP life of 10 years.

Investment costs for columns, pump, compressors and heat exchang-

ers were estimated using GuthrieÕs method and employing scaling ex-

ponents and base size costs. The investment cost (IC), which depends

on an update factor (UF), bare module cost (BC), material and pressure

correction factor (MPF) and the module factor (MF), was calculated

Table 3.5. Economic parameters for biogas analysis.

Parameter value unit

Discount rate 10 %

Project life 20 years

Membrane life 4 years

CHP life 10 years

Annual operation 8000 h áy! 1
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using Eq. (3.48).

IC = UF áBC á(MPF + MF " 1) (3.48)

The UF accounts for the time-value of money. The UF for 2011 was

4.91, Scholz et al. (2013a). To scale this to 2016 values, the annual av-

erageChemical Engineering Plant Cost Index (CEPCI)for 2011 and from

March 2016 were,CEPCI 2011 = 585.7 and CEPCI 2016 = 556.8 respec-

tively. To update the update factor(!), the UF2011 was multiplied by the

ratio of the current (2016) CEPCI to the 2011 CEPCI as in Eq. (3.49). This

gives an UF2016 = 4.67.

UF2016 = UF2011
CEPCI 2016

CEPCI 2011
(3.49)

For equipment with a characteristic size, S, the bare module cost (BC)

was calculated using a reference size and cost,So andCo respectively,

and scaling factor %, see Eq. (3.50).

BC = Co

(
S
So

) "

(3.50)

Pressure vessels with characteristic lengths and diameters,l and d,

respectively are scaled to reference lengths and diameters (lo and do),

using exponential scaling factors ) and ( , see Eq. (3.51).

BC = Co

(
l
lo

) $ (
d
do

) #

(3.51)
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The MPF and MF are values used to scale cost estimates to take

into consideration the extra cost required for equipment rated to higher

pressures and using higher grade materials, e.g., operating at 8 bar using

stainless steel is more costly than operating at atmospheric pressure

using carbon steel. The MPFs and MFs used for the process equipment

are given in Table 3.6.

CHP costing was carried out using data from publicly available

literature [Lantz (2012); UK-CHP (2008)] and a quote for a unit, which

were combined to create a cost-capacity curve, see Fig. 3.11. Three

cost regions were identiÞed from the data and power law trend lines

were used to Þt the data, giving three cost-capacity relationships Ñ

Eqs. (3.52) to (3.54). HereCCHP is the installed cost in £ of the CHP unit

and PCHP is the size of the CHP in kW.

CCHP = 3754.4P
" 0.199

CHP
(3.52)

CCHP = 1733.1P
" 0.087

CHP
(3.53)

CCHP = 6058P
" 0.253

CHP
(3.54)

3.3.2. Membrane Gas Separation Process Costs

There are few resources available in the open literature with costing

data for membrane gas separations due to the proprietary nature of
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Table 3.6. Investment cost parameters used in Eqs. (3.48), (3.50) and (3.51).

Unit operation MPF MF do lo Co So ! "

Compressor 1.29 5.11 Ð Ð £ 15, 800 75kW 0.77 Ð

Fan 1.00 5.11 Ð Ð £ 15, 800 75kW 0.77 Ð

Column a 3.67 6.23 0.91m 1.2m £ 690 Ð 0.81 1.05

Flash drum 4.22 6.23 0.91m 1.2m £ 690 Ð 0.81 1.05

Pump 2.89 5.38 Ð Ð £ 450 8.7bar L s! 1 0.36 Ð

HX small b 2.08 3.83 Ð Ð £ 205 0.5m2 0.024 Ð

HX largec 3.08 5.29 Ð Ð £ 3, 430 37m2 0.65 Ð

a Used for the water scrubber absorption and desorption columns.
b Heat exchanger of < 9m2

c Heat exchanger of > 9m2

!"

!#""

!$%"""

!$%#""

!&%"""

!&%#""

" $%""" &%""" '%""" (%"""

)*
+,

-.
/0

,
1!

,2
3

4$
5

)*+,676-089-:7,.;0<;0,=23>

?@:77

A6B9;@

C:8D6

Figure 3.11. Cost-capacity curve for CHP units. Small-scale CHP (under 1000kW))

costs are given by the solid green line. Medium-scale CHP (between 1000 Ð 2000

kW) are given by the dashed blue line. Large-scale CHP (over 2000kW) are given

by the dotted red line, Lantz (2012); UK-CHP (2008).

the technology. Towler and Sinnot (2013) names the Handbook of Gas

Processing Processesas a reference that provides some information from

vendors. The gas separation membrane costs used in a variety of
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academic journals were collected and are given in Table 3.7.

3.3.3. OPEX

The operating expenditure required for biogas utilisation consists of

operation and maintenance, electricity cost, cooling water cost, labour,

and insurance, see Table 3.8.

Operation and maintenance is a Þxed cost required for the plant to

be kept in good repair. The value for maintenance costs used by Deng

and H ¬agg (2010) was used in this study, 2.3% of CAPEX. Although it

should be noted that this may be on the optimistic side, as Towler and

Sinnot (2013) indicates maintenance costs between 3 Ð 5 % for processes

involved in gas handling. The reason for choosing the lower value is

that the 3 Ð 5 % value refers to processes in the oil and gas industry,

such as either natural gas processing or chemical production, which

tend to be more complicated, i.e., have more unit operations and higher

operating temperature than are involved with the relatively simple gas

upgrading.

Labour costs cover the wages paid to plant operators and supervi-

Table 3.7. Gas separation membrane costs used in academic journals.

Application Cost [£ m! 2] Ref.

Biogas upgrading 121 Valenti et al. (2016)
Biogas upgrading 44 Scholz et al. (2013a)
Natural gas cleaning 3.53 Ð 159 Baker and Lokhandwala (2008)
Biogas upgrading 13.87 Deng and H¬agg (2010)
Biogas upgrading 37.37 Hao et al. (2008)
Natural gas cleaning 37.37 Bhide et al. (1998)
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sors. A labour cost of 1.1 % CAPEX was chosen since it was an accepted

value in published literature on biogas upgrading, Deng and H ¬agg

(2010).

Insurance is required to cover third party liability and potential

plant damage. A value of 2 % of CAPEX was chosen to stay consistent

with the Deng and H ¬agg (2010) study.

The other operating costs are derived from the utilities used, namely

electricity and cooling water. A closed system for the cooling water

was assumed so a value of 0.2p m! 3 was used for cooling water to take

into account leaks. The UK wholesale electricity costs were used for the

electricity costs, UK Government (2016).

3.3.4. Biogas Revenue streams

Biogas revenue streams are modelled by adding the wholesale value of

the displaced commodity, (natural gas or electricity), with the subsidy

value, e.g., RHI and FiTs. Natural gas and electricity wholesale values

were taken from publicly available market data (Ofgem (2017)), and

the subsidies were accessed at FiTs (2016); RHI (2015).

The subsidies available for biogas come in the form of either re-

newable heat incentive (RHI), or the feed-in tariff (FiT) for electricity

generation. The Þnancial value of energy outputs (electricity, heat,

biomethane) was calculated based on two components: the market

value of the energy product and UK government subsidy rate, see

Table 3.9. The market value for generated electricity is differentiated

85



CHAPTER 3

Table 3.8. OPEX values, Deng and H¬agg (2010); UK-CHP (2008); UK Government

(2016).

Parameter value unit

CHP operation & maintenance 0.6 p kW h! 1

Membrane replacement 8.46Am £y! 1

Plant operation & maintenance 2.3 % of CAPEX

Labour 1.1 % of CAPEX

Insurance 2.0 % of CAPEX

Electricity supply 13.41 Ð 9.99 p kW h! 1

Cooling water 0.2 p m! 3

between electricity either consumed on-site, or exported to the elec-

trical grid. Self-consumption of generated electricity is assumed to

displace electricity purchased from the grid, so current industrial con-

sumer rates were used to calculate its value. In contrast, electricity

exported to the grid is assumed to receive the wholesale electricity

price. Heat is assumed to displace natural gas imported from the grid

and used in a boiler (assumed 90% efÞciency), with the value of utilised

heat determined based on the utility natural gas price. Biomethane is

assumed to receive the same price as wholesale natural gas prior to

the consideration of relevant subsidies. Subsidies are available from

the UK government, namely the renewable heat incentive (RHI) that

pays producers of heat from either biogas combustion, or biomethane

production and the feed-in tariffs (FiTs) for producing electricity from

anaerobic digestion biogas combustion. The value and availability of

subsidies have changed substantially over the past 5 years and reßect

varying levels of support for biogas utilisation options. I consider two
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subsidy levels in this current analysis: current (as of 1st July 2016)

subsidies and the previous 2014 subsidies, which in general, provided

greater Þnancial support for biogas systems.

Table 3.9. UK subsidies available for heat, biomethane and electricity from biogas.

Heat Biomethane Electricity

2016 subsidies

Small
< 200kWth

5.90 p kW h! 1 tier 1 4.55 p kW h! 1 Small 7.39 p kW h! 1

Medium
< 600kWth

4.63 p kW h! 1 tier 2 2.67 p kW h! 1 Medium 6.82 p ákW h! 1

Large
> 600kWth

1.73 p kW h! 1 tier 3 2.06 p kW h! 1 Large 7.03 p kW h! 1

Export 4.91 p kW h! 1

2014 subsidies

Small
< 200kWth

7.71 p kW h! 1 tier 1 7.71 p kW h! 1 Small 16.01 p kW h! 1

Medium
< 600kWth

6.06 p kW h! 1 tier 2 7.71 p kW h! 1 Medium 14.81 p ákW h! 1

Large
> 600kWth

2.27 p kW h! 1 tier 3 7.71 p kW h! 1 Large 9.76 p kW h! 1

Export p kW h! 1

UK wholesale

Natural gas,
wholesale

1.13 p kW h! 1 Electricity
wholesale

4.1 p kW h! 1

Natural gas,
consumer

2.47 to
4.51

p kW h! 1 Electricity
consumer

9.99 to
13.41

p kW h! 1

" range dependent upon size of consumption.

3.4. ENVIRONMENTAL ANALYSIS

Global warming potential (GWP) has been used as the metric for quan-

tifying environmental performance. Energy conversion factors issued

by the UK government were used to calculate the GWP for the biogas

scenarios, see Fig. 3.12.

Biogas utilisation scenarios gave energy outputs, including heat,
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power and biomethane. These energy products were assumed to dis-

place energy products that would otherwise be imported from the UK

grid Ñ power displaces UK grid electricity, heat displaces natural gas

and biomethane displaces natural gas. Hence, the emission conver-

sion factors were used to calculate the avoided emissionsassociated with

biogas utilisation.

Methane slip is the term used to denote undesired CH 4 leakage.

As CH 4 has now been given a hundred year global warming poten-

tial (GWP100) of 28 kg CO2eqaccording to the IPCC (2015). Therefore,

methane slip is an important consideration. The industrially reported

methane slip values of modern water scrubber upgrading plants is

about 1 % and about 0.5 % for membrane upgrading plants, Bauer et al.

(2013).

For calculating the carbon reduction potential of heating from bio-

gas, heat is assumed to be generated using a boiler operating at 90 %

thermal efÞciency.

3.5. SYSTEM ANALYSIS

Now that the individual steps for solving mass and energy balances,

economic calculations and environmental performance have been pre-

sented, it is time to piece it all together. The systems analysis procedure

will use the individual calculation steps to generate energetic, economic

and environmental metrics for evaluating the performance of different

biogas utilisation options. First, the solution algorithm, which was used
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Figure 3.12. The history of carbon factors published by the department forBusiness,

Energy and Industrial Strategy, (formerlyEnergy & Climate Change). The dotted purple

line displays electricity, the solid blue line represents natural gas, the solid green line

plots petrol, and the dashed light blue line plots diesel carbon factors, DBEIS (2016).

to carry out the systems analysis, is introduced and explained. Next,

the different biogas utilisation conÞgurations that are the subject of

results Chapters 4 to 6, are presented.

3.5.1. Solution algorithms

The general procedure for carrying out systems analyses was to set

boundary conditions that were then used to solve mass and energy

balances. These results were then fed into the design equations to size

the process equipment. The process sizes were used as inputs to the

economic models, which were then solved and gave the desired outputs,
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including net present value, CH 4 recovery and power consumption,

which were used to measure system performance.

I wrote a programme in MATLAB ¨ (MathWorks (2015)), which al-

lowed the solutions to be calculated over a range of values for critical

parameters. To iterate variables over the range of interest, ÒforÓ loops

were written in the code, which allowed calculations to be executed

repeatedly. To converge the membrane gas upgrading mass balance,

a while loop was used with a convergence criterion of 10! 5, which

was picked because it represented an error of less than0.01%but kept

acceptable computing times. The output matrices generated by the

MATLAB ¨ programme could then be used to Þnd optimal operating

points, such as Þnding the optimal net present value across the range

of operating variables.

3.5.2. Biogas utilisation conÞgurations

The various biogas utilisation conÞgurations are now presented. In

total, six different scenarios were considered. Below, each of the six are

shown schematically, along with a description identifying the key unit

operations and in which results chapters they feature.

3.5.2.1. CHP-only scenario

The CHP-only scenario assumes the raw biogas feed is cleaned, (H2S

and water removed), to CHP-grade biogas, then supplied to a CHP unit,

see Fig. 3.14. This is the simplest scenario and is used as a reference
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START

CALCULATIONS 1
mass balance

INPUT
boundary conditions, mesh size (m, n, i, j)

CALCULATIONS 2
sizing membrane, compressor & HX

CALCULATIONS 3
economic evaluation 

OUTPUT
NPV(m , n, i, j), 
cost(m, n, i, j), 

recovery(m, n, i, j), 
power(m, n, i, j)

STOP

for j
pH range

for i
recycle ratio

for n
selectivity

for m
permeability

while
|mass in Ðmassout | > 10 -5

INPUT
massin, massout

OUTPUT
massin, massout

OUTPUT
results(m)

OUTPUT
results(m, n)

OUTPUT
results(m, n, i)

OUTPUT
results(m, n, i, j)

Figure 3.13. Logic diagram of the!"#$"% program written to evaluate membrane

biogas upgrading.

point in Chapters 4 and 5, in order to evaluate the other biomethane

producing scenarios. The key unit operations include desulferisation

and dehumidiÞcation steps and of course, the CHP unit itself.
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Figure 3.14. CHP-only biogas utilisation scenario.

3.5.2.2. Water scrubber scenario

The water scrubber scenario assumes the raw feed biogas is desulferised,

then supplied to a water absorption upgrading unit, and Þnally the out-

put biomethane is dehumidiÞed and injected into the natural gas grid,

see Fig. 3.15. This scenario is considered in Chapter 4 as a utilisation

pathway that produces only biomethane as a product, c.f.CHP-only

scenario, which produces electricity and heat. The key unit operations

include the desulferisation stage, the water scrubbing unit, (comprised

of absorption column, desorption column and ßash drum, Fig. 3.7),

dehumidiÞcation stage, biogas compressor and water pump.

!"#$%
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Figure 3.15. Water scrubber biogas utilisation scenario.

3.5.2.3. Membrane and CHP scenario

The membrane and CHP scenario assumes the raw biogas is dehumidi-

Þed and desulferised before it is compressed and fed to the membrane

upgrading unit, see Fig. 3.16. The permeate stream is then fed to a
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CHP unit, with, if needed, enrichment of the feed biogas to ensure

CH4 content is up to 30 mol % (minimum needed to operate CHP). This

scenario is considered as a utilisation pathway in Chapters 4 and 5 as a

ßexible utilisation route that converts biogas feed into three outputs;

biomethane, electricity and heat. The key unit operations include the

desulferisation and dehumidiÞcation units, the compressor and heat

exchanger, membrane upgrading stage and CHP unit.

!"#$%&
!"#'()*%+(
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Figure 3.16. Membrane & CHP biogas utilisation scenario.

3.5.2.4. Membrane with recycle scenario

The membrane with recycle scenario uses a single membrane upgrad-

ing unit to convert a biogas feed to biomethane, see Fig. 3.17. The

biogas feed is desulferised and dehumidiÞed, then compressed and

supplied to the membrane upgrading unit. The permeate stream is

partly recycled to the membrane inlet, in order to increase CH 4 recovery.

This scenario is considered as a utilisation pathway in Chapter 5. The

main unit operations include the desulpherisation and dehumidiÞca-

tion units, the compressor and heat exchanger and single membrane

upgrading stage.
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Figure 3.17. Membrane with recycle biogas utilisation scenario.

3.5.2.5. Two membranes in series scenario

The two membranes in series conÞguration consists of a biogas feed

being desulferised, dehumidiÞed, compressed, cooled and then fed

to two membrane upgrading units in series, see Fig. 3.18. The perme-

ate of the Þrst membrane stage is discarded due to the small fraction

of CH 4 present. The permeate from the second membrane stage is

recycled to the inlet of the Þrst membrane stage, to increase the CH4

recovery. The fraction of the permeate stream recycled is varied in the

simulations. This two-membrane in series scenario is used in Chapter 5

for membrane-based biomethane production analysis. The main unit

operations include the desulferisation and dehumidiÞcation units, the

compressor and heat exchanger and two membrane upgrading stages.
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Figure 3.18. Two membrane units in series biogas utilisation scenario.
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3.5.2.6. Two membranes in parallel scenario

The two membranes in parallel scenario produces biomethane from a

biogas feed by upgrading via two membrane upgrading units arranged

in parallel, see Fig. 3.19. The biogas feed is initially desulferised and de-

humidiÞed before being compressed, cooled and fed to the membrane

upgrading units. The outlet of the Þrst stage produces biomethane and

the permeate from this stage is recompressed, cooled and then fed to the

second membrane unit. The retentate of this second stage is recycled

and mixed with the raw biogas feed. The permeate is discarded due to

the low CH 4 content. This scenario is featured in Chapter 5 as part of

the membrane-based biomethane production analysis. The main unit

operations include the desulferisation and dehumidiÞcation units, the

compressor and heat exchanger and two membrane upgrading stages.
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Figure 3.19. Two membrane units in parallel biogas utilisation scenario.
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BIOGAS UTILISATION

4.1. I NTRODUCTION TO BIOGAS UTILISATION ROUTES

The UK has set ambitious carbon emission reduction targets (80 % re-

duction by 2050), which require increasing the use of renewable energy

technologies, Climate Change Act; 2008. Biogas is a low carbon energy

source that can help the UK achieve its emission reduction targets. To

help encourage the uptake of biogas, government subsidies are avail-

able for electricity, heat and biomethane that are generated from biogas.

However, there are case speciÞc examples of biogas plants operating in

the UK, but there appears to be a lack of knowledge and understanding

on the best utilisation path for biogas with regard to reducing carbon

emissions in the UK and their trade-off with maximising proÞtability.

Thus, investigating biogas techno-economics and carbon footprints for

different biogas utilisation routes is essential for understanding the

critical parameters affecting biogas utilisation, which in turn provides

knowledge and understanding to encourage successful uptake of more

biogas plants in the UK.

This chapter considers biogas combustion for combined heat and

electricity generation and two biogas upgrading technologies (mem-
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brane, water scrubber) for biomethane production. Techno-economic

and life cycle assessment models are developed speciÞc to the UK

context to identify key operating parameters (biogas throughput; utili-

sation of energy outputs) as well as market and policy variables (energy

prices, subsidy support), which impact the environmental and eco-

nomic performance of biogas projects.

4.2. M ETHODOLOGY

Three alternative biogas utilisation pathways were deÞned (Fig. 4.1);

i) S1-CHP: feed biogas directly to a CHP unit.

ii) S2-MemCHP: upgrade biogas to biomethane with a membrane

separation unit and send off-gas to a CHP unit.

iii) S3-WS: upgrade biogas to biomethane via a water absorber.

!"#$%&
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(a)S1-CHP

!"#$%& !"#'()*%+(
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(b)S2-MemCHP
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(c)S3-WS

Figure 4.1. Schematic of the three biogas utilisation options, S1-CHP, S2-MemCHP

and S3-WS.

Three biogas speciÞcations were deÞned for the analysis, raw bio-

gas, CHP grade biogas and biomethane, see Table 4.1. Raw biogas is

representative of biogas exiting an AD plant and was used as the feed

gas for all scenarios. CHP grade biogas was the gas speciÞcation with
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reduced water and H 2S, deemed acceptable for feeding to CHP units

based on supplier information. Biomethane speciÞcation was based

on the grid injection speciÞcations. Details and data sources for these

speciÞcations are given in Chapter 3, Section 3.1.1.

In the UK, propane is often blended into biomethane prior to grid

injection, in order for biomethane to meet the required Wobbe number.

However, this is discretionary for the local gas service providers and

many European countries have deÞned speciÞc biomethane grid injec-

tion speciÞcations, to avoid the need to add fossil based additives such

as propane. Hence, in this study, the addition of propane blending has

been omitted from the biomethane to grid injection pathways.

Mass and energy balances were used to calculate the gas ßow rates

and Þnal energy outputs. Thermal and electrical efÞciencies for biogas-

CHP units were based on literature and manufacturer data, the mem-

brane separation was modelled using a cross-ßow permeation model

and the water scrubber was modelled using the HTU-NTU method.

Detailed descriptions of equations, data and assumptions for these

models are given in Chapter 3, Section 3.2.

The environmental analysis of these scenarios was carried out using

avoided emissions expressed as global warming potential (GWP) in

kgCO2eq. The biogas scenarios displaced fossil-derived electricity, heat

and natural gas as described in Chapter 3, Section 3.4.

The economic analysis was based on a net present value analysis

that factored in the capital expenditure, operating costs and revenue

98



CHAPTER 4

streams. The cost models and assumptions are detailed in Chapter 3,

Section 3.3.

4.3. SCENARIO ENERGY A NALYSIS

Each biogas scenario produces either, electricity, heat, biomethane, or a

combination of these energy products. All scenarios also use electricity

to operate associated equipment, e.g., compressors pumps and fans,

which are collectively referred to as ancillary equipment. The three

biogas utilisation routes consume and produce varying quantities of

these inputs and outputs, see Fig. 4.2.

For the same biogas feed, S1-CHP scenario produces over three

times as much heat (50% versus 15%) as S2-Mem+CHP, thus there is

a greater probability that the heat from S2-Mem+CHP may be fully

utilised than the heat produced by S1-CHP. The ancillary electricity

required by S1-CHP and S2-MemCHP scenarios, (to operate compres-

sors for gas handling), is less than the electricity produced by these

scenarios. Hence, these systems are energy self-sufÞcient and do not

Table 4.1. Gas specifications for raw biogas, CHP-biogas and biomethane.

Property Raw Biogas CHP-biogas Biomethane

CH4 vol% 60 60 96

CO2 [vol%] 40 40 4

H2Sppmv 1,000 300 150

H2O dew point, ¡C Saturated 10 -20

Pressurebar 1.013 1.013 1.075

Temperature ¡C 20 20 20
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need to purchase electricity from the grid. Conversely, S3-WS produces

only biomethane, so it relies on importing electricity from the UK grid

to satisfy all ancillary electricity requirements.

Results in Fig. 4.2 assume that all recovered heat can be utilised,

but, in practice this may not be possible due to lower demand than

supply and lack of heating supply network. However, biomethane and

electricity may be exported to a required point of use via their respective

national grid networks. Hence a mismatch in heat generation and heat

demand leads to discarding heat, where as biomethane and electricity

can be exported to the grid. Thus, heat utilisation has been identiÞed as

an important criterion for optimal biogas-CHP scenario performance.

Heat utilisation greatly affects overall process efÞciency. Options

for using heat include; process integration, e.g., heating AD digester

tanks; provide heating to local domestic or industrial units, e.g., connect

to local heat distribution network. An efÞcient and well managed AD

plant only requires around 15 %of the energy content of the produced

biogas for heating, Sharpe et al. (2013a). The UK currently does not

have a signiÞcant district heating network, although there are plans to

install 280 pipeline projects between now and 2025, DECC Heat (2015).

Another option for utilising heat is an organic rankine cycle (ORC),

which uses low boiling point ßuids to convert heat into electricity. ORCs

can potentially increase the net electrical efÞciency of CHP units by

30 %, Benato and Macor (2017); Uusitalo et al. (2016). This would allow

heat utilisation in scenarios where heat demand does not match supply
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and no district heating infrastructure exists because the electricity can

be exported to the grid.

The versatility of each scenario is also of signiÞcance, particularly

if there are other operations being carried out at the biogas utilisation

facility, such as biogas production. AD facilities require some heating

of the digesters, as well as electricity to power the ancillary equipment,

(pumps, mixers, monitoring equipment etc.).

S2-MemCHP may provide the most versatile range of energy prod-

ucts because the majority is biomethane (over 70 %), which can be

exported to the grid with # 15 %heat and 10 %electricity. While there

is opportunity to vary the proportion of output energy products, this

would come at the cost of potentially over or undersizing the CHP unit,

which could lead to discarded heat. Overproduction of electricity could

be exported to the grid, however if this amount is small, then the cost,

time and infrastructure needed to make the export connection may not

be off-set by the amount of revenue generated from exporting to the

grid.

Versatility of energy products is superÞcially a positive attribute,

but one needs to view each scenario on a case by case basis because of

the inherent costs associated with exporting electricity and gas to the

UK grid. In some circumstances focusing on one energy product, such

as exporting biomethane, will mean only purchasing grid connection

for one product.

101



CHAPTER 4

!"#$ %

#$%

"#$ %

&#$%

'#$ %

(#$ %

)#$ %

*#$ %

+#$%

,#$ %

-#$ %

"##$ %

./0 12345672 86925%:;5<4425

=
72

5>
?%

<9
@

A
@

B
6

9@
C

7

D7;@AA65? =A2;95@;@9? /269 E@C329F672

Figure 4.2. Energy utilisation for each scenario as a percentage of input energy from

a 500 m3 h! 1 biogas feed, and stacked. Electricity is given by the blue bars, heat

is represented by the red bars, biomethane is represented by the green bars, and

ancillary power is represented by the yellow bars.

4.4. SCENARIO ENVIRONMENTAL A NALYSIS

The environmental performance of the biogas utilisation routes was

measured using Global Warming Potential (GWP), measure in kgCO2eq.

The results are presented as net avoided emissions, assuming the biogas

derived heat, electricity and biomethane are displacing fossil based

alternatives. Fossil heat is assumed to be supplied from a boiler using

natural gas with thermal efÞciency of 90 %; fossil electricity is 2016 UK

grid supplied electricity; natural gas is UK national grid natural gas

and is assumed to supply the electricity consumption of S3-WS.

Avoided GHG emissions associated with the alternative biogas uses
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are dependent on the composition of energy outputs and the ability to

utilise heat that is cogenerated alongside electricity. For the S1-CHP

and S2-MemCHP scenarios, the quantity of cogenerated heat that can

be used is an important factor for evaluating avoided emissions. Hence

difÞculty in Þnding heat users would negatively impact the potential

avoided emissions. Heat producers may struggle to Þnd demand due

to seasonal variation in space heating requirement and limited heat

transmission infrastructure ( e.g.district heating systems).

The UK is a net importer of natural gas, which suggests biomethane

production and injection into the national gas grid will have a more

consistent and stable demand than supplying heat, were the demand

ßuctuates seasonallyi.e., higher demand in winter than in summer, as

well as having a limited supply network (district heating). Electricity

produced from biogas may also be exported to the national grid, which

reduces the risk of unused supply that is faced by heat production. The

results from the carbon footprint analysis are presented in Fig. 4.3.

Overall, electricity generation from biogas and displacement of

UK average generation achieves greater GHG reductions than the pro-

duction of biomethane. This arises as the current UK generation mix

includes signiÞcant production from GHG-intensive electricity genera-

tion sources, such as coal-Þred generators, which currently contribute

under 14% of UK electricity generation, Dept. BEIS (2016). In con-

trast, heat and biomethane outputs displace natural gas, which has a

comparatively ( cf.UK electricity) low GWP, DBEIS (2016).
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Figure 4.3. Avoided emissions (kgCO2eq kWh! 1) at heat utilisations between 0 Ð

100% of generated heat at a biogas feed of 500m3 h. S1-CHP is represented by

the solid blue line, S2-MemCHP is represented by the dashed red line, and S3-WS is

represented by the dotted green line.

The Future Energy Scenarios (FES) reported that by 2025, all UK

energy scenarios are expected to have 40% of electricity generation from

renewable sources and the most ambitious scenario expects 59 % re-

newable electricity generation, National Grid FES (2016). The avoided

emissions of the biogas scenarios (see Fig. 4.4) under this criterion show

a reversal of the previous trend. As the electricity sector decarbonises

biomethane production achieves greater relative avoided emissions

than electricity generation from biogas via CHP as it speciÞcally dis-

places a fossil fuel (natural gas).
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(a)Electricity has 40 % renewables.
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(b)Electricity has 59 % renewables.

Figure 4.4. The avoided emissions change as the relative GWP of UK electricity

changes. The results for a 40 % renewable electricity generation are given in 4.4a. The

results for the avoided emissions of a 59 % renewable electricity generation are given

in 4.4b.

4.5. ECONOMIC A NALYSIS

The economic analysis investigates the capital and operating costs

(CAPEX and OPEX) and combines them with revenue streams to calcu-

late the net present value (NPV) of the three biogas utilisation scenarios.

4.5.1. Costing Ñ CAPEX and OPEX

The results from the costing analysis for a biogas capacity of 500

Nm3h! 1 are presented in Fig. 4.5. These are presented as total costs

here, while for the net present value analysis they are annualised over

20 years with a discount rate of 10 %. The S1-CHP scenario costs re-

veal CAPEX and OPEX are roughly equivalent (CAPEX of # £ 900k

and OPEX of # £ 800k), whereas S2-MemCHP and S3-WS have higher

CAPEXs than OPEXs (CAPEXs of# £ 1.5m and # £ 1.8m respectively
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compared with OPEXs of # £ 0.7m and # £ 1.4m respectively). As

expected the S1-CHP scenario costs are dominated by purchase, main-

tenance and replacement of the CHP unit. The most notable difference

between the CAPEX of the two biomethane producing scenarios (S2-

MemCHP and S3-WS) arises from the gas upgrading costs. WS has

a 37% contribution to total CAPEX from gas upgrading, whereas S2-

MemCHP has a 6% contribution to total CAPEX. This represents the

difference in cost between the water absorber and desorber columns

compared to the membrane upgrading unit.

The grid connection fee (£ 400k) represents 27% and 22% of the

CAPEX and 18% and 12% of total costs for the S2-MemCHP and S3-WS

scenarios respectively. This connection fee is reported as a ßat rate

in the literature, which consequently represents an even greater rel-

ative impact for smaller scale biogas operations, possibly inhibiting

biomethane production at lower capacities, Bright et al. (2011). S1-CHP

and S2-MemCHP produce enough electricity to power biogas upgrad-

ing system so have zero OPEX electricity contributions, although this

will reduce the contribution of net electricity generation to the revenue

streams.

4.5.2. Revenue

The revenues for the biogas utilisation scenarios are generated from

either, selling the energy products (electricity and biomethane), or

displacing energy that is self-consumed on site (heat and electricity).
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Figure 4.5. The total cost associated with each scenario assuming a 500m3 h! 1 biogas

feed. OPEX costs are represented by the red bars and CAPEX costs are represented

by the blue bars. OPEX lifetime costs were calculated using a project life of 20 years

and a discount rate of 10%. OPEX and CAPEX are divided into their contributing items.

OPEX is comprised of electricity, CHP maintenance and replacement, operating and

maintenance (O & M) of upgrading unit, and gas cleaning - refers to water and H2S

removal before upgrading. CAPEX is comprised of gas grid connection fee, CHP cost,

upgrading unit cost, gas cleaning unit cost, cost of pumps, fans, compressors and heat

exchangers.

The relative Þnancial performances of the biogas upgrading scenarios

are heavily impacted by the amount of electricity self-consumption

and the fraction of cogenerated heat that can be utilised on site. In this

model, unused heat is discarded so lower heat utilisation results in

less revenue. Maximising self-consumption of electricity is incentivised
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due to the wholesale rate paid to export electricity is less than the

commodity purchase cost of electricity.

4.5.3. Net Present Value

The net present value (NPV) gives an overall measure of the proÞtability

of the project over the lifetime. Key parameters that affecting the NPV

of the biogas scenarios are heat utilisation, electricity self-use, electricity

export and subsidy level.

Heat utilisation is the fraction of heat produced by the CHP unit that

is used to displace heat otherwise generated via a natural gas powered

boiler. The effect of heat utilisation on NPV is shown by the gradient of

the lines in Fig. 4.6. The NPV increases with increasing heat utilisation

due to the greater quantity of natural gas that is no longer required to

be bought from the grid. Varying the heat utilisation allows modelling

of scenarios where there is a mismatch in heat production and heat

demand, which is important feature often left omitted from other anal-

yses (Patrizio et al. (2015); Dzene et al. (2014)). This is especially useful

where there is a high probability of a mismatch due to the change in

heat demand between summer and winter in the UK, as well as the

lack of district heating infrastructure DECC Heat (2015).

The manner in which generated electricity is used, either on-site, or

exported to the grid, impacts the NPV. This is shown by the difference

between the solid and dotted lines in Fig. 4.6. Self-use of the electricity

assumes that it displaces electricity bought from the grid, whereas
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exported electricity is sold to the grid at a Þxed export price. The NPV

of self-use electricity is greater than the NPV of exported electricity

due to the difference in value of bought electricity (10 Ð 13 p kWh! 1)

compared with exported electricity (4.9 p kWh! 1).

The subsidies available for biogas derived energy sources are the

renewable heat incentive (RHI, which subsidises heat and biomethane

grid injection) and feed-in tariffs (FiTs, which subsidise electricity gen-

eration). Removing these subsidies reduces the NPV as shown by

Figs. 4.6a and 4.6b.

Overall the S1-CHP scenario provides the highest NPV across nearly

all combinations of heat utilisation and electricity self-consumption,

due to the comparatively high revenue available from electricity com-

pared with heat and biomethane, see Fig. 4.6. Subsidies (RHI and FiTs)

allow the production of biomethane, in S2-MemCHP and S3-WS, to

become feasible (cf.Fig. 4.6a and Fig. 4.6b). However, S1-CHP produces

the higher NPVs compared with S2-MemCHP and S3-WS at all oper-

ating points and returns a positive NPV of # £ 2m without subsidies

and assuming 0 % heat utilisation and exporting all the electricity. This

makes biogas use in CHP units an attractive option because it repre-

sents the least risk when compared with producing biomethane, which

relies on subsidies to return positive NPVs.

To investigate the effect of biogas capacity on utilisation route, three

combinations of heat utilisation and electricity self-consumption were

modelled. These combinations are referred to as;Case 1, which refers
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Figure 4.6. Net present value for Fig. 4.6a including 2016 subsidies, and Fig. 4.6b

excluding subsidies. NPV dependency on the heat utilisation fraction for each biogas

utilisation scenario assuming a 500m3h! 1 biogas feed. S3-WS does not produce

heat and so is independent of heat utilisation fraction.

to 100 % heat utilisation and 100 % electricity self-use; Case 2, which

refers to 50 % heat utilisation and 50 % electricity self-use; Case 3, which

refers to 0 % heat utilisation (all heat wasted) and 0 % electricity self-

use (all electricity exported). The three heat and electricity use cases
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were investigated as a function of biogas capacity (10 Nm3 h! 1 to 2000

Nm3h! 1) for each of S1-CHP, S2-Mem+CHP and S3-WS.
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(b)NPV when half the heat and electricity are used on-site.

!"#$%

"$

"#$

"&$

"'$

"($

")$

"*$

"+$

",$

$ )$$ #$$$ #)$$ &$$$

-.
/%

%
0

"1
2

3
3

2
45

6

72489:%;9<9;2=>%?-1' @AB

CD9=%E=232:9=245$F%! G3D;=H2;2=>%:D3I!J:D%$F
K# K& K'

(c)NPV when none of the heat and electricity are used
on-site.

Figure 4.7. The net present value for the biogas scenarios as a function of biogas feed

capacities using 2016 RHI and FiT subsidies from OFGEM. The heat utilisation and

electricity utilisation are varied between graphs 4.7a through 4.7c. The results for 4.7a

shows 100% heat utilisation and 100% self-use of electricity. 4.7b Shows results for

50% heat utilisation and 50% self-use and 50% export of electricity. 4.7c Shows

results for 0% heat utilisation and 0% self-use and 100% export of electricity.

Case 1 assumes total self-use of heat and electricity, the second case

assumes 50% use of heat and electricity and the third case assumes
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0% use of heat and electricity, see Fig. 4.7 and Fig. 4.8. For all cases,

subsidised and unsubsidised, S1-CHP scenario returns the highest NPV

across all biogas capacities investigated (10 Ð 2000Nm3h! 1), with S2-

MemCHP returning the second highest and S3-WS the lowest. For the

subsidised case (Fig. 4.7) S3-WS gives negative NPV below 500Nm3h! 1

biogas capacities and when subsidies are removed (Fig. 4.8) it returns a

negative NPV across the entire capacity range. Although unsubsidised

biomethane production is potentially feasible via S2-MemCHP scenario

for biogas capacities greater than 50Nm3h! 1, as long as greater than

50% utilisation of heat and self-use of electricity is achieved.

The NPVs of the biogas utilisation routes are affected by the costs

and revenues of each scenario. Biogas revenue is dependent on sub-

sidies so a sensitivity analysis was performed on the RHI and FiT

subsidies, which were set to the maximum historical level (available

brießy in 2014), and the NPVs for S1-CHP, S2-MemCHP and S3-WS

recalculated, see Fig. 4.9. These results show S3-WS to return positive

NPV down to 100 Nm3h! 1 and return the highest NPV when less than

50% heat utilisation and electricity self-use is managed Ñ a reversal

of the current subsidy NPV results, and reßected by the large increase

of biomethane production plants in the UK during 2014, Biogas-info

(2016).
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(b)NPV when half the heat and electricity are used on-site.
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(c)NPV when none of the heat and electricity are used
on-site.

Figure 4.8. The net present value for the biogas scenarios as a function of biogas feed

capacities using no subsidies. The heat utilisation and electricity utilisation are varied

between graphs 4.8a through 4.8c . 4.8a shows results for 100% heat utilisation and

100% self-use of electricity. 4.8b Shows results for 50% heat utilisation and 50%

self-use and 50% export of electricity. 4.8c Shows results for 0% heat utilisation and

0% self-use and 100% export of electricity.

4.6. SENSITIVITY

The cost of biomethane connection to the gas grid is quoted in the

literature as a Þxed £ 400, 000. This will present more of a challenge
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(a)NPV when all heat and electricity are used on-site.
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(b)NPV when half the heat and electricity are used on-site.
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(c)NPV when none of the heat and electricity are used
on-site.

Figure 4.9. shows the net present value of biogas utilisation scenarios using subsidies

levels available in the UK during 2014. The heat and electricity utilisation are varied

between between graphs 4.9a through 4.9c. 4.9a shows results for 100% heat utilisa-

tion and 100% self-use of electricity. 4.9b Shows results for 50% heat utilisation and

50% self-use Ñ 50% export of electricity. 4.9c Shows results for 0% heat utilisation

and 0% self-use Ñ 100% export of electricity.

to projects at smaller capacities, dealing with lower cash ßows, so a

sensitivity was carried out to investigate whether this fee is currently

a barrier to biomethane production via either S2-MemCHP or S3-WS.

The gas grid connection fee was removed from the costing model and
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(b)S2-Mem+CHP grid connection sensitivity.

Figure 4.10. The sensitivity analysis carried out on the biomethane producing scenar-

ios S3-WS and S2-MemCHP. The cost of the grid connection was removed and the

NPV recalculated for 4.10a S3-WS and 4.10b S2-MemCHP.

the NPVs for unsubsidised revenues recalculated, see Fig. 4.10. Cur-

rently the grid connection fee is a barrier to the S2-MemCHP scenario

as it returns a positive NPV across all biogas capacities when it is re-

moved. However, the S3-WS scenario still returns negative NPV below
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1100Nm3h! 1, which suggests subsidies are still necessary in order for

biomethane production via water scrubbing to be economically viable.

4.7. D ISCUSSION

Optimal environmental and Þnancial performance depend on heat util-

isation and electricity use for biogas scenarios involving CHP, while

biomethane production performance depends on the displaced com-

modity, such as natural gas. Based on recent (July 2016) wholesale

electricity and gas prices, government subsidies are crucial for viable

biomethane production. Even with the current RHI for biomethane

grid injection, CHP is the most attractive biogas utilisation pathway

due to the relatively high cost of electricity, both in Þnancial and envi-

ronmental terms.

Policy support has been identiÞed as crucial for Þnancially feasible

biomethane production. However, the RHI and FiTs, available for

biogas-to-CHP, favour this route over biomethane production. Based

on the results from the environmental analysis, which indicate that

current UK policy is effective at supporting the most environmentally

beneÞcial biogas utilisation pathway. Currently the UK biogas sector is

dominated by biogas to CHP plants with a small number of biomethane

injection to gas grid, Biogas-info (2016). However, biomethane has

been identiÞed as a possible transport fuel [ Kollamthodi et al. (2016);

NSCA (2006) ] but the adoption of this in the UK has not matched other

countries in Europe, Hood (2016).
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A possible explanation for this is the current policy support for re-

newable transport fuels (Renewable Transport Fuel Obligation (RTFO)),

has been ineffective at making biomethane transport a feasible option,

RTFO (2012). A contributing to the ineffectiveness in current policy

could be the lack of speciÞc support for biogas, Dept. for Transport

(2016a). Instead, there is only a general support for biofuels that in-

cludes bioethanol and biodiesel, which are easier to incorporate into the

current transport fuel infrastructure by blending with petrol and diesel.

The future is somewhat uncertain for biogas as a transport fuel due to

the latest policy updates not addressing the issues of uncertainty in the

value associated with renewable transport fuel certiÞcates as well as

prioritising biogas derived fuel over imported bioethanol and biodiesel

Dept. for Transport (2017).

The UK still has no ofÞcial transport fuel quality standard, which

would suggest revision of renewable transport policy support requires

updating if this is to become a viable utilisation path for biomethane

produced in the UK. Additionally, a lack of infrastructure for com-

pressed gas-fuelled vehicles may present a barrier to market adoption.

The capacity of biogas plants was found not to impact the relative

Þnancial performance of the three utilisation pathways, although it

did effect the absolute performance. A minimum biogas capacity of

500Nm3h! 1 was needed for feasible biomethane production, but this

could be reduced to 50 Nm3h! 1 when producing biomethane via S2-

MemCHP.
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Heat, produced by CHP devices is usually supplied in the form

of hot water and requires, either on-site demand, or a district heating

system to make use of it. Hence, heat may be viewed as the least ßexible

of the energy products, cf.electricity and biomethane. Electricity may

be used, either on-site, or exported to the national grid. Biomethane

may be used to displace a variety of fuels, but for this study, it was

assumed to displace natural gas from the UK gas grid. The ability of

S2-MemCHP to cover the ancillary electricity requirements of the mem-

brane upgrading equipment means no reliance on imported electricity

and very low GHG emissions cf. grid supply, although the UK can

provide reliable electricity at stable prices, hence this may not be such a

signiÞcant factor.

The strength of biomethane as a fuel is its versatility in application,

which would allow for strategic use of UK biomethane to target the

most carbon intensive industries in order to help achieve the 80 %

carbon reduction targets, Climate Change Act; 2008 (2008). So while S3-

WS produces only one energy product, biomethane, this is a versatile

product that may be used to strategically target displacement of carbon

intensive sectors. Overall, the biogas utilisation routes offer versatile

energy products and the most desirable energy products will be speciÞc

to each site, depending on their speciÞc heat and electricity demands.

The NPV of biogas scenarios can be split into two main factors, 1)

scenario cost and 2) biogas product value. Biogas scenario total cost

may be further split into CAPEX and OPEX. Variables affecting biogas

118



CHAPTER 4

product value include UK wholesale electricity and natural gas prices,

RHI and FiT subsidies and utilisation of heat and electricity produced

on-site via CHP. The complexity of biogas utilisation economics makes

Þnding an optimal one-size Þts all scenario very unlikely, as there will

be variation in all the mentioned biogas value parameters depending

on site size, time of construction and local heat and power demands.

However, it is important to understand the trade-offs that exist and

to identify sensitivity of parameters affecting overall NPV. This will

maximise the uptake and success of biogas plants in the UK.

All scenarios return positive avoided GHG emissions, helping the

UK reach its carbon reduction targets. The gas grid connection fee pro-

vides a barrier to biomethane production via S2-MemCHP, although

S3-WS still returns negative NPV below 1100 Nm3h! 1 indicating policy

support is crucial given the current natural gas wholesale price, in order

for total conversion of biogas to biomethane. This is supported by NPV

results using the 2014 subsidy levels conÞrming biomethane conversion

as an optimal choice for less than 50% heat utilisation from S1-CHP and

S2-Mem+CHP scenarios. Market adoption of biomethane is swift given

Þnancial incentives, and its versatility in strategically targeting carbon

intensive energy sectors makes biomethane a valuable renewable en-

ergy source for the UK. However it is dependent on subsidies and gas

wholesale price, which may hinder its adoption because S1-CHP offers

a less risky alternative to biogas utilisation with similar NPV.

Currently biogas utilisation is supported in the UK with the RHI and
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FiT subsidies. From their Þrst introduction to present these have been

Þxed tariffs paid on top of local wholesale utility prices. However, the

UK government is implementing a new subsidy scheme called contracts

for difference (CFD), designed to implement electricity market reform.

This works by companies agreeing a contract for a Þxed utility price

and the government pays the difference with the wholesale price. It has

been suggested this offers greater Þnancial security because of the Þxed

utility price. However, in order to get the contracts, companies need to

go through a bidding process to get the contract so there is uncertainty

in the planning phase of both the success of winning a contract and the

Þnancial return, as both are dependent on the bids being submitted by

other companies.

Policy dictating RHI and FiTs subsidies directly affect the economics

of biogas utilisation, but gas and electricity wholesale prices also signif-

icantly affect the relative NPVs of the three scenarios. Hence, indirect

legislation, such as foreign policy, can inßuence biogas use, since the

UK is a net importer of energy (UK imported 45% of its natural gas in

2014).

The avoided GHG emissions are based on national grid averages

for electricity and heat produced via natural gas combustion and do

not account for local production and displacement values. However,

these average values are expected to change in the future as the UK

moves towards its carbon reduction targets. The UK national grid has

identiÞed heating and transport as sectors that are and will struggle
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to meet sector carbon reduction targets, while electricity generation is

currently on track, National Grid FES (2016). The current analysis has

identiÞed S1-CHP as the Þnancially optimal biogas utilisation option

even at zero heat utilisation and without subsidy support.

The relative avoided emissions are also impacted by CH 4 slip (leak-

age). While CO2 emissions from biogas are assumed to be carbon

neutral (see Chapter 2, Section 2.2), any CH4 emissions are not because

CH4 is 34* times more potent than CO 2, IPCC (2015). CHP has been re-

ported as having a CH 4 slip of 1 %, Patrizio et al. (2015). Water scrubber

technologies were reported to operate at 1 % CH4 slip, and membrane

separators could operate at CH4 slips as low as 0.5 %, Bauer et al. (2013).

It is also possible to Þt back-end CH4 recovery units to upgrading sys-

tems, such as either thermal, or catalytic oxidisers, to convert CH 4 to

CO2.

The biogas production process (AD plant) may also give rise to CH 4

slip. Estimations for between 1 Ð 10 % leakage rate have been used in the

literature, Murphy et al. (2004); Michel et al. (2010); Hamelin et al. (2011);

Miranda et al. (2015). While these CH4 emissions are contributing

to carbon emissions, the net effect of AD plants is more difÞcult to

quantify because feedstocks are likely to generate CH4 (emitted to the

environment) if disposed of by, e.g., landÞll. Hence, the net increase

in CH 4 emissions from biogas production may not be as high and will

depend on the speciÞcs of the biogas plant technology as well as the

*The 100 year GWP of CH4 has been upgraded from 25 to 34 between IPCC
reports in 2007 and 2013.
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feedstock being used.

Biomethane offers the potential for grid injection and easier supply

to consumers than heat distribution networks, hence biomethane for

heating demand supplied via the gas grid may help decarbonise the

UK heat sector to a greater extent than local on-site heat generation.

Biomethane may also be used as a transport fuel to displace petrol and

diesel and help decarbonise the transport sector, which is investigated

in Chapter 6.

The substrates available for biogas production include food and

drink waste, food and drink processing residues, agricultural residues,

crops and sewage water works. The feedstock from waste and residues

from the food and drink industry along with sewage water works offer

steady stream of substrate. However, agricultural residues ( e.g.straw),

forestry residues from coppicing and energy crops grown on waste

land provide a seasonal stream of feedstock.

Co-digestion of organic waste with crops improves biogas yield,

Banks et al. (2011); Lehtom¬aki et al. (2007). Straw and coppicing are also

viable feedstocks however they require more specialised input systems

due to their high solids content, Sherrard (2016). The seasonal variation

in their availability means that one can either, plan for seasonal cam-

paigns where an increase in substrate feed is planned for part of the

year by modifying plant design, or, have enough storage capacity to

act as a buffer to account for the seasonal variation.
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4.7.1. Biogas future

The renewable heat incentive has proven to be effective at increasing

biogas to grid facilities in the UK, Biogas-info (2016). The analysis

conducted here found that the RHI for biomethane production available

in 2014 was high enough to make biogas to grid the most economically

favourable use of biogas. Although, the subsequent reduction of the

RHI-biomethane tariff, to that available as of 2016, was found to be

make biomethane production less favourable in comparison with CHP.

Currently, displacing electricity has the biggest impact on carbon

reduction, i.e., S1-CHP gives the highest avoided emissions even at 0 %

heat utilisation. However, as the electricity decarbonises, the relative

impact of biogas-derived electricity on avoided emissions will decline

because the displaced electricity will have a lower carbon footprint.

On the other hand, the carbon footprint of natural gas will remain

roughly constant. Hence, by the time renewables account for 59 % of

the electricity make up, then biomethane production used to displace

natural gas will generate the largest avoided emissions.

Currently, policy support has established an industry of biogas-to-

grid plants in the UK, based on taking advantage of the 2014 high in

RHI tariff. The rate of increase of biogas-to-grid plants has slowed,

presumably due to the reduction in RHI. The policy support provides

contracts where the tariff is payed for 20 years. Hence, there is the

possibility that the stimulation of biogas production in the UK will only
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last for the next 20 years and after this there will be a reduction in biogas

production if the plants are not renewed due to unfavourable economics.

Or, if they are renewed, they will be converted to CHP plants instead of

biogas-to-grid because this has shown to be economically robust even

without policy support. However, this would not be making full use

of the environmental beneÞts of biogas production because it would

potentially be displacing electricity which actually has a lower carbon

footprint, so would not result in a net carbon reduction for the UK.

Electricity is the highest value biogas energy product, so increasing

the electrical efÞciency would potentially increase the net present value,

depending on the subsequent change to capital and operating expenses.

One potential future technology that could offer improved electrical

efÞciencies (of up to 50 %) over current CHP technology is solid oxide

fuel cells (SOFCs), Larminie and Dicks (2003). Another option for in-

creasing the electrical output is to use the heat produced from the CHP

to generate electricity using an organic rankine cycle, which have been

reported to increase overall electrical efÞciencies of internal combustion

engine CHP units by up to 30 %, Benato and Macor (2017).

4.8. CONCLUSION

In conclusion, the current renewable energy incentives offered by the

UK government make utilising biogas through any of the three in-

vestigated scenarios both a Þnancially and environmentally attractive

proposition, while biomethane production is currently unfeasible with-
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out the aid of subsidies. The optimal scenario depends on site spe-

ciÞc variables including cogenerated heat and electricity utilisation.

However, removal of subsidies results in S1 being the only Þnancially

feasible scenario for biogas utilisation, despite having the NPV. Hence

the renewable subsidies are necessary to support the production of

biomethane in the UK and careful matching of site heat and electricity

demands with CHP sizing would ensure maximising both return on in-

vestment and avoided GHG emissions. As the power sector is expected

to decarbonise, production of biomethane may become more desirable

due to the versatility in targeting carbon intensive sectors, and the most

economical method would be via membrane separation with CHP of

the off-gas.

Further work, if the project were extended, would allow modiÞ-

cation of the biogas utilisation model to predict the impact new CHP

technologies (e.g.SOFCs) could have, by increasing the electrical efÞ-

ciency assigned to the CHP.

The model would also be expanded to account for the potential of

utilising CO 2, produced from biogas upgrading, as a product stream

rather than a waste stream. CO2 has a variety of uses (drinks industry,

industrial chemical, welding shield gas), which presents a potential

revenue opportunity. Thus adding CO 2 reÞning to the biogas utilisation

model would allow quantiÞcation of the potential for improving NPV

of biogas utilisation.
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M EMBRANE BIOGAS UPGRADING

5.1. I NTRODUCTION

Polymer membranes are currently used to upgrade biogas to biomethane.

Membrane separation units can compete economically with other up-

grading technologies. However, biomethane production generally, is

only viable when signiÞcant policy support is available.

The aim of this analysis is to investigate the potential improve-

ments in biomethane production economics that are achievable from

improvements in the membrane separation properties. This is achieved

by deÞning different biogas membrane upgrading conÞgurations and

modelling the economic, energetic and methane recovery potential for

each conÞguration, compared to a membrane-CHP hybrid conÞgura-

tion and a biogas-to-CHP reference conÞgurations. Then, the variation

in scenario performance was evaluated assuming higher membrane

selectivity and permeability. Four parameters that affect the operation

of each conÞguration may be considered as, either membrane unit

properties or system design parameters and are given below;

i) Membrane unit properties
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¥ Permeabilityof membrane to CO2.

¥ Selectivityof membrane, ratio of CO 2 and CH 4 permeabilities.

ii) System design parameters

¥ Recycle ratio, the amount of waste gas recycled to the feed

stream.

¥ Pressure ratio, pressure ratio between the high pressure feed-

side and low pressure permeate-side.

These parameters affect the sizes of membrane separation unit, com-

pressors and heat exchangers required to achieve biomethane speciÞca-

tion gas. This in turn impacts the power required for separation and

both the capital costs and operating costs of the separation process. This

analysis aims to perform an economic assessment of biomethane pro-

duction via membrane upgrading, with regard to subsidies and mem-

brane separation properties. To achieve this, the change in membrane

area, compressor size and heat exchanger size subject are calculated as

detailed in Chapter 3.

The metrics used to measure system performance are;

i) Net present value (NPV), in £ Nm! 3
biogas

ii) Revenue stream (REV), in£ y! 1

iii) SpeciÞc upgrading energy (SUE), inkWh Nm! 3
biogas

iv) Methane recovery (REC), in %
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v) SpeciÞc upgrading cost (SUC), in£ Nm! 3
biogas

As before, NPV is the total value of a project assuming a life of

20 years and a discount rate of 10 %. The SUC takes into account the

CAPEX of the conÞguration and combines this with the amortised

OPEX over the project life, using the discount rate. The SUE quantiÞes

the total energy needed to produce one metre cubed of biomethane and

arises from the electricity needed to operate the compressors used to

pressurise biogas inlet.

5.1.1. Scenario deÞnition

This chapter presents the results from three different membrane biogas-

upgrading conÞgurations (Fig. 5.1), compared with two CHP conÞgu-

rations (Fig. 5.1). The Þve different membrane and CHP conÞgurations

are outlined next.

i) Single membrane with recycle Ñ MemR:

single membrane stage, with the retentate speciÞed as biomethane

quality and the permeate stream is recycled. A compressor and

heat exchanger are used to compress biogas to the desired pressure

and cool the gas after compression to an acceptable temperature

for separation.

ii) Two membranes in series Ñ MemS:

two-stage membrane upgrading in series, with the retentate from

the Þrst membrane unit feeding the second membrane unit, while
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the permeate is purged. The retentate of the second unit is speciÞed

as biomethane quality, and the permeate is recycled. A compressor

and heat exchanger are used to compress biogas to the desired pres-

sure and cool the gas after compression to acceptable temperature

for separation.

iii) Two membranes in parallel Ñ MemP:

two-stage membrane upgrading in parallel with the retentate from

the Þrst membrane unit speciÞed as biomethane quality, while the

permeate feeds the second membrane unit. The retentate of the sec-

ond unit is recycled and the permeate is purged. Two compressors

and heat exchangers are used to compress biogas to the desired

pressure and cool the gas after compression to an acceptable tem-

perature for separation. The Þrst compressor and heat exchanger

are used prior to feeding gas to the Þrst membrane unit and the

second compressor and heat exchanger are used to recompress

gas to the required separation pressure before entering the second

membrane unit.

iv) Membrane with CHP Ñ MemCHP:

single membrane stage where the retentate is speciÞed as biomethane

quality, and the permeate stream feeding to a CHP unit with an

enrichment of the permeate stream from the feed biogas to en-

sure a minimum CH 4 content of 30mol%. A compressor and heat

exchanger are used to compress biogas to the desired pressure
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and cool the gas after compression to acceptable temperature for

separation.

v) Biogas direct to CHP Ñ OnlyCHP:

biogas feeding direct to a CHP unit, no membrane unit. The elec-

tricity is assumed to be exported to the UK electrical grid, while

the heat is assumed to displace natural gas used in a boiler with

90% heating efÞciency. This is the benchmark conÞguration used

to compare the performance of the membrane upgrading conÞgu-

rations.

The general modelling procedure is similar to that used in Chap-

ter 4, namely mass and energy balances were used to feed economic

and environmental parameters, detailed in Chapter 3. The gas speciÞ-

cations for the different material streams used in the model are given in

Table 5.1. Each membrane conÞguration was modelled over a range of

permeabilities, selectivities, pressures and recycle ratios (see Table 5.2)

in order to identify optimal operating conditions and to compare the

performance of each conÞguration.

Table 5.1. Gas specifications for raw biogas, CHP-biogas and biomethane.

Property Raw Biogas CHP-biogas Biomethane

CH4 [vol%] 60 30 (min) 96

CO2 [vol%] 40 40 4

H2S [ppmv] 1,000 300 150

H2O dew point, [¡C] Saturated 10 -20

Pressure [bar] 1.013 1.013 1.075

Temperature [¡C] 20 20 20
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Table 5.2. Membrane configuration operating parameters.

Variable Range Unit

Permeability, PCO2 0.1 Ð 10,000 barrer

Selectivity, ! CO2/CH 4 1.5 Ð 10,000 Ñ

Feed pressurea, p 5 Ð 30 bar

Recycle ratio, r 0 Ð 0.99 % of permeate stream

Membrane outlet purity b 0.61 Ð 0.96 mol %

Membrane thickness, #m 0.5 µm

Biogas feed,qbiogas 1, 000 m3 h! 1

NG wholesale 2 p kW h! 1

NG non domestic consumer 2.573 p kW h! 1

RHI Ñ Biomethane (current) c 4.55 Ð 2.06 p kW h! 1

RHI Ñ Biomethane (2014) 7.1 p kW h! 1

Electricity wholesale 0.05 p kW h! 1

FiT (current) d 6.83 Ð 7.39 p kW h! 1

Electricity export 4.91 p kW h! 1

Discount rate 10%

a The permeate side (low) pressure is Þxed at1.2bar.
b Only applicable for MemS and MemP conÞgurations.
c Value dependent on quantity of biomethane supplied to the grid Ñ
maximum is given for the Þrst 40, 000MW h , then reduces for the next
40, 000MW h , and the Þnal 2.06p kW h! 1 is available for all biomethane there-
after.
d Value dependent on quantity of electricity generation Ñ the lower the
electricity generation capacity, the higher the tariff.
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Figure 5.1. Flow diagrams for the three membrane upgrading configurations and the

two CHP configurations. 5.1a single membrane unit with a recycle of the permeate

stream. 5.1b two-membrane units in series arrangement with recycle of 2nd unit

permeate. 5.1c two-stage in parallel arrangement with recycle of second unit retentate.

5.1d biogas fed directly to CHP with no membrane unit. 5.1e single membrane unit

with a recycle of the permeate stream.
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Figure 5.2. A log-log plot of selectivity against permeability for the CO2 and CH4 gas

pair, adapted from data accessed from theMembrane Society of Australiadatabase,

MSA (2016). The Robesonupper boundrelationships published in 1991 and 2008 are

included, Robeson (1991, 2008). The membranes with the highest recorded CO2/CH 4

selectivity (339) and CO2 permeability (50, 600barrer) are displayed by filled red

circles. These are used as extreme values to define a theoreticalfuturemembrane

with the combined selectivity and permeability, displayed by the black cross. The

separation characteristics for membranes currently used in biogas upgrading are given

by the highlighted green rectangle. For the purpose of this study, current membrane

separation is taken as selectivity60and permeability6 barrer, Chen et al. (2015).

5.2. M EMBRANE SEPARATION PROPERTIES

Membrane separation performance can be characterised by the perme-

ability and selectivity. Robeson (2008) collected membrane separation

data for speciÞc gas pairs, including CO2 and CH 4, and used these

data to deÞne the so calledupper boundrelationship, which relates the

permeability to the selectivity, where n is the slope of the log-log plot
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and k is a proportionality constant, see Eq. (5.1).

Pi = k%n
ij (5.1)

These relationships were Þrst published in 1991, where for the CO2-

CH4 gas pair, k = 1, 073, 700barrers and n = " 2.6264, Robeson (1991).

However, 17 years later, Robeson published updated upper bounds

as new membranes were exhibiting separation characteristics outside

the 1991 upper bound. The 2008 upper bound parameters for CO2 and

CH4 were k = 5, 369, 140barrer and n = " 2.636, Robeson (2008). The

Membrane Society of Australia(MSA) runs a database of membrane sepa-

ration characteristics that are reported in the literature, MSA (2016). The

data collated in this database were used to plot an updated selectivity-

permeability plot for the CO 2 Ð CH4 gas pair, see Fig. 5.2. In practice

the Óupper boundÒhas not successfully predicted the maximum limit of

polymer separation characteristics. Hence, rather than picking a point

on the latest upper bound line, instead the two membranes exhibiting

the highest CO2-CH4 selectivity (339) and highest CO2 permeability

(50, 600barrer) were identiÞed, and combined these values to deÞne a

theoretical future membrane, see Fig. 5.2.

5.2.1. Operating scenarios

The conÞgurations are modelled assuming three scenarios, each apply-

ing different values to biomethane by altering the available subsidy. All
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scenarios use the wholesale price of NG as a basic value for biomethane,

with RHI subsidies added to this for two of the scenarios. The Þrst

scenario assumes use of the recent (July 2016) value for the RHI subsidy

available for biomethane generation. The second scenario uses the high-

est historical RHI that was available for biomethane generation plants

commissioned during 2014. The Þnal scenario assumes no subsidies

are available and uses only the wholesale price of natural gas as the

value associated with biomethane.

5.3. PRESSURE AND RECYCLE OPTIMISATION

The membrane conÞgurations under investigation have many possible

operating points, i.e., there are many combinations of pressures and

recycle ratios that can be used. Hence, Þnding a criterion for picking

consistent operating points across the conÞgurations is required. In

this study, where economic performance is the key parameter, the

membrane conÞgurations were operated at the pressures and recycle

ratios that returned the largest NPV.

5.4. RESULTS Ñ CURRENT MEMBRANES

Using the separation characteristics identiÞed for currently used mem-

branes, (P = 6 barrer and %= 60), the membrane upgrading conÞgu-

rations (Fig. 5.1) were modelled with regard to NPV, REV, SUC, SUE

and REC. As previously stated, the conÞgurations were modelled for

three different scenarios, i.e., assuming current subsidies, assuming
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more generous subsidies, and assuming no subsidies. The results for

the conÞgurations in all three scenarios are given in Table 5.3.

Table 5.3. Operating parameters for the four membrane configurations assuming

current membrane technology (P = 6 barrer and %= 60) operating at a raw biogas

feed of 1000m3h! 1. CHP-only reference NPV given in table footnote.

Single with
Recycle

Two-stage in
Series

Two-stage in
Parallel

Membrane
with CHP

NO SUBSIDIES

NPV [ £ millions ] £ " 10.57 £ " 10.57 £ " 17.65 £ 2.25

REV [£ millions ] £ " 2.36 £ " 2.36 £ " 5.49 £ 7.42

SUC [£ m! 3] 0.246 0.246 0.343 0.126

SUE [kW h m! 3] 0.530 0.530 0.626 0.114

Pressure [bar] 7.0 7.0 6.0 5.0

Recycle 0% 0% 0% n/a

CH4 recovery 77.0% 77.0% 71.6% 25.2%

CURRENT SUBSIDIES

NPV [ £ millions ] £ " 3.13 £ " 3.07 £ " 2.98 £ 4.74

REV [£ millions ] £ 4.85 £ 5.21 £ 10.64 £ 9.91

SUC [£ m! 3] 0.250 0.259 0.418 0.126

SUE [kW h m! 3] 0.597 0.624 0.972 0.114

Pressure [bar] 7.6 7.6 7.0 5

Recycle 0% 100% 100% n/a

CH4 recovery 79.0% 83.3% 97.2% 25.2%

2014SUBSIDIES

NPV [ £ millions ] £ 11.94 £ 13.81 £ 6.96 £ 10.65

REV [£ millions ] £ 19.63 £ 22.91 £ 20.63 £ 14.80

SUC [£ m! 3] 0.263 0.284 0.420 0.122

SUE [kW h m! 3] 0.739 0.690 0.941 0.284

Pressure [bar] 8.6 7.6 7.0 8.6

Recycle 0% 100% 100% n/a

CH4 recovery 82.0% 91.2% 97.9% 31.6%

CHP-only current subsidies NPV = £ 22.56 million (assuming all heat used).
CHP-only 2014 subsidies NPV £ 27.49 million (assuming all heat used).
CHP-only no subsidies NPV = £ 10.70 million (assuming all heat used).
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5.4.1. Net Present Value Ñ Current Membranes

The NPV is the total expected return of the project over its lifetime, in

this case 20 years, and accounts for the biomethane revenue, operating

expenditure and capital cost of equipment, using a discount rate of 10%.

The NPV for all membrane conÞgurations, (Table 5.3), reveal that for

current subsidy levels none of the membrane-only conÞgurations man-

age a positive return. Only the MemCHP scenario returns a positive

NPV of £ 4.74 million , compared to " £ 3.13 million , " £ 3.07 million ,

and " £ 2.98 million for MemR, MemS and MemP respectively.

When the 2014 subsidy levels are applied, i.e., the highest level

of biomethane subsidy the UK has offered, all scenarios return pos-

itive NPVs. Now, MemS returns the largest NPV of £ 13.81 million ,

followed by MemR with £ 11.94 million . The hybrid MemCHP conÞg-

uration returns the third highest NPV of £ 10.65 million , and MemP

gave £ 6.96 million . MemP went from the returning the highest NPV

of all membrane-only scenarios, to returning the lowest NPV, when

changing from current, to 2014 subsidies. This may be attributed to the

extra compressor required by this conÞguration, compared to the other

conÞgurations, i.e., the extra biomethane recovered by this scenario

does not make up for the extra cost (capital and operating) of the extra

compressor.

For the case when no subsidies are applied, the biomethane value is

assumed to be equal to the wholesale value of natural gas. In this case
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all membrane-only scenarios return negative NPVs, " £ 10.57 million ,

" £ 10.57 million , and " £ 17.65 million for MemR, MemS and MemP

respectively. Only MemCHP manages a positive NPV of £ 2.25million .

The CHP-only conÞguration returns the highest NPV for each sub-

sidy scenario. Using current subsidies, CHP-only gives a NPV of £ 22.56

million , which is over £ 17 million more than any of the other conÞgu-

rations using current subsidies. CHP-only with 2014 subsidies returns

a NPV of £ 27.49million and when no subsidies are applied, CHP-only

returns a NPV of £ 10.70million . Both return £ 8 million more than any

of the membrane containing conÞgurations. These results show that

the large difference in value of electricity and natural gas (2 p kWh! 1

cf. 4.91p kWh! 1) makes any upgrading conÞguration Þnancially un-

competitive with CHP unless signiÞcant subsidies are available, such

as the RHI from 2014 (7.1p kWh! 1). Consequently, continued invest-

ment in producing biomethane as a versatile, strategic low carbon fossil

replacement will likely dwindle under current conditions due to the

unfavourable economics.

5.4.2. Revenue Ñ Current Membranes

The REV is the total expected income, net of the operating expenses,

achieved over the lifetime of the project, (20 years with discount rate

10%). In contrast to the NPV, all membrane conÞgurations, (Table 5.3),

manage a positive REV for current subsidies. This indicates it is theo-

retically possible to achieve a proÞt with each membrane-only conÞg-
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uration if the cost, (capital and operating), were low enough. MemP

returns the highest REV of £ 10.64 million , second is MemCHP with

£ 9.91 million MemS and MemR produce similar REVs of £ 5.21 million

and £ 4.85 million respectively. MemP achieves a better REV than both

MemS and MemR due to the higher methane recovery, i.e., 97.2 %com-

pared with 85.3 %and 79.0 %.

However, when 2014 subsidies are applied, MemS returns the high-

est REV of£ 22.91 million and MemP gives the second largest REV of

£ 20.63 million , followed by MemR with £ 19.63 million , and MemCHP

returns the least REV, (£ 14.80 million ). The increased value associated

to biomethane has resulted in higher methane recoveries for all mem-

brane scenarios, compared with the current subsidy cases. This, in turn,

has produced higher REVs for all cases due to more biomethane being

produced combined with a higher value received for this gas.

For the case where no subsidies are applied, the value of biomethane

is taken as the wholesale price of natural gas in the UK, (2p kWh! 1).

This resulted in all the membrane-only conÞgurations returning nega-

tive REVs, i.e., MemR gives " £ 2.36 million , MemS gives" £ 2.36 million

and MemP gives " £ 5.49 million . Only MemCHP returned a positive

REV of £ 7.42 million . This suggests that, in the current energy mar-

ket, un-subsidised production of biomethane is economically unviable

because it cannot return a proÞt.
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5.4.3. Methane recovery Ñ Current Membranes

Methane recovery is expressed as percentage of CH4 in the feed biogas

that is present in the biomethane product. For each subsidy scenario

the trend in methane recoveries, is for MemP to return the highest,

followed by MemS, then MemR and as expected MemCHP returns the

lowest. When current and 2014 subsidies are applied, MemP achieves

over 97% methane recovery for both cases. However, for the case of no

subsidies, this drops to 71.6%.

Both MemS and MemR returned their highest methane recoveries,

of 91.2% and 82.0% respectively, when using 2014 subsidies. While

both their lowest recoveries resulted when no subsidies were used,

(77.0% for both). Current subsidies gave intermediate recoveries of

85.3% and 79.0% for MemS and MemR respectively. These results show

a link between methane recovery and revenue value of biomethane, i.e.,

no subsidies results in the lowest revenue value of biomethane, while

the 2014 subsidies provide the highest revenue value of biomethane

and result in the highest methane recoveries. The extra cost of increas-

ing recovery is offset by the increased revenue of generating more

biomethane.

MemCHP achieved its highest recovery using 2014 subsidies, (31.6%),

and then returned 25.2% CH4 recovery for both current subsidies and

no subsidies. The relative disparity in recoveries between MemCHP

and the membrane-only conÞgurations, (recoveries of around 30% cf.80
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Ð 90%), is because the methane supplied to the CHP unit is not counted

towards the CH 4 recovery.

5.4.4. SpeciÞc upgrading cost Ñ Current Membranes

The SUC, (cost required to upgrade one metre cubed of biogas fed

to the system), was calculated for each conÞguration in each of the

three scenarios, (Table 5.3). The same trend is seen for each subsidy

scenario Ñ MemP returns the highest SUC, second is MemS, third is

MemR, and the lowest SUC is MemCHP. This may be explained by the

requirement of a second compressor for the MemP conÞguration, cf. all

other scenarios require only one.

As the value attached to biomethane increases,i.e., the subsidy level

increases, the SUC for all conÞgurations increases. This is because it

becomes optimal to recover more biomethane, the higher it is valued.

5.4.5. SpeciÞc upgrading energy Ñ Current Membranes

The speciÞc upgrading energy (SUE) is deÞned as the cost required

to upgrade biogas to biomethane per metre cubed of either biogas

feed, or biomethane produced. The parameter affecting this metric

is the pressure used to achieve the separation, and consequently the

compressor. Hence the upgrading energy affects the process economics

through the compressor costs. The lower the pressure that may be used,

the lower the energy required by the compressors to pressurise the

biogas.
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5.4.6. Comparison Ñ Current Membranes

For current membrane separation properties, none of the conÞgu-

rations analysed were able to outperform the CHP base-case. Only

MemS returned a positive NPV ( £ 4.8 million ), while MemR and MemP

both returned negative NPVs ( £ " 2.8 million and £ " 3.1 million ).

If biomethane production is required, then MemCHP case returns

a higher NPV ( £ 5.5 million ) than MemS, however MemCHP only

achieves29.6 %CH4 recovery compared with the 94.9 %achieved by

MemS.

MemP has a higher upgrading cost than the other scenarios because

it uses two compressors rather than one compressor (as used by MemR,

MemS, and MemCHP). This is shown by the relatively higher SUC

of 0.47£ m! 3 for the MemP conÞguration, compared to SUCs of 0.32

£ m! 3 and 0.35 £ m! 3 for MemR and MemS. However, MemP has

a lower operating pressure optimum of 5bar compared to 11bar for

MemR and MemS. This lower pressure is why the SUE of the MemP

conÞguration is lower than than that of the MemR and MemS conÞgu-

rations, i.e., 0.62kWh m! 3 compared to 1.2 kWh m! 3 and 1.3 kWh m! 3

respectively.

5.5. RESULTS Ñ FUTURE MEMBRANE

The theoretical future membranewas deÞned as a combination of the

currently recorded highest selectivity and permeability for polymer

142



CHAPTER 5

membranes (Fig. 5.2). Using the separation characteristics identiÞed

for the theoretical future membrane, ( P = 5 & 104 barrer and % =

339, Fig. 5.2), the membrane upgrading conÞgurations (Fig. 5.1) were

modelled with regard to NPV, REV, SUC, SUE and REC.

5.5.1. Net Present Value Ñ future membrane

The NPV for each conÞguration has improved compared with the

conÞgurations modelled using the current membrane properties. For

current subsidies, all conÞgurations return positive values and MemS

produces the highest NPV with £ 9.58million , (cf.MemCHP gave the

highest for current membrane). Second highest NPV is achieved by

MemCHP with £ 8.65million , followed by MemR with £ 7.01million ,

and MemP produces the lowest NPV of £ 6.62million . While none of

the membrane scenarios can match OnlyCHP, which returned a NPV

of £ 22.56million .

When 2014 subsidy levels are applied, biomethane production is

more competitive compared with the OnlyCHP conÞguration. MemS,

again, returns the highest NPV of the membrane conÞgurations, with

£ 28.27million , and this is even higher than the NPV returned by the

OnlyCHP scenario, (£ 27.49million ). Also, MemP now returns the sec-

ond highest NPV with £ 25.45million . While MemR manages £ 22.64

million and MemCHP gives £ 14.42million

When no subsidies are applied, MemS manages to achieve a positive

NPV of £ 0.58million . Although this is no longer the best performing
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Table 5.4. Operating parameters for the four membrane configurations assuming

future membrane technology (P = 5 & 104 barrer and %= 339) operating at a raw

biogas feed of1000m3h! 1. OnlyCHP NPVs are given in table footnote.

Single with
Recycle

Two-stage in
Series

Two-stage in
Parallel

Membrane
with CHP

NO SUBSIDIES

NPV [ £ millions ] £ " 0.07 £ 0.58 £ " 2.46 £ 5.68

REV [£ millions ] £ 1.51 £ 2.46 £ 0.33 £ 17.17

SUC [£ m! 3] 0.083 0.101 0.147 0.059

SUE [kW h m! 3] 0.288 0.381 0.540 0.126

Pressure [bar] 5.0 5.0 5.0 5.0

Recycle 0% 100% 100% Ñ

CH4 recovery 69.8% 93.5% 94.4% 30.4%

CURRENT SUBSIDIES

NPV [ £ millions ] £ 7.01 £ 9.58 £ 6.62 £ 8.65

REV [£ millions ] £ 8.84 £ 11.53 £ 9.51 £ 10.37

SUC [£ m! 3] 0.098 0.106 0.153 0.059

SUE [kW h m! 3] 0.365 0.404 0.570 0.126

Pressure [bar] 5.0 5.0 5.0 5.0

Recycle 34% 100% 100% Ñ

CH4 recovery 77.7% 96.7% 98.4% 30.4%

2014SUBSIDIES

NPV [ £ millions ] £ 22.64 £ 28.27 £ 25.45 £ 14.42

REV [£ millions ] £ 24.92 £ 30.29 £ 28.38 £ 17.73

SUC [£ m! 3] 0.127 0.110 0.156 0.063

SUE [kW h m! 3] 0.511 0.425 0.583 0.152

Pressure [bar] 5.0 5.0 5.0 5.5

Recycle 63% 100% 100% Ñ

CH4 recovery 85.9% 98.3% 99.2% 32.9%

OnlyCHP current subsidies NPV £ 22.56 million (all heat used, and electricity exported to grid).
OnlyCHP 2014 subsidies NPV £ 27.49 million (all heat used, and electricity exported to grid).
OnlyCHP no subsidies NPV £ 10.70 million (all heat used, and electricity exported to grid).

conÞguration since MemCHP returns £ 5.68million . MemR and MemP

both return negative NPVs, " £ 0.07million and " £ 2.46million respec-

tively.
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Only when the 2014 biomethane subsidies were used could the

biomethane producing conÞgurations come close to matching the Only-

CHP conÞguration. However, there are several assumptions made for

the analysis that may have a signiÞcant impact on the results. Namely,

assumptions regarding how the electricity and heat produced from

CHP units are utilised, which were previously demonstrated to have

an inßuence on NPV in Chapter 4. For this study the CHP units were

assumed to export their electricity to the UK grid, and use their heat

on-site, assuming it displaces natural gas burned in a boiler at 90%

efÞciency. If the heating demands of the site are minimal, the heat

produced would most likely be discarded due to lack of district heating

infrastructure. If this is the case, then the CHP would return a lower

NPV than indicated by the analysis. Also, if the electricity produced

by the CHP unit could be used on-site, then the revenue generated by

the electricity would actually increase due to displacing the electricity

bought at consumer rate, rather than getting the export value of 4.81

p kWh! 1.

5.5.2. Revenue Ñ future membrane

The REV have improved for all conÞgurations across all investigated

subsidy scenarios. Of particular note is the case of no subsidies, where

all conÞgurations now return positive REVs, cf. they all showed nega-

tive REVs when modelled with current membrane speciÞcations. While

two of the conÞgurations, (MemR and MemP), did not return positive
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NPVs, they did manage positive REVs of £ 1.51 million and £ 0.33

million , which suggests the possibility of breaking even.

For both the subsidised scenarios, MemS returns the highest REV,

£ 11.53 million and £ 30.29million for current and 2014 level subsidies

respectively. MemP returns a higher REV than MemR for both the

subsidised scenarios, but not the unsubsidised scenario.

MemCHP actually performs least well when current subsidy levels

are applied. When 2014 subsidies are applied, MemCHP returns a REV

of £ 17.73million and when no subsidies are applied it returns a REV of

£ 17.17million . Current subsidy levels return a REV of £ 10.37million .

The REV is deÞned as the revenue net the operating costs. Here

the marked increase in REV, compared to when the current polymer

membranes were modelled, is due to both an increased CH4 recovery

and decrease in operating costs. The increase in CH4 recovery is due to

the higher selectivity, which means less CH 4 is lost in the purge stream.

The higher selectivity also allows lower pressures to be used, which

reduces the size of compressor needed, and hence the operating cost of

upgrading.

5.5.3. Methane recovery Ñ future membrane

The highest CH4 recoveries were achieved by the MemP conÞguration

across all subsidy scenarios. MemS returned the second highest CH4

recoveries, MemR gave third highest and MemCHP returned the lowest,

across all subsidy scenarios.
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A trend to note for the MemS, MemR and MemP conÞgurations,

is that CH 4 recoveries increase with increasing subsidy level, or more

directly, CH 4 recovery is proportional to the value of biomethane. For

example, MemS manages 93.5% CH4 recovery with no subsidies, while

current subsidies result in 96.7% CH4 recovery and 2014 subsidies

give 98.3% CH4 recovery. Similarly MemR increases from 69.8%, at no

subsidies, to 77.7% and 85.9% at current and 2014 subsidies respectively.

While MemP follows the trend, the CH 4 recovery increases are less

dramatic, instead increasing from 94.4%, (no subsidies), to 98.4% and

99.2% for current and 2014 subsidies.

5.5.4. SpeciÞc upgrading cost Ñ future membrane

MemP returns the highest SUC of all the conÞgurations for each subsidy

level. It increases slightly with increase in subsidy level, from 0.147

£ m! 3 at the no subsidy scenario, to 0.153£ m! 3 with current subsidies,

and to 0.156£ m! 3 at 2014 subsidy levels.

MemR and MemS both follow the same trend as MemP, i.e., their

SUCs increase as the level of subsidy increases, but, the amount by

which they increase differs between the two conÞgurations. For the no

subsidy and current subsidy scenarios, MemR has lower SUCs than

MemS, i.e., 0.083£ m! 3 and 0.098£ m! 3 compared with 0.101£ m! 3

and 0.106£ m! 3. However, when using 2014 subsidies, MemR has a

higher SUC than MemS; 0.127£ m! 3 compared with 0.110£ m! 3.

This analysis concludes that the SUC is a reßection of the value as-

147



CHAPTER 5

sociated to the product biomethane. So the higher the value associated

to biomethane, in this case through the RHI subsidies, the more money

can be spent on upgrading the feed biogas to increase the biomethane

production. This assertion is consistent with the trends highlighted

here. A biomethane value between the current subsidies and the 2014

subsidies results in the SUC for MemR becoming greater than the SUC

for MemS. This is because MemS is more efÞcient at recovering CH4.

Thus, as the biomethane value increases the conÞgurations recover

more biomethane and MemR increases recovery by increasing the re-

cycle from 34% at current subsidies to 86% at 2014 subsidies. This

requires a larger compressor to recompress the additional gas added

to the biogas feed, which in turn increases the overall conÞguration

cost. In contrast, MemS does not change the amount recycled, rather it

changes the outlet concentration of the Þrst membrane unit. Although

this results in larger membrane units however, this is not as costly

as increasing compressor size, as indicated by the speciÞc upgrading

energy in the following section. MemP has a larger SUC than MemR

and MemS due to the extra compressor required by the conÞguration,

two compressors (MemP) versus one compressor (MemR and MemS).

5.5.5. SpeciÞc upgrading energy Ñ future membrane

The overall trend followed by MemR, MemS and MemP, is that SUE

increases with increase in subsidy level. MemP requires the highest

SUE, ranging from 0.540kWh m! 3 for no subsidies, increasing to 0.570
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kWh m! 3 for current subsidies, and reaching 0.583kWh m! 3 at 2014

subsidy levels. MemCHP requires the lowest SUE, which remains

constant at 0.126kWh m! 3 for both no subsidies and current subsidies,

while increasing to 0.152kWh m! 3 when 2014 subsidies are applied.

The SUE trends observed for MemR and MemS mirror those re-

ported for the SUC. That is, for no subsidy and current subsidy levels,

MemR requires lower SUEs of 0.288kWh m! 3 and 0.365kWh m! 3 re-

spectively, compared with 0.381kWh m! 3 and 0.404kWh m! 3 required

by MemS. While for the 2014 subsidy scenario, MemR requires a higher

SUE than MemS;0.511kWh m! 3 compared with 0.425kWh m! 3.

5.6. CURRENT MEMBRANE VS . FUTURE MEMBRANE

SigniÞcant increases in NPV result from improving membrane per-

formance from current levels to future values. For current subsidies,

the NPV for MemR, MemS and MemP goes from negative to positive

with the improved future membranes. While the 2014 subsidies al-

low MemS to achieve a higher NPV than CHP-only case when future

membranes are used. Assuming no subsidies, the NPV for MemR and

MemP are still negative, although the REVs of all conÞgurations change

from negative to positive when changing current membrane for future

membrane properties.

The methane recovery for MemS and MemP improved when using

future membranes instead of current membranes. The MemR con-

Þguration increased its CH 4 recovery when future membranes were
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used with 2014 subsidy levels, however, MemR returned lower CH 4

recoveries with current and no subsidy level when using future mem-

branes. That is, while the NPV and REV increase, the CH4 recovery

only increases if the 2014 subsidy levels are applied when improving

the membrane separation properties.

The REV of all conÞgurations improved when future membrane

values were used instead of the current membrane values. Of particular

importance was the change from negative REVs for the unsubsidised

scenarios with current membranes, to positive REVs when the future

membrane properties were used. This shows that improving the mem-

brane properties has the potential to allow economical biomethane

production without the aid of subsidies.

5.7. PERMEABILITY & SELECTIVITY VARIATION

The membrane separation properties, (permeability and selectivity),

impact the economic viability of biogas upgrading processes. We

have seen that combining the highest recorded permeability with the

highest recorded selectivity, to deÞne a theoretical future membranein

place of currently used membranes, improved the Þnancial return of

biomethane production. This section looks at the variation in NPV as

the permeability and selectivity change, in order to Þnd the incremen-

tal returns available. This will allow us to decide whether improving

either selectivity, or permeability, will make the greatest improvements.

The NPVs of the three membrane-only conÞgurations using current
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subsidies are given in Fig. 5.3.
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Figure 5.3. Net present values for the three membrane only configurations; MemR

(blue), MemS (green), MemP (red) on a log-log plot of permeability and selectivity

CO2/CH 4.

The MemS conÞguration has been shown to give the highest NPVs

compared with MemP and MemR. Assuming the MemS conÞguration,

the permeability and selectivity were varied from 1.2 Ð 10, 000and 0.1 Ð

106 respectively and the resulting NPV calculated, see Fig. 5.4.

The results reveal that current membrane NPV could be most ef-

fectively improved by focussing on increasing the permeability. In

contrast, increasing the selectivity would not result in a signiÞcant im-

provement. In particular, Fig. 5.4b highlights an operating permeability-
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Figure 5.4. The NPV variation with permeability and selectivity for the MemS config-

uration. The values for the current membrane, future membrane and best membrane

are marked by the black crosses.

selectivity region; around selectivity 10 and permeability 60 barrer,

which achieves similar NPV as the future membrane, while having a
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selectivity 1 order of magnitude less and a permeability that is 3 orders

of magnitude less.

These permeability-selectivity values have been reported in the

literature (Fig. 5.2), particularly polyarylates match these speciÞcations,

MSA (2016); Robeson (2008); Chen et al. (2015). If these polymers can

be manufactured at similar costs to the current membranes this analysis

suggests they would be a superior material for biogas upgrading than

those currently used.

5.8. SENSITIVITY

Natural Gas Price

The wholesale price of NG dictates the revenue potential of biomethane

(Revenue= Nat Gas price + RHI ). The wholesale NG price ßuctuates

with time (Fig. 5.5), which make biomethane revenue rather uncer-

tain. Compared with the cost of producing biomethane, the cost of

producing natural gas is signiÞcantly lower due to the far larger scale

of production. Figure 5.6a shows that a wholesale NG price of 11.2

p kWh! 1 is required for biomethane production to equal OnlyCHP NPV

when no subsidies are available. Although, MemS produces a higher

REV than OnlyCHP at NG wholesale values as low as 4 p kWh! 1, see

Fig. 5.6b. Hence, if elements of the biogas upgrading CAPEX could be

reduced, namely the compressor, then biomethane production would

be less reliant on subsidies to compete with combined heat and power.
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Figure 5.5. The wholesale natural gas price for the UK (in pence per kWh) as a function

of time. The natural gas prices needed for a 2-stage series membrane upgrading plant,

producing biomethane, to equal the NPV produced by feeding a CHP device with

biogas assuming no subsidies, current subsidies and 2014 level subsidies.

5.9. D ISCUSSION

The economics of membrane separation was investigated at differ-

ent permeabilities and selectivities. Using the recent biogas subsidies

(available July 2016), it was found that for current membrane separation

characteristics, none of the membrane conÞgurations could compete

Þnancially with biogas to CHP. This is both due to the higher SUC

associated with membrane upgrading (between 0.32 Ð 0.47£ m! 3
biogas)

compared with that of CHP (0.06 £ m! 3
biogas). The main reason for the
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higher SUCs of the membrane upgrading is due to the compressor(s)

needed to achieve the 11bar pressure required for separation. They are

costly to buy and run compared to the feed system to a CHP which is of

negligible cost. Hence, with the inherently higher SUCs, the membrane

upgrading conÞgurations require a higher revenue stream than the

CHP in order to have a chance of competing economically. Again, this

is not the case due to the high subsidies available for electricity and

heat in comparison to biomethane. Also, UK gas prices are low which

lowers the value of biomethane, while electricity prices are relatively

higher than gas.

Membranes with future separation properties were found to out-

perform the CHP-only conÞguration using the two membrane units in

series (MemS). The revenue streams were relatively unchanged; slightly

higher for both the two-membrane conÞgurations and actually less for

the single membrane with recycle. Hence, it was the decrease in upgrad-

ing costs that resulted in the increase in NPV for the ideal membranes.

At higher selectivities, the desired separation can be achieved at a lower

pressure (5bar), which results in smaller compressors and lower costs.

The higher permeabilities decreases the membrane area required to

upgrade the biogas, hence the cost of both the membrane material and

membrane module reduce as well.
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Revenue

Due to the disparity in scale of production, NG wholesale prices can be

lower than corresponding biomethane prices. Also, the NG price does

not account for the pollution caused, hence there is a rationale behind

biogas subsidy (or carbon taxation of NG), if the political driver is to

reduce CO2.

However, for the biogas sector to be compete with NG and be re-

silient to changes in the political landscape (like subsidy cuts), cheaper

upgrading technologies are needed for biomethane. Although this

may not actually help that much due to the fact that similar processing

techniques are used between NG and biomethane, thus better upgrad-

ing technologies for biogas may be utilised in the NG sector, giving

a reduction in production costs and hence maintaining the difference

in wholesale price. This point seems to identify that policy support in

some form or another is essential to make biomethane production a

viable alternative to NG.

To remove the uncertainty in biomethane revenue, the RHI may be

updated to a scheme similar to the CfD, used for large scale electricity

production. This scheme involves the (biomethane) producer agreeing

a value for biomethane, then guarantees this price will be paid to the

producer regardless of the wholesale gas price. Hence, the uncertainty

is transferred over to the tariff provider.
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5.10. CONCLUSIONS

The price of NG in the UK is low enough that upgrading biogas to

biomethane struggles to compete with CHP as the most economically

viable option. Hence, Þnding an alternative fuel to displace that has

a higher value than NG would open up the biogas upgrading route.

The transport sector has been identiÞed as a critical area that the UK

needs to decarbonise to stay on track with the 2028 and 2050 targets.

Biomethane transport offers a low carbon alternative to petrol and

diesel, which have wholesale values in the range of 9 p kWh! 1 and

retail values in the range of 12 p kWh! 1, RAC Foundation (2017). This

potentially makes biogas upgrading for transport fuel an attractive

utilisation possibility, which is investigated in the following chapter

(Chapter 6).
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CHAPTER 6

BIOGAS TRANSPORT FUEL

6.1. I NTRODUCTION

Biomethane is a low carbon alternative to traditional fossil-based trans-

port fuels, such as diesel and petrol. There are several different routes

for upgrading biogas to transport fuel suitable for vehicle use. The

main route is to upgrade biogas to grid quality biomethane, inject it

into the gas grid, then CNG Þlling stations using grid gas will be using

a portion of Ògreen gasÓ. Another method is to upgrade biogas to re-

quired vehicle standards, which may be less stringent than grid quality

(Scania truck engines only require Wobbe numbers between 10.6 Ð 15.6

kWh m! 3, cf.UK gas grid 13.1 Ð 14.3kWh m! 3) and deliver this gas to

bioCNG Þlling stations by truck, Scania (2016); Ofgem (2014).

Assuming transport fuel speciÞcation targets only need to meet

engine requirements, then conversion of biogas to transport fuel may

be achieved via either, biogas upgrading with membrane separation, or

biogas enriching with natural gas. From an economic stand point, this

chapter analyses the performance of upgrading and enriching transport

fuel production. The environmental performance of both transport fuel

production routes are compared. The results are discussed with regard
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to UK policy and its effectiveness at promoting biogas-based transport

fuel.

The UK transport sector needs to decarbonise to help the UK reach

its target of reducing carbon emissions by 80 % cf. 1990 levels, (Cli-

mate Change Act; 2008). Transport was the most energy intensive sec-

tor in the UK and road transport accounts for 70 % of the energy use.

Hence, displacing the current fossil-based road transport with re-

newable alternatives is necessary if the UK is to meet the aforemen-

tioned targets. Consequently this chapter investigates the economic

and environmental beneÞts of converting biogas to transport fuel by

three different routes.

Transport fuels, speciÞcally diesel and petrol, have higher market

values than natural gas. There are many beneÞts associated with using

biogas as a transport fuel in the UK, including, improved fuel security, a

larger renewable energy contribution, insulation from oil price volatility,

signiÞcant well-to-wheel CO 2 reductions and improved air quality

from local vehicle emissions (reductions in NO x and PM10 and PM2.5),

Kollamthodi et al. (2016); Harwood and Matthews (2013); Bordelanne

et al. (2011).

However, as with all new technologies, there are barriers to bringing

them to market and biomethane is no exception. The potential economic

beneÞts of lower running costs offered by compressed gas vehicles are

often offset by relatively higher capital costs for gas vehicles, (NSCA

(2006); Browne et al. (2012)), despite others Þnding that biogas for use
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as vehicle fuel is the most economically attractive utilisation route,

B¬orjesson and Ahlgren (2012); Lantz et al. (2007). Also, in the UK, there

currently exists insufÞcient refuelling infrastructure for gas vehicles.

This leads to the chicken and egg conundrum for companies looking to

invest, i.e., companies looking to invest in ßeets of gas vehicles want

assurance they can be fuelled, while on the other hand, the companies

looking to build refuelling stations want assurances they will have a

market to sell fuel to.

The UK government supports the production of renewable transport

fuels via the Renewable Transport Fuel Obligation (RTFO), which came

into force in 2008 RTFO (2012). Under this scheme all transport fuel

producers are required to produce a proportion of renewable transport

fuel. Renewable transport fuel that is produced can be used to claim Re-

newable Transport Fuel CertiÞcates (RTFC), which may then be sold to

companies who do not produce their own renewable transport fuel. The

government has set a maximum buy-out price of 30 pence per RTFC,

however, there is no minimum price guaranteed, Dept. for Transport

(2016a). Hence, it is crucial to understand the dependency of biogas

on these subsidies with regard to being competitive with diesel and

petrol because this represents a major risk associated with renewable

transport fuel production.

This chapter aims to identify limiting costs in the production of

biogas derived transport fuel, compare potential savings it may offer

over its fossil competitors and evaluate the current policy effectiveness.
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Biogas transport fuel costs, revenues and net present values were used

to measure the economic performance. The global warming potential,

measured in kg CO2eq, was used to quantify the relative environmental

beneÞts.

6.2. A NALYSIS M ETHODOLOGY

To evaluate the UK biogas transport options 3 alternative systems for

converting biogas to transport fuel were modelled, see Fig. 6.1. The

three systems modelled are;

¥ System 1 (S1-UP): upgrades a biogas feed using membrane sepa-

ration to the speciÞcation (Table 6.1) required by the Scania Euro

VI engine (Scania (2016)), then it is delivered to the Þlling stations

by truck as a compressed gas.

¥ System 2 (S2-EN): enriches a biogas feed with natural gas up to

the speciÞcation (Table 6.1) required by Scania Euro VI engines

(Scania (2016)), then it is delivered to Þlling stations by truck as a

compressed gas.

Normal convention refers to upgraded biogas (system 1) as biomethane.

However, to avoid confusion, the Þnal product from both systems has

been referred to astransport fuel, regardless of whether it is upgraded

biogas, or biogas enriched with natural gas. The functional unit was

chosen as 1kWh of transport fuel product. Analyses were carried out
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assuming a biogas feed of1, 000m3 h! 1 and distance of 100km between

the production site and refuelling station.
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Figure 6.1. Flow diagram for the three different systems assumed in the production

of biomethane for transport.
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(b)Sequence for enriching biogas.

Figure 6.2. The upgrading sequence for converting biogas to a transport fuel (6.2a).

The enrichment of biogas by blending with natural gas and propane (6.2b).

6.2.1. Biomethane speciÞcation

Raw biogas produced from AD plants is feed gas (composition in

Table 6.1). The required gas speciÞcation range for transport fuel are

based on the Scania Euro VI engine (composition range in Table 6.2)

Scania (2016). The critical gas parameters speciÞed for transport fuel

are Methane number and Wobbe number.
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The Wobbe number and Methane number deÞne gas combustion

characteristics that are suitable for internal combustion engines. For

transport fuel composed of only methane and CO 2, to meet the Scania

minimum Wobbe number (10.6 kWh m! 3) Scania (2016), it requires to be

upgraded to a methane content of at least 82 %, although the associated

Methane number of this mix is 116. It is possible to lower the minimum

methane content by blending propane. However, if propane is blended

into the transport fuel, then the maximum propane content that can be

added to achieve the minimum Wobbe number is 7 % propane, which

produces gives a Methane number of 102, which is above the minimum

of 70.

6.2.2. System parameters

The system parameters used in the modelling are give in Table 6.3.

The Þnancial parameters were used to calculate cost of producing

biomethane for transport fuel and the potential revenue streams that

could be generated. The policy parameters were used to evaluate

the additional revenue generated by policy support. The membrane

Table 6.1. Gas specifications for raw biogas low transport fuel and grid standard

transport fuel.

Property Raw biogas Transport fuel

CH4 [ vol%] 60 > 70

CO2 [ vol%] 40 < 30

H2S [ppmv] 1,000 150

H2O dew point, [ ¡C ] Saturated -20
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Table 6.2. Gas engine minimum energy and methane content, Scania (2016).

Property Scania HGV engine

Wobbe No. [kW hm! 3] 10.6 Ð 15.6

Min Methane No. [ vol%] 70

upgrading parameters were used for modelling the cost and energy

use of upgrading biogas to biomethane.

6.2.2.1. Methane Number

The methane number is an attempt to provide a gaseous fuel knock

rating (similar to petrol fuelled cars, c.f. the Motor Octane Number),

Malenshek and Olsen (2009). The methane number of biogas (derived

from AD) is 139, of natural gas 90, and propane is 34, Malenshek

and Olsen (2009); Leiker et al. (1972). For all compositions of biogas

considered, the methane number will be above the required 70, W ¬artsil ¬a

(2017).

6.2.2.2. Wobbe Number

The Wobbe number is used as a measure of the combustion properties of

gases. Gases with similar Wobbe numbers will have similar combustion

properties such as heat released and ßame speed, hence it is used to

ensure gases are suitable to be used in the desired application.

Wobbe No. =
! Htotal#

! gas

! air

(6.1)
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Table 6.3. Model parameters.

Variable Range Unit

Financial Parameters

Biogas production costf 70 Ð 80 p m! 3

Discount rate 10%

Annual hours 8000 hr yr ! 1

Diesel fuel duty h 57.95 p L! 1

Gas fuel duty h 24.7 p kg! 1

NG coste 1.4 Ð 4.2 p kW h! 1

Policy

RTFO policyg 1.9 RT FC kg! 1

RTFC buyoutg 30 p RT F C! 1

Proposed RTFC buyoutg 60 p RT F C! 1

RHI Ñ Biomethane (current) c 4.55 Ð 2.06 p kW h! 1

RHI Ñ Biomethane (2014) 7.1 p kW h! 1

FiT (current) d 6.83 Ð 7.39 p kW h! 1

Electricity FiTs export d 4.91 p kW h! 1

Membrane upgrading

Permeability, PCO2 0.1 Ð 10,000 barrer

Selectivity, ! CO2/CH 4 1.5 Ð 10,000 Ñ

Feed pressurea, p 5 Ð 30 bar

Recycle ratio, r 0 Ð 0.99 % of permeate stream

Membrane outlet purity b 0.61 Ð 0.96 mol %

Membrane thickness, #m 0.5 µm

a The permeate side (low) pressure is Þxed at1.2bar.
b Only applicable for MemS and MemP conÞgurations.
c Value dependent on quantity of biomethane supplied to the grid Ñ maximum is given for the Þrst
40, 000MW h , then reduces for the next 40, 000MW h , and the Þnal 2.06p kW h! 1 is available for all
biomethane thereafter.
d Value dependent on quantity of electricity generation Ñ the lower the electricity generation capacity,
the higher the tariff.
e Value dependent on annual gas usage. Taken from DBEIS.
f Taken from Murphy and Power (2009); NSCA (2006).
g Dept. for Transport (2016a,b).
h UK Fuel Duty (2017).
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6.2.3. Biogas upgrading

The upgrading was modelled using two membrane units in series with

current membrane properties and ideal membrane properties, as dis-

cussed in Chapters 3 and 5. The energetic and economic costs vary

as the desired output biomethane purity varies. The higher the CH 4

purity, the more energy and costs are required, however, it may be

desirable to upgrade past the minimum because there may be opti-

mal gas speciÞcations that give the most efÞcient engine performance.

Hence, understanding the trade-off between upgrading cost and CH 4

purity would allow identiÞcation of the most desirable transport fuel

composition.

6.2.4. Natural gas enrichment

Instead of upgrading biogas, i.e., removing CO 2, to meet the required

engine fuel speciÞcation, one can instead enrich the biogas with natural

gas from the grid. The overall biomethane ßow rate is then equal to the

sum of the biogas ßow with enough natural gas to reach the desired

CH4 concentration.

Biomethane F low = ( Biogas F low) + ( Natural Gas F low ) (6.2)

For a desired biomethane CH4 concentration, xtarget , the relative

quantity of natural gas can be calculated using a CH 4 balance. The CH4
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concentrations in biogas, xbiogas, and natural gas, xNG , are known.

xtarget Qbiomethane = ( xbiogasQbiogas) + ( xNG QNG ) (6.3)

Qbiomethane = Qbiogas + QNG (6.4)

Next, Eqs. (6.3) and (6.4) can be rearranged to give the ratio of biogas

ßow to natural gas ßow needed to achieve the target CH 4 concentration,

xtarget .

Qbiogas

QNG
=

xNG " xbiogas

xtarget " xbiogas
(6.5)

It is possible to add propane to the biogas-natural gas mixture in

order to boost the energy Wobbe number while preserving a larger

fraction of renewable biogas. A downside to adding propane is that

it reduces the methane number of the Þnal gas mixture. To ensure the

minimum requirements were met, propane additions were limited to

a maximum of 7 vol% of the Þnal transport fuel. The upside of using

propane in this way is meeting the minimum Wobbe number with a

relatively higher renewable volume fraction present in transport fuel

mixtures compared to mixtures with equivalent Wobbe numbers that

only contain natural gas and biogas.
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6.2.5. Energy analysis

The speciÞc energy, volume fraction and density of CH 4, CO2, propane

and natural gas were used to calculate the energy content of the as-

sociated transport fuel gas mixture. The overall energy content is the

sum of the individual gas energy contents, ! Hi , scaled to the mass

fraction by multiplying by the volume fraction, xi , and the density, #i ,

see Eq. (6.6).

! Htotal =
n6

i =1

xi #i ! Hi (6.6)

The total energy content, ! Htotal , could then be used to calculate

the Wobbe number (see Eq. (6.1)) of the transport fuel at particular

gas mixtures. This is needed to Þnd the minimum requirements for

transport fuel mixtures, either upgraded biogas, or enriched biogas, to

comply with the engine speciÞcations.

6.2.6. Policy support

The renewable transport fuel obligation outlines a plan for subsidising

biofuels. Currently, producers of biofuels, including biomethane, re-

ceive 1.9 renewable transport fuel credits (RTFCs) perkg of biomethane

produced. This is doubled (3.8 RTFCs per kg) if the biomethane is

derived from organic waste. Since there is no speciÞed biogas or

biomethane composition, one may assume that 1kg of biogas receives

the same RTFCs as1kg of biomethane. Hence, the credits per kWh
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of energy are higher for biogas than biomethane. A buyout price of

30p RTFC! 1 currently exists. To calculate the RTFO subsidy per kWh

fuel at various CH 4 concentrations, Eq. (6.7) was used.

RTFObiomethane = RTFC
(

#biomethane

! Hbiomethane

)
(6.7)

To scale the RTFO for the case of natural gas enriched biomethane,

Eq. (6.8) was used to account for the lower content of bio-derived CH 4.

RTFObiomethane = RTFC
(

#biomethane

! Hbiomethane

) (
Qbiogas

QNG

)
(6.8)

6.2.7. Financial analysis

The minimum selling point (MSP) of transport fuel is deÞned as the

difference in biogas production cost and revenue, Eq. (6.9). This is

the lowest price that transport fuel would need to cost in order to

break-even.

MSP = ( RTFO)" (production)" (biogas cost)" (fuel duty )" (distribution )

(6.9)

The biomethane production costrefers to the cost of upgrading for S1-

UP and the cost of enriching with natural gas for S2-EN. The upgrading

cost was calculated based on mass and energy balances followed feed-

ing into a costing model (Chapter 3). The cost of enriching biogas with
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natural gas is given by the cost of natural gas needed to blend with the

biogas. The volumetric ßow ratios of biogas to natural gas were calcu-

lated (Eq. (6.5)), and using a 1000m3 h! 1 biogas ßow, the natural gas

ßowrate was multiplied by the wholesale cost of natural gas (Table 6.3).

Biogas costis the cost of producing biogas via anaerobic digestion

and was estimated based on literature for UK and Irish biogas produc-

tion costs, Murphy and Power (2009); NSCA (2006).

The RTFO subsidyrefers to the policy support available to renew-

able transport fuels, as described above (Table 6.3). For the upgraded

biomethane (from S1-UP) the subsidy is paid per kg of transport fuel

so the subsidy per kWh of transport fuel actually increases at lower

CH4 concentrations even though the renewable energy content has de-

creased. To scale the RTFO subsidy to an energy basis the RTFO subsidy

is divided by the energy content of the transport fuel, see Eq. (6.10).

RTFOenergy =
RTFO subsidy

! Htotal
(6.10)

The enriched biomethane (from S2-EN) receives a fraction of the subsidy

proportional to the energetic ratio of biogas to natural gas present in

the Þnal transport fuel, see Eq. (6.11).

RTFOscaled = RTFOenergy á
xbiogas! Hbiogas

! Htotal
(6.11)

The fuel duty is the tax paid on transport fuel, see Table 6.4. This is a
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universal tax based on the mass of gaseous fuel, (currently 24.7pkg! 1,

Table 6.3). Hence, there the tax on gaseous fuel on an energetic basis

varies as the energy density of different gaseous fuels varies. In this

case, the more energy dense the fuel, the lower the rate of tax perkWh

of fuel, see Eq. (6.12).

fuel duty energy =
fuel duty
! Htotal

(6.12)

6.3. ENERGY A NALYSIS

Gaseous transport fuel does not have to achieve the same gas speciÞca-

tion required for grid injection. As long as the gas meets the minimum

methane number (70) and Wobbe number (10.6kWh m! 3), required by

the engine manufacturer, then in theory, any gas within these parame-

ters can be used. The usable region for transport fuel from each system

is given in Fig. 6.3.

When natural gas is used to enrich biogas, the higher the CH 4

content (and energy content), the lower the fraction of transport fuel

is actually derived from biogas, see Fig. 6.5a. When biogas is enriched

Table 6.4. Transport fuel duty, UK Fuel Duty (2017).

Fuel Duty

Petrol , Diesel, Biodiesel, Bioethanol 57.95p L! 1

LPG 31.61p kg! 1

Natural Gas 24.70p kg! 1
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Figure 6.3. Wobbe number of transport fuels as functions of energy content (6.3a)

and methane content (6.3b). The circles are filled when the transport fuel composition

is within the maximum and minimum Wobbe number values required and hollow

when outside this range.

to 70 % CH4, the Þnal transport fuel contains 74% biogas by volume.

However, at 82 % CH4, (required to meet the minimum Wobbe number),

biogas only accounts for 45 % of the transport fuel volume. Using the

7 % propane blend allows the transport fuel to retain 58 vol % biogas
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(with 35 vol % from natural gas) while still meeting the Wobbe number.
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Figure 6.4. The Wobbe number as a function of renewable CH4 content (6.4a) and

energy-basis renewable fraction (6.4b). The circles are filled in when they are between

the maximum and minimum Wobbe numbers and hollow when outside these criteria.

The Þnal energy content of transport fuel that is made up of biogas

is also severely diluted with the biogas enrichment, see Fig. 6.5b. When

biogas is enriched with just natural gas to the minimum Wobbe number,
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Figure 6.5. The renewable fraction of transport fuel on a volumetric flow basis (6.5a)

and energy basis (6.5b) for the S2-EN system with propane addition between 0 Ð

7 %. The black circles represent 0 % propane. The red and blue circles represent

enriched biogas with 1 Ð 7 % propane, each set in between representing 2, 3, 4, 5 and

6 % propane respectively. The filled circles represent transport fuel which meets the

minimum Wobbe number.
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only 35 % of the energy content of the transport fuel is made up of the

renewable biogas. This can be improved to almost 44 % when propane

is added (4 %).

6.4. ECONOMIC RESULTS

The process costs incurred when converting biogas to transport fuel via

systems S1-UP and S2-EN include, the cost of the biogas, the converting

biogas to transport fuel and delivering transport fuel to Þlling stations.

An additional cost applicable to all transport fuel in the UK is fuel duty

i.e., tax. The potential subsidies available for biogas based transport fuel

stem from the RTFO and are awarded in terms of renewable transport

fuel certiÞcates.

6.4.1. Biogas production cost

The cost of producing biogas was taken from literature values for pro-

ducing biogas via AD in the UK and Ireland. This cost was taken as

0.80£ m! 3 (Table 6.3). When converted to an energy basis, this gives

0.10£ kWh! 1, which is constant for both scenarios S1-UP and S2-EN.

6.4.2. Transport fuel production cost

The costs of producing transport fuel via either S1-UP, or S2-EN, are

given in Fig. 6.6. The cost of upgrading biogas to transport fuel in-

creases with increasing methane purity requirement. The cost of con-

verting biogas into a transport fuel of differing energy densities varies
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between S1-UP and S2-EN.

The upgrading system, S1-UP, was modelled assuming two different

scenarios; the Þrst scenario used current membrane properties; the

second scenario used a future membrane with improved properties,

as discussed in Chapter 5. The biogas enriching system, S2-EN, was

modelled with different scenarios which assumed different levels of

propane addition between 0 Ð 7 %. Adding propane to the biogas-

natural gas mixture can increase the renewable fraction of the resulting

transport fuel.
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Figure 6.6. Transport fuel production cost for S1-UP and S2-EN as a function of trans-

port fuel energy content. The black circles represent S1-UP with current membrane

upgrading. The yellow circles represent S1-UP with a future membrane. The red

circles represent S2-EN with 0 % propane. The blue circles represent S2-EN with 7 %

propane.

Current commercial membranes are predicted to give upgrading

costs between 0.26 Ð 0.4£ m! 3
biogas, at outlet concentrations between 70%
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and 98% respectively. Between methane concentrations of 70% and 92%,

the upgrading cost appears to increase linearly with increasing methane

concentration. However, to achieve methane concentrations above 92%,

the upgrading cost increases exponentially. Practical implications may

be that a substantial saving in biomethane for transport fuel could be

realised by not upgrading to higher than # 92 %methane.

Biogas can be converted to transport fuel by enriching via the S2-EN

system, which blends natural gas and small amounts of propane (0 Ð

7 %). Propane can be added to biogas, in addition to natural gas, in

order to meet the minimum Wobbe number and thereby increase the

renewable fraction of Þnal transport fuel, see Fig. 6.7. On an energetic

basis, 7 % propane transport fuel blend have the highest costs and the

0 % propane fuel blend have the lowest costs (Fig. 6.7a). However,

the largest renewable fraction arises from the 7 % propane case with

36 %, compared with the 0 % propane case with 32 % (Fig. 6.7b). The

extra cost to increase the renewable fraction from 32 % to 36 % is 0.15

p kWh! 1, i.e., over double the cost (from 0.14 to 0.29p kWh! 1). which

arises from the price differential between the higher cost of propane

compared with the cost of natural gas. However, the higher energy

density of propane ( cf. natural gas) allows less propane to be used to

achieve minimum Wobbe number and hence retain a higher renewable

fraction in the Þnal transport fuel.
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(b)Transport fuel production cost for S2-EN vs
renewable gas fraction.

Figure 6.7. Cost of converting biogas to transport fuel via S2-EN. Graph 6.7a plots the

cost (£ kWh! 1) versus the energy content of the transport fuel (kWh m! 3). Graph

6.7b plots the cost versus the renewable fraction of transport fuel on an energy basis.

The black circles represent the S2-EN route with 0 % propane added. The red circles

represent S2-EN route with 1 % propane added. The purple circles represents the

S2-EN route with 4 % propane added. The blue circles represent S2-EN with 7 %

propane added.

6.4.3. Transportation cost

The cost of delivering transport fuel from the point of manufacture to

the point of use increases with increasing distance. A literature value

for the cost of transporting compressed gas by truck on the road has

been used (139p tonne! 1 km! 1), B¬orjesson and Ahlgren (2012). The cost,

on an energy basis, also depends on the energy content and density of

the transport fuel gas mix. The delivery costs associated with travel

distances of 50km, 100km, 250km and 500km as functions of energy

content for transport fuel made via S1-UP and S2-EN are presented in
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Fig. 6.8.
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(b)Delivery cost for S2-EN 0 % propane vs
energy content.
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(c)Delivery cost for S2-EN 1 % propane vs
energy content.
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(d)Delivery cost for S2-EN 7 % propane vs
energy content.

Figure 6.8. The cost of delivering transport fuel at various distances as a function

of energy content. The cost of delivering transport fuel50km (blue circles),100km

(red circles),250km (yellow circles) and500km (purple circles) were plotted against

energy content for S1-UP (6.8a), S2-EN 0 % propane (6.2b), S2-EN 1 % propane (6.8c)

and S2-EN 7 % propane (6.8d). The

The results show that, the greater the distance, the higher the cost

associated with delivering transport fuel. Also, the higher the energy

content of the transport fuel, the lower the delivery cost on an energy ba-

sis. For example, the cost of delivering S1-UP (Fig. 6.8a) transport fuel

250km with an energy content of 9.1kWh m! 3 is 3.8p kWh! 1, while

fuel with an energy content of 10.9kWh m! 3 is 2.4p kWh! 1 Ñ a saving
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of 37 %. The savings incurred for delivering higher energy content trans-

port fuel costs reduce in absolute terms at lower distances, although

the relative saving remains around 35 %, e.g., for 50km the saving is

35 % or 0.25p kWh! 1, but for 500km the saving is 34 %2.4p kWh! 1.

The system with the lowest delivery cost for 100km is S1-UP (0.95

p kWh! 1), next was S2-EN 7 % propane (1.06p kWh! 1) and Þnally S2-

EN 0 % propane and S2-EN 1 % propane (both1.07p kWh! 1) were the

most expensive. Note that although S2-EN 7 % propane has the highest

energy content, the delivery cost is still higher than S1-UP, which has a

lower maximum energy content, i.e., 12.5kWh m! 3 and 10.8kWh m! 3

respectively. The difference is due to the higher densities of propane,

natural gas and carbon dioxide, compared with methane Ñ 2.01kg m! 3,

0.85kg m! 3, 1.98kg m! 3 and 0.72kg m! 3 respectively.

It is also useful to investigate the delivery cost associated to the

transport fuel mixtures from each system that have the lowest allowable

production cost (see Figs. 6.6 and 6.7a),i.e., the lowest energy content

transport fuel allowable, which corresponds to the solid circle in Fig. 6.8.

For a100km delivery distance, the lowest cost system is S1-EN with 1.44

pence kWh! 1, followed by S2-EN 1 % propane with 1.50 pence kWh! 1,

followed by S2-EN 0 % propane with 1.52 pence kWh! 1 and S2-EN 7 %

has the highest 100km delivery cost of 1.58 pence kWh! 1.
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6.4.4. Minimum selling point

The cost of the biogas, the transport fuel production cost and the deliv-

ery cost are combined to give a government neutral minimum selling

point (MSP). The MSPs for systems S1-UP and S2-EN are given in

Fig. 6.9.

The transport fuel production route with the highest MSP across

the entire energy content range was S1-UP with current membrane,16.5

p kWh! 1 at 9.1 kWh m! 3 up to 19.1 p kWh! 1 at 10.8kWh m! 3. The

lowest MSP is achieved by S2-EN 0 % propane across the entire energy

content range, 13.0p kWh! 1 at 9.2kWh m! 3 up to 13.1 p kWh! 1 at 11.1

kWh m! 3. The S1-UP with future membrane has lower MSPs across

the entire energy content range than S2-EN 7 % propane, 13.4p kWh! 1

to 13.5p kWh! 1 and 14.5p kWh! 1 to 14.3p kWh! 1 respectively.

MSPs for S1-UP and S2-EN were also plotted against renewable

fraction (energy basis) of transport fuel, see Fig. 6.10. The two S1-UP

scenarios give renewable fractions of 1 because they are only created

by removing CO 2 from biogas, so all the Þnal transport fuel energy

content is from the biogas derived methane. On the other hand, the

two S2-EN scenarios dilute the renewable bioCH 4 with natural gas and

propane so have renewable fractions ranging from 0.02 to 0.62.

However, the maximum renewable fractions for transport fuel that

meet the Scania engine requirements are lower than 0.62. It comes from

S2-EN 7 % propane and is 0.36,cf. 0.31, the maximum from S2-EN 1 %
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Figure 6.9. The MSP in£ kWh! 1 as a function of energy content inkWh m! 3. The

green circles are S1-UP with current membrane. The yellow circles are S1-UP with

future membrane. The black circles are S2-EN with 0 % propane. The blue circles

are S2-EN with 7 % propane. The filled circles indicate transport fuels that meet the

Scania engine specifications.

propane. The increase in MSP to account for the extra 0.05 renewable

fraction is 1.5 pence kWh! 1 (13.0pence kWh! 1 to 14.5 pence kWh! 1).

To increase to fully renewable, an increase in MSP of 2 pence kWh! 1

(from 14.5 pence kWh! 1 to 16.5pence kWh! 1) is needed.

The cost of producing raw biogas has been taken as 10pence kWh! 1,

which means that it accounts for more than half the cost of S1-UP

with current membrane and more than two-thirds the cost of S1-UP

future membrane and S2-EN 0 % and 7 % propane. Hence, lowering

the biogas cost has the most potential to reduce the MSP for all the

scenarios considered, compared with either lowering the production, or
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Figure 6.10. The MSP in£ kWh! 1 as a function of renewable fraction on an energy

basiskWh kWh! 1. The green circles are S1-UP with current membrane. The yellow

circles are S1-UP with future membrane. The black circles are S2-EN with 0 % propane.

The blue circles are S2-EN with 7 % propane. The filled circles indicate transport fuels

that meet the Scania engine specifications. Diesel MSP is given by the line.

delivery costs. Applications where this may happen could be through

waste processing, where biogas production stems from trade efßuent

processing. In these cases, companies need to pay to properly treat

and dispose of their waste, which is often calculated using the Mogden

formulaWRAP (2017).

6.4.5. Fuel Duty

All transport fuels are required to pay tax in the UK, termed fuel duty

(Table 6.4). The fuel duty payable for gaseous transport fuel is based on

mass, hence the duty paid per unit of energy will differ depending on
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the energy content of the fuel. Therefore, the duty payable on transport

fuel varies with density and energy content, see Fig. 6.11. Consequently,

an increase in energy density results in a lower fuel duty paid per kWh

of fuel.

The fuel duties for S1-UP, S2-EN 0 % and S2-EN 7 % were different,

even at the same energy content because they have differing densities.

All three scenarios return the lowest fuel duties at their highest energy

contents and S1-UP achieves the lowest potential fuel duty of all (1.7

pence kWh! 1), followed by S2-EN 0 % propane with 1.9 pence kWh! 1

and S2-EN 7 % propane gives the largest with 2.8 pence kWh! 1. The

two enriching cases (S2-EN 0 % and 7 %) produce higher fuel duties

than the upgraded system (S1-UP) because the densities of the resulting

transport fuel gas mixtures are higher.

6.4.6. RTFO support

The government support for transport fuels produced by either upgrad-

ing biogas (S1-UP, Fig. 6.12a), or enriching with natural gas (S2-EN,

Fig. 6.12b), depend on the value of the RTFC certiÞcates. When biogas

is upgraded, all the Þnal transport fuel is renewable. However, when

biogas is enriched with natural gas, then only the fraction of transport

fuel that comes from biogas (energetic basis, see Fig. 6.5b) can claim

the RTFC. Once the renewable fraction (energy basis) of the transport

fuel has been calculated, then the RTFCs are claimed on a mass basis,

i.e., per kg of transport fuel. The RTFO subsidies for S1-UP and S2-EN
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Figure 6.11. Fuel duty (£ kWh! 1) payable on gaseous transport fuel as a function

of energy content (kWh m! 3). The yellow circles represent S1-UP. The red circles

represent S2-EN 0 % propane. The blue circles represent S2-EN 7 % propane. The

solid circles meet the Scania engine requirements. The line represents diesel fuel

duty.

are given in Fig. 6.12 for buy-out prices of 30 pence RTFC! 1 termed

Ònormal buy-outÓ, 60pence RTFC! 1 termed Òwaste-derived buy-outÓ

and 120pence RTFC! 1 termed Òdevelopment buy-outÓ.

The results show that policy support reduces as energy content

increases for both S1-UP and S2-EN. For S2-EN, this is mainly due to the

reduction in renewable fraction as energy content increases. However,

S1-UP has a renewable fraction of 1 across the entire energy content

range. Thus, the policy supports transport fuels with lower energy

content, which equates to transport fuels with higher CO 2 contents.

The reason this happens is because the RTFCs are paid on a mass basis
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(a)RTFO support for S1-UP transport fuel system.
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(b)RTFO support for S2-EN 0 % propane transport fuel system.

Figure 6.12. The RTFO support (£ kWh! 1) at three different buy-out rates (normal

are black crosses; waste-derived, red circles; proposed, yellow circles) as functions of

energy contentkWh m! 3. The results for S1-UP are given in 6.12a. The results for

S2-EN 0 % propane are given in 6.12b.

rather than an energy basis.

This trend is the opposite of that seen previously in the fuel duty

(Fig. 6.11),i.e., as the energy content increases, the fuel duty decreases

but the support also decreases. Therefore, there will be a trade-off
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between fuel duty and RTFO support. The RTFO support for S1-UP

(Fig. 6.12a) is higher than the fuel duty across the entire range, but the

fuel duty and RTFO support for S2-EN cross-over indicating there is an

enriched transport fuel mix that pays more duty than it receives RTFO

support.

The buy-out price inßuences the subsidy for S1-UP to a greater

extent than S2-EN due to the lower renewable fraction of the enriched

transport fuel. For example, an energy content of 10 kWh m! 3 from

S1-UP transport fuel gives RTFO subsidies of 4.8p kWh! 1, 9.5p kWh! 1

and 19.0p kWh! 1 for normal, waste-derived and development buy-out

prices respectively. However, S2-EN receives 1.0p kWh! 1, 1.8p kWh! 1

and 3.7p kWh! 1 for normal, waste-derived and development buy-outs

at 10kWh m! 3 energy content.

These differences impact the difference between the RTFO support

and fuel duty, see Fig. 6.13. For S1-UP, the RTFO support is always

greater than the fuel duty (Fig. 6.13a), i.e., the RTFO-duty differentials

are positive across the entire energy content range. However, the S2-EN

RTFO-duty differentials go negative at energy contents of 8.6 kWh m! 3,

9.8kWh m! 3 and 10.4kWh m! 3 for normal, waste-derived and devel-

opment buy-out prices (Fig. 6.13b). The S2-EN 0 % propane system has

negative RTFO-duty differential for the entire range of energy contents

that meet the Scania engine requirements when using normal buy-out.
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(a)RTFO-fuel duty differential for S1-UP.
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(b)RTFO-fuel duty differential for S2-EN 0 % propane.

Figure 6.13. The RTFO-fuel duty differential (£ kWh! 1) at three different buy-out

rates (normal are blue circles; waste-derived are red circles; development are yellow

circles) as functions of energy contentkWh m! 3. The results for S1-UP are given in

6.13a. The results for S2-EN 0 % propane are given in 6.13b.

6.4.7. Adjusted MSP

The MSPs presented earlier (Fig. 6.9) have been adjusted to account for

the extra cost of the fuel duty and add the subsidy from the RTFO, see

Figs. 6.14 and 6.15.

189



CHAPTER 6

7 8 9 10 11

Energy content [ kWh m-3  ]

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

ad
ju

st
ed

 M
S

P
 [ 

£ 
kW

h-1
 ]

S1-UP 0 buy-out
S1-UP Normal buy-out
S1-UP Waste-derived buy-out
S1-UP Development buy-out
Diesel

Figure 6.14. The adjusted MSP (£ kWh! 1) as a function of energy content

(kWh m! 3) for S1-UP at different buy-out levels. Blue circles are for 0 buy-out,

red circles are normal buy-out, yellow circles are waste-derived buy-out and black

circles are development buy-out. The line represents diesel adjusted MSP.

Upgrading biogas to transport fuel (S1-UP) only matches dieselÕs

adjusted MSP (wholesale cost + distribution cost + fuel duty) of 8.1

p kWh! 1 at an energy content of 9.2kWh m! 3 using the waste-derived

buy-out price *. The cases of zero buy-out and normal buy-out prices

resulted in MSPs over that of diesel across the entire energy con-

tent range. If the proposed development buy-out comes into effect

(Dept. for Transport (2016a)) then S1-UP returns MSPs below that of

diesel for all energy content gas mixes.

The MSPs for all the cases of S2-EN 0 % propane (Fig. 6.15a) are

below that of diesel, except for 0 buy-out below 9.6 kWh m! 3. The MSPs

*The buy-out price is the maximum price the RTFCs can have before they are
bought. New proposals suggest different fuel categories qualify for different buy-
out prices such as waste derived fuels and developmental fuels, Dept. for Transport
(2016a).
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(a)Adjusted MSP for S2-EN 0 % propane.
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(b)Adjusted MSP for S2-EN 7 % propane.

Figure 6.15. The adjusted MSP (£ kWh! 1) as a function of energy content

(kWh m! 3) for S2-UP 0 % propane (6.15a) and 7 % propane (6.15b) at different

buy-out levels. Blue circles are for 0 buy-out, red circles are normal buy-out, yellow

circles are waste-derived buy-out and black circles are development buy-out. The

lines represent diesel adjusted MSP.

for all the buy-out cases converge to the same value (5pence kWh! 1) as

energy content increases. This is due to lower fractions of biogas being

present in the transport fuel, hence the cost of biogas and RTFO tend to

zero and the MSP converges on the cost of natural gas (including duty

and delivery costs).

Similarly the MSPs for all the cases of S2-EN 7 % propane (Fig. 6.15b)

converge to a single value of 7.1 pence kWh! 1. However, MSPs for

normal buy-out below 11.4 kWh m! 3 as well as 0 buy-out below 11.9

kWh m! 3 are lower than dieselÕs MSP. The MSPs for waste-derived

buy-out and development buy-outs are all below diesel.

These results suggest that the RTFO policy support for biogas de-
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rived transport fuels can allow them to be Þnancially competitive with

diesel. However, the market aspect of buying and selling certiÞcates

means that the buy-out price is not guaranteed, in fact, it only deÞnes a

maximum value for the subsidy. Hence it does not guard against the

value falling to zero, which happened during 2009/2010, when sufÞ-

cient RTFCs had been issued to meet the following years quota, making

them worthless on an open market, Patterson et al. (2011). The risk

associated with uncertainty in the level of subsidy, which changes year

to year, may be a contributing factor to the relatively slower growth of

biogas for transport, compared with CHP and grid injection (both ben-

eÞtting from Þxed tariff support schemes, FiTs and RHI), Biogas-info

(2016).

6.4.8. Financial breakdown

The overall cost of producing transport fuel, assuming a distance of

100km between the production facility and refuelling station, is given

by Eq. (6.13).

Cost = Biogas Cost+ Upgrading Cost+ Distribution + Fuel Duty

(6.13)

The cost breakdown for transport fuel production via membrane

upgrading of biogas, enriching with either natural gas, or with natural

gas and propane, are given in Fig. 6.16. The cost of producing transport

fuel on an energy basis increases for the case of membrane upgrading
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and decreases for both natural gas enrichment cases. This difference

arises from the cost of biogas production, which remains constant for

membrane upgrading because no additional gas is added, rather, only

CO2 is removed to make the varying transport fuel compositions. For

both the NG enrichment cases, the cost of biogas perkWh of transport

fuel decreases as energy content increases because the renewable frac-

tion of the transport fuel is decreasing (see Fig. 6.7) so they contain less

biogas.

The other three costs all increase as transport fuel energy content

increases. Transport fuel production refers to the cost of converting

the biogas to transport fuel. For membrane upgrading this means CO 2

removal and for natural gas enrichment this means adding natural

gas and propane. For the membrane upgrading this is the cost of the

membrane separation unit for CO 2 removal, whereas, for the natural

gas enrichment, this refers to the cost of natural gas and propane used

for enriching.

6.5. SENSITIVITY

6.5.1. Distance

The transport fuel is distributed to Þlling stations via compressed gas

storage on trucks. Using cost estimates available in the literature (139

pence tonne! 1 km! 1) the distance at which point the movement costs

equal the cost of upgrading to grid standard are plotted in Fig. 6.17.
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(b) Cost breakdown for S1-UP current mem-
brane.
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(c)Cost breakdown for S1-UP future membrane.
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(d)Cost breakdown for S2-EN 0 % propane.
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(e)Cost breakdown for S2-EN 7 % propane.

Figure 6.16. Transport fuel cost breakdown (£ kWh! 1) as a function of transport fuel

energy content (kWh m! 3). The dark blue area represents the biogas raw material

cost, the light blue area is the transport fuel production cost (6.16b). Cost breakdown

for ideal membrane upgrading (6.16c). Transport fuel cost breakdown assuming NG

enriching (6.16d). Transport fuel cost breakdown assuming NG enriching with 7 %

propane (6.16e).

Using current membrane upgrading technology and producing trans-

port fuel with a CH 4 content of 82 %, the minimum required by the

engines, then the transport fuel can be delivered up to 300km before
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upgrading to grid standard becomes less expensive. However, natural

gas enrichment at 82 % CH4 content allows transport fuel to be moved

550km. Using membrane separation technology with ÒfutureÓsepara-

tion properties, (deÞned in Chapter 5) shows that the cost of upgrading

to grid standard is less expensive for transport distances of less than

10km across all CH4 compositions.
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Figure 6.17. Transport distance as a function break-even point between the cost of

transporting the transport fuel by heavy goods vehicle and the difference in cost

between upgrading biogas to grid standard versus upgrading to vehicle fuel standard

(70" 98vol%).

The distance the membrane upgrading technology allows the trans-

port fuel to be moved decreases as CH4 content increases, which reßects

the marginal increase in cost of purifying biogas as the CH 4 concentra-

tion approaches 98 %. For most CH4 compositions, i.e., less than 90 %,

giving a distance of 250km, then only a three CNG Þlling locations

would be needed to cover the whole length of Britain ( ! 1400km).
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6.6. D ISCUSSION

Transport fuel made via S2-UP 0 % propane returned the lowest MSP

(Fig. 6.9) and S1-UP with current membranes gave the largest MSP.

However, when the MSP were adjusted to account for fuel duty and

RTFO subsidies, then S1-UP with current membrane achieved lower

MSPs than all S2-EN scenarios when the development buy-out price

was assumed. For the other three buy-out prices investigated, 0 buy-

out, normal buy-out and waste-derived buyout, then S2-EN returned

lower MSPs than S1-UP with current membrane. Hence the transport

fuel with the most potential to challenge diesel powered HGVs is biogas

enriched with natural gas to an energy content of 9.2 kWh m! 3.

The lowest MSP for enriched biogas corresponds to transport fuel

with the lowest fraction of renewable gas on both a energetic and volu-

metric basis (about 1 %for both). This gives rise to a Òcatch 22Ósituation

when considering the environmental beneÞt corresponding to using

biogas as a transport fuel alternative to diesel. If biogas production is

small relative to the amount of natural gas imported to the UK, then

it may be feasible to make transport fuel that contains only 1 %renew-

able biogas. However, in this case, if biogas production increases, the

required amount of natural gas increases by a hundred times and the

UK might need to increase the importation of a fossil fuel in order to

make use of a renewable energy.

In order to promote transport fuel with a higher renewable fraction,
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subsidies are available to make up the difference. If the biogas is

derived from a waste source and the maximum buy-out ( 30penceper

RTFC) is achieved, then it is possible for upgraded biogas to achieve a

minimum selling point of 3.7pence kWh! 1, however this is below the

Wobbe number required by engines so the real MSP is 8.2pence kWh! 1,

which is still less than diesel.

One major factor limiting the economic potential of biogas is the

cost associated with producing biogas. This study used a price of

10p kWh! 1, however this was based on sources almost 10 years old.

There was difÞculty in Þnding speciÞed costs for producing biogas.

If the cost of producing biogas could be reduced, e.g., either by using

solid digestate produced during AD, or revenue generated from waste

disposal services, then this would decrease the reliance of transport

fuels on the subsidy.

The proposed changes to the RTFO suggest the potential for waste-

derived biogas to be re-classed as aÒdevelopment fuelÓ, Dept. for Transport

(2016a). However, the amendments to RTFO, released in September

2017 have stated that biomethane produced from upgrading biogas will

not be considered as a development fuel, Dept. for Transport (2017).

Development fuels would beneÞt from a higher maximum buy-out

price, suggested as60pence kWh! 1. One advantage this would have

is that biogas production would not be competing with the other

classes of biofuels used in the transport sector such as bioethanol,

Dept. for Transport (2016a). Currently biodiesel and bioethanol domi-
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nate the biofuel transport market with a 49 % and 48 %, share respec-

tively Ñ biogas was 0.1 %, Hood (2016). This is beneÞcial, because

it may better give the true value of generating carbon neutral fuel

from waste products, as opposed to importing bioethanol derived from

energy crops.

The development fuel proposal seems like a promising step towards

making the use of biogas transport fuel more appealing. However, there

are still uncertainties over whether this would directly translate into

an increase in the use of biogas-based transport because the analysis

carried out has shown that biogas enriched transport fuel is already

Þnancially more attractive than diesel on a fuel to fuel basis, which is in

agreement with other studies Steenberghen and L«opez (2008); Harwood

and Matthews (2013); Kollamthodi et al. (2016). Despite this, the UK

has not seen an appreciable shift towards gas powered vehicles. This

suggests that infrastructure barriers are a more inßuential barrier than

the fuel to fuel cost. Indeed, Steenberghen and L«opez (2008); NSCA

(2006) both suggest that often the extra cost of gas powered vehicles

and the uncertainty in refuelling options are enough to outweigh the

potential fuel savings during the operating life.

Instead of increasing subsidies on a fuel basis, a more efÞcient way

of investing in the use of renewable transport fuel may be to subsidise

the construction of infrastructure, speciÞcally grants for cost of gas-

powered vehicles and building refuelling stations. This would remove

a major barrier preventing the adoption of CNG vehicle and conse-
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quently biogas derived transport fuel. Also, once the infrastructure

is established, the renewable transport fuels would be more robust at

remaining competitive with fossil-based alternatives when subsidies

are lowered. In contrast to biomethane grid injection, which is heavily

reliant on subsidies and the analysis from Chapters 4 and 5 suggests it

will only last as long as it is propped up by the RHI.

6.7. CONCLUSION

Using biogas derived transport fuel will help reduce the carbon inten-

sity of the UK transport sector. Biogas enrichment with natural gas via

S2-EN is the most Þnancially attractive option at all currently available

RTFO buy-out prices. However, both S1-UP and S2-EN have the po-

tential to outperform diesel. Proposals for including biogas-derived

transport fuel as part of a new development fuel plan will potentially

make biogas upgrading (S1-UP) more attractive than enriching with

natural gas (S2-EN). On the other hand, this may not address the lack

of infrastructure, which currently inhibits the adoption of gas powered

vehicles. Consequently, this alone may not be sufÞcient to increase the

use of biogas transport fuel.
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CONCLUSION

I summarise below the main conclusions from my investigation into

factors affecting biogas utilisation in the UK.

7.1. UTILISATION PATHWAYS

Carbon footprint

All the biogas utilisation routes modelled, return positive avoided

GHG emissions, helping the UK reach its carbon reduction targets. Bio-

gas to CHP returns higher avoided emissions than either biomethane

production scenario across the entire heat utilisation range (0 % to

100 %). However, the expected future UK electricity generation mix

(40 % renewable share) would result in biogas to CHP only returning

the highest avoided emissions above 60 % heat utilisation, compared

with biomethane production. If the UK electricity generation renewable

fraction reaches 60 % share, biogas to CHP would return lower avoided

emissions, even at 100 % heat utilisation.
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Technoeconomic

Biogas to CHP returns the highest NPV at heat utilisations above 10 %

and 100 % electricity export. If these conditions are not met biomethane

production returns a negative NPV, unless it is produced with part

of the biogas feed (# 30 %biogas feed energy) fuelling a CHP unit.

Biomethane production returns a negative NPV when it is produced

as an only-energy product, from a biogas feed without subsidies and

injecting into the UK gas grid. When the 2016 RHI and FiTs are applied,

biogas to CHP returns the highest NPV between 0 % to 100 % heat utili-

sations and 100 % electricity export to the grid. Site speciÞc variables

including cogenerated heat and electricity utilisation affect the absolute

NPV of S1-CHP and S2-MemCHP, while S3-WS is unaffected by these

because it produces only biomethane. However, cogenerated heat and

electricity utilisation do not affect the relative NPV performance of

the scenarios when no subsidies are applied, i.e., S1-CHP returns the

highest NPV between 0 % and 100 % heat utilisation and at 0 % to 100 %

electricity self-use. The 2014 subsidy levels result in higher NPVs for

biomethane production as both a single energy product injected into

the UK grid and when biomethane is produced in addition to heat

and power, providing electricity produced by CHP is exported to the

grid, rather than used on-site. The capacity of biogas plants was found

not to impact the relative Þnancial performance of the three utilisation

pathways, although it did effect the absolute performance. A minimum
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biogas capacity of 500Nm3 h! 1 was needed for feasible biomethane

production, but this could be reduced to 50 Nm3 h! 1 when producing

biomethane via S2-MemCHP.

Policy

Current renewable energy incentives offered by the UK government

make utilising biogas through any of the three investigated scenarios

both a Þnancially and environmentally attractive proposition, while

biomethane production is currently unfeasible without the aid of subsi-

dies, unless it is produced in conjunction with a CHP unit. The policies

give the most support to biogas to CHP, hence they support the biogas

utilisation route that returns the highest avoided emissions. However,

as the UK electricity generation mix increase its share of renewables,

the policy will need to be altered if it is to continue to favour the biogas

utilisation pathway that returns the highest avoided emissions. Gas and

electricity wholesale prices also signiÞcantly affect the relative NPVs of

the three scenarios. Hence, indirect legislation, such as foreign policy,

can inßuence biogas use, since the UK is a net importer of energy (UK

imported 45 % of its natural gas in 2014).
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7.2. M EMBRANE UPGRADING

Energy use

The speciÞc upgrading energy decreases for all three membrane con-

Þgurations when current membranes are substituted with the ÒfutureÓ

membrane. The single membrane with recycle reduced its energy con-

sumption by 45 %, the two-membrane conÞguration in series reduced

its energy consumption by 28 % and the two-membrane conÞguration

in parallel reduced its energy consumption by 14 %.

The speciÞc upgrading energy difference between the current mem-

brane and future membrane changed between the case of no subsidies,

2016 subsidies and 2014 subsidies,i.e., the revenue value of biomethane

affects the speciÞc upgrading energy of the optimal NPV operating

point. Increasing the subsidy level (revenue value of biomethane) in-

creased the energy saving between current and future membranes for

two membranes in series.

Technoeconomics

Two membranes in series returned the highest NPV of the three membrane-

only conÞgurations for all subsidy levels when future membranes were

used. When no subsidies were applied, two membranes in series was

the only membrane-only conÞguration that managed to return a pos-

itive NPV when future membranes were used. All membrane-only

conÞgurations returned negative NPVs when no subsidies were ap-
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plied using current membranes.

When the 2016 subsidies were applied (2pence kWh! 1 of biomethane),

biomethane production via membrane upgrading returned positive

NPVs for all three membrane conÞgurations, although they were less

than half of the NPV returned by biogas to CHP ( £ 6.6 Ð£ 9.6 million

compared to £ 22.5 million ). However, when 2014 subsidies were ap-

plied (7.7 pence kWh! 1 of biomethane), the future membrane returned

a higher NPV for two membranes in series ( £ 28.3 million ) than biogas

to CHP (£ 27.5 million ), while the single membrane with recycle and

two membranes in parallel came close with NPVs of £ 22.6 million and

£ 25.5 million respectively.

Therefore, even with improved membrane properties, biogas up-

grading for grid injection still relies on subsidies to return positive

NPVs. Also, the current (July 2016) subsidies still suggest biogas to

CHP is economically more favourable even when improved membranes

are used for upgrading.

Membrane properties

Improvements in current membrane permeabilities are needed to in-

crease NPV of biomethane production. Increasing the selectivity of

current membranes without increasing the permeability does return

higher NPVs. The model suggests that higher NPVs could be achieved

using membranes with lower selectivities than current commercial

membrane, i.e., selectivities of 10 to 20 instead of # 60, if membrane
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permeability was increased from # 6 barrer to between 50 to 100barrer.

Membranes exhibiting these properties currently exist, which suggests

improved membrane upgrading is a realistic possibility.

7.3. TRANSPORT FUEL

Membrane upgrading

Using current membranes, partially upgrading biogas to 82vol% CH4

meets engine Wobbe and Methane number requirements and achieves

the same minimum selling point as diesel if the maximum buy-out for

waste-derived biofuels subsidy is applied. The proposed development

fuel maximum buy-out for biogas derived transport fuels would make

the MSP for upgrading lower than diesel by 2 Ð 10 pence kWh! 1.

Natural gas enriching

Enriching biogas with natural gas is a lower cost method of achieving a

gas mix that complies with internal combustion engine speciÞcations,

than upgrading either with current membranes, or future membranes.

However, the renewable fraction of the Þnal transport fuel would only

contain a maximum renewable energy fraction of 30 %, if enriching

biogas with natural gas. The largest overall contributor to producing

biogas derived transport fuel is the cost of producing biogas. Hence, leg-

islation affecting waste disposal and improved AD technology, which

results in lowering the cost of biogas production, could indirectly affect
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the feasibility of biogas derived transport fuel.

7.4. FUTURE WORK

Mass & energy balances

If time and resources allowed, future work for continuing this project

would invlovle developing hollow Þbre membrane upgrading models,

because hollow Þbre membrane modules are a common alternative

to spiral wound membrane modules in biogas upgrading. The mod-

els would also be extended to include multiple gas separation so that

the possibility of separating H 2S and H2O simultaneously with CO 2

could be investigated. This would be a useful continuation because

combining the biogas upgrading (CO 2 removal) and cleaning (H 2S and

H2O removal) operations into a single stage would save equipment,

operating costs and simplify the biogas reÞning process. Hence, mod-

elling this would allow quantiÞcation of the impact this would have on

biogas upgrading economics and test whether this would help reduce

the reliance of biogas upgrading on subsidies.

Environmental analysis

The avoided emissions is an important parameter in determining whether

the UK can reach its carbon reduction goal. However, this is not the only

category that contributes to pollution and unsustainable development.

SpeciÞcally for AD and biogas, the analysis would be extended to in-
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clude the acidiÞcation potential and eutrophication potential associated

with biogas production. Quantifying these is important because they

will help to ensure that using biogas to reduce carbon emissions is not

displacing carbon emissions with another form of pollution, but rather

it is making a net improvement to the sustainability of our society.

Economic analysis

To extend the economic analyses carried out in this thesis, a sensitivity

analysis on the discount rate would be performed. Case studies of AD

and biogas upgrading plants would also be used, to provide costing

data that could be incorporated into the CAPEX cost models, which

would allow the costing models to be used for real world planning,

rather than currently identifying trends.

Digestate

This study has focused on biogas as a product, however, AD plants also

produce digestate. Hence, if further time and resources allowed, this

analysis would be extended to include the environmental and economic

parameters surrounding digestate creation, utilisation and disposal. A

possible use for digestate could be as an agricultural fertiliser, but

any planned increase in biogas production would need to factor in

the increased production of digestate to make sure it can be used or

disposed of.
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CO2 utilisation

Rather than viewing CO 2 as a waste stream from the biogas upgrading

process, it could, or should, be viewed as a potential resource stream.

CO2 is used in a variety of applications from use as a shielding gas in

MIG-welding, an ingredient in the drinks industry, compressed gas for

recreational activities like paint balling and cycling, or as an input for

growing plants. Hence, further work to build upon this analysis would

involve a cost-beneÞt analysis of using CO2 as product in the various

application identiÞed above.

Utilisation pathways

To build upon the analysis carried out with the biogas utilisation sce-

narios, the models would be adapted to include converting the heat

produced from CHP to electricity using, for example, an organic rank-

ine cycle. The electrical efÞciency of the CHP devices would also be

increased to model the potential introduction of improved CHP tech-

nologies, such as solid oxide fuel cells. In addition, a fugitive methane

emissions sensitivity would be carried out to investigate the overall

impact of reducing fugitive emissions on GHG reduction potential.

Alternative transport options

This thesis has identiÞed biogas blending with natural gas as an eco-

nomically favourable route to producing transport fuel, compared with
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upgrading biogas to biomethane. However, another route to produc-

ing transport fuel is blending biogas with hydrogen. It is possible to

produce renewable hydrogen from the electrolysis of water using re-

newably generated electricity (solar, wind). Hence, blending biogas

with renewable hydrogen would reduce the net GHG emissions of the

transport fuel. Investigating the costs involved and comparing them

to the current biogas transport fuel models would be provide a feasi-

bility study of the potential role of blended biogas and hydrogen as a

transport fuel.

209



REFERENCES

Abatzoglou, N. and Boivin, S. (2009). A review of biogas puriÞcation processes.

Biofuels, Bioproducts and BioreÞning, 3(1):42Ð71.

Allegue, L. B. and Hinge, J. Biogas upgrading Evaluation of methods H2S removal.

Danish Technological Institute, (December 2014).

Anaerobic Digestion Strategy and Action Plan. Policy paper published under

the 2010 Ð 2015 conservative and liberal democrat coalition government,

(2011).

https://www.gov.uk/government/publications/

government-review-of-waste-policy-in-england-2011 .

Awe, O. W., Zhao, Y., Nzihou, A., Pham, D. M., and Lyczko, N. (2017). A

review of biogas utilisation, puriÞcation and upgrading technologies. Waste

and Biomass Valorization, 8:267Ð283.

Baker, R. W. and Lokhandwala, K. (2008). Natural Gas Processing with

Membranes: An Overview. Industrial & Engineering Chemistry Research, 47:

2109Ð2121.

Banks, C. J., Salter, A. M., Heaven, S., and Riley, K. (2011). Energetic and

environmental beneÞts of co-digestion of food waste and cattle slurry: A

preliminary assessment. Resources, Conservation and Recycling, 56(1):71Ð79.

Bauer, F., Hulteberg, C., Persson, T., and Tamm, D.Biogas upgrading Ñ Review

of commercial technologies. SGC Svenskt Gastekniskt CenterAB, (2013).

210

https://www.gov.uk/government/publications/government-review-of-waste-policy-in-england-2011
https://www.gov.uk/government/publications/government-review-of-waste-policy-in-england-2011


Baumann, H. and Tillman, A. The Hitch HikerÕs Guide to LCA: An Orientation in

Life Cycle Assessment Methodology and Application. Professional Publishing

House, (2004).

Bekkering, J., Broekhuis, A. A., and Gemert, W. J. T. V. (2010). Optimisation of

a green gas supply chainÐa review. Bioresource technology, 101(2):450Ð456.

Benato, A. and Macor, A. (2017). Biogas engine waste heat recovery using

organic rankine cycle. Energies, 10(3):327. URLhttp://www.mdpi.com/

1996-1073/10/3/327 .

Bhide, B. D., Voskericyan, A., and Stern, S. A. (1998). Hybrid processes for

the removal of acid gases from natural gas. Journal of Membrane Science, 140:

27Ð49.

Biogas-info. Biogas information for the UK. NNFCC The Bioenergy Consultants,

(April 2016). URL www.biogas-info.co.uk .

Bordelanne, O., Montero, M., Bravin, F., Prieur-Vernat, A., Oliveti-Selmi, O.,

Pierre, H., Papadopoulo, M., and Muller, T. (2011). Biomethane CNG hybrid:

A reduction by more than 80% of the greenhouse gases emissions compared

to gasoline. Journal of Natural Gas Science and Engineering, 3:617Ð624.

B¬orjesson, M. and Ahlgren, E. O. (2012). Cost-effective biogas utilisation Ñ

A modelling assessment of gas infrastructural options in a regional energy

system. Energy, 48:212Ð226.

211

http://www.mdpi.com/1996-1073/10/3/327
http://www.mdpi.com/1996-1073/10/3/327
www.biogas-info.co.uk


Bright, A., Bulson, H., Henderson, A., Sharpe, N., Dorstewitz, H., and Picker-

ing, J. An introduction to the production of biomethane gas and injection to

the national grid. Technical report, Advantage West Midlands and WRAP

(Waste and Resources Action Programme), (2011).

Browne, D., OÕMahony, M., and CaulÞeld, B. (2012). How should barriers to

alternative fuels and vehicles be classiÞed and potential policies to promote

innovative technologies be evaluated? Journal of Cleaner Production, 35:

140Ð151.

Bywater, A. A review of anaerobic digestion plants on uk farms -

barriers, beneÞts and case studies. Technical report, Royal Agricul-

tural Society of England, (2012). URL www.fre-energy.co.uk/pdf/

RASE-On-Farm-AD-Review.pdf .

Carbon Budget. Meeting Carbon Budgets Ñ 2016 Progress Report to Parlia-

ment. Technical report, Committee on Climate Change, (June 2016).

Chandra, R., Vijay, V. K., Subbarao, P. M. V., and Khura, T. K. (2011). Perfor-

mance evaluation of a constant speed IC engine on CNG, methane enriched

biogas and biogas. Applied Energy, 88:3969Ð3977.

Chen, X. Y., Vinh-Thang, H., Ramirez, A. A., Rodrigue, D., and Kaliaguine, S.

(2015). Membrane gas separation technologies for biogas upgrading. RSC

Advances, 5:24399Ð24448.

212

www.fre-energy.co.uk/pdf/RASE-On-Farm-AD-Review.pdf
www.fre-energy.co.uk/pdf/RASE-On-Farm-AD-Review.pdf


Clean Growth Strategy. Policy paper published under the acting (as of

8/06/2017) conservative and democratic unionist party coalition govern-

ment, (2017).

https://www.gov.uk/government/publications/

clean-growth-strategy .

Climate Change Act; 2008. Climate Change Act, 2008. UK Government Leg-

islation, checked May 2017, (2008). URLwww.legislation.gov.uk/

ukpga/2008/27/contents .

CNG Services. Crewe CNG Þlling station. Biogas.org website, (last checked,

June 2017). URLwww.biogas.org.uk/images/upload/events_27_

crewe-brochure-nov-2011.pdf .

Coulson, J. M., Richardson, J. F., Backhurst, J. R., and Harker, J. H.Fluid Flow,

Heat Transfer and Mass Transfer, volume 1 of Coulson & RichardsonÕs Chemical

Engineering. Elsevier Butterworth Heinemann, 6th edition, (1999).

Council Directive 1999/31/EC. The landÞll of waste, (1999).

http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=

CELEX:31999L0031 .

Council Directive 2003/33/EC. The landÞll of waste, (2003).

http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=

celex%3A32003D0033 .

Cucchiella, F. and DÕAdamo, I. (2016). Technical and economic analysis

of biomethane: A focus on the role of subsidies. Energy Conversion and

Management, 119:338Ð351.

213

https://www.gov.uk/government/publications/clean-growth-strategy
https://www.gov.uk/government/publications/clean-growth-strategy
www.legislation.gov.uk/ukpga/2008/27/contents
www.legislation.gov.uk/ukpga/2008/27/contents
www.biogas.org.uk/images/upload/events_27_crewe-brochure-nov-2011.pdf
www.biogas.org.uk/images/upload/events_27_crewe-brochure-nov-2011.pdf
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:31999L0031
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:31999L0031
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32003D0033
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32003D0033


DBEIS. Government emission factors for greenhouse gas company re-

porting. Department Business, Energy & Industrial Strategy,

(July 2016). URL www.gov.uk/government/collections/

government-conversion-factors-for-company-reporting .

de Hullu, J., Maasen, J. I. W., van Meel, P. A., Shazad, S., and Vaessen, J.

M. P. Comparing different biogas upgrading techniques. Technical report,

Eindhoven University of Technology, (2008).

DECC. Energy Sector Statistics. Department of Energy & Climate

Change, (April 2015). URL www.gov.uk/government/policies/

reducing-and-managing-waste .

DECC Heat. Investing in the UKÕs heat infrastructure: Heat Networks. Department

of Energy & Climate Change. DECC, (November 2015). URL www.gov.

uk/government/organisations/uk-trade-investment .

Deng, L. and H ¬agg, M.-B. (2010). Techno-economic evaluation of biogas up-

grading process using CO2 facilitated transported membrane. International

Journal of Greenhouse Gas Control, 4:638Ð646.

Dept. BEIS. Energy consumption in the UK. UK Government, De-

partment of Business, Energy & Industrial Strategy, (Novem-

ber 2016). URL www.gov.uk/government/collections/

energy-consumption-in-the-uk .

Dept. for Transport. Renewable Transport Fuel Obligations Order Proposed Amend-

ments. UK Government Department for Transport, (2016)a.

214

www.gov.uk/government/collections/government-conversion-factors-for-company-reporting
www.gov.uk/government/collections/government-conversion-factors-for-company-reporting
www.gov.uk/government/policies/reducing-and-managing-waste
www.gov.uk/government/policies/reducing-and-managing-waste
www.gov.uk/government/organisations/uk-trade-investment
www.gov.uk/government/organisations/uk-trade-investment
www.gov.uk/government/collections/energy-consumption-in-the-uk
www.gov.uk/government/collections/energy-consumption-in-the-uk


Dept. for Transport. Annex A Renewable Transport Fuel Obligations Cost BeneÞt

Analysis. UK Government Department for Transport, (2016)b.

Dept. for Transport. Renewable Transport Fuel Obligations Order: Government

Response to the consultation on amendments. UK Government Department for

Transport, (September 2017).

Deublein, D. and Steinhauser, A. Biogas from Waste and Renewable Resources An

Introduction. Wiley-VCH, (2008). pages 50, 52.

Dirkse, E. H. M. B. Biogas upgrading using the DMT Carborex ¨ PWS Tech-

nology, (2015).

Dzene, I., Romagnoli, F., Seile, G., and Blumberga, D. (2014). Comparison of

different biogas use pathways for Latvia: biogas use in CHP vs. biogas up-

grading. The9th International Conference Environmental Engineering, Vilnius,

Lithuania.

EBA. Biomethane in transport. Technical report, European Biogas As-

sociation, (April 2016). URL european-biogas.eu/wp-content/

uploads/2016/05/Biomethan-In-Transport.pdf .

FiTs. Feed-in Tariffs. UK Government, (2016). URL www.gov.uk/

feed-in-tariffs/overview .

Frost, P. and Gilkinson, S. Interim Technical Report Ñ 27 Months

Performance Summary for Anaerobic Digestion of Dairy Cow

Slurry at AFBI Hillsborough. Technical report, Agri-Food

and Biosciences Institute, (2011). URL www.afbini.gov.uk/

afbi-ad-hillsborough-27-months-june-11.pdf .

215

european-biogas.eu/wp-content/uploads/2016/05/Biomethan-In-Transport.pdf
european-biogas.eu/wp-content/uploads/2016/05/Biomethan-In-Transport.pdf
www.gov.uk/feed-in-tariffs/overview
www.gov.uk/feed-in-tariffs/overview
www.afbini.gov.uk/afbi-ad-hillsborough-27-months-june-11.pdf
www.afbini.gov.uk/afbi-ad-hillsborough-27-months-june-11.pdf


Gas Quality. Gas Safety (Management) Regulations 1996. UK Government

Legislation, (2017). URLwww.legislation.gov.uk/uksi/1996/551/

contents/made .

Gas Vehicles. CNG Þlling stations in UK. Gas Vehicle Hub, (2017).

URL www.gasvehiclehub.com/refuelling-facility?sid=192:

CNG-filling-station .

Geankoplis, C. J. Transport Processes & Separation Process Principles (Includes

Unit Operations). Pearson Education Limited, pearson new international

edition edition, (2014).

Goulding, D. and Power, N. (2013). Which is the preferable biogas utilisation

technology for anaerobic digestion of agricultural crops in Ireland: Biogas

to CHP or biomethane as a transport fuel. Renewable Energy, 53:121Ð131.

Government Review of Waste Policy in England. Policy paper published

under the 2010 Ð 2015 conservative and liberal democrat coalition govern-

ment, (2011).

https://www.gov.uk/government/publications/

government-review-of-waste-policy-in-england-2011 .

Green, D. and Perry, R. PerryÕs Chemical EngineersÕ Handbook, Eighth Edition.

McGraw Hill professional. McGraw-Hill Education, (2007).

Hamelin, L., Wesn¾s, M., Wenzel, H., and Petersen, B. M. (2011). Environmen-

tal consequences of future biogas technologies based on separated slurry.

Environmental science & technology, 45(13):5869Ð5877.

216

www.legislation.gov.uk/uksi/1996/551/contents/made
www.legislation.gov.uk/uksi/1996/551/contents/made
www.gasvehiclehub.com/refuelling-facility?sid=192:CNG-filling-station
www.gasvehiclehub.com/refuelling-facility?sid=192:CNG-filling-station
https://www.gov.uk/government/publications/government-review-of-waste-policy-in-england-2011
https://www.gov.uk/government/publications/government-review-of-waste-policy-in-england-2011


Hao, J., Rice, P. A., and Stern, S. A. (2008). Upgrading low-quality natural gas

with H 2S and CO2 selective polymer membranes

Part II. Process design, economics, and sensitivity study of membranes with

recycle streams.Journal of Membrane Science, 320:108Ð122.

Harwood, J. and Matthews, C. UK Market Review: The Role of Natural Gas

in Road Transport. Elsevier applied biotechnology series. Energy & Utility

Skills, (December 2013).

Hood, J. Biomethane transport fuel. UK Biomethane Day, Birmingham, Weds

20th April 2016. Low Carbon Fuels, Department for Transport, UK Govern-

ment, (2016).

IEA. Energy Policies of IEA countries: The United Kingdom. International Energy

Agency, (2012).

IEA stats. Key world energy statistics. International Energy Agency, (2016).

IPCC. Global Warming Potential Values. Intergovernmental Panel on Climate

Change, (May 2015). URLwww.ipcc.ch .

ISO. ISO 14040:2006. Environmental management Ñ Life cycle assessment Ñ

Principles and framework. International Organisation for Standardization,

review and conÞrmed 2016 edition, (2006).

Kollamthodi, S., Norris, J., Dun, C., Brannigan, C., Twisse, F., Biedka, M., and

Bates, J. The role of natural gas and biomethane in the transport sector.

Technical report, Ricardo Energy & Environment, (2016).

217

www.ipcc.ch


Lantz, M. (2012). The economic performance of combined heat and power

from biogas produced from manure in Sweden Ñ A comparison of different

CHP technologies. Applied Energy, 98:502Ð511.

Lantz, M., Svensson, M., Bj¬ornsson, L., and B¬orjesson, P. (2007). The prospects

for an expansion of biogas systems in Sweden Ñ Incentives, barriers and

potentials. Energy Policy, 35:1830Ð1843.

Larminie, J. and Dicks, A. Fuel Cell Systems Explained. Wiley, 2nd edition,

(2003).

Lehtom ¬aki, A., Huttunen, S., and Rintala, J. (2007). Laboratory investigations

on co-digestion of energy crops and crop residues with cow manure for

methane production: effect of crop to manure ratio. Resources, Conservation

and Recycling, 51(3):591Ð609.

Leiker, M., Christop, K., Cartelli, W., Pfeifer, U., and Rankl, M. Evaluation of

antiknocking property of gaseous fuels by means of methane number and

its practical application to gas engines. In Mechanical Engineering, volume 94.

ASME-AMER SOC MECHANICAL ENG 345 E 47TH ST, NEW YORK, NY

10017, (1972).

Lin, H., He, Z., Sun, Z., Vu, J., Ng, A., Mohammed, M., Kniep, J., Merkel,

T. C., Wu, T., and Lambrecht, R. C. (2014). CO2-selective membranes for

hydrogen production and CO 2 capture Ð Part I: Membrane Development.

Journal of Membrane Science, 457:149Ð161.

218



Makaruk, A. and Harasek, M. (2009). Numerical algorithm for modelling

multicomponent multipermeator systems. Journal of Membrane Science, 344

(1):258Ð265.

Malenshek, M. and Olsen, D. B. (2009). Methane number testing of alternative

gaseous fuels.Fuel, 88(4):650Ð656.

MathWorks. MATLAB . The Mathworks ¨ Inc., (May 2015). URL uk.

mathworks.com/products/matlab .

McCabe, W., Smith, J., and Harriott, P. Unit Operations of Chemical Engineering.

McGraw-Hill chemical engineering series. McGraw-Hill Education, (2005).

McCormmach, R. Historical Studies in the Physical Sciences, volume 7 of Prince-

ton Legacy Library. Princeton University Press, (2015). ISBN 9781400870189.

Michel, J., Weiske, A., and M¬oller, K. (2010). The effect of biogas digestion on

the environmental impact and energy balances in organic cropping systems

using the life-cycle assessment methodology. Renewable Agriculture and Food

Systems, 25(3):204Ð218.

Miranda, N. D., Tuomisto, H. L., and McCulloch, M. D. (2015). Meta-analysis

of greenhouse gas emissions from anaerobic digestion processes in dairy

farms. Environmental science & technology, 49(8):5211Ð5219.

MSA. Membrane Society of Australia. Membrane Databases Ñ Polymer Gas

Separation Membranes, (June 2016). URLwww.membrane-australasia.

org .

219

uk.mathworks.com/products/matlab
uk.mathworks.com/products/matlab
www.membrane-australasia.org
www.membrane-australasia.org


Murphy, J. D. and Power, N. (2009). Technical and economic analysis of biogas

production in ireland utilising three different crop rotations. Applied Energy,

86(1):25Ð36.

Murphy, J. D., McKeogh, E., and Kiely, G. (2004). Techni-

cal/economic/environmental analysis of biogas utilisation. Applied Energy,

77:407Ð427.

National Grid FES. Future Energy Scenarios: GB gas and electricity. National

Grid webpage, (July 2016). URL http://fes.nationalgrid.com .

National Grid RG. The potential for Renewable Gas in the UK. A paper by

National Grid, (January 2009).

NCT. Gas Buses. Nottingham City Transport, (Septempber 2017). URL www.

nctx.co.uk/about-us/gasbus .

NIST. Chemistry WebBook. National Institute of Standards and Technology,

(Oct 2014). URLwebbook.nist.gov/chemistry .

NSCA. Biogas as a road transport fuel: An assessment of the potential role of

biogas as a renewable fuel. Technical report, National Society for Clean Air

and Environmental Protection, (2006).

Ofgem. Gas Quality. OfÞce of Gas and Electricity Markets, (Oct 2014). URL

www.ofgem.gov.uk .

Ofgem. Ofgem Data Portal. OfÞce of Gas and Electricity Mar-

kets, (January 2017). URL www.ofgem.gov.uk/data-portal/

wholesale-market-indicators .

220

http://fes.nationalgrid.com
www.nctx.co.uk/about-us/gasbus
www.nctx.co.uk/about-us/gasbus
webbook.nist.gov/chemistry
www.ofgem.gov.uk
www.ofgem.gov.uk/data-portal/wholesale-market-indicators
www.ofgem.gov.uk/data-portal/wholesale-market-indicators


Onda, K., Takeuchi, H., and Okumoto, Y. (1968). Mass transfer coefÞcients

between gas and liquid phases in packed columns. Journal of Chemical

Engineering of Japan, 1:56Ð62.

Patrizio, P., Leduc, S., Chinese, D., Dotzauer, E., and Kraxner, F. (2015).

Biomethane as transport fuel Ñ A comparison with other biogas utilization

pathways in northern Italy. Applied Energy, 157:25Ð34.

Patterson, T., Esteves, S., Dinsdale, R., and Guwy, A. (2011). An evaluation

of the policy and techno-economic factors affecting the potential for biogas

upgrading for transport fuel use in the UK. Energy Policy, 39:1806Ð1816.

Persson, M., J¬onsson, O., and Wellinger, A. Biogas Upgrading to Vehicle Fuel

Standards and Grid Injection. Technical report, IEA Bioenergy, (2008). URL

www.iea-biogas.net .

Pertl, A., Mostbauer, P., and Obersteiner, G. (2010). Climate balance of biogas

upgrading systems. Waste Management, 30:92Ð99.

Petersson, A. and Wellinger, A. Biogas upgrading technologies Ñ developments

and innovations. IEA Task 37, Biogas in Society, (2009).

Potts, L. G. A., Balkenhoff, B. C., Malmber, E., and Lewis, A. R. Upgrad-

ing Biogas for use as a Vehicle Fuel. In Waste 2008: Waste and Resource

Management Ñ a Shared Responsibility, (2008).

Pullen, T. Anaerobic Digestion Ð Making Biogas Ð Making Energy: The Earthscan

Expert Guide. Earthscan Expert. Routledge, Taylor & Francis Group, (2015).

ISBN 9781317673408.

221

www.iea-biogas.net


RAC Foundation. Wholesale fuel prices versus pump prices. RAC

Foundation, (March 2017). URL www.racfoundation.org/data/

wholesale-fuel-prices-v-pump-prices-data .

RHI. Non domestic Renewable Heat Incentive. Ofgem, (January

2015). URL www.ofgem.gov.uk/environmental-programmes/

non-domestic-rhi .

Richardson, J. F., Harker, J. H., and Backhurst, J. R.Particle Technology and

Separation Processes, volume 2 of Coulson & RichardsonÕs Chemical Engineering.

Elsevier Butterworth Heinemann, 5th edition, (2002).

Riebeek, H. The Carbon Cycle. Earth Observatory, NASA, (Jun 2011). URL

earthobservatory.nasa.gov/Features/CarbonCycle/?src=

eoa-features .

Robeson, L. M. (1991). Correlation of separation factor versus permeability

for polymeric membranes. Journal of Membrane Science, 62:165Ð185.

Robeson, L. M. (2008). The upper bound revisited. Journal of Membrane Science,

320:390Ð400.

RTFO. Renewable Transport Fuels Obligation (RTFO) order. UK Government, De-

partment for Transport, (November 2012). URL www.gov.uk/guidance/

renewable-transport-fuels-obligation .

Ryckebosch, E., Drouillon, M., and Vervaeren, H. (2011). Techniques for

Transformation of Biogas to biomethane. Biomass and Bioenergy, 35:1633Ð

1645.

222

www.racfoundation.org/data/wholesale-fuel-prices-v-pump-prices-data
www.racfoundation.org/data/wholesale-fuel-prices-v-pump-prices-data
www.ofgem.gov.uk/environmental-programmes/non-domestic-rhi
www.ofgem.gov.uk/environmental-programmes/non-domestic-rhi
earthobservatory.nasa.gov/Features/CarbonCycle/?src=eoa-features
earthobservatory.nasa.gov/Features/CarbonCycle/?src=eoa-features
www.gov.uk/guidance/renewable-transport-fuels-obligation
www.gov.uk/guidance/renewable-transport-fuels-obligation


Sandler, S. I.Chemical, Biochemical, and Engineering Thermodynamics. John Wiley

& Sons, Ltd., 4th edition edition, (2006).

Scania. ScaniaÕs Euro 6 gas engines. ATBEST Conference: Bio-

gas for the future Ñ towards a sustainable and efÞcient sup-

ply chain, (September 2016). URL www.atbest.eu/FileStore/

ConferencePublications/Filetoupload,720927,en.pdf .

Scholz, M. Membrane Based Biogas Upgrading Processes. PhD thesis, Rheinisch-

Westf¬alischen Technischen Hochschule Aachen, (2013).

Scholz, M., Frank, B., Stockmeier, F., Fal§, S., and Wessling, M. (2013)a. Techno-

economic Analysis of Hybrid Processes for Biogas Upgrading. Industrial &

Engineering Chemistry Research, 52:16929Ð16938.

Scholz, M., Melin, T., and Wessling, M. (2013)b. Transforming biogas into

biomethane using membrane technology. Renewable and Sustainable Energy

Reviews, 17:199Ð212.

Sharpe, K., OÕReilly, K., Morton, C., Hindle, M., Wallace, L., Lenkiewicz, Z.,

and Ahad, J., editors. The Practical Guide to AD. Chapter 4: The Anaerobic

Digestion Process. ADBA |Anaerobic Digestion & Biogas Association, 1st

edition, (2013)a. pages 46 Ð 47.

Sharpe, K., OÕReilly, K., Morton, C., Hindle, M., Wallace, L., Lenkiewicz, Z.,

and Ahad, J., editors. The Practical Guide to AD. Chapter 5: Producing

and Using Biogas. ADBA |Anaerobic Digestion & Biogas Association, 1st

edition, (2013)b. pages 60 Ð 61.

223

www.atbest.eu/FileStore/ConferencePublications/Filetoupload,720927,en.pdf
www.atbest.eu/FileStore/ConferencePublications/Filetoupload,720927,en.pdf


Sherrard, A. Breaking the straw to biogas conundrum. Bioenergy Interna-

tional, (June 2016). URLhttps://bioenergyinternational.com/

feedstock/breaking-the-straw-to-biogas-conundrum .

Singhal, S., Agarwal, S., Arora, S., Sharma, P., and Singhal, N. (2017). Up-

grading techniques for transformation of biogas to bio-CNG: a review.

International Journal of Energy Research.

Sinnott, R. K. Chemical Engineering Design, volume 6 of Coulson & RichardsonÕs

Chemical Engineering. Elsevier Butterworth Heinemann, 4th edition, (2005).

Starr, K., Gabarrell, X., Villalba, G., Talens, L., and Lombardi, L. (2012). Life

Cycle assessment of biogas upgrading technologies.Waste Management, 32:

991Ð999.

Steenberghen, T. and L«opez, E. (2008). Overcoming barriers to the implemen-

tation of alternative fuels for road transport in Europe. Journal of Cleaner

Production, 16:577Ð590.

Stocker, T., Qin, D., Plattner, G.-K., Tignor, M., Allen, S., Boschung, J., Nauels,

A., Xia, Y., Bex, V., and (eds.), P. M. Climate Change 2013: The Physical

Science Basis. Technical report,IPCC, (2013). URLwww.ipcc.ch .

Thundyil, M. J. and Koros, W. J. (1997). Mathematical modeling of gas

separation permeators Ñ for radial crossßow, countercurrent, and cocurrent

hollow Þber membrane modules. Journal of Membrane Science, 125(2):275Ð

291.

224

https://bioenergyinternational.com/feedstock/breaking-the-straw-to-biogas-conundrum
https://bioenergyinternational.com/feedstock/breaking-the-straw-to-biogas-conundrum
www.ipcc.ch


Towler, G. and Sinnot, R. Chemical Engineering Design: Principles, Practice and

Economics of Plant and Process Design. Elsevier Butterworth Heinemann, 2nd

edition, (2013).

UK-CHP. CHP Finance: a detailed guide for CHP developers Ñ Part 5 .

Technical report, Department of Energy & Climate Change, (2008).

UK Fuel Duty. Tax on shopping and services Ñ 7. Fuel Duty. UK Government,

(2017). URLwww.gov.uk/tax-on-shopping/fuel-duty .

UK Government. Statistical data set: Gas and electricity prices in the non-

domestic sector. Department of Business, Energy & Industrial Strategy, (June

2016). URL www.gov.uk/government/statistical-data-sets/

gas-and-electricity-prices-in-the-non-domestic-sector .

U.S. DoE. Carbon Cycling and Biosequestration: Integrating Biology and

Climate Through Systems Science; Report from the March 2008 Workshop.

Technical report, U.S. Department of Energy, OfÞce of Science, (2008). URL

genomicscience.energy.gov/carboncycle .

Uusitalo, A., Uusitalo, V., Gr ¬onman, A., Luoranen, M., and Jaatinen-V ¬arri, A.

(2016). Greenhouse gas reduction potential by producing electricity from

biogas engine waste heat using organic rankine cycle. Journal of Cleaner

Production, 127:399 Ð 405.

Valenti, G., Arcidianco, A., and Ruiz, J. A. N. (2016). Assessment of mem-

brane plants for biogas upgrading to biomethane at zero methane emission.

Biomass and Bioenergy, 85:35Ð47.

225

www.gov.uk/tax-on-shopping/fuel-duty
www.gov.uk/government/statistical-data-sets/gas-and-electricity-prices-in-the-non-domestic-sector
www.gov.uk/government/statistical-data-sets/gas-and-electricity-prices-in-the-non-domestic-sector
genomicscience.energy.gov/carboncycle


van Brakel, J. (1980). The Ignis Fatuus of Biogas. Small-scale anaerobic

digesters (Õbiogas plantsÕ): a critical review of the pre- 1970 literature.Delft

University Press.

Walla, C. and Schneeberger, W. (2008). The optimal size for biogas plants.

Biomass and Bionenergy, 32:551Ð557.

W ¬artsil ¬a. Methane Number Calculator. W¬artsil ¬a webpage, (June

2017). URL www.wartsila.com/products/marine-oil-gas/

gas-solutions/methane-number-calculator .

Wasiu, A. B., Aziz, A. R. A., and Heikal, M. R. (2012). The Effect of Car-

bon Dioxide Content Ñ natural Gas on the Performance Characteristics of

Engines: A Review. Journal of Applied Sciences, 12:2346Ð2350.

Waste Strategy for England. Command paper published under the 2005 Ð

2010 labour government, (2007).

https://www.gov.uk/government/publications/

waste-strategy-for-england-2007 .

Web of Science. Web of Science. Clarivate Analytics, (January 2017). URL

apps.webofknowledge.com .

Weiland, P. (2010). Biogas production: current state and perspectives. Applied

microbiology and biotechnology, 85(4):849Ð860.

Weller, S. and Steiner, W. A. (1950). Separation of gases by fractional perme-

ation through membranes. Journal of Applied Physics, 21(4):279Ð283.

226

www.wartsila.com/products/marine-oil-gas/gas-solutions/methane-number-calculator
www.wartsila.com/products/marine-oil-gas/gas-solutions/methane-number-calculator
https://www.gov.uk/government/publications/waste-strategy-for-england-2007
https://www.gov.uk/government/publications/waste-strategy-for-england-2007
apps.webofknowledge.com


Wellinger, A. Standards for biomethane as vehicle fuel and injection into the

natural gas grid. Technical report, European Biogas Association, Green Gas

Grids, (March 2013).

Wenisch, S. and Monier, E. Life Cycle Assessment of different uses of biogas

from anaerobic digestion of separately collected biodegradable waste in

France. Technical report, French Agency for the Environment and Energy

Management (ADEME), (2007).

Wijmans, J. G. and Baker, R. W. (1995). The solution-diffusion model: a review.

Journal of Membrane Science, 107:1Ð21.

WRAP. Mogden Formula. WrapsÕs Mogden Formula tool, (May 2017). URL

www.wrap.org.uk/content/mogden-formula-tool-0 .

Xu, Y., Huang, Y., Wu, B., Zhang, X., and Zhang, S. (2015). Biogas upgrading

technologies: Energetic analysis and environmental impact assessment.

Chinese Journal of Chemical Engineering, 23:247Ð254.

227

www.wrap.org.uk/content/mogden-formula-tool-0


COLOPHON

This document was typeset using LATEX 2$ with fonts ÒPalatinoÓ for the body

text and ÒCabinÓfor the captions. The overall style was inspired and heavily

inßuenced by the typographical look-and-feel of classicthesis developed

by Andr «e Miede (www.miede.de/#classicthesis ) and ÒThe Elements of

Typographic StyleÓ, Robert BringhurstÕs seminal book on typography (Hartley

& Marks Publishers, 2012, ISBN 0-88179-211-X ).



THE END


